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The transparency of optical fibers is one of the most sought-after properties for this optical waveguide, the
paradigmatic example being fibers for long-haul telecommunications. This transparency is achieved by elimi-
nating absorbing centers and heterogeneities. So, the idea of deliberately introducing nanoparticles into the core
of a fiber seems to go against the usual doxa, given the light scattering they induce. Such fibers, mainly based on
silica glass, were first designed to modify luminescence properties to develop fiber lasers and amplifiers. For such

applications, light scattering must be limited. However, over the last five years, light scattering has proved to be
a valuable property for sensor applications. This review article is an opportunity to review the state of the art in
nanoparticle-containing optical fibers, and to highlight their potential for laser and sensor applications.

1. Introduction

Following the seminal article written by C.K. Kao and G. Hockham in
1966, the enormous potential of the optical telecommunications market
led to an unprecedented drive to produce such transparent optical fiber
[1]. Thanks to new manufacturing processes, the ability to transmit 1%
of the initial power was increased from 20 m to 100 km during the
1970s, paving the way for long-haul telecommunication. Fueled by this
success, optical fibers have since expanded to other applications such as
amplifiers, lasers, sensors - all fields in which Sir David Payne, whom we
celebrate in this special issue, was a pioneer. Examples include his
seminal work on the erbium-doped fiber amplifiers which paved the way
for the Internet, high-power fiber lasers which have a huge impact in
industry for materials processing, drilling, cutting, etc., and the solution
doping technique which has extended the composition range for
silica-based fibers [2-4].

In the face of such success, the question is no longer whether optical
fibers are interesting, but rather what their limits are. To push back these
limits, the initial optical fiber, based on silica glass and core-cladding
structure, has evolved into a multitude of optical fibers made of
different materials (fluoride, chalcogenide, multimaterials, etc.) or
structures (photonic crystal fiber, microstructured fiber, D-shaped, etc.)
[5]. Thanks to the revolution brought about by and for optical fibers,

they have been elected one of the 7 Wonders of the Glass World at the
end of the International Year of Glass in 2022 [6].

Since fiber is used to guide light, the main paradigm driving its
development is the quest for transparency. The leitmotiv of
manufacturing processes was to eliminate the presence of absorbing
centers such as iron, and to limit heterogeneity in composition and
structure. Recent advances in ultra-low loss fiber are a perfect example
of this, with a silica-only core (to limit compositional fluctuations
compared with conventional germanium-doped cores) and very precise
control of thermal profiles during drawing to promote structural relax-
ation of the glass (thus reducing structural heterogeneity) [7].

In this context, the idea of introducing heterogeneity such as nano-
particles into optical fibers may seem like an oxymoron, since optical
fibers are supposed to guide light, while nanoparticles scatter it. Perhaps
unsurprising is that fact that nanostructured glasses, though not yet fi-
bers, were being considered as early as at least the 1970s [8] as the first
low loss optical fibers were being fabricated and the field of photonics
was nascent but well appreciated for its potential [9]. Those “vitro--
ceramics,” with compositions in the GeO-PbF; system (co-doped with
Er/Yb and Yb/Tm), nucleated and grew fluoride nanocrystalline phases
inside the oxide glass and led to observed infrared upconversion from
the rare earth dopants that partitioned into the low vibrational energy
(crystalline) fluoride phase. Glass-ceramic fibers enter the picture in the



late 1980s/early 1990s when global attention was focused on high
temperature superconductivity [10,11].

As photonics and fiber optics continued to evolve, the development
of new materials for these emerging fields gained attention, and such
oxyfluoride glass-ceramics returned to the fore, also relating to wave-
length conversion [12]. The transition from bulk glass-ceramics to fibers
or, more specifically to waveguides, comes in 1998 when Tick poses the
question “Are low-loss glass—ceramic optical waveguides possible?”
[13].

This review aims to extend this question to its opposite, to demon-
strate that it is not only a question of low-loss but high-loss offers unique
opportunity too. In the first part, we will discuss the influence of
different nanoparticle characteristics (size, composition, structure, etc.)
in relation to light scattering and in modifying the luminescence prop-
erties of rare-earth ions and transition metals. This is followed by a
presentation of the various approaches to fabricating such fibers. The
following paragraphs are devoted to applications. First, we’ll discuss
how lasers can be made from such fibers. Then, sensors will be pre-
sented. These take advantage of light scattering, and two analysis
methods will be discussed, one based on the analysis of backscattered
light using Optical Backscatter reflectometry, the other relies on
Transmission-Reflection Analysis. Such sensors can be used to measure
various parameters such as temperature, mechanical deformation,
changes in the biological or chemical environment, etc.

2. Draw me a nanoparticle

In relation to the applications described in the next parts of this
article, two functions are sought for nanoparticles: (i) light scattering
and (ii) modification of luminescence properties. In this section, we will
briefly describe how the characteristics (size, size distribution, shape,
density, composition and structure) of the nanoparticles can impact
these two functions.

2.1. Light scattering

To give general comments on the effects of nanoparticle character-
istics on light scattering, we first use the model developed by Lord
Rayleigh. It assumes that nanoparticles are much smaller (>10x) than
the wavelength, which is verified, for example, for particles smaller than
100 nm and a wavelength of 1.5 ym. The effective Rayleigh scattering
cross-section of a particle is given by:
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where d corresponds to the particle diameter, 1 to the wavelength, n,
and nj to the refractive indices of the glass matrix and the nanoparticle,
respectively [14]. Now, we discuss the effect of the different charac-
teristics of the nanoparticles on light scattering. In particular, we will
focus on the operating wavelength, the refractive index, the size and the
volume fraction.

e Operating wavelength. According to this formula, the operating
wavelength could be an important criterion, since the effective ab-
sorption cross-section varies to the 4th power of this parameter.
Increasing (resp. decreasing) the wavelength would decrease (resp.
increase) the light scattering. However, operating wavelengths are
usually restricted to a limited range imposed by the applications.

Refractive index difference. The refractive index of the particles, or
more precisely the refractive index difference with the matrix, is an
important criterion to consider. Depending on the nanoparticles
under consideration, the refractive index difference can vary from
1073 t0 2 (e. g. silicon nanoparticles in silica). Even a small variation
of the refractive index of the nanoparticle can have an important
impact on the light scattering. Indeed, when the refractive index

difference increases from 10~% to 1072, the effective Rayleigh scat-
tering cross-section is multiplied by 100, and by 10,000 when the
index difference increases to 107!, which may be the case with
fluoride nanoparticles such as LaF3 or lanthanum silicates used for
the applications described below. This refractive index difference
can be adjusted too by choosing the composition of the glassy matrix.
However, by modifying the composition of the core glass, it is
necessary to adapt the composition of the cladding glass to match
their thermomechanical properties.
Refractive index dispersion. As nanoparticles and matrix have
different compositions, their refractive indices have different
dispersion relationships. Light scattering can then be minimized at
wavelengths where the two materials have very close, or even
identical, refractive indices, but this approach is limited to a
restricted range of wavelengths [15].
Birefringence. A final refractive index effect is caused by birefrin-
gence in crystals without a cubic phase. Such effects have been
considered in ceramics containing 0.5 pm Al,O3 grains [16]. It was
then shown that, given the random orientation of the birefringent
grains, the refractive index difference between the matrix and the
crystallites could be considered as (2/3)Anpay, Where Anpay corre-
sponds to the refractive index difference between the ordinary and
extraordinary axes.

e Nanoparticle size. Nanoparticle size is a particularly important
criterion, as the effective scattering cross-section depends to the
power of 6 on this parameter (Rayleigh approach), and
manufacturing processes allow particle size to vary over several or-
ders of magnitude, from nm to pm and beyond. This explains why
particular attention is paid to size among the various characteristics.
In addition to affecting the effective cross-section of light scattering,
nanoparticle size also modifies the angular distribution of scattered
light. In the case of Rayleigh scattering, light is scattered forwards
and backwards equally, with less scattering to the side. As particle
size increases (nanoparticle size comparable to the wavelength, Mie
scattering regime), light is mainly scattered forwards, to the detri-
ment of light backscattering. Similarly, as particles grow in size, their
shape becomes more important for scattering property [17]. For
instance, there is less backscattered light for prolate particles
compared to equivalent spherical particle [14].

e Volume fraction. Assuming a low volume fraction, nanoparticles
can be considered independent, and the scattered light corresponds
to the effective scattering cross-section multiplied by the number of
particles. However, in the case of small monodisperse nanoparticles,
this linear variation is limited up to a volume fraction of the order of
10%. Above this value, optical interference effects lead to an increase
in the signal transmitted through the medium containing the nano-
particles compared to the intensity estimated with the Rayleigh
model [18].

As we are interested in optical fibers in this article, the structure of
this waveguide must also be considered to evaluate the light scattering
property. Indeed, light is guided in the fiber core according to different
transverse modes of propagation that are axisymmetric with respect to
the fiber axis, but they are not completely confined within the core. Part
of the mode lies outside the core, i.e. in the cladding. Depending on the
opto-geometric structure of the fiber (core radius and refractive index
difference between core and cladding), each mode has a certain overlap
factor with the core, and therefore interacts with the nanoparticles. In
the case of a single-mode fiber, this overlap factor is typically of the
order of 80% at 1.5 pm for the fundamental mode (approximated by a
Gaussian) and increases with decreasing wavelength or decreases, at a
given wavelength, for higher-order modes if the fiber is multimode [19].
Therefore, the effective Rayleigh scattering cross-section must be
multiplied by an overlap factor, specific to each propagation mode.
Given this extension of transverse propagation modes outside of the
core, nanoparticles can also be placed in a ring around the core to adjust



light scattering property [20].

The light scattered by nanoparticles is distributed in all directions in
space, unlike reflectors such as Bragg gratings, which reflect backwards
only. Only a fraction of the light scattered by nanoparticles is therefore
trapped in the core and guided backward and forward. This fraction of
light depends on the numerical aperture (NA) of the fiber, NA=(n?-n})"
2 where n and n, are the refractive index of the core and the cladding,
respectively. The fraction of scattered light which is trapped in the core
is determined by the recapture coefficient S defined by:
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where wy is the mode field diameter, a is the core radius, V is the
normalized frequency, n; and n, are the refractive indices of the core and
cladding, respectively [21]. In the case of a single-mode fiber (1.5<V <
2.4), the recapture coefficient varies between:
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For an SMF28 fiber, (n?-n)/n? = 0.007, then S is about 0.1%. This
value of S can be increased by increasing the core refractive index, but
this also changes the guiding properties, and the single-mode fiber can
become multimode. For such fibers, the recapture coefficient term for
step index fibers is [22,23]:
NA?
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and for gradient-index fibers:
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The recapture coefficient can be used to estimate the backscattered
power Pyg:

Pus(2) = Pa <%) xS exp(—2az) )
where o is the attenuation constant caused by light scattering, W is the
temporal pulse width, Py, is the incident power, « is the total absorption
coefficient (including a;), v is the group velocity. If we consider Vg =
2.108 m/s, W = 1 ns, ag~a = 0.2 dB/km (4.6.10 °m ) at 1.5 pm, S =
0.0015, then the Rayleigh backscattered signal power is —81 dB/m. An
increase in the scattering coefficient ag increases the backscattered
power, thus improving the signal-to-noise ratio. However, increasing og
also leads to a faster decrease in power along the fiber. A compromise
must therefore be found in relation to the intended application. In order
to quantify this compromise, a quality factor has been proposed [24]:
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where 7y, is the ratio of the backscattering coefficients of NP-doped
fiber and SMF28, and ay; and asyrzg are the attenuation coefficients of
the NP-doped fiber and SMF28, respectively. In the right part of the
equation, the first member relates to the positive effect brought about by
the increase in light scattering, counterbalanced by the negative effect
linked to the increase in attenuation as described in the second member.
It is then possible to define a length Ley, (corresponding to Qenh = 0)
above which the gain from increased Rayleigh scattering is offset by
increased attenuation losses:
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2.2. Luminescence engineering

The laser and amplifier applications discussed in the next section of
this article rely on the spectroscopic properties of luminescent ions
(rare-earth or transition metal ions). These properties depend on the
chemical and structural environment of the luminescent ions [25].
However, composition of interest for luminescence properties may not
be drawn into fiber. Nanoparticles of this composition can then be an
alternative when inserted in a glass such as silica which is commonly
used to prepare optical fibers. Nanoparticles can therefore allow to
obtain new luminescence properties, which could not be reached with
the silica environment. In this luminescence context dealing with fiber
lasers and amplifiers, light scattering induced by nanoparticles must be
minimized. The effects of the nanoparticles characteristics on lumines-
cence property of rare-earth ions are now presented. First we will discuss
on the effect of the structure (crystalline or amorphous) and the
composition. Such alterations are known for bulk materials. The last
effect, related to the size, is specific to the nanoparticles and highlights
the importance of the surrounding material.

e Crystal/amorphous. A crystalline nanoparticle structure is sought
for transition metals, as they have very low emission efficiencies in
an amorphous environment [26]. For rare-earth ions, a crystalline
structure has the advantage over an amorphous environment of
higher absorption and emission cross sections, but at the expense of
absorption and emission bandwidths. Amorphous nanoparticles can
lead to a broadening of the emission spectrum of rare-earth ions,
such as the emission band at 1.55 pm of Er>*, which is of interest for
amplification applications [27].

e Composition. As far as composition is concerned, fluoride nano-
particles are of interest because they have a lower phonon energy
than silica. This increases the rate of radiative de-excitations relative
to the rate of non-radiative de-excitations, improving the quantum
efficiency (and the fluorescence lifetime) of certain transitions for
rare-earth ions [28]. Phonon energy should also be considered when
non-resonant energy transfer between luminescent ions is involved
in the excitation process and. Phosphate-based nanoparticles are
matrices that allow higher rare-earth ions doping than silica, before
achieving luminescence quenching by concentration [29]. Nano-
particles enabling high concentrations of rare-earth ions to be ach-
ieved are important because, since nanoparticles only represent a
volume fraction of 1-10%, this means that for the same average
concentration as in a conventional fiber, the concentration in the
nanoparticles must be multiplied by 10 or 100.

o Size effect. The choice of nanoparticles could be based on the known
luminescence properties of the bulk material. However, downscaling
to the nanoscale can lead to differences. Some nanoparticles are
obtained by phase separation mechanisms as described in the next
section. It has been shown that with this approach, nanoparticle
composition can evolve as a function of nanoparticle size [30]. They
become enriched with phase-separating elements as they grow. As a
result, the smallest nanoparticles are only slightly modified in
composition compared with the glass matrix and are therefore of no
interest in luminescence modification. A compromise must therefore
be found between a sufficient size to modify luminescence properties
while maintaining minimal light scattering. Size-dependent compo-
sitional modification also means that the refractive index must
evolve with nanoparticle size. This effect is not taken into account,
for example, in the Rayleigh approximation, for which a single
refractive index exists for nanoparticles regardless of their size.
Beyond compositional variation, other size-related effects have been
reported. In the case of nanoparticles, it has been shown that the
phonon density of state (PDOS) evolves as a function of size. For
Y20,S nanocrystals, a confinement effect is manifested by a dis-
cretization of the PDOS and the appearance of an acoustic phonon
cutoff frequency estimated at 8 and 2 em ™! for nanoparticles with



radius of 5 and 20 nm, respectively [31]. These modifications can
impact thermalization processes but remain limited to very low
temperatures (<10 K) [32]. When nanoparticles are embedded in a
glass matrix, this can also impact the spectroscopic properties of the
luminescent ions embedded into the nanoparticles. For example, it
has been reported that an increase in the refractive index (from n = 1
to 2.2) of the surrounding matrix contributes to decreasing by a
factor of 3 the radiative lifetime of the Dy multiplet of the Eu®" ion
inserted in a Y503 nanocrystal (~7 nm) [33]. Finally, in studies
involving Ho- or Er-doped LaF3 nanocrystals (10-20 nm), it was re-
ported that changes in luminescence properties were explained by an
interaction between the electronic states of the rare-earth ions pre-
sent in the nanocrystals and the vibrational modes of the surrounding
glass matrix [34,35].

3. Formation of dielectric nanoparticles in optical fiber

To obtain optical fibers with the targeted characteristics of dielectric
nanoparticles (the most reported in the literature), two main approaches
have been studied to date. The first one is based on in-situ formation of
nanoparticles induced by thermodynamics mechanisms (phase separa-
tion and nucleation/growth), taking advantage of the heat treatment
inherent to the manufacturing process or by applying an additional post
heat-treatment to the fiber. The second route of interest concerns the
direct insertion of the targeted nanoparticles into the glass. In this sec-
tion, we will also discuss the effect of the drawing step.

3.1. In-situ formation of nanoparticles

The approach based on the formation of nanoparticles during the
manufacturing process was historically the first one to be used and is still
widely used today. This process relies on the ability of glass (for certain
composition) to devitrify when submitted to high temperatures. The
glass, initially homogeneous, then forms two phases of different com-
positions. This formation is described by the thermodynamic mecha-
nisms of phase separation or nucleation/growth which are described in
detail in Ref. [36].

Such thermodynamics mechanisms have been applied at various
stages in the manufacture of optical fibers. The first optical fibers con-
taining nanoparticles were obtained by directly heating the initially
homogeneous fiber [26]. With the right choice of heat treatment (tem-
perature, duration), it is thus possible to control the formation and
density of the first nuclei, which can then grow to form nanocrystals
whose size again depends on the temperature and duration of the heat
treatment. This process is identical to that used to form glass ceramics.
Generally, in the case of optical fibers, a single temperature is chosen,
slightly higher than the glass transition temperature (Tg), to achieve a
compromise between nuclei formation and growth. The duration of heat
treatment is typically of the order of 1-10 h. This approach is the most
used to grow nanocrystals, oxide and fluoride ones, to modify the
luminescence properties of rare-earth ions or transition metals [37].
Additionally, this approach can be applied to any glass optical fiber.
However, it has some limitations. The polymer coating must be removed
from the fiber prior to heat treatment, and then replaced. The length of
heat-treated fiber is limited. Finally, heating the fiber can lead to a
reduction in its mechanical properties, making it more brittle. The pros
and cons of the different approach are highlighted in Table 1.

Thermodynamics mechanisms have also been exploited to obtain
nanoparticles directly during the fabrication process. This approach
means that hundreds of meters of optical fibers already containing
nanoparticles can be obtained directly at the end of the process, without
the need for post-thermal treatment of the fiber. This approach has
mainly been applied to the manufacture of preforms using the industrial
Modified Chemical Vapor Deposition (MCVD) process [27]. This is
based on the vapor deposition of a porous silicate layer (typically silica
doped with germanium) inside a silica tube. During the solution doping

Table 1
Advantages and drawbacks of the different processes used to prepare optical
fibers containing nanoparticles.

Process Pros Cons

Heating the - Can be applied to any glass - Limited fiber length

fiber - Accurate control of the NCs - Fiber must be uncoated and
size recoated
- Fluoride NCs can be - Heating may fragilize the fiber
obtained
Along the - Based on an industrial - Difficulty to control NPs size
process process (MCVD) distribution
- “infinite” fiber length - Restricted to phase-separated
composition
NP-doping - Control of the NPs - High risk of reactivity of the

characteristics NPs with the glassy matrix

- Control of the luminescent - Handling of NPs

ions concentration

step, ions such as alkaline earths can be dispersed in the porous layer.
The next steps involve the sintering of this porous layer and the
collapsing of the tube to form a preform. Given the glass is silica, high
temperature is required, typically up to 2000-2200 °C during the
collapsing stage. At this high temperature, silica glass containing alka-
line earth ions demixes to form alkaline earth-rich particles, while the
matrix is silica-rich. The process is described here with alkaline earth
ions but it can be extended to any ion leading to a phase separation of
silica glass. The nanoparticles thus obtained in the preform are usually
silicates (silica + phase-separating elements) whose average size de-
pends on the concentration of phase-separating element ions in the
doping solution [37]. However, the size distribution can be large, and it
is difficult to control it. In-situ formation can be applied for luminescence
applications since it has been shown that rare earth ions migrate into the
nanoparticles and can therefore benefit from the modified chemical and
structural environment provided by the nanoparticles [30].

3.2. Embedding nanoparticles

Why make things complicated when you can make them simple?
Since the characteristics of nanoparticles can be identified a priori, why
not embeding them directly into the glass? Direct doping with nano-
particles seems the most obvious solution, but nanoparticles are sub-
jected to such high constraints during manufacture that it is difficult to
maintain their integrity. It has been reported that during the MCVD
process, when YbPOy crystallites are dispersed in the doping solution,
such crystallites are observed in the preform and in the fiber [38].
However, the survival of nanocrystals remains largely unreported. In
general, nanocrystals react with the silica matrix. For example, Al,O3
nanoparticles have been among the most widely used nanocrystals. After
preform fabrication, the nanoparticles, smaller in size (~15 nm) than
the initial nanocrystals (~50 nm), are partially crystallized and have
evolved into a mullite-type silicate (3Al203-2Si03). In the fiber, these
nanoparticles are amorphous [39]. A study of the reactivity of fluoride
nanoparticles shows that fluorine evaporates in the form of SiF,4 as soon
as the MCVD porous layer is dried. The nanoparticles observed are then
silicates [40,41]. Not all nanoparticle transformations lead to silicates.
For example, it has been reported that doping with Y3Al5012 (YAG)
nanocrystals leads to the formation of YPO4 nanocrystals in the fiber, the
phosphorus being present in the porous layer during the MCVD process
[42]. Without phoshphorus, YAG nanocrystals transform into amor-
phous YAS (Y503-Al,03-Si05) nanoparticles [43]. These examples show
that although the characteristics of the initial nanocrystals are perfectly
determined, it is essential to characterize the nanoparticles in the fibers
because their characteristics can evolve. In the case of crystalline
nanoparticles, characterization can be performed using both X-ray
Diffraction (XRD) and Selected Area Electron Diffraction (SAED).
Combined with chemical analysis by Energy Dispersive X-ray (EDX)
performed on a thinned slide (typically a slide prepared for TEM



analysis) to improve spatial resolution, these analyses can be used to
define the crystalline phase present in the form of nanoparticles. In the
case of amorphous particles, such as those obtained via the MCVD
process, characterization requires other techniques. The main difficulty
lies in characterizing nanoparticles whose composition is close to that of
the surrounding matrix. In this context, characterization by Atom Probe
Tomography is of major interest, since it takes advantage of the sub-nm
spatial resolution of this technique to reconstruct in 3D the distribution
of chemical species distributed in the analyzed volume [30].

3.3. Influence of the drawing step

Given the presence of nanoparticles, the drawing step cannot be
considered as a simple homothetic transformation of the preform into an
optical fiber. Indeed, the particles, which are spherical in the preform,
may elongate, or even fragment into daughter particles, aligned along
the drawing axis [44]. These changes can be explained by considering
the rheology of glass. When a two-phase system is subjected to a
deformation such as elongation, the particle shape depends on the
capillary number Ca:
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where 1 is the viscosity, ¢ is the deformation rate, Ryp is the particle
radius and v is the surface tension between the particle and the sur-
rounding liquid. The capillary number highlights the competition be-
tween the viscous flow, which tends to elongate the particle, and surface
tension, which tends to keep the particle spherical. The higher Ca, the
more elongated the particle’s equilibrium shape. Moreover, if the value
of the capillary number exceeds the critical capillary number, then the
parent particle fragments into daughter particles via Plateau-Rayleigh
instabilities. To draw an optical fiber, the temperature can be chosen
between 1850 and 2150 °C. This 300 °C range corresponds to a change
in viscosity of more than an order of magnitude. As a result, the capillary
number, and hence the shape of the nanoparticles, can be modified as a
function of the drawing conditions. The lower the drawing temperature,
the more the particles elongate and fragment. It should be noted, how-
ever, that these elongation/fragmentation mechanisms are observed for
particles larger than 50-100 nm. At the smallest particle sizes, there is
no noticeable elongation. By increasing the drawing temperature, it is
possible to exceed the binodal line (to leave the immiscibility gap),
leading to nanoparticle melting [45]. Although the physical mechanisms
have been identified, the prediction of particle elongation and frag-
mentation remains complex, as parameters such as particle viscosity and
surface tension between the particles and the glass matrix are very
difficult to determine.

4. Fiber lasers and amplifiers
4.1. Fabrication of nanoparticles-doped fiber lasers and amplifiers

This Section is focused on the study and development of nano-
particles and nanostructured doped glasses into optical fibers and their
use in amplifiers and lasers. Here, unlike some of the other applications
described in this Review, transparency is centrally important, as also is
scalability and amenability with commercial fabrication methods, e.g.,
chemical vapor deposition.

As noted previously in section 3, there are two principal approaches
to realizing nanoparticles or nanostructures in glasses and optical fibers,
each having advantages and disadvantages reported in Table 1. For the
purposes of this Section, the method by which the nanostructuring of the
fiber core is achieved is not considered, unless central to the discussion.
Instead, attention will be paid to the unique attributes of active nano-
structuring and opportunities they afford to fiber amplifiers and lasers.

The first glass ceramic fiber amplifiers and lasers, based on

neodymium [46], and then broadband emission using nickel as the
dopant [26] were reported by scientists from Corning Incorporated.

The first report of using porous MCVD soot as a vehicle to include
particles into the core of a subsequent preform and optical fiber is
credited to Yoo et al., dated January 2003. They studied glass-ceramics
in the (Co-doped) ZnO-Al,03-SiO5 (ZAS) system [47], which then were
pulverized and formed into a slurry with fumed silica and subsequently
solution doped into the preform soot. The ceramic phase is reported to
have persisted following the MCVD and fiber draw process [47].

Given the commercial supremacy of telecoms at this time, it should
not be surprising that attention soon turned to erbium-doped nano-
structuring in fibers. In this regard, the work by Le Sauze and subsequent
work by the Alcatel/Draka team is important [48]. It is instructive for
the works that follow to discuss the purpose provided by La Sauze et al.,
in using this approach. As they state: “Within the solution doping tech-
nique, certain limitations also exist concerning the achievable doping level
and homogeneity due to the solubility and stability domains of rare-earth
inorganic salts solutions and their tendency to self-associate into poorly
defined chemical structures. These problems not only clearly impact on the
fiber homogeneity but also result in the well-known concentration quenching
phenomena that is among the most efficient dissipative processes responsible
for EDF performance degradation when erbium concentration is increased
[48].”

Interestingly, the use of nanoparticles, whose sizes is approximately
sub-wavelength, was a means to greater effective homogeneity since
phase separation in sesquioxide-doped silica (Er,O3, Al,O3, etc.) can be
more pronounced, leading to ion-ion clustering and quenching, and
greater scattering. Indeed, shortly thereafter, in 2007, Podrazky et al.,
observed lower baseline attenuation values for (alumina) nanoparticle
doped fibers, compared to conventionally prepared ones [49]. Put
another way, while the two methods of “nanoparticle-doping” described
in Section 3 can permit sub-wavelength nanostructures, using
pre-synthesized NPs is arguably more controllable in terms of resultant
NP sizes and concentrations, even if compositions may be more limited
due to reactions with the host glass at the elevated processing temper-
ature commonly employed in preform fabrication and fiber draw
processes.

A subtle but historically important observation offered here is that in
the original works by the Alcatel/Draka team [48,50] employed
erbium-doping of the alumina nanoparticles to, as stated by Le Sauze
et al.,, “... not only prevents erbium atoms from unwanted aggregation
during the nanoparticle formation, that is crucial to avoid the delete-
rious erbium clustering phenomenon but will also allow the construction
of the erbium environment thanks to the incorporation of specified
co-dopants with a versatile flexibility.” N. B. Core-shell (Al;03 core/SiO5
shell) NP analogs were first explored a few years later [51]. This is
different from the subsequent work by Podrazky et al., in which undo-
ped alumina nanoparticles were synthesized and doped into the MCVD
soot [49]. The erbium dopant was solution doped per usual [4]. In this
latter case, the erbium and alumina may not always be sufficiently
proximate to be of spectroscopic benefit, even if the resultant fibers
exhibited lower losses using alumina NPs, than when the alumina was
solution doped.

A next important advancement was performed by Kucera et al. [52,
53], who employed differently doped (Eu and Tb) nanoparticles to
spatially separate and therefore control energy transfer between the
Eu/Tb within the same silica glass preform. This work was the first to
appreciate that NP doping could permit spectroscopic tailorability by
sequestering each emitter in spatially separated nanoparticles and can
be extended to high power fiber lasers [54]. Such dopant species par-
titioning, i.e., luminescence engineering, is generally not possible with
conventional doping schemes, and followed on a previous concept of
differently doped NPs in a polymer optical fiber for broadband ampli-
fication [55].

During this same period (2007-2010), advancements also were
being made in NP-doped silica fibers based on phase-separated or



nucleation/growth core glass systems using CVD [56-60] or sol-gel [61,
62] as the means of fabrication. Though often treated as topically
separate from inorganic nanoparticle doped optical fibers (e.g. Ref. [63],
vs [64]), this period also witnessed foundational advancements in
inorganic plasmonic- and quantum dot (QD)-doped optical fibers. More
general reviews of NP-doped fibers of all these types can be found in
Refs. [5,37,63-68], in particular, noble metal nanoparticles are dis-
cussed in Refs. [67,68].

Staying with considerations of scalability and practicality, e.g., low
loss, plasmonic and QD-doped fibers fabricated based on MCVD pre-
forms originated with the work of Ju et al., for plasmonic nanoparticles
[69] and Pang et al. [70], for quantum dots, to the best of the Author’s
knowledge. For completeness, it is noteworthy that quantum dot-doped
fibers date back to at least the late 1980s. In those early works, the fibers
were fabricated either by rod-in-tube methods [71,72], CVD (e.g., VAD
or thermal CVD) followed by solution doping or gas reactions [73], or by
suspending quantum dot colloids in liquids or organics, which were then
infused into the core of a capillary glass fiber [74]. In these early works,
the focus on such fibers was towards enhanced nonlinearities.

Table 2 provides a chronological tabulation of papers on inorganic
nanoparticle doped MCVD-derived silica optical fibers with a focus on
those employed for lasers studies, in additional to foundational efforts.
Apologies to those Authors not cited. Any oversight is due to the growing
body of literature in the field of inorganic nanoparticle-doped fibers and
the near impossibility of tracking all papers and advancements.

The sheer number of entries provided in Table 2, acknowledging the
impossibility of its completeness, provides a sense of the interest and
growing maturity of the field as well as the diversity of NP chemistries
and range of active dopants. N.B., Table 2 refers only to MCVD silica-
based NP-doped optical fibers. This is because MCVD is a commercial
process, employed through the silica optical fiber industry, and affords
low loss silica fibers. This latter point is important for both practical
applications and to best understand the role of the NPs on fiber per-
formance, less obscured by extrinsic factors. NP-doped fibers have been
made by other methods, including rod-in-tube [46,71,139] and
melt-in-tube (i.e., molten core method) [140].

4.2. Applications

As suggested by Sub-Section 4.1 above, the applications of NP-doped
fibers are as wide-ranging as the diversity of NP compositions/chemis-
tries and dopants portrayed in Table 2. To this end, Table 3 provides a
similar summary but by application.

In terms of applications of nanoparticle-doped fibers, as noted, it is
unsurprising that much of the early work and a large portion of on-going
efforts have focused on erbium doping. In the foundational works, the
focus on erbium was due to the contemporary focus on erbium ampli-
fiers for the then nascent telecommunications industry. Indeed, even the
first work [47], which explored Co*" doped glass-ceramic particles in
MCVD silica noted interest in “silica glass based optical fibers for the
active component applications such as an optical amplifier” in its
Introduction. More explicit was the seminal contribution by La Sauze
et al. [48], that directly bases its work on — as the title states — “Nano-
particle Doping Process: towards a better control of erbium incorpora-
tion in MCVD fibers for optical amplifiers.” Erbium is also useful since it
is extremely well characterized and the multiplicity of energy levels and
transitions makes spectroscopic computations, e.g., Judd-Ofelt param-
eterization, and comparisons more straightforward.

Following the “dot.com” bubble bursting, focus began to shift to-
wards non-telecom applications, including fibers lasers and non-erbium
fiber amplifiers. The latter was driven over time by demands for higher
power fiber-based systems employed for defense, sensing, and
machining. As observed in Table 3, erbium remains a key dopant,
though more specifically for eye-safer high power fiber amplifiers and
lasers. EDFAs are generally considered mature technologies today,
though recent work on Er:NP-doped EDFAs showing enhanced

Table 2

A chronology of MCVD-derived nanoparticle doped silica optical fibers.".
Doping Precursor NP or Active Publication Reference
Approach” Nucleating Agent Dopant(s) Date®
SD ZnAl,04 Co?+ 2003 Jan 1 [47]1
SD Al,O3 Er’* 2003 Jul 6 [48]
Sol gel Au (plasmonic) 2006 Nov 1 [69]
SD Si 2007 Jan 18 [751¢
SD Au (plasmonic) 2007 May 14 [76]
Vaporization InP 2007 Oct [70]
SD Al,O3 Er’* 2007 Oct 21 [49]
SD + PS Cao Er’* 2008 Jan 15 [56]
SD PbSe (quantum dot) 2008 Feb 24 [77]1

Ag (plasmonic) 2008 Feb 24 [78]
SD + PS Cao Er’* 2009 Feb 14 [57]1
SD Al,O3 Er’* 2009 Feb 19 [50]
SD LaF; Eu®t/Tb®* 2009 Aug 1 [52]
SD + PS Cao Er’* 2009 Nov 1 [79]
SD Al,O3 Er’* 2010 Feb 17 [58]
SD LaF, Eut/Tb®* 2010 Mar 21 [53]
SD Y,03/P,05 Ert 2010 Oct 15 [59]
SD YAG Yb3* 2010 Nov 25 [60]
NP solution PbTe (quantum dot) 2011 Jan 31 [80]
spray
SD Al,O3 Er’* 2011 Feb 10 [81]
SD + PS MgO Er’* 2011 Aug [27]
SD + PS Al,03, Y05 ZrO,  Yb®* 2011 Aug 1 [82]
SD Al,O3 Er’* 2012 Jan 30 [83]
SD Al,O3 Er’* 2012 Feb 15 [51]
SD + PS 7r0, Ert 2012 Mar [84]
SD + PS Aly03, Y203, ZrO, Yb3* 2012 Feb 22 [85]
SD CaF,, SrF,, BaF, Eu®* 2012 Nov 1 [86]
SD + PS MgO Er’* 2012 Nov 1 [87]1
PS ZrOy Er’* 2013 Mar 30 [88]
SD AlL,O3 Ert 2014 Oct [89]
SD + PS MgO Er’* 2014 Oct 1 [90]
SD YAG Er’* 2014 Dec 30 [91]
SD + PS Y203 Tm3* 2015 Feb 2 [92]
ALD PbS (quantum dot) 2015 Apr 1 [93]
SD AlPO, Yb3t/Er3t 2015 Jun 21 [94]
SD Al,O3 Er’* 2015 Jun 27 [95]
PS YAG undoped 2016 Mar 1 [43]
SD Al,O3 Er’* 2016 Mar 16 [96]
SD + PS Y,03 Yb3+ 2016 Oct 1 [66]
ALD PbS (quantum dot) 2017 Feb 1 [97]
SD LaFs, Lu,O3 Ho®" 2017 Mar 7 [98]
SD LaF, Tm3* 2017 May [44]
SD LaFs3 Tm3* 2017 Jun 1 [99]
SD Al,03,LaFs, Lux03  Er¥f,Ho®" 2017 Jun12  [52]
ALD PbS (quantum dot) 2017 Jul 1 [100]
SD LaF; Tm3* 2018 May 17 [101]
SD YAG Ert 2018 May 21 [102]
SD Al,O3 Tm3* 2018 Sep 16 [103]
SD Al,O3 Er* 2018 Sep 17 [104]
ALD PbS (quantum dot) 2018 Sep 24 [105]
SD Al,O3 Er’* 2018 Nov 4 [106]
SD, SD + PS LaF;, MgO Er’* 2019 Jan 1 [107]
SD Al,03 Ho>" 2019 Sept 11 [108]
ALD PbS (quantum dot) 2019 Sep 15 [109]
SD + PS MgO Er’* 2019 Nov 4 [30]
SD + PS Alkaline earths undoped 2020 Mar 3 [110]
PS Y503 Tm3* 2020 May 12 [111]
PS Ca0 undoped 2020 May [112]
PS ZrOy Tm3* 2020 Jun 1 [113]
PS Ca0 undoped 2020 May [114]
PS 7r0, Tm3*, 2021 Apr18  [115]
Ho3*
PS Y503 Tm3* 2021 May 10 [116]
PS MgO undoped 2021 Aug 1 [117]
SD Al,O4 Ho®', Er**, 2021 Aug 1 [118]
Tm3+

ALD PbS (quantum dot) 2021 Aug 15 [119]
PS Al,O3 Tm3* 2021 Oct 3 [120]
SD CaFy, StF,, BaF, b3+ 2022 Mar 3 [121]
SD YFs3 Yb3* 2022 Mar 3 [122]
PS Al,O3 b3+ 2022 Mar 4 [123]
PS Ca0 undoped 2022 Apr 1 [124]

(continued on next page)



Table 2 (continued) Table 3
Applications of NP-doped MCVD-derived silica fibers.

Doping Precursor NP or Active Publication Reference
Approach” Nucleating Agent Dopant(s) Date® Reference Application
SD LaF3 undoped 2022 May 6 [40] [47] Scientific inquiry
SD Al,04 b3, 2022 Mar 14 [125] [48] Erbium doped fiber amplifier (EDFA)
Tm?", [69] Plasmonics
Ho®* [75] EDFA
SD BaF, b3t 2022 May 15 [126] [76] Plasmonics
SD/PS Lay0O3 undoped 2022 May 25 [45] [70] Plasmonics
PS Ca0O, MgO undoped 2022 Jul 13 [127] [49] EDFA
SD CaF,, StF,, BaF, Yb*, Eu®t 2022 Oct 1 [411 [56] EDFA
SD/PS Lay03 undoped 2022 Nov 5 [128] [50] EDFA
SD/Reaction YAG, YPO, undoped 2023 Mar 14 [42] [771 Plasmonic amplifiers
SD YbPO4 Yb3+ 2023 Apr 1 [38] [781 Plasmonics/nonlinear optics
PS Al,03, Y203 Yb** 2023 Apr 3 [129] [57] EDFA
No details given but presumably same as in [128] 2023 Jun 1 [130] [52] Scientific inquiry/controlling energy transfer
PS Y505 Yb3* 2023 May 17 [131] [79] EDFA
SD/Reaction YAG, YPO,4 Yb3+ 2023 Aug 9 [132] [58] EDFA
PS Y203 Yb3* 2023 Oct 1 [133] [53] Scientific inquiry/controlling energy transfer
PS/reaction Si0," YPO, undoped 2023 Dec 1 [134] [141] Random fiber laser
SD Al,O03 Er®", Tm®" 2024 Apr1 [135] [59] EDFA
SD BaF, Er®* 2024 Mar 24 [136] [60] Up-conversion and high-power fiber lasers
SD BaF, Dy>* Submitted [137] [80] Plasmonics/nonlinear optics
: : : : 81 EDFA
@ Some papers are not included because they were not readily available. While [s1] L g
K . R X . [27] Scientific inquiry/fiber lasers and amplifiers
nc]))t included in this Table, they are included in the References. [82] Scientific inquiry/fiber lasers and amplifiers
Solution Doping (SD), Phase Separation (PS), Nucleation/Growth (NG), [83] Radiation resistant EDFA
Modified Chemical Vapor Deposition (MCVD), Atomic Layer Deposition (ALD). [51] EDFA/Scientific inquiry/fiber lasers and amplifiers
¢ Per Google Scholar. [84] EDFA
4 Seems to conflict with Pickrell [138] where MCVD SiOs doped with Si [85] High-power fiber lasers
converted to SiO at the elevated processing temps to form holes/voids as a route (86] Scientific inquiry/spectral engineering
to random hole optical fibers. [87] Scientific inquiry/composition of NPs in silica
¢ SiO is generally a vapor, as in the case of it being used in Ref. [138] to, as (88 EDFA
: . . . [89] EDFA
noted above, form holes/voids as a route to random hole optical fibers. This [90] EDFA
seems to conflict with [134], who claim to have crystallized NPs of SiO. [o1] EDFA
[92] Fiber amplifiers/lasers (thulium @ 2 pm)
properties may call this into question [136]. (93] Pllajsm"“iclsﬁ . N N
. . . 94 Fi ifi tterbi i
It is also useful to note that virtually all lanthanides have been [94] iber amplifiers/lasers (ytterbium + erbium)
X R L . X K X [95] Fiber amplifiers/lasers (erbium)
studied in NP-doped silica fibers, including La (used to induce nucle- [43] Supercontinuum generation
ation/phase separation), Pr [139] (though not MCVD or silica), Nd [46], [96] Fiber amplifiers/lasers (erbium)
Eu [531, Tb [53], Dy [137], Ho [98], Er [many; see Table 2], Tm [many; [66] High-power fiber lasers/amplifiers
see Table 2], and Yb [many; see Table 2]. Quantum dots (e.g., Refs. [64, (971 Plasmonics )
68 d sel . 1 Ni [26 d Co [471) h 1 [98] Fiber amplifiers/lasers (holmium)
1) and select transition metals (e‘g" i [26] an 0 [47]) have also [44] Scientific inquiry/fate of NPs during fiber processing
been eXplored- [99] Fiber amplifiers/lasers (thulium @ 1.4 pm)
The application of NP-doped fibers is predominantly focused on fiber [54] High-power fiber lasers/amplifiers
amplifiers and lasers, hence this Section. However, there are a few [1oo] Pllajsm‘miclsﬁ 1 il
. . . . 101 Fi ifi i 1.4
emerging areas that are worthy of note. These include (i) nanoparticle/ {1 02} F;b: Egliﬁ:zlzzzz Eer;ilu;l:g @ 1.4 m)
nanostructuring of the core to enhance scattering as applied to random [103] Fiber amplifiers/lasers (erbium)
fiber lasers [112,141], (ii) narrow linewidth fiber lasers [128,130], and [104] EDFA
(iii), the recent realization of anti-Stokes fluorescence cooling in silica [105] Plasmonic fiber sensors
fibers [121,122,126,129,131,133]. [100] Fiber amplifiers/lasers (etbium) _
[107] Scientific inquiry/fate of NPs during fiber processing
Lo . . [108] Fiber amplifiers/lasers (holmium)
5. Distributed nanoparticles-doped fiber sensors [109] Plasmonic fiber temperature sensors
[30] Enhanced light scattering fibers
5.1. Optical backscatter reﬂectometry [110] Scientific inquiry/fate of NPs during fiber processing
[111] Fiber amplifiers/lasers (thulium @ 1.8 pm)
. X X . i [112] Random fiber laser
Optical Fiber Sensors can be categorized based on their spatial ca- [113] Fiber amplifiers/lasers (thulium)
pabilities, allowing them to perform point-wise measurements or extend [114] Random fiber laser
along the fiber’s length [142]. This classification includes three main [115] Fiber amplifiers/lasers (thulium @ 2 pm)
categories: punctual, quasi-distributed, and distributed sensors [143]. [116] Ul_traf?S.t IT“’de_'l"Cked fiber lasers_ . .
. . . . [117] Scientific inquiry/fate of NPs during fiber processing
Punctual sensors provide localized readings of the physical parameter of L Lo .
. . S . [118] Scientific inquiry/fate of NPs during fiber processing
interest, while quasi-distributed sensors deliver parameter values across [119] Plasmonic fiber amplifiers
a distance and in relation to the fiber’s position in discretized positions [120] Scientific inquiry/fate of NPs during fiber processing
[144]. Distributed sensing relies on using an entire optical fiber span as a [121] Laser cooling/radiation balanced fiber lasers and amplifiers
. . . . P . [122] Laser cooling/radiation balanced fiber lasers and amplifiers
sensing element, interrogating the reflections occurring in every portion . >~ -
. . R i X R [123] Fiber amplifiers/lasers (ytterbium)
of the optical fiber due to Rayleigh, Brillouin, or Raman scattering [124] Tunable distributed fiber sensors
[145]. Modern distributed sensing methods mainly rely on optical [40] Scientific inquiry/fate of NPs during fiber processing
frequency-domain reflectometry (OFDR), which interrogate the fiber [125] Scientific inquiry/fate of NPs during fiber processing
backreflection in the frequency domain using a Fourier transform of the (126l Laser cooling/radiation balanced fiber lasers and amplifiers
reflected signals [146]. OFDRs use a scanning laser emitting at infrared (continued on next page)



Table 3 (continued)

Reference Application

[45] Scientific inquiry/fate of NPs during fiber processing

[127] Scientific inquiry/fate of NPs during fiber processing

[41] Scientific inquiry/fate of NPs during fiber processing

[128] Narrow linewidth fiber laser

[42] Scientific inquiry/fate of NPs during fiber processing/fiber lasers
[38] Scientific inquiry/fate of NPs during fiber processing/fiber lasers
[129] Laser cooling/radiation balanced fiber lasers and amplifiers
[130] Narrow linewidth fiber laser

[131] Laser cooling/radiation balanced fiber lasers and amplifiers
[132] Distributed fiber sensors

[133] Laser cooling/radiation balanced fiber lasers and amplifiers
[134] Scientific inquiry/fate of NPs during fiber processing

[135] Scientific inquiry/fate of NPs during fiber processing/fiber lasers
[136] EDFAs

[137] Visible fiber lasers

wavelengths into a single-mode fiber (SMF), and using demodulation
process based on interferometry [147]; this allows achieving a spatial
resolution Az = ¢/(2negAf) where c is the light speed, nef is the effective
refractive index of the fiber, and Af is the scanning bandwidth of the
laser. OFDR systems achieve spatial resolution as low as 10 pm, which
allows millimeter-scale sensing with high accuracy through spatial
averaging.

Rayleigh scattering is an excellent source of information in OFDR
signals. Each section of the fiber is characterized by random defects, that
are consistent over time but have no correlation between multiple fiber
sections [148,149]; the spectral response for each fiber section is a
random signal, and the set of these random spectra collected at each Az
interval is the “signature” of the fiber. When the fiber is perturbed by
physical quantities (temperature and strain), each spectral signature
exhibits a wavelength shift that is proportional to these quantities (with
coefficients of 10 p.m./°C and 1 p.m./pe, respectively, at infrared
wavelengths). Similar considerations can be performed when the fiber is
perturbed, by chemical etching or tapering, in such a way that the
effective refractive index is altered, and this effect can be exploited for
refractive index sensing and biosensing. By analyzing the spectral shift
of each fiber signature, one can measure the wavelength shift in each
section of the fiber, which enables the distributed detection of physical
parameters over long lengths with dense spatial resolution.

Telecom fibers are engineered to have Rayleigh scattering as low as
possible, in order to obtain long-range transmission over hundreds of
kilometers; this results in low values of Rayleigh scattering, around
—120 dBm; despite this low power ratings, commercial optical back-
scatter reflectometer (OBR) units can still retrieve the fiber signatures
with sufficient accuracy; these systems are commonly used in mechan-
ical, geotechnical, and infrastructural monitoring [150]. In recent years,
solutions to increment Rayleigh scattering in optical fibers have been
considered, using a plurality of approaches that cater to different sensing
needs. One method that has been reported, playing at the border be-
tween Rayleigh scattering enhancement and the inscription of reflective
elements, is the use of long-range weak-reflective gratings having wide
bandwidth. Methods have been reported using in-fiber nanogratings
inscribed with a femtosecond laser [151], random optical gratings
fabricated by interferometric setup [152], and continuous reflectors
inscribed in the fiber core [153]. Another less sophisticated method
relies on the exposure of a single-mode fiber to intense UV light [154].

While the previous methods are not very practical for sensing setups,
because they rely on tagging specific fiber sections or inscribing local-
ized sections of a fiber, methods based on the fabrication of fibers having
large concentrations of nanoparticles or nano-defects in the fiber core
are much more practical, since such fibers can be spooled, spliced to
single-mode fibers in any arbitrary configuration, and form sensing
networks operating in distributed sensing mode. This possibility has
become increasingly important looking into biomedical applications: in
this context, when working with compact and mini-invasive devices, it is

not possible to operate with a single fiber arranged in a 2- or 3-dimen-
sional configuration, but it is necessary to achieve a multi-fiber
distributed sensing network in order to maintain a compact footprint.
Thanks to the use of enhanced backscattering fibers (EBFs), having a
high Rayleigh scattering thanks to the presence of a substantial con-
centration of scattering center in the fiber core, it is possible to create
sensing networks that multiplex multiple EBFs while interrogating each
of them as a distributed sensor with a single scan. This arrangement,
labeled scattering-level multiplexing (SLMux), is sketched in Fig. 1(a). It
is similar to a spatial-division multiplexing arrangement [155] spread
through N channels using a 1xN splitter and using each SMF fiber as a
delay line; at any interval of each EBF serving as sensing element, the
obtained signature is the overlap of the EBF Rayleigh scattering, and up
to (N-1) SMF fibers. Since the signatures are statistically independent on
each other, and EBFs have substantial scattering increments (> 1000
times), the SLMux can interrogate each EBF independently, converting
distributed sensing to a multi-fiber approach [156]. The two parameters
characterizing an EBF are the scattering gain, which devices the incre-
ment of backscattered power over a SMF fiber, and the two-way fiber
attenuation (that limits the sensing length per each channel).

Based on this approach, SLMux configurations enabled by the use of
nanoparticle-doped fibers have been proposed; the main ones, sketched
in Fig. 1(b-e) and listed in Table 4, employ EBF fibers to build multi-
dimensional 2D or 3D sensing networks, or use the sensors for biological
detection. One of the main applications of this sensing network is in
thermal ablation of cancer, a mini-invasive methodology for deep-seated
ablation of tumors that rely on a compact medical applicator that de-
livers a radiofrequency, microwave, or laser power that is dissipated into
the tumors, heating up a well-confined region [157]. Temperature
control is essential in this scenario, because thermal doses control the
mortality rate of cancer cells; SLMux networks are the first ever
approach to bring multidimensional temperature detection at the
millimeter level of resolution and with rapid response of 1 s (limited by
the OBR scanning frequency). This approach has been reported in 2D
configurations, using 4-6 fibers having sensitivity 9.4-11.9 p.m./°C.
The first work was reported in 2019 by Beisenova et al. [156] for radi-
ofrequency (RF) ablation, pioneering this sensing concept; the 2D
sensing network is achieved by detecting distributed data (2.5 mm
resolution) in each EBF fiber, and vertically spacing multiple fibers few
millimeters apart, achieving temperature sensing over a 2.5 x 5.0 mm
pixel-size grid. This approach was then applied to resolve thermal dis-
tributions in several cancer ablation scenarios, including RF ablation
mediated by nanoparticles [158], RF ablation neighboring blood vessels
[159], and laser ablation of parenchymal tissue mediated by nano-
particles [160]. 3D temperature sensing was also achieved expanding
the SLMux to 12 fibers, the maximum numbers reported so far,
achieving a density of 144 sensors in a 16 x 16 x 25 mm region (22.5
sensors/cm>), which is the highest resolution observed for in situ tem-
perature detection using sensors [161].

Another biomedical application that is emerging for its importance
in clinical and diagnostic practice is the possibility of performing a real-
time shape sensing of a surgical device, relying on multi-dimensional
strain measurements [170]. SLMux configurations have been reported
for shape sensing of rigid device, by installing up to 4 fibers along the
needle. Each small bending of the needle transfers a different amount of
strain to each section of the fiber; since the needle is rigid, a shape
reconstruction algorithm can be implemented by estimating the local
strain in each direction, and therefore estimating the 3-dimensional
bending angle [163]. This approach was established and validated for
epidural devices, used in clinical practice for administering epidural
anesthesia, [164]; the 3D shape sensing observed in real time with error
+ 1%, can be used as a guidance system for manual insertion of the
epidural device through the multiple subcutaneous layers reaching the
epidural space. The approach reported in Ref. [162] disambiguates
temperature effects from strain, estimating the depth of penetration and
compensating for the different temperature of the body and its external
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Fig. 1. Schematic of SLMux approach and sensing networks derived from it for biomedical applications, enabled by nanoparticle-doped EBF fibers. (a) Schematic of a
generic N-channel SLMux distributed sensing setup. (b) Sketch of RF ablation of cancer tissues, with 2D sensing network; (c) 3D sensing networks in RF ablation. (d)
Distributed shape sensing of medical devices. (e) Schematic of a reflector-less biosensor functionalized with bio-receptors for protein sensing.

Table 4
Overview of the most significant distributed sensing applications of high-scattering, nanoparticle-doped fibers.
Application # Sensing Scattering Attenuation Detected parameter Sensitivity Reference
fibers gain
Radiofrequency ablation of cancer 4 36.5dB 25.5 dB/m Temperature 11.9 p.m./°C [156]
Radiofrequency ablation of cancer 12 15-40 dB Temperature 10.25 p.m./°C [161]
Radiofrequency ablation, assisted by 6 ~40 dB Temperature 9.4 p.m./°C [158]
nanoparticles
Radiofrequency ablation of cancer 6 Temperature ~10 p.m./°C [159]
Laser ablation of cancer, assisted by 6 >30dB Temperature 10.4 p.m./°C [160]
nanoparticles
Teperature-compensated 3D shape 4 45 dB Strain + temperature 8.04 p.m./°C; 1.04 p.m./pe [162]
Epidural needle 3D shape sensing 4 45 dB 33 dB/m Strain 1 p.m./pe [163]
Epidural needle 3D shape sensing 4 35-40 dB Strain 1 p.m./pe [164]
Dental bite force monitoring 8 ~40 dB ~40 dB/m Strain/pressure 2.376 p.m./kPa [165]
Thrombotic biomarker aptasensing 1 50 dB 61.5 dB/m Thrombin 5.5 p.m./(pg/mL) [166]
concentration
Cancer biomarker biosensor 3 43.7 dB CD44 concentration 1.8 p.m./log;0[pM] (—1.325 nm/ [167]
(RD RIU)
Refractive index sensing 1 45.3 dB 32.8-67.6 dB/ Refractive index 3.7-45.9 nm/RIU [168]
m
X-ray irradiation detection 1 Radiation dose 0.019 p.m./Gy [169]

ambient. The more recent work of Katrenova et al. [165] expands the
strain sensing concept to dental devices, by designing a bite force esti-
mation system with 8 fibers that detects and localizes the force applied
from a tooth onto a dental bite.

Biological applications have also been reported for EBF fibers. In this
context, the increment of backscattering is an essential resource for the
fabrication of “reflector-less” sensors, which operate as reflective probes
interrogating the backscattering signal without the inscription of a
reflective device (such as a grating or an interferometer). The refractive

index (RI) sensitivity can be achieved by exposing the fundamental
mode to the surrounding environment, either by etching the fiber
cladding, or tapering the fiber to a narrower thickness. The etching
process is slower but can be implemented in volume for a multitude of
fibers [171], while the tapering process can be rapidly performed with a
COx, laser splicer in about 1 min time [172]. Once the RI sensitivity is
achieved, to levels around or higher than 1 nm/RIU (refractive index
units), the fiber can be biofunctionalized by immobilizing a bioreceptor
(such as an antibody or an aptamer) and perform a detection of a



biomarker even at low concentrations [173]. The first work describing a
reflector-less biosensor was reported by Sypabekova et al. [166], using
hydrofluoric ~ wet-etching to remove the cladding of a
nanoparticle-doped fiber. The increment in scattering is essential, since
it compensates for the propagation losses (over 20 dB) due to evanescent
light at the sensing point. With this arrangement, using an OBR inter-
rogator, a distributed detection was achieved, with sensitivity up to 1.2
nm/RIU; using an aptamer as a bioreceptor immobilized with a gold
coating, thrombin biomarker was detected with limit around 1 pg/mL.
By improving wet-etching, Aitkulov et al. subsequently reported an
increment in sensitivity up to 45.9 nm/RIU using the same distributed
sensing hardware [168]. More recently, Shaimerdenova et al. reported a
reflector-less biosensor based on a shallow fiber taper fabricated with
28 pm waist diameter [167]. This sensing device reported average
sensitivity of 1.05 nm/RIU and was functionalized for the detection of
CD44 cancer biomarker with detection limit of 16.4 pM. Following a
similar pattern, the nanoparticle-doped EBF fibers have been also
employed in the detection of X-ray doses, interrogating the change in
effective refractive index occurring in the fibers when exposed to
ionizing radiation; the work reported by Olivero et al. [169] shows a
sensitivity of 0.019 p.m./Gy in various irradiation conditions.

5.2. Transmission-Reflection Analysis and artificial intelligence
algorithms

In the last few years, the popularization of machine learning methods
resulted in new pathways in scenarios for sensors applications, where
the artificial intelligence (AI) algorithms can enhance the sensor per-
formance [174], provide new insights and measurements from feature
extraction [175] as well as provide the possibility of sensor fusion in
heterogeneous sensing networks [176]. Such popularization in Al al-
gorithm favors the development of distributed optical fiber sensors as
well, where there are numerous reports on the use of Al algorithm in
distributed optical fiber sensors as summarized in Ref. [177]. In
distributed optical fiber sensors applications, the use of Al-based ap-
proaches can address in key challenge in the effective deployment of
such sensors by providing an efficient processing and interpretation of
the large volumes of data generated by these systems [178]. As the
monitoring capabilities of these sensors continue to expand, the need for
intelligent algorithms to extract meaningful insights from the data has
become increasingly crucial [179]. In addition, Al algorithms aid on the
decision-making process with the use of specific classifiers for different
applications and conditions [180].

Despite the many advantages of distributed optical fiber sensing due
to their spatially resolved data and high accuracy/detection limits, there
are some limitations in such an approach, which can partially affect
some sensors applications. In this context, one of the main limitations of
distributed optical fiber sensors is their general high cost, since such
approaches have acquisition system with bulk and costly components
such as modulated light sources and, in some cases, microwave photonic
circuits [181]. It is important to mention that such high cost can limit
the use of distributed optical fiber sensors in healthcare applications,
especially in remote healthcare, where the cost-effective requirements
are of crucial importance [182]. Furthermore, the portability of the
system is directly affected by the bulk components used in conventional
distributed optical fiber sensors approaches, where such components
mainly affect the possibility of using such approach in wearable devices
[183].

One of the distributed optical fiber sensing approaches to tackle
conventional distributed sensors (mainly based on OFDR in different
configurations), the Transmission-Reflection Analysis (TRA) offers a
cost-effective method for distributed sensing of mechanical disturbances
along the optical fiber cable [184]. This method relies on directly
measuring the transmitted and backscattered optical powers of an un-
modulated continuous wave light source [185]. Such features enable the
use of low-cost light sources (or even light emitting diodes) for the
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sensor development, providing not only a lower cost for the sensor
system, but also higher portability of the devices [186]. In addition, the
use of only photodetectors on the signal acquisition generally helps with
further cost reduction and portability of the TRA-based distributed op-
tical fiber sensor system.

In contrast to the OFDR method, which achieves high spatial reso-
lution (—mm) [187], the TRA method exhibits lower spatial resolution
(~m) when used with standard silica fibers [188]. This limitation stems
from the weak Rayleigh backscattering signal of standard silica optical
fibers [154]. One previously proposed method to enhance the reflected
power and consequently improve spatial resolution, multiple fiber Bragg
gratings (FBGs) can be inscribed into the fiber core [189]. However,
implementing such FBGs without protective coatings may compromise
the sensor’s robustness. Moreover, the Bragg grating inscription in
different materials involves the need of specialized equipment such as
UV laser, phase mask, optical lenses, and kinematic mirrors, which can
harm the TRA precedents of simple solution and low-cost setup [189].
As another crucial issue in TRA approach, the first developments in the
technique indicated the possibility of measuring only one mechanical
disturbance at a time for the TRA-based systems [185]. Thus, the con-
ventional signal analysis of TRA approach uses a set of transmitted op-
tical power as a function of the backscattered optical power on the fiber,
where each transmission and reflection pair Fig. 2 is related to a position
of the mechanical disturbance along the optical fiber cable [190]. For
this reason, it is possible to verify that initially proposed TRA approach
presents two major limitations: (i) poor spatial resolution due to small
Rayleigh backscattering of standard silica optical fibers; (ii) only one
simultaneous region for mechanical disturbance detection due to the
limitations on the signal processing.

To mitigate the limitations conventionally observed in the TRA
approach, the use of high scattering medium in optical fibers can
enhance the spatial resolution of the TRA-based sensor systems, where
the spatial resolution in this case can be as small as a few centimeters
[190]. To that extent, the development of nanoparticle (NP)-doped op-
tical fibers leads to enhanced Rayleigh backscattering which resulted in
an important breakthrough on the development of cost-effective
distributed optical fiber sensors. In this context, the comparison be-
tween the standard single mode fibers and a NP-doped optical fiber with
enhanced backscattering is presented in Ref. [190]. The use of NP-doped
fibers indicated an enhancement in the spatial resolution of 3 orders of
magnitude, where the spatial resolution of around 1 m using standard

& (oo@

£ & & £
O O & s
K > \Q% I
) ‘

I i I I i I i

PD

aIns

&y

Transmitted €<——— » Reflected

—~ Variation in disturbance location
3 1
s g
&= B
q) o
209" g
3 0.9 B
a B
© ay =2
o . 4
= 0.87 of o g
o A o
[0)] 7 / / [¢]
0.7 “ pd f 2
. -
= g , / 2
©0.6 - # ¢ . &
= 0 0.2 0.4 0.6 0.8 1
Reflected optical power (a.u.)

Fig. 2. Schematic representation of the operation principle of TRA approach.



single mode fiber was increased to around 6 mm using Magnesium and
Erbium co-doped fiber [190]. However, it is important to mention that
numerous compositions of the nanoparticles can be proposed and
fabricated [37]. To that extent, the analysis of TRA responses using
different optical fibers compositions was developed in Ref. [191]. In this
case, different NP-doped optical fibers are subjected to sequential me-
chanical disturbances (with macro bending in a limited region of the
NP-doped fiber) using the same experimental setup for the comparison
of the spatial resolution and signal-to-noise ratio as well as the accuracy
and attenuation. It is possible to observe that the particles size and
composition directly affects the sensor response using the TRA method,
since the NP sizes of around 100 nm resulted in larger attenuation, but
with also larger reflectance. Table 5 presents a comparison between the
NP-doped fibers (with 3 different compositions) with the standard silica
single mode fiber as a function of performance parameters analyzed in
TRA approach, namely accuracy, spatial resolution, attenuation and
reflectance. It is worth to mention that such resulted were obtained from
previous works of NP-doped optical fiber characterizations [20,190,
191] in which the superior performance in terms of spatial resolution is
verified for all NP-doped fibers when compared with the standard single
mode fiber. Therefore, the use of NP-doped optical fiber addresses the
first aforementioned major limitation of the TRA method, i.e., the poor
spatial resolution due to small Rayleigh backscattering.

As the second mentioned limitation of TRA approach, the signal
processing method using both transmission and reflection optical
powers in a linear regression provides limitations related to the super-
position of different simultaneous mechanical disturbances along the
optical fiber cable [190]. In this context, the nonlinear modeling of the
relation between mechanical disturbance amplitude and location as a
function of transmitted and backscattered optical signal can provide
insights on the multiple disturbances detection and on the overall system
performance related to simultaneous assessment of disturbances
amplitude and location [192]. For this reason, the use of machine
learning methods, especially neural networks can enhance the sensor
performance in signal processing, since it uses nonlinear models for data
analysis. To that extent, the use of a feed-forward neural network
(FFNN) for the TRA approach was proposed in Ref. [192], where a FFNN
with two hidden layers (with 600 and 300 nodes) was developed to
classify the mechanical disturbance location at six predefined regions.
The goal is to classify the position of the mechanical disturbance with
simultaneous disturbances and with different disturbances amplitudes.
The proposed method using the TRA in conjunction with a FFNN
resulted in the possibility of detecting up to three simultaneous me-
chanical disturbances along a single NP-doped optical fiber with an
accuracy of 99.43% [192]. This result opens new pathways for the
cost-effective distributed optical fiber sensing, where the second major
limitation of TRA approach (i.e., single disturbance analysis at a time) is
partially mitigated, where the use of the sensor system for up to 3
simultaneous disturbances opens a variety of applications scenarios,
especially in healthcare.

Following the developments in the TRA method that mitigated both
major limitations of this cost-effective distributed optical fiber sensing

Table 5
Comparison between standard single mode fiber and NP-doped optical fibers for
the TRA approach.

Fiber NP Composition Attenuation NP Spatial
size resolution
SMF - 0.0004 dB/ - 0.25m
m

129 1 M MgCly(ring), 1 M AlCl3, 2.21 dB/m 40 6.7 mm
0.01 M ErCls(core) nm

G18- 0.1 M CaCly, 0.01 M ErCls 68.53 dB/m 100 30 mm
01 nm

G21- 0.1 M SrCl,, 0.01 M ErCls 57.08 dB/m 100 10 mm
01 nm
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technique, wearable and non-wearable healthcare applications were
proposed. Considering the wearable applications, a current approach for
wearable sensor system is the use of smart textiles, where the fabrics and
clothing accessories have embedded sensors [193]. The advantageous
features and benefits of optical fiber sensors make them an useful tool
for smart textiles development, or the so-called photonic textiles, where
the optical fiber sensors are integrated in the textiles and clothing [194,
195]. Following this background, a smart textile using NP-doped fibers
was proposed in Ref. [196], where the TRA approach was employed for
the disturbance location and amplitude assessment in the proposed
smart textile. In this case, the proposed smart garment is used on the
balance assessment during walking activities, which is an important
analysis in biomechanics [197]. The NP-doped optical fiber is integrated
into the smart garment, whereas the electronics unit (with the light
sources, couplers and photodetectors) are positioned in a pocket on the
proposed smart device (see Fig. 3). The validation tests included
different mechanical disturbances applied at different regions of the
proposed NP-doped fiber sensor system, where it is possible to verify a
feasibility of the device, since the disturbance location estimation pre-
sented relative errors as low as 3.7% [196]. In addition, disturbance
tests performed at standing and walking conditions indicated the suit-
ability of the proposed device in detecting the disturbances under
different movement conditions.

An important application in healthcare, especially in the field of
digital health, is the remote and real-time monitoring of patients [198].
In this context, the development of smart homes and general environ-
ments with remote connectivity tackles many of the demands in digital
health [199]. In view of such an important application and considering
the major breakthrough of cost-effective distributed optical fiber sensors
using NP-doped optical fiber, a heterogeneous smart home using optical
fiber sensors was proposed in Ref. [200]. The proposed Opto-Electronic
Smart Home uses the NP-doped optical fibers in TRA approach in
conjunction with the AI algorithms for the localization of the patient in
the home [200]. It is also worth noting that the smart home also includes
an FBG-embedded carpet and a smart textile for movement analysis.
However, the use of NP-doped fibers are restricted to the patient local-
ization in the smart home, where the NP-doped optical fibers were in-
tegrated in the floor distributed along the proposed home. If the patient
(or patients, since the analysis of 3 simultaneous users was performed in
Ref. [192]) steps on a predefined region in a specific room steps on a
predefined region in a specific room of the house, there is the classifi-
cation (via FFNN approach) of the position of the patient. These data not
only can be storage, but can also be sent to the health professional. A
schematic representation of the proposed device is presented in Fig. 3,
where it is possible to observe the position of the interaction regions
(and NP-doped optical fibers) inside the smart home. Considering the
application in smart textiles, the fiber small dimensions enable its
integration into the textile using different approaches, which include not
only the direct integration in the textile by stitching, but also the use of
patches with embedded optical fiber that can be integrated to the
clothing by a Velcro connection. This latter approach makes it easier for
the fiber removal during clothing washing.

6. Conclusion and prospects

Despite initial concerns about the introduction of nanoparticles into
optical fibers due to light scattering, this review article highlights the
wide-ranging potential of this approach. Successes include possible
modifications of luminescence properties for lasers and amplifiers and,
more unexpectedly, the use of light scattering to create new optical fiber
architectures. Open questions and prospects are now discussed.

7. Light scattering

As far as the impact of nanoparticle characteristics on light scattering
is concerned, the trends described in section 2 are deduced from results
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observed mainly in bulk material. We now need to improve our under-
standing of nanoparticle-induced scattering in optical fibers, by
considering the effect of size distribution, nanoparticles shape and the
variation of their refractive index with their sizes. Another approach to
control the light propagation in such a scattering medium could be based
on shaping the wavefront [201].

8. Nanoparticle formation

As far as manufacturing processes are concerned, a better under-
standing of the reactivity of nanoparticles with the glass matrix will
enable us to identify “stable” compositions or anticipate their trans-
formation into another type of nanoparticle. Such studies will require a
deeper understanding of thermodynamic mechanisms, particularly for
nanoparticle formation via phase separation or nucleation/growth
mechanisms. As for the mechanisms inducing particle elongation and
fragmentation, it is essential to improve our ability to determine pa-
rameters such as particle viscosity or surface tension between particles
and the glassy matrix.

9. Fabrication process

New manufacturing methods are currently being developed. For
example, it is proposed to modify the characteristics of nanoparticles in
optical fibers by irradiating them with a femtosecond laser [202]. The
use of this laser enables only the core to be heated, thanks to a
multi-photon interaction that enables pm resolution to be achieved. By
controlling the laser parameters (e.g. repetition rate), it is possible to
heat to different temperatures, enabling the nanoparticles to grow or
dissolve. Using a reel-to-reel set-up, this approach would enable the
characteristics of the nanoparticles to be varied along the fiber, at the pm
scale. Finally, manufacturing processes based on additive synthesis
could also open up new prospects for the preparation of optical fibers
containing nanoparticles.

10. Laser

As noted, fiber laser and amplifier require minimum scattering (and
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loss) to achieve high efficiency and low thresholds, which tends to
conflict with the concept of heterogeneous fibers. However, as witnessed
by the number of works enumerated in this Section, maintaining low loss
and scattering is possible when processing of the nanoparticle/nano-
structured fibers is carefully controlled. There remains a lingering
question: Are NP-doped fiber better than conventionally doped fibers
when it comes to amplifiers and lasers?

Indeed, there is some evidence for the case of enhanced performance,
but it cannot be said in general. This is because most of the published
works do not offer a true comparison with the same core compositions,
doping levels, etc. The answer also depends critically on what precisely
is the molecular structure about the active dopant and how that local
structure influences its spectroscopy. The answer also depends, of
course, on the chemistry of the nanostructure, how it originates (sus-
pension doping vs phase separation), whether it is crystalline or amor-
phous, the solubility of the dopant in the nanostructured region in the
silica glass, the preform and fiber draw conditions, to name just a few.
This is one reason there have been a fair number of recent papers
investigating the “life of a nanoparticle” in silica as it is processed [38,
40-42,44,45,107,110,117,118,120,125,127,134,135]. This is what
makes this a very complex and multi-faceted problem to solve and why a
generalized “yes” or “no” response is impossible.

That said, there are indications in select systems of enhanced spec-
troscopic properties of value to fiber amplifiers and lasers, including
longer radiative lifetimes when the active species (e.g., Tm [99] and Dy
[137]) is sequestered in a low phonon energy nanostructure. The recent
work by Campbell suggests that Er:NP fibers can exhibit equal efficiency
but at higher doping concentrations (or slightly higher efficiency at
equal doping levels) than conventionally doped EDFAs [136]. Known
also is the ability to isolate different emitters into different NPs,
co-doped into the same silica core to control or mitigate energy transfer
[54]. For intrinsically efficient emitters with few excited states, such as
YD, there does not seem to necessarily be a direct advantage, though
secondary advantages (such as higher local doping or controlling energy
transfer or upconversion) may be beneficial overall.



11. Distributed sensing

Looking at the perspectives on distributed sensing, the control of
scattering properties of single-mode optical fibers is a key asset in the
achievement of large multiplexing factors, moving the OBR technology
from a single-channel layout to multi-dimensional and multi-parametric
sensors; the coexistence of physical parameters (such as temperature
and strain), biological analytes, and the possibility to enable chemical/
radiation parameters can enable a wide range of detected parameters, as
reported for other fiber-optic technologies [64], but maintaining a high
density of sensing points, in 2D/3D geometries that are compatible with
mini-invasive medical devices. From a system point of view, the network
of fiber extenders needed to spatially multiplex the EBF can be inte-
grated into a single device, that can be directly plugged in to commercial
OBR/OFDR hardware. In terms of the design of the fibers, the trade-off
between scattering gain and attenuation plays a significant role in
determining the maximum reach of the sensing fibers, particularly when
exposed to etching or tapering extra losses; a low-loss nano-
particle-doped fiber might extend the sensing length about or over the
meter, and this might enable multi-fiber distributed sensors for appli-
cations that involve colonoscopy-based diagnostic [203], or cardiac
applicators [204].

The use of NP-doped fibers in TRA approach and their combination
with machine learning methods resulted in an important breakthrough
in distributed optical fiber sensing, where such approaches can be used
in cost-effective applications in which the cost of the sensor system is a
major requirement. In this context, the proposed approach using cost-
effective distributed optical fiber sensing led to healthcare applica-
tions in wearable and non-wearable systems. Following these de-
velopments, future perspectives for the use of NP-doped fibers in TRA
approach include additional applications in shape reconstruction of
structures for different applications as well as the instrumentation of
flexible wearable robots. In addition, future perspectives include the
improvements on the TRA technique itself, where NP-doped fibers with
different compositions can be used to provide different Rayleigh Back-
scattering signatures as well as the use of wavelength filters to provide
an additional possibility of enhancing the multiplexing capabilities of
the TRA-based NP doped optical fiber sensor system.
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