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ABSTRACT

This review provides an overview on part of the several recent progresses in mid-infrared optical fiber devices, with a focus on enabling technologies and emerging
applications. The mid-infrared spectral region is of particular interest due to its strong and selective molecular absorption, which is a key element for high-sensitivity
applications such as gas sensing, chemical and biomedical sensing, and environmental monitoring. The paper first outlines the significance of the mid-infrared
wavelength window and its application landscape. Then, it reports the state-of-the-art of mid-infrared optical sources, including those based on nonlinear fre-
quency conversion and fiber laser architectures. Special emphasis is then placed on recent developments in fiber-based components that support the fabrication of
compact, mechanically robust, and alignment-free, all-fiber mid-infrared systems. In particular, fluoride glass fibers, owing to their broad transmission wavelength
range and low phonon energy, have emerged as a practical platform in this area. The review highlights the substantial research efforts devoted to improving the
performance, fabrication, and integration of fluoride fiber technologies, which are expected to play a crucial role in the advancement of next-generation mid-infrared

photonic systems.

1. Introduction

The exploitation of mid-infrared (Mid-IR) electromagnetic spectral
range, which includes wavelengths from 4 = 2.0 ym to A = 20 um, is
nowadays definitely considered an enabling strategy towards novel and
intriguing scientific breakthroughs and, consequently, towards techno-
logically advanced applications [1-3]. Among the application areas,
there are medicine, with laser surgery and diagnostic imaging; chemical
detection; on-site environmental monitoring; remote sensing; industrial
applications as material processing and material science; metrology;
innovative guided optics and free propagation communications. For
these reasons, the Mid-IR optical systems are becoming increasingly
attractive, promising feasible tools to be exploited not only in funda-
mental research but also for practical applications, allowing the
improvement of the quality of everyday life. The disruptive impact
related to the exploitation of this wavelength range is due to several
occurrences/factors which can be included in two main categories.

i) The first factor is the peculiarity of Mid-IR light-matter interaction,
which is characterized by absorption peaks allowing the identifica-
tion of unique fingerprints. This is experimented in a plethora of
materials when irradiated at Mid-IR wavelengths and originated by
the chemical properties of the involved substances. Molecules to be
detected in monitoring systems and more specifically biomolecules,
e.g. proteins, carbohydrates, nucleic acids, and lipids are

characterized by very complex chemical bonds. Due to their
complexity, they uniquely interact with Mid-IR light. The most
important mechanism is photon absorption, causing molecular vi-
brations, rotations, rotational-vibration transitions. These phenom-
ena are related to different mechanisms within the molecules such as
stretching, bending and rotational motions. Therefore, for several
molecules, characteristic absorption spectra can be detected, allow-
ing qualitative and quantitative monitoring [4].

Any Mid-IR monitoring system needs an optical source, better if
tunable in wavelength. Among the sources, there are the quantum
cascaded lasers (QCLs), the inter-band cascade lasers (ICLs), the
Mid-IR Light Emitting Diodes (LEDs), the external cavity coupled
QCL (ECQCL), the vertical external-cavity surface-emitting laser
(ECSEL), the rare earth (RE) doped fiber laser, and the broadband
sources based on non-linear (NL) phenomena as the super continuum
generation (SCG) or the shifting toward longer wavelengths as occurs
in the soliton shifting fiber systems. In the following, rare earth
doped fiber lasers will be considered more in depth.

The optical sources are employed to generate a range of wave-
lengths, interacting with the material samples as contaminated solid,
liquid or gas mixtures or biomaterials. As well known, other funda-
mental parts of the monitoring systems are the transducers. They are
suitable interfaces where the chemical/biological samples or bio-
logical matrices such as urine, saliva, blood tissues, interact with
Mid-IR light, thus obtaining molecular-finger prints. Finally, the
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detecting stage is devoted to recording the intensity/characteristic of
the Mid-IR beam after the light-matter interaction with the sample. It
is followed by a processing unit for signal investigation. Among the
kinds of detectors, there are the indium antimonide (InSb), the
mercury cadmium telluride semiconductor (MCT), the deuterated
triglycine sulfate (DTGS), the quantum cascade (QCD), the pyro-
electric and the thermopile ones [4]. It is schematically illustrated in
Fig. 1.
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The second factor is related to the advances on Mid-IR technologies,
including also the development of glass materials, successfully
employed for the construction of passive devices such as optical
combiners, power dividers, optical gratings, photonic lanterns, op-
tical sensors, offering a new platform towards the construction of all
in fiber devices; to the recent development of high-performance
continuous wave, pulsed and super continuum optical sources; to
the cost lowering of the available on market Mid-IR bulk devices, to
be employed in the measurement set-ups.

Providing an exhaustive panorama on Mid-IR advances is very hard,
due to the large literature production. This review reports only a se-
lection of recent state-of-the-art developments but gives an idea on the
level of interest and potential impact of the topic. It is organized with the
following sections: Sect. 2. Mid-IR Light-matter interaction; Sect. 3. Mid-
IR Imaging; Sect. 4. Recent advances in Mid-IR optical fibers/materials;
Sect. 5. Mid-IR Optical sources; Sect. 6. Key elements for integrated Mid-
IR all in fiber systems; Sect. 7. Conclusion.

2. Mid-IR light-matter interaction

With reference to the Mid-IR light-matter interaction, a number of
solids, liquids and gases are made of molecules exhibiting peculiar ab-
sorption peaks in the Mid-IR wavelength region. The recovering of their
fingerprints enables innovative Mid-IR sensing set-ups which promise
high social impact.

As an example, atmospheric polluting gases such as nitrogen oxides
NOy, sulfur dioxide SO, ammonia NHs, and black carbon BC are present
within urban areas, around landfills and seaports. Their detection is
strongly required to reduce human diseases causing high social costs.
Nitrogen oxides are characterized by Mid-IR absorption peaks typically
around A = 5.26 ym for nitrogen monoxide NO [5], 1 = 3.4um, 1 =
6.2 um, 2 = 13.3 um for nitrogen dioxide NO3 [6,7]. Sulfur dioxide SO2
exhibits typical absorption bands, overall around 1 = 4.0um, 1 =
7.4 ym, and 1 = 8.6 ym [8-10]. Ammonia NHg has multiple absorption
spectra around A=22-23uym and 42=9.0-10.6m [11,12].
Furthermore, other atmospheric molecules such as carbon dioxide CO5
and carbon monoxide CO exhibit characteristic absorption peaks at the
wavelengths 1 = 4.26 ym and 1 = 4.65 um, respectively [13,14].
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With reference to biomedicine, lipids and proteins are associated
with absorptions bands between A = 2.6 ym and 4 = 3.8 um, at different
wavelengths. Particular spectral fingerprints are ascribed, in the 1 =
2.8 — 3.2 ym wavelength band, to protein and water absorption and, in
the 2 = 3.2 — 3.6 um wavelength band, to fatty acids and cholesterol
esters [1].

Differential damage technique based on differential absorption of
different tissues was applied in Ref. [1]. With this technique, biological
tissues can be heated to a temperature lethal to cells by laser radiation in
the absorption band. The samples can be prepared by a specialized
precision cutting instrument, e.g. via microtome technique, to have a
uniform thickness. The adipose tissue exhibits stronger absorption peaks
associated with the fatty acids in the A = 3.2 — 3.6 ym wavelength band
if compared with artery and muscle tissues [1].

Mid-IR imaging is another promising field. In the transmission mode,
micro-spectroscopic imaging has been demonstrated to be feasible in
different cases. Lasers with low power can overcome the large absorp-
tion loss and allow reflectance imaging to a depth of several 10’s or
100’s of pm of thin biotissue layers as blood and lipid ones. The high
brightness/low noise characteristics of optical fiber lasers can lead to
real-time or almost real-time imaging also for Mid-IR in-vivo diagnostics
[15].

Moreover, Mid-IR breath analysis has attracted relevant attention
within the medical community. It has emerged as an efficient approach
for biomedicine diagnostics, thanks to its noninvasive implementation
and its real-time monitoring potential [16-19]. Indeed, human breath,
being a complex mixture of gases such as water vapor, oxygen, carbon
dioxide, nitrogen, and hosting low quantity or traces of about a thousand
molecules, can offer very important information about human health
and can allow scientific investigation into the coming diseases and their
related risks. Indeed, these molecules are generated internally by the
human body or absorbed from contact with the external environment.
Their presence and overall knowledge of their concentration constitutes
a fertile ground for medical diagnostics.

The exploitation of Mid-IR lasers in high-precision surgery is
particularly interesting by generating radiation in the protein absorption
A =6 — 8 um wavelength band, this allowing a strongly reduced trau-
matic approach. The radiation from a pulsed-periodic, Holmium-doped,
yttrium lithium fluoride crystal Ho>*:YLF laser at 4 = 2.051 ym wave-
length was parametrically converted to the Mid-IR, 1 =3—6um
wavelength employing nonlinear ZnGeP;, crystals in Ref. [20].

These emission wavelengths can be nowadays obtained directly via a
number of sources such as ICLs or QCLs. These kinds of lasers are also
exploited for environmental monitoring [21-25]. The strength of the
rare earth doped fiber lasers lies in their high beam quality without the
drawbacks related to further fiber coupling/pigtailing.
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Fig. 1. A schematic overview of the possible light sources, optical fiber sensors and detectors that can be employed for Mid-IR applications.
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3. Mid-IR imaging

Optical coherence tomography (OCT) in the Mid-IR wavelength
range has attracted strong interest during the last decade. This technique
is based on low-coherence interferometry to obtain a two-dimensional
image, via the measurement of optical scattering originated by the
interaction of optical beams with internal biological tissues. OCT is
employed for cross-sectional imaging in biological systems with reduced
invasivity. This technique allows longitudinal and lateral spatial reso-
lutions very useful for actual applications, of the order a few microme-
ters. Moreover, it allows to detect very low reflected beams having
power of the order of 10710 of the incident power level. OCT nowadays
is well known, being demonstrated e.g. in the peripapillary area of the
retina such as in the coronary artery [26]. OCT is a valid technique not
only for diagnostics but also to guide endoscopic laser surgery and find
various excellent non-destructive applications as example in the fields of
cultural heritage protection and industrial inspection [27].

The employment of Mid-IR optical sources, instead of the conven-
tional ones at near infrared wavelengths, allows complementary images,
one dimensional 1D, two dimensional 2D or three-dimensional 3D,
depending on the scanning procedures, at alternative depths with
respect to those obtained at conventional wavelengths of the near
infrared lasers. A schematic of an OCT set-up is illustrated in Fig. 2 [28].
The most common OCT configuration employes the Michelson inter-
ferometer, based on beam splitting the light, e.g. via a 3-dB coupler, part
into a sample arm and part into a reference arm, followed by another
coupler allowing the interference [29]. Alternative configurations may
use optical circulators, ad-hoc designed couplers, or heterodyne optical
detection stages. The starting version was the Time-Domain OCT
(TD-OCT), where the reference arm is mechanically scanned to change
the optical path of the light by displacing the reference arm mirror, thus
obtaining a time-varying delay. Then, the Swept Source (SS-OCT) and
Spectral Domain (SD-OCT) versions have been developed [30,31]. The
former one employes a tunable laser combined with a detector; the latter
employes a broadband light source with a spectrometer at the interfer-
ometer output. More recently, the polarization-sensitive optical coher-
ence tomography (PS-OCT) has been investigated [32]. It is based on the
measurement of the birefringence of the biological tissue. Indeed,
several tissues among which tendons, muscles, cartilages are charac-
terized by specific birefringence degree, due to their sub-cellular fibrous
structures which are arranged in peculiar ways/directions. A damaged
or necrotized tissue exhibits a degenerated/altered structure with a
lowered birefringence, the value of which indicates the degree of tissue
damage. PS-OCT can employ polarization maintaining (PM) optical
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Fig. 2. An example of OCT set-up consisting of five parts that are connected via
optical fiber: a broadband source (e.g. based on MOPA pump laser and fluoride
fiber), a Michelson interferometer, a scanning x-y translation stage, a frequency
upconversion module, and a spectrometer [28].
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fibers [33-35], in this way obtaining polarization maintaining optical
coherence tomography (PM-OCT). This technique can improve image
contrast and detect the distribution of birefringence at higher levels, not
provided by conventional OCT.

In [33], a novel chalcogenide photonic crystal fiber (PCF), made of
glass with composition Ge;pAs22Segs and a transversal section allowing
high birefringence, was designed and fabricated. This PCF exhibited
extinction ratio, near-zero dispersion, low loss, and excellent
polarization-maintaining behavior. To obtain these results, the preforms
were prepared by computerized numerical control (CNC) machine,
operating with high precision, allowing to reproduce the designed
structure very well. The obtained birefringence was of about 10~ at the
wavelength 1 =2pum and 1073 at the wavelength 1 = 4um, the
dispersion of about D = 4 1 ps x nm~! x km~! in the Mid-IR wavelength
region.

The feasibility of the potential applications is also related to the other
PCF characteristics, including, as an example, a minimum loss of about
0.63dB/m at A = 6um, the average bending strength of about
240.73 MPa, the very high ER close to — 17.11 dB. This kind of fiber
could be successfully employed in Mid-IR optical coherence tomography
OCT systems.

4. Recent advances in Mid-IR optical fibers/materials

To achieve low-loss optical transmission, a range of glass matrices
can be employed, including heavy metal oxide glasses (e.g., tellurite and
germanate), non-oxide glasses (e.g., fluorides and chalcogenides), and
silicon core fibers featuring a silica cladding [36,37]. These glasses have
attracted a strong interest as alternative media for the transmission of
optical beams beyond the spectral limits of silica glass that suffers from
strong absorption losses beyond the wavelength A =2 um [38-41].
Fluoride glasses can efficiently guide the light in the Mid-IR wavelength
region, typically up to A = 4.5-5.5 ym and chalcogenide till A = 20 ym
wavelength. The aforesaid transmission windows open the way to a
number of applications. However, both chalcogenide and fluoride glass
present some advantages and drawbacks. Fluoride glasses in comparison
to silica glasses exhibit high sensitivity to moisture, a reduced me-
chanical strength and low thermal stability. These two last aspects have
limited their exploitation. Chalcogenides can be employed at longer
wavelength but generally with higher optical losses and exhibit lower
thresholds to optical damage. However, fluoride glasses are character-
ized by having wider bandwidth than that of silica glasses, lower
attenuation than that of chalcogenides in the 1 = 2-5 ym wavelength
range and can host rare-earth dopants with high solubility degree for
active fiber applications [20]. The fabrication of chalcogenide and
fluoride optical fiber requires the employment of high-purity raw ma-
terials and accurate handling procedures to minimize crystallization and
reduce the losses. Furthermore, germanate glasses constitute promising
media to obtain active devices operating in the Mid-IR, due to their high
rare-earth solubility, low phonon energy approaching that of fluoride
glasses, ~ 900 cm™! for germanate and ~ 500 cm™ ! for fluoride, and
high damage threshold, which also justifies its use for endcapping in
high-power lasers [36,42,43]. For instance, germanate-tellurite glass
doped with Er** has allowed emission at the wavelength A = 2.7 ym
[44], while Tm>*-doped germanate fibers have been investigated for
emission in the eye-safe band around A = 2.0 yum [45,46]. Table 1 pre-
sents a comparison summarizing some key physical and optical prop-
erties of silica and of the glasses capable of transmitting in the Mid-IR
range [40,47-56]. The listed values are typical ones, as the precise
values depend on the specific composition and elemental concentrations
within each glass.

Recently, large progress has been made in the development of optical
fiber Mid-IR components and devices. The recent technology allows the
construction of single-mode and multimode fibers; Mid-IR optical
sources and amplifiers obtained by rare-earth doping chalcogenide or
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Table 1
Typical parameters of Mid-IR optical fibers.
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Glass Refractive index Transparency range fiber Glass transition temperature Thermo-optic coefficient dn/dT Thermal expansion coefficient a
@ 1.55 um T,

Silica 1.44 [40] 0.2 — 2.1 um [40] 1200 °C [51] 12 x 10791/ °C [51] 0.55x10°°1/°C [51]

ZBLAN 1.49[40] 0.5—4.5um [51] 265°C [51] -14.75x10°°1/°C [51] 17.2x107%1/°C [51]

Indium Fluoride 1.48[53] 0.5 — 5.5 um [53] 275°C [53] ~—-12x107°° 1/°C [53] 18 x 107 1/°C[53]
Germanate 1.83[52] 0.3 — 6 um [54] 390 °C [54] 9x10°° 1/°C[52] 109 x 10°° 1/°C[52]
Tellurite 2.03[40] 0.5 — 4.5 um [40] 305 °C [48] ~16.4 x 107 1/°C [55] ~16 x 107°1/°C [49]

As2S3 2.5[40] 1.0 — 6.0 um [40] 187 °C [56] 9x107°1/°C [50] 25x107°1/°C [50]

AsySes 2.9[40] 1.5 —9.0 um [40] 193 °C [47] ~32x107°1/°C [47] 22 x107°1/°C [47]

fluoride fibers; supercontinuum generation by exploiting the non-
linearities overall in chalcogenides; the construction of fiber Bragg
gratings (FBG), long period gratings (LPG), specialty fiber components
designed for astronomical applications, and interferometric sensors
[39-41,57].

However, further progress is still required to find on the market
several of the Mid-IR optical fiber systems promised by the research
investigation. As an example, a complete procedure standardization via
well-defined fabrication protocols of splicing techniques, with the aim of
obtaining high quality, low-loss, high-feasibility fiber connections is still
challenging for fluoride glasses. Moreover, a set of key devices are
required for the construction of actually operating Mid-IR systems. For
instance, Mid-IR optical isolators, useful to protect optical systems from
back reflections; fiber combiners and couplers to be employed in com-
plex optical circuitry; tapered fiber and LPG for sensing; FBG as mirror to
be integrated in optical fiber laser cavity, remain all intriguing research
topics. True commercial and industrial applications need the integration
of active Mid-IR fibers in systems requiring strong improvements in
thermal handling, long-term operational stability, mechanically robust
packaging.

5. Mid-IR optical sources
5.1. Mid-IR sources based on non-linear phenomena in optical glasses

Environmental, structural and human health monitoring often needs
optical systems based on optical fibers and optical sources handling wide
range of wavelengths, as seen for OCT imaging technique. Despite the
impressive literature production, for shortness, only few Mid-IR sources
based on NL phenomena are here recalled as examples, with reference to
the recent literature.

By exploiting the transparency properties of silica, fluoride, and
chalcogenide based NLFs, Mid-IR supercontinuum generation can be
efficiently obtained via a cascade nonlinear fibers (NLFs) [58-60]. In
particular, these glasses can provide nonlinear and dispersion behavior
in different regions. The transparency spectral region of chalcogenide
includes that of fluorides and the transparency spectral region of fluo-
rides includes that of silica. Thus, a collective transparency behaviour
can be imagined for a system made by the cascade of three different
optical fibers. A short pump pulse, having duration of
nanosecond-to-picosecond is delivered into a first silica NLF. The pulse,
due to the modulation instability splits into thousands of fundamental
solitons. These fundamental solitons have short durations and high peak
powers. In this first stage, a first soliton self-frequency shift (SSFS) oc-
curs. In the second fluoride NLF, solitons are in the anomalous disper-
sion regime and, through a fission mechanism, generate several
fundamental solitons. In this way, a further SSFS is obtained. As a
consequence, at the output, a high number of solitons, spread in time
and wavelength are obtained. This mechanism allows to achieve a
supercontinuum generation (SCG) characterized by having a broad and
flat spectrum. In Ref. [61], a pump pulse at a wavelength 1 = 1.94 yum
with an energy of 10.6 nJ was sent in the first silica fiber stage providing
tunable solitons at longer wavelengths up to 4 = 2.14um. A ZBLAN NL

fiber was employed as second stage, providing solitons at the wave-
length of 4 = 2.52 ym. The chalcogenide fibers provided the third SSFS
providing solitons at the wavelength of 1 = 3.28 ym. The set-up
employed for this experiment is illustrated in Fig. 3.

An alternative technique to obtain optical sources of actual interest is
based on the Stimulated Raman scattering of chirped ultrashort pulses in
gas-filled hollow-core (GFHC) fibers. Recently, Raman gas filled laser
(GFL) for emission of nanosecond pulses at wavelengths up to 1=
4.42 ym have been reported in literature [62-67]. The strength point of
this technique is the capability to obtain a direct wavelength conversion
of easily available near-infrared pulsed lasers outputs directly into the
Mid-IR wavelength region. In Ref. [62], Stimulated Raman scattering
obtained via chirped picosecond pulse at the wavelength 2 = 1.03 um in
a hollow-core fiber filled with Hydrogen/Deuterium (Hg-D2)
gas-mixture is reported. A Mid-IR gas fiber Raman laser providing
emission at the wavelengths of 2.68 ym, 3.23 ym, 3.9 ym,4.08 ym and
supercontinuum generation with spectral covering up to A = 4.2 yum was
demonstrated. Moreover, a high-power Mid-IR Raman laser with a
tunable wavelength range from about A =2850nm to about 1=
2920 nm was obtained in Ref. [68] by employing a D, deuterium-filled
hollow-core fiber. The pump beam at the wavelength 1 =1545nm
was provided by a tunable high-power pulsed erbium-doped fiber
amplifier. A very high average power of about P =6 W was demon-
strated with a conversion efficiency of about = 14% with respect to the
output power of the pump source.

The exploitation of SCG technique is of strong interest not only for
OCT applications but also for more conventional monitoring approach
as the evanescent field sensing. This explains the recent strong interest
and the related large literature production [58,69-76]. Different NL fi-
bers have been investigated obtaining interesting results, sometime to be
better evaluated by considering the SC power stability, as example
corresponding to the root-mean-square (RMS) of the power in a fixed
operation time. In Ref. [58], a SC laser was obtained with a piece of
chalcogenide fiber (AsySs/AsySes) pumped at the wavelength 4=
1.56 um by a Master Oscillator Power Amplifier (MOPA) system and
covering the spectral range from 1 = 1.5 ym to 4 = 10.5 ym, providing a
very good stability measured for a week with 8-9 h operation daily. In
Ref. [69], a piece of ZBLAN fiber was employed for obtaining a flat
spectral range from 4 = 1.9 umto A = 3.68 um, as illustrated in Fig. 4. In
Ref. [70], a high-power flat Mid-IR supercontinuum source was obtained
by employing a piece of Ultra-High NA Silica Fiber UHNA7 fiber which

Dispersion
Polarization compensating Tm-doped
Seed Laser controller fiber fiber
__M_ WDM S.|I|ca non-
linear fiber
coupler
Tapered chalcogenide ZBLAN non- —_—
non-linear fiber linear fiber Long pass and neutral

density filter

Fig. 3. Scheme of a set-up used for wavelength conversion via the exploitation
of silica, fluoride and chalcogenide cascade [61].



F. Anelli et al.
Double cladding 4 x pump laser .
Pump Laser Tm-doped fiber ZBLAN fiber
<ot La=: Combiner Isolator E/Comblner Endcap

Fig. 4. Scheme of a set-up used for achieving spectrally flat Mid-IR super-
continuum pumped via 2 yum noise-like pulse MOPA [69].

was pumped by 1.9 — 2.6 ym supercontinuum laser. The obtained source
has exhibited a light spectrum from 1 = 1.77 ym to A = 3.31 um wave-
length and a maximum average output power of about P = 12 W. This
result was reached by optimizing the seed pulse parameters and the NL
fiber length, thus obtaining a SC source providing high-power and
flatness based on a low GeO, doped fiber.

5.2. Rare earth doped optical fiber lasers

Rare earth doped optical fiber lasers in Mid-IR are challenging and
constitute a hot topic for research and industry. Those based on fluoride
and chalcogenide fibers can enable long wavelength emission, high
optical gain, and high beam quality [77,78]. Although chalcogenide
glasses allow excellent Mid-IR transparency, i) the reflection losses in
free propagation at fiber end facets, due to high refractive index, and ii)
the propagation losses in some bands, such as around 4 = 4 um, can
limit their employment for some specific applications [79]. As a possible
alternative, fluoride-based optical fibers, particularly ZBLAN and fluo-
roindate, have been investigated. Their low phonon energy, reduced
attenuation, and low nonlinear properties make them promising can-
didates for Mid-IR lasing in active fibers [80].

Fig. 5 shows the schematic of a typical optical fiber laser. The
pumping light is delivered via a pump combiner, into the inner cladding
of the rare-earth doped optical fiber. The multiple fiber section allows to
increase the pump power level. The laser cavity is obtained by means of
FBGs, spliced to the active fiber. In the last section, the laser high quality
beam is delivered for its exploitation.

Several experimental Mid-IR spectroscopical studies and laser de-
signs, have predicted the potential of devices when based on fluoride
fibers, highlighting the possibility of achieving stable laser emissions
and efficient amplification in this spectral region. This is also confirmed
by a number of laser fabrications reported in literature. Various rare-
earth ions, including erbium (Er3+), dysprosium (Dy3+), holmium
(Ho®"), thulium (Tm3"), and praseodymium (Pr®"), exhibit character-
istic emission bands in the Mid-IR, covering wavelengths from approx-
imately A =2pumto A =5 um.

Fig. 6 reports the main Mid-IR emissions in rare earth ions, under
different pumping conditions, for fluoride fibers. The secondary pump-
ing wavelength, for dual-pumping schemes, is depicted in blue, while
cascade lasing is reported in orange. It also reports multiphonon decays
(MP) and the main second order phenomena, i.e. cross-relaxation (CR),
energy transfer upconversion (ETU).

Pump section

( Pump laser \

pump
combiner

Active fiber Deliveryfiber

splicing

4s Laser
Q @
: -~ | — —
FBG FBG 2,
A (high reflectivity (low reflectivity
G, e iror @
light I

| S

FBG: Fiber Bragg Grating

Fig. 5. Scheme of a fiber laser.
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5.2.1. Emission between 2 ym and 3.5 ym

To achieve emission at 1 = 2 ym and beyond, different rare earths
can be considered as dopants. As an example, Tm>" ions, when incor-
porated into fluoride fibers, enable lasing near the wavelengths 1 =
1.9 um, CF4—3Hg) and 1 = 2.3 ym, (*H4—3Hs). In Ref. [81], a Tm:
ZBLAN has been pumped by a tunable Ytterbium (Yb) fiber laser around
A =1.05pum to generate output power P = 1.24 W, in the wavelength
range 4 = 2269 — 2282 nm with a slope efficiency of # = 37% in the
quasi-continuous-wave regime.

Strong Mid-IR emission in the wavelength range 1 = 2.7-2.9 ym can
be obtained by considering erbium-doped fibers due to transition
“Ijyjy— *I13), in Er*":ZBLAN and Er**:InFs, under 4 = 980 nm excita-

tion [82-86]. It is one of the most investigated transitions thanks to the
commercial availability of pumping laser diodes in the range 1 = 975 —
980 nm. To increase the system efficiency, cascade lasing schemes have
been investigated, involving the transitions “I,; 12~ I /> for the emis-
sion at the wavelength A = 2.8 ym and *I,3,— I, , at the wavelength
4 =1.6 ym [82].

Thanks to the Excited State Absorption (ESA) phenomenon
I3/~ *Iy )5, pumping at 2=1.7 ym can be considered a feasible

alternative to pumping at the wavelength 1 = 980 nm, allowing the
slope efficiency of about 7 = 23.7% [83]. As an alternative, a fiber laser
based on a Er:ZBLAN glass, under dual pumping at the wavelengths 1 =
976 nm and 1 = 1.7 ym has been fabricated to achieve total slope effi-
ciency n = 33% [84].

Similar emission wavelength around A = 2.86 ym can be also ob-
tained by exploiting Ho®>-doped fibers, via a pump at the wavelength
4 = 1150 nm. To improve the slope efficiency, dual-pumping techniques
at 1 = 1642 nmand A = 1976 nm or Ho®>*/Pr3* co-doping solutions have
been successfully explored [87,88]. Both approaches aim to produce a
stronger self-circulatory system in comparison with the conventional
Ho®*-doped 1=1150nm single-wavelength pumping system.
Dual-pumping excitation, at the wavelength A = 1976 nm, and 1 =
1642 nm, in a Ho3+-doped fluoroindate fiber has enabled output power
P = 1.65W, with slope efficiency n =53.7 % with respect to the
launched pump power at the wavelength 4 = 1642 nm and an overall
optical efficiency of 5 = 33.3 %. Moreover, this dual-wavelength
pumping scheme suggests the possibility to create A = 3.9 ym and 1 =
2.9 um cascade lasers in lightly Ho>* doped fluoroindate glass fiber [88].
Other literature investigations have demonstrated Dy>*-doped ZBLAN
fiber lasers tunable from the wavelength A = 2.8 ym to A = 3.4 um when
pumped at the wavelength A = 1.7 um, achieving output powers up to
P =170 mW with a 5 &~ 21% slope efficiency [89]. Dy:ZBLAN has been
employed also to obtain emission at 4 = 3.2 ym with high output power
and slope efficiency [90,91]. For emission around A = 3.44 um,
erbium-doped fibers have been investigated, due to the transition
*Fy)y— *Iy),- A tunable laser in the range 2 = 3.25 — 3.91 ym has been

proposed in erbium-doped fluoroindate fibers, by exploiting the same
transition and pumping at A = 635 nm [92]. Simulation results show
emission bandwidth BW = 659 nm, obtained for the laser with a low
threshold, Py = 25mW, with the maximum output power is P =
15.5 mW. The same transition in erbium-doped fluoride fibers has been
considered for the design of ultrafast pulsed lasers, with stable femto-
seconds pulses at a the wavelength A= 3.4 um [93]. Moreover, a
dual-pumping scheme at both A = 974 nm and 1 = 1976 nm has been
proposed to increase slope efficiency [94-96].

Co-doping strategies have been employed to mitigate non-radiative
losses in oxide glasses and enhance emission efficiency within the
near- and lower-mid-infrared range.

Among the most common co-doped systems is Yb>*/Er®*, where
Yb3* serves as a sensitizer absorbing pump light around 980 nm and for
energy transfer to Er>* ions, which can emit near 1.5 pm and, with
proper energy management, around 2.7-2.9 pm via the ‘I ; /2 -1, /2

transition. This strategy enhances pump absorption and suppresses ion
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Fig. 6. Main Mid-IR emissions in rare earth-doped fluoride fibers with different pumping schemes: (a) holmium, (b) erbium, (c¢) thulium, (d) dysprosium, (e)
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secondary pumping (blue solid arrows), and cascade lasing (orange solid arrows).

clustering, with increased pump-to-signal efficiencies around 34-37 %
[97]1. Er®t/Cet/Yb3t triply-doped bismuth borosilicate glasses
leverage ce® to suppress up-conversion, improve mid-IR emission ef-
ficiency, and broaden bandwidth [98]. In tellurite and bismuthate
glasses, for which the phonon energies are lower than that of the silica
glasses, co-doping combinations such as Er®*/Tm>t or Ho>*/Yb®* have

been used to facilitate cascade lasing and broaden the gain bandwidth.

In non-oxide low-phonon hosts like chalcogenide and fluoroindate
glasses, deeper mid-IR transitions become feasible. Pr*/Dy** co-doping
in selenide-chalcogenide fibers, when pumped at 1320-1700 nm, has
permitted to obtain ultra-broadband photoluminescence spanning 2-6
pm, with spectral shaping achieved via pump wavelength selection [99].
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Similarly, Pr>t/Ho>" systems, pumped near 1 pm, enable efficient
emission beyond 3 pm range [100].

Fig. 7 summarizes some important achievements obtained in Mid-IR
continuous wave (CW) lasers based on fluoride fibers, emitting between
A=2pumand A = 3.5 um, taking into account output signal power and
slope efficiency.

5.2.2. Emission between 3.5 ym and 5 ym

H03+—doped fibers can be exploited for emission till A = 3.9 um,
considering the transition °Is —°Is. To this aim, fluoride fibers have been
widely investigated. Recently, an all-in-fiber CW laser has been fabri-
cated, reaching the output power P =1.7 W at the wavelength 1 =
3.92 ym when pumped at 1 = 888 nm. It is based on a heavily-doped
double-cladding fluoroindate fiber and integrated FBGs to obtain the
laser cavity. The obtained slope efficiency was n =9.2 % and input
power threshold Py =30 W [101]. Based on the same fiber, a
gain-switching pulsed laser has been proposed via simulation, predicting
output peak power P2* = 14.62 W with repetition rate f = 100 kHz
[102]. With the aim of increasing the slope efficiency and reducing the
input pump threshold, other dual-pumping or co-doping strategies have
been investigated. As reported in Fig. 6, a second pump at the wave-
lengths 4 =976 nm or 1 = 1660 nm have been proposed [103-105].
Co-doping with neodymium has been explored under pumping at 1 =
808 nm. Thanks to energy transfer (ET) phenomena, the
self-termination of the transition °Is—°I; was avoided, allowing the
slope efficiency to increase up to 5 = 16.67 % and reducing the input
power threshold to Py = 0.2 W [105].

Recently, by considering dual pumping at A = 1660 nm and 1 =
1945 nm, a CW laser based on Ho:InF3 has been simulated, reducing the
input power threshold to Py = 1.6 W [106].

An alternative for emission at the wavelength A = 4 ym lays in
praseodymium-doped fluoroindate fibers, by considering 3F; — °Hg
transition, under near-infrared excitation at 4 = 1550 nm. This possi-
bility has been explored via simulation in Ref. [107]. Also co-doping
solutions have been investigated for emission at 4 = 3.6 ym. By
exploiting the 1G4 —3F, transition in ZBLAN fibers, it is possible to
pump the system at 4 = 970 nm. Moreover, Dy>*-doped fluoroindate
fiber lasers have been designed for emitting at wavelength 1 = 4.4 um,
when pumped at 1 = 1.7 ym [108,109], showing slope efficiency # ~
27 % and high pump power threshold Py =~ 30 W, for the CW laser with
cascade emission at wavelengths A = 3.3 um and 1 = 4.4 um.

Fig. 8 summarizes some important advances obtained in Mid-IR CW
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Fig. 7. Some important achievements obtained in Mid-IR CW lasers based on
fluoride fibers, emitting between 4 = 2 ym and A = 3.5 um.
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Fig. 8. Some important advances obtained in Mid-IR CW lasers based on
fluoride fibers, emitting between A = 3.5 ym and 1 = 5 ym.

lasers based on fluoride fibers, emitting between 4 = 3.5uym and 1 =
5 pum, taking into account output signal power and slope efficiency.

6. Key elements for integrated Mid-IR all in fiber systems
6.1. Optical fiber combiners

Optical fiber combiners play a crucial role in enabling power scaling,
spectral beam combining, and the delivery of multiple pump sources
into a single rare-earth doped fiber. The ability to efficiently combine
multiple pump or signal sources through a compact and low-loss optical
fiber combiner is essential for achieving the high output power and
beam quality required by practical systems [110]. In other words, the
use of the optical fiber opens the door to scalable Mid-IR fiber systems,
enabling both wavelength and power scaling without relying on bulky
free-space optics or complex alignment-sensitive components. However,
fabricating combiners based on fluoride glass presents numerous diffi-
culties, due to the need for precise tapering and fusion splicing tech-
niques that allow to preserve the integrity of the soft glass material
[111].

The most widely employed fabrication method for silica fiber com-
biners is the fused taper technique, illustrated in Fig. 9 [112]. The
process begins with the cleaving of segments of the input fibers, which
are then inserted into a low refractive index silica capillary tube. The
capillary acts as a structural support, ensuring uniform tapering. The
entire assembly is locally heated using a resistive filament, a flame or a
CO4, laser. As the assembly softens, it is pulled to create a fused biconical
taper. This technique can also be employed for the fabrication of com-
biners based on fluoride fibers; however, several critical differences
must be considered due to the inherent properties of fluoride glass.
Unlike silica, fluoride glasses are significantly softer, have lower melting
points, and are much more sensitive to thermal and environmental
conditions. As a result, the fabrication temperature must be carefully
reduced to avoid crystallization or structural damage [113]. Moreover,
the processing window for each fabrication parameter, such as heating
rate, and pulling speed, is considerably narrower than those employed
for in silica-based fabrication. This makes the fluoride fabrication pro-
cess far more delicate and requires precise thermal control and a highly
controlled environment to ensure reproducibility in the geometry and in
the optical performance.

Despite these challenges, a fully fluoride-based fiber combiner has
recently been realized, marking a significant advancement in Mid-IR
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Fig. 9. Illustration of the optical fiber combiner fabrication process: multiple
optical fibers are inserted into a glass capillary; a fused biconical taper is formed
through precise heating and stretching; the output port is created by cleaving
the taper at its narrowest (waist) region.

fiber technology, although it has not yet been tested under high-power
operation [114]. In this demonstration, three multimode step-index fi-
bers were precisely arranged within an indium fluoride glass capillary.
The assembly was uniformly heated using a graphite filament and
tapered to form a smooth, low-loss transition from three multimode
inputs to a single multimode output. The fabrication was carried out
using a Vytran glass processing system. Both numerical modeling and
experimental measurements were conducted to validate the device
operation across a broad spectral range, extending up to 4 = 5.00 ym.
The measurement confirmed the expected flat spectral response. This
component not only unlocks new possibilities for power scaling and
system integration but also serves as a critical enabler for in-band
pumping strategies, which are essential for maximizing efficiency and
aiming at lasing at longer wavelengths.

Moreover, fluoride fiber combiners hold significant promise not only
for the development of all-fiber high-power laser systems but also for
advanced Mid-IR sensing applications. Recently, a fluoride-based fiber
combiner has been employed to merge two distinct Mid-IR wavelengths,
i.e. A =4234 nm and 1 = 5263 nm, targeted for the detection of carbon
dioxide (CO3) and nitric oxide (NO), respectively, using quartz-
enhanced photoacoustic spectroscopy (QEPAS) [25]. In the setup, the
combined laser beams were delivered thanks to the fluoride combiner
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into a compact commercial acoustic detection module equipped with a
fiber-coupled input. This architecture enabled a fully integrated,
plug-and-play sensing platform with high sensitivity. The results showed
enhanced detection capabilities, reaching limits of 13 ppm for CO, and
4 ppm for NO at an integration time t = 10 s.

When all-fluoride fiber combiners need to be pumped using visible or
near-infrared laser sources delivered through standard silica fibers, a
hybrid connection between silica and fluoride fibers becomes necessary.
In such cases, a silica-to-fluoride optical fiber splice can be employed to
bridge the material gap [115,116]. A recent study has explored the
feasibility of this approach, evaluating the mechanical robustness of
splices between silica and fluoride fibers [117]. It is worth noting that
the significant differences in the glass transition temperature T, make
direct tapering of silica and fluoride fibers inside a capillary unfeasible.
Consequently, additional techniques must be employed to obtain pump
delivery via silica fiber in a rare-earth doped fluoride optical fiber.

A new strategy for delivering pump light has been realized through
the design of an end-coupled hybrid fiber combiner linking silica and
fluoride fibers [118]. This device merges a tapered silica fiber for pump
input with a double-clad fluoride fiber used for signal amplification. The
system achieves around 90% coupling efficiency when powered by a
multimode laser diode. The hybrid combiner has been successfully
tested in Mid-IR platforms such as ultrafast fiber lasers and broadband
supercontinuum sources.

An alternative technique employs side-coupling to inject pump light
into fluoride-based double-clad fibers, achieving up to 93% coupling
efficiency and supporting power levels near P =100 W at A = 981 nm
[119].

This method bypasses the challenges of direct splicing between silica
and fluoride fibers by using a tapered, coreless 125 um silica fiber that is
helically coiled around the fluoride fiber outer cladding. Light is coupled
through the evanescent field, eliminating the need for complex fusion
processes. Operating under passive cooling, this configuration has
exhibited stable performance in both undoped and erbium-doped fluo-
ride fibers, maintaining continuous operation for several hours at pump
powers P =91 Wand P = 44 W, respectively.A further advancement in
hybrid coupling is found in evanescent-wave coupling via side-polished
fiber geometries [120]. This approach utilizes D-shaped fibers formed by
precision polishing of both silica and erbium-doped ZBLAN fibers. By
aligning the flat surfaces with micrometer-scale accuracy and using
refractive index matching along with thermal control, the researchers
achieved pump coupling efficiencies of about 80% at A = 980 nm. The
optimal polishing depths were empirically tuned, yielding interaction
regions approximately 111 ym wide for silica and 352 um for the active
fluoride fiber. Detailed profilometry confirmed that surface finish plays
a key role in enhancing power transfer across the interface.

6.2. Optical fiber coupler

Despite the inherent challenges posed by the thermal processing of
fluoride glasses, including their propensity to crystallize, narrow tem-
perature windows for processing, hygroscopicity, low glass transition
temperatures, and mechanical fragility, significant progress has been
achieved in the fabrication of fluoride-based optical fiber couplers with
multimode, few-mode, and single-mode fibers.

One important advancement lies in the fabrication of multimode
step-index indium fluoride fiber couplers, where a customized setup,
featuring precise temperature control within +1°C and a controlled ni-
trogen atmosphere, enabled a fast-tapering process [121]. This method
effectively balanced the delicate viscosity and temperature parameters
to avoid fiber melting and crystallization while maintaining mechanical
stability during fusion and tapering steps. As a result, the process yielded
fused couplers exhibiting low excess loss of only EL =0.35dB at a
wavelength of 1 = 1.7 um, with a coupling ratio of approximately CR =
45 : 55.

In the single-mode regime, the first demonstration of optical fiber
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couplers fabricated from ZBLAN fluoride glass fibers used a controlled
multiple-sweep tapering technique that allowed for high reproducibility
in fiber geometry and minimized bulk crystallization [122]. These
ZBLAN couplers achieved coupling ratios up to CR =41 :59 at the
wavelength A = 2.73 ym, with an excess loss EL = 2.5 dB. The charac-
terization was performed over a broad spectral wavelength range from
A=15um to A = 3.0 um. Long-term tests showed that these devices
maintained chemical stability in atmospheric ambient conditions for
more than 90 days, this highlighting their robustness for practical
deployment outside laboratory environments.

The first 2 x 2 optical fiber coupler using few-mode indium fluoride
fibers, with enhanced mechanical handling enabled by a capillary
structure, was designed using coupled mode theory and fabricated via
fused biconical tapering on a conventional Vytran GPX-2400 glass
processing system [123].

The obtained device demonstrated excellent agreement between
experimental performance and theoretical predictions, achieving a
coupling ratio of approximately CR = 70 : 30 and an excess loss as low
as EL=0.9dB at 4 = 3.34 ym. Fig. 10 illustrates the fused biconical
taper region of a fluoride fiber coupler, produced through this capillary-
assisted fabrication technique.

The first polarization-dependent optical fiber coupler based on
ZBLAN fibers was recently demonstrated [124]. This device exhibited
polarization extinction ratios PER = 2.5dB at the through-port and
PER = 4.0 dB at the cross-port, alongside a coupling ratio CR = 73.5:
26.5 under unpolarized input light and a low excess loss EL = 1.47 dB at
the wavelength 2 = 1.918 pm. Remarkably, the coupler supported op-
tical powers P =320 mW without damage, highlighting its optical
robustness. By exploiting its intrinsic polarization sensitivity, the
coupler was integrated into a nonlinear mode-locking scheme, enabling
the fabrication of an all-fiber Mid-IR laser. This system produced stable
fundamental soliton pulses with durations of approximately 1.83 ps at
A = 1.918 um, demonstrating the coupler effectiveness as a key func-
tional component in nonlinear Mid-IR photonic architectures.

These developments underscore the growing maturity of fluoride
fiber coupler technology, which now enables the fabrication of low-loss,
high-performance components tailored for specialized applications.

6.3. Photonic lantern
Significant advances have been reported in the development of Mid-

IR photonic lanterns based on indium fluoride fibers, which have
promising applications in fields such as astrophotonics, thermal imag-
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Fig. 10. Fused biconical taper showing the outer shape of the indium fluoride
capillary, enclosing two indium fluoride optical fibers.
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ing, and Mid-IR communications [125-127]. The fabrication process
usually closely follows the fused biconical tapering technique, tradi-
tionally used for fiber combiner. An example of the multimode end-face
of an indium fluoride photonic lantern, comprising seven identical fiber
cores, is illustrated in Fig. 11. Another photonic lantern has been con-
structed from two single-mode fibers and a few-mode fiber, designed for
mode-selective operation at the wavelength 4 = 3.34 ym [128]. The
device leverages the different optical properties of constituent fibers to
achieve mode-group selectivity, allowing excitation and low-loss prop-
agation of the fundamental LPy; mode as well as the even and odd LP;;
modes, with experimentally measured insertion losses below 1.3 dB and
1.7 dB, respectively. The tapering procedure is meticulously controlled
under an argon atmosphere to mitigate the hygroscopicity of fluoride
glass and to prevent surface crystallization and impurity-induced
nucleation.

The taper angle and length are optimized to satisfy adiabatic con-
ditions, with a down-taper length of approximately Lg = 25 mm and an
average taper angle of 0.41°, ensuring minimal mode coupling loss and
maintaining the integrity of mode transitions through a decaying-
exponential taper profile.

In a complementary study [129], the indium fluoride mode-selective
photonic lantern has been exploited to obtain a highly efficient, trans-
verse offset-tolerant coupling, mechanism in single-mode fiber. Light is
coupled in the multi-mode end of the device and then univocally guided
by the fiber with the largest normalized frequency V. This structure
employs three single-mode fibers with carefully optimized core di-
ameters and an outer capillary diameter of 400 um to realize
mode-selective excitation at A = 3.34 um. Efficiency is directly related to
two key aspects: matching the fundamental mode profile of the
multi-mode end to the input beam and minimizing taper-induced losses
during the fusion process. The investigation reports a measured coupling
efficiency n = 47%, highlighting the effectiveness of the design.

Increasing the number of fibers in the bundle (e.g. seven fibers) can
improve the cylindrical symmetry of the beam at the multi-mode end
and the coupling efficiency but it adds fabrication complexity and
challenges in maintaining uniformity across the fibers.

Fig. 11. Cross-section at the multi-mode end of an indium fluoride photonic
lantern based on seven identical optical fibers.
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6.4. Fiber gratings

The phase-mask method is among the most established and reliable
techniques for inscribing FBGs. In this approach, a cylindrical lens forms
the incoming laser into a narrow beam, which is then diffracted by a
phase mask to produce an interference pattern [130], as sketched in
Fig. 12. This pattern imprints a periodic refractive index modulation
directly into the fiber core. Alternatively, the point-by-point inscription
method offers considerable design flexibility, especially for engineering
complex grating profiles such as chirped or aperiodic structures, usually
at the cost of a slower fabrication. Here, discrete femtosecond laser
pulses induce localized type-II index changes, usually manifesting as
nanoscale damage sites [131]. As the fiber is translated, a grating is
constructed, as shown in Fig. 12. However, this method is often
accompanied by elevated scattering losses, largely attributed to Mie
scattering from the abrupt microstructural features. To mitigate these
drawbacks, the “continuous core-scanning” technique was introduced,
maintaining the laser fluence below the damage threshold. This enables
the formation of smooth, type-I index changes rather than discrete
damage tracks [132]. The technique also incorporates transverse
movement of the fiber, improving the mode overlap efficiency and thus
the grating strength. Later, a refined “line-by-line” writing method has
been proposed, to minimize cladding mode coupling, offering a more
stable and reproducible FBG fabrication process [133].

For fluoride fibers, conventional UV-based inscription methods are
largely ineffective, due to their low intrinsic photosensitivity, although
photosensitivity can be enhanced with cerium doping [134]. A break-
through came in 2007 with the successful inscription of FBGs into
thulium-doped and undoped ZBLAN fibers using femtosecond pulses at
A =800nm [135]. Employing the phase-mask technique, the authors
have fabricated gratings with an induced negative index changes on the
order of 1073, Later, the same group has extended this method to highly
erbium-doped double-clad ZBLAN fibers, achieving Bragg reflections
near A = 2.82 ym [136].

The first demonstration of point-by-point FBG inscription in fluoride
glass has been reported by Hudson et al., in 2013 [137]. A 20 mm-long,
first-order grating resonating at A = 2.9 yum has been inscribed into a
Ho/Pr co-doped ZBLAN fiber using a Ti:sapphire femtosecond laser
operating at 4 = 800 nm. Interestingly, the refractive index modifica-
tions did not resemble the typical microvoid structures seen in silica
fibers. Instead, they formed smooth, type-I index changes. This was
attributed to ZBLAN lower glass transition temperature and softer me-
chanical properties. In 2017, the line-by-line technique has been
implemented to fabricate second-order FBGs in Ho/Pr co-doped dou-
ble-clad ZBLAN fibers [138]. The resulting gratings achieve R ~ 50%
reflectivity and have been integrated into an all-fiber laser cavity with a
slope efficiency of 17%. Notably, these gratings have been inscribed
without removing the polymer coating, demonstrating both the
robustness and practicality of the technique for the construction of
mirrors of Mid-IR laser systems.

Ultrafast laser —

Phase mask —»
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In another work, the employment of a two-beam phase-mask inter-
ferometer and femtosecond lasers at 266 and 400 nm has enabled direct-
write FBG inscription in passive indium fluoride fibers [139]. These
gratings exhibit notable performance, including R > 99.7% reflectivity.
Post-inscription thermal annealing confirms both low insertion loss and
good thermal stability.

Further innovations in FBG inscription for fluoride fibers have been
reported by Zhang et al., who introduced a parallel-integrated FBG
writing strategy [140]. Utilizing a burst-mode femtosecond laser oper-
ating at 1 MHz, they have achieved rapid and low-loss grating inscrip-
tion. The high repetition rate has promoted thermal accumulation,
suppressing microcrack formation and enhancing the uniformity of the
refractive index modulation. The resulting ellipsoidal index profile
improved mode overlap, thereby reducing insertion losses. A
parallel-integrated FBG composed of three gratings has been written in
just 2.5 minutes, achieving R = 99.6% reflectivity and an insertion loss
as low as IL = 0.1 dB. Additionally, the gratings exhibit high thermal
sensitivity (=~ 26.17 pm/°C), positioning them as promising candidates
for Mid-IR sensing platforms.

Finally, fluoride-based FBGs demonstrates exceptional thermal
sensing performance across an extensive temperature range, starting
from cryogenic conditions [141]. In contrast to silica-based gratings,
which exhibit negligible thermal response at low temperatures, FBGs in
fluoride fibers maintain a measurable thermal sensitivity of 0.5-
1.7pm/K even below T = 50K. This unique behaviour opens new
possibilities for deploying fluoride FBGs in cryogenic sensing and
extreme-environment monitoring.

LPGs have emerged as a key enabling technology in the development
of Mid-IR fluoride fiber photonics, serving critical roles as spectral fil-
ters, mode converters, and gain equalizers within fiber lasers and am-
plifiers. Femtosecond laser inscription has proven to be an effective
technique for fabricating LPGs in fluoride fibers, leveraging the precise
localization and thermal accumulation effects of ultrashort pulses to
induce smooth, periodic refractive index modulations [142,143]. These
gratings inscribed using Ti:sapphire lasers centered around 4 = 800 nm,
exhibit sharp spectral resonances with attenuation dips of —24 dB depth,
and refractive index changes of the order of —3 x 10~3. The fabrication
process involves tightly focused laser pulses delivered via high-NA mi-
croscope objectives, with nanometric precision achieved through
motorized translation stages and real-time camera alignment [142].

In parallel, micro-tapering has been demonstrated as an alternative
approach for LPG fabrication in fluoride fibers [144,145]. Using local-
ized heating via graphite filament elements, periodic diameter modu-
lation has been introduced into zirconium fluoride fibers to form LPGs
with grating periods between A =1.36 mm and A =1.57 mm [145].
These structures exhibit strong resonance dips exceeding 15 dB near A =
3.2 ym, attributed to coupling between the LPy; core mode and LPy;
cladding modes. Finite element simulations and coupled-mode theory
have provided accurate predictions of spectral behaviour, in good
agreement with experimental results. The insertion losses at 4 = 2.5 ym
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Fig. 12. Fiber grating fabrication based on phase-mask method (left) and point by point method (right).
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remains acceptable, underscoring the suitability of these LPGs for
high-performance Mid-IR devices. The outer shape of a longitudinal
section of a micro-tapered fluoride LPG is reported in the micropictures
of Fig. 13 (a), while Fig. 13 (b) reports the picture of the micro-tapered
LPG.

Both femtosecond laser inscription and micro-tapering techniques
offer scalable and versatile solutions for realizing high-quality LPGs in
non-silica fibers—despite the intrinsic processing challenges associated
with fluoride glasses. These advances not only support the suppression
of parasitic lasing in supercontinuum sources and amplifiers but also
enable precise control over spectral and modal properties in integrated
photonic platforms. The demonstrated thermal stability, low excess loss,
and strong resonance characteristics of the fluoride-based LPGs makes
them highly promising for applications in Mid-IR sensing, environ-
mental monitoring, and medical diagnostics.

6.5. All-fiber interferometers

Recent advances in the fabrication of tapered structures on single-
mode ZBLAN fluoride fibers have demonstrated their efficiency as
highly sensitive structures to obtain integrated Mach-Zehnder interfer-
ometric principles. These devices operate through the excitation of
higher-order modes induced by a non-adiabatic down-taper or sharp
bend, where core and cladding modes propagate in the taper waist and
subsequently recombine, this resulting in interference patterns highly
sensitive to temperature, strain, and surrounding refractive index
changes [146].

The pioneering work on non-adiabatic tapered ZBLAN fibers vali-
dates the concept of leveraging fluoride glass unique thermo-optic and
thermal expansion properties for enhanced temperature sensing [51].
Numerical simulations, employing 3-D beam propagation method and
electromagnetic modal analysis, accurately describe the comb-like
spectral response and temperature sensitivity of these tapers, predict-
ing well the experimental results. These interferometric structures
reveal a negative temperature sensitivity (blueshift of the output spec-
trum) contrarily to the typical positive shifts observed in silica-based
tapers. This is a feature advantageous for multiparameter sensing due
to improved problem conditioning and reduced cross-sensitivity. The
fabrication process involved removal of the polymer coating, precision

a)

Fig. 13. a) Outer shape of a section of the fabricated zirconium fluoride LPG
based on micro-tapering technique; b) Picture of a zirconium fluoride LPG
based on micro-tapering technique.
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tapering using a commercial glass-processing system, and in situ moni-
toring of transmitted power to ensure device quality. Reported insertion
losses were low, i.e. IL ~ 0.8 dB at 1 = 635 nm, indicating high-quality
tapers with minimal scattering losses primarily occurring in the
down-taper region. A picture of the fabricated prototype is reported in
Fig. 14. Fluoride glass tapers hold several advantages over traditional
silica sensors: in addition to the extended Mid-IR transparency window
which allows access to molecular fingerprint regions crucial for chemi-
cal sensing, the thermo-optic coefficients remain significant even at
cryogenic temperatures, where silica sensors suffer from drastically
reduced sensitivity.

The first demonstration of an S-tapered fiber fabricated from zirco-
nium fluoride glass via off-axis pulling combined with filament heating
has been reported, showcasing both the feasibility and performance of
such devices in the Mid-IR spectral region [147]. The picture of one of
the fabricated prototypes is reported in Fig. 15. The design of these
S-tapered structures was performed via three-dimensional beam prop-
agation method simulations, which accurately predicts their spectral
response and sensitivity to changes in the surrounding refractive index.
This shift was systematically observed by immersing the fiber in various
liquids (methanol, ethanol, propanol), demonstrating the sensor ability
to distinguish between low refractive index variations in the Mid-IR
wavelength range near 4 = 3.75 ym. The fabrication approach high-
lights the potential for scalable and cost-effective production of Mid-IR
optical fiber sensors. The demonstrated sensitivity to surrounding RI
changes highlights the potential of S-tapered fluoride fibers for envi-
ronmental and biomedical sensing applications. Additional material
characterization efforts, including the measurement of the glass transi-
tion temperature T, via viscosity testing, provide precious data for un-
derstanding the thermal stability and processing windows of ZBLAN
fibers.

It is worth mentioning that also other fluoride fiber sensors, e.g.
those based on side-polishing, are promising for Mid-IR detection, but
they are not described in this review for the sake of shortness [148].

7. Conclusion

Even if an exhaustive state of the art on Mid IR recent progress
cannot be condensed in few pages, due to the impressive number of
high-quality papers reported in literature, an interesting overview on
the optical fibers/materials; imaging techniques, optical sources; main
elements for all in fiber systems integration in Mid-IR is given. The re-
view focuses on enabling technologies and emerging applications,
illustrating the key elements for high-sensitivity applications such as
chemical, biomedical, environmental sensing. Emphasis is placed on
recent developments in fluoride fiber-based components that support
the fabrication of compact, mechanically robust, and alignment-free, all-
fiber mid-infrared systems. The integration of optical sources and sys-
tems can be clearly predicted by observing the evolution of the recalled

Fig. 14. Picture of a zirconium fluoride non-adiabatic taper with waist diam-
eter d, ~ 25um and waist length L, ~ 8 mm.



F. Anelli et al.

Fig. 15. Picture of a zirconium fluoride S-taper, fabricated via off-axis pulling.
results.
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