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Nanoparticle-doped optical fibers, investigated first as fiber lasers and fiber amplifiers,
have gained tremendous interest over the past few years as fiber sensors. One of the main
interests of such fibers relies on the ability to develop a distributed sensor, allowing real-
time measurement with multiplexed architecture. To go beyond the actual proof of
concept, we discuss in this perspective paper three main challenges to tackle:
understanding light propagation in heterogeneous materials, controling nanoparticle
formation in glass, and engineering nanoparticle characteristics. Identified as the main
directions to follow, they will contribute to promote nanoparticle-doped fiber sensors in the
next few years.
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1 INTRODUCTION

Nanoparticles in optical fibers were first reported in 1998 (Tick, 1998). At that time, such fibers were
investigated to develop new fiber lasers and fiber amplifiers (Veber et al., 2019; Kasik et al., 2016). The
motivation was to embed luminescent ions (e.g., rare earth or transition metal ions) within
nanoparticles whose composition, different from the silica matrix, would allow obtaining new
luminescent properties. Based on this approach, proof of concepts were reported but with limited
interest were compared to conventional (i.e., without nanoparticles) fiber lasers and fiber amplifiers.
Such limitation arises from the presence of nanoparticles inducing light scattering (optical loss
increases). Then for years, light scattering was considered an issue to tackle. Consequently, the main
doxa was to reduce the nanoparticle size.

Very recently, in 2018, an article reported for the first time the interest of the nanoparticle-
induced light scattering to develop a fiber sensor (Sypabekova et al., 2018). In this pioneering work, a
distributed fiber optic refractive index sensor was reported, based on the analysis of the backscattered
light using the optical backscatter reflectometer (OBR) system. Then this concept was applied to
temperature, strain, 3D shape, and dosimetry sensors (Tosi et al., 2020b; Olivero et al., 2021). One of
the main interests of this concept is to extend OBR from one-dimensional to two- or three-
dimensional measurements. Indeed, a major weakness of OBR is that this method is not suitable for
multiplexing onto multiple conventional fibers. A switch can be used to connect multiple channels,
but the measurement is relatively slow. The fiber can be bent, but special care must be taken to the
bending radius to avoid detrimental optical loss. This impacts the distribution of the sensing points.
A new method has been proposed to overcome this scenario, named “scattering-level multiplexing”
(SLMux) (Beisenova et al., 2019b; Tosi et al., 2020a). This concept relies on the use of nanoparticle-
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doped fibers, the sensing fibers spliced to standard single-mode
fibers (SMFs), used as extenders. Different lengths of fiber
extenders allow displacing the position of each sensor. As the
backscattering power of the nanoparticle-doped fiber is 30 or
40 dB larger than that of the SMF, it is possible to demodulate
each sensing fiber. Another promising approach has been
proposed for mechanical perturbation assessment based on the
transmission reflection analysis (Silveira et al., 2020; Leal-Junior
et al., 2020). Thanks to the use of the enhanced backscattering
optical fiber, spatial resolution of this inexpensive technique is
reduced to about few mm while it is about 1 m with the standard
silica fiber. Finally, fiber Bragg gratings (FBGs) and intrinsic
Fabry-Pérot interferometers have been inscribed on an enhanced
backscattering optical fiber by using a femtosecond laser (Molardi
et al,, 2019; Paixdo et al., 2020). The FBG has been reported to be
stable at least up to 700°C.

The most common process used to prepare nanoparticle-
doped optical fibers is based on the drawing of a preform
prepared with the modified chemical vapor deposition (MCVD)
(Blanc et al., 2011). This process is widely applied in the industry to
prepare specialty optical fibers based on silica. It is based on the
deposition of porous glassy layers inside a rotating silica tube. The
composition of this porous layer is mainly SiO,, generally doped
with germanium to increase the refractive index. Nanoparticles can
be obtained by incorporating elements such as alkaline earth ions
(Mg, Ca, and Sr) during the solution doping step. Average size and
density of nanoparticles in the preform mainly depend on the
concentration in the doping solution. Then the porous layer is
sintered, and the tube is collapsed at high temperature (> 2,000°C)
to form a rod called preform. Due to the high temperature
occurring during the process, alkaline earth ions trigger the
formation of nanoparticles through the phase separation
mechanism. An alternative approach is based on the
incorporation of nanoparticles in the doping solution (Vermillac
etal,, 2017a). Usually, nanoparticles are located inside the core. To
engineer optical loss, they can be localized in a ring outside of the
core (Leal-Junior et al, 2020). The preform, whose diameter is
typically 1 cm, is then drawn at a high temperature (2,000°C) into
the optical fiber of 125 ym diameter. Thanks to this process,
nanoparticles are obtained directly in the fiber without
additional post heat treatment which could be detrimental for
the mechanical properties. Compared to the fiber Bragg gratings
(FBGs), commonly used for sensors, here, there is no need to
remove the coating (and to recoat) to inscribe a grating.
Nanoparticles act as a reflective element. Moreover, the
nanoparticle-doped fiber operates in reflection. There is no need
to add a mirror at the end tip. In short, the use of nanoparticle-
doped fibers allows reducing the fabrication complexity of sensors.

Despite the success of already reported nanoparticle-doped
fiber based sensors, there is still a need to improve our knowledge
to push forward this technology. We have identified three main
challenges to tackle related to the fabrication process. As this
technology is based on backscattered light, it is important to
understand the influence of the characteristics of nanoparticles
(size, size distribution, density, and refractive index) on light
scattering, more specifically on light backscattering. Then the
next challenge is to prepare a fiber with optimized nanoparticles
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based on light scattering considerations. To reach this goal, we
will discuss two routes: the first one deals with the nucleation/
growth process and the second one is related to the drawing step.

2 BACKSCATTERING AND MODAL
PROPERTIES OF NANOPARTICLE-DOPED
FIBERS

The main characteristic of an optical fiber with a nanoparticle-
doped core is the enhanced backscattering. This property of
scattering, combined with the standard size of the fiber, which
permits comfortable splicing, makes the nanoparticle-doped fibers
an excellent platform for distributed fiber sensors, in particular for
the implementation of the parallel Scattering Level Multiplexing
(SLMux) paradigm (Tosi et al., 2021). The presence of nanoparticles
creates a strong scattering gain, more than 40 dB, with respect to the
usual Rayleigh scattering of standard telecom fibers SMF-28. On the
other hand, the high scattering contributes to enhance the
scattering-dependent losses which can be significantly high, with
peak values of 300dB/m. To understand this behavior, it is
necessary to identify the correct model to describe the system.
Since the nanoparticles presents an average diameter that can go
from 40 to 100 nm, less than 1/10 of the operating wavelength of
1.55 ym, the scattering of the nanoparticle-doped fiber can be
modeled as Rayleigh scattering of spherical particles presenting a
refractive index 7, surrounded by a medium with a refractive index
ng. The scattering power P; of a fiber section normalized to the
incoming signal intensity I, representing the scattering cross
section C,,, can be written as follows (Cox et al., 2002):

2
P, 2r de [ n, -1
L =Cuu =NVt L2 )| 1
I, ™ 309\ +2m W

where N is the density of nanoparticles over the volume V of the
selected fiber section, d is the average diameter of the
nanoparticles, and A is the working wavelength 1.55 um. From
Eq 1, it is possible to imply that the increase in the scattering
power can be tailored by three factors: the increase in the particle
density, the increase in the particle size, and the increase in the
index contrast between particles and the surrounding medium.
The most effective of these three factors is the size of the
nanoparticles which impacts with an exponent of 6 over the
scattering power. Simulated and experimental results agree with
the model of Rayleigh scattering given by spherical particles
(Beisenova et al., 2019a; Blanc et al., 2011).

The experimental backscattering traces, taken with Luna OBR
4600, depict a different behavior according to the nature and the
distribution of the nanoparticles. Figures 1A,B show the
backscattering trace of two different fibers presenting
nanoparticles with different average size, precisely 80 nm for
the fiber of Figure 1A and 55nm for the fiber of Figure 1B.
These fibers were prepared by using two MgCl, concentrations in
the doping solution: 0.1 (Figure 1B) and 1 mol/L (Figure 1A). In
the first case, the losses along the fiber are 301 dB/m, ten times
larger with respect to the ones along the second fiber. From Eq 1,
changing the average diameter from 55 to 80 nm leads to an
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FIGURE 1 | (A) Backscattering trace of the nanoparticle-doped fiber presenting nanoparticle with an average diameter of 80 nm; (B) backscattering trace of the
nanoparticle-doped fiber presenting nanoparticle with an average diameter of 55 nm; (C) LP,-like mode of a nanoparticle-doped fiber with a nanoparticle pattern similar
to the one analyzed in (A), the core overlap T is 0.827; (D) and (E) LP++-like modes of the same fiber, the core overlaps are, respectively, T = 0.447 and T = 0.273.

29 35

increase by one order of magnitude of the scattered power, in
accordance with the measured value.

Another interesting property, derived from the presence of
nanoparticles, is the mode localization effect (Abaie et al., 2017),
which can be useful to tailor the modal properties of the guided
modes. In Figures 1C-E, are shown, respectively, the LP,-like
fundamental mode and the two LP;;-like higher order modes.
According to the simulation results, the LPg;-like is well-
confined, presenting a core overlap of 0.827. Since the fiber of
the simulation presents an index contrast between core and
cladding of 2 x 107, the fiber should be a strictly single mode
at the operating wavelength of 1.55um. Nevertheless, the
presence of nanoparticles fosters the onset of an LP;;-like
mode. In particular, the LP,;-like of Figure 1D shows a mode
overlap of 0.447, while the LP11-like of Figure 1E shows a mode
overlap of 0.273. The evident difference between the overlaps
implies that the LP;;-like modes are no more degenerated, with
one of them guided and the other one not guided.

3 NANOPARTICLE FORMATION

As the backscattered light strongly depends on the characteristics
of the nanoparticles, there is a crucial need to understand their
formation through the phase separation mechanism. These
nanoparticles are formed during the optical fiber making
process which can be divided into two main steps: preform
formation and proper fiber making through a drawing process.
During both of these steps, the material is heated at a high
temperature (about 2,000-2,100°C). At these temperatures, the
viscosity of the material is lowered, allowing diffusion to occur
within it. Depending on the miscibility of the potential present
phases, an unmixing of the material can happen forming distinct
phases. This phase separation is the key phenomenon for the
nanoparticle formation.

The moment when the first germs of the new phase separating
from the glass matrix are formed is called nucleation. This
phenomenon has been extensively studied since J. W. Gibbs’
work about phase equilibrium (Gibbs, 1878). The study of this
phenomenon leads to a theory called the classical nucleation
theory in which the current statement has been given by Becker
and Doring (1935). This theory gives the work W, needed to form
a germ of a critical size . sufficient enough to be stable and start
growing as a new phase:

and W.=——3, 2)
AGy 3 AG

where y and AGy represent the surface tension and the variation
of the volumic Gibbs free enthalpy for the germ formation,
respectively.

In the classical nucleation theory, the formed germ is
considered to have the same properties as the macroscopic
phase forming, including its composition. But this is not what
is observed for small particles whose composition deviates from
the one of the macroscopic phase, depending on the particle
radius. This has been shown in metallic systems (Bonvalet et al.,
2014), in silicate liquids (Sen and Mukerji, 1999) and more
recently in oxide glasses optical fiber systems (Blanc et al,
2019). It has to be emphasized that such results require a very
specific  characterization tool, allowing measuring the
composition at the nanometer scale as the atom probe
tomography (Blanc et al., 2019).

Several theories have been developed to explain this
composition variability with the particle size, such as the
phase field approach, based on the work by J. W. Cahn and
J. E. Hilliard (Cahn and Hilliard, 1958; Cahn, 1959; Cahn and
Hilliard, 1959). A more recent one, known as the general Gibbs
approach, has been developed by J. W. P. Schmelzer (Gutzow and
Schmelzer, 1995). In this approach, constraints on the germ
composition are released, allowing it to change as the germ
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grows. This results in a new form of the germ formation work as
follows:

W = —n,Au + Ay, 3)

k
Ap = z Xjo [.‘4]'/;(17» T, {xﬂ}) “Hja (p, T, {xa})], (4)
=

with n, = )1, the total number of particles in the germ and
{xs} and {xg} all the independent molar fractions of the
constituents of the two phases. Then the critical conditions
can be rewritten as follows:

2 3
re = 14

_lem
Y =

3 (cabp)”
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et W,

where ¢, = Y 1,/ V, is the total volume concentration of the
constituents j in the new forming phase « and the ambient phase
p. r. and W, then depend on the phase composition. In the
generalized Gibbs approach, the critical germ corresponds to the
minimum of W, for all the possible compositions of the phase a.
Then this composition verifies the following equation:

oW,
ox jo

=0. (6)

Xig=const,i#j; {xﬁ}:cansr

The logarithmic derivative of the critical nucleation work
regarding the molar fraction of the constituent j in the phase
a gives the following equation:

1 oW, 3 oy 2 OcaAu

— e P2 . 7
We 0xjo Yy 0Xja Colp Oxjq @

We can see that ¢, is independent from xj, and with 7.
described before:

oAu 3 0oy
- , 8
O0Xju  Calc 0Xjq ®)
which for a given radius R gives the following equation:
% _ aaAy . AaAy _o, ©)
axi‘" R=const axj“ axﬂ"
which leads to the following equation:
[8(P- T {5}) = g (0. {5}
= (13 (2. T xad) = 1 (2 T (1)
3 oy
= . 10
CoR Oxjq (10)

The latter equation highlights which are the key parameters
controlling the growing germ properties: chemical potentials of
the different constituents in the different phases y and the
surface tension y. On the one hand, chemical potentials can
be investigated through the CALculation of PHAse Diagrams
(CALPHAD methods). Based on thermodynamic databases,
such methods perform predictive calculation about
thermodynamic and kinetic properties of multicomponent
systems. On the other hand, surface tension is a difficult-to-
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access parameter. Measurements of this parameter in silicate
liquids have hardly been done and only for very simple systems
(Lyon, 1944). As an alternative approach, an adaptive potential
has been developed to study phase separation by molecular
dynamics simulations (Bidault et al., 2015). The composition
change versus the size of the particles is observed with these
simulations, in accordance with measurements made by atom
probe tomography (Blanc et al., 2019). However, if the trend is
concerned, the size of the nanoparticles and the temperatures of
the molecular dynamics simulations are definitively different
from the experimental values. This highlights the need for
research in these fields in order to get exploitable data
allowing the modelization and then synthesis of size- and
composition-controlled nanoparticles inside the optical
fiber core.

4 SHAPING NANOPARTICLES

The final characteristics of the nanoparticles not only depend on
the thermal history. The fiber drawing process is an important
step to control the morphology of the nanoparticles. For
conventional fibers, the drawing step corresponds to a
homothetic transformation of the preform to the fiber. The
external diameter is divided by two orders of magnitude, but
the ratio of core and cladding diameters is constant. In the case of
the nanoparticle-doped fiber, nanoparticle size does not decrease
homothetically. A 100-nm spherical nanoparticle in the preform
does not lead to a 1-nm spherical nanoparticle in the fiber.
Actually, nanoparticle morphology can change vastly during
the fiber drawing process. In particular, nanoparticles can
elongate (Vermillac et al, 2017b; Fuertes et al., 2021). This
phenomenon provides us a way to regulate their size
distribution by inducing breakups of the elongated particle
threads. Figure 2 shows a neck-down region of the preform
being drawn to the fiber at 1800°C. Nanoparticles were obtained
by adding 0.7 mol/L of LaCl; in the doping solution. As clearly
shown on the left SEM image, before drawing, nanoparticles
exhibit a round shape and are distributed uniformly inside the
preform core, where the mean size is 235 nm. Passing through the
heating zone, the preform starts to deform and elongate. This part
is the neck-down region; after this region, the diameter of the
preform is highly reduced down to 125 ym, the diameter of the
final fiber. The core has a diameter of 10 ym, and nanoparticles
inside the fiber are also elongated and even break up after the
neck-down region, as shown on the right SEM image of Figure 2.
This phenomenon is a competition between two competing
forces: the viscous stress and the surface tension, where the
former tends to break up the particle and the latter tends to
maintain the spherical shape of the particle. By decreasing the
temperature, the viscous stress is enhanced and ergo accelerates
the particle elongation and breakup processes. Another approach
which can be used to control the size of the nanoparticles is to
increase the drawing temperature. It has been reported that by
heating up to 100 or 200°C above the usual drawing temperature
allows reducing the size of the nanoparticles (Fuertes et al., 2021).
Here, the dissolution mechanism would occur. Then the drawing
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FIGURE 2 | Neck-down region of the fiber drawing process and SEM images of longitudinal sections of the preform (left) and fiber (right). Nanoparticles in the fiber

are elongated along the drawing axis.

———-

process is a promising way to engineer the size distribution and
the morphology of the nanoparticles.

5 CONCLUSION

First reported in 2018, the use of nanoparticle-doped optical
fibers as sensors has rapidly grown in interest. However, this
new generation of optical fiber sensors is still at its infancy. Until
now, such fibers are based on silica glass. However, this concept
can be extended to other glasses such as chalcogenide (Ballato
et al., 2017) or polymer fiber. We have identified and discussed
three main challenges to tackle to push forward this technology
in this article. There is a clear need to improve our knowledge on
the light-nanoparticle interaction to engineer backscattered
light with the aim to guide the fabrication process to reach
the right characteristics of the nanoparticles. However, the
control of the characteristics of the nanoparticles is far from
being simple. Advanced model and numerical simulations must
be developed to understand the nucleation/growth of phase-
separated particles. A very promising route to control such
characteristics relies on the drawing step which can allow
controlling the size and the shape. Solutions to those
bottlenecks will strongly contribute to develop nanoparticle-
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