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A B S T R A C T

This study presents the fabrication and characterization of a fiber optic gas sensor based on Lossy Mode Reso-
nances (LMR). For the first time to our knowledge, a nanosized coating of polyphenylene oxide (PPO) is
deposited on a cladding removed multimode silica fiber, serving both as the LMR supporting coating and sen-
sitive overlay. The device exhibits a notable sensitivity of 2500 nm/RIU when immersed in glycerol-water based
solutions. For gas detection, the PPO-based LMR device is exposed to varying concentrations of different volatile
organic and inorganic compounds, including two alcohols (methanol and ethanol) and ammonia. The sensor
demonstrates similar responses to methanol and ethanol gases with a sensitivity of about 0.56 nm/ppm and
sensitivity of 0.25 nm/ppm to ammonia in the concentration range of 2.5–37.5 ppm, achieving limits of detection
of a few ppm. To comprehensively evaluate the sensor performance, the investigation is also focused on the
repeatability, reversibility, response times, as well as cross sensitivity to temperature and relative humidity.

1. Introduction

The demand for gas detectors has been steadily increasing for pur-
poses focusing on safety being in industries and environmental concerns.
Gas sensors play a role in averting accidents by detecting leaks and
enabling quick responses to prevent potential dangers. Nowadays, the
gas sensors must be integrated with the Internet-of-Things (IoTs). In this
context, monitoring the levels of volatile organic compounds (VOC) as
well as inorganic ones, is necessary to safeguard human health from
exposure to concentrations, reducing the likelihood of respiratory
problems or other health issues. Monitoring these compounds in
enclosed spaces, like laboratories or manufacturing plants helps uphold
a work environment. In manufacturing industries, like chemicals and
pharmaceuticals, maintaining them under safe levels is crucial for pro-
duction with high quality [1]. In general, gas sensing approaches are
mainly based on the concurrence of two mechanisms. The first relies on
the modification of the physical/chemical properties of a specific ma-
terial, or combination of materials, like semiconductor metal oxides,
polymers, and carbon nanotubes in form of thin film or bulk material, as
consequence of the interaction, i.e. absorption or adsorption, with the
gases under test. The second mechanism consists of an electrical or

optical transducer able to detect the changes of the sensitive materials
and convert them in an interpretable signal [2–4]. In this scenario, there
is a large amount of gas sensor configurations which, in most of the
cases, are classified according to the transducer mechanism [5–8].
Among them, in recent times fiber optic based sensors have gained much
more importance because of unique characteristics including their
ability for remote sensing, multiplexing capability, high sensitivity,
durability and immunity to electromagnetic interferences, making them
well suited for chemical detection applications in various industries
[9–15]. In this scenario, the authors have demonstrated a gas sensor for
the detection of liquefied petroleum gas and applied it in railway tunnel
monitoring [16]. The sensor explored the well assessed optical fiber long
period grating (LPG) technology coated by polymeric thin film, i.e.
polystyrene, where the latter was tailored to induce the modal transition
phenomenon [17].
Recently, between different fiber optic sensing platforms, there is a

large interest on the phenomenon of Lossy Mode Resonances (LMR),
since the publication of the first paper in 2010 [18]. In these configu-
rations, thin films with high refractive index play a crucial role. Such
coatings, once deposited on the fiber, changes the effective refractive
index of the modes guided in the structure inducing wavelength
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selective attenuation bands in the fiber spectrum, due to the transition to
guidance of some modes from core to thin film [19–21]. Some of the
common thin film materials used to induce LMR are the metal oxides
like indium tin oxide (ITO), titanium dioxide (TiO2), tin dioxide (SnO2),
but recently also polymers have been employed for the purpose,
including PAH, PAA, PSS, and PEI [22]. Although in 2019 the same
phenomenon has been demonstrated on planar glass substate [23], the
advantages of optical fiber sensing configurations make it still favourite
in many applications. As matter of fact, many papers exploring the LMR
based sensors for bio-sensing applications have been presented [24,25].
As far as LMR based gas sensors are concerned, most of them are

fabricated on planar structures like coverslips. In [26], the authors re-
ported about a chromium oxide (Cr2O3) thin film deposited onto a
planar waveguide for LMR generation to detect ammonia down to a
concentration of 10 ppbv. Graphene oxide (GO) has been also used for
the purpose by the same authors in [27] for the detection of ethanol and
acetone. Ethylene detection is instead provided in [28] for food and
health monitoring using a coverslip coated with SnO2 thin film. Finally,
the same group investigated the combination of SnO2 and a PEI/GO
multilayer for the detection of 1-butanol [29]. So far, only a few works
have focused on fiber optic configurations such as [30] and [31], where
uncladded fiber coated with nanostructures of ITO and ZnO, respec-
tively, were used for the detection of hydrogen and hydrogen sulfide.
These works mainly focused on materials characterization. Finally, LMR
device have been also employed for the measurement of relative hu-
midity (RH) [32,33].
In this work, we report the fabrication and characterization of an

LMR device for gas detection. It is based on a polymer layer, specifically
polyphenylene oxide (PPO), which is deposited on the core of a cladding
removed silica multimode optical fiber (MMF) with a double aim. The
PPO thin film exhibits refractive index higher than silica one [34]
making it suitable for the generation of LMRs. Based on our knowledge,
it is the first time that such material has been employed for the purpose.
Moreover, the exposure of the PPO coated device to certain gases, spe-
cifically VOCs like methanol and ethanol as well as inorganic ones like
ammonia, results in a change in the refractive index of the polymer. This
change affects the effective refractive indices of the overlay modes
resulting in shifts in the LMR dips and enabling this technology in gas
sensing fields: very few evidence of an LMR gas sensor based on a fiber
optic configuration are now available. Sensitivity, repeatability,
reversibility, and cross sensitivity to external parameters of the sensor
have been evaluated demonstrating enhanced detection capabilities.

2. Materials and methods

2.1. Sensing material selection, synthesis and characterization

For the LMR supporting coating, a nanosized polymer layer of pol-
yphenylene oxide or PPO has been employed. Such material has indeed
a high refractive index of 1.6–1.7 [34] and a non-negligible absorption
coefficient making it suitable for the generation of LMRs. This study
stands unique in the literature as no prior work has explored LMRs with
such kind of polymeric material [20]. Moreover, the affinity between the
polymeric fiber coating makes the material a good candidate for the
detection of volatile organic and inorganic compounds.
Regarding the material synthesis, PPO powder was purchased from

Merck Life Science (Milano, Italy) and dissolved into a suitable solvent,
i.e., chloroform to create a deposition solution, followed by stirring for
approximately 30 min and a concentration of 9.3 % w/w has been
selected.
Finally, to observe the morphology of PPO layer deposited on the

optical fiber surface, SEM (Scanning Electron Microscope) images were
taken by means of Quanta 200 FEG (FEI, USA) apparatus.

2.2. Optical fiber

A commercially available unconventional MMF model FG105LCA
(Thorlabs, USA) with a 105/125 µm core/cladding diameter has been
selected for the sensor. It is worth highlighting that the most of LMR
based optical fiber devices involve MMFwith larger core from 200 µm to
600 µm [20].
The sensing region of the fiber is further etched down to a diameter

of about 95 µm to have guided modes sensitive to surroundings and
further coated with nanosized polymer layer of polyphenylene oxide to
generate LMRs. In this scenario, the polymer coating on the etched MMF
alters the light guiding properties of the structure. In fact, LMR occurs
when modes guided in the fiber core start experiencing a transition to
guidance into the lossy thin film coating, leading to resonant dips in the
transmission spectrum for those wavelengths at which the modes are
near cut-off [35].
A schematic representation of the configuration is reported in Fig. 1.

Specifically, the fabrication procedure involves that the standard MMF
with a 105 µm core undergoes wet chemical etching using a 24 % HF
solution to achieve the desired diameter of 95 µm, to completely remove
the cladding and part of the core.

2.3. Experimental setup

2.3.1. Dip-coating approach
The PPO coating is deposited around the etched MMF region using a

dip coating technique. Such technique ensures a uniform deposition of
PPO, and the controlled withdrawal speed can influence the thickness of
the coating. A dip coating bath is setup with a vertical translator, where
the polymer PPO solution is poured into the dip coating bath. In the next
step, etched fiber has been immersed in the solution and slowly with-
drawn to induce solvent evaporation and further allowing the coated
fiber to dry in a controlled environment to prevent dust or particle
contamination with proper ventilation. In all cases, the deposition has
been achieved by a single dip coating process. Notably, our approach
distinguishes itself by employing a straightforward dip coating tech-
nique for fabricating the thin film layer at a room temperature in
contrast to more intricate fabrication methods like sputtering, atomic
layer deposition, and e-beam, our process emphasizes simplicity without
compromising effectiveness.
The control of thickness of the coated layer is crucial to tune the LMR

spectral features. It can be done acting mainly on solution concentration
and withdrawal speed. In the following, we have reported the results
achieved with the same PPO solution concentration of 9.3 % w/w and
with different fiber withdrawal speed (1, 2, and 3 mm/s), i.e. different
PPO layer thickness.

2.3.2. Optoelectronic setup
The interrogation setup for the measurement of the transmitted

spectrum of the device is illustrated in Fig. 1, where one end of MMF is
linked to a VIS optical source (Avantes AvaLight-HAL-S-Mini), while the
other end is connected to a spectrometer operating in the visible range
(Ocean Optics HR2000+).

2.3.3. Chamber for gas sensing test
The setup for testing is also schematically reported in Fig. 1, the

sensor is placed inside a chamber with a volume of 70 mL, having an
inlet to allow the gas to be injected and an outlet to allow the same to be
removed from the chamber and expose the device to air. The testing
procedure involves that each time different volumes containing satu-
rated vapor of the target are injected into the chamber in order to reach a
cumulative higher concentration, whereas the chamber is opened at the
end of the experiment to expose the device to air. The climatic condi-
tions of the chamber have been kept stabilized at 20 ± 0.5 ◦C of tem-
perature and relative humidity of 48 ± 2 % during the measurements.
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3. Sensor fabrication and characterization

The fabrication procedure consists of a few steps following the
approach reported in the previous section: i) etching of the MMF fiber
via wet chemical procedure using HF at 24 % down to obtain a fiber
diameter of 95 µm; and ii) deposition of the PPO thin film by dip-coating
procedure.

3.1. Fiber preparation and deposition

Here we have reported the results regarding different devices using a
4 cm long etched MMF with 95 µm diameter, coated with PPO layer at a
concentration of 9.3 % and different thickness achieved by tuning the
fiber withdrawal speed during the dip-coating. The transmission spec-
tral results are shown in Fig. 2(a) when the surrounding medium is air,
obtained for extraction speeds of 3 mm/s, 2 mm/s and 1 mm/s,
respectively.
Fig. 2 provides insights into how the thickness of polymer coating on

the fiber affects the optical properties of the device and thereby tuning
the LMR phenomena. As expected from dip-coating approach [36], the
thickness of the deposited film increases with higher speed. Moreover,
the thickness of the polymer coating affects the effective refractive index
of the guided modes, in turn producing a resonance wavelengths shift. A
thicker coating (depicted by blue line in plot) may lead to longer reso-
nant wavelengths, i.e., around 900 nm, while a thinner coating (depic-
ted by green line in plot) may result in shorter wavelengths, i.e., around
550 nm. Such behavior is completely in agreement with the theoretical
working principle of LMR [19]. Moreover, this tunability allows to tailor
the LMR phenomena to specific wavelengths of interest for different
sensing applications. Thus, optimizing the deposition speed, i.e. the
coating thickness, helps to achieve the desired LMR characteristics.
In the following, the sample achieved with a deposition speed of 1

mm/s is selected for further investigations. Fig. 3(a) and (b) illustrate
SEM images of the morphology of the etched fiber coated with PPO layer
at 1000x and 5000x magnification, respectively, where it is clearly
visible that the PPO is uniformly coated around the optical fiber. As we
are not able to provide a direct measurement of the PPO thickness, based
on our previous experiments on polymer coated fiber devices [17] we
can estimate that the resulting coating thickness is in a range of

100–500 nm.
Finally, in order to have an estimation of the ageing process of the

device, the spectra were acquired again six months after the fabrication
finding a wavelength shift not higher than 10 nm, confirming the good
long-term stability of the material.

3.2. Characterization to surrounding refractive index changes

The spectral position of the generated resonance (LMR) is signifi-
cantly dependent on the surrounding refractive index (SRI). Fig. 2(b)
plots the same devices as Fig. 2(a) when they are immersed in water
instead of air. Here, a large shift of about 120 nm and 160 nm, has been
measured for the samples obtained at 1 mm/s and 2 mm/s, respectively,
whereas in the case of 3 mm/s the band reaches out of the interrogation
range.
In the following the sample achieved with a deposition speed of 1

mm/s was selected for further sensing characterization, as exemplary.
The device has been immersed in glycerol-water solutions within the
refractive index range of 1.33–1.38, and the corresponding wavelength
shift in LMR band has been analyzed to obtain the characterization to
surrounding refractive index changes.
In Fig. 4(a), illustrating the transmitted spectra of the device, the

resonant wavelength of the LMR band in air is approximately 530 nm.
Upon immersion in solutions with higher refractive indices, a noticeable
red shift in the resonant wavelength occurred, ranging from 530 nm up
to 780 nm, correlating with an increase in SRI as reported in Fig. 4(b).
Such behavior resembles the typical trend with SRI of LMR devices [20].
Moreover, in Fig. 4(c) the attention is focused on the response between
1.33–1.38 highlighting a nearly linear trend with a high sensitivity of
about 2500 nm/RIU, which underscores the remarkable potential of the
device for chemical detection, emphasizing its applicability in highly
sensitive detection scenarios. Such value is similar to other LMR based
devices fabricated using metal oxides and other polymeric overlays
achieved by different deposition methods, moreover it should be also
highlighted that sensitivities even up to 4–5 times higher can be reached
by employing materials with higher refractive index [19].

Fig. 1. Gas measurement setup and optoelectronic readout system, including schematic representation for fiber configuration of LMR device based on etched MMF
with thin film coating of PPO.
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4. Gas sensing results

4.1. Sensing of volatile compounds

Regarding the sensing mechanism that takes place when an LMR
device coated with PPO is exposed for example to a gaseous target, it
should be mentioned that the effective refractive indices of the wave-
guide modes change [37,38]. The sensing mechanism is governed by
weak physical interactions such as electron transfer, and hydrogen bond
formation [39].
In our initial investigation with methanol (CH3OH) gas, the sensor

response depicted a noticeable shift in resonant wavelength towards
longer wavelengths, indicative of an increased refractive index in the
PPO coating [19]. Real-time tracking of the sensor resonance wave-
length is performed by fitting the minimum of the transmitted spectra
through a second order polynomial fitting [40] and an acquisition time
of 5 s is used. Specifically, a maximum resonant wavelength shifts of
approximately 22 nm has been observed as the methanol gas concen-
tration increased from concentration of 2.5 ppm to 37.5 ppm in steps of
different concentration each time, as shown in Fig. 5(a). The LMR sensor
exhibited proportional shifts corresponding to different methanol gas
concentrations, revealing higher concentrations resulted in more
extended resonant wavelength shifts. Post-exposure, the sensor spectra
fully recovered, affirming the reversibility of the interaction.

In the subsequent test involving ethanol (C2H5OH) gas, we observed
that the sensor exhibited a response closely resembling that observed
with methanol. Specifically, there is a notable maximum shift of
approximately 22 nm in resonance wavelength corresponding to an in-
crease in gas concentration from 2.5 ppm to 37.5 ppm as reported in
Fig. 5(b). Also, in this case the response is reversible when the exposure
to ethanol is terminated, and the device is surrounded by air. Based on
results in this study, we found that LMR device showed similar responses
to both methanol and ethanol gases. VOCs often have functional groups
(e.g., hydroxyl, carbonyl) that can interact effectively with the polymer
matrix of PPO: methanol and ethanol have indeed similar chemical
structures as they both contain the hydroxyl (− OH) group bonded to a
carbon atom [41].
Moreover, the device was also tested for the detection of ammonia

(NH3) vapors and the response is depicted in Fig. 5(c), where the
maximum wavelength change in the range investigated is only about 10
nm. Therefore, a lower response is obtained in the case of ammonia,
since it is a small, highly polar molecule, which can interact less strongly

Fig. 2. (a) Transmission spectra of LMR devices with PPO layer achieved by
different deposition speeds of 3 mm/s, 2 mm/s and 1 mm/s when the sur-
rounding medium is air and (b) water, respectively.

Fig. 3. SEM images of etched optical fiber coated with PPO layer at (a) 1000x
and (b) 5000x magnification.
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with the hydrophobic PPO matrix [42].
Finally, Fig. 6 presents the calibration curves of the sensor, illus-

trating LMR wavelength shift data points plotted versus methanol,
ethanol, and ammonia gas concentrations. Each measurement is re-
ported in terms of mean value and error bars (accounting for three times
the standard deviation), and the linear regression is represented by a
dashed line. The responses to methanol and ethanol are similar, showing
a maximum wavelength shift up to approximately 22 nm within con-
centration range 2.5–37.5 ppm, which defines the dynamic range of the
sensor. A sensitivity S of 0.56 nm/ppm has been observed for both with
an R2 of 0.997 and 0.974 for methanol and ethanol, respectively. The

limit of detection for these cases is 2 ppm using the 3σ/S method.
Differently, for ammonia, the sensitivity is only 0.25 nm/ppm, with an
R2 of 0.939 and a limit of detection of 3 ppm. The response for methanol
has been re-checked after six months, yielding similar results and
demonstrating a good long term-stability of the sensor performance.

Fig. 4. (a) Transmission spectra of LMR device with PPO layer during SRI
characterization upon immersion in different refractive index solutions ranging
from 1.33 to 1.38; (b) Response of resonant wavelength shift with SRI and (c)
corresponding linear trend in range 1.33–1.38 showcasing a sensitivity of 2500
nm/RIU.

Fig. 5. Dynamic response of the LMR sensor to varying concentration of (a)
methanol, (b) ethanol, and (c) ammonia. The vertical lines indicate the time
instant when the concentration is changed.
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4.2. Repeatability, recovery, and response time

Different tests have been also performed to see the repeatability and
recovery of the measurements utilizing our sensor, as depicted in Fig. 7
(a), illustrating the response to three different methanol exposures at
12.5 ppm. Here the resonance wavelength shifts observed are approxi-
mately 6 nm in each case demonstrating a good repeatability. Moreover,
it can be clearly observed that after each exposure the response returns
to its original state when the device is put in air, showing a full recovery.
Remarkably, the sensor exhibited a swift response time, defined as

the interval between 10 % and 90 % of the sensor response, at a mere 60
s as can be seen in Fig. 7(b). The recovery time, measured from 90 % to
10 % of the sensor response during the recovery phase, is established to
be 10 min in Fig. 7(b). It is important to highlight that the reaction phase
duration also encompasses the time required for the target to leave the
chamber. Such response and recovery times are in agreement with the
literature [27,28].

4.3. Cross sensitivity to temperature and relative humidity

In our investigation we further evaluated the cross sensitivities to
environmental parameters of temperature and relative humidity (RH).
The response of the device to temperature changes in the range

25–45 ◦C is reported in Fig. 8(a), where the wavelength shift decreases
with increasing temperature, exhibiting a linear trend with a slope of
− 0.8 nm/◦C. Such behavior agrees with the fact that it is expected that
the refractive index of the polymeric layer decreases with increasing
temperature. Moreover, such trend is in agreement with literature on
metal oxide based LMR sensors, for which a lower value was found [43].
The LMR device can be thus employed together with a fiber Bragg
grating for the temperature measurement and subsequent compensation
[43].
Finally, the response of the gas sensor to RH changes has been

investigated and found to be only around 1.5 nm for a change in relative
humidity in range 48–70 % (i.e., a ΔRH=22 %), as reported in Fig. 8(b).
Based on these results, the sensor performance remains stable and reli-
able, with minimal interference from varying humidity levels. This
observation underscores the sensor robustness and suitability for ap-
plications where accurate gas detection is crucial, regardless of ambient
humidity conditions. Our findings contribute to a deeper understanding
of the sensor capabilities and its potential for deployment in diverse
environmental settings.

4.4. Comparison of the performance and future perspectives

If compared to other LMR sensors from literature, in our case the test
has been performed at lower concentrations of ethanol with a significant
response, as also summarized in Table 1.
Moreover, if compared to other techniques for gas detection (such as

metal oxide and electrochemical sensors, colorimetric tubes, gas chro-
matography), optical fiber based LMR gas sensors can have higher or
similar sensitivity, do not require bulky instrumentation, are immune to
electromagnetic interference and can work in difficult-to-access areas
and harsh environments; however, in current state, they may still
require specialized knowledge for setup and interpretation which de-
mands further investigation for transition from research to market [1,2].
The results confirm the possibility to measure different hazardous

substances to be employed in a variety of applications, such as air
quality monitoring, breath detection, leak detections, food control,
chemical and biological research, agriculture, railway industry, etc [1].
Finally, in order to improve the selectivity of the PPO-based sensors,

the polymer matrix can be modified with nanoparticles, metal oxides, or
other polymers. For example, doping PPO with metal oxides like ZnO or
TiO2 can create additional active sites for VOC adsorption, significantly
enhancing the sensor sensitivity [42].

Fig. 6. Calibration curves of the sensor reporting shift in resonant wavelength
with respect to gas concentration of methanol, ethanol and ammonia.

Fig. 7. Dynamic response of LMR device to same 12.5 ppm concentration of
methanol gas: (a) for three consecutive cycles for repeatability; (b) for one cycle
illustrating response and recovery time of 60 s and 600 s, respectively.
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5. Conclusions

We have reported the results concerning a fiber optic gas sensor
utilizing LMR phenomenon, detailing its fabrication and characteriza-
tion. Notably, it marks the first instance, to the best of our knowledge, of
applying a nanosized polyphenylene oxide (PPO) coating on a cladding
removed MMF to induce such phenomena; and it represents one of the
few examples of an LMR gas sensor integrated in a fiber optic setup. This
coating serves dual purposes, acting as both the supporting layer for

LMR and the sensitive overlay. The sensor demonstrates significant
refractometric sensitivity, registering 2500 nm/RIU when submerged in
glycerol-water solutions. For gas detection, the device is exposed to
varying concentrations of volatile organic and inorganic compounds,
such as methanol, ethanol, and ammonia. The exposure of the PPO
coated sensor to specific gases, triggers a change in the polymer
refractive index, which in turn impacts the waveguide effective refrac-
tive indices, leading to shifts in the LMR dips. The sensor exhibits
comparable responses to alcohols (methanol and ethanol), showing a
sensitivity of approximately 0.56 nm/ppm within the concentration
range of 2.5–37.5 ppm and a limit of detection of 2 ppm. Differently, in
the case of ammonia, a sensitivity of 0.25 nm/ppm in the same range has
been obtained with a limit of detection of 3 ppm. We have conducted
evaluations to assess sensitivity, repeatability, reversibility, and cross-
sensitivity to environmental parameters, demonstrating improved
detection capabilities.
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