YbPO, crystals in as-drawn silica-based optical fibers
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Highlights

(1) YbPO4 crystals are prepared by precipitation form aqueous solution

(2) YbPO4 crystals survive all along the MCVD process and the fiber drawing step
(3) YbPO4 crystals are aligned during the fiber drawing

Abstract

MCVD germanosilica glass embedded with YbPO4 crystals were for the first time drawn into optical
fibers. Solution doping was used to embed the crystals in the silica soot prior to the collapsing
step. We demonstrate, using scanning/transmission electron microscopes and confocal Raman
microscope, that YoPOg4 crystals survive not only the MCVD process but also the drawing process
despite the high temperature involved (up to 2100 °C) during fabrication processes. The fiber
contains 100 nm-crystals with the same composition and structure as the as-prepared crystals.
During the drawing process, these crystals tend to have a preferential orientation of their c-axis
along the drawing direction. These results open a new route to fabricate glass-based composite
fibers containing crystalline particles without additional post heat-treatment.
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1. Introduction

Optical fibers containing nanoparticles have been of growing interest in recent years for
applications as lasers, amplifiers or sensors [1]. In the context of sensors (temperature, stress,
biology, etc.), the properties sought are related to the scattering of light induced by the presence
of nanoparticles. The principle of detection is based either on the analysis of the backscattered
light measured by Optical Backscatter Reflectometry (OBR) or on the measurement of the intensity
ratio between the transmitted and the reflected light [2-3]. In the context of lasers and amplifiers,
nanoparticles are sought to encapsulate luminescent ions (rare-earth ions or transition metals) [4-
5]. This approach allows to design a chemical and structural environment different from the host
glass leading to modified emission characteristics, based on the luminescent ion environment.
These applications depend on our ability to control the characteristics (composition, structure,
size, etc.) of the nanoparticles in the fiber. To achieve this goal, several fabrication processes are
studied. One usual approach is based on the Modified Chemical Vapor Deposition (MCVD) process
commonly used in industry to prepare specialty optical fibers (lasers, sensors, etc.). During the
solution doping step, ions such as alkaline earths ions can be added to form nanoparticles via
phase separation mechanisms [6]. Such nanoparticles are amorphous in the as-drawn fiber.

The formation of crystalline particles in the fiber is of particular interest because a crystalline
structure can increase the absorption and emission cross sections of rare-earth ions or make
transition metals optically active. To obtain crystals, one manufacturing process can be based on
the thermal treatment of the MCVD preform prior to drawing the fiber [7]. However, the most
common process used to obtain crystals is based on the post heat treatment of the fiber [8]. As in
the preparation of a glass-ceramic, the choice of temperature and treatment durations allows one
to control the nucleation and growth of the particles. However, this approach has drawbacks such
as the length of the treated fiber, mechanical embrittlement, the need to strip the fiber and then
recoat it after the heat treatment. In order to avoid these drawbacks, it is sought to obtain
homogeneously dispersed crystalline particles directly in the as-drawn fiber. To reach this goal,
targeted crystals could be embedded in the glass matrix. This approach is however limited because
it requires maintaining the integrity of the particles throughout the process. Indeed, it has been
reported that corrosive effect of the glass matrix and high temperature tend to degrade
nanoparticles [9-11]. By controlling the melting condition, it was demonstrated that it is possible to
limit the corrosive effect of the glass matrix [12] and composite phosphate fibers were successfully
drawn into fibers [13].

Crystal of interest in this study is YoPOa. Such crystals were observed in a glass rod drawn in a 1.6
mm cane [14]. In this report, YoPO4 crystalline nanoparticles were obtained through phase
separation mechanisms. Here, we are interested in an alternative route of fabrication based on the
doping with YbPOs4 crystals. Recently, YoPOs crystals were successfully embedded in glasses
prepared using standard melting process [15]. These crystals were found to maintain their integrity
in glasses with low glass transition temperature [15]. As these crystals possess high temperature
stability (melting temperature is 2150°C) and chemical durability [16,17], these crystals are
promising candidates to use for the fabrication of composite fibers from silica glass matrix typically
prepared at temperature larger than 2000°C.

In this paper, we report the preparation of composite fiber using solution doping to embed the
YbPO4 crystalline particles in the silica network. We demonstrate, for the first time, the presence of
such crystalline particles in the as-drawn fiber with the same composition and structure as the
crystalline particles used as dopant. We demonstrate here that doping with these crystals using
the industrial MCVD process allows to obtain YbPO4 crystals in the as-drawn silica-based fiber.



2. Experimentals

2.1. Fiber preparation

The preform was prepared by using the MCVD process. The starting tube is a F300 silica tube from
Heraeus (Germany) with outer and inner diameters of 20 and 17 mm, respectively. A porous GeO;-
doped silica core layer was deposited inside the tube. The doping solution was prepared by
suspending 4.6 g of YbPO4 nanocrystals in 1 liter of ethanol. YoPO. nanoparticles were prepared
according to the recipe described in Ref. [15]. For this work, we use nanoparticles calcinated at
200 °C. 10 ml of this doping solution was injected two times in the tube maintained horizontally.
Before the second injection, one hour was waited to allow the solvent to evaporate. After this
doping step, a temperature up to 1800 °C was applied to sinter the porous layer. Finally, the tube
was collapsed at a temperature of 2100 °C to form the preform. This temperature was measured
with a pyrometer pointing on the outside of the silica tube. The temperature of the core layer
could be lower due to the thickness of the tube, varying from 1.5 mm at the beginning of the
fabrication (during the porous layer deposition) to almost 5 mm during the collapsing step. The
refractive index difference between the core and the cladding has been measured with the 2600
preform analyzer from Photon Kinetics (USA). The refractive index profile of the preform is
reported in Figure 1a. The central dip is a common artifact induced by the MCVD process. As this
study mainly focused on the evolution of the YbPO4 crystals, we did not tried to optimize the
refractive index profile. The drawing of the fiber was performed at 1950 °C.

2.2. Characterization

Scanning electron microscopy (SEM) imaging and Energy-dispersive X-ray spectroscopy (EDX)
analyses were performed with a Tescan Vega 3 XMU SEM (Tescan France, Fuveau, France)
equipped with an X-MaxN 50 EDX detector (Oxford Instruments, Abingdon, U.K.) and with a JEOL
JSM 6700F SEM. EDX data were processed with the Aztec software (version 3.2, Oxford
Instruments). Prior to those observations and analyses, fibers and preform sample were carefully
polished and mounted on a SEM stub with carbon tape and subsequently carbon coated.
Transmission electron microscopy (TEM) analyses were performed on a FEI Tecnai G2 microscope,
operating at 200kV and equipped with a STEM module coupled to an Oxford SDD XMax 80 EDX
detector. The thin lamella observed was taken by FIB (FEI Helios 600 Nanolab) on a portion of a
thermally cleaved fiber. A complementary 3D analysis by FIB/SEM tomography was achieved on a
FEI Helios 450s dual beam microscope. For this study, SEM images were acquired at 1kV with a
resolution of 4 nm and a distance between successive images of 5 nm. A confocal Raman
microscope (inVia Qontor, Renishaw Gloucestershire, UK) using a 532 nm laser was used to
measure the Raman spectra as in [15]

3. Results and discussion

Germanosilica glass preform with a core of ~0.8mm (Fig. 1b) was prepared using MCVD and
solution doping technique was used to add YbPO4 crystals in the soot prior to collapsing the
preform. While the initial size of the YbPO4 crystals is less than 10 nm [15], they aggregate when
they are suspended in solution as evidenced by the SEM image of the YbPO4 crystals in Fig 5a
obtained by letting a drop of the doping solution dry on a SEM stub. After the collapsing step, the
preform was translucent. A cross-section of the preform was cut and polished to investigate the
impact of the MCVD process on the survival of the YbPO4 crystals. As shown in Fig. 1b, the
composition of the core is not homogeneous. Particles are mainly observed in the whiter ring (Fig.
2a). Bright spots can be seen and according to the elemental mapping can be assumed to be YoPO4
crystals (Fig. 2b-2e). From the elemental mapping, no YbPO, crystals are detected at the center of
the core of the preform. The presence of the YbPO, crystals was confirmed using Raman



spectroscopy. The Raman spectra of the core and of the YbPO. crystals are shown in Fig. 3a. The
Raman spectrum of the core exhibits broad bands at 400, 600, 800 and 1200 cm™ which are typical
bands of the different vibration modes of the silica glass network [18-19] and also sharp peaks at
1004 and 1065 cm™ which can also be seen in the Raman spectrum of the YbPO, crystal [15].
However, the bandwidth of these peaks corresponds to that of the crystals after a calcination step
at 1500 °C suggesting that the MCVD process improves the crystallinity of the initial doping crystals
calcinated at 200 °C [15]. Figure 1d shows the mapping of the Raman signal at 1004 cm™ measured
in the center of the core and confirms the lack of the YbPO4 crystals in the center of the core of the
preform. However, when the preform is drawn into fiber, particles are observed in the center (Fig.
4)
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Figure 1: Refractive index profile of the preform (a) and SEM image of the preform (b).

Electron Image 3

Figure 2: shows the SEM center measured in the white ring seen in the core of the preform with
the elemental mapping of Si, Ge, P and Yb.



: Preform core
o~ §5 YbPO, crystals calcinated at 200°C a
<Di YbPO, crystals calcinated at 1500°C
~ 1.0 ;
2 4, |
g H"[ ‘i
o 08+ ‘
£ / ‘
o / ‘ |
o 0,64 [ |
N | ‘ |
© ‘ \
E o04d / ‘
2 ,. | |
’/
024 LA 5 i
b Kol S
0,04 L
T T T T
200 400 600 800 1000

Wavenumber (cm™)

Figure 3: Raman spectra measured in the core of the preform and of the YbPO4 crystals after
calcination at 200 °C and 1500 °C (a) and the intensity mapping of the Raman signal centered at
1004 cm™ (b)

Figure 4: SEM images of the fiber, with (b) a close-up on the core

The homogeneous distribution of the crystals in the preform is evidenced in Fig. 5b which depicts
the SEM image collected from a transverse section of the preform. From the SEM and Raman
spectra analyses, there is no doubt that YbPOs crystals are present after the MCVD process. After
collapsing, the preform was drawn into fiber. The fiber exhibits similar SEM images when measured
in the cross section (Fig. 4b) and in a longitudinal section (Fig. 5e) than the preform. The
longitudinal section of the elongated preforms and fiber along the drawing axis were analyzed as
particles may elongate during the drawing step as suggested in [20]. Here, no evidence of such
elongation nor breakup of the particles in the fiber is observed. It is then expected that all along
the fabrication process, these particles have limited evolution. Particles size distributions have
been estimated based on the SEM images taken at the same magnification, i.e. x5000 (Figure 5 b-
e). On these images, particles of diameter below 3 pixels / 57 nm could not be measured.
Particles size distributions looks very similar for all the steps in the fabrication of the fibers:
preform of 10 mm (Fig. 5b) to elongated preform to 3 mm (Fig. 5¢c), to 1 mm (Fig. 5d) and finally to



fiber of a diameter of 125 um (Fig. 5e). Particles with average size of about 100 nm can been seen
in all samples (Figure 5f-i) despite the decrease of the diameter of the fiber by 2 orders of
magnitude. These large particles present an irregular shape (some looks squared) which are typical
of a crystalline structure.
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Figure 5: SEM images of the (a) powder, (b) preform, (c,d) neckdown and (e) fiber core and the
corresponding size distributions of the (f) preform, (g,h) neckdowns and (I) fiber. Fiber and
neckdown samples were polished in the longitudinal direction (along the drawing axis) with a small
angle of 3°. Preform sample was polished in the transverse section. All images have the same scale
bar.

To determine the average fiber core composition, SEM/EDX data were acquired on a 2.5 um x 2.5
um squared zone located at center of the core for three pieces of fibers. Ge, P and Yb
concentrations were estimated to be 1.3, 0.4 and 0.4 at% (4.3, 0.55 and 3 wt%), respectively. In
order to confirm the composition and the structure of the particles in the fiber, electron
microscopy techniques were implemented. In Fig. 6a a particle is observed along a zone axis
<100>. The corresponding selected area electron diffraction pattern (Fig. 6b) is coherently indexed
according to the xenotime phase of YoPO4. The particle shows the {020} and {011} facets. By tilting
the sample by about 45° (Fig. 6¢) the same particle is observed close to a <101> zone axis. Two
new facets of type {101} are now visible. These observations lead us to the conclusion that the real
3D shape of the particle corresponds to the combination of a tetragonal prism with a square
bipyramid (Fig. 6e). For the observed particle, the c-axis of the crystalline particle is almost parallel
to the fiber axis.
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Figure 6 : TEM images of the same particle in <100> zone axis (a) and close to a <101> zone axis (c),
and the corresponding SAED patterns (b) and (d). (e) Drawing of the particle shape.

In addition to this TEM analysis, a FIB/SEM study was carried out. The visualization of the 3D
reconstruction is presented in Fig. 7. Only the particles contained entirely in the reconstructed
volume are shown. The shape of the particles is in good agreement with the shape deduced from
the TEM analysis. Looking at the particles in the x- and z-directions (Fig. 7), it appears that most of

the particles have a c-axis oriented along the fiber axis (along y).

Figure 7: (a-c): 3D view of the reconstructed volume observed in z, x and y directions. Only the
particles contained entirely within the reconstructed volume are shown.

EDX analyses were performed on a TEM specimen to determine the distribution of O, P, Si, Ge and
Yb elements (Fig. 8). Based on these results, one can conclude that P and Yb elements are mainly
present in the particles while Si and Ge elements are in the glass matrix. According to a



compositional analysis, the concentrations of Yb, P and O in the particles are 16, 17.2 and 66.9 at
%, respectively, which is in excellent agreement with a YbPOa4 composition. The concentrations
measured in the matrix, near the particles for O, P, Si and Ge are 66.7, 0.4, 31.6, 1.4 at %,
respectively. For these quantifications, the concentration of oxygen was calculated by
stoichiometry, assuming that it is bound by predefined stoichiometry to all other analyzable
elements. The stoichiometry is defined by the valence of the oxygen ions and the valencies of
other measured elements.

Map Data 2

Figure 8 : STEM bright field image of particles (top left) and the corresponding EDX intensity maps
for O, P, Si, Ge and Yb elements.

Conclusion

As a summary, it is demonstrated for the first time to the best of our knowledge that nanocrystals
can be obtained directly in the as-drawn fiber, with the same composition and structure as the
ones used as dopant. To reach this goal, YoPO4 crystals were used as they are known to have high
melting temperature (higher than the highest temperature used all along the fabrication process)
and high chemical durability. Based on the SEM images, it seems that YbPO4 crystals survive all
along the process. However, it cannot be excluded that they partially melt and recrystallize. These
results open new perspectives to fabricate glass-based composite fibers with controlled particle
characteristics.
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