Particle size monitoring of BaCl, nanocrystals in fluorozirconate glasses
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Abstract

Thermal processing of fluorochlorozirconate glasses leads to the formation of BaCl, nanocrystals within the glass matrix. An
alternative method to determine the size of the nanocrystals is provided by a Rayleigh scattering model based analysis of optical
transmittance data. For comparison, the size is extracted from X-ray diffraction data with the Scherrer equation. Additional
unwanted inclusions of non-crystalline scattering centers lead to significant differences between the results obtained from both of
these techniques. Using these two methods allows for a controlled monitoring of nanocrystal growth in optical materials.
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1. Introduction

Photonic glasses doped with rare-earth ions such as Er’*,
Nd**, Yb**, and Eu?* have gathered significant interest due to
their possible application in fiber lasers, frequency conversion
devices or as luminophores for ionizing radiation to name only
a few [1, 2]. As such they are better suited than other candi-
dates due to their high optical transparency over a broad wave-
length range. The inclusion of nanoparticles from low phonon
energy materials inside such glasses allows for a significant im-
provement of the luminescence properties of the rare-earths by
a strong reduction of losses to multiphonon relaxation [3, 4].
As shown previously [5], a uniform growth of BaCl, nanocrys-
tals inside such glasses can be induced with thermal treatment
if additional chlorine is introduced at the expense of fluoride.
Moreover, certain rare-earths including Nd** tend to improve
the crystallization, acting as a nucleation seed [6].

X-ray diffraction and the Scherrer formula as well as trans-
mission electron microscopy are known techniques for the
determination of nanocrystal sizes. ~Howoever, since the
nanocrystal growth also affects the optical behavior of the sam-
ples, a size analysis from fitting a Rayleigh scattering model to
transmittance baseline data is presented as an interesting alter-
native tothese established tools.

The average sizes of BaCl, nanocrystals grown in fluo-
rochlorozirconate (FCZ) glass matrices by different thermal
treatment temperatures were studied. They were determined
employing X-ray diffraction and the Scherrer equation. In ad-
dition, an alternative measure of the crystal sizes was obtained
from an analysis based on Rayleigh scattering at the nanocrys-
tals. From the relation between the results obtained from the
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two methods, a way to monitor a production optimization to-
wards high optical quality samples is proposed.

2. Materials and methods

The FCZ glass samples investigated are comprised of
52ZrF,—10BaF,-10BaCl,—19NaCl-3.5LaF;-3AlF;-0.5InF;—
1KCI-1NdF3 (values in mol%). The constituent chemicals
were melted in a glassy carbon crucible at 745 °C in an inert
atmosphere and then poured into a brass mold that was at a
temperature of 200 °C, before being slowly cooled to room
temperature. The FCZ glasses were subsequently treated
thermally under an inert atmosphere at a temperature between
240 °C and 290 °C for 20 min to initiate the formation of
BaCl, nanocrystals therein. Differential scanning calorimetry
showed that the formation of BaCl, nanocrystals occurs in the
temperature range between 260 and 290 °C which is above the
glass transition temperature T, of 210 °C [7].

Two different glass series, denoted as sample series #1 and
#2, were prepared. During the preparation of sample series
#1, special attention was paid to achieve high optical quality
by using only new, highly pure and finely powdered materi-
als. Inclusions and bubbles were avoided by using a fast pour-
out method. The visual appearances of the as-made glass and
the samples heat treated at 240 °C to 270 °C were transparent.
Those heat-treated at 280 °C and 290 °C looked milky white in
both series. Overall, sample series #1 appeared more transpar-
ent and was of better optical quality.

X-ray diffraction (XRD) measurements were performed in
Bragg-Brentano focusing geometry using copper K, radiation
from an AXS D8 Advance diffractometer (Bruker) operating
at 40 kV and 40 mA. Transmission spectra were recorded
from 200 nm to 900 nm with a UV/Vis/NIR spectrophotometer
(Perkin Elmer Lambda 1050) coupled to a 150 mm integrating
sphere.
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3. Results and discussion

3.1. X-ray diffraction

Figure 1 (a) shows a typical XRD pattern for a
fluorozirconate-based glass containing hexagonal BaCl,
nanocrystals [8]. The as-made glass, which does not show
any crystalline phases, was thermally treated at 260 °C for
20 min leading to the formation of hexagonal phase BaCl,
nanocrystals (space group P62m (189)) therein [9]. The bar
pattern shows the corresponding powder diffraction data (PDF
entry #45-1313) for comparison. The amorphous background
is the contribution of the glass. Up to treatment temperatures
of 260 °C only reflections related to hexagonal BaCl, are
detectable, whereas a phase transition to the orthorhombic
BaCl, structure (space group Pnma (62)) can be observed upon
thermal treatment at temperatures higher than 270 °C (data not
shown) [8]. To allow for an unambiguous identification of the
various reflections, in particular in the case of mixed phases,
the XRD pattern for hexagonal and orthorhombic phase BaCl,
were calculated [10] using crystallographic parameters from
Haase et al. [11], which have been theoretically confirmed by
Bohley et al. [12] recently. The calculated data for hexagonal
BacCl, are shown in Figure 1 (b).

One method of size determination of the nanoparticles is
based on the Scherrer formula [13] and calculated from the
linewidth of the most intense XRD reflection. However, for this
way of particle size analysis two things have to be considered:
Firstly, the accuracy of such a single-reflection size analysis can
be low. Secondly, and more generally, only a value near to the
average particle size is obtained since the assumption of spher-
ical particle shapes is often not justified. For non-spherical ob-
jects, however, a single XRD peak is related to the extension
of the nanoparticle along a certain spatial direction, and there-
fore the result could be significantly smaller than its actual size
[13, 14].

In order to achieve better accuracy, for each observed reflec-
tion, j, with a relative intensity of more than 20% of the re-
spective phase’s maximum, the diffraction angle, ;, as well as
the corresponding full-width at half-maximum, Ad};, was deter-
mined for reflections that do not interfere with each other (see
Figure 1 (b)). Subsequently, the Scherrer formula [13]

KA

dpa = AT, cos T, ()
was used to determine the corresponding nanocrystal diameter.
Here, djy, is the nanocrystal size in the direction perpendicular
to the lattice planes with Miller indices hkl, }; the Bragg angle,
and A = 1.5418 A the wavelength of the X-rays. The crystallite-
shape factor, K, in (1) was set to 0.9, the most suitable approx-
imation when detailed shape information is not available [14];
stress and strain effects were neglected. A Lorentzian line pro-
file was used in the fitting procedure.

The dj; values were then averaged over all analyzed reflec-
tions per sample and the resulting mean value is taken as the
nanocrystal size. However, this value must still be treated as
a rough estimate of the average nanocrystal size. Furthermore,
this way of size determination by using the Scherrer formula
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Figure 1: (a) XRD data of a fluorozirconate-based glass containing hexagonal
phase BaCl, nanocrystals (Series #1, 260 °C). In addition to the sharp reflec-
tions from BaCly, the data show the amorphous background from the glass
matrix. The powder diffraction data of hexagonal BaCl, (PDF #45-1313) is
shown for comparison. (b) Calculated XRD pattern for hexagonal phase BaCl,
nanocrystals with a particle size of 25 nm; for the calculation a Lorentzian line
profile was used. The Miller indices of the peaks used for particle size estima-
tion are indicated in the figure.

Table 1: Overview on the particle size analysis.

treatment particle sizes (nm)
temp. (°C) XRD#1 Rayleigh#1 XRD#2 Rayleigh #2
240 12 12 13 13
250 13 14 15 34
260 19 25 23 61
270 45 42 40 73
280 61 65 67 -
290 73 80 80 -

is usually only applied to spherical nanoparticles smaller than
100 nm [14]. Table 1 outlines the XRD linewidth analysis for
the two different sample series.

3.2. Optical spectroscopy

Optical absorption spectra were measured for a series of sam-
ples with different thermal treatment temperatures and hence
different nanocrystal sizes. In Figure 2 the significant increase
in Rayleigh scattering with increasing nanocrystal size can be
observed by the dramatic decrease of the transmission baseline.
The spectral features (absorption bands) are caused by transi-
tions from the Nd3* ground state 419/2 to several excited 4f
states. See Stanley et al. [15] for further details on the Nd3+-
related transitions in fluorozirconate-based glasses. It has been
verified with measurements utilizing an integrating sphere that
the baseline of the transmittance spectra originates from scat-
tering only and that no additional absorption has been induced
by the thermal treatment.

The observed scattering of light in the visible and near in-
frared spectral range provides an alternative approach to deter-
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Figure 2: Transmittance spectra for Nd**-doped fluorozirconate-based glasses
containing BaCl, nanocrystals of different sizes; the sample thickness was
1.6 mm. To initiate the formation of the BaCl, nanocrystals, the as-made glass
(top curve) was thermally treated at temperatures of 240 °C, 250 °C, 260 °C,
270 °C, 280 °C, and 290 °C (from top to bottom).

mine the size of the BaCl, nanocrystals in the glass matrix. Not
only crystalline, but any inclusion with a refractive index other
than that of the matrix, contributes to the scattering intensity.
For the Rayleigh scattering analysis conducted in the follow-
ing, the transmission spectra shown in Figure 2 were corrected
for the reflection at the sample surfaces. The baselines of the
resulting extinction curves (Nd>* absorption features excluded)
were fitted in the spectral range from 400 nm to 800 nm with
a Mie scattering model in the Rayleigh limit [16] including
inter-particle interference effects [17] instead of independent
Rayleigh scatterers [18]. Accordingly, nanoparticle scattering
is described by an extinction coefficient of the form

Aoy (A) = dr*6;(1-6)d°

(i(D)/ (D) +2 1

where §; is the volume fraction of the scattering particle, d its
diameter, and n; and n,, are the refractive indices of particle in-
clusion and matrix, respectively [19, 20]. The volume fractions
of the crystallites were estimated from the ratio of the crys-
talline peak area of hexagonal BaCl, and the total XRD graph
area [21] assuming comparable X-ray absorption properties of
the different materials and phases.

The results are comparable to values determined elsewhere
[22] and are summarized in Table 2. As shown there, the vol-
ume fractions are mostly in the range of the maximum possi-
ble volume fraction of approximately 20%, which is the limit
given by the mole-fraction of BaCl, included into the samples.
The lower temperature samples have lower values indicating
that not all CI~ ions are used up to form BaCl, nanocrystals
yet. The fact that the volume fraction is staying almost constant
for higher treatment temperatures, while the particle sizes rise,
shows that initially small nanoparticles grow independently in
the lower temperature ranges and the growth proceeds from
the precipitation of small hexagonal crystals through Ostwald

() (D)2 — 1)2 (nmu) )4 ®

Table 2: Volume fractions as determined from XRD.

treatment volume fractions (%)
temperature (°C)  Series #1  Series #2
240 16 14
250 16 15
260 19 17
270 18 20
280 15 17
1
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Figure 3: Fit (dashed curve) for the extinction coefficient of an FCZ glass ce-
ramic containing 20 vol.% BaCl, nanoparticles with an average size of 25 nm.

ripening [23]: small particles dissolve, and the larger ones will
grow from this fresh nutrient until they reach their final size,
minimizing the total surface energy. The volume fractions for
the 290 °C sample could not be analyzed as partial glass crystal-
lization prevents a clear reflection assignment. Figure 3 shows
a fit for the extinction coefficient of an FCZ glass ceramic con-
taining 20 vol.% BaCl, nanoparticles with an average size of
25 nm. Edgar et al. [18] applied the Rayleigh scattering only to
the spectral range between 400 nm and 600 nm due to strong
disturbances from macroscopic defects such as bubbles in the
remaining range. For the study presented here, the fitting works
well up to 800 nm. A better sample quality lacking such inclu-
sions could be one reason.

3.3. Particle size analysis — Rayleigh scattering versus X-ray
diffraction

To evaluate the influence of unwanted inclusions, another
sample series with apparently worse optical quality was mea-
sured and analyzed; these samples were prepared with the same
compositional parameters but under different preparation con-
ditions. Figure 4 shows the respective crystal sizes for the
two sample series determined both with the Rayleigh and the
XRD/Scherrer method. For the sample series with better op-
tical quality (denoted series #1) the sizes obtained from ei-
ther method correspond very well. The sizes determined via
XRD from the sample series of slightly worse optical quality
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Figure 4: Particle size analysis using Rayleigh scattering and X-ray diffraction
for sample series #1 and #2.

(denoted series #2) are also very similar which implicates that
crystal growth is reproducibly stable under the given prepara-
tion conditions. The sizes derived from the Rayleigh method,
however, do not reproduce the XRD values for this sample se-
ries, but exceed them by a factor of two to three depending on
the thermal treatment temperature. Obviously, additional non-
crystalline inclusions are being created in these samples lead-
ing to increased scattering intensity. The spectra corresponding
to treatment temperatures above 270 °C could not be analyzed
since scattering was too strong.

To identify the origin of these additional inclusions, the
experimental trends have to be considered. Similar to the
nanocrystals, the non-crystalline inhomogeneities grow in size
with increasing thermal treatment temperature. Yet, the growth
is apparently much faster, as the larger slope of size versus ther-
mal treatment temperature clearly indicates. Gas bubbles could
be a possible explanation for such fast-growing inclusions.
These bubbles, in turn, would be probable in case of water in-
clusions in the FCZ glass. Despite the water-free inert gas pro-
duction environment, a small amount of water could have en-
tered the samples after the production process eventually lead-
ing to the formation of the two BaCl, hydrates BaCl-2H,O and
BaCl-1H,0 [11]. To obtain an estimate of the amount of pos-
sible unwanted water inclusions in the samples, a 'H-nuclear
magnetic resonance experiment has been carried out. The rel-
ative intensities of the ' H-NMR-signals from the glass ceramic
and a polybutadiene reference sample yielded a 'H concentra-
tion of 6.48 mmol%, several orders of magnitude lower than
the BaCl, concentration and hence too small to account for the
considerable effect observed in the samples.

Unfortunately, it cannot be decided at this point, whether the
additional scattering centers are caused by gas bubbles of a dif-
ferent chemical origin or whether an unexpected demixing of
some glass components might have been occurred. Further in-
vestigations will be necessary to answer that question.

Irrespective of this point, the observations in this work
demonstrate that a comparison of the sizes of nanometric scat-

terers determined either by the Rayleigh scattering method or
the XRD/Scherrer method allows for an estimate of the amount
of unwanted, non-crystalline scattering inclusions. Evaluat-
ing the difference between the XRD- and scattering-determined
nanocrystal sizes appears to be an attractive approach able to
monitor how a change in the preparation procedure affects the
quality of the sample, and thereby allows for an optimization of
the sample with respect to production for high optical quality. It
is noteworthy that this procedure can also be applied to samples
consisting of several types of crystalline nano-inclusions. Here,
the average size of each particular inclusion type can be deter-
mined separately with XRD and the Scherrer formula. From
the difference between the corresponding sizes obtained here
and from the Rayleigh approach, the influence of the undesired
scatterers can be deduced.

4. Conclusion

Nanocrystal size analysis by a parametric fit of a Rayleigh
scattering model to transmittance data is presented here as an
alternative to established methods of size characterization such
as XRD and TEM. BaCl, nanocrystals grown to different av-
erage sizes inside an FCZ glass matrix were analyzed by ap-
plying X-ray diffraction and the Scherrer equation. In compar-
ison, the crystal sizes were obtained from the Rayleigh scatter-
ing method. The results correspond very well. Since additional
inclusions of non-crystalline scattering centers change the rela-
tion between the results obtained from either of the two tech-
niques, a qualitative method of monitoring a production opti-
mization towards production of high optical quality samples is
obtained.
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