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Refractive Index Sensing in the Mid-Infrared

Francesco Anelli, Sébastien Venck, Solenn Cozic, and Francesco Prudenzano, Member, IEEE

Abstract—This paper illustrates the first S-tapered optical
fiber obtained by employing fluoride glass, via off-axis pulling
and filament heating. The S-tapered optical fiber has been
designed via three-dimensional beam propagation method and its
performance with respect to the surrounding refractive index has
been numerically predicted. The fabrication has been conducted
using a commercial glass processor, operating at low power due
to the glass thermal properties. The S-tapered optical fiber
transmission spectrum has been measured in the mid-infrared
when immersed in different surrounding liquids, i.e., methanol,
ethanol, and propanol. A red shift of the dip in the transmission
spectrum was observed for increasing values of the refractive
index. Compared to the conventional wavelengths, expanding the
functionality of optical fiber sensors to the mid-infrared
spectrum has the potential to improve sensitivity.

Index Terms—Optical fiber sensor, Optical fiber device,
Fluoride glass, Mid-infrared, Refractive index

I. INTRODUCTION

PTICAL fiber sensors have gained significant attention

due to their numerous advantages, such as immunity to
electromagnetic interference, high sensitivity, small size, and
ability to operate in harsh environments [1]. Some of the most
common types of optical fiber sensors include Fiber Bragg
Gratings (FBGs), Long Period Gratings (LPGs), and
interferometric sensors [1]. FBGs are well-suited for quasi-
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distributed sensing applications due to their small size and
punctual measurement. However, when used for refractive
index (RI) measurements, FBGs often require additional
treatments, which can significantly compromise their
mechanical properties and long-term stability [2]. In contrast,
LPG-based RI sensors are known for their robustness and high
sensitivity, particularly when the surrounding RI is similar to
that of the fiber cladding [2]. Nonetheless, both FBGs and
LPGs typically necessitate precise and costly fabrication
methods, such as phase mask techniques and high-cost laser
sources [2]. Mach-Zehnder and Michelson interferometers for
RI detection have been developed via non-adiabatic tapered
optical fibers, obtained with a cheaper process based on heat-
and-pull method via flame, CO; laser, or electric heaters [2],
[3], [4], [5]. The non-adiabatic taper is employed to achieve
the optical power exchange among the fundamental core mode
and the cladding modes. The external physical quantity can be
detected through the shift of the transmission spectrum [6].
Optical fiber sensors based on tapering offer several
advantages, such as a straightforward design and cost
efficiency [7], [8]. However, they tend to have relatively low
RI sensitivities, and the length of the waist region is typically
in the range of tens of millimeters, making them less suitable
for compact integrated applications and quite fragile [2]. S-
tapered optical fiber can be viewed as an improved
miniaturized version of the fiber Mach-Zehnder interferometer
based on non-adiabatic taper [2]. This structure was firstly
developed in 2011 for RI and strain detection [9]. In 2013, a
novel RI sensor based on S-tapered photonic crystal fibers was
proposed as well as a S-taper in combination with a hybrid
LPG to simultaneously measure both Rl and temperature [10],
[11]. Successively, different geometries have been
investigated, e.g. double S-tapered fiber, optical fiber
cascading [12], [13], S-tapered fiber coated with SiO,
nanoparticles [8], and coated with graphene oxide [14], [15].
The S-tapered optical fiber has attracted considerable research
interests in the measurement of different physical and
biochemical parameters [16], including magnetic field [17], RI
[10], temperature [11], [18], humidity [8], antigen—antibody
interaction [19] etc. Most of the proposed sensors have been
constructed using silica optical fibers due to their excellent
thermo-mechanical properties and high transparency across
ultra-violet to near-infrared wavelengths [20], [21]. However,
silica glass has significant limitations, particularly its high
attenuation at long wavelengths, which makes it unsuitable for
transmitting light in the Mid-Infrared (Mid-IR) range with low
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losses [22]. It is worth noting that Mid-IR region is very
promising because it can allow higher sensitivity than
conventional wavelengths, as detailed in Section II, and
includes the most intense molecular absorption features [23],
[24]. Glass materials such as fluoride and chalcogenide glasses
can be considered for guiding light in the Mid-IR [25].
Fluoride glass exhibits a steep temperature viscosity profile
near the glass transition temperature T,, high thermal
expansion coefficient, and tendency to devitrify. Nevertheless,
at the moment, it is the glass offering the lowest attenuation
from A = 2 um up to about A =5 um, good power handling
capability, and low-phonon energy [26]. Therefore, despite the
abovementioned challenges, developing optical fiber
components on fluoride glass is very attractive [27].

In this paper, we present, for the first time to the best of our
knowledge, the design, fabrication, and characterization of an
S-tapered optical fiber based on zirconium fluoride glass
(namely ZBLAN from its typical composition, i.e., 53% ZrF, -
20% BaF; - 4% LaFs - 3% AlFs - 20% NaF). In the design, a
commercial three-dimensional beam propagation method is
employed to explore the spectral properties and the sensitivity
to surrounding RI of the S-tapered optical fiber. The
fabrication is based on off-axis pulling under heating. The S-
tapered optical fiber characterization shows a red-shift of the
dip in the transmission spectrum, by increasing the
surrounding RI. The proposed device can pave the way for
other Mid-IR optical fiber sensors, particularly desirable for
environmental monitoring and biomedical application to sense
a wide variety of molecular species.

Il. OPERATING PRINCIPLE

As in the case of the non-adiabatic tapered sensor, the main
concept behind the S-tapered optical fiber structure is to
combine both interference arms, i.e., reference and sensing
arm, within a single fiber [28].

Figure 1 illustrates a schematic diagram of the S-tapered
optical fiber, consisting of the two input/output linear sections
connected via two abrupt bends and a straight section among
them [29]. Due to the presence of the first bend of the S-
tapered region, high-order cladding modes are excited [8], [9],
[30], [31]. The fundamental core mode and the high-order
cladding modes travel through the intermediate straight
section until they reach the second bend. At this point, the
high-order cladding modes re-couple and interfere with the
fundamental core mode [8], [9]. In the waist section, the
cladding mode field extends outside the fiber and interacts
with the surrounding medium, i.e. the environment, operating
as the sensing arm, while the core mode remains confined
within the fiber core. Since it is only slightly perturbed, it can
serve as reference arm [28], [29]. This interaction can be
described by the two-beam optical interference equation [32],
[33]:

Loyt = Ieo + Zilcl,i +2i2 X &Y, Ieo X Iy % cOS (Agy) 1)

where I,y 1o, and I, ; are the output, core and i-th cladding
mode intensities respectively, Ag; = 21 X Angpp; X Lerr/A IS
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Fig. 1. Sketch of the S-tapered optical fiber: the power guided in the

fundamental mode is partially coupled into the higher-order modes due to the
S-taper. These modes then recombine, resulting in their interference and
providing the characteristic of the Mach-Zehnder interferometer at the end of
the optical fiber.

the phase difference between the core and i-th cladding mode,
Angss; s the effective RI difference between the core and i-th
cladding mode, L.z is the effective length of the S-taper, A is
the wavelength [28], [34]. Variation in external condition,
such as temperature, strain, or RI, can alter An,..; and/or
Less, thereby altering the spectral properties of the S-tapered
optical fiber and causing a shift of the resonance dip [28],
[34]. The surrounding RI sensitivity of Mach-Zehnder
interferometers based on optical fibers can be analytically
derived, as demonstrated in [35], showing a direct
proportionality between sensitivity and the wavelength A.
Similarly, also in the case of other optical fiber sensors, e.g.
fiber Bragg grating, the sensitivity is proportional to the
wavelength 2 [36].

I1l. DESIGN OF THE S-TAPERED ZIRCONIUM FLUORIDE
OPTICAL FIBER

A zirconium fluoride optical fiber, i.e. ZFG SM [1.95]
6.5/125, manufactured by Le Verre Fluoré in France, is
employed. The core diameter is d., = 6.5 um, the cladding
diameter is d; = 125 um and the numerical aperture is NA =
0.23. The cut-off wavelength for single-mode operation is A =
1.95 um. To investigate the light propagation characteristics
of the proposed S-tapered optical fiber, three-dimensional
numerical simulation based on beam propagation method is
performed via RSoft Design Group BeamPROP [30]. An
exponential taper profile is employed to model the S-taper.
Realistic RI dispersion as a function of the wavelength has
been considered in the numerical design [37]. Three
parameters can enable the optimization of the S-tapered
optical fiber, i.e., waist diameter d,,, axial offset h, and
tapered region length L, see Fig. 1 [34]. Several simulations
were performed by varying these three parameters to increase
sensor performance. In the simulation, the mesh size is
0.15 um x 0.15 um in the transverse plane and 2.5 ym in the
longitudinal direction. The wavelength A is swept in the range
from 1 = 3000 nm to A = 4000 nm with a step 41 = 25 nm.
The optimized taper dimensions are waist diameter d, =
65 um, tapered region length L, = 1.4 mm, and axial offset
h = 130 um, feasible with the glass processor.
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Fig. 2. Simulated transmission T (dB) of the ZBLAN S-tapered optical fiber, as a function of the wavelength A and of (a) the axial offsets h for waist
diameter d,, = 65 um and tapered region length L,, = 1.4 mm, (b) the waist diameters d,, for axial offsets h = 130 um and tapered region length L, =
1.4 mm, (c) the tapered region lengths L, for axial offsets h = 130 um and waist diameter d,, = 65 um. The optimized values are highlighted with a

white dashed line.
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Fig. 3. Refractive index n and extinction coefficient k of methanol (dotted
line), ethanol (dashed line), and propanol (dash-dotted line) as functions of the
wavelength 2.
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Fig. 4. Simulated transmission T (dB), as a function of the wavelength A for
different surrounding materials, of the ZBLAN S-tapered optical fiber with
waist diameter d,, = 65 um, waist length L,, = 1.4 mm and axial offset h =
130 ym.

Figure 2 depicts the contour curves with colorimetric scale
of the transmission T in dB, calculated as the ratio among the
power guided by the LPo1 mode at the output section and the
input power varying one of the optimized parameters while
keeping the other two constant. This figure refers to the S-
tapered optical fiber surrounded by air. In particular, Fig. 2 (a)
illustrates the axial offset h variation in the range from h =
50 um to h = 200 um with a step Ah = 15 um, Fig. 2 (b) the
waist diameter d,, variation in the range from d,, = 55 um to
d,, = 75 um with a step 4d,, = 1 um, while Fig. 2 (c) the
tapered region length L, variation in the range from L, =
1100 yum to L,, = 1700 wm with a step AL, = 25 um. For
small axial offset h, the electromagnetic field is not efficiently
coupled with the higher order modes and, thus, the output
spectrum does not present any spectral interference pattern.
On the contrary, when the axial offset h is very large (h >
200 um), part of the optical power energy is dissipated as
bending loss, and the remaining optical power of the
fundamental mode and higher-order modes participating in the
interference process decreases [29].

As is widely known, the S-tapered optical fiber is sensitive
to the real part of the surrounding RI, leading overall to a shift
in the transmission spectrum and to a change of transmission
due to a variation of optical beam confinement. For this
analysis, three measurand substances, i.e. surrounding
environment, are considered. Figure 3 reports the RI n and the
extinction coefficient k as functions of the wavelength A of the
measurand substances then considered in the experiment:
methanol (dotted line), ethanol (dashed line), and propanol
(dash-dotted line) [38]. The axial offset h = 130 um is chosen
since it results in a reduced waveguide transmission level at
approximately A = 3700 nm, as illustrated in Fig. 2, where
the extinction coefficients k of the measurand substances are
small and the RI changes among them are large, see Fig. 3.
The low transmission can be ascribed to the strong evanescent
field of the cladding modes and their destructive interference
with the core mode.

Figure 4 reports the simulated transmission P,,;(dB) as a
function of the wavelength A of the zirconium fluoride S-
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tapered optical fiber, referring to the case with waist diameter
d,, = 65 um, waist length L, = 1.4 mm, and axial offset h =
130 wm. For the sake of clarity, the solid line in Fig. 4
corresponds to the white dashed lines in Fig. 2, pertaining to
the case of air as surrounding medium. These simulations have
been performed with a wavelength sampling step A2 = 5nm
in the wavelength range from A = 3600 nm to A = 4000 nm
and with a sampling step A2 = 1 nm in the wavelength range
of about 20 nm around the resonance dip for each surrounding
material, i.e. air, methanol, ethanol, and propanol. A redshift
of the dip is obtained by increasing the RI of the surrounding
medium. In particular, the simulated transmission dip
wavelength is A, = 3726 nin, Ayen = 3802 nm, Ay, =
3844 nm, A,,, = 3850 nm for air, methanol, ethanol, and
propanol, respectively. Thus, the maximum wavelength shift
occurs when considering propanol, i.e., for the largest RI, and
it is approximately AA=124nm. A monotonically
decreasing trend of the transmitted power by increasing the
surrounding RI is observed. This is justified by a lower field
confinement, since all the measurand substances exhibit low
extinction coefficient k in the considered wavelength range.

IV. FABRICATION OF THE S-TAPERED ZIRCONIUM FLUORIDE
OPTICAL FIBER

The device is fabricated by applying off-axis pull while
tapering the single-mode zirconium fluoride optical fiber, i.e.
ZFG SM [1.95] 6.5/125 from Le Verre Fluoré (Bruz, France),
with the automated glass processing system Vytran GPX-2400
[2], [39]. Since fluoride optical fibers are not compatible with
common stripping tools, a stripping gel is employed to remove
the coating. Then, the optical fiber is cleaved with an
automatic cleaver, based on tension-and-scribe process, with a
tension L = 95 g, and carefully cleaned with propanol. After,
the optical fiber is mounted on the fiber holders and axial
offset is provided, as schematically illustrated in Fig. 5.

The process continues with a pre-tension, obtained via the
movement of one fiber holder. The main process consists of
two main parts: heating and pulling. The commercial graphite
filament is switched on and set to operate near the glass
transition temperature T, of the zirconium fluoride glass.

Zirconium fluoride optical
fiber with axial offset

Omega-shaped
graphite filament

Fiber holder

Fig. 5. Sketch of the fabrication process: an axially offset zirconium fluoride
fiber segment, clamped in fiber holders, is stretched while being heated by the
graphite filament at a temperature close to the glass transition temperature T,,.

At the same time, the feeding speed is lower than the pulling
speed as to provide the necessary tensile strain to reduce the
optical fiber diameter. The glass transition temperature T, of
the zirconium fluoride optical fiber has been identified by
measuring its viscosity as a function of temperature T with a
parallel plates viscosimeter Theta model Rheotronic Ill. Glass
cylinders with diameter d~ 7 mm and height h,,, ~ 7 mm
were fabricated and employed in the measurement with an
applied load of 50 g. The measurement was performed from
room temperature to T, + 100 °C with a heating rate of 10
°C/min up to T, — 50°C and 3 °C/min up to T, + 100 °C.
The temperature and the sample height were recorded every
50 seconds. The viscosity was then calculated [40]. In
particular, T, marks the point at which the material begins to
soften due to a higher molecular mobility and is identified as
the point where viscosity sharply decreases. Figure 6 shows a
very steep reduction in viscosity beyond T, which confirms
the well-known zirconium fluoride glass fragility, highlighting
that even minor temperature fluctuations around T, can
dramatically alter viscosity and potentially compromise the
drawing quality [41], [42]. To address this sensitivity, precise
temperature control is required for achieving the desired
dimensions and low losses. The temperature at which the glass
is drawn is crucial for the S-taper fabrication but, at the same
time, challenging to be precisely determined, as it depends on
several parameters which include filament power, heating
time, and fiber holding block velocity. Monitoring tension
during the fabrication and analyzing micrographs helps
optimize fabrication parameters, preventing defects like
crystallization, or taper failure.

Viscosity p (logm(Pa X §))

250 260 270 280 290 300 310 320
Temperature T (°C)

Fig. 6. Viscosity u of zirconium fluoride glass as a function of temperature T.

Fig. 7. Longitudinal view of the fabricated zirconium fluoride S-tapered
optical fiber taken via Vytran GPX-2400 CCD camera.
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Figure 7 reports four micrographs of the S-tapered
zirconium fluoride optical fiber longitudinal view taken with
the CCD camera of Vytran GPX-2400. In particular, each
micrograph spans an area of 800 um. A good agreement with
the designed geometry is obtained. Moreover, when
considering soft glasses and especially with fluoride glasses, it
is important to pay attention to the eventual presence of a
grainy texture that indicates that the glass was over softened,
and crystals were formed [43]. By inspecting these
micrographs, it is possible to conclude that a successful
fabrication is obtained. Furthermore, the high-quality
transitions in Fig. 7 suggest heating near the glass transition
temperature Ty,.

V. CHARACTERIZATION OF THE S-TAPERED ZIRCONIUM
FLUORIDE OPTICAL FIBER AND PERFORMANCE COMPARISON

A. Characterization of the S-tapered optical fiber

The experimental setup for the characterization of the
proposed S-tapered zirconium fluoride optical fiber consists of
broadband halogen source Osram 64633 HLX, InSb InfraRed
Associates Inc. detector, and Horiba iHR 550 monochromator.
One end of the S-tapered optical fiber is aligned with the
single-mode zirconium fluoride injection fiber delivering the
broadband halogen source power, the other end with the
detector, in order to monitor the output power. To ensure that
before the S-taper only the fundamental mode is guided, a
long injection fiber was used, coated with a high-refractive
index resin. To radiate all the power guided by the cladding
modes after the S-taper, the same polymer coating, operating
as a cladding mode stripper, is employed, this ensuring the
measurement only of the fundamental mode.

The measured transmission spectrum is reported in Fig. 8. A
maximum attenuation at 1 = 3755 nm is obtained for the
sensor operating in air. Then, the sensor is immersed in
different liquids. After recording the transmission spectrum
for each liquid, the S-tapered zirconium fluoride optical fiber
was cleaned with propanol and dried with compressed air to
restore its original spectrum in air [2]. As it is indicated by
simulations, red shift is obtained when the sensor is immersed
in the measurand substances. The shift increases progressively
from methanol, which has the lowest RI, to propanol, which
has the highest, in agreement with the simulation results
shown in Fig. 2. Also in the measurement, higher attenuation
is obtained for positive changes of the surrounding RI. The
measured transmission spectra for air and the three measurand
substances show slight deviations from the simulation results.
In particular, measured and simulated spectra exhibit almost
the same maximum wavelength shift AA. The measured
attenuation exceeds theoretical predictions. This discrepancy
can be attributed to several factors, including that the
measured transmission accounts for coupling loss and
propagation losses not considered in the theoretical model.
Additionally, surface imperfections or roughness may
contribute to increased scattering losses, leading to higher
attenuation.
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Fig. 8. Measured transmission T(dB) as a function of the wavelength A for
different surroundings, i.e., air (solid line), methanol (dotted line), ethanol
(dashed line), and propanol (dash-dotted line).

B. Performance comparison and discussion

Table | reports a comparison with other literature RI optical
fiber sensor based on a similar configuration. These sensors
are based on silica optical fiber and operate in the near
infrared. It can be noticed that the wavelength shift AA, and
thus, the sensitivity of the proposed sensor is higher than most
sensors, even when based on more complex configurations or
requiring a more expensive or time-consuming fabrication

process.
TABLE |
COMPARISON WITH LITERATURE Rl OPTICAL FIBER SENSORS
BASED ON SIMILAR STRUCTURES

Wavelength Shift AA

Ref. Structure (Rl interval)
[2] Single S-tapered optical fiber (15352 TZZ)
[9] Single S-tapered optical fiber (15355 TZS)
[10] Single S-tapered photonic crystal optical ~12nm
fiber 1+ 1.44)
[11] Long period grating cascaded to S-tapered =~ 13nm
optical fiber (1.333 +1.373)
[29] Single S-tapered optical fiber (1.35,_56}31345)
[44] Single S-tapered optical fiber liquid-sealed =~ 60 nm
in a capillary (1.34 + 1.42)
[45] Single S-tapered optical fiber with silver =~ 55nm
mirror (1.33 + 1.43)
[46] Cascade of two single-mode optical fiber ~—-0.8nm
tapers (1.3515 + 1.36)
[47] Micro-deformed tapered loop optical fiber =~ 65nm
with a ball-shaped optical fiber end (1.3 +1.34)
Non-adiabatic tapered optical fiber with ~16nm
[48] 6 -~ 8 um waist diameter into a fiber loop .
’ ; - (1.338 + 1.351)
mirror configuration
[49] Tapered long period grating (1_3‘18 Il ?7)
Step-index optical fiber spliced on both ~95nm
[50] ends of a tapered ;}?é);(r)mc crystal optical (1.335 + 1.3825)
=~ 47 nm
(1 + 1.3430)
This Single S-tapered ZBLAN optical fiber =33 nm
paper operating in the Mid-IR spectral range (1.3430 + 1.3697)
~ 107 nm
(1 +1.3781)
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It is worth noting that with these sensors, the sensitivity is
not linear and becomes higher when the surrounding RI
approaches the cladding RI. Future work could explore
various zirconium fluoride fiber geometries to achieve more
pronounced dips, enhancing measurement accuracy also to
parity of wavelength shift. Additionally, by utilizing detectors
such as optical spectrum analyzers/spectrometers with very
low minimum detectable power per nanometer, the optical
fiber sensor can be designed and optimized to operate within
the specific wavelength range where analytes exhibit
absorption. This approach would fully exploit the
characteristic molecular absorption peaks in the Mid-IR range.
Such sensors could be fabricated using techniques similar to
those outlined in this paper, enabling the investigation of low
concentrations by leveraging the extinction coefficient k of the
target substances. To conclude, this paper presents an S-
tapered zirconium fluoride optical fiber for sensing
applications, investigating the shift in the output spectrum as a
function of the surrounding RI. The key objective of the paper
is to investigate the feasibility of developing optical fiber
sensors based on fluoride glasses. The related advantages
include: (i) the ability to extend sensing functionality to longer
wavelengths, enhancing sensitivity as discussed in Section II;
(i) the improvement of temperature sensitivity in cryogenic
environments [51]; (iii) the application in molecular
absorption-based spectroscopy; and (iv) the potential
integration of silica and fluoride-based sensors within
multiparameter sensing networks for enhanced compensation
and versatility.

VI. CONCLUSIONS

The paper presented the first zirconium fluoride S-tapered
optical fiber for RI sensing in the Mid-IR spectral range. The
optical fiber sensor has been designed via three-dimensional
beam propagation method, estimating also the shift of the
transmission spectrum dip versus different surrounding
liquids, i.e., methanol, ethanol, and propanol. The S-taper has
been fabricated via glass processing system based on pulling
and graphite filament heating, obtaining good transition
quality and overcoming the glass challenges related to
mechanical fragility, steep viscosity/temperature profile, large
thermal expansion coefficient, and crystallization issues. The
characterization proves the possibility to perform high-
sensitivity Rl monitoring in the Mid-IR, surpassing the
performance of similar sensors based on the conventional
silica glass operating in the near infrared spectral range. A
wavelength shift AA = 107 nm has been measured when
considering propanol instead of air as surrounding
environment, in good agreement with the numerical results.
This work can open new avenues for advanced sensor
technologies and practical applications in real-world scenarios.
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