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Abstract: A comparative study of figure-of-merit fiber sensors of the mass concentration of NaCl
solutions based on single-mode and multi-mode fibers was carried out. Lossy mode resonance is
realized on chemically thinned sections of optical fibers to various diameters (from 26 to 100 µm)
coated with ZnTe. Thin-film coatings were applied using the method of metalorganic chemical
vapor deposition (MOCVD). Samples of single-mode and multi-mode fiber sensors were created in
such a way that the depth and spectral position of resonances in aqueous NaCl solutions coincided.
Sensors implemented on a single-mode fiber have a higher sensitivity (5930 nm/refractive index
unit (RIU)) compared to those on a multi-mode fiber (4860 nm/RIU) and a smaller half-width of the
resonance in the transmission spectrum. According to the results of experiments, figure-of-merit
sensors are in the range of refractive indices of 1.33–1.35 for: multi-mode fiber—25 RIU−1, single-
mode fiber—75 RIU−1. The sensitivity of the resulting sensors depends on the surface roughness of
the ZnTe coating. The roughness of films synthesized on a single-mode fiber is four times higher than
this parameter for a coating on a multi-mode fiber. For the first time, in the transmission spectrum
during the synthesis of a thin-film coating on a multi-mode fiber, the possibility of separating the first
nine orders of resonances into electric and magnetic transverse components has been demonstrated.
The characteristics of sensors with the operating wavelength range in the visible (500–750 nm) and
infrared (1350–1550 nm) regions of the spectrum are compared. The characteristics of multi-mode
lossy mode resonance sensors are demonstrated, which make them more promising for use in applied
devices than for laboratory research.

Keywords: lossy mode resonance; fiber chemosensor; figure of merit; ZnTe; MOCVD

1. Introduction

Currently, monitoring systems based on the optical fiber are actively used in many
fields of science and technology. The high chemical resistance of the silica surface of the
optical fibers allows them to be used in the most dangerous and aggressive environmental
conditions. In particular, fiber sensors make it possible to determine the pH [1–3], number
of antibodies [4–6], relative humidity [7–9], temperature [10–12], gas composition [13–15],
and presence of volatile organic compounds [16–18]. All of the above parameters are
estimated from the change in the refractive index near the sensitive surface of the fiber
sensors; therefore, such sensors can be attributed to the class of devices—refractometers.
The sensitive part of such devices is the region of the light guide in which the interaction
of the light propagating in the core with the environment takes place. The enhancement
of this interaction is implemented by methods of changing the geometry of the optical
fiber in the local area [4,7,19–21], applying thin-film coatings [1,22–24], or combining the
first and second [1,4,7,10,13–15]. In addition, microstructured fibers [25], fibers with two
claddings [26], or those without a cladding [27] are also used to create sensors.
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The most common subspecies of fiber refractometers is based on the phenomenon
of lossy mode resonance (LMR)—the effect of transferring propagating energy from the
core to an optically transparent cladding and, further, to the environment [28–30]. The
interference between the fundamental mode and the coverage modes appears as a dip in the
transmission spectrum of the optical path. The position of the resonance maximum—the
point with the minimum transmission value in the spectrum of the optical path, depends
on the refractive indices of the core and the cladding of the optical fiber, as well as the same
parameter of the coating and the environment. In addition, the real part of the dielectric
constant of the coating material must exceed its imaginary part in absolute value. In this
case, it must be positive and greater than the same parameter for the waveguide and the
environment [29]. Moreover, the real part of the dielectric constant of the coating film
must be positive. The value of the shift of the position of the resonance in the transmission
spectrum when the sensor is placed in a specific medium determines its sensitivity, and the
greater it is, the greater the refractive index of the coating used is [31].

The coating material can be different compounds [32–34], and strictly defined com-
pounds are selected for specific tasks. For example, Indium-Tin oxide (ITO) coatings [35,36],
due to the large number of dangling bonds on the surface and their porous structure, are
well suited for working with gaseous media. Tin oxide (SnO2) [34,37,38] has an extremely
high chemical stability and is stable even in concentrated acids. However, due to the high
hardness of the material and the large difference in thermal expansion coefficients between
tin oxide and silica fiber, finished sensors have a low mechanical strength. Silicon nitride
(Si3N4) is used in biosensors [39], and due to its antibacterial properties and excellent
biogenesis [40,41], this material has also recently been actively used in medicine. However,
surface cracking often occurs [42] due to the high internal stresses that occur during syn-
thesis, which limits the use of this coating in final devices. The hardness difference factor
imposes serious restrictions on the possible configurations of sensor structures, especially
if their widespread use is implied. Zinc telluride (ZnTe) films are also subject to cracking in
some cases, but they are of interest for research purposes due to the high refractive index
in the spectral region from 0.6 to 2 microns, as well as the ease of their application and, if
necessary, their removal from the silica surface.

To create sensors based on the LMR phenomenon, standard telecommunication optical
fibers, both multi-mode (MMF) and single-mode (SMF), are usually used. Sensors based on
a multi-mode fiber are mechanically more robust due to the wide core compared to single-
mode fibers. This fact leads to the fact that the diameter of the fiber section at the point
of contact between the optical energy in the core and the coating is larger than the same
parameter for implementation on a single-mode fiber. However, in this case, a large number
of interacting modes leads to the fact that the resonance has a significant width. This reduces
the accuracy of determining the resonance maximum and worsens the detection limit. To
characterize sensors, a parameter such as figure of merit (FOM) is important, which is
the ratio of the sensor sensitivity to the half-width of the resonance in the transmission
spectrum. Therefore, sensors based on multi-mode fibers, which have wider resonances,
potentially have a lower FOM compared to similar devices on single-mode fibers.

In this study, for the first time, a comparison of the figure-of-merit LMR-sensors based
on single-mode and multi-mode fibers was carried out. For this purpose, zinc telluride
coatings on a series of chemically thinned single-mode and multi-mode silica fibers were
synthesized by metal-organic chemical vapor deposition (MOCVD). First, the method we
used makes it possible to deposit uniform thin-film coatings on the complex cylindrical
surface of an optical fiber. Alternative methods involve fiber rotation, but when working
with chemically thinned fibers, mechanical movement is not desirable. In addition, when
using the MOCVD technique for the synthesis of zinc telluride, it is quite easy to obtain the
desired stoichiometry. The resulting structures were studied as sensors for the concentration
of aqueous solutions of salt (NaCl). The excellent optical quality of the surface and the high
thickness uniformity of the ZnTe coatings made it possible to fix many orders of LMRs on a
multi-mode fiber. A comparison is made of the sensitivities of sensors based on multi-mode
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fibers in the visible and infrared regions (IR) of the spectrum. In addition, the sensitivities
of single-mode and multi-mode salt concentration sensors in the near-IR wavelength range
were compared.

2. Materials and Methods

Standard single-mode SMF-28 fibers with a core diameter of about 8 microns, as well
as multi-mode fibers of our own production with a diameter of 95 microns, were chemically
thinned using a low-toxic polishing etchant based on NH4F and (NH4)2SO4 (Merck KGaA,
Darmstadt, Germany). After the removal of the protective polymer, short sections of fibers
about 2.0 mm long were successively flooded with an etchant and washed with distilled
water, recording the diameter and quality of the surface on an optical microscope at each
stage of etching. The thinning of the fiber was stopped when the diameter required for a
particular experiment was reached. The process of the formation of thinned sections of
optical fibers for use in sensorics is described in detail in [43,44].

The prepared fiber was placed in a tubular quartz reactor with an inner diameter of
5.5 mm and sealed at both ends. The center of the thinned fiber section was aligned with
the center of the cylindrical resistive furnace. The MOCVD coating process was carried out
at an atmospheric pressure of hydrogen with a dew point below −90 ◦C. The temperature
inside the reactor in the area of the thinned section of the fiber was 270 ◦C. Diethylzinc
(ZnEt2) and diethyltelluride (Et2Te) were used as initial reagents. They were thermostated
in stainless steel containers at 15 and 20 ◦C, respectively. The electronic gas flow controllers
and thermal concentration sensors used in the work made it possible to precisely change the
ratio of the partial pressures of the reagents in the precipitation processes. In all processes,
the hydrogen flow through the bubbler with ZnEt2 was 7.5 cm3/min, while the hydrogen
flow through the bubbler with Et2Te was varied to achieve the desired ratio of reactants. The
linear velocity of the vapor–gas mixture in the reactor varied from 15 to 25 cm/s. During
the deposition process, the optical transmission of the fiber was in situ controlled in the
wavelength range of 400–1700 nm using two spectrometers. Therefore, the operating range
of the sensors obtained in the work will be the range of the spectrometers used. A schematic
of the coating process with optical transmission control is shown in Figure 1. The light
source was an HL-2000 OceanOptics halogen lamp. To control the transmission spectrum,
NIRQuest-512 and QEPro spectrometers, also from OceanOptics Inc. (Rochester, NY, USA),
were used.
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After finishing the deposition process, the coated fiber was removed from the reactor
and kept in air at room temperature for 12 h before testing. Within a few hours after
deposition, the final temperature stabilization of the surface occurs. Moisture from the
environment penetrates into the pores of the coating material; in addition, oxidation
processes end during exposure to air. The fiber samples were carefully examined under a
microscope for the optical quality of the surface, the presence of cracks and other defects
on it. Cracking of the coating occurs only in the case of incorrectly selected conditions for
synthesis and cooling. If the coating is obtained without cracks, then it has a mechanical
strength no less than that of the optical fiber on which the coating is applied. For a
number of samples, surface images were taken at a high magnification on a scanning
electron microscope (SEM) with a tungsten thermionic cathode JSM-6480LV (Jeol Ltd.,
Tokyo, Japan). Sensor samples selected for sensitivity measurements were filled several
times with distilled water until the resonance position stabilized. The sensors were tested
in aqueous solutions of NaCl, the mass concentration of which varied from 0 to 9 percent.
In a number of growth experiments, to determine the optical constants of the coatings by
ellipsometry, thin quartz plates were placed under a thinned fiber section. The values of the
refractive index and the extinction coefficient were obtained on an ellipsometer according
to the procedure described in detail in [45]. Information about the surface roughness
was obtained by AFM using an NT-MDT INTEGRA Prima scanning probe microscope
operating in a semi-contact mode. Silicon cantilevers NT-MDT of the Golden series NSG01
were used as probes.

For the greater repeatability of the results, the same fiber section with a thinned section
was used in some measurement cycles. This was possible due to the ease of the removal
of the studied or tested coating in a solution of a mixture of concentrated hydrochloric
acid (HCl) with hydrogen peroxide (H2O2). The quartz reactor was cleaned with the same
solution after each deposition process.

3. Results and Discussion

In order to correctly compare the influence of the type of fiber network guide on the
characteristics of a refractometer, it was necessary to solve several interrelated problems: first,
the selection of the necessary coating material and the conditions for its synthesis; second,
the choice of the operating wavelength range. In addition, it is necessary to choose the
geometric parameters of the optical fiber thinned segment. Zinc telluride, chosen as
the coating material for the formation of the lossy mode resonance, is convenient not
only because of the ease of its removal from the silica surface of the optical fiber but
also because of the ease of obtaining films of the stoichiometric composition of ZnTe.
Some of the deposited sensor coatings were studied using an electron microscope; the
elemental composition of the obtained film was checked by X-ray energy dispersive analysis
(EDX). Figure 2 shows the results of such a study for one of the samples based on a
multi-mode fiber.

In situ monitoring of the transmission spectrum of a fiber path with a thinned section
made it possible to observe the emerging resonances and their movement along the wave-
length in the process of increasing the coating thickness. As we have shown earlier [46], it
is possible to estimate not only the thickness but also the dispersion of the refractive index
of the coating being grown from the spectral sweeps from the deposition time along the
position and depth of the resonances. However, this requires that at least the first three
orders of resonances be separated into transverse electrical (TE) and transverse magnetical
(TM) LMRs components. The considered modes are the result of the interaction of the
HE1,1 mode of the optical fiber with the mode supported by the coating. In the case of
interaction with the TE and TM components, the thin-film modes in the transmission
spectrum of the dielectric waveguide are observed to be TE- and TM-LMR, respectively. On
single-mode fibers, this separation is achievable [38,44] due to the small resonance width
even without the use of polarizers. Usually, the large width of the resonances that appear
in multi-mode fibers does not allow them to be divided into components already of the
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second order. However, this turned out to be possible when depositing ZnTe coatings on a
thinned multi-mode fiber by the MOCVD method. Figure 3 shows the spectral sweep of
one of the processes carried out on an MMF with a thinned section diameter of 80 microns.
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Figure 2. Characterization of the ZnTe coating with a thickness of 420 nm deposited at a temperature
of 270 ◦C. (a) SEM images of the side surfaces of an optical fiber coated with a synthesized film;
the inset shows the surface at a higher magnification. (b) EDX spectrum of the presented area. In
addition to the Zn and Te shown in the table, there are also elements from the surface of the optical
fiber, which account for less than 1 wt%.
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Figure 3. (a) Spectral sweep of resonances in the process of the deposition of a ZnTe coating on the
surface of a multi-mode fiber; (b) cross-section at a wavelength of 900 nm.

Based on the Rayleigh criterion, it is possible to divide the first nine resonance orders
into mode components in the transmission spectrum. According to our data, such a result
is demonstrated in the literature for the first time. The separation was achieved due to
the low value of the imaginary part of the complex refractive index of the coating, the
high thickness uniformity, and the optical quality of the surface of the deposited ZnTe
film. Due to this, a multi-mode fiber, like a single-mode fiber, can be used to calculate the
optical constants of thin-film coatings. Note that the experimental process of deposition
on a multi-mode fiber is much easier to perform due to its greater mechanical strength.
It is known that, in dielectric waveguides with a semiconductor coating, the minimum
optical transmission (resonance) of light propagating through it is observed when the cutoff
conditions for the mode supported by a thin semiconductor layer are met [47].

Consider an asymmetric three-layer dielectric waveguide in which an isotropic dielec-
tric of thickness d, with a refractive index n1 is located between two semi-infinite layers
with lower refractive indices n2 and n3 (n1 > n2 ≥ n3). Under n2 and n3 are taken the
refractive indices of silica glass and the environment, respectively. The coating thickness
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criteria for the cutoff at wavelength λ for the TE and TM modes of the N-th order in such a
structure will be [31]:
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2
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n3

)2
(
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3
n2

1 − n2
2

) 1
2
+ Nπ

 (2)

where N is the order of resonance minus one (N = NLMR − 1), in which case the first pair
of LMRs (NLMR = 1) is reached at N = 0. In the obtained pairs of dips, the first resonance is
due to the interaction of the fundamental mode with the TE coating component, since the
necessary cutoff conditions for this component are met at a shorter wavelength than for the
TM component. Therefore, by knowing the type of resonance and the refractive indices
fiber and environments, it is possible to calculate the necessary film thickness to observe
the resonance in the selected region [31]. In this case, it is necessary to first estimate the
value of the refractive index of the grown material.

Previously, it was noted in [29,31,32,48] that the sensitivity of the lossy mode resonance
to changes in the refractive index of the environment depends on the wavelength and
refractive index of the coating, and it increases with an increase in any of these two
parameters. Depending on the production method and conditions, the band gap of ZnTe
films varies within 2.23–2.25 eV, but in any case, this material is optically transparent in the
spectral range above 560 nm. The value of the real part of the complex refractive index of
our films in the region of 600–1600 nm was determined using ellipsometric measurements.
For this, ZnTe layers about 1 µm thick were deposited on plane-parallel quartz plates. The
results of n and k calculations for one of the samples are shown in Figure 4.
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Figure 4. Calculated from ellipsometric measurements, the optical constants of a zinc telluride film
with a thickness of 820 microns.

The value of the extinction coefficient in the range above 600 nm lies outside the
domain of definition for a film of a given thickness, and, according to the model estimate,
it is less than 0.01. From a comparison of the experimental values of the refractive index
for the first (about 800 nm) and third (about 1550 nm) transparency windows of the
telecommunications range, it can be seen that their difference is more than 0.1, which is a
sufficiently large value for a significant change in the LMR sensitivity. One of the significant
advantages of the visible spectrum sensor is that signal receivers are easy to build and have
a low cost. In addition, such a comparison of sensitivities is only possible for multi-mode
fibers, since a single-mode fiber in the visible region supports a multi-mode one.

Several sensors have been implemented with the LMR maximum located near 500 and
1100 nm in air, taking into account the subsequent shift of resonances in aqueous NaCl
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solutions with spectral operating ranges of 650–800 nm and 1550–1650 nm, respectively.
Using the applied calculation method [25,49,50], we preliminary estimated the required
thickness of the coatings to be grown. The calculation method is that the thinned section
with the coating is represented as a Fabry–Perot interferometer. Since the light wave propa-
gating in the fiber section is not polarized, the reflected power in s- and p-polarizations
should be taken into account. The path of the light beam is a zigzag path due to multiple
reflections at the fiber–coating interface. The main expression for transmission is [27,50,51]:

P =

1
2

∣∣∣∣ rs1 + rs2exp(i
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M
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where rs1 and rp1 are the Fresnel coefficients for the s- and p-polarizations for the fiber–
coating interface, and rs2 and rp2 are the Fresnel coefficients for the s- and p-polarizations
for the coating–environment interface, respectively.
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where 𝑟𝑠1 and 𝑟𝑝1 are the Fresnel coefficients for the s- and p-polarizations for the fiber–

coating interface, and 𝑟𝑠2 and 𝑟𝑝2 are the Fresnel coefficients for the s- and p-polariza-

tions for the coating–environment interface, respectively. ϭ = −4𝜋𝑛1𝑑𝑐𝑜𝑠𝜃2𝜆−1  is the 

phase delay caused by the optical path difference, d is the thickness of the ZnTe coating, 

𝜃2 is the angle of incidence on the interface between the coating and the environment. 

𝑀 = 𝐿
(𝑟𝑡𝑎𝑛𝜃1)⁄  is the number of reflections at the fiber–coating interface, where 𝐿 and 𝑟 

= −4πn1dcosθ2λ−1 is the phase delay
caused by the optical path difference, d is the thickness of the ZnTe coating, θ2 is the angle
of incidence on the interface between the coating and the environment. M = L

(rtanθ1)
is the

number of reflections at the fiber–coating interface, where L and r are the length and diame-
ter of the thinned section, respectively, and θ1 is the angle of incidence on the fiber–coating
interface. For the fundamental mode, θ1 can be expressed as θ1 = arcsin

(
βHE11
(k0n2)

, where

k0 = 2π
λ is the fundamental mode propagation constant. Since one angle of incidence

corresponds to one fixed wavelength for the fundamental mode, the interference dips
transmissions at different wavelengths are presented as follows [52]:

λm =
4πn1dcosθ2

ϕ + 2mπ
(4)

where ϕ is the phase delay caused by the Goos–Hänchen shift due to the total internal
reflection at the coating–environment interface. Then, we obtain that, for a resonance near
500 nm, the coating thickness will be 35.8 nm, and for a position near 1100 nm, it will
be 96.3 nm. Figure 5a shows the calculated and experimental transmission spectra of a
multi-mode fiber sensor for given coating thicknesses when the environment is air.
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Figure 5. 1st TM-LMRs in the visible (VIS) and near-infrared (NIR) spectral regions: (a) comparison
of the transmission spectra obtained experimentally and calculated, (b) dependence of the resonance
maxima on the refractive index of the studied NaCl solutions. Red and blue colors indicate data for
sensors with a coating thickness of 96.3 nm and 35.8 nm, respectively.

It can be seen that the experimental dips are much wider than the calculated ones,
and this is explained by the contribution of the conical parts of the thinned section to the
transmission spectrum. Usually, flashing occurs only in the cylindrical segment of the
thinned section, since the difference in the cones (insert in Figure 1) is sufficient for the
fiber core to be removed from the coating at a distance at which the interaction is negligible.
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However, when working with a fiber in which the thickness is only 15 microns, any
reduction in diameter will result in a strong interaction of light with the absorbing coating.
Therefore, in the case of a multi-mode fiber, a wide dip in the transmission spectrum is
caused by the emission over the entire surface of the thinned section of the optical fiber.

Figure 5b shows the dependencies of the position of the resonance maximum for
sensors with different operating wavelength ranges when filled with NaCl solutions of
different concentrations. These concentrations of salt are quite easily soluble in water and
do not form a precipitate in a short period. The sensitivity of a sensor optimized for the
visible range is much higher than that of a similar device with an infrared operating range.
In the visible range sensor, a higher sensitivity of 5750 nm/RIU has been achieved, and
this is achieved by the fact that, in the visible region of the spectrum, the coating has a
significantly higher refractive index.

In order to correctly estimate the quality index, the value of which differs depending
on the wavelength range [33,46,48], all coating thicknesses were implemented in such a way
that the positions of the 1st TE- and TM-LMRs were near the same wavelength (~1450 nm).
According to a theoretical estimate, this requires the thickness of the ZnTe coating for TE
to be ~42.3 nm and that for TM to be ~127.5 nm. In addition, the half-width must also be
estimated at an equal depth of resonances. If this condition was not met (for example, if the
resonance depth was insufficient), the deposited coating was chemically removed from the
multi-mode fiber, and its thinned sector was etched and re-deposited. In contrast to the
approximately equal depths of TE and TM resonances in the multi-mode implementation
of the sensor for the SMF, the depths differed significantly. In all our experiments, the
diameter of the thinned section of a single-mode fiber was 26.3 µm, and for a multi-mode
fiber, it varied and was equal to 108.6 and 99.5 µm for TE for TM modes, respectively.
Changes in the transmission spectra of fiber sensors depending on the percentage of NaCl
in the aqueous solution are shown in Figure 6.
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Figure 6. Transmission spectra of fiber sensors on SMF ((a)—TE, (d)—TM) and MMF ((b)—TE,
(e)—TM) in aqueous solutions of common salt. The graphs indicate the mass percentage of salt in
the solution. (c,f) Dependencies of the resonance maximum on the refractive index of the solution,
connected by a linear approximation.

It can be seen that the sensitivity of sensors based on a single-mode fiber is higher
for both LMR components. We explain this fact by the fact that the surface roughness
of the coating on a single-mode fiber is several times higher than that on a multi-mode
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fiber. Increased roughness leads to a larger area of contact of the coating with the analyzed
medium and, consequently, to greater sensitivity. The processing data of AFM scans with
the size 1 × 1 µm2 are shown in Table 1.

Table 1. Comparison of sensitivity to the NaCl concentration of fiber refractometers based on the
LMR effect.

Fiber Type Etched Diameter (µm)
Etched Fiber Coated Fiber

RMS (nm) Roughness (nm) RMS (nm) Roughness (nm)

SMF 26.3 10.514 7.651 19.597 11.557
MMF 99.5 3.410 2.521 4.936 3.035

It can be seen from the table that the resulting surface roughness is affected by the final
diameter of the etched fiber section. And this is despite the fact that the NH4F-(NH4)2SO4
etchant used in the work is considered polishing for silica. In our earlier work, we
showed [53] that the rate of growth of a zinc telluride coating on a single-mode fiber
increases with a decrease in the diameter of the thinned fiber section. The formation of
thin films on the surface of substrates most often occurs in two stages: the nucleation stage,
at which critical nuclei capable of further growth appear, and the film growth stage, at
which critical nuclei grow and merge with each other to form a continuous film. On a
rough or defective surface, specific growth mechanisms can operate that do not require the
initial formation of nuclei. It is known that a less smooth surface contains a greater number
of nucleation centers and thus can lead to a higher net deposition rate of the material.
Based on the foregoing, it can be concluded that the surface treated with the etchant for a
longer time has a greater roughness, which affects the acceleration of coating growth, in
comparison with the untreated surface.

Figure 7 shows a comparison of the shapes of the individual 1st LMR components, for
sensors on single-mode and multi-mode fibers.
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Resonances on the multi-mode fiber are wider, which, coupled with the lower sensitiv-
ity, gives a lower quality factor. Since the FOM is the ratio of the sensitivity to the resonance
half-width, in the refractive index range of 1.33–1.35, it is 25 RIU−1 for multi-mode fibers
and 75 RIU−1 for single-mode fibers.

4. Conclusions

In the study, a direct comparison of the influence of the type of optical fiber on the
spectral characteristics and sensitivity of sensors for the mass concentration of aqueous
solutions was demonstrated. The principle of operation of the sensors was based on the
phenomenon of lossy mode resonance (LMR) obtained by applying a thin-film coating of
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zinc telluride (ZnTe) to a thinned segment of a silica fiber. During the MOCVD coating
process, the transmission spectrum of the optical path was controlled in real time to
monitor the position of the resonances and stop the synthesis process. The possibility
of separating the first nine orders of resonances into electric (TE-) and magnetic (TM-)
transverse components is demonstrated for the first time when working with a multi-mode
optical fiber. The main parameters for comparing refractometers based on single-mode and
multi-mode fibers were the sensitivity to changes in the refractive index of the surrounding
media (SMRI), the spectral half-width (FWHM) of the resonance, as well as the operating
wavelength range. A direct comparison of the characteristics of sensors with a working
wavelength range in the visible (500–750 nm) and infrared (1350–1550 nm) ranges showed
that the sensitivity in the first case is higher and amounted to 5750 nm/RIU. The difference
in sensitivity for different measurement ranges is due to the dispersion of the refractive
index of the zinc telluride coating. NaCl aqueous solutions with a refractive index range
of 1.33–1.35 at a wavelength of 589 nm were used as test media for evaluating sensors.
For the correctness of the comparison, all sensors on multi-mode and single-mode fibers
were manufactured in such a way as to provide the same spectral range of operation
and the depth of resonances. This was achieved by selecting the geometric parameters
of the thinned section of the fiber on which the coating was applied, as well as by the
ZnTe thickness. Comparing the shift of the 1st TM- and TE-LMRs with a change in SMRI
determined that the maximum sensitivity obtained on the SMF fiber was 5930 nm/RIU, and
on the MMF, it was about 4860 nm/RIU. The figure of merit of the sensors was 25 RIU−1

for the multi-mode fiber and 75 RIU−1 for the single-mode fiber. A higher sensitivity of
sensors on SMF is achieved due to the higher (four times) roughness of the coating surface
compared to implementation on MMF. The AFM data confirm the effect of the surface
roughness of the etched silica glass on the optical quality of the ZnTe thin film. Due to the
wide resonances driven by a large number of modes in a multi-mode fiber, the FOM is
low compared to a single-mode sensor implementation, but the sensitivities differ not so
much. At the same time, the mechanical strength, ease of operation at the stage of coating
synthesis, and sufficiently high sensitivity of the final sensors allow us to conclude that
multi-mode fiber is very promising for creating sensors in the visible range of the spectrum
for determining the mass concentration of solutions.

Author Contributions: D.P.S.: Methodology, Formal analysis, Investigation, Visualization, Writing—
original draft. V.A.J.: Data curation, Software, Validation, Methodology, Writing—review & editing.
P.I.K.: Supervision, Resources, Conceptualization, Writing—review & editing, Project administration,
Funding acquisition. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by the Russian Science Foundation (21-19-00259).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors thank V.O. Yapaskurt for the chemical analysis and SEM photographs.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Socorro, A.B.; Del Villar, I.; Corres, J.M.; Arregui, F.J.; Matias, I.R. Tapered single-mode optical fiber pH sensor based on lossy

mode resonances generated by a polymeric thin-film. IEEE Sens. J. 2012, 12, 2598–2603. [CrossRef]
2. Cheng, X.; Bonefacino, J.; Guan, B.O.; Tam, H.Y. All-polymer fiber-optic pH sensor. Opt. Express 2018, 26, 14610–14616. [CrossRef]
3. Gu, B.; Yin, M.-J.; Zhang, A.P.; Qian, J.-W.; He, S. Low-cost high-performance fiber-optic pH sensor based on thin-core fiber modal

interferometer. Opt. Express 2009, 17, 22296–22302. [CrossRef]
4. Socorro, A.B.; Corres, J.M.; Del Villar, I.; Arregui, F.J.; Matias, I.R. Fiber-optic biosensor based on lossy mode resonance. Sens.

Actuators B 2012, 174, 263–269. [CrossRef]

https://doi.org/10.1109/JSEN.2012.2198464
https://doi.org/10.1364/OE.26.014610
https://doi.org/10.1364/OE.17.022296
https://doi.org/10.1016/j.snb.2012.07.039


Sensors 2023, 23, 6049 11 of 12

5. Zeni, L.; Perri, C.; Cennamo, N.; Arcadio, F.; D’Agostino, G.; Salmona, M.; Beeg, M.; Gobbi, M. A portable optical-fibre-based
surface plasmon resonance biosensor for the detection of therapeutic antibodies in human serum. Sci. Rep. 2020, 10, 11154.
[CrossRef]

6. Leitão, C.; Pereira, S.O.; Marques, C.; Cennamo, N.; Zeni, L.; Shaimerdenova, M.; Ayupova, T.; Tosi, D. Cost-effective fiber optic
solutions for biosensing. Biosensors 2022, 12, 575. [CrossRef]

7. Wang, Y.; Shen, C.; Lou, W.; Shentu, F.; Zhong, C.; Dong, X.; Tong, L. Fiber optic relative humidity sensor based on the tilted fiber
Bragg grating coated with graphene oxide. Appl. Phys. Lett. 2016, 109, 031107. [CrossRef]

8. Zhang, E.; Lu, D.; Zhang, S.; Gui, X.; Guan, H.; Zhang, Z.; Lin, Y.; Ming, J.; Hong, J.; Dong, J.; et al. High-sensitivity fiber-optic
humidity sensor based on microfiber overlaid with niobium disulfide. J. Mater. Sci. 2020, 55, 16576–16587. [CrossRef]

9. Limodehi, H.E.; Légaré, F. Fiber optic humidity sensor using water vapor condensation. Opt. Express 2017, 25, 15313–15321.
[CrossRef]

10. Sanchez, P.; Mendizabal, D.; Zamarreño, C.R.; Matias, I.R.; Arregui, F.J. Indium-Tin-Oxide-Coated optical fibers for temperature-
viscosity sensing applications in synthetic lubricant oil. Proc. SPIE 2015, 9634, 1024–1027. [CrossRef]

11. Hu, T.; Zhao, Y.; Song, A. Fiber optic SPR sensor for refractive index and temperature measurement based on MMF-FBG-MMF
structure. Sens. Actuators B Chem. 2016, 237, 521–525. [CrossRef]

12. Gao, S.; Ji, C.; Ning, Q.; Chen, W.; Li, J. High-sensitive Mach-Zehnder interferometric temperature fiber-optic sensor based on
core-offset splicing technique. Opt. Fiber Technol. 2020, 56, 102202. [CrossRef]

13. Yin, M.-J.; Gu, B.; An, Q.-F.; Yang, C.; Guan, Y.L.; Yong, K.-T. Recent development of fiber-optic chemical sensors and biosensors:
Mechanisms, materials, micro/nano-fabrications and applications. Coord. Chem. Rev. 2018, 376, 348–392. [CrossRef]

14. Devendiran, S.; Priya, A.K.; Sastikumar, D. Design of aluminium oxide (Al2O3) fiber optic gas sensor based on detection of
refracted light in evanescent mode from the side-polished modified clad region. Sens. Actuators B Chem. 2022, 361, 131738.
[CrossRef]

15. Vitoria, I.; Ruiz Zamarreño, C.; Ozcariz, A.; Matias, I.R. Fiber optic gas sensors based on lossy mode resonances and sensing
materials used therefor: A comprehensive review. Sensors 2021, 21, 731. [CrossRef] [PubMed]

16. Yan, A.; Huang, S.; Li, S.; Chen, R.; Ohodnicki, P.; Chen, K. Fiber optical methane sensors using functional metal oxide
nanomaterials. In Proceedings of the Asia-Pacific Optical Sensors Conference, Shanghai, China, 11–14 October 2016; p. W4A.12.
[CrossRef]

17. Gordon, J.D.; Lowder, T.L.; Selfridge, R.H.; Schultz, S.M. Optical D-fiber-based volatile organic compound sensor. Appl. Opt. 2007,
46, 7805–7810. [CrossRef]

18. Naku, W.; Nambisan, A.K.; Roman, M.; Zhu, C.; Gerald, R.E., II; Huang, J. Identification of volatile organic liquids by combining
an array of fiber-optic sensors and machine learning. ACS Omega 2023, 8, 4597–4607. [CrossRef]

19. Ascorbe, J.; Corres, J.M.; Matias, I.R.; Arregui, F.J. High sensitivity humidity sensor based on cladding-etched optical fiber and
lossy mode resonances. Sens. Actuators B 2016, 233, 7–16. [CrossRef]

20. Zhu, S.; Pang, F.; Huang, S.; Zou, F.; Dong, Y.; Wang, T. High sensitivity refractive index sensor based on adiabatic tapered optical
fiber deposited with nanofilm by ALD. Opt. Express 2015, 23, 13880–13888. [CrossRef]

21. Ozcariz, A.; Dominik, M.; Smietana, M.; Zamarreño, C.R.; Del Villar, I.; Arregui, F.J. Lossy mode resonance optical sensors based
on indium-gallium-zinc oxide thin film. Sens. Actuators A 2019, 290, 20–27. [CrossRef]

22. Rees, N.D.; James, S.W.; Tatam, R.P.; Ashwell, G.J. Optical fiber long-period gratings with Langmuir Blodgett thin-film overlays.
Opt. Lett. 2002, 27, 686–688. [CrossRef]

23. Del Villar, I.; Matías, I.; Arregui, F.; Lalanne, P. Optimization of sensitivity in Long Period Fiber Gratings with overlay deposition.
Opt. Express 2005, 13, 56–69. [CrossRef] [PubMed]

24. Zou, F.; Liu, Y.; Deng, C.; Dong, Y.; Zhu, S.; Wang, T. Refractive index sensitivity of nano-film coated longperiod fiber gratings.
Opt. Express 2015, 23, 1114–1124. [CrossRef]

25. Zheltikov, A.M. Ray-optic analysis of the (bio)sensing ability of ring-cladding hollow waveguides. Appl. Opt. 2008, 47, 474–479.
[CrossRef] [PubMed]

26. Zhao, Y.; Pang, F.; Dong, Y.; Wen, J.; Chen, Z.; Wang, T. Refractive index sensitivity enhancement of optical fiber cladding mode
by depositing nanofilm via ALD technology. Opt. Express 2013, 21, 26136–26143. [CrossRef] [PubMed]

27. Del Villar, I.; Zamarreño, C.R.; Hernáez, M.; Arregui, F.J.; Matías, I.R. Lossy mode resonance generation with Indium Tin Oxide
coated optical fibers for sensing applications. J. Light. Technol. 2010, 28, 111–117. [CrossRef]

28. Paliwal, N.; John, J. Lossy Mode Resonance (LMR) Based Fiber Optic Sensors: A Review. IEEE Sens. J. 2015, 15, 5361–5371.
[CrossRef]

29. Del Villar, I.; Arregui, F.J.; Zamarreño, C.R.; Corres, J.M.; Bariain, C.; Goicoechea, J.; Elosua, C.; Hernaez, M.; Rivero, P.J.;
Socorro, A.B.; et al. Optical sensors based on lossy-mode resonances. Sens. Actuators B 2017, 240, 174–185. [CrossRef]

30. Wang, Q.; Zhao, W.-M. A comprehensive review of lossy mode resonance-based fber optic sensors. Opt. Lasers Eng. 2018,
100, 47–60. [CrossRef]

31. Savelyev, E. Sensitivity of lossy mode resonance-based optical fiber sensors as a function of the coating material refractive index.
Eur. Phys. J. D 2021, 75, 285. [CrossRef]

32. Zamarreno, C.R.; Sanchez, P.; Hernaez, M.; Del Villar, I.; Fernandez-Valdivielso, C.; Matias, I.R.; Arregui, F.J. Sensing properties of
indium oxide coated optical fiber devices based on lossy mode resonances. IEEE Sens. J. 2012, 12, 151–155. [CrossRef]

https://doi.org/10.1038/s41598-020-68050-x
https://doi.org/10.3390/bios12080575
https://doi.org/10.1063/1.4959092
https://doi.org/10.1007/s10853-020-05230-0
https://doi.org/10.1364/OE.25.015313
https://doi.org/10.1117/12.2195177
https://doi.org/10.1016/j.snb.2016.06.119
https://doi.org/10.1016/j.yofte.2020.102202
https://doi.org/10.1016/j.ccr.2018.08.001
https://doi.org/10.1016/j.snb.2022.131738
https://doi.org/10.3390/s21030731
https://www.ncbi.nlm.nih.gov/pubmed/33499050
https://doi.org/10.1364/APOS.2016.W4A.12
https://doi.org/10.1364/AO.46.007805
https://doi.org/10.1021/acsomega.2c05451
https://doi.org/10.1016/j.snb.2016.04.045
https://doi.org/10.1364/OE.23.013880
https://doi.org/10.1016/j.sna.2019.03.010
https://doi.org/10.1364/OL.27.000686
https://doi.org/10.1364/OPEX.13.000056
https://www.ncbi.nlm.nih.gov/pubmed/19488327
https://doi.org/10.1364/OE.23.001114
https://doi.org/10.1364/AO.47.000474
https://www.ncbi.nlm.nih.gov/pubmed/18204736
https://doi.org/10.1364/OE.21.026136
https://www.ncbi.nlm.nih.gov/pubmed/24216837
https://doi.org/10.1109/JLT.2009.2036580
https://doi.org/10.1109/JSEN.2015.2448123
https://doi.org/10.1016/j.snb.2016.08.126
https://doi.org/10.1016/j.optlaseng.2017.07.009
https://doi.org/10.1140/epjd/s10053-021-00296-0
https://doi.org/10.1109/JSEN.2011.2142181


Sensors 2023, 23, 6049 12 of 12

33. Del Villar, I.; Socorro, A.B.; Hernaez, M.; Corres, J.M.; Zamarreño, C.R.; Sanchez, P.; Arregui, F.J.; Matias, I.R. Sensors based on
thin-film coated cladding removed multimode optical Fiber and single-mode multimode single-mode Fiber: A comparative study.
J. Sens. 2015, 2015, 763762. [CrossRef]

34. Prasanth, A.; Meher, S.R.; Alex, Z.C. Experimental analysis of SnO2 coated LMR based fiber optic sensor for ethanol detection.
Opt. Fiber Technol. 2021, 65, 102618. [CrossRef]

35. Zubiate, P.; Zamarreño, C.R.; Del Villar, I.; Matias, I.R.; Arregui, F.J. High sensitive refractometers based on lossy mode resonances
(LMRs) supported by ITO coated D-shaped optical fibers. Opt. Express 2015, 23, 8045–8050. [CrossRef]
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