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Abstract: In the present work, we report on the preparation of silicate glass containing crystals
by means of melting a mixture of YbPO4 xenotime structured crystals and SiO2 nanoparticles.
This nanoparticle mixture is used for preparation of large volume core preforms for laser active
optical fiber. Temperature dependent sintering and fiber drawing experiments at temperatures up
to about 2000 °C were conducted in order to assess the integrity of the crystals in the preform
and fiber, respectively. The survival of YbPO4 crystalline particles in silica was investigated
by X-ray diffraction (XRD), electron probe microanalysis (EPMA), Raman spectroscopy as
well as static and time resolved fluorescence measurements. It was found that the particles
withstand the high-temperature steps during the fiber fabrication process. XRD and spectroscopic
measurements suggest that the Yb ions are located in a crystalline but also in an amorphous
silica-dominated surrounding in the fiber, suggesting the partial decomposition of the crystals
during the fiber fabrication.
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1. Introduction

Optical materials doped with rare-earth (RE) ions play a crucial role as a laser active medium.
Silica derived glasses dominate the class of optical fiber laser materials because of their outstanding
thermal properties, excellent optical transmission, electrical performance and chemical resistance
[1,2]. Intense research on fabrication and lasing behavior of Yb-doped fibers has been published
over the past three decades and today, Yb-doped silica fibers are among the most used laser
materials for fiber lasers operating in the 1 µm-range [3,4,5].

Conventional doping strategies make use of watersoluble precursor salts that are oxidized to the
respective oxides upon thermal treatment. The most common processeses are modified chemical
vapor deposition (MCVD), powder based processes, e.g. reactive powder sintering technique
(REPUSIL) or melting [2,6,7,8,9,10]. However, the preforms prepared by these processes are
usually limited in achievable material combination, amount of dopant and doping distribution
homogeneity. Especially, diffusion controlled processes and phase equilibria sensitively impact
unwanted phase separation, segregation and dissolution reactions as well as RE ion clustering
that eventually have to be dealt with during fabrication of Yb-doped, laser active materials and
fibers. To circumvent clustering of RE in silica, codoping with aluminum and/or phosphorous as
solubilizer is employed [11]. In case of RE-doped silica glasses, any non-dissolved RE compound
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can initiate unwanted crystallization of RE silicates [12] apart from the possible formation of
cristobalite [13].

The quest for higher power levels of fiber lasers with excellent beam quality spurs the search for
new fiber fabrication concepts pushing those limits, enabling the preparation of fibers with larger
absorption and emission cross sections, less photodarkening and new emission wavelengths. One
strategy is to replace the traditional silica-based amorphous environment of the RE-ions of the
core region by ceramic, crystalline, or glass-ceramic environment [10,14]. The challenges in
preparing such composite fibers are manifold: available preform and fiber drawing technology
designed for operation at high temperature to accommodate SiO2 drawing requirements has to be
adapted to allow processing of non-silica material confined in silica cladding. Furthermore, the
target crystalline phases of the core region that contain the desired RE ions need to survive the
high temperatures used during the preform preparation and fiber drawing processes. Crystalline
particles in a glass matrix, i.e. glass-ceramics (GC), are usually fabricated from a glass using
a two-step heat-treatment process that leads to crystallization. However, high silica GC shows
a tendency of unfavorable formation of cristobalite [15], while phases with specific crystalline
forms and such doped with RE are hard to produce.

A modified powder sinter method was already used to obtain silica glass containing crystalline
microparticles of SrAl2O4:Eu2+,Dy3+ showing persistent luminescence (PeL) [16]. Recently,
phosphate fibers with similar PeL were successfully drawn [17]. It was demonstrated, that these
microparticles partially survived the fiber drawing process at temperatures lower than the one
used to draw pure SiO2 glass. This encouraging result motivated the search for other suitable RE
doped crystals which are thermally and chemically stable during the high temperature silica fiber
drawing process.

Possible candidates are RE orthophosphates (REPO4) which are thermally and chemically
more stable than RE oxides in silica even up to high temperatures of about 2000 °C. For RE
orthophosphates, melting temperatures of about 2000 °C or above are reported [18]; for YbPO4 a
value of 2150 °C is reported [19] which is only slightly higher than typical preform vitrification
and fiber drawing temperatures of silica fibers. The superior thermal stability of RE phosphates
over RE oxides was evidenced in previous work using MCVD to fabricate Al, P, Yb-doped silica
based fiber core material where the formation of YbPO4 rather than the expected Yb2O3 was
found [20].

Recently, the existence of aligned elongated YbPO4 particles in 1 mm thin phosphosilicate
canes fabricated using sol-gel technique with an initial molar P/Yb-ratio ≥ 2.8 was reported [21].
The phosphosilicate core material powder was prepared by a sol-gel method with subsequent
Yb(NO3)3 impregnation, dehydration and sintering at 1200 °C. The obtained rods were drawn
into 1.6 mm canes without cladding at about 2000 °C. Depending on the Yb-content, the rods
showed optical losses in the order of hundreds of dB/m. The formation of nano-crystals of
YbPO4 was also evidenced in P/Al/RE-doped silica glass prepared by MCVD [22]. This work
demonstrated the preference of Yb to form highly coordinated compounds rather than entering
crystal matrices with lower coordination (Yb2O3) [21]. P and RE- codoped silica layers prepared
by surface plasma CVD evidenced the formation of crystalline YbPO4 clusters leading to an
increase in scattering loss by about one order of magnitude [23]. The formation of YPO4 particles
after dissolution of YAG crystals that were incorporated into a fiber preform by a MCVD process
using a suspension doping procedure is described in [24]. The influence of the particle size on
scattering losses is described in [25].

The survival of YbPO4 particles as doping material in various bulk glass melts had been
found to strongly depend not only on the thermal stability of the crystals themselves but rather
on the chemical nature of the host glass melt [26,27]. Recently, YbPO4 crystals embedded via
MCVD suspension doping process in germanosilica glass host has been reported [28]. A review
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article on spectral properties of RE-doped silica optical fibers including the effects of processing
methods like all-glass fibers vs nanoparticle doped fibers is given by Varak [5].

In the present work, we report on the survival of YbPO4 nanoparticles during silica preform
material fabrication by a powder sinter method for laser active optical fibers as a function of
processing temperature. The particles are embedded in pure SiO2 without any further compounds
like GeO2 [28] or Al2O3 from former YAG [24] that may lead to differences in the viscous
behavior of the matrix. In comparison to the MCVD based methods including suspension doping
of porous layers that are used to prepare a fiber preform [24,28], the sinter method allows the
preparation of large volume bodies rather than layers, i.e. much bigger fiber cores. While in
MCVD derived preforms, typical preform core diameters are around 1. . . 3 mm, preform core
diameters of> 11 mm can be achieved using the sinter method. The reported core diameters of
the MCVD-derived fibers are about 10 µm [24] and 4 µm [28], respectively, whereas using the
powder sinter method diameters above 100 µm are achievable (see paragraph 3.2). In general,
higher core diameters allow a power scaling at the expense of beam quality. However, the
higher core diameter relates usually to longer exposure times upon preform sintering or fiber
drawing at high temperatures affecting the crystal formation or survival. While the duration and
temperature of thermal treatment at high temperature is determined by the collapsing steps during
MCVD fabrication, the thermal treatment can be chosen without limits in case of powder sinter
method. Therefore, in the present work we discuss in detail the survival of crystals observed
upon different thermal conditions used in our powder-based sinter method. Crystal survival is
evaluated based on spectroscopic properties measured on test fibers fabricated from drawing the
material. Two types of material treatment for fiber fabrication are compared: (I) the powder-route
via powder-in-tube processing, and (II) the vitrified material-route. Sample characterisation was
done using X-ray diffraction (XRD), electron probe microanalysis (EPMA), Raman spectroscopy
as well as static and time resolved fluorescence. We demonstrate that the particles obtained
from max. 3.5 wt% xenotime YbPO4 nanoparticles mixed with high purity silica nanoparticles
withstand the high temperature steps of the fiber fabrication process.

2. Materials and methods

2.1. Materials

2.1.1. YbPO4 nanoparticle synthesis

The xenotime YbPO4 nanoparticles were prepared by a precipitation procedure using commercially
available YbCl3·6H2O (Sigma-Aldrich, 99.9%) and (NH4)2HPO4 (Sigma-Aldrich,> 99%)
according the recipe given in Ref. [26]. The obtained precipitate had been calcined at 1200 °C
for 2 h (sample YbPO4-1200 in [26]) and ground in a mortar using ethanol for about 10 minutes
followed by drying for at least 1 hour in an oven at 60 °C to remove the solvent. XRD analysis of
the resulting particles proved >97% xenotime crystal structure and a small amount (<3 wt%) of
Yb(PO3)3 metaphosphate. EPMA investigations revealed an equivalent molar composition in
the powder of 50.1 mol% P2O5 and 49.9 mol% Yb2O3. The crystallite size is about 200 nm as
obtained from XRD measurements [26].

2.1.2. Preparation of YbPO4-SiO2 nanoparticle powder mixtures

Silica powder mixtures containing YbPO4 crystals were derived from aggregates of high-purity
silica particles (kindly provided by Heraeus Quarzglas GmbH, Germany) with a specific surface
area of about 30 m2/g. SEM analysis of the silica particles indicated an average size in the order
of 100 nm and an aggregate size of upto 500 µm.

All powder mixtures were obtained by means of mixing the as prepared YbPO4 crystalline
xenotime nanoparticles with SiO2 nanopowder, similar to the method described in [16]: batch
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sizes of about 100 g each were prepared in an agate mortar by gradually adding the SiO2
nanoparticles to the synthesized YbPO4 particles starting with a 1:1 weight ratio.

Mixtures with upto 3.5 wt% of YbPO4 were obtained, see Table 1. The (equivalent) Yb2O3
content of samples for drawing experiments (≤ 1.5 wt%, see Table 1) was chosen so as to be
comparable with existing all-glass MCVD derived fiber core material (0.11 and 0.16 mol%
Yb2O3 reference fibers fabricated by MCVD solution doping [29]). Table 1 contains an additional
MCVD reference fiber with a comparable Yb-content but with Al2O3 codoping, typical for laser
fibers.

Table 1. Overview of samples including their YbPO4 doping amounts and equivalent oxides
doping concentrations

Experiment
YbPO4 in glass mixture Calculated equivalent oxide compositionSample

group [wt%] [mol%] Yb2O3 [mol%] P2O5 [mol%]

A sintering 3.5 0.807 0.40a 0.40a

B
(“CP-fiber”)

fiber
drawing

1.5 0.34 0.17a 0.17a

0.25 0.056 0.028a 0.028a

Reference MCVD samples
Yb2O3
[mol%]

P2O5
[mol%]

Al2O3
[mol%]

C
reference

fiber
MCVD1

0 0.11 0 0

D

reference
fiber

MCVD2
0 0.16 9.4 0

reference
fiber

MCVD3
0 0.2 0.5 3.8

acalculated equivalent oxide composition.

2.1.3. Preparation of YbPO4-SiO2 bodies via thermal sintering under different conditions

Green bodies with a relative powder density of about 50% were prepared by pressing the powder
mixtures (samples A) to cylinders using a cold isostatic press (KIP 200E, Paul-Otto Weber GmbH,
Remshalden, Germany, pressure: 50 MPa) and then machining them to a diameter of 11 mm and
a typical length of about 2 cm. Sample cylinders were inserted into a fused silica jacketing tube
and sintered at atmospheric pressure for 2 min. Different temperatures in the range from 1450 °C
to max. 1850 °C were realized using an inductive furnace (HR-80, Thermal Technology GmbH,
Bayreuth, Germany). The heating rate was in the order of 100 K/min [30]. Temperatures above
1850 °C were realized using a typical MCVD lathe equipped with a H2/O2 burner.

2.1.4. Fiber drawing using YbPO4-SiO2 dense bodies sintered on MCVD lathe

For fiber drawing experiments, cylindrical bodies from the as prepared powder mixtures (samples
B) having a diameter of 20 mm and a length of at least 4 cm were prepared by pressing method
as described above. The cylinders were thermally dried at a temperature up to 900 °C in order to
reduce the risk of bubble formation during fiber drawing. Then, a sample cylinder was inserted
in a silica tube and assembled on a MCVD lathe for vitrification at a temperature of about 2050
°C. This sintering was carried out at about 250 K higher temperatures than reported in Refs. [24]
and [28].

From the vitrified samples, acrylate coated silica fibers were drawn using a vertical fiber
drawing tower at temperatures adjusted near to the softening point of the SiO2 glass (∼ 2000 °C,
drawing speed 9 m/min).
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2.2. Methods

2.2.1. XRD analysis

The crystalline phases in the samples were determined on crushed powdered probes by X-ray
diffraction using CuKα radiation (XRD, device X’pert Pro, Malvern Panalytical, Almelo, The
Netherlands) and identified using the ICDD database.

Microarea XRD measurements were performed on a general purpose diffractometer (Rigaku
Smartlab, Japan) with 0.5 mm beamwidth (in y) and ∼1.5 mm (in x – footprint dependent on
angle of incidence). Measurements were taken each 0.5 mm across the whole sample diameter of
the as-vitrified sample slice.

2.2.2. EPMA analysis

Composition of crystalline phases and the surrounding glass matrix of the vitrified material
was determined by wavelength dispersive electron probe microanalysis (WD-EPMA) using a
JXA8800L (JEOL company) microprobe analyzer. Compositions are given as equivalent oxides
in mol%, that is YbPO4 is expressed as equivalent amounts of Yb2O3 and P2O5 at± 5% relative
uncertainty.

2.2.3. Raman analysis

A Raman microscope (Renishaw inVia) was used in confocal mode with a 100x objective at 532
nm and 785 nm laser excitation. A linescan with a resolution of 0.5 µm was conducted in order
to determine the profile of the interface crystalline particle – glass matrix.

Raman mapping on one sample was performed using the same Renishaw spectrometer type
but using an Ar-laser with 514 nm excitation wavelength. Spectra were collected with an
100x-0.85NA lens with 3x 60 s accumulation at each measurement position. An area of ∼10× 10
µm2 was mapped with 0.3 µm spacing resulting in 34× 34 individual spectra. The spectra were
analyzed at each individual measurement spot for the signal contribution by crystalline YbPO4
and amorphous SiO2 (assuming signal superposition), using spectra at positions obviously within
the glassy matrix and directly at a particle as references.

2.2.4. Fluorescence analysis

Fluorescence spectroscopy was done on the sintered bulk samples (samples of group A) and the
test fibers (samples of groups B-D) using a 906 nm excitation source (BWT laser, China), and a
collection fiber (600 µm, NA 0.2, CeramOptec). A spectrometer was used for detection (Spectro
320D, Instrument Systems, detection range 190 nm to 2150 nm). Spectrometer settings were:
excitation 906 nm, bandpass 5 nm, LP-filter 950 nm for pump light suppression.

The fluorescence decay as a measure of lifetime of the corresponding excited energy state
(2F5/2) was measured on fiber samples (group B-D, see Table 1). The measurement was done
using a pulsed laser source around 976 nm (SDL-MOPA) with 20 Hz repetition rate, 2 ms pulse
width and an accuracy of ±5 µs. An excitation pulse width of 2 ms was chosen to ensure a
sufficiently strong signal. The signal was detected using an InGaAs-detector and displayed with
a Tektronix 250 MHz oscilloscope. A filter was used to ensure that no pump light reached the
detector.

To avoid any disturbing influences by reabsorption of emitted fluorescence or self-trapping by
multiple scattering events, the twice-perpendicular method was used as described in [31]. In
order to reduce any parasitic effects, the decay measurement was done using a very thin powder
layer and a long-pass filter for pump light suppression.



Research Article Vol. 13, No. 8 / 1 Aug 2023 / Optical Materials Express 2327

3. Results and discussion

In this section, results from sample sintering and sample characterisation using XRD, EPMA,
Raman spectroscopy as well as static and time resolved fluorescence will be presented and
discussed.

3.1. Preform

3.1.1. Sintering results

The sintering procedure yielded mechanically stable bodies with decreasing porosity upon
increasing sintering temperatures, as indicated by shrinkage measurement results. The linear
shrinkage in radial direction (change in sample diameter before and after treatment) during the 2
min oven heating experiments was 17-20%.

Figure 1(a) shows that sintering at 1950 °C resulted in a bubble free, opaque body containing
YbPO4 particles. The microscopic image of a polished sample piece reveals a random distribution
of the particles and agglomerates (Fig. 1(b)) but no pores. In contrast to this, an undoped SiO2
reference sample was completely homogeneously vitrified (transparent, Fig.1a) under the same
conditions.

Fig. 1. (a) Images of preform sintered on a MCVD lathe at 1950 °C containing 3.5 wt % of
YbPO4 (opaque) between two parts of undoped sintered silica as illuminated by daylight, (b)
microscopic image of cross section of a part of sample slice.

A bubble-free opaque preform could also be obtained for a similar treatment at 2050 °C which
covers well the temperature range of silica fiber drawing process.

3.1.2. EPMA results of sintered samples

The spatial distribution of YbPO4 particles can be seen in a backscattered electron (BSE) contrast
image in Fig. 2(a). An EPMA measurement across a YbPO4 particle in silica matrix is shown in
Fig. 2(b) and (c). Please note that the composition is expressed as equivalent Yb2O3 and P2O5
rather than the actual YbPO4.

Fig. 2(b) shows a large particle cluster with a size of about 25 µm. Apparently, there is no
P and Yb dissolved in the matrix at a large distance away from the cluster, as supported by the
EPMA line scan results presented in Fig. 2(c). The cluster size derived from the red line in
the BSE image corresponds well to the dimensions obtained from the inflection points of the
EPMA linescans. There is no obvious dissolution or dispersion by flowing of YbPO4 particles.
A diffusion zone of a few microns beyond these points is evidenced. The measured SiO2 content
at the particle region most likely results from EPMA probing at deeper sample distance.

While the molar ratio of Yb:P is 1:1 in case of the as-prepared YbPO4 particles, after thermal
treatment it is increased to about 1.25:1. This is most likely due to the evaporation of gaseous
POx species at high temperatures. A similar effect of reduced P content via evaporation was
previously reported for silica fiber preforms prepared by MCVD [32].
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Fig. 2. BSE images (a, b) and EPMA analysis (c) of a sample from a preform treated at
2050 °C. (The marked grey area represents the particle aggregate region as crossed by the
red line in Fig. 2 (b).)

3.1.3. XRD results of sintered samples

XRD was carried out to prove the survival of the crystalline particles upon temperature treatment.
XRD patterns are shown in Fig. 3, they evidence the existence of both SiO2 cristobalite and
YbPO4 xenotime depending on sintering temperature. In all samples, XRD patterns revealed
that YbPO4 xenotime (ICDD file 00-045-0530) survived at sintering temperatures up to 1950 °C.
In the pattern of the fiber sample consisting of a particle doped core region (0.25 wt% YbPO4)
and amorphous silica cladding, additional peaks were observed on the amorphous signal, which
indicate that at least some of the crystalline structure of the particles is preserved in the fiber. For
all samples sintered between 1550 °C and 1700 °C formation of cristobalite was obvious, mostly
the α-phase (ICDD file 00-039-1425). However, the XRD patterns of the samples prepared
at 1550 °C and at 1650 °C indicate the presence of a cubic SiO2 phase (β-cristobalite, ICDD
file 00-027-0605). In samples sintered at temperatures above 1700 °C, i.e. above the melting
temperature of cristobalite [33], no crystalline SiO2 was found. The sintered samples without
a high cristobalite content (i.e. sintering temperatures <1600 °C and >1700 °C, respectively)
reveal an increased amorphous XRD background.

The relative amount of formed cristobalite can be estimated taking into account the ratio of
peak intensities of cristobalite <111> over YbPO4 < 020> at 2θ=21.48° and 26.12°, respectively.
However, the reliability of quantification of the crystalline phases is limited because of the
predominant amorphous phase. Figure 4 shows the ratio of the calculated relative amount of
formed cristobalite as a function of sintering temperature. There is no indication of formation of
Yb-silicate crystals from the XRD pattern of any sintered samples.

To assess an areal image of crystallinity, microarea XRD was performed on a sample slice
treated at 1950 °C. Data was background subtracted prior to plotting as different levels of
background signal are present across the measurements (particularly high background close to
the edges of the sample, where the steel sample holder is irradiated). The analysis results are
shown in Fig. 5.

The sample shows similar silica intensities across the whole sample diameter except for the
edges where the X-ray footprint starts irradiating the sample holder due to the round sample
shape. The crystal phase is present more or less uniformely in the scattering white (opaque) part
in the center of the sample, which underlines the aforementioned somewhat random particle
distribution as observed in microscopy investigation (Fig. 1(b)). The signal intensity of the
crystalline YbPO4 phase rapidly decreases near the interface between the doped core and the
undoped SiO2 cladding region, as also visible in the microscopic image.The averaged intensities
around the amorphous silica hump (∼21°) and the highest intensity peak of YbPO4 (∼26°)
reveal the homogeneous occurence of the glassy phase across the whole sample whereas the
crystal phase is rather randomly distributed in high amounts within the opaque, doped core,
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Fig. 3. XRD pattern of samples prepared with 3.5 wt% of YbPO4 sintered at different
temperatures as indicated, of the as-prepared YbPO4 particles, and of cristobalite for
comparison. Also shown: peak pattern of a sample of a fiber drawn at 2050 °C. It is
worth mentioning that the fiber sample contains only 0.25 wt% YbPO4 in the core and is
surrounded by amorphous SiO2 cladding material. For a better presentation of the results,
the curves are plotted with offsets and arbitrarily scaled intensities.

1400 1500 1600 1700 1800 1900 2000

0.0

0.2

0.4

0.6

0.8

1.0

in
te

ns
ity

 ra
tio

 [a
.u

.]

temperature [°C]

Fig. 4. Ratio of peak intensities of cristobalite <111> over YbPO4 < 020> as a function of
sintering temperature, normalized to the maximum value. The dashed line is drawn to guide
the eyes.

with rapidly decreasing signal intensities around the transition region between doped core and
undoped cladding. The variations of the YbPO4 curve are a result of different distances of the
nearest YbPO4 crystals from the sample surface that can be bigger than the penetration depth of
the X-ray (order of magnitude: 101 µm) and influences the signal intensity. The artefacts around
∼44° 2θ are signals of the steel sample holder which marks the edges of the sample disk.
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Fig. 5. Microarea XRD results of sample prepared with 3.5 wt% of YbPO4 and sintered
at 1950 °C as a function of position across the sample diameter (see photograph, the bars
show the approximate measurement areas). The left graph reveals the average intensity of
the amorphous hump (a-SiO2) and the highest intensity crystal peak (YbPO4) around 26° as
a function of y-coordinate as determined from the (heat-)map. The graph at the top shows
exemplary patterns collected from the samples center, Pos [0,0], and around the interface
between opaque core and undoped silica in the photograph.

3.1.4. Raman results of sintered samples

Raman microscopy was used to get local information on the amorphous and crystalline charac-
teristics of the samples, especially at the interface between the crystalline YbPO4 particle and
the glass matrix. In order to determine the profile of the interface between crystalline particle –
glass matrix, Raman spectra were recorded every 0.5 µm. A randomly chosen particle in the
preform sintered at 1950 °C that was clearly visible by optical microscopy was investigated.
Raman spectra were recorded starting at the particle and then proceeding to the surrounding
glass matrix, similar to the inset cross section shown by the red line in Fig. 6 (a). The Raman
spectrum when measured in the particle is similar to the one presented in [26] confirming the
survival of the particles during the sintering process. The spectrum exhibits the primary bands at
490 cm−1 and 1004 cm−1 which can be related to bending and symmetrical stretching modes of
Yb-xenotime, respectively [26]. When measured in the pure glass, the Raman spectrum exhibits
the typical Raman bands of silica glass [34]: The main band around 450 cm−1 can be related to
the symmetric stretching Si -O -Si bond vibration and the shoulders at 485 and 600 cm−1, to the
so-called defects lines D1 (four-membered rings) and D2 (three-membered rings), respectively
[34]. The band at ∼600 cm−1 can be attributed to rocking vibration and the signal at 1000–1200
cm−1 to the Si – O – Si asymmetric stretching related to Q4 units. However, some additional
peaks can be seen between 1000 and 1200 cm−1 taking the Raman spectra in the Yb-containing
crystals. They can be thus attributed to symmetrical stretching modes of Yb-xenotime [26].
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Fig. 6. Raman spectra at different positions (0, 4.5 and 10 µm from starting point of the red
scanning line (a) λex = 532 nm, (b) λex= 785 nm. The inset is an optical microscopy image
marking the position of the line profile (red line).

A Raman microscope with 780 nm excitation wavelength was also used to perform micro-
luminescence measurements at selected spots (see Fig. 6(b)). It was found that the shape of the
emission within the crystal agglomerate region matches the one reported [26] for pure YbPO4
crystals. The spectra obtained at the intermediate glass region exhibits an emission band that is
typical of Yb3+ ions located in an amorphous material. The latter we consider as evidence that
the particles dissolve (at least partially) in the glass matrix during the fabrication process.

Following the line scan analysis, a Raman mapping measurement was conducted to visualize
the particle surrounding in more detail, especially the transition from crystalline particle to
amorphous silica matrix. The results are shown in Fig. 7.

Fig. 7. (a) Optical micrograph of a particle embedded in silica matrix after treatment
at 1950 °C investigated during Raman spectroscopic analysis. (b) Regular Raman map
of the particle showing the fraction of crystalline YbPO4 signal in the individual spectra
(see experimental section) at all positions of the map with 0.3 µm step size. (c) Confocal
Raman-linescan for increased spatial resolution, revealing a comparibly sharp transition
between crystalline YbPO4 and the surrounding glassy material.

For the analysis, the Raman spectra were separated into their individual signal contributions
from pure silica-glass and YbPO4 crystal phase (compare Fig. 6). The Raman mapping supports
the aforementioned sharp transitions between glass and embedded particle (Fig. 7 b,c). However,
due to the irregular particle shapes, some parts might be covered by glass phase in the polished
surface, which is not diretly evident from simple reflected light microscopy. E.g. while the top
left part of the particle in Fig. 7 a) looks equally scattering under an optical microscope as the
rest of the particle, its clearly showing substantial glass signal in the Raman map, revealing
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the existence of matrix material at those measurements position. Similarly the barely visible
disturbance seen at the bottom edge of the optical micrograph in Fig. 7(a) seems to be crystal
phase in a very fine particle distribution, as substantial crystalline YbPO4 signal is observed there
(Fig. 7(b)), although the micrograph does not show white light scattering from these positions.

3.1.5. Fluorescence results of sintered samples

The normalized fluorescence emission spectra of the sintered samples are given in Fig. 8. The
spectrum of the sintered samples changes with temperature. A remarkable feature is the increasing
peak at about 1035 nm with increasing temperature, especially in case of samples treated above
the melting temperature of cristobalite. A fully amorphous Yb-doped silica fiber (MCVD3, see
Table 1) with Al2O3 codoping is also shown for comparison.

Fig. 8. Fluorescence spectra of samples prepared at different treatment temperatures as
indicated. The emission range in the shaded area is prone to reabsorption and the results are
ambiguous and therefore are excluded from further discussion. An Yb-doped silica fiber
(MCVD-made preform) is also shown for comparison. Excitation wavelength was 906 nm.

The emission around 980 nm is valid only on a very limited scale since in granular samples
the fluorescence light can undergo multiple scattering events which increase the likelihood of
any form of fluorescence self-trapping. Additionally, there is an influence by reabsorption of
any emitted fluorescence in Yb-doped samples. Reabsorption is particularly strong around 980
nm because in this wavelength range the absorption- and emission cross sections are similar.
Therefore, the spectral shape around 980 nm will not be further discussed.

3.2. Fiber

3.2.1. Fiber drawing results

The drawing of a fiber from the higher doped material of 1.5 wt% YbPO4 resulted in very
inhomogeneous and extremely fragile fiber. So a preform was prepared with 0.25 wt% YbPO4
and drawn to a fiber with a 150 µm cladding diameter (labeled as CP-fiber). This fiber was
mechanically stable and thus used for further investigation. A typical cross section of the drawn
fiber is given in Fig. 9. It indicates decreased light transmission in the fiber core due to scattering
centers. Furthermore, larger particle clusters> 1 µm are observed revealing the partial survival
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of particles. The survival has been further confirmed by XRD (see Fig. 3). Despite of the low
particle content, the attenuation measurement on the fiber could not be performed due to high
scattering losses induced by the large particle (cluster) size being in the same order of magnitude
as the wavelength.

Fig. 9. Microscopic image of the cross section of a fiber in transmitted light (a) and zoom
showing clusters (b). Length of the transmitted fiber: about 2 cm, scale bar: 50 µm.

3.2.2. Fluorescence spectra of CP-fiber

Fluorescence spectra of the fiber were measured and compared to those of standard Yb2O3-doped
silica and Yb2O3-doped silica fiber prepared using MCVD (labeled as MCVD1 and MCVD2,
respectively, see Tab.1). The recorded and normalized (relative to peak-value) spectra are
displayed in Fig. 10. In all cases, Yb-doping concentrations are assumed to be low enough
not to cause any concentration quenching effects [35]. The spectral shape of the fluorescence
curves reveal that the CP-fiber behaves differently compared with the MCVD2 (phosphosilicate)
fiber but very similar to the MCVD1 (silicate) fiber. This indicates that the crystalline structure
apparently partially dissolves during high temperature fiber drawing which results in an obviously
dominating amorphous environment of the Yb-ions, free of P. P occupation on Yb sites seems
unlikely due to the different sizes of the two cations, - the ionic radius of P5+ and Yb3+ being
very different [36]. Instead, formation of gaseous and evaporable POx species are more likely to
be generated. The parallel existence of an amorphous environment of the Yb-ions as well as of
crystalline YbPO4 clusters is also obvious when comparing fluorescence spectra of the fiber to
that of a sintered sample (see Fig. 10, the dark grey and dotted grey curve). This confirms the
observed XRD results (see Fig. 3).

The dominating amorphous environment present in the fiber can be attributed to the additional
heat treatment of the preform during fiber drawing at a temperature of about 2100 °C. Furthermore,
the drawing process exerts not only a thermal load but also a mechanical force on the crystalline
particles that may influence the dissolution rate of particles in the neck-down region or may lead
to mechanical stress on the particles after cooling. Comparable changes in dissolution rates
have been observed in crystal growth processes due to stirring effects [37]. Changing in the
particle shapes during drawing has also been observed before [38]. These effects might explain
the reason the different emission spectrum from what is expected for a native CP-fiber to what
would be expected for an amorphous core (MCVD derived) fiber, apart from expectation relying
to the doubled heat treatment alone.

3.2.3. Fluorescence decay results of CP-fiber

Fluorescence decay curves were recorded for the CP-fiber, the MCVD1 fiber, the MCVD2 fiber,
and the as-prepared YbPO4 powder using a 976 nm excitation source and monitoring emission at
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Fig. 10. Normalized fluorescence spectra of CP-fiber (black), and the two MCVD-prepared
fibers MCVD1 (green), and MCVD2 (orange) and the sample sintered at 1950 °C (dotted
grey curve). Excitation wavelength was 906 nm.

around 1 µm. The decay-time is dependent on several parameters as e.g. the (local) concentration
of Yb-ions, the type and concentration of other ions (the surrounding matrix, e.g. P5+, Al3+) and
the local structural conditions (amorphous, crystalline or both present partially).

The results of the fluorescence decay measurements are shown in Fig. 11 and summarized in
Table 2.

Table 2. Fluorescence decay results of the different investigated samples
(powder & fibers)

Material Decay constant 1 (± 5 µs)/
weighting

Decay constant 2 (± 5 µs)/
weighting

as-prepared powder 248 µs / 0.8 519 µs / 0.18

CP-fiber 356 µs / 0.60 713 µs / 0.40

fiber MCVD1 (no P2O5) 760 µs / 1 -

fiber MCVD2 1.4 ms / 1 -

The fluorescence decay curve of the CP-fiber is best described by using a double-exponential
fit, while the curves of the two MCVD derived fibers yield best a single-exponential fit. The two
different decay constants in the CP-fiber are expected due to the two different phases (amorphous
and crystalline). Moreover, these two phases differ in terms of their (local) concentration and
phonon energy. This is reflected in a different decay behaviour for both phases. The second
time-constant (713 µs; lower weighting) is thus attributed to the amorphous environment because
the value is similar to the decay constant of the (amorphous) MCVD-1 fiber. The other time
constant (356 µs, higher weighting) therefore reflects the crystalline environment indicated by
the similarity to the decay-constant of the (crystalline) as-prepared powder. Furthermore, it has
to be mentioned that Yb(PO3)3 being potentially present in the original powder mixture might
decompose into orthophosphate and P2O5 at our sintering or drawing temperatures and therefore
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Fig. 11. Fluorescence decay curves of the CP-fiber, the MCVD1 fiber, the MCVD2 fiber,
and the as-prepared YbPO4 powder using a 976 nm excitation source and monitoring
emission at ≥ 1 µm. An appropriate filter was used to separate pump from signal light.
Please note, that MCVD1 fiber contains no P2O5, for details see Tab.1. The time resolution
is about 5 µs caused by the pulse decay time of the excitation source. The fit data was taken
with the help of Python’s numpy-Module.

would not be observable in the fiber anymore. Note that the given weighting factor is a fit-result
and does not necessarily represent the amount of the corresponding phase.

Comparing this second value with the decay constant for the as-prepared powder (356 µs vs.
248 µs, respectively), one clearly recognizes a significant discrepancy between the crystalline
fiber-phase and the crystalline powder phase which might seem surprising. We assume the
mismatch between both values stems from concentration quenching causing a reduction in
fluorescence decay in the powder.

Comparing the decay behaviour of the CP-fiber to that of the MCVD-fibers, it is worth to note
that the decay constant of CP-fiber of 713 µs is close to the decay time of the MCVD1 fiber
with only Yb2O3 doping (760 µs, no P present). This again indicates that in both fibers, Yb3+

experiences similar structural conditions despite the different fabrication technologies. The lower
time constant of 356 µs (higher weighting) of the CP-fiber most likely reflects the crystalline
orthophosphate environment as also observed by XRD (see Fig. 3, as discussed above).

In the CP-fiber, particles from clusters might be partly separated by the drawing process
during the viscous flow that increases the mean nearest neighbor distance in comparison to the
as-prepared powder. Additionally, this separation allows the silica to have an increased contact to
the YbPO4 particles including dissolution processes from the particles surface. In sum, that turns
the spectral properties of our CP-fiber similar to those of an amorphous (MCVD derived) fiber.

4. Conclusions

A method to obtain and sinter nanoparticle mixtures based on SiO2 and YbPO4 has been studied.
This methodology is perfectly suitable to be used for the preparation of large volume core preforms
for laser active optical fibers. The preparation of silicate glass containing crystals by means
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of melting a mixture of YbPO4 xenotime structured crystals and SiO2 nanoparticles has been
evaluated. We confirmed that the YbPO4 particles can withstand the multi-step fiber fabrication
process. However, we observed that the crystals survive only partially the high temperature
vitrification process and the subsequent high temperature fiber drawing process, i.e. a second
high-temperature process at about 2000 °C just below the melting temperature of YbPO4. This
observation corresponds well to reported results on fibers with GeO2- or Al2O3-containing glass
matrix prepared by MCVD suspension doping.

The present investigation suggests that in the sintered glass-particle composites as well as in
the CP-fiber, Yb3+ ions experience two different phase surroundings. Using XRD, Raman spectra
and fluorescence steady-state and decay-measurement data indicate that the two different phase
environments are the suspected crystalline surrounding as well as amorphous silica-dominated
surrounding.

The size of surviving YbPO4 particles aggregates ranges in the order of the wavelength of
light causing scattering. Therefore, the resulting fiber losses are quite high.
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