Sheffield
Hallam _
University

Raman gas sensing technology: A new horizon?

MAJUMDER, Deblina, JANANI, Ronak, SCRIMSHIRE, Alex
<http://orcid.org/0000-0002-6828-3620>, STONE, Alex, BROOKS, William,
HOLCROFT, Chris, WERNER, Rob, GREEN, Spencer, WHEELER, Natalie
and BINGHAM, Paul <http://orcid.org/0000-0001-6017-0798>

Available from Sheffield Hallam University Research Archive (SHURA) at:
https://shura.shu.ac.uk/35116/

This document is the Published Version [VoR]
Citation:

MAJUMDER, Deblina, JANANI, Ronak, SCRIMSHIRE, Alex, STONE, Alex,
BROOKS, William, HOLCROFT, Chris, WERNER, Rob, GREEN, Spencer,
WHEELER, Natalie and BINGHAM, Paul (2025). Raman gas sensing technology: A
new horizon? Sensors and Actuators Reports, 9: 100311. [Article]

Copyright and re-use policy

See http://shura.shu.ac.uk/information.html

Sheffield Hallam University Research Archive
http://shura.shu.ac.uk



http://shura.shu.ac.uk/
http://shura.shu.ac.uk/information.html

Sensors and Actuators Reports 9 (2025) 100311

Contents lists available at ScienceDirect

Sensors and Actuators Reports

o %

ELSEVIER

journal homepage: www.sciencedirect.com/journal/sensors-and-actuators-reports

Raman gas sensing technology: A new horizon?

Deblina Majumder >, Ronak Janani®, Alex Scrimshire *, Alex Stone °, William Brooks °,
Chris Holcroft“, Rob Werner “, Spencer Green ¢, Natalie Wheeler, Paul . A . Bingham *

@ Materials and Engineering Research Institute, Sheffield Hallam University, City Campus, Howard Street, Sheffield S1 1WB, United Kingdom
b School of Engineering, Newcastle University, Newcastle upon Tyne NE1 7RU, United Kingdom

¢ IS-Instruments, Pipers Business Centre, 220 Vale Rd, Tonbridge TN9 1SP, United Kingdom

4 Glass Technology Services, 9 Churchill Way, Chapeltown, Sheffield, South Yorkshire S35 2PY, United Kingdom

€ Breedon Group, Pinnacle House, Breedon Quarry, Main Street, Breedon on the Hill, Derby DE73 8AP, United Kingdom

f Optoelectronics Research Centre, University of Southampton, B53, West Highfield Campus, University Road, SO17 1BJ, United Kingdom

ARTICLE INFO ABSTRACT

Keywords:

Raman spectroscopy

Gas sensors

Spontaneous

Stimulated

Coherent anti-stokes
Surface-enhanced
Tip-enhanced Raman scattering

The question in the title alludes to the importance of comprehending the relevance and manner of operation in
the field of gas sensors, which is undeniably one of the most important scientific and economic interests. Despite
being superior to several commonly used techniques, such as infrared (IR) spectroscopy, Nondispersive IR (NDIR)
and gas chromatography coupled with mass spectrometry (GC-MS), Raman spectroscopy-based gas sensors are
yet to be widely explored for real-world applications. Given the weak Raman effect, numerous innovative
strategies have emerged to improve its utility in chemical sensing, biological imaging, and material character-
ization, among other applications. This review covers five important approaches with a high potential for use in
Raman-based gas sensors: spontaneous (SRS), stimulated (StRS), coherent anti-Stokes (CARS), surface-enhanced
(SERS), and tip-enhanced (TERS) Raman scattering spectroscopy. The initial strategy of this review is to provide
the in-depth foundational knowledge necessary for the reader to grasp several types of Raman techniques, their
advantages and limitations. This is followed by an overview of current competing technologies and their ap-
plications. The remainder of the paper focuses on recent major experimental findings based on the Raman
techniques and their practical applications. As a comprehensive introduction to Raman spectroscopy, this review

article also serves as a knowledge base for future developments in the field of gas sensors.

1. Introduction

Since the early 1900s, spectroscopic techniques in the field of gas
sensing have been evolving, with infrared, ultraviolet, and visible light
at the forefront of these advancements. These types of radiations were
investigated for detection of hydrogen for uses in astrophysics as early as
1912. These wavelengths of radiation are used separately in several
disciplines of gas sensing, from electronic noses to environmental
monitoring [1-14]. Raman established Raman spectroscopy as a tech-
nique in the 1920s, drawing parallels between the known X-ray scat-
tering Compton effect and radiation at, or near, visible wavelengths
noting that the two should react similarly, with one type representing
the optical mode of the molecule and the other the excited state [15]. He
allegedly detected Raman light scattered from liquids such as benzene,
but due to the limited sensitivity for quantifying gases, this technique
remained a solid and liquid state technique for many years, with most of
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its uses in investigating organic and crystalline materials [16,17]. Solid
state Raman spectroscopy of minerals, for example, has become a
method for identifying calcite and diamond carbon [18]. Rasetti’s 1932
study involved gas identification utilising pressured systems to over-
come limited sensitivity and achieve a representative signal [19].
Following this, a series of comparable proof-of-concept tests by multiple
researchers demonstrated that Raman intensity was attainable for
hydrogen, oxygen, nitrogen, simple volatile organics, nitrogen oxides,
and carbon [20-25]. Previously, it was shown that absorption spec-
troscopies such as infrared (IR) are incapable of detecting homonuclear
diatomic molecules [26]. This remained a hurdle until the introduction
of high-power lasers in the 1960s, when Weber et al. proposed samples
with lower pressure for nitrogen, oxygen, methylacetylene, and carbon
dioxide samples [27]. After the rise in resolution that laser Raman
spectroscopy cleared the path for gas sensing from other techniques, the
research scene and market were yet pioneered. Because of the
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convenience of sampling and excellent resolution without requiring
enormous technological improvements, infrared, UV-vis, and gas chro-
matography coupled with mass spectrometry (GC-MS) have gained more
interest. Raman effect on the other hand is very weak [20]. This means
that any interferences are often stronger than the scattering signal itself,
making background difficult to account for. One of the most significant
influences is fluorescence which can overwhelm Raman scattering [28].
This remains an issue in modern Raman spectrometers, but new strate-
gies, such as the use of optical fibres, have been developed to minimise
this issue and increase signal-to-noise ratio. Infrared spectroscopy is a
complementary technique to Raman and is one of its key competitors in
the field of gas sensing. For decades, Fourier transform infrared spec-
troscopy (FTIR) has been utilised in environmental emission testing to
detect combustion gases, ozone, and volatile hydrocarbons [29,30]. It
also has the advantage of being more portable and running hot/wet due
to the simplicity of the equipment. However, presence of water or
moisture can at times be problematic since O — H bond has a strong and
broad absorbance band in the IR spectrum above 3000 cm ™! and might
cause some interference [28]. Furthermore, for a diatomic molecule to
be IR active, it must be heteronuclear, which can be limiting for certain
gases including Hg, O, N, etc. In the 1950s, GC-MS was developed
primarily as a tabletop technique of volatile compound analysis and is
now often used for organic identification [31]. It employs a hollow
column of wire covered with a polar substance through which the gas
flows. The gas is then split out due to its polarizability, and its chemical
makeup is determined by atomic weight within the mass spectrometer.
While there are a few portable gas chromatograph units on the market,
they are more popular as laboratory-based systems due to vibration
sensitivity and lower selectivity for specific analytes [32]. Raman
spectroscopy is a fairly selective technique that is capable of detecting
homonuclear diatomic analytes. Thus, Raman spectroscopy has the po-
tential to be a frontrunner commercial gas analysing system if modified
to overcome its fluorescence and sensitivity shortcomings.

2. Contemporary competitors of gas Raman technique

Spectroscopy-based techniques always remain a challenging
research area, even though they are commonly used for gas sensing. IR-
based methods, such as direct infrared absorption spectroscopy [33-35],
photoacoustic spectroscopy [36-38], or cavity ring-down spectroscopy
[39], provide tremendous sensitivity due to the presence of higher ab-
sorption cross sections. However, these methods are unable to detect
homonuclear diatomic molecules several of which are of high impor-
tance in a variety of disciplines, such as biological detections, environ-
mental emissions, energy resources, and industrial processes [40-42],
etc. Although a variety of gas analysis systems are now available, many
more are in the works. Despite the availability of simultaneous multi-gas
monitoring systems, some of the more specific pollutants, such as carbon
monoxide, lead, nitrogen oxides, ground-level ozone, particle pollution,
and so on, necessitate a specialised detection technique based on spec-
troscopic properties. Because of its exceptional sensitivity and selec-
tivity, gas chromatography is one of the most widely used analytical
techniques [43-45]. Some of the main limitations of this technique [46,
47] are relatively long measurement intervals and time-consuming
sample pre-treatment processes, which limit its widespread applica-
bility in many industrial sectors. Portable FTIR instruments are
commonly used for industrial off-gas emission monitoring because they
concurrently scan the entire mid-infrared range and using the appro-
priate software, the amount of each analyte can be estimated based on
the distinctive absorptions [48-50]. Commercially available IR-based
gas sensors include the GT5000 Terra [51], DX4015 [52], and GASEX
AR Coptix S.A45 [53-55]. In addition to the aforementioned constraints
in detection, environmental conditions characterised by elevated levels
of humidity, dust, and corrosive agents pose challenges to the mainte-
nance of infrared (IR) detectors, consequently escalating associated ex-
penses [56].
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NDIR, akin to FTIR, operates on the principle of infrared absorption
by molecules at their distinctive frequencies. In this method, infrared
radiation is transmitted through the molecules under examination,
eliciting an IR spectrum characterized by the quantification of absorbed
incident radiation at predetermined energy levels [3,8,14]. This tech-
nique is widely used for the detection of important air pollutants, such as
CO, CO4, SO2, NOy, N5O, NH3, HCI, HF, CHy4, etc [57]. Spectral selec-
tivity in NDIR system is achieved by placing the appropriate filters
before the detector [58]. For this reason, simultaneous detection of
multiple target analytes increases complexity of analysis and the asso-
ciated cost and operating time to a great extent [10,11]. The SIPROCESS
GA700 (the latest generation of continuous process gas analytics) and
Thermo Scientific™ 410i Carbon Dioxide Gas Analyser are examples of
the currently used NDIR analysers for industrial off-gas emission
monitoring purpose [12]. NDIR sensing, provided by companies like
Senseair [61-63] (e.g., S8) and Edinburgh Sensors (e.g., Gascard NG)
[59-671, relies on the absorption of infrared radiation by gas molecules.
It offers high sensitivity, stability, and reliability, making it ideal for
detecting various gases including CO,, methane, and volatile organic
compounds (VOCs). Major advantages of this technique are its low en-
ergy consumption compared to other spectroscopic techniques [13] and
its reliable detection of gaseous species over a broad concentration
range. Because this method, like FTIR, can only identify analytes that
absorb IR light, species like oxygen, hydrogen, and nitrogen cannot be
identified using NDIR. In addition, the precision of detection for gases
such as methane decreases when there are a number of different hy-
drocarbons present at the same time. The fact that the NDIR’s operating
principle is temperature dependent in addition to the fact that it is a
costly technique, have limited its adoption for many actual field pur-
poses. To analyse a wide variety of gases, some popular analysis systems
combine many analytical methods into a single platform. As an example,
the Horiba PG-350 is a portable multigas analyser that was developed by
Horiba [68] is capable of monitoring NOy, Oz, SO4, CO3, and CO. This
system uses chemiluminescence to measure the concentration of NOy,
NDIR to calculate the concentration of SO2/CO/CO5, and paramagnetic
analysis to estimate the concentration of Oy. Techniques such as elec-
trochemical cells, zirconia cells, and FTIR are utilised by other types of
systems [69]. Because of their dependability and portability, these sys-
tems are a popular choice among a variety of private testing organisa-
tions as well as establishments that perform continuous emission
monitoring on-site.

However, these systems are not adaptable to new analytes and can
only monitor the compounds they were built for. Because of this, other
approaches need to be utilised in parallel to monitor a new analyte.
Analysers for gases and liquids that are multi-component, customisable,
and certified for use in hazardous environments include the Protea 2000
In-Situ CEM [70,71]. This kit can monitor up to six gaseous analytes,
such as, CO,, CO, NH3, CH4, NO, NOo, N5O, SO,, HCl, and H50. Due to
selective wavelength irradiation, this widely installed in-situ analyser
(reportedly over 4000 worldwide; compliant with international stan-
dards such as EN14181 and US EPA 40 cfr Part 60 & 75) [72] lacks cross
sensitivity and is unable to provide any detail about any unknown
analytes present in the sample. Examples of other available portable
multigas analysers are: Drager X-zone® 550057 [73], Flue gas analyser
MIR 9000H IS ENVA58 and Gasmet DX401559 [6,51,52]. Surface
Plasmon Resonance (SPR) provides the advantage of detecting gas
molecules without the need for labels and in real-time, by observing
alterations in refractive index close to a metal surface, it falls short in
terms of the precision and sensitivity that Raman spectroscopy gives
[74]. SPR sensors have a main limitation in that they can only detect
significant changes in refractive index, which makes them less appro-
priate for distinguishing between different types of gases or correctly
detecting gases in trace level. Optical sensing techniques such as
cavity-enhanced absorption spectroscopy (CEAS) [75] and photo-
acoustic spectroscopy (PAS) [74] provide excellent sensitivity and
selectivity. However, they may be hindered by drawbacks such as
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complexity, high cost, and vulnerability to external influence. SPR
sensing, offered by Biosensing Instrument (e.g., SPRm 200™ [76]) and
Sensata Technologies (e.g., QCM-D SPR system) [77,78], provides
label-free detection and high sensitivity [79] but it suffers from inter-
ference effects. Optical sensing techniques, CEAS and PAS, available
from LumaSense Technologies (e.g., INNOVA 1412i [80]) and ABB (e.g.,
ACF-NT™ [81]), offer high sensitivity and compatibility with remote
sensing configurations. For example, CEAS relies on the accurate man-
agement of optical cavities and may necessitate advanced equipment,
which restricts its ability to be easily transported and used in field ap-
plications. PAS technique, although highly sensitive in detecting small
amounts of gases, can be susceptible to ambient noise and background
interference, which can undermine its dependability in noisy settings. In
general, when comparing Raman-based gas sensor technologies to
alternative optical sensing techniques such as SPR, CEAS, and PAS,
Raman spectroscopy is generally preferred due to its exceptional spec-
ificity, sensitivity, durability, and versatility. The benefits of
Raman-based gas sensors make them essential instruments for various
gas sensing applications, including environmental monitoring, indus-
trial process control, medical diagnostics, and homeland security. With
this vast discussion of the existing techniques and instruments in use, the
practical significance of Raman spectroscopy [34,82-92] becomes more
prominent. Fig. 1 represents an infograph showing the trend of
peer-reviewed articles published in last seven years where Raman
spectroscopy is used as a methodology for gas sensing applications.
Publications were identified using suitable search terms in Scopus, such
as “gas Raman”, “atmospheric Raman”, before omitting review papers,
and articles pertaining to the development of materials used for gas
sensing, characterised using Raman spectroscopy. The consistent
pattern of studies reported in this field necessitates a compilation of
knowledge for future research in this area. The technique bears a huge
scope as an alternative gas sensing method where almost all gas species
can be detected, and mixtures of gases can also be detected simulta-
neously using a single-wavelength laser. The analyte species do not
require any complicated preparation, such as the removal of water,
which results in a large reduction in both time and cost. This is in
comparison to the few procedures that were discussed earlier. For
example, SERS, available through platforms like Renishaw (e.g., inVia™
Raman microscope [93]) and B&W Tek (e.g., NanoRam® [94]), en-
hances Raman signals, enabling the detection of trace levels of gases
with excellent selectivity. However, it may require sophisticated nano-
structures and precise experimental conditions. Furthermore, Raman
spectroscopy-based gas sensors signals remain unaffected in extreme
temperatures and pressures.
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3. Fundamental understanding

When light interacts with a molecule, the oscillating electromagnetic
field of the incident photon induces polarization in the molecular elec-
tron cloud. This interaction can be described as the formation of a
transient, non-quantised virtual state, where the photon is momentarily
coupled with the molecule. The energy dynamics of this process vary
depending on the type of scattering involved. In elastic (Rayleigh)
scattering, there is no net energy transfer between the photon and the
molecule. As a result, the scattered photon retains the same energy, and
hence the same wavelength, as the incident photon. This type of scat-
tering is the predominant process during light-matter interactions [95].
A small fraction of incident light is scattered in all directions when a
monochromatic light beam passes through a material. An electric field
can polarise or distort the electron cloud of a molecule. If one adds an
oscillating electric field to the molecules (the electric vector of a light
wave), the deformation of the electron cloud will oscillate with the
frequency O of the incident light beam. The oscillation of the electron
cloud generates an oscillating dipole that emits at the same frequency as
the incident beam. Rayleigh scattering is the name given to this mech-
anism. As previously indicated, it can be thought of as elastic scattering
of a photon by a molecule. Rayleigh scattering can be seen in all di-
rections. However, a close examination of the scattered radiation reveals
that it occasionally contains radiation of multiple frequencies. As pre-
viously stated, Raman discovered this behaviour in 1928 and named it
Raman scattering [15,95]. Raman scattering, an inelastic scattering
mechanism with an energy transfer between the molecule and dispersed
photon, occurs about 1 in 10 million photons. There is always a modest
but finite chance that incident radiation will transfer some of its energy
to the molecules’ vibrational or rotational modes. If the molecule re-
ceives energy from the photon during scattering (stimulated to a higher
vibrational level), the scattered photon loses energy and its wavelength
rises, a phenomenon known as Stokes Raman scattering. If the molecule
loses energy by relaxing to a lower vibrational level, the scattered
photon gains energy and its wavelength decreases, a process known as
anti-Stokes Raman scattering. While quantum mechanics allows for both
Stokes and anti-Stokes scattering processes, they are not equally prob-
able in practice. The population of molecules in various vibrational
energy states follows the Boltzmann distribution [96], stating that, at
thermal equilibrium, most molecules occupy the ground vibrational
state. As a result, Stokes scattering is statistically more likely to occur,
leading to a higher intensity compared to anti-Stokes scattering [97].
Additionally, factors such as pre-resonance Raman effects and
temperature-dependent population distributions further influence the
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relative intensities of Stokes and anti-Stokes signals [98], making the
situation more complex than a simple quantum mechanical equivalence.
Stokes lines are of greater intensity than the anti-Stokes lines. However,
these two Raman lines are extremely weak compared to the intensity of
Rayleigh scattered light. Raman intensity is significantly weaker than
that of the incident light. Fig. 2(a) showing scattering in Raman Spec-
troscopy illustrates different types of light scattering when a laser in-
teracts with a molecule, in this case, H20. Incident light from the laser
Maser can result in Rayleigh scattering (Elastic scattering where the
scattered light has the same wavelength; Agcatter = Maser), Stokes Raman
scattering (Inelastic scattering where the scattered light has lower en-
ergy corresponding to molecular vibrations; Agcatter > Maser) and
Anti-Stokes Raman scattering (Inelastic scattering where the scattered
light has higher energy (shorter wavelength, due to molecules starting in
an excited vibrational state; Ascatter < Maser)- The energy level diagram in
Fig. 2(b) highlights energy transitions in the Raman process. Molecules
initially in the ground vibrational state (Sp) can absorb laser energy and
scatter either elastically (Rayleigh scattering, where no energy is lost) or
inelastically (Raman scattering). Stokes scattering involves an energy
loss (transition to a higher vibrational level), while Anti-Stokes involves
energy gain (transition from an excited state to the ground state). Virtual
energy levels are introduced to represent the temporary energy state
during light-molecule interaction. Fig. 2(c) showing molecular vibra-
tions including Symmetric stretch (Atoms move symmetrically along the
bond axis), Asymmetric stretch (Atoms move in opposite directions but
not symmetrically) and Bending modes (Atoms move in a plane
perpendicular to the bond, either in or out of the plane). Fig. 2(d) il-
lustrates vibrational behaviour in a diatomic molecule (e.g., XY, XX)
based on their equilibrium (The molecule is at its rest position with no
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vibration) and vibrational states of being stretched (The molecule is
elongated as the bond length increases) and contracted (The bond length
decreases as the molecule vibrates inward). This change in ease with
which the electron cloud of a molecule can be distorted (i.e., change in
polarisability) is responsible for Raman activity. A detailed analysis of
the classical theory and quantum mechanical principles governing these
vibrational modes and scattering processes is presented in the Appendix
section, where harmonic oscillators, selection rules, and quantum state
transitions are discussed for better interpretation of the observed Raman
shifts.

4. Types of signal acquisition

Since Raman scattering was first discovered, spontaneous Raman
spectroscopy has evolved as a tool for the identification of molecular
fingerprint [91]. Raman spectroscopy enables the remote detection,
identification, and chemical structural study of many materials by
probing vibrational and rotational molecule oscillations. In the case
of sensing applications, various reports have been published touting
the potential of Raman spectroscopy as both a qualitative and
quantitative instrument [99-101]. The disadvantage of spontaneous
Raman is the low efficiency that relates to it. In most cases, only a
small portion of the scattered photons carry information about the
vibrational modes of the analyte, hence this is a significant limitation
of the technique. To obtain a signal-to-noise ratio that is acceptable,
it is necessary to increase the amount of incident light and to use
acquisition durations that are significantly longer. Due to these fac-
tors, the application of this method is restricted when it comes to
investigating low concentrations of analyte and monitoring any
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systems that are subject to rapid change (this topic is elaborated
more in section 5.1). The percentage of change in polarisability of
target molecules, which is equal to [102], is the selection rule for
molecules to be Raman active. In accordance with the traditional
conception of Raman spectroscopy, in addition to these previously
mentioned parameters, the Raman intensity is also determined by
instrumental (for example, the detector and the length of glass fibre
when it is being used as a probe) and analyte parameters (for
example, the sampling volume, the sample particle size, the refrac-
tive index of sample, and its concentration). This is done in addition
to the parameters that were mentioned above. In the case of
probe-based approaches, which are mostly used for gas sensors,
when probes are incorporated into a process stream, the only light
that is detected as a signal is light that is scattered into the same
direction as where the incoming light came from. This is because this
light is reflected back towards the source of the incident light. Uti-
lising the phenomena of resonant, coherent, and surface enhance-
ments of Raman scattering, this disadvantage can be surmounted.
These effects increase the efficiency of Raman scattering, and
represent distinct spectroscopic techniques: coherent anti-Stokes
Raman scattering (CARS) spectroscopy, surface-enhanced Raman
scattering, and surface-enhanced CARS spectroscopies (SERS and
SECARS). In addition to producing stronger signals than spontaneous
Raman spectroscopy, these techniques provide complementary
spectroscopic data to the vibrational-rotational spectrum. They
provide additional methods for investigating, among other phe-
nomena, the electronic molecular structure, the evolution of chem-
ical reactions, and the imaging of dynamic systems such as gas flows.
The advantages of CARS over spontaneous Raman scattering spec-
troscopy is discussed in this review. In addition to this, StRS and
TERS have further expanded the scope of Raman signal acquisition,
offering unique advantages for sensitive detection and
high-resolution analysis. StRS enhances Raman signals by employing
two synchronised laser beams to stimulate coherent vibrations
within the analyte. This leads to a significant amplification of the
Raman signal with minimal background noise, making it particularly
effective for real-time monitoring of fast dynamic processes. TERS,
on the other hand, combines the spatial precision of scanning probe
microscopy with the signal enhancement of localised surface plas-
mon resonance at the tip of a metallic probe. The distinct signal
acquisition strategies ranging from surface enhancement in SERS,
coherent amplification in CARS and StRS, to nanoscale localisation
in TERS open new avenues for advanced gas sensing applications.
Beside the fundamental insights of each technique, this article also
includes their scope of application (section 6).

5. Fundamental principles of advanced Raman spectroscopy
techniques

5.1. Spontaneous Raman scattering (SRS)

From the quantum mechanical description of the Raman spectros-
copy (discussed in Appendix; 11.1), it is an accepted fact that the
rotational-vibrational energy states of the molecules resemble to
discrete quanta (with distinctive J values) and the energy level diagram
represents the Raman processes with Stokes and anti-Stokes emission
[102]. In case of physical conceptualisation of Spontaneous Raman
Scattering process, the incident pump photon necessitates the pertur-
bation of the intermediate states which commonly do not correspond to
electronic states of the system and are the virtual energy states. As the
frequency of the pump photon approaches the energy of the electronic
states, the potency of the Raman effect improves due to resonance effects
and is characterised pre-resonance Raman. If the intermediate state
agrees to a discrete electronic energy state, the interaction is depicted as
resonance Raman scattering and the signal strength is expected to
exceed that of virtual-intermediate-state Raman scattering by orders of
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magnitude. When the energy of the incident photon is in the range of
dissociative energy levels, the phenomenon is termed as continuum
resonance Raman scattering [103,104]. A pictorial representation is
added in Fig. 3(a). As discussed in the Appendix, Raman scattering
transitions between certain quantum states are not allowed and they
follow a certain selection rule. The energy transitions can be either
Raman active or optically active (considering the polarizability effect).
In case of linear molecules, the symmetric stretching modes of vibration
or bending are Raman active and are optically inactive while those with
anti-symmetric modes are Raman inactive and optically active (i.e.,
mutually exclusive) [104]. It is a general rule for nonlinear molecules,
mutual exclusion is relaxed in case of SRS. For molecules bearing no
inversion symmetry, rotational-vibrational mode transition can be both
Raman and optically active. In SRS, the higher intensity of Stokes than
the anti-Stokes signal is corroborated to the population of energy states,
governed by thermal statistics [104,105]. For bosonic systems [106], the
probability of the scattering target occupying a given vibrational
quantum energy state obeys Bose- Einstein statistics. For non-resonant
Raman scattering and thermal equilibrium, the ratio of the anti-Stokes
and Stokes scattered intensity is given by [107]:

4 D®@osc
IA_S — (wp + wosc) e<7(;<)_T) (1)

I S wp — Wosc

Where Ig and I are the intensity of the Stokes and anti-Stokes light,
respectively, # is Planck’s constant divided by 2x, k is the Boltzmann
constant and T is the temperature of scattering species. However, this
equation becomes erroneous for resonance Raman scattering due to
occurrence of Stokes and anti-Stokes processes at different siphon
photon frequencies [107]. In the case of SRS, the Raman effect is very
feeble; on average, 1 in 10 [8] of the incident radiation, endures SRS
[108]. It is an incoherent process as the corresponding transition from
any virtual excited state to the final state may take place at any point
time independently and can reach up to final state based on probability.
In this case, the power or intensity of the output signal, which is the
scatted light, is proportional to the input power while also being
dependent on the direction of the polarisation of the molecules. The
scattered spectrum generates peaks at all of the Raman active modes; the
relative intensity of the spectral peaks is governed by the scattering
cross-section of each characteristic Raman mode [105].

5.2. Stimulated Raman scattering (StRS)

Unlike SRS, StRS is a coherent process which includes the consid-
eration of mixing of four- nonlinear optical wave. The modes of oscil-
lation remains in phase to form a coherent adjustment of polarisation in
the sample with susceptibility y [3]1(®S; op + @S — wp) [109]. Addi-
tionally, the scattered light also stays coherent [110]. Here, x(3) rep-
resents the third-order nonlinear susceptibility of the material. This
parameter characterises the material’s response to the electric field in
nonlinear optical processes, such as third-harmonic generation,
four-wave mixing, or Kerr effect. Essentially, it quantifies how the po-
larization of the medium changes with the intensity of the applied
electromagnetic field. ‘0’ represents the angular frequency of the elec-
tromagnetic waves involved. In order for the StRS to function properly,
the cross-section of the SRS, the path length of the light-field-matter
interaction, the spectral linewidth, the input intensity, and the optical
feedback (light production) of Stokes frequency light all need to be ac-
curate [109]. When photons of frequency wp and S simultaneously
interact with a molecule staying in the ground state, the system gener-
ates vibrations with an induced frequency(wosc) and expressed as, ¥osc =
®p — ®S. In contrast to SRS, the stimulation effect determines both the
de-excitation/relaxation period and the energy level of the end state.
The molecule then scatters a new photon with frequency and phase
similar to that of the incident light of frequency(wS) as a result of the
energy being transferred from the thrust photon to the molecule as a
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Fig. 3. (a) Energy transfer process in Stokes (left) and anti-Stokes (right) Raman scattering, in both scattering processes, the lifetime of the excited state is prob-
abilistic and spontaneous. In Stokes Raman scattering, the initial (ro-)vibrational energy |i) of the scattering material is less than that of the final state |f), the
scattered light has less energy than the pump light. In anti-Stokes scattering, the initial (ro-)vibrational energy |i) of the scattering medium is greater than that of the
final state [f), the scattered light has more energy than the pump light. (b) Coherent anti-Stokes Raman scattering (CARS). CARS is a four-wave mixing process of
pump, Stokes, probe and anti-Stokes light in which the emission of anti-Stokes light is coherently induced through an intermediate (ro-)vibrational energy state
population inversion. (c) Surface-enhanced Raman scattering (SERS). The incident pump light induces a surface plasmon resonance. The resultant enhancement of
the oscillatory electro-magnetic (EM) field strength (shown in blue) on the surface intensifies the light-matter interaction and consequently increases the intensity of
the Raman scattered light. (d) Tip-enhanced Raman scattering (TERS). The incident pump light induces a tip-surface plasmon resonance associated with the plas-
monically active tip. The resultant enhancement of the oscillatory EM field strength (shown in blue) is localised to the vicinity of the tip apex. The lighting rod effect
(illustrated by curved black arrows) intensifies the light-matter interaction in the tip region and provides high-resolution (beyond the diffraction limit of light) Raman
imaging.262 [Reprinted with permission]

result of this stimulation. this technique has led to exponential gain in the Stokes signal intensity,
An external radiation source is tuned to the Stokes frequency with by transferring energy from the laser radiation, and rapid population of
the photon pump laser beam to provoke this phenomenon. Reportedly, the final rotational-vibrational state [111]. Nevertheless, when the
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Fig. 4. (a) Energy level diagram of stimulated Raman scattering (StRS). StRS is the induced emission of Stokes light by the coherent interaction of the pump and
Stokes light with the material. Unlike spontaneous Raman scattering (SRC) where the lifetime of the state and the energy of the final state are probabilistic, in StRS,
the (ro-)vibration of the molecule or lattice is coherently driven by the difference frequency of the pump and Stokes light. (b) Comparison of SRC and StRS of bulk and
droplet ethanol. The spontaneous measurements were performed in a cuvette (bulk ethanol). The StRS measurements were performed in a droplet of ethanol which
acted as an optical resonator for the Stokes light [109] [Reprinted with permission].
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intensity of the incident light of frequency wp is adequate, the Stokes
frequency within the molecule can undergo self-promotion of StRS
without any external oS source. However, the StRS threshold gets sub-
stantially reduced when the interaction of laser photons/pump and
Stokes field gets extended in presence of an optical resonator, (e.g., in-
ternal reflection in a droplet of liquid). Fig. 4b accounts for the similar
effect where the StRS spectrum is recorded with droplets of ethanol
directly compared to the SRC of bulk ethanol. As predicted, the droplets
act to confine the light by internal reflection which feeds back the Stokes
light as a self-StRS inducing optical resonator [112].

5.3. Coherent anti-Stokes Raman scattering (CARS)

CARS is a third-order nonlinear four-wave optical mixing process.
Fig. 3b shows the energy level diagram. In the CARS technique, the
pump and probe laser beams (wp and wp;, respectively) are combined
with the Stokes beam (ws). A tunable Stokes beam is often used to ensure
that the frequency difference between the probe and Stoke beams
matches the rotational or vibrational frequency of interest [113].
Finally, the probe beam causes perturbation of anti-Stokes scattering
process to take place at was = wp — ws + wpr (2). [114] A generalised
expression for dominant terms in resonant CARS is given by the
following [115,116]:

A
¥ = @ § + 2R ()

Wose — p—a)s) —ilg
Here, TR’ is the half width at half maximum for the Raman line
[115]; ‘AR’ is a constant representing the Raman scattering cross-section.
The first term represents the contribution due to CARS vibrational
resonance as in Fig. 3b (wosc = wp — ®S). The second term is the
non-resonant background signal and is independent of the Raman shift
(wosc # op — ®S). Because not all quantum routes of the scattering
process involve a resonance with a rotational-vibrational state, the
non-resonant background develops [117]. The resonant portion of the
signal is interfered with by this non-resonant contribution, and the
non-resonant background results in unique distortions of the CARS
spectrum compared to the SRC [118,119] . Due to this occurrence, CARS
is no longer a popular technique.

5.4. Surface-enhanced Raman scattering (SERS)

The inherent weakness of signal limitation restricts its straightfor-
ward approach and thus different methods are proposed to increase the
signal output, such as increase in intensity of incident laser beam,
focusing strategies into microscope and which sometimes it results
photobleaching of the sample [120]. SERS, a vibrational
spectroscopy-based technique, can be used to identify molecules down
to their fingerprint. The surface enhanced Raman signal (SERS), first
noticed by Fleischmann et al. in 1974 while studying pyridine on the
rough surface of a silver electrode [121], expands the range of surface
enhanced Raman signal and its associated sensitivity makes it a flour-
ishing spectroscopic method to study electron transfer reactions that
could be enhanced. Regarding the conventional theory of Raman spec-
troscopy, it is generally acknowledged that electromagnetic and chem-
ical mechanisms both contribute to SERS. As a result of the previous
section’s thorough discussion of molecular polarizability, excitation,
and scattering processes, it is now clear that molecules exposed to an
oscillating incident electric field undergo induced polarisation (P0) and
emit scattered light with a Raman-shifted frequency (uR) [122,123]. Py
depends on the Raman polarizability of the electrons in the molecule
(aRp) and the strength of the incoming electromagnetic radiation Eg
(with a frequency of up), as follows:

Po = (uR) % aRg (ug,uR)Eg(uo) (©)]

Qualitatively, aRO0 represents the change in the electron cloud during
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the molecular vibration, and the Raman scattering involves the inter-
action between two basic aspects, a molecule and an incoming radiation.
SERS involves the interaction among light, molecule, and metallic
nanostructure. Metal nanostructure being irradiated with an incoming
light (E0), the conductive electrons get delocalized into collective os-
cillations, generating an electromagnetic field around the interface
formed by the metal nanostructure and the dielectric environment (Fig
3c). The frequency of such electron oscillations depends on the density
of electrons, the effective electron mass, and the shape and size of the
charge distribution. If the frequency of the radiation (u0) is in resonance
with that of the electronic oscillation, the corresponding excitation
process is stated as surface plasmon resonance (SPR). Similarly, other
causes of oscillation, such as dipoles (Py) or quadrupoles lead to the
excitation of the localised surface plasmon resonance. The Raman
polarizability of molecules interacting with metal nanostructures (Pg) in
the case of SERS often results in values that are one to three orders of
magnitude higher than those of the molecules’ free states. Thus, the
mutual activation of the Raman polarizability by the local EM field re-
sults from the interaction of molecules with the nearby metal nano-
structures, and vice versa. For low vibrational Raman modes frequency,
up can be considered roughly equal to ug, and the electromagnetic
enhancement factors Gex(u0) and GR(uR) becomes comparable. Hence,
the overall enhancement of the electro magnetic field in SERS (G) can be
represented as:

6= [Buclon)l” r )
|Eo(wo)]

Further study of this technique has been avoided since it would entail
material/substrate specific enhancement factors of SERS, which is
outside the purview of this review. Considering the topic of the article,
which is limited to the use of Raman spectroscopic techniques only for
gas sensing applications, this article has refrained from discussing this
technique further. Nevertheless, the reports and works involving SERS
for gas sensing or the construction of sensing equipment are presented in
section 6.4 in a comprehensive and extensive manner.

5.5. Tip-enhanced Raman scattering (TERS)

An advancement on the SERS method, tip-enhanced Raman Scat-
tering also relies on inducing an electromagnetic field through the
sample material to increase the overall signal strength and resulting
spectral intensity. Where TERS differs from SERS is in its spatial reso-
lution capability. The signals from a SERS measurement are not site
specific but are from the total area irradiated by the Raman laser, as with
most conventional Raman spectroscopic methods (Fig 3d). Optical im-
aging instruments are typically diffraction-limited systems, in that their
resolvable distance is a function of the wavelength of the probe photon
and the numerical aperture of the instrumentation; d = 1/2NA— — —(6)
[124]. In TERS, the sharply etched metal tip is used to localise the
electromagnetic field enhancement described for SERS in section 5.4 to a
much finer, and spatially resolved location on a sample surface. The tip
and laser focal point can be moved over the sample surface, and maps
generated of the surface of a material [125], or the tip may remain
stationary to observe dynamic processes such as catalysis reactions
[126]. For the same rationale as provided in section 5.4, further dis-
cussion on TERS will be refrained from, and further works on the
application of TERS will be presented in section 6.5.

6. Recent advances
6.1. Detection using SRS
Raman spectroscopy is one of the most studied spectroscopic

methods. This approach can identify individual gases in a mixture in
real-time. While portable devices are also being developed for medical
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or environmental fields, such as breath analysis or pollution manage-
ment, a considerate number of researchers have taken advantage of this
technology for gas sensing. he common gaseous species that are
currently being monitored are listed in Table 1 along with their related
Raman shifts and cross sections. Raman scattering is dependent on the
scattering cross section area of the involved molecule, which is relatively
low for gas molecules. For example, if Ny at room temperature and
pressure (contained in a transparent cell) is focused with a laser source
of 785 nm, ~100 mW (free-space setup), a Raman Stokes power output
of ~10™'* W is obtained since the scattering cross section of Ny at 785
nm is equal to 7.467 x 10732 ¢m?/sremolecules [127]. An important
factor in the free-space experiment is the interaction length between the
gas molecule and the laser beam, which is almost twice of the Rayleigh
length of the focused beam [128]. Distributed temperature sensors
(DTS) exploiting SRS effect is widely utilised in gas and oil industries for
remote temperature monitoring and detection of leaks in oil wells. These
systems are often required to withstand extended exposure to harsh
environmental conditions and high temperatures. The temperature can
reach up to 380°C in geothermal wells [129]. Buric and his group coined
the solution to increase the interaction length of Raman signal by
introducing hollow core photonic crystal fibres (HC-PCFs) [130]. The
periodic cladding structure of these type of fibres makes it a good wave
guide in the lower refractive index hollow core. When analyte gas is
purged/passed through the guided core of a HC-PCF, it provides longer
interaction lengths between the incident laser and the gas molecules.
With this setup, a hundred times of enhanced intensity of Raman signal
(Stokes lines) could be obtained than that of in free-space [130,131].

As discussed previously, the intensity of the Raman signal is pro-
portional to the differential scattering cross section of the molecule and
it can a function can be deployed that computes the intrinsic rate at
which the scattered photons can be detected at a given angle,

5 1 (0.03) m?
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where:

e ws = frequency of the Raman scattered light.

e Aw= Raman Shift, this is the difference between the frequency of the
exciting light and wS.

e 1= ws+Aw= Laser frequency.

e R represents the transition rate between the two states |i> (initial
state of the molecule) and |n> (excited vibrational or rotational state
of the molecule).

The above equation also shows the dependency of differential scat-
tering cross section on the frequency of the laser source.

Since the Raman shift is representative of the vibrational (or rota-
tional) properties of a molecule, it is possible to extract a molecular
fingerprint from a molecule that is Raman active. This was covered in
the previous section. In this waveguided apparatus, one may get a
straightforward formula for the strength of the Raman signals as:

Is = kILp(()O'/GQ)Q (8)

where, p is the molecular number density in the measurement volume V
in molecules / cm®, Q is solid angle observed, L is the length of the
measurement volume / interaction length between the beam and the
sample. I, is the intensity of the light hitting the molecule and k is the
setup constant depending on geometry and wavelength-dependent los-
ses. The linear dependence from L, leads to the advantage of using
hollow core fibres as the entire length of the fibre represents the inter-
action length between the gas contained in the hollow core, and the laser
beam. Buric and his group experimented by sending the light from a
514.5nm laser into 1.5m long section of commercial PBGF containing
N= at ambient pressure and they also used the same laser for the free
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space detection of output with a photomultiplier. In the next year, by
using a different set-up arrangement, Buric and al. [131] further
improvised back-scattering configuration, in which both the laser input
and Stokes output (backward wave) occur at the same end of the fibre.
The report of Afsar et al is also in agreement with the enhanced output in
backscattering set up for SRS [148]. As an added advantage, detection of
low-pressure gases in the ~ 100 ppm range could also be achieved using
the new setup while Chen and his group detected rotational lines of
nitrogen and oxygen for the first time by using a 1 m length of wave-
guide [149] in a back-forward setup configuration. SRS enables one of
the gifted applications of Raman gas sensing in the field of breath
analysis. Reportedly, the presence of certain gases in an exhaled breath
can be treated as a biomarker for some disease as lung cancer, diabetes
[150] and many more and SRC serves as a useful technique here. Hanf
et al. [135] used PBGF in a SRS based fibre-enhanced (backscattering)
Raman spectroscopy (FERS) setup to detect the contents of a mixture of
climate relevant gases and a human breath sample (Fig. 5) and could
accomplish a sensitivity of 0.2 ppm for CH4 and a dynamic range of
about four orders of magnitude using 2 W of a 532.2 nm laser and 20 bar
of pressure. The results highlighted the high potential of fibre-enhanced
Raman spectroscopy with hollow-core photonic crystal fibres as minimal
volume cuvettes for quantitative analysis of isotopic tracers. Addition-
ally, Chow et al. were able to use SRS in a forward setup arrangement to
acquire the rotational lines of pure Oy and pure Hj at 14 bar and 7 bar,
respectively. The CO, [151] Raman bands were obtained by Chow and
his team. The publications that have already been published on
SRC-based gas sensing also make an intriguing association between the
source’s wavelength and its associated sensitivity during the procedure.
Although it is outside the focus of this paper, it is important to consider
this fundamental issue when comparing the outcomes of experiments
using various SRS setups, analytes, sources, etc. It is important to note
that operating pressure and waveguide length both play a role in
obtaining the Raman signal during the SRS process [25]. Lambrecht, and
his team reported detection of CO5 in ambient air at one bar, proving a
sensitivity of ~380 ppm using 20 mW laser power (785 nm laser) and an
integration time of 100s [152]. Evidently, the SRS technique appears to
be extremely dependent on the addition of various types of OF in order
to improve or adjust the range of integration time, detection limit, and
sensitivity, among other things [153]. Concluding the section with the
recent article of Brooks et al. [154] reporting on the development of a
compact gas-phase Raman based instrument (Fig. 6a) using a hollow
core anti-resonant tubular fibre where they have proposed a commer-
cially viable Raman prototype instrument exploiting a tubular
hollow-core anti-resonant fibre-based approach [155] by primarily
increasing the optical interaction path (also fulfilling the gas sampling
component of the instrument). They successfully reported the detection
of Oy, No and H,O (g) from ambient atmospheric samples (Fig. 6b-c) and
commercially supplied CO,, CH4 and CsHg at ambient temperature
(Fig. 6d). Recently Bai et al. [156] and his group integrated Hollow-core
anti-resonant fibres (HC-ARFs) into the Raman system to explore prac-
tical detection limits in the field of gas sensors. The limits of detection
(LODs) of their developed system have 1.2 ppm bar for CHy, 2.9 ppm.bar
for CoHe, 1.6 ppm.bar for CoHy, 2.7 ppm.bar for CoHj,13.8 ppm.bar for
Ho, and 16.7 ppm.bar for CO when an excitation laser of 200 mW was
used with an exposure time of 60s. This improved level of detection has
pushed the technology one step ahead in terms of practical applications.

6.2. Detection using StRS - stimulated Raman scattering

The StRS technique uses two spatially and temporally synchronised
laser beams (pump and Stokes beams) to coherently excite molecular
vibrations [157]. When the frequency difference between the two pulsed
lasers matches that of a molecular vibration, quantum stimulation of
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Table 1
Raman shifts for common pollutants and target analytes. Abbreviations: Weak Band (WB), Strong Band (SB), Broad Band (BB), (*at 532 nm).
Categories Analyte Raman Shift (cm™1) Interferences Cross Section of major peak References
(cmz/sr)
Combustion Gases CO, 1285, 1388 (SB) SO, 35.6x1032 Kiefer. J et al. [132]
co 2143 9.1x107%2 Kiefer. J et al. [132]
H;0 1640, 3000-3700 (BB) High White. S et al. [133]
NO, 1316 Low McCole Dlugosz. E et al. [134]
NO 1875 5.5x107%2 McCole Dlugosz. E et al. [134]
N0 1300, 2224 CO, 2.7x107 %! Hanf. S et al. [135]
SO, 1151 (SB) 3.08x107%° Aggarwal. R et al. [136]
SO3 1035, 1375 CO, Yanfang. F et al. [137]
Volatile Organic CH,4 1535 (WB), 2917 (SB) C,Hg, CsHg 6.7x1073! Kiefer. J et al. [132]
Compounds CoHg 993, 2914 (SB) CHy, C3Hg Low Kiefer. J et al. [132]
C3Hg 870, 2908 (SB) CHy, CoHs, 5.8x1073! Kiefer. J et al. [132]
C4Hio
CH3Cl 725, 2874,2965, 3043 Fedoseeva et al. and Drysdale, C etal. [145,
146]
CH3Br 609, 1304, 2819 2971, Fedoseeva et al. [138]
3050
CF,4 453, 631, 908, 1283 Fedoseeva et al. and Cleis, R. A et al.[138,
139]
CCly 221, 318, 459, 756, 794 Fedoseeva et al. and Cleis, R. A etal. [138,
139]
C4Hio 827, 2890 (SB) CH4, CoHg, C3Hg  High Kiefer. J et al. [132]
CeHg (as 992 Low Jochum. T et al. [140]
Benzene)
Other Monitored Dioxins 2893, 2969 Borowski. P et al. [141]
Pollutants Furans 1139, 1485, 3158 Kim. T et al. [142]
PCBs Various WBs, 1280, 1589 CO,, O, Cheng. J et al. [143]
H,S 870, 2610 (SB) 3.25x1073! Hippler. M et al. [144]
Cly 554 (BB) 1.37x1072° Aggarwal. R et al. [136]
HCl 2886 Murphy et al. [145]
HF 1588 Fedoseeva et al. [138,139]
HBr 2560 Murphy et al. [145]
NH;3 934, 967 3.68x10732 Aggarwal. R et al. [136]
NH,4Cl1 2141, 3045 Drysdale. C et al. [146] and Hayez. V et al.
[147]
CSy 658,802 Murphy et al. [145]
Ambient Gases Ny 2331 (SB) 2.9x107%! Kiefer. J et al. [132]
H, 587, 4156 (SB) 2.2x1073! Kiefer. J et al. [132]
0, 1555 (SB) 1.2x107% Kiefer. J et al. [132]
03 702, 1103 4.0x10731 McCole Dlugosz. E et al. [134]
photon in the Stokes beam amplifies the intensity of the otherwise weak [161].

spontaneous Raman scattering. As a result, the intensity of the Stokes
beam is increased (SRG') and the intensity of the pump beam experi-
ences a loss (SRL?). This Loss and gain are proportional to the pump
power, light-sample interaction length and sample concentration [158].

The StRS systems can be broadly categorised into broadband and
narrowband techniques depending on the laser system used. The com-
bination of the narrowband and / or broadband pulses used, impacts the
detection system required and the time resolution of the experiment
[110]. A typical narrowband StRS system is composed of a fixed fre-
quency laser (w1) and a tuneable frequency laser (o) to scan across the
wavelengths of interest. For narrowband StRS, a number of Stoke beams
are required to build a spectrum while by using a broadband StRS an
entire vibrational spectrum can be collected in one acquisition. In
broadband StRS systems one or more of the lasers has a pulse width
larger than 100 cm ! while all laser pulses in a narrowband StRS are <
20 cm™* 1O,

It is reported that StRS can achieve a temporal resolution of 1 us per
pixel (0.1-10 s for a spontaneous Raman microscopy) [159], a spatial
resolution of 100 nm and a chemical sensitivity of 1 pM [157]. In this
technique the synergy of the pump and probe beams accelerate Raman
scattering by up to x10 [8,160]. In addition, StRS has perfect linearity
with concentration of chemical bonds which means that by using this
technique concentration of the target compound can be determined

! Stimulated Raman Gain
2 Stimulated Raman Loss

The high sensitivity, fast scanning speed and fine spatial resolution of
StRS make this technique extremely valuable. Recently, Chen et al. re-
ported a summary of the most commonly reported applications of StRS
[159]. The most known application of this technique is label-free im-
aging in biomedical applications as opposed to optical methods such as
fluorescence microscopy. No specialised probes or labels are needed
with StRS since the presence of chemical bonds can be confirmed using
their vibrational modes alone. Fleury et al.’s work on imaging
micron-sized zeolite crystals in 2018 is one of the first attempts in using
polarized StRS microscopy for the field of materials science [162]. Prior
to this, this technique was almost exclusively used for biomedical ap-
plications. Therefore, application of this technique in the field of ma-
terials science and specifically for gas samples is yet to meet its full
potential. This developing technique carries some limitations too. For
example, StRS is not suitable for samples with strong optical absorption
to the pump or the Stokes beam. In addition, since this technique is
mainly designed for biological samples and their vibrational bands
typically fall between 1200 to 3600 cm ' wavenumbers, StRS is
generally optimised for this range [157,163]. However, modification in
the optical circuit may bring Stoke and pump optical beams closer to
allow detection of wavenumbers down to 300 cm™'. Improvements in
spatial resolutions can advance the application of this technique in the
field of materials science. Currently, a near infrared light source is
typically used to enable better penetration into biological samples.
However, visible light can also be used to improve the spatial resolution
of StRS. Ozeki et al. [164] demonstrated molecular spectral imaging of
different animal tissues (including rat liver tissue and mouse intestinal
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Fig. 5. SRS based setup for human breath analysis: (a) Sketch of the setup for
fast and precise filling of the HC-PCF with gas mixtures consisting of mid
pressure pump system (PS), fiber adapter assemblies (A1 and A2,), check valves
(CV), magnetic valves (M), powermeter (PM), hollow-core photonic crystal
fiber (PCF), objective lens 20x/0.5 (OL), sensor for pressure and temperature
(S), and sinter filter (F); and (b) Fiber-enhanced Raman spectrum of a biogenic
multigas composition, consisting of climate relevant gases CO2, CH4, and N20
together with N2, O2 (each ~1 vol %, in Raman inactive argon carrier gas),
which was acquired with one single measurement within a 40 ms acquisition
time. All gases are spectrally well-separated from each other and can easily be
quantified simultaneously. The inset shows a separate measurement, the fiber
enhanced Raman spectrum of naturally concentrated CH4 at 2 ppm in air with
SNR = 28 and thus sub-ppm LOD [135] (reprinted with permission).

villi) using high speed StRS microscopy. They reported lower Raman
intensity in the fingerprint region (500-1800 cm™!) compared to C— H
stretch region (2800-3100 cm ™). Generally, techniques such as StRS
and CARS do not produce uniform signal quality across the whole
Raman spectrum [165]. Bi et al. [166] reduced the femtosecond laser
wavelength to the visible region and demonstrated a StRS microscope
with sub-diffraction resolution down to 130 nm (from 180 nm limit) and
an improved resolution (x23) due to increased photon energy. They used
beta-barium borate (BBO) crystals to double the frequencies of their
1040 nm and 900 nm laser beams. In 2012 Malevich et al. [167] re-
ported the first proof-of-principle experiments demonstrating backward
coherent Raman scattering as a tool for remote chemical sensing of trace
gases. They used a high-power lasing system to derive narrowband UV
pulses acting as Stokes pulses and a synchronised tuneable UV pump
laser, 310-350 nm, (made tuneable using a nonlinear frequency con-
version system) to study responses from atmospheric gases including No
(at 2030 cm’l), 0O, (at 1555 c¢m ') and methane (at 2915 cm ™). They
probed the gas samples with the counter-propagating narrowband
Stokes pulses guided into each other using mirrors to mimic standoff
detection. For remote sensing, it is necessary that the probe pulse has
duration of a few nanoseconds. For atmospheric lasers (e.g., Ny lasers)
this criterion is readily fulfilled (the pulse duration can be determined by
the length of filament and the lifetime of excited N, molecules [167]).
Authors believe that the key challenge with this technique is the diffi-
culty with detection of the Raman Gain over Raman Loss sitting on top of
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an intense noisy Stokes/pump pulse. This team defined the optimum
laser parameters for remote sensing using a backward StRS setup [179]:
(i) a fixed-frequency laser as the backward-propagating laser with a
pulse duration in the nanosecond range and (ii) a high energy and
tuneable forward-propagating laser and its pulse bandwidth should
match that of typical molecular linewidth in gases. Malevich et al. [167]
demonstrated the linear relationship between Raman Gain signal and
the concentration of the sample. They reported detection of an SRG
signal for pressures as low as 40 mbar. The SRG signal reached a value of
107> which they corresponded to the noise floor of the setup with an
integration time of 1 s. The low SRG was explained by the extremely
short interaction length, limited pump pulsed laser energy and the no
optimum bandwidth of the pulse. They also compared the performance
of a ps/ps laser system to that of a ps/ns laser system. Although the latter
system presents added complexity to the synchronisation of the two
lasers, it can increase the interaction length and decrease spectral width
of the Stokes pulse. In 2015 Malevich et al. [168] demonstrated a remote
gas sensing system using StRS in a standoff geometry (as shown in
Fig. 7). In this setup a high-energy mid-IR femtosecond pulse was used to
trigger atmospheric Ny laser and provide the backward-propagating
pump beam. This setup showed a detection limit of 2 bar for methane
gas. Although improvements to the sensitivity of the system is necessary
(for e.g., using higher energy excitation pulses), this work showed the
feasibility of a backward StRS system without the need for reflection of a
forward-directed excitation beam. In a more recent study Yang et al.
[158] reported a Hy gas detecting system with a hollow-core fibre that
showed potential as a StRS-based gas sensing system with ppm detection
level and an average response time of 250 s. In their preliminary study,
the pump and Stokes laser beams were set to have a wavelength around
1532 and 1620 nm, respectively to match the Sy(0) rotational transition
of parahydrogen with a Raman shift of 354.36 cm™L.

6.3. Detection using CARS - coherent anti-Stokes Raman scattering

While the CARS technique was first reported by Maker and Terhune
in 1965 [169], the acronym was coined in 1974 by Begley and
co-workers [170]. It is believed that the first CARS-based microscope
was developed in by Duncan et al. [171] in 1982. Since then and with
the advancements made in the field of laser technology multiple
implementations of CARS technique have been reported. Similar to
StRS, CARS has been used extensively for biochemical and biomedical
imaging [172,173]. This technique has been shown to be valuable for
gas phase analysis [174] and catalytic reaction monitoring [175] as
well. Currently, research works in this field are devoted to development
of CARS instruments higher sensitivity and acquisition speed. Examples
of such works are highlighted later in this section.

In the CARS technique, the pump and probe laser beams (wp and wpy,
respectively) are combined with the Stokes beam (ws). A tunable Stokes
beam is often used to ensure that the frequency difference between the
probe and Stoke beams matches the rotational or vibrational frequency
of interest [113]. Finally, the probe beam causes perturbation of
anti-Stokes scattering process to take place at was = wp — ws + wpr — —
—(2) [114].

Generally, coherent Raman spectroscopy techniques are capable of
generating signals 10 [5] to 10 [7] times higher than incoherent spon-
taneous Raman spectroscopy [114,176]. Narrowband CARS enables fast
image collection but from a narrow region (3 cm™') of the Raman
spectrum while broadband CARS is capable of capturing large spectral
range from ~500 cm * to 3500 cm ! at longer duel times per pixel
[165]. However, due to interference of nonresonant background CARS
spectrum differs from that of spontaneous Raman spectrum. This com-
plicates spectral assignments and causes difficulty in image interpreta-
tion and limits detection sensitivity [161,174] specially for
hydrocarbon-rich compounds which have higher nonresonant suscep-
tibility [177]. In contrast, StRS provides background free chemical
contact and this is its key advantage over CARS [157]. Roy et al. [174]
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Fig. 6. (a) Image of the Raman instrument layout showing key sub-system components (marked within), (b-d) represent Raman spectra collected from an air sample,
CO,/N, sample captured at a particular time and gas mixture, containing 0.32% propane (C3Hg), 3.68% methane (CH,) and 96% carbon dioxide (CO-) respectively.

Reprinted from [154]
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reviewed the advancements in the application of nanosecond to femto-
second CARS in gas phase reacting flows between 1996 to 2010. Ac-
cording to their review, the key emphasis of the CARS developments
during this period was on application of this technique to harsh chemical
environments as well as application of advanced laser systems to
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improve sensitivity and data acquisition speed. For example, the
nonresonant background contribution in CARS can be supressed using
picosecond-CARS by temporally delaying the probe beam relevant to the
pump and Stokes beams [174]. Femtosecond-CARS provides enhanced
data acquisition bandwidth compared to the other two techniques in
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addition to reduced non-resonant background. Sugimoto et al. [178]
reported on the practical use of CARS for hydrogen leak detection (the
light source setup is displayed in Fig. 8). They used a laser with short
wavelength (355 nm) which is generally preferred for CARS technique.
Using a beam splitter, they generated two optical paths to realise the
optimal irradiation intensity ratio between the pump and Stokes beams.
Briefly, they placed a 40 mm Raman cell in one of the paths to generate
Stokes scattering independent of the pump light intensity. The Raman
cell used was a Stokes light source filled with Hy (0.5-0.7 MPa) capable
of generating Stokes beam when irradiated with incident laser beam.
The Stokes and pump beams were then irradiated simultaneously to the
gas sample and the resultant anti-Stokes scattering was separated by a
dichroic mirror and its intensity was measured using a spectrometer.
Based on this setup, the highest anti-Stokes scattering intensity was
generated when the ratio of Stokes beam intensity to that of the pump
beam ranged between 0.140 and 0.173. In addition, their setup was
shown to have a lower detection limit of 157 ppm well below the typical
detection limit of 500 ppm for Hy leak detection application. A great
advantage of using this CARS setup for gas leak detection is its in-situ
atmosphere detection capability without the need for a gas suction
system. This simplifies the instrumentation design and improves detec-
tion efficiency. In 2014 Zaitsu and Imasaka [176] reported a
cavity-enhanced Raman spectroscopy technique based on intracavity
CARS process and explored the application of this method for high
sensitivity gas detection. The intensity of CARS signal is limited by the
phase-mismatch® between the laser beams regardless of the interaction
length in the optical cavity in the cavity-enhanced CARS. To overcome
this, authors used highly reflective mirrors with negative group delay
dispersion as a cavity component and to derive the total dispersion and
thus, the lasers phase mismatch to zero. Their experimental work
showed that by using this method three orders of magnitude increase in
the CARS intensity for Hy gas can be detected. Although the detection
limit of this setup was not evaluated in this work, the technique seems to
have the potential to be used for trace gas detection. In 2013 Bohlin and
Kliewer [179] reported the development of a single-shot 2D-CARS
technique for collection of spectral information of gas samples in mul-
tiple spatial dimensions simultaneously. This can be of particular use in
the field of combustion pollutant formation. Thus, it is safe to say that
CARS technique has seen unprecedented growth since the development
of the very first CARS microscopy in 1982. This technique has evolved
from a laboratory-based tool to an accessible technique with applica-
tions in a wide range of fields. The key advantage of CARS is the use of
anti-Stokes scattering process which eliminates limitations associated
with fluorescence. Contribution of nonresonant background is a key
challenge to overcome with CARS. Advances and refinements of the
CARS methods thus far have reduced background contributions to CARS
spectrum.

6.4. Detection using SERS

Due to its quick detection speed and excellent sensitivity, the
Surface-Enhanced Raman Scattering (SERS) approach is currently being
widely used to create sensors for gas detection [180-182]. Raman
spectra can be used to gather fingerprint information due to the char-
acteristic vibration frequency of molecules, as discussed in the preceding
section (Section 5.4). Now that the signal from the Raman spectrum has
been processed, it may be possible to successfully classify and identify
samples discovered by the SERS sensor for practical field applications. A
few SERS-based gas/volatile organic compound (VOC) detectors are
included in this section. It is important to note that to maintain the ar-
ticle’s one-way orientation towards the development of gas sensors
solely, the advancement in the field of detection of various analyte

3 The phase-mismatch is caused by the propagation of the interacting beams
through the medium.
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molecules (such as biological, chemical, etc.) is not covered here. The
enhanced Raman scattering is now known to be primarily caused by
electromagnetic enhancement brought on by localised surface plasmon
resonance (LSPR) on the surfaces of noble metal components and
nanostructures [183,184],and the chemical enhancement that results
from the electronic interactions between the analyte molecule and metal
species/substrate [185]. The establishment/selection of metal nano-
structure is significantly essential for producing the enhanced electro-
magnetic field. Mostly colloid-based (solution based and less expensive)
and solid surface-based substrates are commonly used SERS-active
substrates [186] where the former ones are used in large-scale produc-
tion and the later one (nanoparticles stabilized solid substrates)
providing higher reproducibility and more stable signals for target
molecule interactions [186]. To the best of our knowledge, Wong and his
team first reported [187] multiplex SERS based VOCs detection with
leaning nano-pillar substrate and additionally multiplex detection for
the mixture of acetone and ethanol vapor could be achieved. Fig. 9
represents a schematic of the SERS based detection method. Lauridsen et
al developed a SERS nanochip, optimised for detection of trace amounts
of biomarker from breath and it which was mounted inside a Tedlar bag,
which the patient breathed into. The SERS chip was then analysed using
a Raman spectrometer and investigating the C=N peak at 2131 cm™!
and correlated with sputum cultures, the detection could de made [188].
The lower limit of detection of target analyte was down to 18ppb. Oho
and his team were able to establish a quantifiable relationship between
target gas adsorption/signal intensity and SERS film temperature.
Finally, with the SERS film temperature of approximately 80°C, which
fits with the theoretical prediction, it was possible to study the
enhancement of corresponding gas adsorption and signal strength by up
to 40 times. With a 2-min acquisition time, this raised the detection limit
for benzene gas to 3-1 ppb. Here, they utilised Ag nanorod array sheets
functionalized with propanethiol for SERS, a spectrometer equipped
with a fibre Raman probe, and a 785-nm pump laser. Using this
SERS-based approach, it was possible to track down the target analyte,
anionic state of the adsorbate and showed it to be analogous to intra-
molecular Franck — Condon resonance Raman scattering [185]. There
are a large number of various substrates that have been reported for the
particular or targeted detection of analyte dependent on the tuneability
of surface plasmon resonance (mostly). However, the full studies on
substrate variability have not been included in this article because that is
not the focus of the discussion here. Nevertheless, a table has been
designated to show them in their individual forms. Continuing to
incorporate additional SERS approaches into use, fairly recent research
could be traced back to a group in Japan where Li Chen and his team
offered an easy fabrication method. This paper was fascinating, and it
was published just last year [189]. They claimed a wide-ranging appli-
cation for constructing a SERS sensor array with different gas affinities,
where the fabrication was done by spin-coating distinct functional
polymer films for the identification of gases with similar structures
(Fig. 10). They used functional two-layer polymer film in the sensor
array, possessing a distinctive gas response, and efficiently fabricated in
a simple way with high design flexibility by utilizing the layer-by-layer
method. Gas detection implementation could by improved by increasing
the number of characteristic variables in the response matrix processed
by the e principal component analysis algorithm. This study drags the
SERS technique one step ahead by experimentally proving the detection
of similar type of gas analytes and thus reinforcing the credibility of this
method regarding the molecular fingerprint detection in the field of gas
sensor (Fig. 11). Despite the existence of numerous other reports on
SERS substrates and analyte detection, this section is now intended to be
concluded after highlighting the significance of SERS with regard to
improving the absorbability of gaseous molecules on SERS substrate and
insensitive detection of weak Raman intensities of gas molecules. There
are 42 Raman active lung cancer VOC biomarkers with having concen-
tration in the range of 10-100 ppb [190,191] and Zhang et al. [192]
developed an innovative strategy for ultrasensitive detection (down to 2
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Fig. 8. Optical image and detailed illustration of the light source setup designed by Sugimoto et al. for H, leak detection using CARS technique [178].

ppb and selective) of SERS weak-intensity aldehyde molecules by
employing a bionic antennae structure, (dendritic Ag nanocrystals).
Their study surely paves a path towards the detection of other Raman
weak-intensity VOCs by simply investigating the appropriate
Raman-active molecules via SERS. Their strategy, having the potential
to selectively trick and sensitively SERS detect trace gaseous aldehydes
using SERS (even under high moisture conditions), bears every possi-
bility of vast application in the real field and holding an incredible
prospect for non-invasive recognition of lung malignancies. Over the
years, several SERS-related experimental technologies and techniques
that benefit from high electromagnetic field enhancement in plasmonic
structures and in nanogaps have been developed for a wide range of
applications. Surface-enhanced spatially offset Raman spectroscopy
(SESORS) has been advanced in improving signal detection from deeper
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sites. With electro-chemical SERS (EC-SERS) molecular resonances can
be tuned to the excitation wavelength, providing information about the
electronic states involved in SERS. Surface-enhanced hyper Raman
scattering (SEHRS) provides complementary vibrational information,
due to changed selection rules in multiphoton excitation process.

6.5. Detection using TERS

The TERS technique has the potential to be utilised for the study of
small particles or in applications where ultrasensitive spectral analysis is
needed. The TERS combines a scanning probe microscopy (SPM) and
surface-enhanced Raman scattering to study surface topography at
nanoscale level and to generate localised Raman signals. Briefly, inci-
dent light of a specific frequency irradiates the tip of the SPM generating
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Fig.11. Recorded Raman spectra of (a) phenethyl alcohol gas, (b) acetophenone gas and (c) anethole gas Using the SERS based detection unit [189].

an electromagnetic “hot spot” between the sample surface molecules
and the SPM tip. This enhances the Raman signal from the sample
molecules close to the “hot spot”. TERS is a highly sensitive technique
that can reach a spatial resolution of 1 nm or below [193]. The spatial
resolution of TERS is limited to the shape and size of the metal tip apex
used [194]. Apart from the SPM tip, the degree of Raman signal
enhancement, accuracy, and resolution of the TERS system can be
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affected by different design elements including the wavelength and
power of the incident light [194], the position of the probe with respect
to the sample [194] and direction of incident light electric field
component [195]. In addition, the capability of the SPM system can
impact the generated Raman signal. The most common SPM techniques
adopted for TERS systems are Atomic Force Microscopy (AFM), Scan-
ning Tunnelling Microscopy (STM) and Shear Force Microscopy (SFM).
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The TERS technique has found applications in a wide range of fields.
Park et al. [196] used a TERS imaging technique with ~18 nm spatial
resolution to study the properties of grain boundaries, wrinkles and
other surface defects in large-area graphene. In a similar study, Sheng
et al. [197] utilised a highly sensitive STM-TERS system at high vacuum
with a spatial resolution of 0.5 nm to study local vibrational properties
of monolayer silicone. They demonstrated a signal enhancement factor
of 10 [9]. Apart from structural and topographical studies of 2D mate-
rials, TERS has found practical applications in a wider range of fields
from biochemistry [198,199] to electrochemistry [198]. Examples of
these applications include label-free chemical composition examination
in complex biological systems [200], structural organisation studies of
large molecules such as collagen fibrils [201] or DNA [202] and inves-
tigation of electrochemical reactions at nano scale [203]. One of the
limitations of this technique is associated with the short lifetime of the
SPM tip, frequent maintenance required for decontamination and lack of
reproducible tip fabrication methods [204]. In addition, small shift (+
2-9 cm’l) [205,206] in the TERS vibrational bands compared to their
corresponding bands in surface-enhanced or spontaneous Raman
spectra makes TERS spectral interpretation complicated. While the exact
nature of this shift is yet to be discovered, it is suggested to be due to the
interaction between SPM tip and sample molecules and/or incident light
polarization [205,206]. The exponential decay of the electromagnetic
field [198] between TERS probe and the sample surface (from the “hot
spot”) makes this technique exclusively a surface analysis tool more
suitable for liquid and solid samples. Beyond its well-established role in
molecular fingerprinting, TERS has demonstrated remarkable capabil-
ities in unravelling the intricacies of adsorbate-substrate interactions,
offering insights that are often inaccessible through conventional spec-
troscopic techniques. For instance, Klingsporn et al. [207] compared the
TER spectra of Rhodamine 6G (R6G) on an Ag(111) surface at different
temperatures. Theoretical analysis revealed that the observed spectral
changes upon cooling were attributed to strong interactions between the
ethylamine substituents of R6G and the silver surface. Similarly, Liu
et al. [208] employed a "fishing mode" TERS approach to investigate
whether a single molecule could bridge the tip-surface junction. The
clear correlation between the Raman spectra and measured conductance
confirmed TERS’s ability to reveal molecular structures within the
tip-sample gap. Additionally, the Weckhuysen [126] and group [126]
successfully monitored a photocatalytic reaction using a
dual-wavelength TERS approach, highlighting its utility in real-time
catalytic studies. Although TERS has not yet been directly applied to
gas detection, its inclusion in this context is relevent due to it’s unique
potential to address key limitations encountered by conventional Raman
based techniques. TERS offers ultra-high spatial resolution (down to 1
nm) and exceptional signal enhancement, achieved by localizing the
electromagnetic field at the apex of a sharp metal tip to create a highly
confined “hot spot” [209]. This localised enhancement enables the
detection of trace-level analytes with molecular specificity—an essential
feature for gas sensing, particularly in environments where ultra-low
concentration detection and insights into molecular-level interactions
are critical. The ability of TERS to detect trace quantities of analytes
adsorbed on functionalised surfaces or catalytic sites, potentially down
to the single-molecule level, holds significant promise. Given that many
gas-sensing mechanisms rely on surface interactions (e.g., adsorption on
catalysts, nanostructures, or sensor interfaces), TERS can provide
localised chemical insights at these active sites. This capability facili-
tates a deeper understanding of gas-solid interactions in real-time,
which is invaluable for the development of next-generation gas sen-
sors. Furthermore, TERS can spatially resolve chemical changes on
sensor surfaces, offering detailed insights into heterogeneous reactions,
catalyst activity, and degradation processes at the nanoscale which are
key factors to design and optimise gas sensors and their corresponding
performance. While current limitations, such as tip stability, spectral
shifts, and the exponential decay of the electromagnetic field between
the TERS probe and the sample surface, have confined its primary
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applications to liquids and solids, the rapid advancements in probe
design, tip fabrication, and system integration suggest that TERS could
be effectively adapted for gas-phase studies in the near future. The
surface sensitivity of this technique, could become an advantage when
targeting adsorbed gas species or investigating interfacial phenomena to
understand site specific chemical reactivity within micro- and even
nano-environments for the development of desired gas sensors.

7. Commercial/Industrial adaptation of Raman-based gas sensor
techniques

Raman has been used for many years as a materials analysis tool but
developments over the past two decades have seen it be used for an
extended branch of liquids and gases. This is primarily due to the ad-
vancements in surface and waveguide enhancement techniques that
allow for the signal intensity to increase dramatically. In industry the
dominant spectroscopic technique is FTIR however other techniques
must be used in tandem to measure Oy which is required for environ-
mental permits and process information. Early applications of Raman
spectroscopy using enhancement (either surface or waveguide) focus on
medical applications in a ‘cleaner’ environment without interference
from excessive vibration or problematic gases. Schliiter et al [210]
measured volatile anaesthetics (sevoflurane, desflurane and isoflurane)
and some common gases (N3, NoO, O, and CO5) by Raman spectrometer
to monitor concentration. This study was shown to have close values to
comparative gas chromatography (GC) measurements for Ny, N2O and
O,. Industrial applications were developed in 2014 [135] however,
Kiefer et al. [132] demonstrated the idea in 2008 for gas turbine and
biogas inlet analysis. Kiefer et al installed the Raman sensor at a com-
bined cycle gas turbine (CCGT) power plant in Karlsruhe, Germany and
monitored natural gas composition and ambient gases from the supply
line. They reported that in these environments the probe and spec-
trometer was under significant stress due to constant mechanical vi-
bration and higher ambient temperature. However, given these
challenges, alongside a GC the instrument performed very accurately
and with a 30 s measurement interval when compared to the 30 min
interval for the GC. Many other natural gas applications have been
described in addition to this [130,144,211] which was adapted to biogas
plant [212] analysis of CHa4, N2, O3 and CO» from anaerobic digestion.
Sieburg et al [212] was able to find accurate concentrations of CHy, Nj,
O, and CO5 in a miniaturised biogas fermentation plant. Whilst not a
full-scale plant, diagrams show that the key components were kept ac-
curate and therefore this demonstrates applicability for scaling up to full
size industrial biogas plants. A study conducted by Hansen, S [213]
installed a Raman probe at the Nybro natural gas plant in Denmark for
hydrocarbon, nitrogen and oxygen analysis comparing results with gas
chromatography. In addition, they also took gas samples from several
other extraction and storage plants to monitor the previous compounds,
hydrogen sulphide and poly-isobutane with difficulty being reported for
monitoring of isobutane compounds due to microdroplet formation.
However, most other hydrocarbons (particularly methane) showed a
good accuracy with the compared measured GC value.

Commercially available Raman probes for gas monitoring are few
and far between however current suppliers include HORIBA, tec5USA
[211] and Ocean Insight. These are currently unaccredited for envi-
ronmental monitoring however there is an ISO standard [214] for
application in upstream quantifying of natural gas therefore most
commercial efforts are focussed on this area. Tec5USA have a
commercially available system specifically for the natural gas industry’s
process control, quality assurance and optimising feed input. These are
fixed units that continuously monitor to provide time dependant anal-
ysis of input, output and bypass concentration of hydrocarbons and HjS.
Ocean Insight (formally Ocean Optics) supply a portable Raman probe
that is quoted as being able to monitor gases [215] it is of note that this
instrument does not use any fibre enhancement. This product however
does not have any readily available case studies for gas analysis. Table 2
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Table 2
Practical implementation/installation of Raman-based sensors.
Case Application Year Notes
Study of
Installation
Hansen, S et al. Natural Gas 2000 Hydrocarbon analysis
[213] at Nybro plant inlet
Natural Gas 2000 Torup Gas Storage
Facility
Kiefer etal. [132]  Natural Gas 2008 CCGT
Schliiter et al. Medical 2012 Volatile anaesthetics
[132]
Keiner et al. Environmental 2014 Carbon isotope
[132] labelling
Sieburg et al. Natural Gas 2018 Miniaturised biogas
[212] plant
AZO Materials, Natural Gas / 2021 Commercial installation

tec5USA [211] Environmental

is a better representative of the overall topic.
8. Critical analysis and conclusion

This review offers a comprehensive discussion on advanced meth-
odologies for Raman spectroscopy focusing on applications relevant to
gas sensor research. The techniques encompass SRS, StRS, CARS, SERS,
and TERS, discussing both their individual advantages and limitations.
By addressing recent studies, novel developments (both at lab and in-
dustrial scale), and the underlying principles of each technique, this
review provides readers with a foundational understanding, critical in-
sights, and a current viewpoint on the field. The APPENDIX section in-
cludes the detailed theoretical knowledge base for deeper understanding
and reference. The value of Raman spectroscopy in gas sensing is evident
and its capacity towards high specificity and sensitivity, especially when
enhanced by advanced methods, continues to push the boundaries of
detection capabilities/strategies. In the context of gas sensors, the
methods analysed here show distinct characteristics that position them
uniquely within the scientific and industrial landscape, particularly as
they relate to their practical adoption. Each of these advanced Raman
techniques brings significant advantages, whether through enhanced
sensitivity, increased resolution, or the ability to operate in real-time,
yet practical limitations persist in terms of deployment and scalability.

Briefly, StRS and CARS demonstrate the potential for high-speed
detection with amplified signal strengths, making them highly suitable
for real-time monitoring. SRS holds promise for high sensitivity,
allowing analyte detection even at low concentrations, which is crucial
in gas sensing. However, both SRS and CARS require complex instru-
mentation and intricate setup procedures, which could impede their
practical use in field applications and in resource-limited settings. Their
complexity also necessitates skilled operators and precise alignment,
potentially restricting their wider adoption in non-specialist environ-
ments. SERS has drawn attention for the scope of increased sensitivity
through plasmonic enhancements and ability to detect trace levels of gas
molecules when paired with suitable substrate designs, making it
particularly attractive for applications (majorly biological/biosensing)
demanding high sensitivity. Yet, SERS’s dependency on specialised
nanostructured substrates introduces a level of variability and repro-
ducibility challenges. Moreover, substrate degradation and the
complexity of producing consistent, reproducible surfaces at scale
remain technical obstacles. For practical large-scale use, developing
more robust and reproducible SERS substrates will be essential to
overcoming these limitations. TERS offers nanoscale resolution which is
an unparalleled advantage when molecular-level insight is necessary
and it offers a unique opportunity for fundamental research in gas
sensing, especially for applications requiring spatial resolution beyond
the diffraction limit. However, its reliance on precision-engineered
scanning probe systems limits its utility in routine gas sensing,
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especially for daily based industrial applications. TERS also necessitates
highly controlled experimental conditions and is predominantly useful
within laboratory settings, thus limiting its application in broader, field-
based applications. While SERS dominates the field in terms of inno-
vative detection strategies, FERS and WGRS (which operates on SRS)
emerge as more scalable alternatives for gas sensing applications. These
techniques involve guiding the laser excitation through optical fibres or
waveguides, offering several practical benefits that align well with the
demands of industrial and environmental monitoring. Specifically, the
ability to collect signals over extended distances allows for remote, in
situ measurements—a feature that is highly desirable in real-world gas
sensing applications where direct access to the sensing environment may
be challenging or hazardous. Additionally, the relative ease of integra-
tion with existing fibre-optic systems makes FERS and WGRS suitable for
incorporation into established sensing infrastructures, potentially facil-
itating broader adoption across various sectors. A significant advantage
of SRS based FERS/WGRS lies in their comparatively simpler setup re-
quirements. Unlike the high precision needed for techniques like TERS,
which relies on scanning probe systems, FERS/WGRS can operate with
minimal alignment and lower maintenance, increasing their practicality
for both laboratory and field applications. Furthermore, the adaptability
of optical fibres to harsh conditions and high temperatures enhances
their suitability for environments where traditional optical components
might fail. This resilience, coupled with the capability for continuous,
real-time monitoring, presents a compelling case for SRS based FERS/
WGRS in industrial gas sensing. However, FERS/WGRS are not without
limitations. The reliance on optical fibres introduces potential issues
with signal attenuation and scattering losses over long distances, which
can reduce sensitivity, particularly for trace-level detection. Addition-
ally, the effectiveness of this emerging technology is currently con-
strained by the quality of fibre materials, which must be further
optimised to improve durability and reduce background interference.
Nevertheless, advances in fibre manufacturing and coating techniques
hold promise for addressing these issues, suggesting that SRS could
become highly viable alternatives for large-scale gas sensing through its
adoption via FERS/WGRS. The broader adoption of Raman-based gas
sensing in industrial applications will ultimately depend on advance-
ments that can address scalability, cost, and durability. As demon-
strated, each of the techniques discussed has unique strengths, but also
practical challenges that need to be mitigated. A particularly promising
direction lies in hybrid approaches that combine elements from different
Raman methodologies. For example, integrating SERS with FERS could
enhance sensitivity while enabling remote sensing capabilities, poten-
tially overcoming the reproducibility challenges associated with SERS
substrates while retaining the advantages of fibre-based delivery. Future
research should focus on the development of more durable, reproduc-
ible, and cost-effective substrates for SERS, as well as enhancements to
the material quality and structural integrity of optical fibres used in
FERS/WGRS through SRS. Advanced materials, such as robust polymers
or specially engineered nanostructures, could play a significant role in
enhancing the resilience of these components under varying environ-
mental conditions. Additionally, the incorporation of machine learning
algorithms for signal processing holds potential for improving the ac-
curacy and interpretability of Raman spectra, particularly for complex
gas mixtures where overlapping signals may complicate analysis. Au-
thors found that the adoption of SRS as a primary method in gas sensing
will also benefit from further standardisation of fibre design and per-
formance parameters, enabling broader compatibility with existing in-
dustrial systems. Collaborative efforts between academia and industry
will be essential in driving these advancements, particularly in the
testing and validation of these systems under real-world conditions.
Furthermore, regulatory frameworks and standardisation bodies could
play a key role in establishing guidelines for the quality, safety, and
environmental impact of Raman-based gas sensing technologies,
potentially accelerating their integration into routine industrial prac-
tice. In conclusion, Raman spectroscopy, bolstered by advanced
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techniques such as SRS, CARS, SERS, and TERS, provides a multifaceted
toolkit for gas sensing applications. While SERS stands out for its
sensitivity, especially for trace detection, the practical benefits of SRS
based FERS/WGRS make it a strong candidate for large-scale imple-
mentation. A continued focus on addressing the reproducibility, dura-
bility, and cost-efficiency challenges associated with these techniques
will be crucial for advancing Raman-based gas sensors towards indus-
trial use. The trajectory of future research must balance the pursuit of
fundamental improvements with practical considerations, fostering in-
novations that are not only academically significant but also viable for
widespread industrial adoption. The insights provided in this review
underscore the need for interdisciplinary collaboration, strategic in-
vestment, and a forward-looking approach to ensure that Raman spec-
troscopy can fulfil its potential as a transformative tool in the field of gas
sensing.
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The Raman shift, which reflects the energy difference between the incident and scattered photons, may be calculated using the following equation
[95]:

Av(em™) = </10(17nm)7/11(17m)> x (107nm)/(cm) 9

From spectroscopic point of view, the scattered radiation has a frequency of pg — pm, where pp, is the molecular frequency. Similarly, there is a
chance that molecules in excited vibrational or rotational state will give up energy to the light beam; in this case, the scattered radiation will have a
higher frequency (o + pim). Thus, three lines in the scattered radiation may be observed : (i) one line at p, corresponding to the Rayleigh scattering;
and two Raman Lines, (ii) one at (o + pm), the anti-stokes line and (iii) (po — ptm), the Stokes line.

Classical theory of Raman spectroscopy

If a molecule is put in a static electric field, it suffers from some distortion [216]. There occurs a charge separation, which causes an induced dipole
moment to be set up in the molecule and the molecule is said to be polarized. Let ‘p’ be the dipole moment induced by the electric field E, then, y <E
Or,

u= akE (10)

Where '« is the proportionality constant and is known as polarisability of the molecule and it is molecule specific. fE =1, y = a, thus a is defined
as the amount of induced dipole moment by a unit electric field.

Dipole moment is a molecular property [217], and the extent of dipole moment is proportional to the electron displacement cloud. Polarisability of
a molecule is represented by a 3D geometry which is known as polarisability ellipsoid. Greater the polarisability of the molecule, smaller will be the
size of polarisability ellipsoid. Due to the polarisability effect on Raman signal, there lie certain conditions for a molecule to be Raman active. For
microwave activity a molecule must be polar. For IR activity there must be a change in moment during vibration. All molecules are UV visible active
since there is change in electron distribution and this causes change in dipole moment [218,219]. For Raman activity of a molecule, there must be a
change in polarisability during rotation or vibration. This is the key parameter of every molecule being Raman active. Following are the conditions, (i)
change in polarisability means a change in shape and size in polarisability ellipsoid, (ii) Or change in direction of polarisability ellipsoid, or (iii) both
[145]. This change in polarisability ellipsoid (even instantaneous) makes even the diatomic molecules (such as, Oz, N3 etc) Raman active while that is
restricted in case of IR spectra as they do not have any bonds and therefore no stretching/bending frequencies could occur. Under alternating electric
vector (Electric vector of light), it can be represented by the following equation (11). [220]

E = Eosin2zyt an
Where,E, = amplitude of the electric vector, y, = frequency, leading to the following corelation as shown equation (12).
u = aEosin2myt 12)

Polarisability of a molecule must be a function of displacement during the course of vibration or rotation, and hence formulated in equation (13)
[221].

d
a= ap+ <d—g>q 13)

Where, o, represents polarisability at eqm of the molecule. (3—;) is gradient of polarisability with respect to displacement co-ordinate, q and can be

formulated as below in equation (14).
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U= {ao + <Z—Z>q}Eosin27m0t; a4

Where again, ‘q’ is a time dependent quantity, and it can be expressed as follow (equation 15), ¢ = gosin2zu,t — — — (15); Where, p,, is mo-
lecular frequency, and where, q, is amplitude of vibration. Thus now, 'y’ can be derived and presented as shown below.

u= {ao + <3—Z> qosin2my,,t }Eosin27r/40t

1/d
= apEosin2zpyt + 5 (d—f;) Go2(sin2zp,,t.sin2zpqt)Eo
. 1 (da 1 /da
sy = agEosin2mpgt + 3 (d7q> qoEocos2r(ptg — p,, )t — 3 <d—q> qoEocos2r(pig + py, )t (16)

Thus, dipole moment oscillates with three distinct frequencies:

(i) po with amplitude agEo

(i) (o —#m) & (o +#) with much smaller amplitude § (‘;—Z) qoEo

Hence, this results relatively intense beam at one frequency (Rayleigh scattering), and two very weak beam at frequency, slightly above (anti-
Stoke) and slightly below (Stokes), the intense one. This is how a Raman signal can be recorded [15]. Concluding that the only selection rule for
molecules to be Raman active is the requirement of change in polarisability of the molecule occurs during its normal modes. As it is well known that
polarisability of a molecule is the ease with which the electron cloud of a molecule can be altered under electromagnetic field or simply by irradiating
with light source. Here comes the classical concept of Raman spectroscopy [84] to be utilised as an analytical tool by using this source of light as a
probe towards the target analytes, especially in case of gas substances. Considering the continuous motion of molecules by vibrations, rotations, and
translations, they are prone to offer an instantaneous change in associate dipoles or electron clouds. Even though the actual vibration of a molecule
seems random, but the superposition principle of some simple vibration modes is termed as normal mode and each of these normal modes has its own
frequency. The vibrations of a molecule are thus often represented by its normal modes and each absorption in a vibrational spectrum corresponds to a
normal mode. Such as, the four normal modes of carbon dioxide, are shown below in Fig. 2(c) and they are the symmetric stretch, the asymmetric
stretch and two bending modes. The two of the bending modes have the same energy and differ only in their corresponding direction of the associated
bending motion. Modes, having the same energy are termed as degenerate. In the classical treatment of molecular vibrations, each normal mode is
considered as a simple harmonic oscillator. An atom holds 3 degrees of freedom (x, y and z direction). Hence, a molecule containing N atoms has 3N
degrees of freedom: 3 translations, 3 rotations (2 for a linear molecule) and 3N-6 normal modes (3N-5 is for linear molecules) [222]. Considering the
case of a diatomic molecule, e.g., the stretch to alter the electron cloud will be different for the three vibration states of its harmonic vibration having
frequency vy, as schematically shown in Fig. 2(d). It is evident that in case of longer the bond distance, the electrons are pushed apart from the nuclei
and thus resulting easier their movement at ease. This change in ease with which the electron cloud of a molecule can be distorted (i.e., change in
polarisability) is responsible for Raman activity. Quantum mechanics and the group theory can further explain or determine the contribution of
normal modes of complex molecules towards their change in polarisability [223]. Upon irradiation with a light source/electromagnetic field, a typical
Raman spectrum of any target molecule displays the difference in frequencies between the incident radiation and the scattered radiation, which is
expressed as wavenumbers, versus the intensity (I) of the scattered radiation. In the recent time, the following equation is used to calculate and
corelate the Raman intensity during a particular vibration [224]:

NI,

I=cte(v + vy/1y)* % {45(0‘9)2 + 13(0:“)2} a7)

huy

1—e kT

Here, vy is the frequency of the incident light, vy is the frequency of vibration of the molecule, N is the number of irradiated Raman active
molecules, Ij is the power of the light source, h is Planck’s constant (=6.6260 %x1073* J 5), k is the Boltzman’s constant, T is temperature, o is the
polarizability from the molecules causing Stokes radiation, and o is the polarizability from the molecules causing anti-Stokes radiation [225].

Quantum consideration of Raman spectroscopy
Quantum Consideration on Raman Effect includes Rotational and Vibrational Raman spectra. In case of linear molecule, rotational energy level
expression is given by

e;=BJJ+1)em™ (18)

for pure microwave spectroscopy. The selection rule is
AJ= +£1 (19)

(J= rotational quantum number). For rotational Raman transition, the selection rule is AJ = 0, +2102; When AJ = 0, leading to Rayleigh
scattering. If,AJ = +2, Raman scattering occurs. In general, for rotational Raman transition, energy separation between the rotational levels is ob-
tained as follows,

Ae = Ejp2 — &g (20)
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[where J= smaller quantum number] and which ultimately deducing to the following equation, where,

Ae = B[4J + 6]cm™". (21)

To avoid any confusion, it must be mentioned that ‘cm™"’

correspond to the wave numbers, -

is being used as the corresponding unit throughout the article. Thus, Raman lines

Uspeet = Vo + B(4J+6)cm™ (22)

Here, ‘4 sign stands for anti-Stokes lines and ‘—* sign stands for Stokes lines. From the determined value of B, the characteristic molecular radius of
any species can be calculated. This is the most unique advantage of Raman spectroscopy to provide the corresponding molecular fingerprint.

In case of Vibrational Raman spectroscopy, the change in polarisability of the molecule is considered during vibrational motion. As a result, the
molecule, may be Raman active. Energy expression for vibrational levels is given by [102]:

e — (w%) Toxecm ! 23)

Where,’v’ is 0,1,2,3..., ‘¢, is anharmonicity constant, ‘a’ is a small positive quantity, and ‘w,’ is (hypothetical) eqm oscillation frequency. The
selection rule for vibrational Raman transition is same as that of simple vibrational transition [107], and which is as follows, Av = +1, +2 +3..

In this case, Av = 0 is also allowed which produces Rayleigh scattering. According to selection rule, Raman lines will be observed at the fre-
quencies, obeying the following equation/relation:

Uspec = Up = Ae 24)

Here, ‘4 sign stands for anti-Stokes lines and ‘—* sign stands for Stokes lines and corresponding spectral lines will be observed at the following
frequencies (numbered below from i-iv), presented with the way of calculating them [102].

1) Uspect = Uo £ A“l‘j‘undan'lental =Dy * (1 - ZKe)aTecm_l - - = (25)
2) Uspect = [Z )= AE_ﬁrst overtone = Vo £ (1 - 3}{3)26173611171 - - - (26)
3) Uspect = Vo + A€and overtone = Vo + (1 - 4”e)3wiecm71 - - = (27)
4) Uspect = Vg = Aé€pot band = Vo £ (1 - 4”6)w_ecm_1 - - = (28)
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