................... :%, PURPOSE-LED
@ andecmoog” %% PUBLISHING"

JPhys Photonics

PAPER « OPEN ACCESS You may also like

Photonic-digital hybrid artificial intelligence

Mid-infrared fused fiber optics: a fluoride coupler " hardware architectures: at the interface of

the real and virtual worlds

for 5000 nm app| ications Lilia M S Dias, Dinis O Abranches, Ana R

Bastos et al.

. . . . ] - ICRH modelling of DTT in full power and
To cite this article: Francesco Anelli et al 2025 J. Phys. Photonics 7 045010 reduced-field plasma scenarios using full

wave codes
A Cardinali, C Castaldo, F Napoli et al.

- Global evidence that cold rocky landforms
support icy springs in warming mountains
Stefano Brighenti, Constance | Millar,
Scott Hotaling et al.

View the article online for updates and enhancements.

This content was downloaded from IP address 193.204.59.1 on 17/10/2025 at 11:17


https://doi.org/10.1088/2515-7647/adffd1
/article/10.1088/2515-7647/ae0104
/article/10.1088/2515-7647/ae0104
/article/10.1088/2515-7647/ae0104
/article/10.1088/1361-6587/adf774
/article/10.1088/1361-6587/adf774
/article/10.1088/1361-6587/adf774
/article/10.1088/1748-9326/adf07f
/article/10.1088/1748-9326/adf07f

10P Publishing

@ CrossMark

OPEN ACCESS

RECEIVED
3 July 2025

REVISED
25 July 2025

ACCEPTED FOR PUBLICATION
26 August 2025

PUBLISHED
5 September 2025

Original content from
this work may be used
under the terms of the
Creative Commons
Attribution 4.0 licence.

Any further distribution
of this work must
maintain attribution to
the author(s) and the title
of the work, journal
citation and DOL

J. Phys. Photonics 7 (2025) 045010 https://doi.org/10.1088/2515-7647/adffd1

Journal of Physics: Photonics

PAPER

Mid-infrared fused fiber optics: a fluoride coupler for 5000 nm
applications

Francesco Anelli'(?, Andrea Annunziato', Jean Letourneur’, Solenn Cozic’ and Francesco Prudenzano"*

1 Department of Electrical and Information Engineering, Politecnico di Bari, Bari, Italy
2 Le Verre Fluoré, Bruz, France
* Author to whom any correspondence should be addressed.

E-mail: francesco.prudenzano@poliba.it

Keywords: optical fiber coupler, fused biconical taper, fluoride fiber, mid-infrared, soft glass

Abstract

A 2 x 2 optical fiber coupler is manufactured by employing two single-mode indium fluoride
optical fibers enclosed within a low-refractive-index indium fluoride capillary. The design leverages
the finite element method to calculate the phase constants of the x and y polarized components of
the symmetric and antisymmetric supermodes guided through the whole waveguiding region. The
fabricated polarization independent coupler is characterized in the mid-infrared wavelength range
up to 5000 nm, demonstrating about 3 dB coupling at this record-high wavelength. The numerical
investigations show how both the degree of glass fusion and the capillary affect the coupling length
and the coupler sensitivity to the polarization. In particular, for the first time, the influence of the
capillary is investigated and discussed improving the understanding of the coupling phenomenon.
These results pave the way for obtaining optical devices with enhanced performance in applications
such as spectroscopy, medical diagnostics and therapy.

1. Introduction

Optical fiber couplers play a critical role in a wide range of applications serving as a wavelength division
multiplexer/demultiplexer, polarization beam splitter, sensor, etc [1-5]. The commercialized silica optical
fiber couplers are limited by the glass intrinsic absorption, making them unsuitable for applications at
wavelengths exceeding A ~ 2.0 um [6, 7]. The demand for robust and efficient mid-infrared optical fiber
couplers is driven by the unique advantages of these wavelengths, including strong molecular absorption
fingerprints, medical diagnostics, and thermal imaging [8—11]. One of the most employed coupler
fabrication techniques involves laterally fusing and simultaneously stretching a pair of uncoated fibers over a
short length using a high-temperature heater [1, 12]. The same technique can be applied to soft glasses
operating in the mid-infrared, e.g. fluoride and chalcogenide [13]. In particular, developing optical fiber
components with fluoride glass is strongly desirable because of the lower refractive index, larger optical
damage threshold and lower non-linear refractive index than chalcogenide glass [14—16]. Despite recent
advancements in both fluoride [17-19], and chalcogenide glasses [20-22], the development of couplers
capable of operating within the mid-infrared spectral range continues to pose significant challenges. Several
issues remain to be addressed to develop market-ready fluoride couplers, including: (i) the mechanical
fragility of the coupler, which limits its handling [23]; (ii) the challenge of achieving precise control over the
coupling ratio to meet application requirements. Recently, the use of a low-refractive-index capillary in
combination with two multimode optical fibers has been proposed [17]. This is considered a potential
solution to the issue (i) [23]. However, it is crucial to analyze how the introduction of the capillary affects the
electromagnetic modes involved in the coupling process. This can be achieved by examining the impact of
unconventional waist geometry, consisting of both the optical fibers and the surrounding capillary. An
accurate electromagnetic investigation is required to enhance the understanding of the coupling mechanism
and, ultimately, achieve more precise control over the coupling ratio.

© 2025 The Author(s). Published by IOP Publishing Ltd


https://doi.org/10.1088/2515-7647/adffd1
https://crossmark.crossref.org/dialog/?doi=10.1088/2515-7647/adffd1&domain=pdf&date_stamp=2025-9-5
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-3397-224X
https://orcid.org/0000-0001-9347-3218
mailto:francesco.prudenzano@poliba.it

10P Publishing

J. Phys. Photonics 7 (2025) 045010 F Anelli et al

In this paper, a mid-infrared compatible 2 x 2 optical fiber coupler is designed using finite element
method (FEM) and supermode theory, focusing on the impact of fusion degree and capillary thickness on
the performance. The device is fabricated using the stretching and heating technique, inserting single-mode
indium fluoride optical fibers in a custom indium fluoride capillary, which has a refractive index lower than
the cladding refractive index. The employed materials are manufactured by Le Verre Fluoré, Bruz, France. To
the best of our knowledge, this is the first single-mode fluoride optical fiber coupler to be characterized over
a broadband spectrum up to 5000 nm. The fabricated device can boost a wide range of applications,
including mid-infrared sensing, fiber lasers, and medical diagnostics/treatment.

2. Theory of the optical fiber coupling

The most used analytical approach to design a coupler is based on the coupled mode theory, assuming that
the two optical fibers are parallel and interact weakly, via evanescent coupling [24, 25]. Therefore, the modal
solution of the unperturbed waveguide is employed, then considering the influence of the perturbation due
to the presence of another waveguide [26]. Nevertheless, this method is increasingly inaccurate as the
waveguides get closer and smaller, i.e. for strong coupling, and makes it more complicated to analyze the
eventual coupler sensitivity to the state of polarization of the light [2]. In our analysis, the supermodes are
calculated considering the whole cross-section in the coupling section, i.e. waist region, of the coupler [27].
When the adiabatic criterion is satisfied, no higher order modes are excited in the tapered transitions [28,
29]. Based on this hypothesis, the power coupling occurs due to the beating between the symmetric (or even)
and antisymmetric (or odd) supermodes in the waist region of the composite waveguide, formed by the two
optical fibers [30]. The coupling coefficient C for the polarization x/y of the symmetric (+) and
antisymmetric supermode (—) is defined as the half difference between their propagation constants 3
(30, 31]:

5 (27 >‘) - B;/y (27 >‘)

Cx/)’(za)‘) = 2y 2 (1)

The powers at the cross port Pc,/, (A) and at the through port Pr,, () at the output of the device can
be easily calculated for each polarization as [2]:

Pcyy(A) =sin® [ Cy, (z,))dz (2)

Pryy (A) =cos® [ Cyy(2,M)dz. (3)

For a particular geometry, constant along the longitudinal direction z, the coupling length L. (A), which
represents the distance over which full power transfer occurs between the two fibers, is dependent on the
coupling coefficient [31]:

Loy (N) = - (4)

(N =8, T 2xCyy (V)

The coupling takes place along the waist region of the taper, having length L,,. In this analysis, the degree
of fusion f1is a critical factor that must be considered to accurately account for the complex geometry of the
fused region [1].

The degree of fusion f can be defined as [27]:

o 2X1g—de_c
_2><(2—\/§)><rd

where 1 is the tapered cladding radius of each fiber and d._. is the center-to-center distance of the two
optical fibers, in the waist region. In other words, f = 0 (i.e. 2 X rq = d._.) implies tangent fibers, which is
the weakest fusion, and f = 1 determines a single circular cross section with two cores, which is the case
characterized by the strongest fusion. In this model, a coupler can assume any cross-sectional shape between
these two extremes, depending on the fabrication parameters used [1]. Based on material conservation, the
overlapped area is exactly redistributed to the surrounding region by incorporating circular arcs [27], as
illustrated in figure 1 for different degrees of fusion f. In this method, the geometry of the device can be easily
considered using mode solving software based on FEM, finite difference time domain method, beam
propagation method, etc.

f (5)
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Figure 1. Refractive index distribution of the 2 X 2 single-mode optical fiber coupler for different degrees of fusion f, (a) f = 0.1,

(b) f=0.2,(c) f = 0.3.

3. Design of the 2 X 2 indium fluoride optical fiber coupler

In this Section, a symmetrical 2 x 2 single-mode optical fiber coupler with indium fluoride (InF;) glass is
modeled. The device can be fabricated by employing a hosting low refractive index capillary. The design aims
at achieving a 3-dB coupler operating at the wavelength A = 5000 nm. The commercial optical fibers are the
IFG 7.5/125 from Le Verre Fluoré, with core diameter d., = 7.5 um, and cladding diameter dg = 125 ym.
The numerical aperture is NA = 0.3, which guarantees single-mode operation from the wavelength

A >~ 2.95 um. Full vector FEM is employed to study also the eventual polarization dependence. The material
dispersion of the capillary, cladding and core refractive index as a function of the wavelength A is taken into
account [32]. The maximum triangular mesh element size Tp,s = 0.5 um is well below the operating
wavelength \. The tapering ratio TR, defined as the ratio of untapered to tapered diameters, is selected. To
this aim, a single tapered optical fiber is considered under the assumption that both the core-to-cladding
ratio and the refractive indices of the core and cladding remain unchanged. In particular, the tapering ratio
TR = 1.8 is chosen, ensuring that the effective refractive index n.g of the LPy; mode at the wavelength

A = 5um is close to the cladding refractive index n at the same wavelength. This determines a low
confinement of the mode and the possibility to couple to the other optical fiber.

The maximum taper angle {2 (z) has been evaluated taking into account in the calculation the phase
constant of the LPy; and LP;; modes [33]. In particular, considering the wavelength A = 5 um and the
tapering ratio TR = 1.8, the calculated maximum taper angle is {2 = 0.12°, implying tapered transitions
longer than Lt = 1.8 cm.

Then, considering the tapering ratio TR = 1.8, the waist of the symmetrical 2 x 2 single-mode optical
fiber coupler based on indium fluoride glass is modeled, as sketched in figure 1.

In the 2D simulation, the capillary with a thickness t.,, = 25 jum encloses two internal optical fibers
characterized by different degrees of fusion from f = 0.1 to f = 0.3, with a sampling step Af = 0.05. As
outlined in section 2, the degree of fusion f quantitatively describes the extent of thermal merging between
the optical fibers. In this study, only low fusion levels are considered to represent partially merged
configurations where the individual fiber geometries are still largely distinguishable. This choice is motivated
by practical considerations related to fluoride glass. Achieving high levels of fusion typically requires elevated
temperatures; however, fluoride glass is highly sensitive to thermal processing and tends to gradually
devitrify when heated to temperature between the glass transition temperature and the melting temperature
[34-36]. Therefore, low-fusion regimes are both physically realistic and more suitable for preserving the
integrity of fluoride glass during fabrication. For simplicity, the capillary is modeled with two circular and
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Figure 2. Simulated electric field norm |E| (V mfl) of the x and y polarized components of the symmetric and antisymmetric

supermodes calculated at the wavelength A = 5000 nm for degree of fusion f = 0.25, (a) x polarized component of the symmetric

supermode, (b) y polarized component of the symmetric supermode, (¢) x polarized component of the antisymmetric

supermode, (d) y polarized component of the antisymmetric supermode; the red arrows represent the x and y components of the
electric field E.

two straight sections. The simulation is performed from the wavelength A = 2700 nm to A = 5000 nm with a
sampling step AX = 50 nm, considering the dispersion versus the wavelength A of the refractive indices.

Figure 2 reports the electric field norm |E| (V/m) of the x and y polarizations of both symmetric and
antisymmetric supermodes calculated at the wavelength A = 5000 nm for degree of fusion f = 0.25. The
simulation also includes a surrounding air domain with a perfectly matched layer. At A = 5000 nm, the
effective refractive index for the x polarized component of the symmetric supermode (figure 2(a)) is
negs = 1.448428, for the y polarized component of the symmetric supermode (figure 2(b)) is negr =~ 1.448424,
for the x polarized component of the antisymmetric supermode (figure 2(c)) is neg ~ 1.448296, and for the y
polarized component of the antisymmetric supermode (figure 2(d)) is #g ~ 1.448294.

Figure 3 reports the simulated coupling length L. of the x polarized components (solid line) and of the y
polarized components (dashed line) as a function of the wavelength A for different degrees of fusion f. Only
coupling lengths L. < 10 cm are reported, which are more desirable for compactness and for reducing the
fabrication complexity. As expected, the coupling length L. decreases as the degree of fusion fincreases [27].
Moreover, the chosen tapering ratio TR allows an operation that is practically polarization independent.

The influence of the capillary on the coupling phenomenon is investigated for the first time. Figure 4
shows the coupling length L. of the x polarized components (solid line) and of the y polarized components
(dashed line) as a function of the wavelength A for 2 x 2 single-mode optical fiber coupler with degree of
fusion f = 0.25 with and without capillary. The absence of the capillary causes power transfer to occur
sooner. The thickness of the capillary, if larger than a few micrometers, has a negligible influence on the
coupling length L. Indeed, by simulations, the coupling length L. for t.,, = 10 um is practically overlapped
with those for t.,, = 25 um and tc,p = 50 um.

With the considered tapering ratio TR and degree of fusion £, the coupler does not exhibit sensitivity to
the polarization of the modes both with and without the capillary.

Figure 5 shows the power of the through and cross output ports as a function of the waist length L,, when
the input port is excited with x or y polarized light for degree of fusion f = 0.25, capillary thickness
teap = 25 um, and wavelength A = 5000 nm. 3 dB coupling can be obtained for waist length L,, ~ 11.5 mm.

The spectral behavior of the coupler with this waist length value L, is reported in figure 6, demonstrating
that no coupling occurs up to approximately A = 4 um and then, the power of the excited input fiber is
increasingly coupled to the other fiber.
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Figure 3. Simulated coupling length L. of the x polarized components (solid line) and of the y polarized components (dashed
line) as a function of the wavelength A for different degrees of fusion f.
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Figure 4. Simulated coupling length L. of the x polarized components (solid line) and of the y polarized components (dashed
line) as a function of the wavelength )\ for 2 x 2 single-mode optical fiber coupler with degree of fusion f = 0.25, with and

without capillary.
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Figure 7. Cross-section of the indium fluoride low-refractive index capillary.

Although the current design is optimized for operation around A = 5 um, increasing the tapering ratio
TR and/or extending the waist length L,, could enable efficient coupling at shorter wavelengths.

4. Fabrication and characterization of the 2 X 2 indium fluoride optical fiber coupler

Apart from the use of low heating temperature to be very finely controlled for a successful fabrication and the
adoption of the capillary, the manufacturing process is similar to that employed for silica glass based optical
fiber couplers [37]. It can be summarized in the following steps: (i) two segments of IFG 7.5/125 optical
fibers with length L ~ 80 cm are stripped, cleaved and cleaned with isopropanol; (ii) the segments are
inserted in the low-refractive index capillary, whose cross-section is reported in figure 7; (iii) the obtained
structure is mounted on the fiber holding blocks of the glass processing system; (iv) the structure is
pretensioned up to about T = 15 g by shifting one fiber holding block by a few micrometers while leaving the
other fixed; (v) controlled stretching at a pulling speed v = 500 ums~' combined with heating near the glass
transition temperature T, ~ 275 °C, achieved by powering the graphite filament at approximately Pg = 12 W
and by maintaining an argon flow rate F, = 0.35 Imin~!, allow the formation of the fused biconical taper.
During the drawing, an interband cascade laser operating at the wavelength A\ = 3.34 um is injected into one
of the input ports, in order to measure the losses induced during the fabrication process. The overall power
at the output ports is monitored during the process via Thorlabs PM100D console equipped with Thorlabs
S401C thermal power sensor, achieving an excess loss EL < 0.6 dB at this wavelength.

Figure 8 presents a montage of micropictures giving the longitudinal view of the fused biconical taper.
The images highlight carefully controlled gradual transitions in the down-taper and up-taper regions, as well
as the uniform geometry of the waist.
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Figure 8. Montage of longitudinal pictures of the fabricated 2 X 2 single-mode optical fiber coupler, reported with a sampling
step of 1600 pm.
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Figure 9. Measured normalized transmission T of the through and cross ports as a function of the wavelength A when the input
port is excited with unpolarized light.

For the coupling ratio characterization, a setup based on broadband halogen lamp, monochromator,
high-sensitivity InSb power meter, and lock-in amplifier is employed. The light exiting the monochromator
is coupled into a single-mode indium fluoride injection fiber using lenses. The coated injection fiber is
sufficiently long to suppress any cladding modes that may be excited. The other end of the injection fiber is
then aligned with one of the input fibers of the optical fiber coupler by means of a triaxial stage, ensuring
coupling losses below 1 dB. Four measurements are conducted, assessing the power from the two output
ports (i.e. through and cross) when each input optical fiber is excited individually.

Figure 9 reports the measured output powers for the through and cross ports, confirming good
agreement with the numerical design. The measurements demonstrate broadband behavior and a 3 dB
coupling at the wavelength \ ~ 4950 nm. Considering the typical 50 : 50 coupling ratio tolerance of + 6.0 %
(i.e. coupling ratios from 56 : 44 to 44 : 56), the measured bandwidth of the fabricated coupler is about
BW = 200 nm, proving its wideband operation. The slight difference in cross-port power, observed between
the two separate measurements when each input fiber is excited, can be mainly attributed to low signal level
causing increased detector noise.

The optical fiber coupler is then manually cleaved in the waist region to examine the geometry of the
coupling section. The micropicture is shown in figure 10, where two closely positioned optical fibers are
visible, with a degree of fusion close to f = 0.25, inferred by evaluating its geometrical features. It is not
meaningful to focus on the flaws on the right fiber and on the scribe marks on the capillary which are related
to the manual cleaving. Instead, it is important to assess the equal geometrical shape of the two fibers. This
symmetry is further supported by the observation that the coupling is similar for both input ports.

Table 1 reports the comparison of the proposed device with other optical fiber couplers based on fluoride
glass, including both zirconium fluoride (ZBLAN) and indium fluoride (InF3) materials. In particular, this
paper is the only one providing a broadband measurement in the upper transparency limits of the glass. This
is because, even though in [19]. the tungsten lamp Thorlabs SLS202L with wavelength spanning from
A =450 nm to A = 5500 nm is employed, the spectrum was not recorded. Instead, just the overall power was
measured with a Thorlabs S145C integrating sphere photodiode, which is sensitive only in the wavelength
range from A = 800 nm to A = 1700 nm. An advantage of the proposed coupler is its enhanced mechanical
robustness, made possible by the exploitation of the capillary.

7



10P Publishing J. Phys. Photonics 7 (2025) 045010 F Anelli et al

Figure 10. Cross-section of the 2 x 2 single-mode optical fiber coupler in the waist region.

Table 1. Comparison with fluoride optical fiber couplers.

Coupling ratio

References Material Light propagation Tested wavelength (wavelength)

[13] ZBLAN Multi-mode 2000 nm 50 : 50 (2000 nm)
[19] InF; Multi-mode [450,5500] nm 45 : 55 (1700 nm)
[17] InF; Few-mode 3340 nm 73 :27 (3340 nm)
(38] InFs Single-mode 3340 nm 48 :52 (3340 nm)
[18] ZBLAN Single-mode [1500,3000] nm 41:59 (2730 nm)
This work InF; Single-mode [2700, 5000] nm 50 : 50 (4950 nm)

Future work will explore the performance limits of fluoride fiber couplers with respect to their maximum
input power; additionally, the integration of novel 2D materials with fluoride fibers could be also
investigated for ultrafast emission [39-42].

5. Conclusion

A single-mode optical fiber coupler has been accurately designed via full vector FEM and supermode theory.
The complexity of the waist geometry comprising a capillary and two optical fibers with different degrees of
fusion has been taken into account in the simulation. The device has been constructed by means of drawing
under controlled heating in a pure environment to mitigate the hygroscopicity of the fluoride glass and
ensure low losses. The experimental results show excellent agreement with the simulation, proving, for the
first time, a coupling behavior also in the upper wavelength range of transparency of the indium fluoride
glass, i.e. A = 5000 nm. These results are particularly crucial for different mid-infrared applications,
including: (i) in-line fiber lasers; (ii) in-line fiber amplifiers; (iii) ring cavities; (iv) filtering; (v) multiplexing
of representative wavelengths in spectroscopy.
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