hv .
> photonics

Review

Chalcogenide Fiber and Microcavity Platforms for Mid-Infrared
Sensing and Nonlinear Photonics

Chenyue Xiao and Xiaosong Lu *

M) Check for updates

Received: 21 July 2026

Revised: 7 September 2026
Accepted: 14 September 2026
Published: 22 September 2026
Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

Jiangsu Key Laboratory of Advanced Laser Materials and Devices, School of Physics and Electronic Engineering,
Jiangsu Normal University, Xuzhou 221116, China; chenyue_xiao@mymail.sutd.edu.sg
* Correspondence: xingwadyx@jsnu.edu.cn

Abstract

Chalcogenide glasses are versatile mid-infrared (MIR) photonic materials because they
combine broad infrared transparency, high refractive index, strong third-order nonlinearity,
and processability into fibers, microfibers, planar waveguides and microcavities. This
review examines chalcogenide fiber, waveguide, and microcavity platforms for MIR sensing
and nonlinear photonics from a system-level perspective. We discuss material families,
processing routes and device-relevant loss mechanisms; review fiber evanescent-wave
spectroscopy, structured and functionalized fiber probes, microfibers, planar waveguides,
resonators and suspended high-overlap waveguide sensors; and analyze nonlinear and
active chalcogenide fibers and high-Q microcavities as MIR source platforms. Emphasis is
placed on the transition from single-pass evanescent absorption to Q-overlap co-design and
from isolated component demonstrations to source-waveguide—cavity—sensor—detector
integration for compact molecular spectroscopy.

Keywords: chalcogenide glasses; mid-infrared photonics; fiber evanescent-wave
spectroscopy; cavity-enhanced sensing; optical microcavities; supercontinuum generation;

Kerr microcombs; integrated photonic sensors

1. Introduction

Chalcogenide glasses provide one of the most versatile material bases for compact
mid-infrared (MIR) photonics. Their broad infrared transparency, high refractive index,
large third-order optical nonlinearity, and glass-forming flexibility allow them to be pro-
cessed into fibers, microfibers, thin-film waveguides, optical resonators and nonlinear
photonic devices [1-6]. Within this family, sulfide, selenide and telluride glasses cover
different MIR windows and offer different balances among transparency, thermal stability,
nonlinear response and processability [5-10]. Hybrid-integrated chalcogenide photonics
have further expanded the field from bulk and fiber optics toward wafer-scale thin-film
circuits, resonators and heterogeneous photonic integration [11].

The importance of chalcogenide platforms has increased with the broader development
of MIR-integrated photonics and molecular sensing. Recent work on MIR photonic circuits,
waveguide spectroscopy, chem/bio sensing, and advanced infrared sensor systems has
shifted the field from isolated waveguides or resonators toward complete spectroscopic
architectures [12-20]. In practical MIR sensing, analytical performance is not determined
by a single figure of merit such as propagation loss, resonator quality factor, or spectral
bandwidth. It depends on the combined behavior of the light source, delivery waveguide,
sensing interface, optical transducer, detector, calibration method and package environment.
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Sample delivery, surface chemistry, water or matrix background, detector noise, baseline
drift and thermal stability can therefore be as important as the nominal optical loss of the
chalcogenide component itself.

Early chalcogenide MIR sensing was driven by fiber evanescent-wave spectroscopy
(FEWS). In FEWS, an infrared-transmitting fiber acts both as a light-delivery path and as
a chemically interactive interface. Foundational studies demonstrated remote fiber-optic
chemical sensing and infrared evanescent absorption spectroscopy using chalcogenide
and telluride glass fibers [21,22]. These works established chalcogenide fibers as MIR
sensing probes, while also revealing persistent constraints: single-pass interaction, limited
evanescent-field fraction, water background, surface fouling, fiber fragility, and reliance
on external sources and detectors. These limitations motivated the transition from simple
exposed fibers toward structured probes, compact MIR source technology, microfibers,
resonant fiber devices, and integrated waveguide sensors.

This evolution has produced several complementary chalcogenide device classes.
Structured and functionalized fiber probes, including tapered, side-polished, ring-shaped,
helical and surface-modified fibers, increase the accessible evanescent field or improve
local interaction with the analyte. Chalcogenide microfibers and fiber-integrated resonators
provide stronger field exposure, wavelength selectivity, and fiber-compatible resonant
enhancement. Planar chalcogenide waveguides and microcavities add lithographic con-
trol, compact sensing geometries, high-Q resonances, and compatibility with microfluidic
or detector integration. In parallel, nonlinear chalcogenide fibers and microcavities pro-
vide broadband, tunable, coherent or narrow-linewidth MIR source functions through
supercontinuum generation, four-wave mixing, optical parametric conversion, Kerr comb
generation, and Brillouin lasing. Selected active doped chalcogenide sources are considered
only as related MIR source options where they clarify source selection for sensing. Chalco-
genide glasses should therefore be viewed not only as passive infrared-transmitting media
but as multifunctional platforms that can support light generation, delivery, molecular
interaction, resonant enhancement and readout.

The conceptual evolution of chalcogenide MIR photonics is summarized in Figure 1.
The figure follows the field from fiber-based evanescent-wave sensing to structured and
functionalized fiber probes, microfibers, planar waveguides, microcavities, nonlinear MIR
sources, and integrated source-sensor—detector architectures. This progression also defines
the structure of the present review: material properties first enable MIR transmission and
nonlinearity; device geometry then controls field exposure, resonant enhancement and
dispersion; and system integration finally determines whether these advantages can be
translated into stable molecular sensing.

This review examines chalcogenide fibers, waveguides, microcavities and source
devices as connected components of a unified MIR photonic platform. The focus is not
simply on achieving lower loss, higher Q factor, or broader nonlinear spectra as isolated
records. Instead, we emphasize how material transparency, waveguide confinement, cavity
enhancement, nonlinear source generation, detector integration, and sample handling can
be combined to produce stable, selective, and deployable MIR sensing systems. Related
active doped chalcogenide sources are included only as boundary-setting examples of band-
specific MIR source options. This source-waveguide—cavity-sensor—detector perspective is
particularly important for chalcogenide photonics because the same material family can
provide flexible delivery fibers, high-overlap sensing interfaces, resonant enhancement
structures, and compact MIR source functions.
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Figure 1. Evolution of chalcogenide MIR photonic platforms from fiber evanescent-wave sensing to
integrated source-sensor—detector systems. The figure summarizes the transition from early FEWS
probes, structured and functionalized fiber probes and chalcogenide microfibers to planar waveguides,
microcavities, nonlinear MIR sources, and integrated source-sensor—detector architectures.

The review is organized into six sections. Section 2 summarizes material founda-
tions, processing routes and device-relevant loss mechanisms. Section 3 reviews chalco-
genide fiber, microfiber, planar-waveguide, and microcavity platforms for MIR sensing.
Section 4 discusses chalcogenide source platforms for MIR sensing and nonlinear pho-
tonics, with active doped-fiber sources treated only as related source options. Section 5
addresses integrated source-sensor—detector systems and application-driven design rules.
Section 6 concludes by identifying practical routes toward deployable chalcogenide MIR
photonic systems.

2. Material Foundations, Processing, and Device-Relevant Loss
Mechanisms

Chalcogenide glasses are defined by networks based on sulfur, selenium or tellurium,
often combined with network-forming or modifying elements such as As, Ge, Sb, Ga and Te.
Their value for mid-infrared (MIR) photonics arises from the combination of broad infrared
transparency, high refractive index, large optical nonlinearity, compositional flexibility and
compatibility with fiber, thin-film and resonator platforms. These advantages make them
suitable for evanescent-wave sensing, planar waveguide spectroscopy, nonlinear frequency
conversion, supercontinuum generation, Kerr comb formation, and Brillouin lasing,.

However, the material properties that make chalcogenide glasses attractive also in-
troduce device-level constraints. High refractive index enables tight confinement but
increases sensitivity to roughness, coupling mismatch and surface scattering. Broad MIR
transparency is useful only if impurity absorption, surface contamination, substrate absorp-
tion, and packaging-related loss are controlled. Large Kerr nonlinearity reduces nonlinear
thresholds, but practical performance still depends on propagation loss, coupling efficiency,
dispersion accuracy and thermal stability. Therefore, chalcogenide MIR platforms should
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be evaluated through a combined material, fabrication and system-integration framework
rather than by bulk transparency alone.

Recent MIR photonic and sensing studies provide the broader platform context in
which chalcogenide devices should be evaluated. Integrated MIR photonics has moved
toward compact source-waveguide-sensor—detector architectures, where transparency,
confinement, coupling, dispersion, and packaging must be optimized together rather than
separately [12-15]. Thin-film MIR waveguide platforms further show that chip-scale spec-
troscopy is governed not only by material absorption, but also by waveguide geometry,
analyte overlap, propagation loss and interface stability [16,17]. In parallel, fiber-optic MIR
sensing studies emphasize flexible delivery, remote operation, and long interaction length
but also expose persistent limitations associated with background absorption, surface
contamination, bending loss, and sample contact reproducibility [18]. Recent chem/bio
sensing and advanced MIR sensor reviews further clarify that practical molecular detection
requires the co-design of optical platform, sample interface, spectral readout and environ-
mental stabilization [19,20]. These broader studies define the system-level requirements
that chalcogenide fibers, waveguides, and microcavities must satisfy.

2.1. Material Families and Structure—Property—Function Relations

Sulfide, selenide and telluride glasses provide different balances among MIR trans-
parency, processability, nonlinearity and device stability. Sulfide glasses such as As;S3,
Ge-As-5 and Ge-Sb-S are attractive in the short- to mid-infrared because they combine rel-
atively mature processing, good thermal stability, high refractive index, and compatibility
with fiber, thin-film and microresonator fabrication. Selenide glasses such as As;Ses, Ge-As—
Se and Ge-Sb—Se extend the useful transmission window toward longer wavelengths and
generally provide higher optical nonlinearity, making them especially valuable for deeper-
MIR sensing, nonlinear fibers, suspended-core structures, and integrated waveguides.
Telluride glasses can access still longer wavelengths, but their practical use is more strongly
constrained by purification difficulty, crystallization tendency, narrow thermal-processing
windows and mechanical reliability [5,6,10].

Material selection should therefore begin from the target wavelength, device geometry,
and operating environment rather than from the widest nominal bulk transparency window.
For sensing and nonlinear photonics around 2-5 um, sulfide and Ge-Sb-S systems remain
attractive because they support compact waveguides, microresonators, and fiber-format
devices with comparatively mature processing. Beyond 5 um, selenide and Ge-Sb-Se
glasses become increasingly important because of their broader MIR transparency and
stronger nonlinearity. For long-wave MIR operation approaching 8-12 um, telluride or
long-wave selenide systems may be required. However, a broader nominal transparency
window does not automatically lead to a better device. If purification, drawing, coating,
polishing, etching or packaging cannot preserve low loss at the operating wavelength, a
theoretically broader glass may underperform a more mature sulfide or selenide platform.

The transition from selenium- to tellurium-based chalcogenide fibers illustrates this
device-level trade-off [10]. Selenium-based glasses provide broader MIR transmission
than sulfides and have been widely used in nonlinear fibers, suspended-core fibers, and
integrated waveguides. Tellurium-based glasses can further extend the operating wave-
length, but they are more sensitive to crystallization, impurity absorption and mechanical
degradation. Material choice is therefore not a simple ranking of bulk transparency; it
is a system-level decision that depends on the required wavelength range, optical loss,
mechanical robustness, fabrication route, and package environment.

The relationships among chalcogenide material families, device formats, and MIR
photonic functions are summarized in Table 1. The table uses broad material, integrated

https://doi.org/10.3390 / photonics13100896


https://doi.org/10.3390/photonics13100896

Photonics 2026, 13, 896 5 of 35

photonics, waveguide spectroscopy, and chem /bio sensing references to position chalco-
genide fibers, planar waveguides, and microcavities within the wider MIR device land-
scape [5,6,10-20]. More specific sensing and nonlinear-source demonstrations are discussed
in Sections 3 and 4.

Table 1. Representative chalcogenide material families and device platforms for MIR sensing and
nonlinear photonics.

Representative .
Category Compositions or Main Advantages Main Limitations Smtabl?’ MIR
Functions
Platforms
Relatlve.ly mature Shorter FEWS fibers; planar
processing; good long-wavelength waveetides:
thermal stability; cutoff than selenide . st ’
. As,S3, Ge—-As-S, . . . microcavities; short-
Sulfide glasses high refractive index; and telluride glasses; .
Ge-Sb-5 . ) . . to mid-MIR
compatibility with ~ impurity and surface nonlinear devices
fibers, thin films and absorption remain [5,6,11]
resonators important "
Broader MIR Long-wave FEWS;

Selenide glasses

As,Ses, Ge-As—Se,

transparency than
sulfides; generally
higher third-order

More sensitive to
impurity absorption,
surface quality and

nonlinear fibers;
suspended-core
fibers; integrated

Telluride glasses

Ge-Sb-Se nonlinearity; useful processing MIR waveguides;
for deeper-MIR conditions nanorib gas sensors
operation [5,6,10,11]
Purification
Access to longer MIR o i
wavelengths; difficulty; Long-wave MIR
Ge-As-Te, Ge-Sb-Te ! crystallization

and Te-rich
chalcogenide glasses

potential for
long-wave sensing
and nonlinear
devices

tendency; narrow
processing window;
weaker mechanical

fibers; shaped probes;
specialty sensing
platforms [10]

robustness
. . FEWS;
Step-index, tapered, Flex1ble dehv.e s Drawing loss, environmental
. . long interaction . . L .
side-polished, leneth, compatibilit bending loss, coating  sensing; biomedical
Fiber platforms suspended-core, Wi t%l r, m tp on iny absorption, fragility, = probes; SCG; FWM;
helical and photonic emote sensing and reproducible Raman and

crystal fibers

and nonlinear
generation

sample contact

parametric sources
[5,6,10,18-20]

Planar waveguides

Strip, rib, slot,
subwavelength-
grating, suspended
nanorib and hollow-
core/ ARROW-type
structures

Compact routing;
lithographic control;
compatibility with
microfluidics, gas
cells and detector
integration

Thin-film stress,
etching loss, sidewall
roughness, process
residues, coupling
loss, and packaging
complexity

On-chip absorption
spectroscopy;
high-overlap gas
sensing; integrated
source—sensor
circuits [11-17,19,20]

Microcavities

Ring resonators,
disks, WGM cavities,
photonic-crystal
cavities and
Fabry-Perot cavities

Resonant
enhancement; small
footprint; high
spectral selectivity;
reduced nonlinear
threshold

Q-overlap trade-off;
thermal drift;
coupling sensitivity;
surface adsorption;
substrate and
cladding absorption

Cavity-enhanced
sensing; Kerr combs;
Brillouin lasers;
nonlinear oscillators
[11-15,19,20]

A recurring distinction in chalcogenide photonics is the gap between nominal bulk
transparency and practical device loss. Bulk glasses may transmit broadly in the infrared,
whereas fibers, waveguides and resonators are additionally limited by residual impurity
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absorption, surface contamination, scattering, substrate absorption, process residues and
environmental adsorption. Hydrogen-, oxygen-, carbon- and water-related bonds can
introduce absorption bands in the same spectral region used for molecular sensing. In
fibers, these impurities reduce signal-to-noise ratio and nonlinear conversion efficiency. In
microfibers, surface adsorption and mechanical perturbation become more severe because
the optical field is strongly exposed. In high-Q microcavities, even weak absorption from
moisture, airborne molecules, or residual processing species can substantially degrade
resonator performance.

The high refractive index of chalcogenide glasses is also a double-edged advantage.
It enables tight confinement, small mode areas, strong evanescent-field engineering, and
compact resonators, which are beneficial for sensing and nonlinear optics. At the same time,
high index contrast increases sensitivity to sidewall roughness, facet reflection, coupling
mismatch and surface-induced scattering. A highly confined waveguide is therefore not
necessarily the best sensor if analyte overlap is weak, coupling drift is large, or surface loss
dominates the measurement.

Large third-order nonlinearity is another defining feature of chalcogenide platforms.
In fibers and microfibers, it enables supercontinuum generation, four-wave mixing, Raman
scattering, and parametric conversion. In microcavities, high nonlinearity combined with
high Q and small mode volume enables Kerr comb generation and Brillouin lasing. These
nonlinear functions address a central system bottleneck in MIR spectroscopy: the need
for compact broadband, tunable or narrow-linewidth sources that can be integrated with
sensing and detection modules.

The material basis of chalcogenide MIR photonics is therefore best understood through
a structure—property—function-loss framework. The transparency window determines
which molecular bands can be accessed. The refractive index determines confinement,
evanescent overlap, and coupling. The nonlinear coefficient determines source-generation
efficiency. Impurities, surface quality, fabrication residues, substrate choice, and packaging
determine the usable device window. This framework allows fibers, microfibers, planar
waveguides, and microcavities to be compared within a common MIR photonic platform.

Overall, material selection in chalcogenide MIR photonics should be treated as a
device-level and system-level decision. Sulfide, selenide, and telluride glasses offer different
balances among transparency, processability, nonlinearity, stability, and loss. These trade-
offs determine whether a given composition is better suited to fiber sensing, nonlinear
source generation, planar microcavities, or hybrid source-sensor—detector integration.

2.2. Processing, Coupling, Packaging, and Stability

Device performance in chalcogenide MIR photonics is determined not only by glass
composition, but also by how the material is converted into a fiber, waveguide, or cavity.
In fiber platforms, the relevant factors include preform purity, drawing stability, core—
cladding geometry, coating, surface condition, and post-drawing handling. Step-index
fibers are comparatively mature, whereas suspended-core and photonic-crystal fibers
provide stronger dispersion and evanescent-field control but require more demanding
fabrication. Microfibers and microwires further increase this difficulty because reduced
diameter strengthens surface-field exposure while also increasing mechanical fragility,
bending loss, and sensitivity to surface contamination. A device optimized for evanescent
interaction or nonlinear confinement can therefore fail at the system level if it cannot be
handled, cleaned, packaged, or coupled reproducibly.

Planar chalcogenide devices introduce a different but related set of processing con-
straints. Thin films prepared by thermal evaporation, sputtering, pulsed-laser deposition,
or related methods must maintain appropriate stoichiometry, density, stress, thickness
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uniformity, and surface roughness. Lithography and etching then determine sidewall
morphology, waveguide width accuracy, resonator roundness, and coupling-gap repro-
ducibility. These factors are especially important in the MIR because post-etch residues,
rough sidewalls, polymer residues, fluoropolymer claddings, or incomplete cleaning can
introduce absorption or scattering in the same spectral region targeted for molecular sens-
ing. Thus, propagation loss and resonator Q are not simply material parameters; they are
outcomes of the complete deposition—patterning—etching—cleaning sequence.

The hybrid-integrated GeSbS platform provides a useful example of this process-
to-device connection [11]. In that work, wafer-scale GeSbS films were deposited at low
temperature, annealed to reduce surface roughness, patterned by electron-beam lithog-
raphy, and transferred into waveguides through optimized dry etching. The reported
process evidence includes a 4-inch GeSbS wafer, film thickness and refractive index unifor-
mity maps, roughness reduction after annealing, vertical sidewalls after etch optimization,
high-Q microresonators, and long spiral waveguides. This type of fabrication-level demon-
stration is important for a review because it connects intrinsic material properties, such
as transparency, Kerr nonlinearity, and damage threshold with device metrics such as
propagation loss, Q factor, dispersion accuracy, and nonlinear threshold.

Coupling remains a major bottleneck for both sensing and nonlinear devices. The
high refractive index of chalcogenide glasses enables tight confinement and small mode
area, but it also creates mode mismatch and Fresnel reflection at facets. End-fire coupling is
straightforward but alignment-sensitive. Inverse tapers and mode converters can reduce
coupling loss but add fabrication complexity and may introduce new process tolerances.
Grating couplers can simplify wafer-scale testing, but their bandwidth, polarization toler-
ance, and MIR efficiency are often limited. In resonator sensors, coupling determines the
loaded Q factor, extinction ratio, and linewidth. In nonlinear sources, coupling loss raises
the effective threshold and reduces usable output power. Coupling design should therefore
be treated as part of the device architecture rather than as an external measurement issue.

Packaging is particularly challenging because sensing and protection impose conflict-
ing requirements. The optical field must interact with the target gas, liquid or surface-bound
analyte, but the device must also be protected from water vapor, dust, organic residues,
mechanical perturbation, and uncontrolled ambient adsorption. Many polymers, adhesives
and encapsulants absorb strongly in the MIR and cannot be placed close to the optical
mode without adding parasitic loss. Microfluidic channels, gas cells, windows, spacers
and sealants must therefore be designed together with the optical mode distribution. For
practical sensing systems, selective exposure of the sensing region, reference channels,
passivation layers, dry-gas purging, differential readout, and replaceable sample interfaces
may be as important as waveguide loss or cavity Q.

Thermal and environmental stability provide another device-level constraint. High-Q
resonators are highly sensitive to small temperature changes, and nonlinear microcavi-
ties require stable pump-resonance detuning. In sensing, thermal resonance shifts can
mimic refractive-index changes or absorption-induced linewidth variations. In fibers and
microfibers, bending, contact pressure, humidity, and surface adsorption can alter the base-
line response. For field-deployable MIR sensors, passive robustness, reference correction,
temperature control, and packaging stability may therefore matter more than the highest
laboratory Q factor or the lowest loss measured under ideal conditions.

These factors form a device-level loss chain that includes impurity absorption, sidewall
roughness, process residues, surface-adsorbed molecules, substrate or cladding absorption,
packaging-induced MIR absorption, and thermal drift. This chain determines whether
the intrinsic advantages of chalcogenide glasses—broad MIR transparency, high refractive
index, and large optical nonlinearity—can be translated into stable sensing, nonlinear gener-
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ation or integrated source-sensor—detector operation. The central engineering requirement
is therefore co-design: material purification, waveguide geometry, the fabrication process,
coupling scheme, sample interface, and package environment must be optimized together.

This material and processing discussion provides the design basis for the sensing
platforms reviewed below. In FEWS and microfiber probes, the decisive material properties
are not only MIR transparency but also surface stability, mechanical robustness, and
controllable evanescent-field exposure. In planar resonators and suspended waveguides,
the same glass properties must be translated into low-loss confinement, reproducible
coupling, stable Q-overlap balance, and MIR-compatible packaging. Section 3 therefore
treats sensing architectures as direct consequences of the material property and loss chain
constraints summarized here.

3. Chalcogenide Fiber, Waveguide, and Microcavity Platforms for
MIR Sensing

Chalcogenide mid-infrared (MIR) sensing platforms have evolved from flexible fiber
evanescent-wave spectroscopy (FEWS) probes to structured and functionalized fiber probes,
microfibers, fiber-integrated cavities, planar waveguides, and chip-scale microcavities.
The underlying sensing principle is molecular absorption in the MIR fingerprint region,
but the device physics change substantially with platform geometry. In a conventional
exposed fiber, the signal is mainly determined by single-pass evanescent absorption. In
a microfiber, reduced diameter increases the fractional evanescent field and modifies the
effective mode area. In a microcavity, the analyte can perturb resonance wavelength,
linewidth, extinction ratio, or Q factor. In suspended or hollow-core waveguides, the
design goal shifts toward maximizing gas-light overlap while maintaining acceptable
propagation loss and mechanical stability.

This section therefore organizes chalcogenide MIR sensing platforms into three con-
nected classes: fiber-based evanescent-wave sensing, microfiber and fiber-integrated cav-
ity platforms, and planar waveguide or microcavity sensors. The central theme is the
same across all three classes: useful MIR sensing requires a balance among optical trans-
parency, analyte overlap, propagation or cavity loss, surface stability, sample handling,
and packaging.

3.1. From Conventional FEWS to Application-Oriented Fiber Probes

The earliest chalcogenide FEWS studies established the feasibility of remote MIR
chemical sensing. In 1991, Heo et al. demonstrated fiber-optic chemical sensing through
evanescent-wave interaction in chalcogenide glass fibers, showing that a flexible infrared-
transmitting probe could transfer chemically specific absorption information from a remote
sample region [21]. In 1994, Sanghera et al. extended this concept using telluride glass
fibers to record evanescent-absorption spectra of representative liquids, including water,
alcohols, acetone, acetic acid, hexane, and chloroform [22]. These early studies defined
the basic FEWS problem: the detected signal depends not only on glass transparency but
also on interaction length, exposed geometry, surface condition, and reproducible contact
between the fiber and the sample.

Early infrared glass—fiber studies then expanded FEWS from proof-of-principle chem-
ical detection to analytical monitoring. Hocdé et al. summarized infrared-glass—fiber
chemical sensing and clarified that fiber composition, probe geometry, and sample environ-
ment jointly determine spectral quality [23]. Michel et al. applied chalcogenide glass optical
fibers to wastewater-pollutant analysis, demonstrating the feasibility of environmental
monitoring outside a conventional FTIR cell [24]. Le Coq et al. further used infrared
fibers for in situ monitoring of chemical and biochemical reactions [25]. These works
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shifted chalcogenide and related infrared fibers from passive transmission media toward
chemically interactive analytical probes.

Biological, biochemical and medical sensing followed from the molecular specificity of
MIR absorption. Anne et al. investigated chalcogenide glass optical waveguides for infrared
biosensing and linked MIR molecular fingerprints with biological sensing interfaces [26].
Lucas et al. demonstrated hydrophobic chalcogenide fibers sensitized with live cells,
showing that fiber surfaces could be modified for biologically relevant MIR detection [27].
More recently, Zaiter et al. advanced this direction through biofunctionalized chalcogenide
glass fibers for real-time, label-free MIR detection [28]. In parallel, Seddon proposed
chalcogenide glasses as candidate materials for MIR medical endoscopy, emphasizing
flexible delivery, probe miniaturization and access to biological vibrational bands [29].
Studies by Keirsse et al. further supported the translation of infrared fibers from laboratory
chemical analysis to biological samples and constrained probe geometries [30,31]. In these
applications, the fiber must transmit MIR light, interact with complex media, tolerate
bending and handling, and remain compatible with surface functionalization, sterilization
or protective packaging.

This development connects chalcogenide FEWS with waveguide-enhanced MIR
chem/bio sensing, where geometry, surface chemistry and sample-interface design deter-
mine effective interaction length and detection sensitivity [32]. Yu et al. used chalcogenide
films and waveguide-like sensing structures for MIR biosensing and pathogen fingerprint-
ing, showing that engineered surfaces and enhanced local fields can improve molecular
detection [33]. Houizot et al. later demonstrated looped chalcogenide fiber sensing heads,
localizing the interaction region and improving the mechanical definition of the probe [34].
These studies showed that the sensing head is not a passive accessory; it determines the
reproducibility of sample contact, the effective interaction length, and the baseline stability.

Rather than representing a direction that began only recently, geometry- and interface-
engineered chalcogenide sensing has evolved continuously from early FEWS and func-
tionalized fiber probes to recent tapered, side-polished, grating-assisted, ring, helical,
suspended-waveguide and hollow-core platforms. Zhao et al. combined tapering with
tight bending in a Ge1gAs30SezgTep, fiber-ring sensor, showing that waist diameter, bending
radius and turn number jointly determine modal displacement, interaction density, and
detection performance [35]. At the chip scale, Pi et al. used suspended Ge-Sb-Se nanorib
waveguides to expose a large fraction of the MIR mode directly to the surrounding gas over
multiple molecular-fingerprint windows [36]. Related fiber studies quantified the influence
of straight-taper geometry [37], introduced resonance-assisted long-period gratings [38],
enlarged local analyte overlap through side polishing [39], extended tapered-fiber sensing
using Te-containing compositions [40], and developed helical probes for compact in situ
MIR analysis [41]. These advances show that useful sensitivity is obtained by co-designing
the glass, modal geometry, exposed interaction length, sample interface, and package rather
than by maximizing any single geometric parameter.

Figure 2 compares two geometry-engineering strategies for increasing light-analyte
interaction in chalcogenide mid-infrared sensors. In the tapered GejgAs3oSesgTexy (GAST)
fiber-ring sensor, bending displaces the guided LPy; field toward the outer boundary of
the fiber, thereby increasing the fraction of optical energy interacting with the surrounding
medium (Figure 2a). Combining a reduced bending radius with multiple turns compresses
a long interaction path into a small sensing region (Figure 2b). The sensitivity and limit-
of-detection data in Figure 2c show that decreasing the bending radius and increasing the
number of turns generally strengthen the response. With a 50 pm waist, a 0.5 mm bending
radius, and four turns, the sensor achieved a sensitivity of 1.490 & 0.024 a.u./vol% and a
limit of detection of 0.058 =+ 0.001 vol% for ethanol [35].
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The suspended Ge-Sb-Se nanorib waveguide extends geometry-controlled sensing
from a fiber probe to a planar high-overlap platform. The CH4 and CO, absorbance spectra
at 3291, 4319 and 7625 nm demonstrate operation across widely separated molecular
windows (Figure 2d—f). The corresponding second-harmonic (2f) wavelength-modulation
signals are stronger than the free-space reference signals (Figure 2g-i), and the broadband
map in Figure 2j shows how waveguides with different geometries can be assigned to
different portions of the MIR fingerprint region. Together, these results show that tapering,
bending, suspension and cross-sectional engineering are complementary methods for
increasing modal exposure to an analyte [36].

Representative chalcogenide fiber-based evanescent-wave sensing platforms are sum-
marized in Table 2. The key design lesson is that FEWS performance is governed by a
coupled set of parameters: glass composition, exposed length, evanescent-field fraction,
probe geometry, surface chemistry, sample contact, and packaging. Tapering increases
evanescent-field exposure, side polishing increases local interaction area, long-period
gratings introduce resonance-enhanced sensitivity, and ring or helical shaping increases in-
teraction density within a compact fiber probe. However, all of these strategies also amplify
mechanical fragility, bending loss, surface adsorption, and reproducibility challenges.

Table 2. Evolution of chalcogenide fiber-based evanescent-wave sensing platforms for MIR chemical

and biological analysis.

Representative . o e .
Category Platform/Approach Main Contribution Main Limitation or Design Issue
Established remote MIR
chemical sensing through Single-pass absorption, limited
Foundational FEWS and Chalcogenide and telluride evanescent-wave absorption evanescent-field fraction,

early chemical sensing

glass fibers; infrared glass
fiber probes

and extended FEWS from
model analytes to
chemical-reaction and
pollutant monitoring

surface-contact dependence,
sample-matrix effects and
baseline drift [21-25]

Biological, medical and
functionalized FEWS

Chalcogenide fibers, infrared
waveguides and
surface-functionalized fiber
probes

Linked MIR molecular
fingerprints with biosensing,
label-free surface chemistry,
and potential in situ
biomedical /endoscopic
spectroscopy

Water absorption, nonspecific
adsorption, biofouling,
regeneration, sterilization, and
long-term stability [26-31]

Miniaturized and
localized fiber sensing
heads

Looped chalcogenide fiber
sensing heads and compact
fiber probes

Localized the sensing region
and improved probe
definition for practical MIR
sensing geometries

Mechanical reproducibility, fiber
fragility and packaging
stability [34]

Geometry-optimized
tapered fibers

Ge-Sb—Se and related tapered
chalcogenide fibers

Quantified how waist
diameter, taper length, and
transition geometry control

evanescent-field exposure and
sensing sensitivity

Fragility, bending loss, taper
reproducibility, and handling
stability [37]

Surface- and
resonance-assisted fiber
probes

Side-polished chalcogenide
fibers and thinly clad
long-period fiber gratings

Increased analyte overlap or
used resonance near the
phase-matching turning point
to enhance refractive index or
absorption sensitivity

Surface roughness,
polishing-depth control, coating
stability, temperature
compensation, and mechanical
robustness [38,39]

Long-wave and shaped
fiber probes

Ge-As-Se-Te tapered fibers,
tapered fiber rings and
Te-based helical fibers

Extended FEWS toward
longer MIR wavelengths,
alcohol detection,
environmental organic
pollutant detection, and in
situ MIR sensing

Te-rich glass processing, bending
loss, mechanical stability, and
reproducible sample
contact [35,40,41]
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Figure 2. Geometry-engineered chalcogenide fiber and suspended-nanorib waveguide sensors for
enhanced MIR light-analyte interaction. (a) Simulated LPy; mode distribution in a bent GAST
fiber, showing outward displacement of the optical field. (b) Representative tapered fiber-ring
geometries with bending radii and turn numbers of r, =2 mm and ¢, =1, 1, =1 mm and ¢, =2, and
1p, = 0.5 mm and ¢}, = 4. (c) Sensitivity and limit of detection of tapered fiber-ring sensors as functions
of bending radius and number of turns. (d—f) Absorbance spectra of representative CHy and CO,
lines at 3291, 4319, and 7625 nm. (g-i) Corresponding second-harmonic (2f) wavelength modulation
signals obtained using suspended Ge-Sb-Se nanorib waveguides and free-space reference paths.
(j) MIR absorption band map and waveguide window assignment for broadband CHy and CO,
sensing using multiple suspended nanorib geometries.The dark-red and magenta regions represent
the CH4 and CO2 absorption bands, respectively. Panels (a—c) are adapted with permission from
Ref. [35]. Copyright © 2024 Elsevier B.V. Panels (d—j) are adapted with permission from Ref. [36].
Copyright © 2023 American Chemical Society.

3.2. Microfibers and Fiber-Integrated Cavities: Bridging FEWS Probes and Planar Resonators

Chalcogenide microfibers occupy an intermediate regime between conventional FEWS
probes and lithographic planar microcavities. They preserve fiber-compatible input and out-
put access, but their micrometer or sub-micrometer waist diameters increase the fractional
evanescent field, reduce the effective mode area, and enable stronger surface interaction.
This makes them attractive for both MIR sensing and nonlinear photonics. At the same time,
microfibers introduce new engineering constraints: small-diameter waists are mechanically
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fragile, surface contamination becomes more influential, and stable packaging is more
difficult than in standard fibers.

ChG microfibers should be regarded as tunable intermediate platforms that combine
strong field exposure with fiber-level accessibility, while requiring careful control of surface
quality, mechanical stability, and packaging [42]. Li et al. fabricated As;Se; microwires clad
with polycarbonate, cyclic olefin polymer, and poly (methyl methacrylate), demonstrating
that polymer cladding can improve the mechanical support and environmental robustness
of chalcogenide microwires [43]. Microfiber Bragg gratings further introduce wavelength
selectivity into these fiber-compatible structures. Cai et al. reported MIR microfiber Bragg
gratings in As,Ss microfibers with a stop band near 4.5 pm, extending microfiber-grating
operation toward molecularly relevant infrared wavelengths [44]. Such devices expand the
functions of ChG microfibers from passive transmission and evanescent-field interaction to
wavelength-selective filtering, reflection, feedback, and potentially distributed sensing.

Microfiber knot resonators introduce resonant circulation while retaining fiber com-
patibility. Xie et al. reported MIR chalcogenide microfiber knot resonators based on As;S3
microfibers [45]. Compared with straight FEWS fibers, these resonators increase the ef-
fective interaction length by allowing light to circulate around the knot. Compared with
lithographic ring resonators, they preserve a flexible fiber format and do not require thin-
film patterning. Their limitations arise from geometric reproducibility, mechanical stability,
contact control at the coupling region, and packaging.

Figure 3 summarizes the role of ChG microfibers in this intermediate regime. Ther-
mally drawn ChG microfibers retain transition regions connected to conventional fibers
while reducing the waist to micrometer or sub-micrometer dimensions. The hybrid polymer-
clad microwire and microfiber-knot examples show that ChG microfibers can be engineered
into more robust or resonant structures, rather than remaining fragile exposed tapers. The
calculated trends in Figure 3d—f explain why microfiber diameter is a central design variable
in MIR devices. As the diameter decreases, the effective refractive index drops and the
evanescent-field fraction increases, especially at longer wavelengths. This favors absorp-
tion sensing and surface interaction. However, excessive diameter reduction increases
bending loss, environmental sensitivity, and susceptibility to surface contamination. The
effective mode area shows a related trade-off: tapering can reduce the mode area and
enhance nonlinear intensity, but overly small diameters allow the mode to expand into the
surrounding medium.

Fabry-Perot fiber cavities provide another fiber-integrated resonator route. Zhang
et al. demonstrated a chalcogenide Fabry—Perot fiber tunable filter using high-reflectivity
coatings on chalcogenide fiber facets [46]. The device illustrates how axial optical feedback
can be introduced directly in a soft-glass fiber format, making the structure relevant to
MIR filtering, feedback-assisted nonlinear generation, and cavity-enhanced absorption. Its
performance depends on mirror coating quality, facet flatness, finesse, thermal drift, and
alignment stability.

A comparison of representative chalcogenide microfiber, grating, knot-resonator and
Fabry-Perot fiber-cavity platforms is given in Table 3. These architectures bridge con-
ventional FEWS and planar microcavities by combining flexible delivery, surface interac-
tion, wavelength selectivity and resonant enhancement. Their strongest role is likely in
hybrid MIR systems where fiber compatibility and resonant or nonlinear enhancement
must coexist.
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Figure 3. Chalcogenide glass microfibers as intermediate platforms between FEWS probes and
integrated resonators. (a) Taper drawing of a chalcogenide microfiber from a conventional ChG fiber,
with SEM images showing the microfiber waist and surface morphology. (b) Hybrid polymer-clad
ChG microfiber structure and optical image of a fabricated hybrid taper. (c) Chalcogenide microfiber
knot resonator assembled from a drawn microfiber. (d—f) Calculated diameter-dependent effective
refractive index, fractional evanescent field, and effective mode area of As,S3 and As,Ses microfibers
at representative near-IR and MIR wavelengths. The figure summarizes how microfiber diameter,
hybrid cladding, and resonator geometry control evanescent-field exposure, modal confinement and
nonlinear interaction. Panels (a,c) are adapted with permission from Ref. [45]. Copyright © 2016
Optica Publishing Group. Panel (b) is adapted with permission from Ref. [43]. Copyright © 2016
Optica Publishing Group. Panels (d—f) are adapted with permission from Ref. [42].

Chalcogenide microfibers and fiber-integrated cavities are discussed here primarily
as sensing and architecture platforms that bridge conventional FEWS probes and planar
microcavities. Tapered microfibers increase evanescent-field exposure, Bragg gratings
provide wavelength selectivity, knot resonators introduce resonant circulation, and Fabry—
Perot cavities provide axial feedback. These geometries combine flexible delivery, surface
interaction, spectral control and resonant enhancement, but they also increase sensitivity to
fragility, surface contamination, and packaging instability. Their nonlinear-source functions
are discussed separately in Section 4, where similar fiber and microwire geometries are
considered from the perspective of MIR source generation rather than sensing architecture.

3.3. Planar Waveguide and Microcavity Sensors: From Resonant Enhancement to High-Overlap
Gas Sensing

Planar chalcogenide waveguides and microcavities transform FEWS-like molecular
interaction into lithographically controlled chip architectures. In these devices, the sensing
signal is no longer limited to single-pass evanescent absorption. Straight or rib waveguides
mainly measure guided-wave absorption along a defined path. Ring resonators, disks,
and WGM-type cavities can convert molecular interaction into resonance shift, linewidth
broadening, extinction-ratio change or Q-factor degradation. Photonic crystal cavities
provide compact field localization. Suspended nanorib and hollow-core anti-resonant
structures further shift the design target toward high external confinement or direct gas-
core overlap.
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Table 3. Representative chalcogenide microfiber and fiber-integrated cavity architectures for MIR

sensing and nonlinear photonics.

Architecture Represer.ltatlve Function and Key Main Limitations
Device Advantages
Enhances evanescent-field
exposure and nonlinear . .
. . . Fragile waist, surface
— Chalcogenide glass interaction through small 2 .
Tapered microfiber o . contamination and packaging
microfiber effective mode area and

large surface-to-
volume ratio

difficulty [42]

Polymer-clad microwire

PC-, COP-, or PMMA-clad
As,Ses microwire

Improves mechanical
support and environmental
protection while retaining
strong optical confinement

and nonlinear interaction

Polymer absorption, thermal
and chemical compatibility,
interface quality, and
fabrication reproducibility [43]

MIR microfiber Bragg
grating

AsyS3 microfiber Bragg
grating near MIR
wavelengths

Combines microfiber
exposure with spectral
selectivity for MIR
stop-band filtering
and sensing

Fabrication tolerance, spectral
drift and mechanical
stability [44]

Microfiber knot
resonator

AsyS3 microfiber knot
resonator

Introduces resonant
circulation and increased
interaction length while
retaining a fiber-format
geometry

Coupling region sensitivity
and geometric
reproducibility [45]

Fabry-Perot fiber cavity

Coated chalcogenide fiber
segment

Provides axial feedback,
tunable filtering, and a
simple fiber-cavity concept

Mirror quality, facet flatness,
finesse control, and thermal
drift [46]

Low-loss planar chalcogenide waveguides formed the basis for integrated MIR sensing.
Ma et al. reported low-loss chalcogenide waveguides for MIR chemical sensing, establishing
that high-index ChG films could provide chip-scale MIR routing with losses compatible
with evanescent absorption spectroscopy [47]. Zou et al. demonstrated high-index-contrast
chalcogenide photonics on silicon and unconventional non-planar substrates, expanding
the design space beyond standard planar chips [48]. These platforms connect FEWS-style
molecular interaction with lithographically defined routing, compact footprints, and future
detector or microfluidic integration.

High-Q chalcogenide resonators then enabled cavity-enhanced MIR spectroscopy.
Lin et al. demonstrated high-Q chalcogenide glass-on-silicon resonators near 5.2 pm,
proving that resonant enhancement could be achieved at molecularly relevant MIR wave-
lengths [49]. Ma et al. reported high-Q chalcogenide ring resonators for cavity-enhanced
MIR spectroscopic sensing, directly linking resonator linewidth and extinction to absorption
measurements [50]. Lin et al. further demonstrated CaF,-supported high-Q chalcogenide
resonators and used them for cavity-enhanced spectroscopy of ethanol solutions [51]. These
studies established the basic resonator-sensing logic: increased optical path length improves
sensitivity only when Q factor, analyte overlap, coupling stability, and parasitic absorption
are simultaneously controlled.

Photonic crystal cavities provide a more compact field localization route. Mid-infrared
waveguide photonic crystal cavities in Ge-Sb-S glass on CaF, substrates achieved localized
resonances near 5.2 um [52]. Although their Q factors are generally lower than those
of high-Q rings or WGM-type resonators, photonic crystal cavities offer compact mode
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volumes and spatially defined sensing regions. Their performance is strongly affected by
fabrication disorder, sidewall roughness, dimensional tolerance and coupling design. Three-
dimensional MIR photonic circuits written in chalcogenide glass also show that integration
does not need to remain strictly planar [53]. Buried or three-dimensional waveguide
layouts may support compact routing, interferometric sensing, astrophotonic functions or
biochemical sensing geometries that are difficult to implement in two-dimensional chips.

A central lesson from chalcogenide resonator sensing is that high Q is not sufficient.
For refractive index sensing, resonance shift is often the main signal. For absorption
spectroscopy, linewidth broadening, Q-factor reduction, or change in resonance depth may
more directly reflect molecular absorption. Useful sensing performance depends on the
balance among Q factor, analyte overlap, parasitic absorption, coupling condition, thermal
drift, environmental background, and detector noise. A very high-Q resonator with weak
analyte overlap can underperform a moderate-Q resonator with a better sensing interface.

Recent GeSbSe waveguide and resonator platforms have moved chalcogenide sensing
toward application-specific MIR circuits. Grayson et al. fabricated Ge3Sb1,Seqyp waveg-
uides and resonators and demonstrated on-chip MIR sensing near 3.66 um, while also
showing how process-related absorption can affect device performance [54]. Meziani et al.
reported liquid and gas MIR integrated spectroscopic sensing with chalcogenide waveg-
uides, extending integrated sensing toward longer wavelengths and more realistic sample
configurations [55]. These studies mark a transition from isolated resonator demonstrations
to waveguide—sensor circuits designed around target analytes, spectral windows, sample
handling and packaging.

Waveguide geometry further modifies the sensing trade-off. Slot and subwavelength-
grating waveguides can increase analyte overlap, but they also introduce fabrication
complexity, scattering and additional loss. Comparative analysis shows that these ge-
ometries do not automatically outperform strip waveguides once practical constraints are
included [56]. For chalcogenide MIR sensing, field exposure must therefore be balanced
against loss, manufacturability, coupling, and environmental stability.

The suspended nanorib results highlighted in Figure 2d—j provide one of the strongest
recent demonstrations of high-overlap chalcogenide gas sensing. Pi et al. demonstrated
ultra-wideband Ge)gSb1,Seq) suspended nanorib waveguide gas sensors covering three
MIR windows: 3.2-5.6 pm, 5.4-8.2 um and 8.1-11.5 um [36]. The key idea is that the
chalcogenide rib is suspended so that a large fraction of the guided field is exposed to
the surrounding gas rather than buried in a solid cladding. This geometry produced
experimentally derived external confinement factors of approximately 110% and enabled
ppm-level methane detection. For this review, the significance of this work lies not only in
the detection limit, but also in showing that high analyte overlap, broad MIR operation,
and dry-etch-free fabrication can be combined in a chalcogenide gas-sensing platform.

Hybrid hollow-core and anti-resonant waveguide designs represent another recent
direction. Min et al. reported an on-chip hollow-core C,H, sensor based on a hybrid
chalcogenide/PDMS anti-resonant reflecting structure [57]. Although demonstrated in the
near-infrared, the structure is conceptually relevant to MIR chalcogenide sensing because
the gas occupies the waveguide core and directly overlaps with the optical mode rather
than interacting only with an evanescent tail. This work suggests a useful future design
route: chalcogenide materials can be combined with hollow-core or anti-resonant guiding
to increase light—-gas overlap, simplify fabrication, and reduce the conflict between strong
confinement and analyte access.

Chalcogenide microcavities should also be evaluated against non-chalcogenide bench-
marks. Heterogeneously integrated silicon photonics provide mature fabrication and
broader photonic integration routes, while fluoride crystalline resonators provide ultra-

https://doi.org/10.3390 / photonics13100896


https://doi.org/10.3390/photonics13100896

Photonics 2026, 13, 896

16 of 35

high-Q MIR benchmarks [58,59]. These comparisons clarify the distinctive value of chalco-
genide platforms: they combine MIR transparency, high nonlinearity, high index, fiber
compatibility, and thin-film processability within the same material family.

Representative planar chalcogenide waveguide and microcavity sensing platforms
are summarized in Table 4. The table emphasizes how guided-wave absorption, resonant
enhancement, localized field confinement, and high-overlap suspended or hollow-core
geometries improve MIR molecular detection. The best MIR cavity sensor is therefore not
necessarily the device with the highest Q factor but the device that produces the strongest
stable molecular signal under realistic sample, coupling and packaging conditions.

Table 4. Representative planar chalcogenide waveguide and microcavity sensing architectures for
MIR molecular detection.

Platform/
Architecture

Representative Device
or Material

Main Sensing
Mechanism

Key Advantages

Main Limitations

Planar chalcogenide
waveguides

Chalcogenide strip or
rib waveguides for MIR
chemical sensing

Evanescent absorption
along a guided path

Compact routing;

chip-scale sensing;

compatibility with
liquid or gas samples

Propagation loss,
coupling loss, interface
reproducibility, and
sample delivery [47,48]

Chalcogenide glass

Resonance shift,

Increased effective path

Q-overlap trade-off,
thermal drift, coupling

Chalcogenide resonator ring, disk or linewidth change and length; spectral .
. L fluctuation, and
sensors CaF;-supported cavity-enhanced selectivity; small ackagine sensitivit
resonators absorption footprint packagimg senstivity
[49-51]
Ge-5b-S Disorder sensitivity,

Localized-field cavity
Sensors

photonic-crystal cavity
and related localized
resonant structures

Localized resonant
field enhancement

Compact mode volume;
defined sensing region;
strong local field

fabrication tolerance,
and coupling
complexity [52]

Non-planar or
3D-written

Laser-written 3D MIR
chalcogenide photonic

Integrated routing and
compact optical

Potential for
non-planar routing and

Less mature than
lithographic thin-film
platforms; higher

chalcogenide circuits circuits functions complex MIR circuits process variability [53]
I . Process-related
Application-oriented GepgSb12Seq . Deeper-MIR operation; .
GeSbSe waveguide waveguides and On—chlp MIR. application-oriented abgorptlon, surfac.e
absorption sensing . quality, and packaging
5ensors resonators molecular sensing ;
requirements [54,55]
Suspended Very high analyte Mechanical robustness,
Hich-overlap sas-core GensSb PS)le nanorib Wideband gas overlap; experimentally ~ suspended-structure
& or Sus epnge d W;ie 1§i de6:g' hvbrid absorption with high demonstrated ECF ~  stability, gas packaging,
s truftures C}gl G /PII)M}; external confinement or 110%; simplified calibration, and MIR
hollow-core ARROWs direct gas-core overlap  chip-scale gas-sensing  translation for ARROW
concepts devices [56,57]

Overall, chalcogenide MIR sensing has progressed from fiber-delivered molecular

absorption to geometry-optimized probes, microfiber resonators, and chip-scale high-
overlap sensors. The field is no longer limited by whether chalcogenide glass can transmit
MIR light. The decisive questions are now how the optical mode is exposed to the analyte,
how parasitic absorption and scattering are suppressed, how the sample is delivered and
regenerated, and how the sensing element is packaged into a stable system. This platform-
level view prepares the transition to Section 4, where the same chalcogenide material
advantages are used not only for sensing but also for nonlinear MIR source generation.
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4. Chalcogenide Source Platforms for MIR Sensing and Nonlinear
Photonics

Chalcogenide source platforms provide the source-side counterpart to MIR sensing.
Molecular spectroscopy requires optical power at specific absorption bands, yet compact
broadband, tunable or narrow-linewidth MIR sources remain difficult to implement. FTIR
sources are broadband but bulky and relatively low-brightness, whereas quantum cascade
lasers and interband cascade lasers provide strong targeted MIR emission but are less suited
to broadband multi-species spectroscopy. Chalcogenide platforms address this need mainly
through nonlinear optical processes, including supercontinuum generation, four-wave
mixing, optical parametric conversion, Raman scattering, Brillouin scattering, and Kerr
comb formation. Doped chalcogenide fibers and glass—ceramics are mentioned only briefly
as related active MIR source options, because their gain mechanisms are physically distinct
from the nonlinear processes emphasized in this review.

The nonlinear source functionality emphasized here arises from the same material
properties that support MIR sensing: broad infrared transparency, high refractive index,
large third-order nonlinearity and flexible fiber or thin-film processing. More broadly,
integrated nonlinear photonics has moved from bulk and fiber geometries toward compact
waveguides and resonators, where strong confinement, controllable dispersion and high op-
tical intensity enable supercontinuum generation, frequency comb formation, wavelength
conversion, optical switching, and quantum-light generation at reduced power levels [60].
For chalcogenide MIR systems, these nonlinear source routes are best discussed by source
function rather than by geometry alone. Broadband supercontinuum generation, paramet-
ric conversion, Raman processes, Kerr microcombs, Brillouin lasers, and reconfigurable
nonlinear resonators provide complementary routes to MIR source engineering.

In fiber platforms, source performance depends strongly on geometry. Step-index
fibers emphasize transmission, power handling and fabrication simplicity. Suspended-core
and photonic-crystal fibers provide smaller mode areas and stronger dispersion control.
Tapered fibers and microwires further increase confinement and nonlinear efficiency, but
they are more difficult to handle, package, and stabilize. The best geometry is therefore not
the one with the largest nonlinear coefficient alone but the one that provides the required
bandwidth, power spectral density, coherence, polarization state, and environmental
robustness for a given sensing architecture.

Supercontinuum generation is the most mature nonlinear function of chalcogenide
fibers. In 2012, Gattass et al. demonstrated broadband MIR generation in an all-fiber
chalcogenide format [61]. In the same year, Marandi et al. reported octave-spanning MIR
supercontinuum generation from 2.2 to 5 um in a tapered As,S; fiber, showing the benefit
of tight confinement and dispersion engineering [62]. Suspended-core and microstructured
chalcogenide fibers reported in 2013 and 2017 then provided routes to stronger nonlinear
interaction, smaller effective mode area and broader control over the zero-dispersion
wavelength [63,64]. These studies established chalcogenide fibers as active broadband
source media rather than merely passive infrared guides.

Representative nonlinear fiber and microfiber studies further illustrate the range
of achievable source functions. Petersen et al. reported a 1.4-13.3 pm supercontinuum
in an ultra-high-numerical-aperture chalcogenide step-index fiber, providing one of the
clearest demonstrations that chalcogenide fibers can cover multiple fundamental molecular
bands [65]. Abdukerim et al. demonstrated a 2 pum Raman fiber laser based on a multi-
material chalcogenide microwire, showing that strongly confined soft-glass microwires
can support narrowband Stokes-shifted emission [66]. The same group also reported
a chalcogenide-based optical parametric oscillator at 2 um, illustrating how four-wave
mixing in a microwire cavity can generate tunable parametric output [67]. In parallel,
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Moller et al. achieved multi-milliwatt MIR supercontinuum generation in a suspended-
core chalcogenide fiber [68], and Cheng et al. extended the spectrum from 2.0 to 15.1 pm
in a chalcogenide step-index fiber [69]. These works shifted the field from bandwidth
demonstrations toward practical spectroscopic source development, where usable power
density, coherence, linewidth, spectral flatness and stability across target bands are often
more important than spectral span alone.

Reviews of MIR supercontinuum generation in chalcogenide fibers have clarified the
roles of glass composition, pump wavelength, dispersion, step-index design, microstruc-
tured geometries and tapered fibers [70,71]. The broader specialty-fiber supercontinuum
literature also emphasizes brightness, coherence, noise, polarization stability, and system
compatibility as source metrics for spectroscopy [72]. This perspective is important because
a moderately broad but stable and bright source may outperform an extremely broad but
noisy spectrum in practical sensing.

Polarization and noise control have therefore become central. Ghosh et al. reported a
chalcogenide-glass polarization-maintaining photonic crystal fiber for MIR supercontinuum
generation, addressing the need for stable polarization during nonlinear propagation [73].
Eslami et al. reported low-noise octave-spanning MIR supercontinuum generation, high-
lighting relative intensity noise and coherence as key source parameters [74]. Subsequent
work by Saini et al., Venck et al., and others further examined coherent and stable opera-
tion in tapered chalcogenide fibers and fiber-based MIR supercontinuum systems [75-77].
Low-loss As,Ses step-index fibers and all-fiber MIR supercontinuum systems continued
this transition toward practical spectroscopic modules [78,79].

Long-wavelength extension remains attractive but technically demanding. Telluride-
based and long-wave selenide fibers can push supercontinuum generation deeper into the
molecular fingerprint region, as shown by MIR supercontinuum generation in Te-based
suspended-core chalcogenide fibers [80]. Longer-wavelength operation, however, increases
sensitivity to multiphonon absorption, impurity bands, atmospheric absorption, detector
limitations, and packaging materials. For sensing-oriented systems, the practical question
is not the longest wavelength generated, but the usable power, stability, and calibration
reliability at target molecular bands.

Four-wave mixing and optical parametric conversion provide spectrally selective
alternatives to broadband supercontinuum generation. Ahmad and Rochette demonstrated
a chalcogenide optical parametric oscillator based on an AsySe; microwire [81] and also
reported efficient broadband optical parametric four-wave mixing in chalcogenide-PMMA
hybrid microwires [82]. Compared with SCG, parametric conversion is especially attractive
when the analyte has known absorption bands and optical power needs to be concentrated
around selected wavelengths. Raman processes provide another route to Stokes-shifted
emission, while Brillouin processes can provide narrow spectral features. These functions
are complementary: broadband supercontinuum sources are suited to multi-species screen-
ing, whereas Raman, Brillouin and parametric sources are better aligned with targeted or
high-resolution detection.

Mid-infrared chalcogenide fiber lasers represent a related but physically distinct
active-source route. Earlier work established the broader potential of MIR fiber lasers
beyond the conventional silica-fiber wavelength range and demonstrated chalcogenide
fiber lasing beyond 5 um [83,84]. At the system level, Grebnev et al. emphasized that
practical MIR fiber lasers and amplifiers require not only suitable gain fibers but also
compatible fiber Bragg gratings, couplers, combiners, endcaps and low-loss soft-glass
joining technologies [85]. Unlike SCG, FWM, Kerr-comb generation or Brillouin lasing,
their MIR output originates primarily from dopant-centered stimulated emission rather
than from the passive nonlinear processes emphasized above. Recent Ce**-, Tb3*-, Pr3*-
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and Nd**-doped chalcogenide fiber lasers have extended direct fiber emission toward
the 5-6 um molecular-fingerprint region [86-91]. Transition-metal-activated chalcogenide
glass-ceramics and fibers provide another related broadband-emission route, with Co/Fe-,
Ni- and Co-doped systems showing broad 2.5-5.5 um emission and potential relevance
to gas-sensing source design [92-94]. These active-source studies are included here as
neighboring MIR source options rather than as a separate main topic, because the focus
of this review remains chalcogenide sensing platforms, nonlinear source generation and
source—sensor—detector integration.

Resonator-based MIR sources provide the chip-scale counterpart to fiber and mi-
crowire sources. Recent reviews of whispering-gallery-mode microcavity lasers provide
broader context for resonant source development from the visible to the mid-infrared,
including concepts relevant to MIR chalcogenide microcavity platforms [95]. In chalco-
genide systems, Xia et al. demonstrated engineered Raman lasing in GeSbS integrated
microresonators [96] and subsequently realized microresonator soliton-comb generation on
the Gep5Sb1¢Ses integrated photonic platform [97]. The platform combines broad infrared
transparency, high Kerr nonlinearity, a relatively low thermo-optic coefficient and compat-
ibility with nanofabrication; high-Q microresonators supported both bright-soliton and
dark-pulse comb states. Although these demonstrations do not directly constitute chemical
sensors, they establish compact, coherent and dispersion-engineered chalcogenide source
platforms whose line spacing, bandwidth and chip-scale format are relevant to future
dual-comb and multi-line MIR spectroscopy.

Figure 4 compares three complementary nonlinear source functions implemented in
chalcogenide fibers, microwires and microresonators. The tapered step-index fiber results
in Figure 4a,b represent the broadband supercontinuum route. Experimentally, changing
the pump wavelength from 2.0 to 2.6 pm substantially alters the spectral broadening, with
2.6 um pumping producing the widest measured output. The simulations show that in-
creasing the input peak power from 5 to 15 kW extends the long-wavelength edge of the
continuum. The usable bandwidth is therefore governed jointly by pump wavelength,
peak power, waveguide dispersion, and taper geometry [75]. The integrated GeSbS mi-
croresonator results in Figure 4c,d illustrate dispersion-engineered Raman dynamics. A
1.7 um-wide resonator supports pronounced cascaded Raman lasing, whereas a 2.4 pm-
wide resonator produces a broadband Raman-Kerr comb because the modified dispersion
changes the phase-matching condition for four-wave mixing. Although these demon-
strations operate in the near-infrared/short-wave-infrared range, they provide a clear
device-level model for controlling competing Raman and Kerr processes in chalcogenide
resonators and for extending integrated nonlinear sources toward longer wavelengths [96].

The microwire optical parametric oscillator in Figure 4e,f provides a spectrally selec-
tive alternative to both supercontinuum generation and Raman lasing. The COP cladding
and PMMA overcoating mechanically support the As,Ses microwire, while the transition
sections connect the small nonlinear waist to the larger hybrid fiber. Under appropriate
phase-matching and cavity-feedback conditions, the device produces narrow and tunable
parametric outputs around 2 um [67]. Figure 4 therefore presents broadband supercontin-
uum generation for multiband interrogation, dispersion-engineered Raman emission for
Stokes-shifted output, and parametric oscillation for narrowband wavelength conversion.

The spectral reach of chalcogenide microcombs is also expanding. Multi-octave two-
color soliton frequency comb generation in integrated chalcogenide microresonators ex-
tended the accessible spectral range toward the short-wave MIR [98]. Broadband MIR
frequency comb design has also been explored through dispersion and mode-volume
engineering [99]. These studies suggest a route from near-infrared comb technology to-
ward molecular fingerprint spectroscopy, although long-wave MIR operation still faces
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constraints from material loss, dispersion control, pump availability, detector response, and
thermal stability.

0 A=2.0um
. 15KW
R E] 2.0 25 3.0 35 30 -
A=22pum
20
5
WI’L“
2D 2. 2.5 X 3 . T
Y i

SKW

I8
s
=2
°

&
3
=3

IS
3

&

o

[
3

Normalized Intensity (dB)

Normalized Intensity (dB)
'S

- &

[
3

Lo
=3

A=2.6 um

“ 25 3 35 4 45 5
Wavelength (um)
L5 2.0 2.5 3.0 35 40
Wavelength (um)

€ 0rExperiment W=1.7 ym | d ol Experiment W=2.4 pm |
£ i

m -20 QEJ

2 I-

5] o

8 3

a -40 a .

" " . A » . 60 L s L L L L s

1400 1450 1500 1550 1600 1650 1700 1750 1800 1400 1450 1500 1550 1600 1650 1700 1750 1800
-20

f
i = 30
COP cladding (gcor=190.2 pm) Microwire Transition  Hybrid
AszSe; COre (gus=18.2 um) section section fiber E 404
PMMA coating (gowma=770.0 um) A s
| g 504
\ &
-604
e -704

1.85 1.90 1.95 2.00 2.05
Wavelength (um)

Figure 4. Chalcogenide nonlinear source routes based on tapered fibers, integrated Raman microres-
onators, and microwire optical parametric oscillators. (a) Experimentally measured supercontinuum
spectra from a 3 cm tapered chalcogenide step-index fiber pumped at 2.0, 2.2, 2.4 and 2.6 pm.
(b) Calculated supercontinuum spectra for 2.6 um pumping at input peak powers of 5, 10.12 and
15 kW. (c) Experimentally measured cascaded Raman-lasing spectrum in a GeSbS microresonator
with a waveguide width of 1.7 um. (d) Broadband Raman-Kerr comb generated in a GeSbS mi-
croresonator with a waveguide width of 2.4 um. (e) Structure of a COP-cladded As;Se; microwire
optical parametric oscillator, showing the hybrid-fiber, transition, and microwire sections. (f) Tunable
optical-parametric-oscillator spectra around 2 um. Superimposed single-pass parametric amplifica-
tion spectra measured at different probe wavelengths; the different colors distinguish the individual
measurement traces. Panels (a,b) are adapted from Ref. [75] under the Creative Commons Attribution
4.0 International License. Panels (c,d) are adapted from Ref. [96] under the Creative Commons Attri-
bution 4.0 International License. Panels (e,f) are adapted with permission from Ref. [67]. Copyright ©
2016 Optica Publishing Group.

Chalcogenide chip-based frequency combs are now being framed explicitly for ad-
vanced laser spectroscopy. Pan et al. reviewed Ge,55b19Sgs microresonator frequency
combs for spectroscopy, including bright solitons, dark pulses, Raman—Kerr combs, and
broadband Kerr microcombs, as well as the future potential of MIR Kerr combs [100]. This
tutorial emphasizes that chalcogenide microcombs combine high Kerr nonlinearity, litho-
graphically controlled dispersion, and compact form factors. They are therefore attractive
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for dual comb spectroscopy and molecular laser spectroscopy when spectral coverage,
coherence, comb spacing, and source stability can be controlled simultaneously.

Brillouin lasing provides a narrow-linewidth source route that complements broad-
band supercontinuum and Kerr comb generation. Figure 5 highlights a recent ultra-high-Q
on-chip chalcogenide implementation. In this device, the optical and acoustic modes are
co-confined in the resonator, providing the spatial overlap and interaction time required
for efficient stimulated Brillouin scattering (Figure 5a). The measured spectrum resolves
cascaded even-order Stokes components up to the eighth order with a Brillouin frequency
shift of 3.66 GHz (Figure 5b). The pump-dependent Stokes dynamics in Figure 5c and the
wavelength-dependent second-order Stokes output in Figure 5d show that the Brillouin
emission is governed by threshold behavior, resonance detuning, and the Brillouin gain
bandwidth. The platform reached a Q factor of 38 million at 3.86 um and demonstrated
Brillouin lasing around 3.3 pm with a threshold of 91.9 uW [101].
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Figure 5. Mid-infrared Brillouin laser based on an ultra-high-Q on-chip chalcogenide resonator.
(a) Simulated acoustic displacement and optical field distributions in an ultra-high-Q chalcogenide
resonator operating near 3.3 pm. (b) Cascaded Brillouin-lasing spectrum showing even-order Stokes
components and a measured Brillouin frequency shift of 3.66 GHz. (c) Calculated output powers of
the first- to fourth-order Stokes components and measured powers of the second- and fourth-order
Stokes waves as functions of input pump power. (d) Dependence of the second-order Stokes output
power on pump wavelength. Reproduced/adapted from Ref. [101] with permission.

Chalcogenide suspended-core fibers offer an earlier fiber-based route to Brillouin
source generation. A 1.5 m As3gSesy suspended-core fiber used in a ring cavity pumped near
2 pm produced a narrow Stokes line near 1.953 um with a lasing threshold of approximately
52 mW [102]. This fiber-cavity approach uses a long interaction length and strong Brillouin
gain, whereas the chip-scale resonator approach reduces footprint and threshold through

https://doi.org/10.3390 / photonics13100896


https://doi.org/10.3390/photonics13100896

Photonics 2026, 13, 896

22 of 35

ultra-high-Q confinement. Both routes require low optical loss, strong opto-acoustic overlap,
stable feedback, and robust coupling.

This comparison also reinforces the loss-chain argument discussed in Section 2. Once
chalcogenide resonators approach ultra-high-Q operation, the limiting mechanisms shift
from obvious fabrication defects to subtler contributions such as impurity absorption,
surface-roughness scattering, surface-adsorbed molecules, cladding or substrate absorption
and packaging-induced perturbations. Figure 5 shows that chalcogenide platforms can
provide narrowband MIR source functions only when material purification, optical and
acoustic mode design, resonator or fiber-cavity feedback, coupling and environmental
stabilization are co-designed.

Ultra-high-Q chalcogenide resonators are important for both nonlinear optics and
sensing. Suk et al. demonstrated on-chip chalcogenide resonators with Q factors exceeding
10 million across 3.2—4.6 um and a peak Q of 67 million at 3.91 um [103]. These results show
that integrated chalcogenide platforms are approaching loss regimes previously associated
mainly with high-quality fibers and crystalline resonators. As Q increases, the limiting
factors shift from gross fabrication defects toward impurity absorption, airborne molecular
absorption, surface adsorption and packaging-induced perturbations.

Post-fabrication reconfigurability addresses another bottleneck in nonlinear micro-
cavities. Conventional dispersion engineering is fixed after fabrication, but Kerr comb
generation, dispersive-wave emission, parametric oscillation, and soliton dynamics are
highly sensitive to waveguide width, etch depth, sidewall angle, film thickness, and mate-
rial dispersion. Lai et al. emphasized in a roadmap of integrated nonlinear chalcogenide
photonics that composition, material dispersion, geometry, thermal response, and fabrica-
tion tolerance must be considered together [104]. Xia et al. then used chalcogenide photo-
sensitivity to reconfigure dispersion itself rather than only tuning individual resonances.
By optically imprinting and erasing Bragg gratings inside high-Q GeSbS microresonators,
they modified mode splitting and local resonance distributions, enabling post-fabrication
control of phase matching. This strategy was used to tune OPO sidebands, flatten Kerr
spectra and deterministically generate compact Brillouin lasers [105].

The reconfigurable GeSbS study provides a useful organizing example because it links
one photosensitive mechanism to several nonlinear source functions. Counter-propagating
waves and intracavity backscattering write a Bragg grating in the microring, creating
mode splitting and modifying the local dispersion landscape. The same platform can
then operate in multiple nonlinear regimes, including wavelength-accurate OPO sideband
tuning, spectrally flattened Kerr microcomb generation, and compact stimulated Brillouin
lasing [105]. In this sense, chalcogenide photosensitivity converts dispersion from a fixed
fabrication outcome into a post-fabrication programmable parameter.

Figure 6 focuses on the physical mechanism of post-fabrication dispersion reconfigura-
tion. The SEM images in Figure 6a establish the device as a lithographically defined GeSbS
microring resonator with a geometry compatible with integrated nonlinear photonics. The
molecular schematics in Figure 6b connect the device-level response to the photosensitivity
of GeSbS glass: optical illumination can modify local bonding configurations and therefore
induce a refractive index perturbation. This material response provides the basis for writing
an intracavity Bragg grating without changing the fabricated geometry.
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Figure 6. Reconfigurable dispersion in GeSbS chalcogenide microresonators through optically
imprinted Bragg gratings. (a) Scanning electron microscopy images showing the structural features
of the GeSbS microresonator. (b) Schematic molecular structures of GeSbS before and after optical
illumination, illustrating the photosensitive origin of refractive-index modification. (c) Dispersion—
configuration protocols based on initialization, grating imprinting and erasing; shaded resonant
modes, pump lines, and arrows indicate mode movement during reconfiguration. (d) Measured
microresonator transmission spectra showing tunable mode splitting during the reconfiguration
process. (e) Measured mode splitting and intrinsic Q factor during dispersion reconfiguration.
Adapted with permission from Ref. [105].

The protocol in Figure 6¢ explains how this photosensitivity is translated into resonator
control. During initialization, weak backscattering couples clockwise and counter-clockwise
traveling-wave modes. During optical imprinting, a standing-wave pattern writes a Bragg
grating into the microring, producing controllable mode splitting and shifting the local
resonance landscape. During erasing, the written perturbation can be weakened or re-
configured. The measured transmission spectra in Figure 6d directly verify this sequence:
resonance splitting appears and evolves during imprinting, while the central frequency
shifts during the process. The mode-splitting and intrinsic-Q data in Figure 6e show a key
advantage of this method: the resonance landscape can be modified while maintaining
high cavity quality. For nonlinear photonics, this distinction is critical because dispersion
engineering is useful only if it does not destroy the low-loss resonator required for soliton
formation, parametric oscillation, or Brillouin lasing.

Figure 7 shows the device-level consequence of the mechanism introduced in Figure 6.
Before reconfiguration, the integrated dispersion curve in Figure 7a defines the original
phase-matching landscape of the GeSbS microresonator. The corresponding microcomb
spectrum in Figure 7b reflects this initial dispersion state and serves as the baseline re-
sponse of the device. After multimode grating inscription, Figure 7c shows a modified
integrated-dispersion profile with a flattened branch near the central pumped mode. This
demonstrates that optical reconfiguration changes not only a single resonance frequency but
also the local dispersion relation that governs nonlinear phase matching. The reconfigured
microcomb spectrum in Figure 7d demonstrates why this capability is significant. A flatter
dispersion landscape produces a more controllable and spectrally flattened comb envelope,
while the simulated spectra and noise measurements support stable comb operation. For
MIR sensing and spectroscopy, this is more than a microcomb optimization result. Comb
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flatness, line spacing, accessible wavelength range and intensity noise determine how effec-
tively multiple molecular absorption bands can be interrogated. Figures 6 and 7 together
therefore show a transition from passive high-nonlinearity resonators to reconfigurable
source platforms, where dispersion and spectral output can be adjusted after fabrication to
better match pump wavelengths, molecular bands, and detector windows.
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Figure 7. Spectral engineering of Kerr microcombs in reconfigured GeSbS microresonators.
(a) Measured integrated dispersion of the original microresonator, showing the initial anomalous
dispersion profile. (b) Kerr microcomb spectrum generated in the original dispersion state. (c) Mea-
sured integrated dispersion after inscription of multimode gratings, showing a flattened dispersion
branch near the pumped mode. (d) Reconfigured Kerr microcomb spectrum with improved spectral
flatness; dashed curves show simulations under similar dispersion conditions, and insets show the
soliton step and radio-frequency intensity—noise spectrum. Reproduced/adapted from Ref. [105]

with permission or under the applicable license.

For MIR sensing, reconfigurability is valuable because nonlinear source spectra must
match molecular absorption bands, pump wavelengths, and detector windows. A fixed
microresonator may generate comb lines or dispersive waves away from the desired
spectral region. A reconfigurable platform could instead adapt nonlinear source functions
to different analytes or measurement conditions. This capability does not eliminate the
need for low loss, stable coupling, or thermal control, but it adds an important degree of
freedom after fabrication.

High-Q chalcogenide microrings are also entering the quantum nonlinear landscape.
Huang et al. demonstrated an integrated reconfigurable photon pair source based on
spontaneous four-wave mixing in a Ge5Sb19Ses microring resonator [106]. The device
combined high-Q cavity enhancement, large X(3) nonlinearity, narrowband photon pair
generation and photoinduced post-fabrication wavelength tuning across two free spectral
ranges. Although quantum light generation is not the main focus of MIR molecular sensing,
this result broadens the role of chalcogenide nonlinear microcavities from classical combs,
OPOs, and Brillouin lasers toward reconfigurable integrated quantum photonics.

Despite rapid progress, nonlinear chalcogenide microcavities remain demanding. Kerr
combs require controlled dispersion and stable pump detuning. Brillouin lasers require
high Q, suitable optical-acoustic coupling and suppression of competing losses. MIR
operation further requires control of airborne absorption, substrate loss, thermal drift, and
coupling stability. For sensing systems, the key question is not only whether nonlinear
oscillation occurs but whether the output is stable, spectrally matched, and compatible
with detector response.

Table 5 compares representative nonlinear chalcogenide source routes by platform
geometry, dominant nonlinear mechanism, source function, and remaining device-level
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constraints. The table is focused on x3-related and cavity-enhanced nonlinear source
processes, including supercontinuum generation, four-wave mixing, Raman scattering,
Brillouin scattering, Kerr comb generation and reconfigurable microresonator operation.
Rare earth- and transition metal-activated chalcogenide sources are discussed briefly above
as neighboring active MIR source options, but they are not listed as separate main categories
because their emission mechanisms are governed primarily by dopant-centered gain media
photophysics rather than by the nonlinear processes emphasized here.

Table 5. Representative nonlinear chalcogenide source platforms for MIR sensing and nonlinear

photonics.
Representative Dominant Nonlinear . Main Design
Source Route . Source Function .
Platform Mechanism Constraints

Self-phase modulation,

Dispersion control,

Step-index sulfide soliton dynamics, Broadband MIR or pump wavelength,
. p. . Raman-assisted extended impurity absorption,
Broadband fiber SCG selenide, and Te-rich . . . . .
. . broadening, and fingerprint-region multiphonon loss, and
chalcogenide fibers . .
dispersive-wave source long-wave power
generation density [61,65,69,76-80]
Complex fabrication,
Microstructured and Suspended-core and Dispersion-engineered Broadband and coupling loss,
suspended-core fiber photonic crystal SCG in multi-milliwatt MIR structural fragility, and
SCG chalcogenide fibers small-mode-area fibers source packaging stability
[63,64,68,73]
Mechanical fragility,
. . surface contamination,
"l."apere.d fiber e.and Tap?red AsyS3/ A§28e3 SCG, FWM and optical Octave-spanning MIR environmental
microwire nonlinear fibers and hybrid . . source or wavelength e
. . parametric conversion sensitivity, and
sources microwires converter

reproducible packaging
[62,75,81,82]

Raman chalcogenide

Multi-material
microwires and GeSbS

Stimulated Raman
scattering and

Stokes-shifted or
Raman-Kerr comb

Raman-Kerr
competition, dispersion
control, pump

sources mié?gigsgiz(iors Raman-Kerr dynamics source detuning and thermal
stability [66,96]
Suspended-core Optical loss,
o . chalcoge.mde fiber . o Narrow-linewidth opto-acoustic overlap,
Brillouin chalcogenide cavities and Stimulated Brillouin cavity feedback,
. - MIR-related or MIR . 1
sources ultra-high-Q scattering coupling stability, and
. laser source . . .
chalcogenide airborne/impurity
resonators absorption [101,102]
High-Q fabrication,

Integrated Kerr comb
and reconfigurable
microresonator sources

Ge-5b-5/Ge-Sb-Se
high-Q microresonators

Kerr comb generation,
soliton formation and
photosensitive
dispersion
reconfiguration

Coherent multi-line
source and
post-fabrication tunable
source platform

dispersion accuracy,
pump-resonance
detuning,
reconfiguration
stability and MIR
extension [97-100,103]

Nonlinear chalcogenide sources should therefore be treated as functional modules for

MIR spectroscopy rather than as isolated nonlinear demonstrations. Supercontinuum fibers
provide broadband coverage, parametric devices provide wavelength translation, Raman
and Brillouin processes provide spectrally selective emission, Kerr microcombs provide
coherent multi-line outputs, and reconfigurable resonators may allow post-fabrication
matching to molecular absorption bands. Related active doped-fiber and glass-ceramic
sources may supply band-specific MIR emission, but their evaluation requires a separate

https://doi.org/10.3390 / photonics13100896


https://doi.org/10.3390/photonics13100896

Photonics 2026, 13, 896

26 of 35

gain medium framework. The value of any source route for sensing ultimately depends on
spectral matching, output stability, pump compatibility, loss control, detector matching,
and package robustness.

5. Integrated Source-Sensor-Detector Systems and Application-Driven
Design

The preceding sections show that chalcogenide glass platforms now span flexible
evanescent wave fibers, microfibers, planar waveguides, high-Q resonators, and nonlinear
source devices. For MIR sensing, however, the performance of an isolated component does
not determine the performance of a usable system. A broad supercontinuum spectrum is
useful only if its spectral power density, noise, and detector compatibility match the target
absorption bands. A high-Q cavity improves spectral resolution only when analyte overlap,
coupling stability, and thermal drift are controlled. Likewise, a low-loss waveguide becomes
relevant to sensing only when sample delivery, surface condition, detector response and
package absorption are managed together. Chalcogenide MIR photonics should therefore
be evaluated at the level of the complete source-waveguide—cavity—sensor-detector chain.

Several integration routes are emerging. One route combines nonlinear chalcogenide
fiber sources with FEWS or exposed-waveguide probes. The nonlinear fiber provides
broadband MIR illumination, while the sensing probe provides direct access to liquids,
biological fluids, or environmental samples. This architecture is attractive for broadband
molecular screening, but its sensitivity and repeatability are constrained by supercontinuum
noise, detector dynamic range, water or solvent background, surface fouling, and the single-
pass nature of evanescent field absorption.

A second route combines narrowband or comb-like sources with chalcogenide waveg-
uide or microcavity sensors. QCLs, ICLs, Brillouin lasers, Kerr combs, parametric sources,
and MIR fiber lasers can be matched to ring resonators, WGM-type resonators, Fabry—Perot
cavities, photonic crystal cavities, suspended nanorib waveguides, or hollow-core struc-
tures. This approach is better suited to targeted gas detection, cavity-enhanced absorption,
and high-resolution spectroscopy. Its main constraints are spectral alignment among the
source, cavity resonance, and molecular absorption line, alongside coupling fluctuation,
temperature drift, humidity, pressure variation, and gas flow stability.

A third route is fiber—chip hybrid integration. Fibers provide MIR delivery, flexible
sample access, and compatibility with remote probes, whereas planar chalcogenide chips
provide resonant enhancement, spectral filtering, multiplexing, and possible detector
integration. This hybrid approach is likely to mature earlier than fully monolithic MIR
systems because it avoids the difficulty of integrating source, waveguide, cavity, detector
and sample handling on a single chip while still exploiting the strengths of both fiber and
planar platforms.

Comb-assisted and broadband MIR spectroscopy provide important system-level
targets for future chalcogenide platforms. MIR dual comb spectroscopy has been demon-
strated using quantum-cascade laser combs, difference frequency-generated combs, electro-
optic comb-based MIR systems, silicon chip-based dual comb architectures, suspended
silicon nanophotonic waveguides, nanophotonic supercontinuum sources, and microcomb-
based spectrometers [107-114]. Although these demonstrations are not all based on chalco-
genide glasses, they define the metrics that chalcogenide sources must satisfy for spec-
troscopy: spectral coverage, line power, coherence, relative intensity noise, frequency
calibration, detector compatibility, and long-term stability. In this context, maximum band-
width alone is an incomplete metric. For sensing, the source should be designed around
the target molecular bands, the required resolution, and the available detector response.
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Sample handling is equally important. A waveguide or resonator can produce repro-
ducible spectra only when the analyte is delivered to the optical mode under controlled and
repeatable conditions. Hu et al. demonstrated this principle early by integrating a planar
Ge-Sb-S chalcogenide waveguide with microfluidic channels for liquid-phase chemical
sensing [115]. This example remains relevant because it connects waveguide design with
sample volume, flow geometry, and solvent background. For liquid and biological sensing,
future studies should report not only waveguide loss, resonance shift or absorbance but
also the sample volume, flow rate, response time, recovery time, cleaning or regeneration
protocol, baseline drift, and MIR compatibility of the fluidic materials.

Detector integration is another decisive part of the system. External MCT detectors
remain powerful for laboratory MIR measurements, but they increase footprint, cost and,
in many cases, cooling requirements. Integrated graphene, PbTe—a narrow-bandgap
semiconductor, two-dimensional-material, and thermal detector—can reduce system size
but introduce trade-offs in responsivity, noise-equivalent power, bandwidth, wavelength
coverage, and process compatibility. Goldstein et al. demonstrated waveguide-integrated
MIR photodetection using graphene on a scalable chalcogenide glass platform [116], while
earlier chalcogenide glass-on-graphene photonics had already shown a route through
which to combine high-index infrared waveguides with two-dimensional materials [117].
PbTe waveguide-integrated detectors and monolithic methane sensors further illustrate
how chalcogenide platforms can move from passive guiding structures toward integrated
readout [118,119]. More broadly, recent work on MIR optoelectronic waveguide devices
based on graphene, black phosphorus, transition metal dichalcogenides, and related two-
dimensional materials indicates that chalcogenide waveguides may serve as high-index
field confinement platforms for active detection, modulation, or hybrid optoelectronic
integration [120].

Packaging and environmental control should be considered part of the optical design
rather than as a final assembly step. In ultra-high-Q chalcogenide resonators, internal
impurity absorption, surface scattering, and airborne molecular absorption can all con-
tribute appreciably to the loss budget [101,103]. In exposed-waveguide and FEWS sensors,
surface adsorption, water vapor, dust, polymer absorption, adhesive absorption, and gas
cell geometry can determine baseline stability. In fiber—chip systems, coupling drift and
package-induced MIR absorption can dominate over the intrinsic waveguide loss. These
effects are especially important because many chalcogenide devices deliberately expose
a large fraction of the optical field to the surrounding medium. The same field exposure
that improves sensing can also increase vulnerability to contamination, humidity, and
package materials.

Application requirements therefore determine the appropriate chalcogenide architec-
ture. Broadband multi-species spectroscopy favors stable supercontinuum or comb-assisted
sources, but these sources must be judged by spectral power density, noise, coherence, and
detector dynamic range. Targeted trace gas detection may be better served by QCLs, ICLs,
Brillouin lasers, parametric sources, or narrowband fiber lasers, where optical power can
be concentrated near selected absorption lines. Liquid sensing requires controlled sample
delivery and short interaction lengths to manage water and solvent absorption. Biolog-
ical sensing requires surface chemistry, antifouling strategies, sterilization compatibility
and repeatable regeneration. Portable MIR sensors require robust coupling, low package
absorption, and detector integration before full monolithic integration becomes realistic.

Table 6 summarizes these application-driven design rules. The comparison emphasizes
that the optimal platform is not determined by chalcogenide transparency or nonlinearity
alone but by the combined requirements of source selection, analyte delivery, optical
overlap, detector response, drift control, calibration and packaging.
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Table 6. System-level design rules for application-driven chalcogenide MIR photonic systems.

Suitable Preferred Key Performance Design
Application Target Chalcogenide y . Main Bottleneck 18T
Source/Readout Metric Implication
Platform
FEWS fiber, . - Water absorption, . Use. short
Baseline stability, interaction length,
.. . exposed FTIR, tunable MIR solvent
Liquid chemical . analyte overlap, controlled-flow
. waveguide or laser or SCG background, .
sensing . o and sample - interface and
microfluidic ChG source fouling and flow
. volume control . - reference
waveguide instability .
correction
Selectivit Nonspecific Combine surface
. . Functionalized Broadband MIR VY adsorption, functionalization
Biological or . L . repeatability, probe . . . .
medical sensing fiber, microfiber or source with robustness. and biofouling, with regeneration
flexible ChG probe  differential readout safet ! sterilization, and and protected
y biocompatibility probe geometry
Ring, WGM, QCL, ICL, Humidity, pressure 1y o forence
. . . variation, thermal
Fabry—Perot cavity, Brillouin laser, Q-overlap balance, - resonators,
. . . drift, gas
Trace-gas sensing  suspended nanorib Kerr comb, or LoD, drift and ackacing. and temperature
or hollow-core narrow-linewidth  calibration stability p COE lii, control and
structure MIR source ping controlled gas flow
fluctuation
Design the source
Broadband .Nonhpear ChG Stable SCG or Spectral coverage, = Source 1nstab1hty, around target
. . fiber, microwire or . power spectral detector dynamic molecular bands
multi-species . comb-assisted .
microresonator density, coherence  range and spectral rather than
spectroscopy source spectroscopy and noise calibration maximum
bandwidth alone
. Compact laser, Coupling drift, Use modular
fiber SCG source or ~ System-level SNR, package fiber—chi
Portable fiber-chip ~ Fiber—chip hybrid chip source with footprint, absorption, . P
. . integration before
sensing ChG platform exter- robustness and detector noise, and L
. . . . full monolithic
nal/integrated coupling stability alignment - .
e integration
detector sensitivity
ChG waveguide, . . Yield, .Sunultar.\eous Tre%at optical
. On-chip or hybrid L integration of device, sample
. cavity, detector, . reproducibility, .
Fully integrated nonlinear source . . A source, Sensor, interface, detector,
and s calibration stability, ;
MIR system . with integrated detector, sample and environment
MIR-compatible and long-term . .
readout . - handling, and as one co-designed
package baseline stability ;
packaging system

Chalcogenide platforms should also be assessed against other MIR photonic materi-
als. Silicon and germanium offer mature fabrication infrastructure and have been widely
explored for MIR-integrated sensing, whereas fluoride crystalline resonators provide use-
ful ultra-high-Q MIR benchmarks [12,58,59,121-124]. QCL-based lab-on-chip systems
further demonstrate the value of matching compact MIR sources with defined sensing
structures [125,126]. Suspended silicon waveguides provide another important benchmark
for long-wave MIR guiding and on-chip infrared spectroscopy [127,128]. These platforms
do not diminish the value of chalcogenides; instead, they clarify their strongest use cases.
Chalcogenide glasses are most competitive when a system requires a combination of
MIR transparency, large third-order nonlinearity, fiber compatibility, low-temperature film
deposition, and hybrid integration with detectors or active materials.

The distinctive strength of chalcogenide glasses is their dual fiber—chip character.
Within one material family, they can support flexible MIR fibers, exposed probes, mi-
crostructured nonlinear fibers, planar waveguides, resonators and detector-integrated
hybrids. This breadth is particularly valuable for MIR sensing, where practical systems
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often need both sample-accessible delivery and chip-scale enhancement or readout. In the
near term, fiber—chip hybrid systems are likely to offer the most realistic path toward de-
ployable MIR sensors. Fully integrated source-waveguide—cavity-sensor-detector systems
remain a longer-term goal that will require simultaneous progress in low-loss materials,
nonlinear source generation, reproducible waveguide fabrication, detector integration,
MIR-compatible packaging, and calibration protocols.

Future work should therefore move beyond record-oriented component demonstra-
tions. Materials research should continue to reduce impurity absorption, improve long-
wave transparency, and stabilize thin-film processing. Device research should address
Q-overlap trade-offs, dispersion control, fabrication reproducibility, and robust coupling.
Sensing studies should report baseline stability, selectivity, recovery, regeneration, and
performance in realistic samples. Development of nonlinear sources should be guided
by molecular absorption bands and detector windows rather than by spectral span alone.
Packaging, detector integration, and environmental control should be treated as core parts
of chalcogenide MIR photonic design.

6. Conclusions

Chalcogenide glasses occupy a distinctive position in MIR photonics because they
connect two device worlds that are often treated separately: flexible infrared fibers and
chip-scale integrated photonics. Fiber platforms offer direct sample access, remote sensing
capability, and nonlinear source generation, whereas thin-film waveguides and microcavi-
ties provide compact routing, resonant enhancement, dispersion control, and opportunities
for detector integration. This dual fiber—chip character makes chalcogenide materials
especially suitable for MIR sensing and nonlinear photonic systems.

The field has moved beyond demonstrating MIR transparency or large optical nonlin-
earity. In sensing, the central challenge is no longer only whether a chalcogenide fiber or
waveguide can interact with an analyte, but whether the optical mode, sample interface,
baseline stability, packaging and detector response can be controlled together. In nonlinear
photonics, bandwidth, Q factor and conversion efficiency remain important, but practical
sources must also satisfy requirements in spectral power density, noise, coherence, thermal
stability and compatibility with molecular absorption bands.

Over the next 3-5 years, progress will likely depend on several device-level bottlenecks.
Materials research should reduce impurity absorption, improve long-wave transparency,
and stabilize sulfide, selenide, and telluride processing. Device research should focus on
reproducible fabrication, Q-overlap optimization, robust coupling, dispersion control, and
contamination-resistant exposed surfaces. Sensing studies should report baseline drift,
selectivity, recovery, regeneration, and performance in realistic gas, liquid, or biological
samples, rather than relying only on idealized demonstrations. Source development should
be guided by molecular absorption bands and detector windows instead of maximum
spectral span alone. In the near term, fiber—chip hybrid architectures may provide the
most realistic route toward deployable MIR sensors, while fully integrated chalcogenide
source-waveguide—cavity—sensor—detector systems remain a longer-term goal requiring
simultaneous advances in low-loss materials, nonlinear source generation, detector integra-
tion, MIR-compatible packaging, and calibration protocols.
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