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ABSTRACT

In this thesis fluorescent europium (Eu)- and barium chloride (BaCl,)-doped
fluorozirconate (FZ) based glasses and glass ceramics, which are known for
their efficient scintillation and storage phosphor properties, were the subject
of improvement going along with their structural and optical investigation. In
applications like digital radiography, they already provide image resolutions
which are one order higher than that of commercially used polycrystalline state
of the art detector screens, but they suffer from their lower light output. In order
to become competitive, the fluorescence efficiency of the glass systems must
increase. The fastest and easiest way is through an increase of the doping level of
the fluorescent activator Eu*". This level is unfortunately limited due to energy
quenching effects and hence also other possibilities have to be investigated. X-ray
absorption near edge structure (XANES) measurements have shown that a small
but significant amount of trivalent Eu>" is always present in the glass, which is
formed by partial oxidation of Eu?* during the melting step or is already added
to the glass by oxygen contaminated powdered Eu?* raw material. Therefore,
one main focus of this work was the investigation and optimization of the
Eu valency as XANES measurements additionally showed that cheaper Eu®"
can partially be reduced to Eu?>" during glass melting lowering the total glass
ceramic costs. However, photostimulated luminescence measurements revealed
that Eu3* is essential for the storage phosphor effect and a higher conversion
efficiency.

Several routes were explored in order to improve the complex FZ glass system
and in particular the Eu?" luminescence efficiency. It is shown that the addi-
tion of indium to the glass host improves glass quality. Differential scanning
calorimetry and x-ray diffraction showed that it is also needed for a phase trans-
formation from hexagonal to orthorhombic phase BaCl, nanoparticles, which is
important for storage phosphor applications. Subsequent remelting of the glass
has proved to increase the Eu>* content and thus the performance of the glass
ceramics for scintillator applications. Additional co-doping with other trivalent
rare earths, namely Gd, Nd, Yb, or Tb, for light output enhancement influenced
the nanocrystal nucleation and growth as well as the Eu?>* photoluminescence.

In order to address issues with homogeneity and reproducibility of the pro-
duced FZ based glasses and glass ceramics, borate glasses, known for their
highly optical transparency, good reproducibility and low production costs were
introduced as host for Eu?>* ions and orthorhombic BaCl, nanoparticles. First
investigations have shown a full ceramization of the glass directly after the
pouring step. The metastable hexagonal BaCl, was not observed.

The Eu?"-doped FCZ based glass system was chosen for the development of

radiation detection fibers, which have proven their functionality under UV
excitation.
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THE BASICS






INTRODUCTION

Starting in 1895 with the discovery of x-rays by W. C. Rontgen, the evolution and
technical developments in the field of ionizing radiation detection, especially in
medical diagnostics, are constantly improving to meet modern requirements.
Higher life expectancy, along with an increasing number of cancer cases, demand
new inexpensive systems with excellent properties to increase the probability of
an early diagnosis and prospect of cure. A changeover from analog investigation
techniques such as film-screens for x-ray detection to digital radiography is still
ongoing. Polycrystalline materials are most commonly used.

Most digital radiography systems produce their images by converting x-rays into
visible light. In direct radiography (DR), the energy conversion is done instantly
via scintillator screens, while in computed radiography (CR) the radiation image
can be stored into electron-hole (e-h) traps of a storage phosphor screen with
read-out afterwards via a photostimulation process with an external laser. By
laser stimulation the e-h pairs recombine and the released energy is transferred
to doped fluorescent activators which emit photons with characteristic ener-
gies [2]. Figure 1 shows the comparison between computed radiography (left)
with powdered polycrystalline materials, for example, the most commercially
used x-ray storage phosphor barium fluoride bromide (BaFBr) doped with
divalent europium (Eu?") and conventional screen-film radiography (right).
It can be seen, that digital radiography provides a higher sensitivity with a
larger dynamic range. In addition, these x-ray storage phosphor materials offer
the advantage of multiple use and fast digital processing. However, the image
quality of BaFBr:Eu?" is inferior to film-screen systems due to scattering of
the read-out laser light by the crystal grains, decreasing the spatial resolution.
Another disadvantage is the requirement of a point-by-point read-out to achieve
the specified resolution.

In order to overcome the limitations described above, fluorescent nanoparticles
embedded in transparent fluorozirconate (FZ) based glasses and glass ceramics
came in the spotlight of research and development. They promise high potential
as image plates for high-resolution digital radiography applications and provide
some advantages compared to common polycrystalline materials [3-6]. They are
re-usable, less expensive, can be read in a single imaging event and do not lose
resolution or show noise due to light scattering from grain boundaries of the
polycrystalline powder [2, 7].

When doped with fluorescent activators like rare-earth (RE) ions such as Eu?™,
an increase in luminescence output can be achieved by additional doping with
barium halides and post-annealing of the ”“as-poured” glass to form barium
halide nanocrystals in the glass matrix, which partially incorporate some of the
RE ions. The small nanocrystal sizes of a few hundred nanometers allow even



4

INTRODUCTION

Figure 1: Chest radiographs obtained with computed radiography (left) and conven-
tional screen-film radiography (right) [1].

smaller phonon frequencies for some REs, leading to enhanced fluorescence
efficiencies of the glasses [8-10]. Today, such glass systems already provide good
quality images as shown in Ref. [3]. In Ref. [6] it was shown that an increase in
luminescence by a factor of 2 would lead to a commercially competitive image
plate reducing the x-ray dose and the risk of tissue damages from irradiation,
respectively.

Besides the steadily growing demands of the industry, research and develop-
ment of such image plates are also subject to economic fluctuations. Currently,
there is a serious shortage of rare-earth minerals; Bejing cut its export quotas by
72% in the latter half of 2010 and by a further 35% during the first half of 2011 in
an effort to ostensibly address its environmental problems. Whatever the reason,
China has doubled or, in some cases, tripled the cost of rare-earth materials
in recent times and a crisis is predicted to be reached in 2014 and 2015 [11].
China has about one-third of the global rare-earth deposits but produces around
95% of the world’s supply. The RE portion of the image plate is, therefore, the
most expensive part, Eu*" being particularly costly. One chance to overcome
this problem is the synthesis of the more expensive Eu?* by melting the cheaper
trivalent Eu®* raw material [12—14]. The investigation of such a conversion and
its limits are also a substantial point of interest in this work.

The main objective of this thesis is to increase the luminescence efficiency of
the studied glass systems by optimizing the Eu*" doping level, the luminescent
nanoparticles, as well as by tailoring the properties of the glass matrix system
itself. The obtained glasses and glass ceramics are not limited to medical imaging
applications, but also show huge potential as precise x-ray fiber dosimeters for
applications in the human body or in other light converting systems like down-
or up-converting glass-ceramic layers for high efficiency solar cells [15-18].



INTRODUCTION

In Chapter 2 the theoretical physical background as well as the different ex-
perimental measurement techniques used for this work are briefly presented
and explained. Chapter 3 describes the influence of a glass remelting step and
the addition of indium as reducing agent on the nanoparticles. The effect of
multivalent Eu doping on the crystallization of barium chloride (BaCl,) nanopar-
ticles is discussed in Chapter 4. X-ray absorption near edge structure (XANES)
and x-ray diffraction (XRD) investigations were performed to evaluate the accu-
rate Eu?"-to-Eu®" ratios, as well as the produced corresponding crystal phases.
Chapter 5 deals with RE co-doping as another attempt to enhance light out-
put by a possible energy transfer between the RE dopants, while a different
approach with another glass host system, namely borate glasses, is investigated
in Chapter 6. Chapter 7 gives a short introduction into preliminary work on
using luminescent glasses and glass ceramics as radiation detection fibers.

Finally, the most significant results of this work are summarized in Chapter 8,
and an outlook for future trends is given in Chapter 9.






PHYSICAL BACKGROUND

In the following sections the physical background, as well as the different
measurement techniques used for this work, will be presented and explained.

2.1 X-RAY STORAGE PHOSPHORS

An x-ray storage phosphor absorbs and down-converts ionizing radiation like x-
or y-rays (high energetic photons) into visible luminescence. Storage phosphors
can store the energy in meta-stable electron-hole (e-h) pairs which are trapped
in localized defects with energies lying in the bandgap between conduction and
valence band (see Fig. 2, left). In halide crystals, the electron trap centers are
color centers (F centers), while the hole trap centers are activator holes (A™).
Storage times up to several hours are possible. Photostimulation with a laser
leads to recombination of the charge carriers via direct tunnel recombination
to an excited state of the activator (A")* or via excitation into the conduction
band followed by a recombination to the excited state of the activator where it
then recombines with the activator hole A? by emitting trapped e-h pair density
dependent luminescence (see Fig. 2, right).

Requirements for a good storage phosphor are a high x-ray absorption, high
light output, low afterglow and a well separated stimulation and emission range.
In addition, the emission must match the range of high detector quantum ef-
ficiency and the material transmission for both emission and stimulation light
must be high. The stored image must be stable for several hours (low fading

X-irradiation photostimulated luminescence

conduction band

T
1
1
o— ! .—»?
: photo- C_Q_ """ T  (A")*
o I stimulation =2
electron : tunnel
X-rays : recombination luminescence
I
1
hole :
A ! — A’
1
O— 1
1
1

valence band

Figure 2: Schematic energy band model for storage (left) and read-out (right) mecha-
nism.
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Figure 3: Ideal and real imaging of an infinitely sharp edge (left) and a narrow slit
(right) by an x-ray storage phosphor imaging system [2].

between exposure and read-out) and the material must be reusable after read
out or optical erasure [19, 20].

Up to now, the worldwide most used x-ray storage phosphor for medical imaging
and other x-ray applications is barium fluoride bromide (BFB) doped with Eu?*
[21]. Providing a high x-ray absorption coefficient and high conversion and
stimulation efficiency, BFB is still the reference for all other storage phosphors.
For this work a commercially available BaFBr:Eu?" (1000 ppm) was used for
comparison.

2.1.1  Spatial Resolution

In addition to the above mentioned requirements for a good storage phosphor,
the spatial resolution is also an important factor for resolving small structures
like bone fractures with digital radiography. In order to understand the limi-
tations in resolution, Fig. 3 shows a comparison of the image sharpness of an
infinitely sharp edge and an infinitely narrow slit by an ideal and real x-ray
storage phosphor imaging system [2]. In case of an infinitely sharp edge as
original image, an ideal system should show a sharp step in the detected lumi-
nescence intensity from zero to an absorbed x-ray dose proportional intensity
level (Fig. 3a, left). Changing the original image to an infinitely narrow slit, the
system should show an infinitely small square function (Fig. 3a, right). However,
this is not the case in reality, where the luminescence intensity shows a sigmoidal
increase for the sharp edge (Fig. 3b, left) and a bell-shaped intensity curve for
the narrow slit (Fig. 3b, right). The image sharpness of the system is given by
the half width of this curve.
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Figure 4: [llustration of the read-out laser beam scattering of a storage phosphor image
plate (top) and the effect on the luminescence intensity distribution (bottom)

[2].

Another common way to classify the resolving power of an x-ray imaging system
is the use of the modulation transfer function (MTF). It describes the decrease
of the image contrast with higher spatial frequencies or the frequency in space
of equally spaced parallel lines, respectively. Therefore, the highest spatial res-
olution is obtained for the smallest detectable contrast. Detailed theoretical
calculations and further information on the MTF are given in Ref. [2].

Compared to scintillator screen-film detectors (~ 5 line pairs/mm), conventional
BaFBr:Eu?" x-ray storage phosphor screens have an inferior spatial resolution
(= 3 line pairs/mm). Figure 4 shows a main reason for this. The scanning read-
out laser beam is scattered by the storage phosphor layer due to the different
refractive indices of the phosphor grains and the organic binder of the image
plate [2]. These scattered photons can excite trapped e-h pairs in areas away
from the laser beam position. The global luminescence detection leads to a
spread of the sharp edges, a reduced contrast modulation and thus a reduced
spatial resolution. Storage phosphors based on glasses and glass ceramics can
minimize this scattering effect, because they are grainless. However, Section 2.4
will show, that some other considerations must be taken into account, when a
glass host matrix is chosen.

9
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Figure 5: Mono-exponential PSL decay curve of an x-ray storage phosphor under con-
tinuous stimulation.

2.1.2 Photostimulated Luminescence

Fundamentals

Once having stored energy within a storage phosphor (see Section 2.1), the
energy can be released by stimulation with appropriate visible light producing
photostimulated luminescence (PSL). The continuous stimulation leads to a PSL
intensity decay, because the number of PSL-active centers decreases over time.
This time dependence follows a mono-exponential decay

I(t) = Ip-exp(—t/T) (1)

with the maximum PSL intensity, Iy, at the beginning of the measurement, the
stimulation time ¢ and the time constant T which depends on the power P of the
stimulation light and the lifetime of the activator luminescence and is defined
as the time after which the PSL intensity is decreased to 1/e of its initial value.
Such a bleaching-curve is shown in Fig. 5. The area below the curve corresponds
to the released photon energy, Ei,t = Iy - T, which is proportional to the absorbed
x-ray dose D. Excluding the dose the conversion efficiency (CE) achieved is [2]:

_Io-T

CE D

(2)

The required energy to reduce the PSL intensity to 1/e of its initial value is
called stimulation energy (SE) and given by

SE=r1-P. (3)

The ratio CE/SE gives the sensitivity of an x-ray storage phosphor.
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Figure 6: Schematic photostimulation experiment. (a) Exposure of the sample with
x-rays. (b) Stimulation of the sample with 532 nm laser light and detection via
photomultiplier tube [22].

Experimental Details

The PSL measurements on the glass ceramics were performed at SUNY-Stony
Brook, NY, USA. They consist of an initial exposure of the samples with x-rays
of a specific dose (here about 320 mR) to generate e-h pairs (see Fig. 6a). The
x-ray absorption of the samples was above 90%. In Fig. 6b the read-out scheme
is shown. The e-h pairs were stimulated with a 532 nm diode-pumped solid
state (DPSS) laser from Coherent which was pumped with a wavelength of
810 nm. An appropriate highpass filter was used to reduce the intensity. The

remaining constant offset signal was subtracted from the data, before analyzing.

The sample port has a 3 mm hole. The exit port is followed by 3 filters to
cut out the respective Eu?* emission. The signal was detected with a R6095
photomultiplier tube from Hamamatsu, which is operated at 700 V.

2.2 PHOTON CONVERSION PROCESSES
2.2.1 General Processes

In the previous section, the down-conversion of high energetic photons like
x- or 7y-rays was briefly introduced. This work focuses on the adjustment and
optimization of this effect and its efficiency. It is an umbrella term for the
down-shifting and quantum cutting processes. Down-shifting, also known as
photoluminescence (PL) describes the conversion of a high energetic photon into
one lower energetic photon. Therefore the high energetic photon is absorbed

11
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from a luminescent center, for example a Eu ion, which hence is excited from the
ground state into a higher energetic state. Relaxing back to the ground state, the
ion releases its energy by emitting a photon with the same or lesser energy, with
the remaining energy absorbed by the crystal lattice and phonons, respectively.

While down-shifting is the observed and investigated process in this work, a
higher photon-conversion efficiency is reached in the case of quantum cutting,
where a high energetic photon is converted into two or more lower energy
photons. Here, several conversion routes are possible including different inter-
mediate states and different ions located close enough to one another to allow
energy transfer between them.

For the sake of completeness, the up-conversion process describes the effect of
two low-energy photons, for example infrared (IR) photons, becoming sequen-
tially absorbed by a RE ion followed by an emission of a high energy photon in
the visible spectral range. The absorption depends mainly on the intermediate
level lifetime of the RE ions, which itself depends on the phonon energies of
the host material, in particular, decreasing phonon energies lead to a more
improbable non-radiative recombination.

2.2.2  Photoluminescence

Fundamentals

This section will briefly discuss the radiative return of a light excited luminescent
system to the ground state for the case of low luminescent center concentration
and a non-absorbing host material. Figure 7 shows a configurational coordinate
diagram with energy parabolas of the system for ground and excited state as a
function of a configurational coordinate which describes one of the vibrational
modes of the luminescent center. A broad absorption band excites it in a high
vibrational level of the excited state, where it then relaxes non-radiatively to
the lowest level by transferring its excess energy to phonons or the host lattice,
respectively. The relaxation can also be described as a position adjustment of the
nuclei to the new excited state for which the interatomic distances change to the
equilibrium distances of the excited state. As a consequence thereof, the configu-
rational coordinate changes by AR. The system then returns spontaneously to a
high vibrational level of the ground state along with the emission of radiation.
From here it relaxes non-radiatively back to the lowest level. The relaxation
processes are the reason for the lower energy emission and the so called Stokes
shift of the emission band, which is given by the energy difference between the
maximum of the lowest excitation and emission level. The shift increases and
the optical bands broaden with larger value of AR. In case of RE ions, which are
explained later on in this chapter, the emission transition goes from a 5d or 4f
orbital to the 4f orbital.

Photoluminescence (PL) is the general heading for fluorescence and phospho-
rescence, which are distinguished by their respective decay time; the time in
which the PL intensity decreases to e™! of its initial value: While fluorescence
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excited state
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N\

ground state E
: > R
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Figure 7: Configurational coordinate diagram (reproduced from [23]). After absorption
transition from the ground to the excited high vibrational levels the system
relaxes to the lowest vibrational level v'=0 from where a broad band emission
occurs. The parabola offset is given by AR.

decay times are lying under 10~ s, phosphorescence can have decay times from
milliseconds up to several hours due to metastable energy levels working as
charge carrier traps (see Section 2.1).

Experimental Details

PL measurements were done at room temperature with a Fluorolog-3 from
HORIBA Jobin Yvon. A 450 W xenon lamp combined with a double-grating exci-
tation monochromator was used as the excitation source. The monochromator
allows a narrow band of wavelengths of light to reach the sample, which is fixed
on a sample holder inside the sample compartment module. The response of the
sample or emitted radiation, respectively, was filtered by a single-grating emis-
sion monochromator and then was detected by a Rg28P photomultiplier tube
for high sensitivity in photon-counting mode (185-900 nm). For the monochro-
mators a 500 nm blaze grating with 1200 lines per mm was used for emission
(working range: 2/3-blaze to 5/3-blaze, i.e. 333 nm to 833 nm) with an accu-
racy of 0.5 nm. A PL spectrum was produced by stepping one monochromator
through a wavelength region, while recording the PL intensity as a function
of wavelength. In the case of driving both monochromators, 3D PL maps were
obtained.

13
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2.3 RARE-EARTH IONS
2.3.1  General characteristics

Scandium, yttrium and the lanthanides and actinides of the periodic table of
elements are called rare earths (REs). The elements are not as rare as their name
suggests. For example thulium, the rarest RE element, is more abundant than
gold. A characteristic of RE ions is the incompletely filled 4f shell of the ion,
which is shielded by the surrounding filled 5s> and 5p® orbitals with larger
radial extension [23]. Therefore the host lattice or phonons have a relatively
small influence on the optical transitions inside the 4f" configuration.

The parity selection rule forbids optical absorption transitions, but can be
partially circumvented by uneven components of the crystal field due to an
occupation of a crystallographic site without inversion symmetry by a RE ion.
The wave functions of the 5d and 4f shells can then be mixed and the nominal
forbidden 4f-4f transition shows spectral intensity. Two transition mechanisms
with broad absorption bands become partially allowed:

Charge-transfer transitions (4f"—4f"*1L~1, L=ligand) are found for tetravalent
RE ions like Ce**, Pr** and Tb**, which like to be reduced [24]. Trivalent ions
with a tendency to become divalent like Sm3*, Eu®* and Yb®>" show charge-
transfer transition absorption bands in the UV.

4f"—4f"~15d transitions are found for divalent ions like Sm?* in the visible
region and for Eu?t and Yb?t in the long wavelength UV, which like to be oxi-
dized. It is also found that trivalent ions with a tendency to become tetravalent
like Ce", Pr** and Tb*" also follow 4f-5d transitions with bands absorbing in
the UV.

2.3.2  Europium

Most of the samples produced in this work were doped by Eu, which can occur in
divalent (Eu?*) and trivalent (Eu®") valence states. Eu is one of the most reactive
lanthanides with atomic number 63 (period 6, orbital block f in the periodic
table of the elements). Fast oxidation of Eu*" to Eu®>" in ambient atmosphere
makes a nitrogen atmosphere during the glass preparation essential. Also water
must be kept away due to Eu reacting with hydroxide ions that might be present.
When excited with ionizing radiation like x-rays or ultraviolet (UV) light Eu**
is luminescent in a wide optical spectral range from UV to the red spectrum
depending on the host lattice structure. Eu** shows less intense luminescence
and it is therefore important for this work to have the maximum amount of Eu?*
inside the glass. A more detailed introduction to the optical properties of both
valence states is given in the following sections.
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Figure 8: Configurational coordinate model for Eu®* in SrB,O7 [23].

Divalent Europium

Eu®" (4f”) shows a broad band emission due to a relaxing electron from a
5d orbital to the 4f orbital. This 5d—4f emission between the crystal field
components of the 4f°5d configuration and the 8S;,, ground state from 4f
can vary from long-wavelength UV to yellow with normal decay times about
1 us [23]. The optical transition rate is slowed down by the spin selection rule,
because the emission level contains spin octets and sextets, while the ground
state level is an octet. The decay time can be even further decreased to the
nanosecond regime when the Eu?* is embedded into BaCl, nanocrystals [10]. In
addition, also the emission energy depends on the host lattice and crystal field
coupling, respectively. A weak crystal field could lead to a shift of the lowest
4f5d level above the °P; /2 level of the 4f7 configuration and would result in a
sharp-line emission due to the °P;,, —%S;, transition. An example is shown in
Fig. 8 for Eu?* in SrB4Oy7 [23]. However, for fluorochlorozirconate (FCZ) glasses
the coupling is high, the 4f°5d level is shifted below the °P;, level and therefore
broad emission bands occur.
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Figure 9: Possible emission lines corresponding to the Dy —>7F] (J=0,1, 2, 3,4,5,
6) transitions of Eu3t. The energy level diagram corresponds to data of
Ref. [25, 26].

Trivalent Europium

Eu’t (4f°) shows emission lines in the red spectral range corresponding to
electron transitions from the excited state °Dy to the 7F] (J=0, 1, 2, 3, 4, 5,
6) levels of the 4f° configuration (see Fig. 9). In addition to these °Dy —’F;
transitions, emissions from the higher °D states are also possible. Often, a
splitting of the emission lines is observed, which corresponds to the crystal-
field splitting of the “F; states. The °Dy level shows no splitting, because the
total angular momentum quantum number ] is zero. As mentioned before, the
parity selection rule forbids optical electric-dipole transitions between levels
of the 4f" configuration. Instead, magnetic-dipole transitions with A] = 0,%1,
except ] = 0 to | = 0, or vibronic electric-dipole transitions can occur with less
intensity. The parity selection rule can be partially abolished by uneven crystal
field components if no inversion symmetry is present at the crystallographic site
at the Eu®t ion. Forced electric-dipole transitions with A] = 0,£2, for example
the °Dy —’F, transition, are hypersensitive to these deviations from inversion
symmetry and show intense optical emission lines.
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2.4 MATRIX MATERIALS

Having chosen a luminescent RE for a desired application an important step is
the selection of the host material. In this section the glass hosts, their advantages
and their preparation methods are briefly described.

2.4.1 ZBLAN

In 1974 Poulain and Lucas discovered heavy metal fluoride glasses (HMFG) at
the University of Rennes in France [27]. ZBLAN is an abbreviation for glasses
that are made of a mixture of zirconium, barium, lanthanum, aluminum, and
sodium fluorides. The standard ZBLAN composition introduced by Ohsawa and
Shibata [28] is known for its lowest critical cooling rate among the FZ glasses
[29]. Compared with silicate glasses, ZBLAN has extended transparency into
infrared wavelengths and a multi-phonon edge shift to longer wavelengths, due
to heavier ions making it useful for ultra-low loss optical fibers [30].

Sample preparation

The predominantly used ZBLAN glass compositions for three different series
are listed in Table 1. The glasses of the multivalent Eu and co-doping series were
prepared under an argon atmosphere inside a glove box by a two-step melting
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Material Indium Multivalent Eu  Co-Doping
Series Series Series
ZrF, 512 525 510 51.0 51.0
BaF, 9.7 9.7 9.6 - -
BaCl, - - - 20.0 20.0
LaF3 3.9 3.9 3.9 3.5 3.5
AlF; 2.9 2.9 2.9 3.0 3.0
NaF - - - 20.0 20.0
NaCl 194 194 192 - -
InF;3 - 0.5 1.0 0.5 0.5
EuF, 3.0 3.0 3.0 - -
EuCl, - - - X 1.0
EuCl; - - - 2.0-x -
RECl3 - - - - 1.0

Table 1: Nominal composition of the ZBLAN glasses for the indium (left), the multi-
valent Eu (middle) and the co-doping series (right) (values in mol%). For the
co-doping series the trivalent REs are RE=Gd3*, Nd>*, Tb3* and Yb3*.
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process. The first step involves mixing and melting of all fluorides at 800 °C
for 60 minutes in a platinum crucible. After being cooled to room temperature
chlorides are added to the melt and the whole composition is remelted for
60 minutes at 745 °C. The glasses of the indium series were one-step melted
(with both fluoride and chloride compounds) in a glassy carbon crucible at
745 °C in an inert atmosphere of nitrogen. The final step for every glass involves
pouring into a 200 °C hot brass mold, where it stays for 60 minutes before being
cooled to 25 °C room temperature over 4 hours.

The glasses are additionally doped with chlorine ions by adding barium chloride
or a mixture of barium fluoride and sodium chloride. This enables precipitation
of barium chloride nanocrystals within the glass upon appropriate annealing.
Depending on the structural phase of the barium chloride, the glass-ceramic
material can act either as a scintillator (able to convert ionizing radiation to
visible light) [4] or as a storage phosphor (able to convert the radiation into stable
electron-hole pairs, which can be recombined at a later time with a scanning
laser beam) [6]. More information is given in Section 2.4.3.

2.4.2 Borate Glasses

Borate glasses are known as highly optical transparent, robust and inexpensive
matrix materials for fluorescent ions. These characteristics make them attractive
for many applications; an example is the usage for spectral down-conversion
glasses for photovoltaic applications [31]. In this work lithiumchloroborate
(LCB) glasses are investigated as a host material for luminescent Eu?* ions
incorporated into BaCl, nanocrystals.

Sample preparation

The nominal lithium borate glass composition is 53B,03-24Li,O-5LiF-3SiO;-
14BaCl,-1EuCl; (values in mol%). Silicon and boron are network formers,
whereas lithium acts as a network modifier to loosen up the network low-
ering the melting temperature and melt viscosity. BoO3 forms a random network,
in which the boron coordination is partly triangular and partly tetrahedral
[32]. It is melted at 500 °C for 60 minutes in a platinum crucible under argon
atmosphere inside a glove box. Then the crucible is removed and the other com-
pounds added. The whole composition is remelted for 60 minutes at 1020 °C
and then poured into a hot brass mold before being cooled to room temperature
at 50 °C per hour. Three different mold temperatures are evaluated, 100, 200
and 300 °C. It turns out even the lowest mold temperature is not sufficient to
prevent a rapid crystallization of the BaCl, - resulting in a completely ceramized
glass.

2.4.3 Barium Chloride

The additional barium chloride doping enables precipitation of BaCl, nanocrys-
tals within the glasses upon appropriate thermal treatment. These nanocrystals
offer even lower maximum phonon energies (around 200 cm~! [35]) compared
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symmetry structure type Space group a b c
A A @&
orthorhombic PbCl, Pnma (62; D%g) 788 473 942
hexagonal anti-Fe, P P62m (189; Dgh) 8.07 8.07 4.62

Table 2: Structure parameters for bulk orthorhombic and hexagonal BaCl, [33].

to the glass matrix host (590 cm~! for an FZ glass [36]) as well as the storage
phosphor properties. Depending on the annealing conditions two barium chlo-
ride phases are obtained in the glass ceramics. Firstly, at temperatures around
250 °C to 270 °C, nucleation and growth of the metastable hexagonal P62m
(space group 189; D3, ) BaCl, phase occur. With higher temperatures the crystals
grow and around 280 to 290 °C with a phase transition to orthorhombic crystal
structure Pnma (space group 62; D;g) occurring, the thermodynamic system will
go over in its state of lowest energy. Note, the given temperatures depend on
glass composition and preparation method.

The structure type and lattice parameters for both phases are summarized in
Table 2 and shown in Fig. 10 [34]. The orthorhombic unit cell contains four
BaCl, molecules, while the hexagonal cell contains three formula units (three
Ba and six halide atoms). A Ba*" ion has nine neighboring Cl~ anions in a
tri-capped trigonal prism configuration; with three halide ions lying in the same
crystallographic plane, three lying in a plane in front and three behind the
projection plane in Fig. 10.

In the case of single crystals, there are also two other phases available under
certain conditions: a cubic form stable at a temperature range from 925-960 °C
which gives a complete conversion to orthorhombic phase; this is only possible
via a 200 °C heat treatment for 2 days [37]. A monoclinic form is built under
high pressures [37, 38].

2.5 ADDITIONAL EXPERIMENTAL METHODS
2.5.1 X-Ray Absorption Near Edge Structure

Fundamentals

Looking at the attenuation of x-rays after being transmitted through a material,
oscillatory variations of the x-ray absorption occur for photon energies beyond
the binding energy of some core levels of an atom in the material. A schematic
representation of such transmission measurements with the resulting x-ray ab-
sorption spectrum is shown in Fig. 11a. The abrupt increase in the absorption
coefficient, y, is also called the absorption edge. Atoms in a molecule or con-
densed phase show a variation of u or a fine structure above the absorption edge
called edge x-ray absorption fine structure (EXAFS), which can extend up to
1 keV above the edge with amplitudes up to a few tenths of the edge jump [39].
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Figure 10: Stereo view of atom positions and unit cells of BaCl, in orthorhombic (top)
and hexagonal symmetry (bottom). The y numbers in the legends are the
altitudes in the projection plane [34].

The X-ray absorption near edge structure (XANES) regime, also known as near
edge x-ray absorption fine structure (NEXAFS) for soft x-ray absorption spec-
troscopy (energies less than 1000 eV), lies in between the pre-edge and the
EXAFS region, typically from 5 eV up to 150 eV beyond the absorption edge.
The low photoelectron energies lead to effects such as many-body interactions
and dominant multiple scattering by neighboring atoms giving information
about the vicinity of the investigated atoms. Figure 11b shows the excitation
of a photoelectron after absorbing an x-ray photon. The photoelectron can be
described as a spherical wave with the wavelength A = 271/k where k is given
by

2 (v~ o) @)

k=
with the incident photon energy, E = hv, the threshold energy of the absorption
edge, Ep, electron mass m, and the Planck’s constant /i. The photoelectron
can be backscattered from neighboring atoms producing a wave which can
interfere constructively or destructively with the outgoing wave, resulting in
oscillatory variations of the x-ray absorption. The frequency and amplitude of
these oscillations depends on the distance and type of neighboring atom to the
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Figure 11: (a) Schematic EXAFS spectroscopy measurement and corresponding x-ray
absorption spectrum [39]. (b) Scattering from the outgoing photoelectron
from a neighboring atom.

absorbing atom and thus can also distinguish between the different valencies,
including divalent and trivalent Eu for this work.

Experimental Details

The x-ray absorption near-edge structure (XANES) experiments on the multiva-
lent Europium series were performed at the bending magnet beamline 5-BM-D
(DuPont-Northwestern Dow Collaboration Access Team, DND-CAT) at the Ad-
vanced Photon Source (Argonne National Laboratory, USA). The spectra were
recorded in the vicinity of the Eu Ly-edge (6977 eV [40]). To suppress higher
harmonics of the fundamental energy, the crystals of the Si(111) double crystal
monochromator were continuously detuned to about 70% of the maximum peak
intensity of their rocking curve. The monochromator was calibrated using the
Fe K-edge (7112 eV [40]). XANES spectra were recorded in fluorescence mode
using an energy dispersive 4-pixel silicon drift detector (SDD) (Vortex-ME4, SII
NanoTechnology USA Inc.). The region of interest was set to include the Eu?*t
and Eu®" Ly emission lines only. The incident photon flux was measured by
means of an Oxford IC Spec ionization chamber filled with a gas mixture of He
(600 torr) and N (160 torr).

The experiments on the co-doping and borate series were performed at the Al
EXAFS beamline at the DORIS III which operates as a synchrotron radiation
source for HASYLAB (Deutsches Elektronen-Synchrotron DESY, Germany). It
uses a 1/2 demagnified focused beam to provide high flux density in the work-
ing range 2.4 - 8.3 keV. A Si(111) double crystal monochromator with nickel
coated mirrors was used. The crystals were continuously detuned to about 70%
of the maximum peak intensity of their rocking curve to absorb higher harmon-
ics. Again, the monochromator was calibrated using the Fe K-edge. XANES
spectra were recorded in fluorescence mode using an energy dispersive 7-pixel
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silicon drift detector (SDD) (DESY FEC / PN sensors, Munich). The ionization
chamber was filled with Ny (570 torr).

For each single XANES spectrum, background correction, normalization and
curve fitting were performed individually with WinXAS 3.0 [41]. The pre-edge
background fluorescence was subtracted from the raw data by approximating a
linear function. This was followed by normalization of the edge jump to unity.
Each corrected spectrum was fitted with two pseudo-Voigt functions and two
arc tangent functions in order to account for the white line (WL) resonances
and the electron excitation into unbound states. The width of both arc tangent
functions, however, was kept constant for each XANES spectrum and set to the
natural Eu Ly line width of 3.91 eV [42]. The residual degrees of freedom of
the fit, in particular the position of the pseudo-Voigt function and the height
of the arc tangent function, was obtained as a result of the fitting process. To
quantify the WL intensities of both europium oxidation states, the area of each
peak function was calculated based on the resulting fit parameters.

2.5.2  X-Ray Diffraction

Fundamentals

When x-rays interact with a crystalline material, a diffraction pattern of the
scattered intensity is obtained depending on incident and scattering angle as
well as on the photon energy. This pattern is like a “fingerprint” of the material,
making XRD an ideal non-destructive method to obtain structural information
on solid matter e.g. lattice structure, crystalline defects, chemical composition,
substrate orientation, mechanical stress, crystallite sizes and much more.

The x-rays are scattered at the electron shells of the atoms and induce harmonics
of the electrons, which then excite secondary radiation with the frequency of the
excitation radiation. Interference with neighboring scattered x-ray photons occur
if the wavelengths of the incident photons are within the same range, usually on
the order of a few angstroms, as the periodic distance between the scatter planes
or centers, respectively. The distance, the incidence angle and the excitation
wavelength determine the appearing reflections, which have maximum intensity
(case of constructive interference) if two parallel incident x-rays are still in phase
after being reflected at atomic planes. This is the case, when the difference in
path (29) is an integral multiple number of the wavelength A (20 = n - A with
0 = dpy - sinf). The well-known Bragg equation then gives the interatomic
spacing dny

n-A=2-dyg- sin(9) (5)

In addition to the distance between the lattice planes, mean particle sizes of
nanoparticles of different phases can be estimated. This is possible due to crystal
size dependent broadening effects of the reflexes, which act like impurities
in the crystal lattice. However, the broadening is influenced by instrumental
restrictions like resolution, natural linewidth, etc., and has to be subtracted from
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the diffraction pattern first. With the assumption that the crystals are free of
stress and strain, the apparent particle size can be estimated by [43]:

K-A
" b cos(0) (©)

with the particle size d, the Scherrer constant K [44], the wavelength of the

radiation A, the additional broadening (in radians) b, and the Bragg angle 6.

K depends on the full width at half maximum of the reflex, crystal shape and
the size distribution and is set to 1 due to low value variations at all low-order
reflections from crystals of simple regular shapes [43].

Experimental Details

XRD measurements were performed in the Bragg-Brentano focusing geometry
using an BRUKER AXS D8 Advanced Diffractometer with a Cu tube operating at
40 kV and 40 mA. The Cu-Kg radiation components of the primary beam were
attenuated by a 20 ym thick nickel filter. The Cu-K,, components were subtracted
from the measured signal via the DIFFRACplus EVA v1.2 XRD analysis software.

2.5.3 Differential Scanning Calorimetry

Fundamentals

Differential scanning calorimetry (DSC) is a precise tool to gain information
on the vitrification or crystallization behavior of a sample. It measures the
heat flow in and out of a sample and enthalpy changes, respectively, through
a temperature comparison between sample and a reference with known heat
capacity. During the heating or cooling stages, physical and chemical changes
like phase transitions, evaporation or melting can occur and lead to temperature
differences which are proportional to heat flow differences. It is known that
some of the investigated glasses and glass ceramics containing BaCl, show
crystallization and also phase transitions when post thermal heat treated. Thus,
the thermal properties of the samples were investigated with a NETZSCH DSC
204 F1 Phoenix instrument.

In general, the thermal stability of glasses can be described by AT and the Hruby
constant H,, which are defined as

AT =T, — T, (7)

H, = AT/(T,, — Ty) (8)

where AT gives information about the devitrification tendency of the glass; a
wider gap results from a drop in the glass viscosity. H, introduced by Hruby [45]
also takes into account the gap between melting temperature and crystallization
onset, which is influenced by the magnitude of the crystal growth rate. For
smaller growth rates the gap decreases.
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Experimental Details

The samples were cut into small pieces of around 30 to 50 mg and placed in
an aluminum crucible. To obtain the differential temperature, which then is
converted into absorbed and radiated heat, a second empty crucible was used as
a reference. To calculate thermal stability parameters and activation energies of
the dopant dependent BaCl, crystallization, DSC signals were measured from
room temperature to 450 °C with different heating rates of 5, 7.5, 10, 15, 20, 25,
and 30 K/min. Afterwards, the measurements were analyzed with the software
package NETZSCH Proteus v4.8.5.
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A standard ZBLAN glass consists of the network former ZrF,, the network mod-
ifier BaF,, LaF; to prevent segregation and AlF3 and NaF to prevent nucleation
and crystallization of the glass matrix. The glasses under investigation in this
chapter were additionally doped with chlorine ions by partial substitution of
barium fluoride by barium chloride and complete substitution of NaF by NaCl
(see Table 1 for compositions). This enabled precipitation of barium chloride
nanocrystals within the glass upon appropriate annealing. In both scintillator
and storage phosphor applications, Eu is added to the glass for optical activation
showing an intense luminescence in the blue spectral region upon excitation
with ultraviolet light or x-rays. Note that Eu** does not luminesce in the glass
matrix but in the BaCl, nanocrystals [10, 46]. For this reason, the crystalline
structure of the barium chloride nanoparticles is critical to potential applications,
as scintillators and storage phosphors require vastly different light collection
methodologies, i.e., readout mechanisms. A further additive is InF3, whose
function as an oxidizing agent is explained below.

For luminescence from these materials, the critical component is the Eu, in
particular the Eu>" present in the BaCl, nanocrystals. However, PL and XANES
have shown that there is always a significant amount of Eu®" in the glass which
reduces the performance of these systems as both scintillators and storage phos-
phors [4, 46]. Specifically, in Ref. [47] it was found that about half of the doped
Eu exists as Eu®T in the as-made FCZ sample, even though it was added as EuF,.
XANES measurements showed that one source of oxygen was found to be in the
as-bought EuF,, in which Eu?* is oxidized to Eu®* before and/or during glass
melting. In this context, XANES gives detailed information on the electronic
structure, chemical valence, and chemical composition of the embedded Eu.

The glasses containing hexagonal BaCl, act as a scintillator while those contain-
ing orthorhombic BaCl, act as a storage phosphor. In such a complex system,
the addition of each new chemical and each change in processing affects the
important Eu?* luminescence efficiency and so must be systematically evaluated.

Taking a closer look at the FCZ glass melt, complex equilibria can occur between
all components depending on the process temperature. In particular zirconium
and indium provide a fluorine source due to reactions such as

1
ZrFy — ZrF; + EFZ (9)
ZrFy — ZrFp + F> (10)
InF3 — InF + F, (11)
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Figure 12: Normalized XANES spectra of the as-made, indium-free, Eu-doped FCZ
glass. A pseudo-Voigt function (dashed curve) and an arctangent function

(dotted curve) were used to fit each of the characteristic WLs of Eu?>* and
Eu’* and the absorption edge, respectively (see inset).

At processing temperatures of around 700 °C, ZrF3 is more stable than ZrF,
[48]. Difluoride, trifluoride and tetrafluoride have free energies of formation of

-410, -418 and -395 kJ/mol at 725 °C [49] leading to an equilibrium constant,

K = exp (—AIST? ), of 15.9, with the free energy of the reaction, AG?, at the

process temperature T = 725 °C. Thus at equilibrium the concentration of ZrF;
should be around 16 times higher than ZrF,. It is known, that reduced Zr3t or
Zr** result in black inclusions reducing glass performance [50]. However, this
is not observed in the readily formed glasses doped with indium trifluoride
which appear clear and transparent. Instead of using common methods like
corrosive and dangerous halide gases (SF¢ or Clp) for an oxidizing environment
[51], it appears that the reduction from ZrF, to ZrFj; is also suppressed by the
addition of a small amount of InF3 in non-dangerous nitrogen or argon working
atmospheres [52]. If Zr>* does form, the In®* oxidizes it back to Zr**, while it is
itself reduced to In'* (see Equation 11). In this chapter the influence of adding
InF3 and remelting on the Eu?*-to-Eu®* mole ratio is investigated. Some text
and figures have appeared previously in [14, 53].

3.1 X-RAY ABSORPTION NEAR EDGE STRUCTURE

Figure 12 shows the normalized Eu Ly XANES spectrum of the as-made Eu-
doped FCZ glass without InF3 doping. In the pre-edge region two maxima
can be clearly seen: one is located at about 6,975 eV, and the other is at about
6,983 eV. These two absorption bands are associated with a dipole-allowed
transition from a 2P3/, core level into an empty 5d state and are characteristic
WLs of Eu?* and Eu®* [54].
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Figure 13: Normalized XANES spectra of the as-made Eu-doped FCZ glasses without
(solid curve) and with o.5 (dashed curve) and 1 mol% InFj (dotted curve).

The WL of the Eu?" species is approximately 8 eV lower than the WL of Eu®"
species. The relative intensity of the two WLs is an indication of the Eu*"-to-Eu®*
ratio [55, 56]. To obtain quantitative information about these WLs and to deter-
mine the Eu?"-to-Eu®* mole ratio, a pseudo-Voigt function and an arctangent
function were used to fit each WL and the absorption edge, respectively. The
fitted curve (dashed curve) and the individual fitted components (dotted curves)
are shown in the same graph. It is known that the area ratio (Ag,) between the
Eu?" and Eu®* WLs is related to the mole ratio (Mg,) through Mg, = R - Ag,,
where R is a constant that is related to the 2p—5d transition probabilities of
Eu?t and Eu®* [56].

In a dilute system (e.g., an aqueous solution), the R value for Eu is about 1.5, de-
termined from an in situ XANES analysis of electrochemical conversion between
Eu®* and Eu®" in an EuCl; solution [56]. Since the Eu content is only 3 mol%
in the samples (see Table 1), the system can be considered dilute. Therefore, an
R value of 1.5 is used to determine Mg,, which is used to calculate the mole
fraction of Eu ions.

The XANES spectra depend significantly on the InF3 doping. Figure 13 shows
the normalized Eu Liy XANES spectra of as-made FCZ glass ceramics without
(solid curve) and with 0.5 (dashed curve) and 1 mol% InF; (dotted curve). A
significant shift in the energy of the XANES WLs is not evident in any of the
spectra. The height of the Eu?>" and Eu®>" WLs and therefore the Eu?*-to-Eu®"
mole ratio changes significantly upon increasing the InF3 doping level. The Eu?"
WLs of the InFs-doped samples are less intense than in the indium-free sample,
whereas the Eu>™ WLs are more intense. The Eu?>* WLs of both the InF3-doped
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Figure 14: Normalized XANES spectra of the indium-free Eu-doped FCZ glass, as-made
(solid curve), and remelted (dashed curve).
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Figure 15: Eu>*-to-Eu®* mole ratio vs annealing temperature for different InF3 mole
ratios.
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Figure 16: DSC measurements for as-made and remelted Eu-doped FCZ glasses. The
heating rate was 10 K/min.

samples have about the same height; The Eu?>* WL of the 0.5 mol% InFs-doped
sample is slightly less intense than the one of the 1 mol% sample.

Remelting the samples without any additional chemicals leads to significant
changes in the Eu?*-to-Eu®>" mole ratio. The normalized XANES spectra of the
indium-free sample before and after a remelting step can be seen in Fig. 14.
For the original sample the WLs of Eu?" and Eu’" are about the same height,
whereas after the remelting process the WL of Eu?" is significantly higher than
the Eu®* WL, i.e., the Eu?" WL increases in height and the Eu** WL height
decreases.

Figure 15 shows the Eu?*-to-Eu* mole ratio of the Eu-doped FCZ glass ceram-
ics versus the annealing temperature. Thermal annealing under an inert gas
atmosphere has no influence on the Eu?"-to-Eu®" mole ratio (XANES spectra
are not shown).

3.2 DIFFERENTIAL SCANNING CALORIMETRY

As shown in the XANES section, the Eu oxidation state is significantly affected
by the addition of indium and subsequent remelting. Further investigation
focuses on the influence of indium and/or remelting on the crystallization; this
was done using DSC, XRD and PL. DSC provides information on the onset of
the BaCl, crystallization [10].

The DSC data of Eu-doped FCZ glasses with and without 0.5 mol% InF3 are
shown in Fig. 16. The glass transition temperature is approximately 230 °C and
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does not change upon increasing InF3 content or when the sample is remelted.
The first exothermic peak can be found at 271 and 269 °C for glasses with and
without 0.5 mol% InFj3, respectively. For the glass containing 1 mol% InFj3, the
first crystallization peak is found at 277 °C (not shown). In Ref. [10] this peak is
attributed to the crystallization of BaCl, nanoparticles. For the remelted samples
the crystallization peak is smaller and shifted to higher temperatures, i.e., 281,
287, and 293 °C (not shown) for glasses with 0, 0.5, and 1 mol% InFs, respectively.
The large crystallization peak at 330 °C is associated with a partial crystallization
of the glass matrix, namely the formation of -BaZrFs and NaZrFs [29, 57].

3.3 X-RAY DIFFRACTION

Knowing the exact crystallization points and the influence of the addition of
indium and subsequent remelting from DSC, similar differences should also be
seen in the x-ray diffraction measurements.

Figure 17 shows XRD patterns for the Eu-doped FCZ glasses containing 0.5 mol%
InF3 annealed at temperatures from 260 °C to 290 °C for 20 min and of an as-
sociated remelted glass with 0.5 mol% InF; annealed at 290 °C. The as-poured
glass does not show any crystalline phases and is therefore not shown. Post
thermal treatment between 260 °C and 280 °C for 20 min leads to x-ray reflec-
tions which can be attributed to the formation and growth of BaCl, nanocrystals
of hexagonal structure (space group P62m (189), see bottom bar pattern). For
higher annealing temperatures sharper reflections in terms of lower full width
at half maximum (FWHM) values as well as better resolved diffraction patterns
are obtained. For lower temperatures, i.e., at 260 °C the reflections for 26 angles
around 39° and 61° overlap due to the small number and small size of the
already formed nanocrystals. Higher temperatures, i.e., a larger volume fraction
of still growing nanocrystals result in a higher reflection intensity and therefore
a better signal to noise ratio and a separation of these overlapped reflections,
respectively. Upon annealing at 290 °C a phase transition from hexagonal to the
orthorhombic BaCl, structure (space group Pnma (62), see top bar pattern) and
a so far unidentified reflection at 26.3° is observed. Remelting of the as-poured
glass followed by an annealing at 290 °C for 20 min leads to a diffraction pattern
which can be exclusively attributed to hexagonal BaCl, nanocrystals. Both the
unidentified and the orthorhombic BaCl, phases are not observed.

Figure 18 shows XRD patterns for the Eu-doped FCZ glasses without InF3, but
also annealed at temperatures from 260 °C to 290 °C for 20 min and of an
associated remelted glass without InF3 annealed at 290 °C. The crystal growth
behavior is similar to that of the InF3-doped sample: higher temperatures result
in a higher crystallized BaCl, volume fraction and a higher reflection intensity.
However, for the Eu-doped FCZ glass annealed at 290 °C no phase transition
from hexagonal to the orthorhombic BaCl, structure is observed as was seen
for the corresponding sample doped with InFs. All glasses of the indium-free
series contain mainly hexagonal phase BaCl,, but for both the normal and the
remelted samples heat treated at 290 °C, the additional unidentified reflection
for the 26.3° 26 angle occurs.
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Figure 17: XRD patterns of Eu-doped FCZ glasses with 0.5 mol% InF; annealed at
temperatures from 260 °C to 290 °C for 20 min and of an associated remelted
glass with 0.5 mol% InF3 annealed at 290 °C. The XRD patterns of hexagonal
(bottom, PDF 45-1313) and orthorhombic BaCl, (top, PDF 24-0094) are shown
for comparison.
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Figure 18: XRD patterns of Eu-doped FCZ glasses without InF3 annealed at tempera-
tures from 260 °C to 290 °C for 20 min and of an associated remelted glass
without InF3 annealed at 290 °C. The XRD patterns of hexagonal (bottom,
PDF 45-1313) and orthorhombic BaCl, (top, PDF 24-0094) are shown for
comparison.

33



34

INDIUM AND REMELTING

100
—— 0% InF,; hex. BaCl,
—&— (% InF,; remelted; hex. BaCl, A
g0 b —— 0.5% InF;; hex. BaCl,
—4— ().5% InF,; ortho. BaCl,
=) —&— (.5% InF,; remelted; hex. BaCl,
=
~ 60 [
<]
N
w2
2
2 40 r
5
o9
20
0

260 270 280 290
annealing temperature (°C)

Figure 19: Particle sizes for the (201) (hexagonal BaCl, phase) and the (211) (orthorhom-
bic BaCl, phase, half open triangle) reflections for the Eu-doped FCZ glasses
without (open squares) and with 0.5 mol% InF3 (open triangles) and their
associated remelted glasses (filled symbols) vs annealing temperature.

The XRD reflections are wider than the instrumental linewidth caused by size
broadening effects due to the growing nanoparticles. Using the reflection analy-
sis function of the DIFFRACplus EVA v1.2 XRD software, the particle size can
be estimated with the Scherrer formula. Figure 19 shows an overview of the
particle sizes for the (201) (hex. phase, squares) and the (211) (ortho. phase,
circles) reflections for the Eu-doped FCZ glasses without (open squares) and
with 0.5 mol% InF3 (open triangles) and their associated remelted glasses (filled
symbols) versus annealing temperature. At 260 °C the particles for all glasses
are of nearly equal diameter (d=2844 nm). As already shown in Ref. [10], in
general, an increase of the hexagonal crystallite size with increasing annealing
temperature is observed. A comparison of the hexagonal BaCl, phase nanocrys-
tal sizes of all glasses leads to the conclusion that the additional remelting step
results in larger overall diameters. Both the remelted indium-free and the InFs-
doped samples show very similar particle sizes from around 30 nm at 260 °C
to =~ 70 nm at 290 °C. However, for the non-remelted sample containing InF3
the BaCl, phase transition starts between 280 and 290 °C and is fully completed
at 290 °C, since no more reflections of hexagonal BaCl, are measurable. The
mean particle size of the orthorhombic phase is ~ 87 nm. The particle sizes and
crystal growth conditions of the non-remelted indium-free glass are not strongly
affected by different annealing temperatures. From 260 °C (d=28 nm) to 290 °C
(d=35 nm) the mean size increases only by ~ 7 nm.
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Compared to XRD, PL is even more sensitive to the structure of the BaCl,
nanocrystals. PL spectra of differently annealed FCZ samples, with and without
0.5 mol% InFj3, are plotted in Fig. 20. The samples were annealed for 20 min at
temperatures between 260 and 290 °C. All spectra have been normalized to their
most intense emission.

The as-made, indium-free sample annealed at 260 °C (top left, dashed-dotted
curve) shows the typical PL spectrum for a glass ceramic containing predomi-
nantly hexagonal phase BaCl, particles [10]. The peak at 406 nm is attributed
to the 5d-4f transition of Eu?* in hexagonal BaCl,; the origin of the less intense
but broader emission at 485 nm is unknown. A similar band near 485 nm was
reported in FZ glass ceramics containing small hexagonal phase BaBr, crystal-
lites and interpreted to be based on an impurity associated Eu®** site with a
perturbed crystal field [58, 59]. The 485 nm emission has only been observed in
glass ceramics containing hexagonal phase BaCl, nanoparticles. When annealing
up to 290 °C, the intensity of the 485 nm band lessens but there is no phase
transformation from hexagonal to orthorhombic phase BaCl,, as was reported
in Refs. [9] and [10], even though the heat treatment at 290 °C was well above
the temperature of formation of the nanocrystals (see Fig. 16, solid curve).

The 0.5 mol% InF3; doped sample (top right) shows the hexagonal phase after
annealing at 260 °C. Annealing at 290 °C leads to the formation of orthorhombic
phase BaCly: the 406 nm band is shifted to 401 nm, i.e., to the bulk BaCl, value
[60], while the 485 nm band is almost gone. When the as-made sample without
indium is remelted and subsequently annealed at different temperatures (bottom
left), the 485 nm peak is the most intense one, but the 406 nm peak increases
upon heat treatment and after the 290 °C annealing step, both bands have the
same intensity. However, it seems that there is also no phase transformation
from hexagonal phase to orthorhombic phase BaCl, although the annealing
temperature of 290 °C is again above the crystallization peak of the BaCl,
nanocrystals (see Fig. 16, dotted curve). On remelting the as-made sample that
contained 0.5 mol% InFj3 (see Fig. 20, bottom right), the 485 nm band is as intense
as the 406 nm band after the 260 °C annealing step, but the spectra after the 270,
280, and 290 °C anneal are all very similar with the 485 nm band slightly having
less in intensity than the 406 nm one.

3.5 DISCUSSION

The results show that the Eu?>-to-Eu®" ratio in Eu-doped FCZ glasses depends
significantly on the quantity of InF3 added and on the melting process. The
glasses containing InF3; always show a ratio of approximately 0.85 (0.5 mol%)
and 1 (1 mol%) Eu?"-to-Eu®*t. Remelting of these glasses leads to an increase in
the Eu?*-to-Eu®* mole ratio to values between 1.5 (0.5 mol%) and 1.7 (1 mol%).
Without the InF; additive, a higher fraction of Eu?* is produced. The indium-free
glass has an Eu?*-to-Eu®" mole ratio of about 1.8 before the remelting process.
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Figure 20: Normalized PL spectra of as-made and remelted Eu-doped FCZ glass ceram-
ics annealed at 260 (dashed-dotted), 270 (dotted), 280 (dashed), and 290 °C
(solid curve) for 20 min. The PL was excited at 280 nm.
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Figure 21: Overview of the InF3 glasses, as-made and annealed at different temperatures
from 260 °C to 290 °C in steps of 10 °C for 20 minutes.

Interestingly, the Eu?>" content can be further increased by a factor of about
2 upon remelting the glasses; the ratio increases to about 4.6, i.e., more than
80% of the europium ions are divalent. However, the quality of the glasses also
depends on the addition of indium and the melting process. Samples with lower
amounts of InF3 show a large number of black precipitates (reduced Zr) on the
surface (see Fig. 21). After remelting, the number and size of these precipitates
increase, in particular for those glasses without InFs.

This problem is alleviated in the presence of InF3 as InF3 acts as a mild oxidizer.
It appears that when InF; is added to maintain Zr in the 44- state, it also oxidizes
some of the Eu?>* to Eu®". This does not seem to depend on the amount of InF;
added to the glass. Both glasses containing InF; have the same Eu*"-to-Eu®"
ratio within experimental error.

The interactions within the material between the multiple cations and the halides
are very complex. It is known that fluorine and chlorine evaporate during the
melting process; ion chromatography results show that this could be up to 25%
by weight. In the remelting process, it is likely that further halide is lost and
so the redox conditions change as there is less fluorine and chlorine to bond to
the cations. The indium additive and the melting process also affect the crys-
tallization properties of the FCZ glasses. The BaCl, crystallization peak shifts
to higher temperature upon increasing the amount of InF3 and upon remelting.
In all annealed samples, crystallization of hexagonal phase BaCl, can be found,
but only for as-made InFs;-containing glass ceramics a phase transformation
to orthorhombic phase BaCl, is observed. Indium is required to produce the
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Figure 22: Final overview of the obtained results for the indium series.

desirable orthorhombic phase for the material to work as a storage phosphor.
When the as-made glass is heated for the first time, an exothermic peak appears
as the nanocrystals form. If the material is cooled to room temperature and
heated again the nanoparticles do not precipitate. As the nanocrystals are al-
ready crystallized in the first heating and there is no thermodynamic impetus
to reverse this reaction upon cooling. Therefore it is plausible that this is why
no nanocrystal precipitation takes place on the second heating. The hexagonal
phase is formed at temperatures below 290 °C, above this temperature the or-
thorhombic phase is formed.

Using InF3 has both advantages and disadvantages. It has proved to be essential
to glass quality. Without indium, the quantity of black precipitates (reduced
Zr) is unacceptably high. In addition, InF3 is also important for the storage
phosphor applications; without the addition of In, no phase transformation from
hexagonal to orthorhombic phase BaCl, nanoparticles can be found. While
subsequent remelting of the glass has proved to have a detrimental effect
on storage properties, the performance of the glass ceramics for scintillator
applications, where hexagonal phase BaCl, and a high Eu** content are needed,
is significantly improved by a remelting step. A final overview of the results is
shown in Fig. 22.



MULTIVALENT EUROPIUM-DOPING

The preceding chapter gave first insights into the complex equilibria of an FCZ
glass melt. However, the following chapter will focus on the most important
and expensive ingredient of the luminescent glasses and glass ceramics: the
fluorescent divalent europium. The high price in the world market is due to a
serious shortage of rare-earth minerals, mostly caused by China’s export embar-
goes and price policy in 2010 and 2011. Doubled or tripled costs of rare-earth
materials are first signs of an upcoming crisis which is predicted to climax in
2014 and 2015 [11]. Therefore, the Eu?* portion of the image plate is the most
expensive part. An attempt to overcome this problem is an in situ reduction of
the relatively inexpensive EuCl; to introduce divalent europium ions into the
glass. Some parts and figures of this chapter have appeared previously in [61].

Several routes are under investigation. MacFarlane et al. [62] reduced trivalent
europium by using metal hydrides and adding hydrogen to the process atmo-
sphere. Hydrogen reacts with the EuCl; to produce gaseous hydrogen chloride
and EuCl,. Unfortunately, melting in a hydrogen-bearing atmosphere can par-
tially reduce ZrF; and form the already mentioned dark gray precipitates in
the glass. Phebus et al. [63] showed that while trivalent europium was practi-
cally all reduced in a 4% hydrogen in nitrogen atmosphere, the resulting glass
was of poor quality. Coey et al. [64] showed that fluoride glasses made using
10 — 20 mol% EuF, contained a significant proportion of EuFs after process-
ing. Mossbauer spectra had a broad peak centered at —14 mm s~ ! indicating
spin relaxation of the Eu?" ions. The Eu®" produced a much narrower peak
environment at 0 mm s~!. Ball et al. [49] also used Mossbauer spectroscopy to
investigate thermal reduction of EuClz processed in a vacuum furnace. They
discovered that a mixture of EuCls, a chlorine deficient phase EuCl, 5, and EuCl,
was formed by treatment at 300 °C.

Glassner compiled thermodynamic data for a variety of metal halides including
the components of ZBLAN glass, but not for europium dihalides [48]. The
data for Zr show that at all temperatures, ZrF3 is the most stable fluoride. The
thermodynamic stability of ZrF3 in the glasses has not been confirmed. However,
MacFarlane et al. [62] processed melts in hydrogen-bearing atmospheres and
found black precipitates in the glass that were attributed to reduced zirconium
species. The precise mechanism of formation of these precipitates is not yet
understood. Broer observed black precipitates in ZBLAN glasses and attributed
them to partially reduced zirconium halides [51]. Rard reviewed the properties
and thermodynamics of RE fluorides and reported reduction of Eu®>* on heating
[12]. Massot et al. [13] studied reduction of Eu" in molten salts by using cyclic
voltammetry. They reported an equilibrium constant of 0.811 for [Eu*"]/[Eu®"]
at 800 °C. This finding is consistent with Rard’s assessment and suggests that
thermal reduction of EuCl; is a feasible route for synthesizing the divalent salt.
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Figure 23: Normalized XANES spectrum of the as-made, nominal 100% EuCls-doped
FCZ glass. A pseudo-Voigt function and an arctangent function (dashed
curves) were used to fit each of the characteristic white lines of Eu?*" and
Eu®" and their absorption edges, respectively. The inset shows the normalized
XANES spectrum of the as-made, nominal 100% EuCl,-doped FCZ glass for
comparison.

In the following sections, focus is put on the amount of divalent and trivalent
Eu chloride and fluoride additives. The nominal composition of the FCZ glasses
investigated is 51ZrF4-20BaCl,-20NaF-3.5LaF3-3AlF3-0.5InF3-xEuCly-(2-x)EuClz
(x=0,0.4, 0.8, 1.2, 1.6, 2.0) (values in mol%) for the chloride series, and 51ZrF,-
20BaCl,-20NaF-3.5LaF3-3AlF3-0.5InF3-xEuF,-(2-x)EuF; (x=0, 0.4, 0.8, 1.2, 1.6,
2.0) (values in mol%) for the fluoride series. The effect of multivalent Eu doping
on the BaCl, crystallization is discussed. XANES, DSC and XRD investigations
were performed to evaluate the accurate Eu?*-to-Eu®" ratios, as well as the
BaCl, crystal phases.

4.1 X-RAY ABSORPTION NEAR EDGE STRUCTURE

Figure 23 shows the normalized Eu Ly XANES spectrum of the as-poured, nom-
inal 100% EuClz-doped FCZ glass. As already mentioned in Chapter 3, the two
absorption bands located at approximately 6,975 eV and 6,983 eV are caused by
a dipole-allowed transition from a 2P/, core level into an empty 5d state and
can be assigned to the characteristic WLs of Eu?* and Eu’", respectively [54].
The Eu?"-to-Eu>* ratios can be determined by building the relative intensity
ratios of the two WLs via fitting each WL by a pseudo-Voigt and arctangent
function (see Fig. 23).

Figure 24 shows the measured Eu®" fractions for different ratios of EuClp-to-
EuCl; in FCZ glasses versus annealing temperature. The actual Eu*" content
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Figure 24: Measured Eu?* fraction for differently EuClp-to-EuCls3-doped FCZ glasses
vs. annealing temperature. The linear fits are a guide to the eye.

differs from the nominal Eu*" doping and also shows a slight decrease when the
annealing temperature is increased within each doping series, in contrast to the
series in Chapter 3. In this case, the heat treatment was done in an inert-argon
atmosphere, whereas it was previously done in nitrogen. Another difference is
that the studied samples here were exposed to air for several days before the
heat treatment.

Weber et al. [14] evaluated Mossbauer measurements on an Eu?>*-Eu’t mixed
powder and attributed the decrease in Eu?", after 10 weeks exposure in air, to ox-
idation. The observed behavior here is, therefore, likely caused by a small partial
and diffusion-limited oxidation of Eu?>* on and near the oxygen-contaminated
glass surfaces during the annealing step. The diffusion coefficient in solids at
different temperatures is well known to be proportional to exp(-E4/RT), with
the activation energy for diffusion E,4, the universal gas constant R, and the tem-
perature T of the solid. Therefore, higher annealing temperatures lead to slightly
larger diffusion distances for oxygen and moisture for the same annealing time,
leading to a decrease in the actual Eu?>" content. The melting process has an
even bigger influence. When doped with pure EuCls, about 40% of the Eu®*
is reduced to Eu?*. Looking at the thermodynamics and at the primary-phase
equilibrium for changing the Eu oxidation state, this result fits well with theory.
The reaction equation during heat treatment above 570 K (297 °C) is given by

[65]:

EuClz — EuCl, + %Clz, (12)
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and the corresponding equilibrium constant is given by:

B G2 _a[EuCly] p!/2 [Cl,]
K =exp <_RT> = 4 [EuCly] , (13)

with the free energy of the reaction G? at process temperature T and the gas
constant R. As previously mentioned, Massot et al. calculated K to be 0.811 for
an operating temperature of 800 °C via an electrochemical study. For pure EuClz
doping, this would result in an equilibrium consisting of 45% Eu?" and 55%
Eudt, confirming the measured data for the ZBLAN:EuClz melt, i.e., the sample
with nominal 0% Eu®" fraction in the as-made state.

Doping with pure EuCl, shows the possible Eu?>" doping limit for the above
explained melting process to be slightly more than 90% for the as-made glass
(see Fig. 24). It was shown that the InF; additive acts as a mild oxidizer pre-
venting a reduction from Zr*t to Zr3t for reasons of glass quality, but at the
same time also oxidizes some Eu?" to Eu*". Moreover, even minimal oxygen
contamination in the used raw materials and the above-mentioned long air
exposure could lead to this oxidation process and the 90% limit, respectively.
Unlike all other series, the nominal pure 2 mol% EuCl,-doped series shows a
significant downward trend to lower Eu?" fractions with higher annealing tem-
peratures (78% for 20 min annealing at 290 °C) synonymous with an increased
conversion from Eu?" into Eu®*. The reason is not completely understood yet,
but could be related to a higher Eu fraction near the surface caused by a not fully
homogeneously blended melt and glass, respectively, making an interaction
with oxygen during air exposure more probable. Looking at the measured Eu?*
fractions and their corresponding theoretical Eu?* fractions, it is noticeable that
the difference between them is not linear in all regions.

Figure 25 shows the measured Eu?* fraction for Eu?*-to-Eu®* chloride- (squares)
and fluoride- (triangles) doped FCZ glasses. During melting, more Eu*" is
formed when the glasses are doped with EuClsz as opposed to EuFs. Thus, for
the chloride series and from nominal Eu?™ fractions between 0 and 80%, an even
higher Eu?>* amount is found because of the reduction of the additional Eu®*
dopant. A saturation is observed at nominal Eu** fractions of more than 80%
because of the above-mentioned effects of InF3 and oxygen contamination. These
effects are confirmed when looking at the fluoride series, where the measured
Eu?* fraction also saturates at almost the same mean value of about 83% (Eu>"
fraction of about 17%) for a nominal pure EuF,-doped glass.

4.2 DIFFERENTIAL SCANNING CALORIMETRY

Again, DSC measurements are performed on all glass ceramics to be able to
optimize the annealing conditions as well as the respective luminescence yield.
Compared to Chapter 3, this section will give a more detailed DSC analysis,
because it is known from literature, that Eu*>" is partially incorporated into the
BaCl, nanocrystals, for example by a substitution of a Ba®" site, while Eu®" is
not [10]. Thus, the different Eu doping levels will have a significant impact on
the nanocrystallization and phase transformation.
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Figure 25: Measured Eu?" fraction for Eu?*-to-Eu®* chloride- (squares) and fluoride-
(triangles) doped FCZ glasses vs their nominal Eu?* fraction. The polynomial
fits are a guide to the eye.

The oxidation state’s influence on the crystallization is shown by non-isothermal
DSC measurements. The important points of interest are marked in Fig. 26 for
an FCZ glass with an Eu?" fraction of 60%, measured with a heating rate of
10 K/min. T, is the glass transition temperature, i.e., the point where glass
viscosity and specific heat capacity drop significantly. The crystallization onset,
Ty, and the peak temperature of the first crystallization, Tp1, are attributed to the
crystallization of hexagonal BaCl,, while T}, is attributed to the phase transition
from hexagonal to orthorhombic BaCl,.

In the previous section, XANES was used to evaluate the accurate Eu?*-to-Eu*
ratios. Figure 27 shows the peak temperature of both hexagonal and orthorhom-
bic peak maxima as a function of the different Eu?>*/Eu®" doping fractions;
the heating rate was 5 K/min. A significant shift to lower temperatures is
observed for both peaks when increasing the Eu?" fraction from 0% to 20%.
This trend confirms the behavior of the phase transition temperature obtained
from corresponding XRD data of the heat treated samples (see section below):
For pure EuCls doping higher annealing temperatures are required to convert
the hexagonal particles into particles with orthorhombic crystal structure. The
hexagonal phase is obtained with 20 min heat treatments between 250 to 270 °C;
at 280 °C a phase mixture of hexagonal and orthorhombic phase is measured,
while the fully crystallized orthorhombic phase is not observed before 290 °C.
Crystallization peak positions for a Eu-free ZBLAN glass are additionally shown
for comparison. Averaging the peak temperatures of the Eu-doped samples
shows that Eu doping leads to higher temperatures for the transformation to
the orthorhombic phase (Tp2:289 °C for the Eu-free sample to Tp2:294 °C for
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Figure 26: Plot of the DSC data for the FCZ glass with a Eu?>* fraction of 60%. The
heating rate was 10 K/min.
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Figure 27: Crystallization peak position, T, for the hexagonal (squares) and the or-
thorhombic BaCl, crystallization (circles) depending on the different Eu?*
doping fractions. The heating rate was 5 K/min. Data for a Eu-free ZBLAN
glass is shown for comparison.
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Figure 28: Plot of the DSC data for the FCZ glass with a Eu?* fraction of 80%. The
different heating rates go from 5, 7.5 and 10 to 25 K/min in steps of 5 K/min.
The curves are vertically displaced for clarity.

the Eu-doped samples) than for the hexagonal phase crystallization (T);=231 °C
for the Eu-free sample to T} =233 °C for the Eu-doped samples). This behavior
is described in more detail below.

DSC measurements with different heating rates, «, enable the determination of
the BaCl, crystallization activation energy, E,, by Kissinger’s method [66]:

d |In(a/T? Ey;, Kissinger
[d (S/TP;)} B N

where R is the gas constant. With higher heating rates the crystallizations are
shifted to higher temperatures; their peak intensities are increased due to an
enhanced heat flow dH./dT into the samples (see Fig. 28), which is given by

dH./dT =m-cy -« (15)

the product of sample mass m, sample specific heat capacity c, and the constant
heating rate . When plotting In ((x / Tr%) vs. (1/T,) as shown in Fig. 29, E,

can be obtained from the slope of the linear fit. As 14 suggests, lower E, val-
ues correspond to more stable glasses and a larger separation between T), and T.

Figure 30 shows E, versus varying the Eu** and Eu®>" doping fraction. E, of
the hexagonal phase is not sensitive for the different Eu oxidation states, but
E, of the hexagonal to orthorhombic phase transformation shows an increase
with increasing Eu?* amount, i. e., more energy is needed to initialize the
transformation to orthorhombic crystal structure. However, some points trend
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Figure 29: Fit for the pure EuClz-doped FCZ glass. The slope gives the apparent activa-
tion energy, E,.
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Figure 30: Activation energies, E,, for the hexagonal (squares) and the orthorhombic
(circles) BaCl, crystallization obtained from the DSC data depending on the
different Eu?* and Eu®* doping fractions. Data for a Eu-free ZBLAN glass is
shown for comparison.



4.3 X-RAY DIFFRACTION

down, likely caused by composition inhomogeneities of the pieces coming
from different sample positions. Compared to the pure EuCly-doped FCZ glass
(C1/(Cl+F)=15.22%) the available Cl/(Cl+F) amount in the melt is 0.6% higher
for pure EuClz doping (15.81%), i. e., the small increase in the chlorine volume
fraction for changing the Eu-doping from Eu?" to Eu®" might be the reason
for the fact that the energy needed for the phase transformation decreases.
Furthermore, photoluminescence measurements have shown, inter alia, that
Eu?" is incorporated into the BaCl, nanocrystals, for example by a substitution
of a Ba?" site, while Eu®* is not [10]. Therefore, another explanation for the
phase transition influences will be given in the photoluminescence section later.
Looking at the activation energies for the Eu-free ZBLAN, it is striking that
the energies for both phases are within the error (E, pex. =240 £ 7 kJ/mol and
E; ortho.=235 £ 9 k] /mol), while there is a huge difference between the hexagonal
and the orthorhombic crystallization energy for the various Eu-doped samples
(the maximum difference is 63 kJ /mol for a Eu?>* fraction of 0.39). This difference
decreases with increasing Eu®* fraction.

4.3 X-RAY DIFFRACTION

Figure 31 shows a typical XRD pattern for a 2 mol% EuClz-doped FCZ glass.
The as-poured glass does not show any crystalline phases, whereas annealing at
250 °C for 20 min leads to the formation of hexagonal phase BaCl, nanocrystals
(space group P62m (189), see bottom bar pattern). Whereas up to an annealing
temperature of 270 °C only diffraction peaks related to hexagonal BaCl, are
detectable, a phase transition to the orthorhombic BaCl, structure (space group
Pnma (62), see top bar pattern) can be observed upon annealing at 290 °C. In
addition, two reflections arise at 26.3° and 50.1°, which are not yet identified.

Figure 32 focuses on the crystalline phases and their transition temperatures for
different Eu?" fractions. It can be seen that the temperature at which the phase
transition from hexagonal to orthorhombic structure occurs, depends on the Eu
valence, i.e., a higher amount of divalent Eu leads to a less stable hexagonal
BaCl, phase. When doped with nominally pure EuCl,, a phase transition from
hexagonal to orthorhombic structure is completed at 270 °C. For Eu?* fractions
between 54% and 83% the transition takes place at 280 °C, whereas, for pure
2 mol% EuCl; doping, a fully transformed orthorhombic BaCl, phase is not
found before annealing at 290 °C for 20 min. In comparison to the chlorides, the
fluorides (not shown for reasons of clarity) show that the phase transition takes
place at a higher temperature.

Figure 33 shows XRD patterns of an Eu?>*-Eu®" fluoride FCZ glass series an-
nealed at 270 °C for 20 min. Compared to the nominal 100% EuCl,-doped
sample, which already shows a completely orthorhombic BaCl, phase at 270 °C,
the nominal 100% EuF,-doped glass still contains a clear measurable amount of
both phases. Furthermore, within the fluoride series a phase mixture at 270 °C
is not observed prior to 40% Eu®" being present, whereas it is observed at 20%
within the chloride series. Because the base-glass compositions (except Eu*™ and
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Figure 31: XRD patterns of a pure 2 mol% EuCls-doped FCZ glass as-made and an-
nealed at temperatures from 250 °C to 290 °C for 20 min. The XRD patterns
of hexagonal (bottom, PDF 00-45-1313) and orthorhombic BaCl, (top, PDF 00-
24-0094) are shown for comparison.
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Figure 32: BaCl, nanocrystal phases depending on the Eu valence fraction and annealing

temperature of the chloride (solid symbols) series: hexagonal phase (squares),
mixed phase (open triangles), and orthorhombic phase (circles).
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Figure 33: XRD patterns of an Eu?-Eu®" fluoride FCZ glass series annealed at 270 °C
for 20 min. The percentages correspond to the measured Eu?* fraction of the
total Eu doping. The XRD patterns of hexagonal (bottom, PDF 00-45-1313)
and orthorhombic BaCl, (top, PDF 00-24-0094) are shown for comparison.

Eu>t chlorides and fluorides) remain constant, there are two possible reasons
for this behavior: First, because of the slightly decreased chlorine content in the
Eu fluoride series, higher energies and temperatures are needed, respectively, to
initiate the nucleation and phase transition. Second, the XANES measurements
show that, compared to the chloride series, the Eu" in the fluoride series is
more stable for the same melting process. From the previous results on chlorides
(see Fig. 25) it is known that a lower amount of Eu®*" leads to a more stable
hexagonal BaCl, phase, explaining the later phase transition at higher tempera-
tures for the fluoride series.

As already introduced in the previous chapter, the reflection analysis function
of the DIFFRACplus EVA v1.2 XRD software is used to estimate the particle size
with the Scherrer formula. Figure 34 shows an overview of the particle sizes for
the (201) (hex. phase, squares) and the (211) (ortho. phase, circles) reflections
and the unknown phase reflection at 260 ~ 26.3° (triangles) for the different FCZ
glass doping ratios and annealing temperatures. As already shown in Ref. [10]
an increase of the hexagonal crystallite size with increasing annealing temper-
ature is observed for temperatures between 250 °C (d=13+2 nm) and 270 °C
(d4=26+4 nm). Different Eu?*-to-Eu®" fractions do not influence the hexagonal
BaCl, nanocrystal sizes in between their respective annealing temperatures.
However, for the pure EuCl, sample annealed at 270 °C, the hexagonal phase
completely disappears in favor of the orthorhombic proportion (for 260 °C no
XRD data was available). A phase mixture is observed for Eu?* fractions be-
tween 0.54 and 0.83; for a 0.39 fraction (maximum Eu?* amount) only hexagonal
phase particles are found. While the orthorhombic particle sizes fluctuate widely
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Figure 34: Particle sizes for the (201) (hexagonal BaCl, phase, squares), the (211) (or-
thorhombic BaCl, phase, circles) reflections and the unknown phase peak
at 20 ~ 26.3° (triangles) for the different FCZ glass Eu valence fractions
(chloride series) and annealing temperatures: 250 °C (cyan), 260 °C (blue),
270 °C (green), 280 °C (red) and 290 °C (black).

with an average diameter of 4=70+22 nm, annealing at 280 °C for 20 min leads
to a stable orthorhombic phase from 0.39 to 0.83 Eu?* fraction with an average
diameter of d=814+4 nm (again for the pure EuCl, sample no XRD data was
available). No more hexagonal particles are found for this annealing condition,
but the already mentioned unknown phase shows up for Eu?" fractions above
0.66 with particle sizes of around 110 nm, which decrease with increasing Eu?*
amount to 94 nm for the 0.83 fraction. Since the unknown phase is not observed
for low Eu*" doping levels (fractions of 0.39 and 0.54), it looks like the Eu ions
act as nucleation centers triggering the crystallization. However, the decrease
in size with higher doping concentrations suggests that more crystal nuclei are
produced during crystallization leading to smaller particles in greater quantities.
Annealing at 290 °C for 20 min allocates enough energy for the unknown phase
to precipitate with very small Eu>" amounts. The particle size is nearly stable for
Eu?* fractions between 0.39 and 0.83 with an average diameter of d=114+5 nm
implying a fully crystallized phase under these conditions. For nominal pure
EuCl, doping (fraction of 0.84) a decrease to 99 nm is observed. This may be
caused by an energetically preferred orthorhombic phase due to a lower BaCl,
crystallization activation energy for the pure EuCly,-doped FCZ glass. At the
same time, this could mean that the unknown phase consists of barium and/or
chlorine compounds with a crystal structure other than the orthorhombic one.

In addition to the unknown crystals, orthorhombic BaCl, particles are present
for all Eu-doped samples held at 290 °C. The averaged diameter is 4=82+17 nm,
which is smaller than the value of the unknown phase. However, the size
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develops differently with increased Eu?" content: for fractions between 0.39
and 0.54, a rapid decrease from 108 to 59 nm occurs and after that a monotonic
increase for Eu*" fractions between 0.54 and 0.83 up to 91 nm is observed. For the
nominally pure EuCl,-doped FCZ glass, the averaged size stagnates or slightly
decreases to 86 nm. It appears that a few Eu®" ions acts as nucleation sites and
thus larger crystals can grow due to inert surroundings and volume quenching
effects, respectively. Again the rapid decrease in size for the Eu?>* fraction of 0.54
may be caused by more available nucleation grains for crystallization, leading
to a higher number of smaller particles. The size monotonically increases with
higher Eu*" content caused later by the decreasing distance between individual
particles resulting in the so-called Ostwald ripening effect, where small crystals
dissolve and redeposit onto larger crystals. The slight decrease in size for the
nominal pure Eu?" glass can be correlated with the decrease in the BaCl,
crystallization activation energy, leading to many more nucleation sites from the
metastable phase, which on average reduce the mean crystal size.

4.4 PHOTOLUMINESCENCE

BaCl, nanocrystal structure sensitive PL spectra of differently annealed and
differently Eu** /Eu®*-doped FCZ samples are plotted in Fig. 35. The samples
were annealed for 20 min at temperatures between 250 and 290 °C. Again
the samples were excited in the ultraviolet spectral range at 280 nm and all
spectra were normalized to their most intense emission. All samples annealed at
250 °C (dashed-dotted curves) show the typical 5d-4f transition PL peak of Eu?*
incorporated into hexagonal phase BaCl, particles and the less intense emission
at 475 nm, even the nominally 100%-doped Eu3t sample which confirms the

already discussed conversion mechanism from Eu®" to Eu*" during melting.

When annealing up to 290 °C, the 475 nm band disappears for all different
doping fractions as a result of the phase transformation from hexagonal to
orthorhombic phase BaCl,. However, there are differences in the emission spectra
for the differently heat-treated samples such as peak position of the main PL
peak and intensity of the second peak, which are in good correlation to the
obtained nanocrystal phases:

The spectra of the nominally 100%-doped Eu®>* sample with measured 39% Eu®*
fraction (top left) show no significant differences between 250 °C and 270 °C

annealing, both show the typical Eu*" PL of the hexagonal nanocrystal phase.

XRD has shown that annealing at 290 °C leads to the formation of orthorhombic
phase BaCl,. Here, the 405 nm band for 250 °C is shifted to 399 nm, the typical
Eu?* PL when embedded into orthorhombic bulk BaCl,, while the 475 nm band
disappears. At 394 nm a small dip in the Eu?>* emission band is observed, which

is assigned to an Eu®" absorption from the ground state “F to state °L¢ [67].

Increasing the divalent doping fraction, this absorption decreases due to less
Eu®" in the glass. Furthermore, a higher Eu*" fraction leads to a decrease in
the peak intensity ratio 1(475 nm)/I(405 nm). The 475 nm peak of the 250 °C
spectra is rising from 39% Eu?" to 84% Eu?* fraction. This confirms the theory
of the impurity associated Eu®" sites or clusters, which are more probable to
form with higher Eu?>* amount.

51



52 MULTIVALENT EUROPIUM-DOPING

wavelength (nm) wavelength (nm)
550 500 450 400 550 500 450 400
| I I | I I I |

39 % Eu”’ b 54 % Eu™
fraction i | fraction

=

[72]

=

&

8=

=

Q

N

=

g

o)

b=
| T T T TR N T | I I T TN NI

| I I | I I I |

83 % Eu”' 84 % Eu”' A
fraction fraction i

iy

wl

=

Q

k=

=

Q

N

=

g

&)

b=
1 | 1 1 | 1 1 | 1 1 1 1

22 24 26 28 30 32 22 24 26 28 3.0 32
photon energy (eV) photon energy (eV)
Figure 35: Normalized PL spectra for different Eu?* fractions (measured with XANES)

in FCZ glass ceramics and annealed at 250 (dashed-dotted), 270 (dotted), and
290 °C (solid curve) for 20 min. The PL was excited at 280 nm.
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Figure 36: Stimulation energy for different Eu?* fractions in FCZ glass ceramics doped
with EuF; (dashed lines) or EuCl, (solid lines) and annealed at 270 (squares),
280 (triangles), and 290 °C (circles) for 20 min.

The approximately 5 nm PL peak shift for the phase transition is also observed
for the 84% Eu®* sample (bottom right). However, in contrast to the lower
Eu?"-doped glass ceramics, here the 475 nm band is almost gone for 270 °C
annealing, meaning that the hexagonal phase undergoes the phase transition to
orthorhombic form at lower temperatures. This is also verified by the already
discussed XRD results showing a higher amount of divalent Eu leads to a less
stable hexagonal BaCl, phase (see Fig. 32). The higher Eu?>" doping fraction
probably results in a higher Eu** concentration in the nanocrystals causing
an earlier hexagonal to orthorhombic phase transformation. At the same time,
the larger number of impurities associated with Eu?" sites or clusters disturbs
the crystal transformation and is a possible explanation for the increase of the
activation energy measured via DSC.

4.5 PHOTOSTIMULATED LUMINESCENCE

To test the multivalent Eu series for its applicability as a storage phosphor,
PSL measurements were performed at SUNY-Stony Brook, NY, USA. Figure 36
focuses on the SEs for different Eu>" fractions in FCZ glass ceramics doped with
EuF; (dashed lines) or EuCl, (solid lines) and annealed at 270 (squares), 280
(triangles), and 290 °C (circles) for 20 min. The error calculation can be found in
the Appendix A. In order to detect PSL signals, annealing temperatures of at
least 270 °C and high Eu?" fractions above 77% are needed. For these 270 °C
EuF,-doped samples the highest energies (230 1]/ mm?) are required to reduce
the PSL intensity to 1/e of its initial value, because in this samples the volume
fraction of orthorhombic BaCl, is still small compared to the ZBLAN glass
matrix. With consistent annealing conditions, a higher Eu?t fraction results in
even higher required SEs.
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Figure 37: Conversion efficiency for different Eu?>" fractions in FCZ glass ceramics
doped with EuF, (dashed lines) or EuCl; (solid lines) and annealed at 270
(squares), 280 (triangles), and 290 °C (circles) for 20 min.

All EuCly-doped samples annealed at 280 °C are PSL active and thus contain
a sufficient amount of orthorhombic BaCl,. In comparison to the EuF,-doped
glasses annealed at 270 °C, they already need significantly less SE, but also show
a slight increase in SE (from 59 to 86 xJ/mm?) with an increasing Eu?* fraction.

In the case of glasses annealed at 290 °C for 20 min, no significant differences
are observed between the different materials, EuF, and EuCl,. Again, higher
temperature leads to an overall decrease in SE, whereas an increasing Eu?* frac-
tion results in an energy increase. However, small negative slopes are observed
at higher fractions above 70% for the EuF; and above 80% for the EuCl, series.

Figure 37 shows the calculated CEs for different Eu?>" fractions in FCZ glass
ceramics doped with EuF, (dashed lines) or EuCl, (solid lines) and annealed
at 270 (squares), 280 (triangles), and 290 °C (circles) for 20 min. The highest SE
observed for the sample annealed at 270 °C and with the high Eu?*" fraction
of 77% leads to the smallest CE of 0.3 p]/ mm?/mR. Vice versa, a lower SE
leads to higher CE values for the multivalent Eu-doped FCZ glasses. Therefore,
the CE increases with increasing annealing temperature from 270 (squares) to
290 °C. However, there is a decrease in CE observed for higher Eu?" fractions.
In particular, for fractions above 80% the CE of the samples being annealed at
290 °C drop below the values of the lower annealed samples. The outstanding
value at 42% Eu?" fraction belonging to the 290 °C (circles) EuF, sample is
considered to be a measurement artifact, because it does not fit into the trend.
A comparison between fluoride and chloride series yields slightly higher CE
values for the series doped with EuF,.
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4.6 DISCUSSION

XANES measurements show that, during the glass-melting process, Eu®" is
partially reduced to Eu®>". Because the measured Eu®" fraction in the glass
saturates with higher doping ratio (only 13% difference between nominal 60%
and 100% Eu?* fraction), usage of the cheaper EuCl; for this region would
reduce costs without lowering the Eu?* luminescence significantly. These results
also show that europium chloride converts more Eu* into the divalent valence
state than their fluoride counterparts. Furthermore, a slight oxidation of Eu?*
during annealing was observed. Therefore, it is recommended to heat treat the
samples soon after the cutting and polishing steps.

The different chemical equilibria of the multivalent Eu-doped FCZ glass melts
significantly influence the BaCl, crystallization, which is important for lumi-
nescence output. XRD, PL and PSL measurements show that a higher amount
of divalent Eu leads to an earlier (in terms of temperature) phase transition
from hexagonal to orthorhombic BaCl,. As XANES results suggest, the phase
transition takes place at higher temperatures for Eu-fluoride compounds than
for their chloride equivalents.

Examining the applicability of the multivalent Eu-doped ZBLAN glasses as
storage phosphor imaging plates and comparing the gained SE and CE val-
ues with the most commercially used x-ray storage phosphor, BaFBr:Eu*", the
FCZ glasses still cannot compete with the reference. The best working sam-
ple out of the series is the lowest EuCly-doped (39%) FCZ glass providing a
SE of 459 uJ/ mm? which is a factor 3.4 higher than for BFB, and a CE of
5.2 p]/mm?/mR, which is a factor 4.6 worse. However, a very interesting obser-
vation is that for the multivalent Eu-doped FCZ glasses the conversion efficiency
decreases with increasing Eu*" fraction and decreasing Eu®", respectively. There
are two possible explanations: The most likely one is that hole defects which
are acting as localized electron traps for the meta stable e-h pairs are probably
associated with Eu®t. For bulk crystalline BaCl,:Eu?™, it was shown that the
photostimulatable electron traps are F centers [68]. In Ref. [9] Schweizer et al.
claim that F centers are also the photostimulatable traps in the glass ceramics,
because the PSL stimulation spectra recorded in the FCZ glass ceramics and
in BaCl, powder occur in the same spectral range. However, they also found
that a different or a perturbed F center is involved in the glass ceramic case,
which probably is associated with Eu**. Therefore, a higher Eu* fraction causes
more defects to be present in the glass matrix, leading to an increase in storage
phosphor conversion. That phenomenon is also the reason for the EuF; series
providing the better conversion efficiency, because it is known from XANES that
the EuF, series contains a higher fraction of Eu®* than the EuCl, series.

The second possibility for the CE decrease with increasing Eu?" fraction and
decreasing Eu" is an energy self-quenching effect with too much Eu?* similar
to the Eu*" quenching mechanism in as-made glasses without BaCl, nanoparti-
cles [9]. Increasing the EuF, or EuCl, content leads to smaller distances between
neighbored Eu?" ions making interactions and in particular a non-radiative
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Figure 38: Final overview of the obtained results for the multivalent europium series.

energy transfer between the ions more probable. Less energy is stored and
therefore the CE decreases.

In conclusion, in terms of a price reduction for image plates for medical diag-
nostics, multivalent Eu doping of ZBLAN glasses and glass ceramics could be
a technically and financially feasible route. A final overview of the results is
shown in Fig. 38.



RARE-EARTH CO-DOPING

Eu?" is not the only RE capable of being incorporated into BaCl, nanocrystals
leading to an enhanced fluorescence. Fluorescence investigations on Nd**-doped
FCZ glasses indicate that some trivalent RE ions like Nd*>* ions can also be
incorporated into the nanocrystals [69].

In an attempt to enhance light output, the Eu?* glasses are additionally doped
with a further RE, namely Gd, Nd, Yb, or Tb, to study possible energy transfer
between the RE dopants and potential effects on the optical and structural prop-
erties. Preliminary investigations have shown that RE doping has a significant
influence on the BaCl, crystallization behavior: In Eu?*-doped FCZ glasses, the
BaCl, crystallization energy is about 260 kJ/mol [70], while preliminary DSC
work on 5 mol% Nd3*-doped FCZ glasses yielded a crystallization energy of
about 200 kJ/mol. Thus, a further RE may also affect the BaCl, crystallization
which is investigated in detail below. The RE doping level was 1 mol% for all
glasses. XANES measurements were done to evaluate the influence of the RE co-
dopants on the Eu valency. DSC experiments were performed to obtain thermal
stability parameters and the activation energies of the dopant dependent BaCl,
crystallization. Some parts and figures of this chapter have appeared previously

in [70, 71].
5.1 X-RAY ABSORPTION NEAR EDGE STRUCTURE

In order to investigate a possible influence of the different RE co-dopants on
the Eu valency, XANES spectra of all samples were recorded around the Eu Ly
edge and the Eu?"-to-Eu®" ratios determined by building the relative intensity
ratios of the two characteristic WLs of Eu?" and Eu". Figure 39 shows the
Eu?" fractions for the different RE co-dopants in FCZ glasses versus annealing
temperature. All fractions lie in between 88 and 96%; for the untreated glasses
the values differ only by 5%, which is probably caused by slight variations of the
glass composition. Within all different annealing temperatures, YbCl3 doping
shows the smallest Eu?* fractions. Similar to the multivalent Eu series, the Eu2*
content shows a slight decrease when the annealing temperature is increased.
Since these samples were also exposed to air before being heat treated, the
decrease in the cases of Yb, Tb and Nd can be explained again by a small partial
and diffusion-limited oxidation of Eu** on and near the oxygen-contaminated
glass surfaces during the annealing step. However, Gd interestingly shows an
opposite trend; the Eu?" content increases from 90% for the untreated glass to
96% when the temperature is increased to 260 °C.
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Figure 39: Measured Eu?* fraction of the 1 mol% XCl3 (X=Yb (triangles), Tb (circles),
Nd (open squares), Gd (filled squares))-1 mol% EuCl,-doped FCZ glasses vs
annealing temperature.

5.2 DIFFERENTIAL SCANNING CALORIMETRY
5.2.1 Preliminary Investigations

To investigate the influence of different trivalent rare-earths as potential co-
dopant for Eu?* on the BaCl, crystallization, Eu®", Er¥*, Gd3*, Nd3*, and Tb**
single-doped FCZ glasses are studied first. The composition of these glasses
consists of 52ZrF,;-20BaCl,-20NaF-3.5LaF;-3A1F;-0.5InF3-1REF; (RE = Eu’t,
Er’t, Gd3t, b7, Nd3+) (values in mole percent).

Thermal Stability Parameters

Figure 40 shows the DSC data for all trivalent RE dopants at a heating rate
of 10 K/min. The results are assembled in Table 3 and show that the dopants
have only a small effect on Ty, i.e., Gd*"-doped glass has the lowest value at
211 °C, while the glass transition temperatures for Er>*- or Tb3*-doped glasses
are approximately the same as the undoped glass at 213 °C. Nd*" has a T, of
214 °C, while Eu®* has the highest value at 216 °C. However, the onset and
peak of the BaCl, crystallization, as well as the melting temperature of the glass
itself, show significant changes between the undoped and the RE-doped FCZ
glasses: No doping leads to a Ty of ~ 234 °C, while the values for the glasses
with dopants are generally ~ 10 °C higher (244 °C for Er’* and 249 °C for Nd>*
and Gd*"). Similarly, the RE doping also leads to about a 10 °C shift of T, from
239 °C to around 250 °C.
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Figure 40: Plot of the DSC data for FCZ glasses with different RE doping. The heating
rate was 10 K/min. The curves are vertically displaced for clarity.
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Figure 41: Hruby constant for differently RE-doped FCZ glasses and different heating
rate a.
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Figure 42: In(a/ TF%) vs. 1/ T, for the differently RE-doped FCZ glasses. The slopes give
the apparent activation energies E,.

In addition, the individual dopant affects the position of T), i.e. BaCl, crystalliza-
tion starts at 249 °C in the Er’*-doped glass, while for Nd*" the peak position is
reached at 254 °C. In contrast, doping results in a T}, of 435-436 °C, which is the
same within error, and higher than the 419 °C observed in the undoped sample.

Figure 41 shows the Hruby constant H, for the RE-doped FCZ glasses for
different heating rates, a. For all heating rates a significant gap is observed
between the values of the undoped and the dopant-doped samples. In summary,
Gd** has the highest H, around 0.23, followed by Nd**, Tb®", Eu®", and lastly,
Er3t, with the lowest values between 0.16 and 0.18. The H, mean value of 0.12
for the undoped glass is even smaller and therefore an indication that RE doping
leads to higher glass stability against crystallization on heating, which is in good
agreement with the higher values for Ty and T, for the RE-doped glasses.

Apparent Activation Energies

Upon increasing heating rates from 5 to 25 K/min, shifts of the crystalliza-
tion peak maxima of about 10 to 20 °C (depending on the dopant) to higher
temperatures are observed from which the activation energy, E,, of the BaCl,
crystallization can be determined by Kissinger’s method (see 14). E, is obtained
from the slopes of the linear fits by plotting In(a/ T%) vs. 1/T, as shown in
Fig. 42. The results for all RE dopants are summarized in Fig. 43. Compared to
the undoped FCZ glass, the addition of a RE decreases the activation energy
from 264 kJ /mol to 219 kJ/mol for Nd*" doping. Between these values Gd>*
has the second lowest value of 224 k] /mol, followed by Tb* (235 k] /mol) and
Eu®" (244 kJ/mol). Er*" has the highest BaCl, crystallization activation energy
of the dopants at a value of 252 kJ/mol.
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Figure 43: Activation energy E, diagram for the BaCl, crystallization for differently
RE-doped FCZ glasses.

The ionic radius in RE atoms decreases with atomic number and activation
energy increases as the ionic radius decreases, with the exception of europium.
Covalent radius (the size of the atom that forms part of a covalent bond), also
decreases with atomic number but in this case europium is the exception, having
a larger covalent radius than the other dopants studied here, see Table 3 on page
59 or [72]. A covalent bond needs a bond dissociation energy (BDE) to be broken
by homolysis (high frequency light or in our case heat treatment). Generally,
a larger covalent radius results in a lower BDE. Previous investigations on RE-
doped FCZ glasses showed that Eu?>* and Nd** ions are partially incorporated
into the BaCl, nanoparticles upon annealing, subsequent to pouring. In this
step, a Ba ion is replaced by the RE ion, which was previously incorporated into
the glass network or “free’ in the glass. It was shown in [73] that trivalent Eu is
incorporated in the fluorozirconate glass network, but it is not clear that other
RE ions behave in the same way. However, as Eu*>"-doped FCZ glasses yielded a
much higher BaCl, crystallization activation energy, it is possible that the other
REs studied here are not bound to the glass network and therefore need less
energy to diffuse and to act as a nucleation center.

5.2.2  Co-Doping Investigations

Figure 44 shows DSC data for the RE co-doped series and an undoped glass
for comparison; the heating rate was 10 K/min. Beside the outstanding crystal-
lization peaks for the Gd3+—d0ped glass (see below), the shift of the f-BaZrFg
and NaZrFs crystallization peak of the undoped sample to lower temperatures
is striking. It confirms the recently found behavior that higher fluorine content
(lower fluorine evaporation during the melting process) leads to a decrease in
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Figure 46: Hexagonal (squares) and orthorhombic (circles) BaCl, crystallization acti-
vation energies, E;, obtained by Kissinger’s method [66] for different RE
co-dopants. Data for an undoped ZBLAN glass is shown for comparison.

peak temperature and an earlier crystallization, because more fluorine increases
the probability for the crystals to form. Since the undoped sample was made
as the only 20 g batch (the others were 10 g batches) less mass% of fluorine
was lost during the same melting process. This was established by ion chro-
matography measurements. The averaged crystallization temperature is 334 °C
for the RE-co-doped samples, while it is 313 °C for the undoped sample, i. e.,
the crystallization temperature is reduced by 21 °C. To give a clearer picture,
the peak positions for hexagonal and orthorhombic phase crystallizations are
also shown in Fig. 45. As mentioned earlier for the multivalent Eu series, the
temperature difference between both crystallization peaks slightly increases
when the sample is doped with RE ions. GdCl; as a co-dopant for EuCl, retards
the nucleation and growth of BaCl, nanocrystals the most, as both crystal phases
crystallize at the highest temperatures (T, (Gd>*)=247 °C, T;»(Gd>*)=311 °C).

Looking at the crystallizations activation energies in Fig. 46, Gd>" is once again
outlying: Both hexagonal and orthorhombic crystallization show a much lower
activation energy than the undoped sample, especially for the orthorhombic
crystallization with 160 kJ/mol compared to 235 kJ /mol for the undoped sample.
Also the difference in the activation energy of the hexagonal and orthorhombic
crystallization is considerable larger: For Gd** it is 53 kJ/mol, while it is only
5 kJ/mol for the undoped sample. The difference decreases for the row Nd>*
(40 kJ /mol) via Tb3* (17 kJ/mol) to Yb3* (10 kJ/mol).
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5.3 X-RAY DIFFRACTION

Comparing the XRD patterns of all trivalent dopants for a fixed 20 min annealing
at 270 °C (see Fig. 47), Tb>* and Yb** show no significant differences concerning
reflection position, height or FWHM, confirming the similar crystallization peak
positions (see Fig. 45) and activation energies (see Fig. 46) obtained from the
previously discussed DSC measurements and assuming a very similar BaCl,
orthorhombic crystal structure in both glasses. The diffraction pattern of Nd>*
shows less intense reflections, but an almost crystallized orthorhombic BaCl,
phase, while a retarded phase transformation is observed in case of Gd>*. Here,
the phase transition did not yet occur for the given heat treatment at 270 °C;
all reflections can still be attributed to the hexagonal BaCl, phase (bottom bar
pattern PDF 00-45-1313). A more detailed view on the temperature dependent
crystal structure is shown in Fig. 48 for the outstanding Gd*"-doped FCZ glass.
No crystalline BaCl, reflections are observed for the glass as made, but annealing
at 240 to 270 °C for 20 minutes leads to nucleation and growth of the hexagonal
BaCl, nanoparticles. Between 270 °C and 280 °C, the phase transformation
begins and the XRD pattern for 280 °C shows a mixture of a small hexagonal
and high orthorhombic BaCl, fraction.

The reflection analysis function of the DIFFRACplus EVA v1.2 XRD software
is used to estimate the particle size. An overview of the particle sizes for the
(201) (hexagonal BaCl, phase, red) and the (211) (orthorhombic BaCl, phase,
blue) reflections for the 1 mol% XClz (X=Yb (triangles), Tb (circles), Nd (open
squares), Gd (filled squares))-1 mol% EuCly-doped FCZ glasses is shown in
Fig. 49. For all samples the typical increase of the crystallite size is observed
for increasing annealing temperatures between 230 °C and 270 °C. Here, for
Yb**, Tb®" and Gd** the mean particle sizes are nearly equal within the lower
annealing temperatures from 230 °C to 250 °C and increase from 14 nm (230 °C)
to 17 nm (250 °C). Increasing the temperature further to 260 °C, Tb*" and Yb**
again show a similar size increase for the hexagonal BaCl, particles to 32 nm,
while the particles for the glass doped with Gd>* grow at a lower rate (22 nm
at 260 °C). However, the Nd**-doped samples stand out resulting in 10-20 nm
larger mean particle sizes for the hexagonal BaCl, phase between 240 °C and
260 °C. Furthermore, from 250 °C to 260 °C the phase transformation from
hexagonal to orthorhombic crystal structure appears for Yb3*, Tb3* and Nd3T,
whereas for Gd*>* the orthorhombic phase is not observed before 270 °C.

While the samples doped with Yb®", Tb®* show slightly different particle sizes
for the orthorhombic phase at 260 °C (55 nm for Tb>* and 66 nm for Yb3"), the
sizes are again similar for the samples annealed at 270 °C for 20 min (72 nm in
case of Tb*>" and 75 nm in case of Yb>* doping). The Nd>*-doping leads to a
huge diameter increase up to 99 nm for 260 °C and 113 nm for 270 °C annealing.
In case of Gd*>" the size of the orthorhombic BaCl, particles increases from
62 nm for 270 °C to 108 nm for 280 °C. Beside the orthorhombic BaCl, phase,
the higher annealed Gd®*-doped samples are the only ones out of the co-doping
series containing a still measurable and evaluable amount of hexagonal BaCl,
with mean particle sizes of 30 nm for 270 °C and 25 nm for 280 °C annealing.
The reduced size could be associated to a dissolution or transformation of some
hexagonal phase particles for building the orthorhombic phase structure.
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Figure 47: XRD patterns of a 1 mol% XCl3 (X=Yb, Tb, Nd, Gd)-1 mol% EuCl,-doped
FCZ glass annealed at 270 °C for 20 min. The XRD patterns of hexagonal
(bottom, PDF 00-45-1313) and orthorhombic BaCl, (top, PDF 00-24-0094) are
shown for comparison.
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Figure 48: XRD patterns of a 1 mol% GdCl3-1 mol% EuCly-doped FCZ glass as-made
and annealed at temperatures from 230 °C to 270 °C for 20 min. The XRD
patterns of hexagonal (bottom, PDF 00-45-1313) and orthorhombic BaCl, (top,
PDF 00-24-0094) are shown for comparison.
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Figure 49: Particle sizes for the (201) (hexagonal BaCl, phase, red) and the (211) (or-
thorhombic BaCl, phase, blue) reflections for the 1 mol% XCls (X=Yb (tri-
angles), Tb (circles), Nd (open squares), Gd (filled squares))-1 mol% EuCl,-
doped FCZ glasses.

5.4 PHOTOLUMINESCENCE

Figure 50 shows an overview of the co-doped FCZ glasses annealed for 20 min
at temperatures from 230 °C to 280 °C. The samples were excited at 254 nm
with an UVGL-25 Compact UV Lamp from UVP and show strong luminescence
in the blue spectral region.

As stated before, PL measurements are even more sensitive to the crystal struc-
ture and hence also used for this series to analyze the BaCl, phase transforma-
tion in more detail. Normalized PL spectra of the RE co-doped FCZ glasses are
plotted in Fig. 51. The samples were annealed for 20 minutes at temperatures
between 250 and 280 °C. The Eu?" luminescence was excited in the UV spectral
range at 280 nm resulting in the typical 5d-4f luminescence at around 406 nm
of Eu?" incorporated into hexagonal phase BaCl, particles and the less intense
emission at 475 nm. In the upper two diagrams of Fig. 51 the co-dopants Yb>*
and Tb*" show a very similar luminescence behavior over the whole annealing
temperature range. The peak intensity ratios I(475 nm)/1(406 nm), as well as the
integrated signals, are almost equal within the same heat treatment setting. The
decrease of the 475 nm peak at 260 °C is an indication for the phase change from
hexagonal to orthorhombic phase BaCl,. Again, the 406 nm band occurring for
a 20 minute annealing at 250 °C is shifted to lower wavelengths and even below
400 nm when the phase transformation is completed at 270 °C; additionally the
475 nm band disappears.
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Figure 50: Overview of the co-doped FCZ glasses annealed for 20 min at temperatures
from 230 °C to 280 °C in steps of 10 °C. The samples were excited at 254 nm
with an UVGL-25 Compact UV Lamp from UVP.

The exchange of the trivalent Yb and Tb with Nd ions (bottom left) results in
a decrease of the peak intensity ratios 1(475 nm)/I1(5d-4f), being, with respect
to the PL analysis in Chapter 4.4, a hint for a higher Eu?*" fraction inside the
BaCl, nanocrystals. The typical decrease in peak intensity ratio as well as the
respective shift of the luminescence band to lower wavelength at higher anneal-
ing temperatures corresponding to the phase transformation from hexagonal to
orthorhombic, is observed. Comparing the PL curve of the Nd-doped sample
annealed at 270 °C with the curves for Yb and Tb (solid curves), there is still
a weak signal of the 475 nm fluorescence band measurable assuming a small
amount of hexagonal BaCl, particles left; already small enough to not being rec-
ognized by the XRD measurements for the given integration time (see Fig. 47).
However, this small difference in the signal between Yb/Tb and Nd can be
explained by the slightly retarded crystallization and phase transformation of
Nd** measured by DSC (see Fig. 45).

The luminescence of the Gd**-doped FCZ glass ceramics supports the outstand-
ing discussed DSC and XRD data of this sample. The intensity of the 475 nm
fluorescence band is comparable to that of Nd>, but the intensity decrease and
the BaCl, phase transformation at higher annealing temperatures, respectively,
is more abrupt: The 475 nm band rapidly disappears for the sample annealed at
280 °C (dashed-double dotted curve), while no significant decrease is observed
at temperatures below. Moreover, the 5d-4f luminescence band of the sample
containing mainly orthorhombic particles has a noticeably higher FWHM value.
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Figure 51: Normalized PL spectra for FCZ glasses with different RE co-dopants annealed
at 240 (narrow dotted), 250 (dashed-dotted), 260 (wide dotted), 270 °C (solid
curve) and at 280 °C (dashed-double dotted curve) for the Gd*>*-co-doped
glass for 20 min. The PL was excited at 280 nm.
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Figure 52: Integrated PL intensity between 370 and 700 nm for different post thermal
treatments of the 1 mol% XClz (X=Yb (triangles), Tb (circles), Nd (open
squares), Gd (filled squares))-1 mol% EuCly-doped FCZ glasses. The lines
are a guide to the eye.

Figure 52 presents the above explained PL results in a more comparable way.
The PL intensity of the RE co-doped FCZ glasses in Fig. 45 is integrated between
370 and 700 nm and then plotted for the different post thermal treatments. The
integrals for Yb%" (triangles), Tb3* (circles) and Nd** (open squares)-doped
samples are nearly of the same values and also show the same trend when the
annealing temperature is increased from 230 °C to 270 °C: First, the integrated
PL intensity increases with a slight positive slope from 230 °C to 250 °C, then
the integrated intensities increase significantly by a factor of ~ 4 from 250 °C
to 260 °C, whereas from 260 °C to 270 °C a saturation for the Yb®>* and Tb%*-
doped FCZ glasses or even a small reduction of the integrated signal for the
Nd3*-doped FCZ glass is observed.

The integrated PL of the Eu®*"-doped samples co-doped with Gd3* (filled
squares) follows a different curve. It rises from 240 °C to 260 °C with a similar
slope compared to the other co-dopants. Increasing the temperature further to
270 °C the slope steepens, but the integrated PL signal is still lower than the
signal of the other co-dopants for this temperature. From 270 °C to 280 °C the
integrated intensity increases to values which are similar to the intensities of
the other co-dopants at 260 °C. Beside that, the slope lessens assuming a begin-
ning saturation. In summery, Eu?*-doped FCZ glasses which are additionally
co-doped with Gd*" need higher annealing temperatures to reach the same
integrated PL intensity of the Yb**, Tb3* and Nd** co-dopants.
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Figure 53: Stimulation energy for different post thermal treatments of the 1 mol% XCl;3
(X=YD (triangles), Tb (circles), Nd (open squares), Gd (filled squares))-1 mol%
EuCl,-doped FCZ glasses.

5.5 PHOTOSTIMULATED LUMINESCENCE

For imaging applications, the storage phosphor and PSL parameters, respectively,
were measured and calculated for this series at SUNY-Stony Brook, NY, USA.
Figure 53 shows the SEs for different post thermal treatments of the 1 mol% XCl3
(X=YDb (triangles), Tb (circles), Nd (open squares), Gd (filled squares))-1 mol%
EuCl-doped FCZ glasses. A 20 minute heat treatment at 260 °C in case of
Yb, Tb and Nd co-doped glasses and at 270 °C in case of Gd as co-dopant, is
required to obtain signal levels which are high enough compared to the noise to
produce reliable results for the SE parameters. At 260 °C the SEs for the Yb, Tb
and Nd co-doped samples show no significant differences and are lying in the
range of 10 uJ/mm? and 13 uJ/mm?. Similar values are also observed at 270 °C
between 19 uJ/mm? and 23 uJ/mm?2. However, the Gd co-doped glass annealed

at 270 °C for 20 min shows a factor of 2 lower SE than for the other co-dopants.

The sample annealed at 280 °C peaks at 26 uJ/mm?. For this temperature no
comparable data was available for the other REs.

Figure 54 shows the calculated CEs for different post thermal treatments of
the 1 mol% XClz (X=Yb (triangles), Tb (circles), Nd (open squares), Gd (filled
squares))-1 mol% EuCl,-doped FCZ glasses. The weak PSL signals at 250 °C
in case of Yb, Tb and Nd co-doped glasses and at 260 °C in case of Gd as
co-dopant result in CEs of about 0.03 pJ/mm?/mR. The CE generally increases
with increasing annealing temperature caused by higher orthorhombic BaCl,
fractions in the glass matrix. At 260 °C the CEs of Yb, Tb and Nd co-doped
glasses lie between 1.2 pJ/mm?/mR and 1.6 pJ/mm?/mR and at 270 °C between
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Figure 54: Conversion efficiency for different post thermal treatments of the 1 mol%
XClz (X=Yb (triangles), Tb (circles), Nd (open squares), Gd (filled squares))-
1 mol% EuCly-doped FCZ glasses. The lines are a guide to the eye.

3.4 pJ/mm?/mR and 3.7 p]/mm?/mR. The Gd co-doped glasses annealed at the
same temperatures show a significant lower CE than the other co-dopants with
0.03 pJ/mm?/mR at 260 °C and 0.8 pJ/mm?/mR at 270 °C. At the highest tem-
perature of 280 °C the highest CE of this series is reached with 4.4 pJ/mm?/mR.

5.6 DISCUSSION

Prior DSC measurements of each glass ceramic were essential to be able to
optimize the annealing conditions as well as the respective luminescence output.
The measurements have shown that GdCl; as a co-dopant for EuCl, retards the
nucleation and growth of BaCl, nanocrystals the most. Compared to the other
RE co-dopants the cause of this is thought to be the larger atomic radius of Gd>*
of about 233 pm (r1,=225 pm, ryp,=222 pm and rNg=206 pm) [74] resulting in a
higher electro-negativity and higher probability to attract electrons towards the
nucleus. Therefore, more energy is needed to break the bond between the Gd
and Cl ions or to split off Cl ions, which can then contribute to the crystallization
and growth of more and larger BaCl, nanocrystals. However, Nd*>* does not fit
into this trend, since its crystallization peak temperatures are located between
the peaks of Gd** and Tb®* and not, as one would suppose from the atomic
radius, at the lowest temperature of all co-dopants. This effect can be explained
by former studies on Nd**-doped FCZ glasses and glass ceramics which have
shown that the optical transitions of the Nd ions are affected by the BaCl,
nanocrystal size leading to the conclusion that some of the Nd** ions, similar to
Eu®", are sitting in close proximity to the nanocrystals or possibly incorporated
into them [69]. Thus, the interactions between Nd ions and BaCl, crystal lattice
may lead to the higher BaCl, crystallization temperature.



5.6 DISCUSSION

Taking a look onto the XRD measurements and mean particle sizes of all samples
one can see similarities between the increasing particle sizes from 250 °C to
260 °C and the increasing integrated PL signal for Yb>*, Tb3* and Nd>*-doped
samples in the corresponding annealing temperature regime. In case of Nd**,
a slightly higher integrated PL signal is always observed. One reason could be
that the larger particles are able to incorporate more Eu?* leading to a slightly
enhanced luminescence. On the other hand, it is known from transmission
measurements that the opacity increases with increasing crystallite size and
therefore the reflectance and scattering from the glass surface will increase
and possibly lead to such a slightly higher signal at the detector. Increasing
opacity and scattering further also results in a reduction of excitation volume
and penetration depth of the excitation light, respectively. As a consequence, the
increase of the PL signal with higher annealing temperatures will first weaken,
saturate and then decrease, as it is probably the case for Nd>* from 260 °C to
270 °C.

The PSL evaluation shows, that SE and CE parameters behave similar for the
different co-dopants Yb3*, Tb®>* and Nd**. All SEs lie in the range of 10 to
30 uJ/ mm?, which is even lower than the lowest value for the 39% EuCl,-doped
FCZ glass (45.9 uJ/mm?) and already comparable to BFB. However, the CEs still
lie below 5 pJ/mm?/mR, which is again around a factor 5 worse than BFB.

The structural and optical results for the Gd>* samples are in good correla-
tion to each other. The retarded nucleation and crystal growth measured with
DSC and XRD, probably caused by the larger atomic radius of Gd*, makes
higher annealing temperatures necessary to reach the same orthorhombic BaCl,
nanocrystal sizes, as well as the same total luminescence output and CE of the
other investigated co-dopants. A final overview of the results is shown in Fig. 55.

In conclusion, the RE co-dopant additives do not significantly enhance the
total Eu PL and PSL output. Therefore, the next chapter will introduce borate
glasses as a promising matrix material for a possible improvement of the Eu?*
luminescence.
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Figure 55: Final overview of the obtained results for the rare-earth co-doping series.



EU-DOPED BORATE GLASS CERAMICS

Another way to improve the total luminescence output as well as glass homo-
geneity and reproducibility is the selection of a different glass matrix such as
borate glasses. Borate glasses are known as highly optically transparent and
inexpensive matrix materials for fluorescent ions. Appleby et al. [75, 76] devel-
oped similar Eu?*-doped glass-ceramics for use as thermal neutron imaging
plates for neutron radiography. They reported their excellent thermal neutron
imaging properties and PSL-activity, but at the same time the difficulty to grow
small semitransparent BaCl, crystallites with high PSL conversion efficiency.
Therefore, this chapter deals with the structural and optical characterization of
the material and should give some further insights as to whether or not borate
glass is applicable as a host for luminescent Eu?? ions incorporated into BaCl,
nanocrystals.

Figure 56 shows an overview of the Eu?*-doped lithiumchloroborate (LCB)
glasses investigated consisting of 53B,03-24Li;O-5LiF-35i0;-14BaCl,-1EuCl,
(values in mol%). The whitish opaque appearance is due to an instant ceramiza-
tion of the glass when pouring the melt into the pre-heated brass mold for
the quenching step. Three samples were investigated, with the sample process
varying in mold temperature: 100 °C (left sample), 200 °C (middle sample) and
300 °C (right sample).

6.1 X-RAY ABSORPTION NEAR EDGE STRUCTURE

Figure 57 shows the normalized Eu Lyj; XANES spectrum of the as-made Eu?t-
doped LCB glass poured into a 100 °C hot brass mold and cooled to 25 °C
room temperature over 4 hours. Similar to the Eu-doped FCZ glasses, the two
characteristic WL energies of Eu?* and Eu3* are located at about 6,976 eV and
6,984 eV and are associated with the dipole-allowed transition from a 2P, core

Figure 56: Overview of Eu?*-doped chloroborate glasses poured into a 100 °C, 200 °C
and 300 °C hot brass mold and cooled to 25 °C room temperature over
4 hours.
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Figure 57: Normalized XANES spectrum of the as-made Eu?*-doped LCB glass poured
into a 100 °C hot brass mold. A pseudo-Voigt function and an arctangent
function (dashed curves) were used to fit each of the characteristic white
lines of Eu?* and Eu®" and their absorption edges, respectively. The inset
shows the normalized XANES spectrum of the as-made Eu?"-doped LCB
glass poured into a 300 °C hot brass mold for comparison.
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Figure 58: Measured Eu?" fraction of the Eu**-doped LCB glass vs mold temperature.
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Figure 59: XRD patterns of Eu?>*-doped LCB glass poured into a 100 °C, 200 °C and
300 °C hot brass mold. The XRD patterns of hexagonal (bottom, PDF 00-45-
1313) and orthorhombic BaCl; (top, PDF 00-24-0094) are shown for compari-
son.

level into an empty 5d state [54]. The determination of the Eu?*-to-Eu®" ratios
is done as described in Chapter 3.

Figure 58 shows the measured Eu?* fractions of the Eu?>"-doped LCB glasses for
three different mold temperatures. Taking the measurement error into account,
the fractions of all samples remain nearly constant: (51 & 3)% for the sample
which was poured into the 100 °C pre-heated mold, (45 £ 4)% for 200 °C and
(44 £ 4)% for 300 °C mold temperature. However, a trend to lower temperatures
is becoming evident.

6.2 X-RAY DIFFRACTION

Figure 59 shows the XRD patterns of the Eu?>"-doped LCB glasses poured into
the 100 °C, 200 °C and 300 °C hot brass mold. The patterns for 200 °C and
300 °C show crystalline reflections which can be attributed to orthorhombic
BaCl, nanocrystals (top bar pattern of PDF 00-24-0094), so that during casting of
the glass melt BaCl, instantly crystallizes in its orthorhombic crystal structure.
This occurs even for mold temperatures lying below the typical crystallization
annealing temperatures of hexagonal BaCl, in FCZ glasses (see Section 4.2).
However, the sample which was poured into the 200 °C mold shows signifi-
cantly less intense reflections than the sample which was cast into the 300 °C hot
mold suggesting that only a partial crystallization took place in case of the lower
temperature. For the 100 °C mold temperature the BaCl, reflections are not
intense enough for an analysis. The longer cool down time and the higher tem-
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perature and energy, respectively, in conjunction with longer diffusion lengths
for free ions in the glass matrix leads to the crystallization of a larger BaCl,
amount and thus to higher XRD reflection intensities.

The DIFFRACplus EVA v1.2 XRD software estimated the mean diameter of the
orthorhombic particles for the (211) reflection to 45 nm for the sample which
was poured into the 200 °C mold. In case of the 300 °C mold, a size increase to
85 nm was calculated.

63 PHOTOLUMINESCENCE

As mentioned in the chapters before, the luminescence of the Eu®" ions adjacent
to or incorporated into the BaCl, is extremely sensitive to the BaCl, nanocrystal
phase and size. Therefore, it is possible to observe also very small amounts of
crystallized material with the PL technique. Figure 60 shows a PL excitation-
emission map of the 1 mol% Eu?"-doped LCB glass which was poured into
the 100 °C hot mold. Whereas in the XRD measurements only weak crystalline
BaCl, reflections were observed for this temperature, the PL map clearly shows a
broad emission band belonging to the 5d-4f transition of Eu** ions incorporated
into orthorhombic BaCly. This is also a hint for a strong crystal field coupling of
the 4f°5d orbital suspending states below the °P;, level of the 4f” configuration,
also seen in the case of FCZ glasses before.

The radiative transitions occur for UV excitation wavelengths above 269 nm and
show maximum intensities for 307 nm and 357 nm excitation. The corresponding
emission wavelengths are 408 nm and 430 nm, respectively. While the 357 nm
excitation maximum can be attributed to the °P;,, level, the first level above
the 8S;/, ground state of the 4f” configuration, the other excitation maximum
(307 nm; 4.04 eV) lies energetically in between the °D (lowest level at 4.21 eV
above the ground state) and the °I (lowest level at 3.83 eV above the ground
state) states, which are causing the left edges of the two stronger luminescence
intensity spots in Fig. 60 (yellow and red areas).

Note that the relatively sharp luminescence cut-off at 380 nm emission wave-
length is caused by the usage of a KV 370 filter between the sample and the
emission monochromator to prevent an interfering second order signal from the
excitation light. The corresponding spectral internal transmittance curve of the
KV 370 can be found in the Appendix C.1.

Figure 61 shows a similar PL map for higher excitation and corresponding
emission wavelengths. The presence of Eu>" ions is confirmed by the observed
emission bands for 393 nm (“Fy —°Lg transition) and 464 nm (“Fy —°D, transi-
tion) excitation light. Higher intensities are obtained when exciting at 464 nm.
The small number of absorption bands is a reason of the selection rules for
electrical dipole transitions in the RE ions. Electron transitions from the ground
state 7F] to 5D]/ with ] = 0 to ]/ = 0 are not allowed and hence “Fy —°Dj tran-
sitions are not observed in the PL map. Furthermore, "Fy —°D; and “Fy —°Ds
transitions do not occur, because transitions from | = 0 to uneven |’ are improb-
able [67].
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Figure 60: PL excitation-emission map of a 1 mol% Eu*"-doped LCB glass poured into
a 100 °C hot brass mold. A KV 370 filter was used between the sample and
the emission monochromator.
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Figure 61: PL excitation-emission map of a 1 mol% Eu?*-doped LCB glass poured into
a 100 °C hot brass mold. A KV 370 filter was used between the sample and
the emission monochromator.
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Figure 62: Measured emission lines corresponding to the electron transitions of Eu** of
the 1 mol% Eu®*-doped LCB glass. The ground state is ’Fy. The energy level
diagram corresponds to data of Ref. [25, 26].

Figure 62 summarizes the Eu®t emissions observed at 699, 650, 615, 594 and
575 nm, which can be attributed to the radiative °Dy —’F 7 (J=4,3,2,1,0) transi-
tions [26, 67].

In order to investigate the influence of the mold temperature on the lumines-
cence behavior, a PL map for the 1 mol% Eu?"-doped LCB glass poured into
the higher temperature mold at 200 °C is shown in Fig. 63. Again, the typical
broad Eu?* 5d-4f emission band is observed, but with much higher intensities
than the sample which was poured into the lower tempered mold at 100 °C
leading to the conclusion that more Eu?* ions are incorporated into or sitting
near a higher number of larger nanocrystals. Due to the stronger signals a small
intensity decrease is visible at an emission wavelength of 464 nm, which is not
dependent on the excitation wavelength. Thus, this band is attributed to the
Eu®* absorption belonging to the “Fy —°D, transition already discussed above.

Similar observations are made for the Eu>" luminescence bands shown in Fig. 64.
The peak positions are not influenced by the higher temperature mold, but again
the intensities of all bands increase.
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Figure 63: PL excitation-emission map of a 1 mol% Eu?"-doped LCB glass poured into
a 200 °C hot brass mold. A KV 370 filter was used between the sample and
the emission monochromator.
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Figure 64: PL excitation-emission map of a 1 mol% Eu?*-doped LCB glass poured into
a 200 °C hot brass mold. A KV 370 filter was used between the sample and
the emission monochromator.
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Figure 65: Conversion efficiencies (squares) and stimulation energies (circles) of Eu?t-
doped chloroborate glasses poured into differently heated brass molds.

64 PHOTOSTIMULATED LUMINESCENCE

PSL measurements were performed to evaluate the storage phosphor properties
of the Eu?>"-doped LCB glass ceramics. Figure 65 shows the CEs (squares) and
the corresponding SEs (circles) for different mold temperatures. Only weak PSL
signals are obtained for all samples. In case of the sample which was poured
into the 100 °C tempered mold the signal is not high enough to calculate the
SE. The CE increases with increasing temperature from 0.08 pJ/mm?/mR at
100 °C to 0.25 pJ/mm?/mR at 300 °C, while the SE remains nearly constant at
46 uJ /mm? at 200 °C and 43 uJ/mm? at 300 °C within the experimental error.

6.5 DISCUSSION

Comparing the XANES results of the investigated pure Eu?*-doped LCB glasses
with the results from the pure Eu?"-doped FCZ based glasses discussed before,
LCB glasses show significantly lower Eu?" fractions (43% for the 300 °C mold
sample to 51% for the 100 °C mold sample) lying in the range between 10% to
20% nominal Eu?* fraction for FCZ based glasses. The reason for this is the
highly oxygen providing LCB glass host, which oxidizes a large amount of the
Eu?" into Eu®" during glass melting and also while cooling down the glasses in
the pre-heated molds. Furthermore, some constituent chemicals of the LCB glass
like fluorine act as nucleation grains, which can cause ceramization of the glass
without any additional annealing step. This leads to optical scattering from the
crystallites and limits the spatial resolution when the glass is used as an storage
phosphor image plate.

Regardless of the mold temperatures, XRD measurements revealed only or-
thorhombic BaCl, nanoparticles inside the glass matrix; the hexagonal phase
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did not emerge. In Ref. [47] it has been reported that oxygen might be a trigger
for the phase transformation from hexagonal to orthorhombic phase BaCl, in
FCZ based glass ceramics. This seems to be the case for LCB based glasses with
high oxygen amounts. A higher mold temperature resulted in a higher number
of larger BaCl, nanocrystals; the maximum mean diameter of 85 nm occurred in
the sample which was poured into the 300 °C tempered mold. Therefore, one
would suggest from the prior investigated Eu-doped FCZ glass series that the
Eu?" PL signal increases with increasing nanoparticle sizes and volume fraction.
However, this effect is counteracted by the decrease of the Eu?t fraction with
increasing mold temperature in favor of an increasing Eu®" fraction measured
by XANES. The higher Eu>" PL signals confirm these measurements.

Compared to the Eu**-doped FCZ based glasses, the investigated LCB based
glasses provide significantly lower PSL signals and thus are far away from
the values of BaFBr:Eu?". Nevertheless, the CE increases with increasing mold
temperature from 0.08 pJ/mm?/mR at 100 °C to 0.25 pJ/mm?/mR at 300 °C,
because of an increasing volume fraction of orthorhombic BaCl, and Eu*. This
result supports the explanation in Chapter 4: a higher Eu®" fraction causes more
defects to be present in the glass matrix, leading to an increase in CE, probably
applies in this case.

In conclusion, the developed Eu?*-doped LCB based glasses show an interesting
crystallization behavior, which demonstrates again the difficulty of handling and
understanding the complex equilibria of glass melts. That being the case, the
current glass composition and preparation needs further detailed investigations
and improvements to increase the transparency and PSL conversion efficiency.
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RADIATION DETECTION FIBERS

Glass has the big advantage of being easily formable when it is a molten mass,
i.e., a fiber can be pulled from the melt. In addition, Eu- and BaCl,-doped FZ
can be heat treated in desired glass regions afterwards in order to make them
luminescent upon irradiation with UV light or ionizing radiation. A possible
new application on this basis could be the precise detection of an x-ray dose
inside specific human body regions, which only a glass fiber with a luminescent
tip can reach. The rest of the fiber would be used as an optical conductor
which would guide the generated scintillation light out of the body into a
photomultiplier characterizing the incident x-rays and giving a dose dependent
luminescence signal, respectively. During this work, several fiber production
methods were investigated in collaboration with PuiLipr GoLbscHMIDT, who
has written his Bachelors thesis on this topic [77]. This chapter will only focus
on two techniques, which involved two different materials in the pulling process:
Eu-doped FCZ based glass and SiO, glass. The obtained fibers as well as the fiber
characterization in terms of quality and fluorescence properties are presented in
the following sections. For further information see [77].

7.1 FIBER PULLING VIA PIPETTE

One fiber production method was the pulling from a cylindric preform, which
was previously produced by the so called built-in technique, where two ma-
terials with different refractive indices are merged. A common commercially
available quartz glass (SiO,) pipette was used as cladding layer, while the Eu-
doped FCZ based glass acted as core. The main reason behind this idea was,
that SiO, compared to ZBLAN is not harmful for the human body ensuring
a safe application of such fibers in medical applications. Figure 66 shows the
schematic setup for the preform production. The built-in process was realized
with a syringe which was connected to the SiO, pipette via a rubber hose. A
hose clamp between syringe and pipette was used to control the vacuum when
raising the plunger of the syringe. The glass pipette was directly placed into the
hot glass melt so that, upon opening the valve, the negative pressure drew the
melt up into the pipette. Therefore, the glassy carbon crucible was taken out
of the furnace and the melt temperature was reduced from 745 °C to 580 °C in
order to take into account the slow cooling of the melt inside the pipette. Higher
temperatures resulted in a faster nucleation and partial crystallization of the
glass matrix and the BaCl, nanocrystals.

Figure 67 (top) shows the Eu-doped FCZ based glass filled SiO, pipette under
UV multi-band excitation with 254/366 nm. The different fluorescence regions
inside the glass are caused by temperature differences during the cooling process
leading to different BaCl, crystallization phases and nanoparticle sizes. The
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Figure 66: Schematic setup for a preform production.

blue-violet emission of the pipettes bottom region is attributed to orthorhombic
nanoparticles in the glass. During the pulling process, this part of the pipette was
inside the hot glassy carbon crucible and therefore was exposed to the highest
temperatures for the longest time — long enough to form the orthorhombic
crystal phase. Going into the higher regions of the pipette, a light-blue emission
is observed which is attributed to hexagonal nanoparticles. Going even higher
into the non-luminescent glass region, the cooling is fast enough to prevent
nucleation and crystallization. Just this glassy part was processed to a preform
afterwards, which then was pulled into an 8 cm long and approximately 250 ym
thick fiber by using a Bunsen burner to heat up and melt the preform (see
Fig. 67, middle). A technological problem was the difference in melting points of
Si0; (around 900 °C) and the ZBLAN core (around 260 °C). While the FCZ based
glass core was already boiling, the outer cladding layer was still solid. Thus,
the fiber showed air bubbles, some inclusions and a full crystallization of the
FCZ based glass. However, the functionality could be shown by observing the
down-conversion mechanism under UV multi-band excitation with 254/366 nm
(see Fig. 67, bottom).

7.2 FIBER PULLING VIA CAPILLARY

In a second step and as an attempt to overcome homogeneity problems due
to the different melting points of core and cladding layer material, the total
fiber diameter was kept constant. Therefore, 200 ym thin SiO, capillaries with
a cavity diameter of 150 ym were used, into which the hot glass melt was
drawn up via a syringe and a needle, which was hermetically glued onto the
capillaries. The negative pressure was sufficient to draw the Eu-doped FCZ
based glass melt into the cavity, where it hardened after a few seconds. Figure
68 shows an optical microscope image of a filled capillary. Glass regions with
many bubbles inside and also regions free of glass are visible. A possible expla-
nation could be that a part of the gases which are formed during the cooking
is additionally sucked into the capillary. However, the cooling inside the capil-
lary was fast enough to prevent crystallization of the BaCl,. In order to check



7.2 FIBER PULLING VIA CAPILLARY

Figure 67: Side view of an Eu-doped FCZ based glass filled SiO, pipette under UV
multi-band excitation with 254/366 nm (top). The non-crystalline region was
drawn together with the SiO, cladding layer into a fiber afterwards which is
shown without UV excitation (middle) and under UV multi-band excitation
(bottom) [77].

__ 200um __

Figure 68: Side view of an Eu-doped FCZ based glass filled SiO, capillary under an
optical microscope. Air bubbles, glass (dark) and air (bright) regions are
visible [77].
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the optical application functionality and to initiate the BaCl, crystallization,
the fiber was heat treated in an argon atmosphere for 20 minutes at 290 °C.
Note that the fiber was exposed to air for several hours before the heat treatment.

Untreated and heat treated Eu-doped FCZ based glass filled SiO, fibers were
investigated under a scanning electron microscope (SEM) to evaluate their qual-
ity. Figure 69 shows the corresponding recorded SEM images of the untreated
(left) and heat treated (right) capillaries. Regions where the SiO, surfaces are
just covered by a 1 — 5 um thin FCZ based glass layer are shown in Fig. 69a
and Fig. 6gb. They can be explained by the inter-molecular attractive forces
between the melt and the solid SiO, surrounding surfaces. Adhesion forces are
larger than the cohesion forces of the melt, so that in total, the resulted force is
orientated into the wall surface and pulls the melt up. A closer look onto the
surfaces is taken in Fig. 69c and Fig. 69d. While the FCZ based glass layer of the
untreated capillary shows a smooth and homogeneous surface, the glass surface
of the heat-treated fiber is rough and uneven. In Chapter 4 it was shown, that
exposure to air followed by an annealing step in argon leads to a small partial
and diffusion-limited oxidation of Eu?* on and near the oxygen-contaminated
glass surfaces. In literature [14] it has been reported, that oxidation and the
corresponding chemical reactions on the surface can form small quantities of
acidic reaction products like HF and HCI, which are able to degrade the glass
surface. This could lead to the observed roughness. Beside the above mentioned
structures, completely filled cavities are also observed as shown in Fig. 69e and
Fig. 69f; they nevertheless are rare.

7.3 PHOTOLUMINESCENCE

Figure 7o (left) shows PL emission spectra of the 20 minutes at 290 °C heat
treated (solid curve) and the untreated capillaries (dashed curve). The annealed
capillary clearly shows the known broad emission bands of Eu?" ions adjacent
to or incorporated into hexagonal BaCl, nanocrystals when excited with 280 nm
UV light. The peak at 406 nm is attributed to the 5d-4f transition of Eu?* in
hexagonal BaCl,, while the broader 486 nm emission is again interpreted to be
based on an impurity associated Eu®* site with a perturbed crystal field [58, 59].
The untreated capillary shows no luminescence signal. Excitation of trivalent
Eu with 393 nm, however, leads to the typical Eu>* emission bands (see Fig. 70
(right)) in both the untreated and heat treated capillaries. The intensity maxima
of the 614 nm emission bands are attributed to the radiative °Dy —’F, Eu®*t
transition and are almost equal for both cases. Since the Eu>* emission intensity
of the heat treated capillary is almost zero in this spectral region, one can say
that the Eu®>" was not affected by the additional heat treatment and BaCl,
crystallization.
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Figure 69: Scanning electron microscope images of untreated (left) and heat treated
(right) Eu-doped FCZ based glass filled SiO, capillaries [77]. Cavity regions
where the SiO; surfaces are just covered by a 1 — 5 ym thin FCZ based glass
layer are shown in (a) and (b). The difference in surface roughness between
untreated and heat treated capillary is shown in (c) and (d), while (e) and (f)
show completely filled cavities.
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Figure 7o: PL spectra for a Eu-doped FCZ based glass filled SiO, fiber annealed at
290 °C for 20 min (solid curve) and untreated (dashed curve). The PL was
excited at 280 nm (left) and 393 nm (right) [77].

7.4 DISCUSSION

The fiber pulling method via pipette turned out to be problematic for two rea-
sons. Firstly, only a small amount of non-crystalline glass, which was sitting at
the top of the capillary, could be used for further processing; a lot of material
crystallized during the pulling process and hence was wasted. Secondly, the
different melting temperatures of the FCZ based and SiO, glass led to structural
defects like air bubbles, during the necessary additional pulling step into a thin-
ner fiber. The usage of a 200 ym thin solid SiO, capillary was easier to produce,
but has shown that the capillary effect has an impact on the filling ability of the
fiber cavity. For proper applicability, the cavity needs to be completely filled in
order to increase the light guiding properties by total internal reflection. Rough
surfaces, as observed for the heat treated of a non-completely filled fiber, would
lead to scattering and signal losses.

After having finally realized an optimized fiber pulling process, which would
produce completely filled fibers of a specific length, each fiber would need an
x-ray dose dependent PSL calibration in order to take spectral signal losses
due to minor structural defects in the fiber, the fiber length and the peripheral
detection devices (monochromator and photomultiplier) into account. The front
tip surface would need a thin SiO, glass layer to protect the Eu-doped FCZ
based glass from the outer surroundings. This front layer could additionally be
optimized with a reflective coating like silver to reflect some of the generated
scintillation light back into the fiber.



7.4 DISCUSSION

The presented fiber pulling methods have shown the possibility of developing
a scintillating Eu-doped FCZ based glass filled SiO; fiber. This new idea and
the first results look promising for medical applications. The capillary fiber has
already shown its scintillation potential under UV excitation, where the typical
PL emission bands for Eu?* adjacent to or incorporated into hexagonal BaCl,
were observed.
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Various series of luminescent europium (Eu)-doped fluorozirconate (FZ) based
glass ceramics containing barium chloride (BaCl,) nanocrystals have been pro-
duced in order to improve the complex FCZ glass system and in particular the
Eu?" luminescence behavior for imaging applications. The addition of InFs to
the glass proved to be essential to glass quality, because it maintained the zirco-
nium in its 4+ state and hence reduced the black precipitates. X-ray diffraction
(XRD) and photoluminescence (PL) measurements have shown that indium is
needed for the transformation from hexagonal to orthorhombic phase BaCl,
nanoparticles upon post thermal heat treatment and hence for storage phosphor
applications. A subsequent remelting step of the glass has proved to have a
negative influence on the storage phosphor properties, while the Eu?* content,
measured via x-ray absorption near edge structure (XANES), was increased,
improving the performance for scintillator applications.

The valency of Eu has a marked effect on the properties of the glasses and
glass ceramics. XANES measurements have also revealed that during the glass-
melting process, Eu®" is partially reduced to Eu?*. The detailed investigation
of multivalent Eu-doped FCZ based glasses has shown a saturation of the Eu?"
fraction with higher Eu?*-to-Eu®>" doping ratio. The small difference of 13%
between 60% and 100% nominal and measured Eu*" fraction makes the usage of
the cheaper EuCl; attractive in order to reduce costs without lowering the Eu?*
luminescence significantly. In addition, it was shown that europium chloride
converts more Eu®" into the divalent valence state than its fluoride counterparts.
Slight oxidation of Eu?* during annealing was observed when the samples had
been previously exposed to air. XRD, PL and photostimulated luminescence
(PSL) measurements have shown that a higher amount of Eu?* inside the glass
results in a phase transition from hexagonal to orthorhombic BaCl, at lower
temperatures. Unfortunately, the PSL parameters, stimulation energy (SE) and
conversion efficiency (CE), of the best working sample are still a factor 3.4 higher
and a factor 4.6 worse than the values for the most commercially used x-ray
storage phosphor, BaFBr:Eu?". It has been shown that the CE decreases with in-
creasing Eu?" and decreasing Eu®" fraction leading to the assumption that Eu®*
is needed to act as a defect, which might be a source for the photostimulatable
electron- and hole traps in the glass matrix or that too much Eu?" leads to an
energy self-quenching effect.

Co-doping of the Eu2+—doped FCZ based glasses with trivalent Tb, Yb, Nd
and Gd has proved to have no significant enhancement of the total Eu PL and
PSL output when the Eu?" is excited. However, GACl; substantially retarded
the nucleation and growth of BaCl, nanocrystals, which was attributed to the
larger atomic radius of Gd>" resulting in a higher electro-negativity and higher
probability to attract electrons towards the nucleus. It makes higher annealing
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Figure 71: Overview of the PSL results of the best working samples in comparison to
BaFBr:Eu?*.

temperatures necessary to produce the same orthorhombic BaCl, nanocrystal
sizes as well as the same total luminescence output and CE of the other three
investigated co-dopants, which all behave similarly: All SEs were in the range
of 10 to 30 uJ/ mm?, which is comparable to BFB. However, the CEs were still
below 5 pJ/mm?/mR, which is again around a factor 5 worse than for BFB. A fi-
nal overview of the obtained results for the FCZ based glasses is shown in Fig. 72.

Lithium-borate based (LCB) glasses have been introduced as host material for
BaCl, nanoparticles and Eu?® in order to address issues with homogeneity
and reproducibility of the produced FCZ based glasses and glass ceramics.
First investigations have shown that adding BaCl, to the LCB composition led
to an uncontrollable ceramization directly after the pouring step. Regardless
mold temperature, the highly oxygen providing LCB glass host leads to only
orthorhombic BaCl, nanoparticles inside the glass matrix and oxidizes a large
amount of the Eu?* into Eu* during glass melting and the cooling step. XANES
and PL measurements have shown that LCB glasses show significantly lower
Eu?" fractions than FCZ based glasses. The resulting PSL signals are worse than
for FCZ based glasses. Nevertheless, the CE increases with increasing mold
temperature to 0.25 pJ/mm?/mR at 300 °C, because of an increasing volume
fraction of orthorhombic BaCl, and Eu*. The PSL results of the best working
sample out of each series are shown in Fig. 71.

As a new promising medical application, Eu-doped FCZ based glasses and
glass ceramics were processed to scintillation fibers for radiation detection. The
fiber drawing method via a thin SiO, capillary was easier to handle than the
pipette method, where the FCZ based glass and the thick SiO, pipette had to be
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drawn into a thinner fiber leading to a lot of structural problems and defects
in the glasses due to the different melting points of the materials. However, the
capillary fiber has already shown its scintillation potential under UV excitation,
where the typical PL emission bands for Eu*" adjacent to or incorporated into
hexagonal BaCl, were observed.

The results of this thesis contribute to a greater understanding of the complex
fluorozirconate and borate glass systems. The ultimate goal in this field of

research is to optimize glass quality, luminescent output, and production costs.
It was found that quality, luminescent properties and costs were all inter-related.
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Future work should focus on a better control of the BaCl, crystallization which
is essential for the Eu*" luminescence. First studies with a two-step annealing
process were already successfully done and recently presented on the 18th Inter-
national Symposium on Non-Oxide and New Optical Glasses ISNOG (St. Malo,
France, July 2012). The technique is based on a formation of a large number of
nuclei in a first low temperature step with treatment temperatures near the glass
transition temperature. In the second step the nucleated grains are grown at the
temperature with the maximum crystallization rate; the required sizes can be
adjusted by the annealing time. DSC was used to find the maxima in nucleation
and crystallization rate for each individual glass. The recently available XRD
sample heating stage at the Centre for Innovation Competence SiLi-nano® might
be a useful tool for an in-situ XRD particle and phase analysis during heating
of the glass samples. The possibility of driving defined temperature ramps is a
good prerequisite for a reproducible and controlled crystallization.

For the RE co-doping series, a systematic study of different excitation wave-
lengths for PL and PSL investigations should be considered, in particular in the
range of the respective RE excitation bands to check on possible influences on
the Eu?* luminescence. Beside that, other RE co-dopants could be introduced
like Sm3*, which lately seems to get growing interest from the glass community,
especially in current solid state lighting technology, where co-doping with Eu?*
can yield in a superimposed emission profile and higher color rendering proper-
ties.

For medical and other applications, glasses must have a certain size to cover the
necessary area. Thus, a very important area of research is still the up-scaling and
the reduction of imperfections including inhomogeneities, bubbles and black
spots in the larger glass plates. Normally, air bubbles would be trapped in larger
glass batches since thermal convection is not sufficient to let them diffuse from
the bottom to the top of the melt. Recently, a breakthrough in bubble reduction
was made by drilling side holes into the mold giving them an escape route.

Eu?"-doped LCB based glasses open a new field of research and make more
basic research in terms of glass composition and glass preparation process
necessary. A starting point would be the preparation of a borate glass series
with various oxygen amounts to confirm that oxygen triggers the BaCl, phase
transformation. Furthermore, the BaCl, and Eu2+—doping level should be varied
in order to investigate the crystallization and luminescence behavior.

The work on scintillating fibers for radiation detection should be pursued further

with the aim to optimize the systems’ efficiency and cost. Photostimulated
luminescence measurements are important to evaluate the functionality, to
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find the minimum and maximum possible doses and to create an x-ray dose
dependent PSL calibration curve for each fiber. Therefore, longer fibers in the
range of 2-3 meters are needed to guide the generated scintillation light out
of an x-ray diffractometer into peripheral detection devices (monochromator,
photomultiplier, computer). This would drastically increase the costs. An option
to minimize the costs could be a split fiber, where the light guiding part is made
out of pure ZBLAN, while the scintillating tip is additionally doped with BaCl,
and Eu®*. The usage of Eu?" ion implantation should also be evaluated.
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CALCULATION OF THE PSL PARAMETERS

Table 4 shows the used parameters for the photostimulated luminescence mea-
surements. The relative error is listed in the Ax/x column.

The calculations for the conversion efficiency and stimulation energy were
performed at SUNY-Stony Brook, NY, USA, with the software Matlab and are
described in detail below.

A.1 CONVERSION EFFICIENCY

V(t) = voltage output from amp at t(= R- I(t))
ES = exposure speed, from fit
Sr = sampling rate = 50 samples/s
time for 1/e decay:
To = 1/edecay time = (1/ES)-1/Sr
area under V (t) curve:
VOTO = V- To
The conversion efficiency is then calculated by
CE = (VOTO-E,;)/(R-G-eta-F-Cis- As-alf - Q) (16)

with the amplifier transimpedence, R, the PMT gain, G, the photocathode quan-
tum efficiency, eta, the filter transmittance (at 532 nm), F, the sphere collection
efficiency (fraction of sample light collected at exit port), Cis, the irradiated
sample area (size of input hole), As, the x-ray absorption, alf, for the specific
sample thickness and the x-ray exposure, Q.

A.2 STIMULATION ENERGY

ES = exposure speed, from fit
Sr = sampling rate = 50 samples/s

Ns = number of samples = 1000

time for 1/e decay:
To = 1/edecay time = (1/ES)-1/Sr
The stimulation energy is then calculated by

SE=(Py-1072- f, - To)/ As (17)
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Table 4: Overview of the relative errors Ax/x for various PSL parameters.

parameter | function value Ax/x [%]
R amplifier transimpe- | 1.0E6 These are taken
dence from specifications
for the instruments
and have no random
(experimental) error.
G PMT gain 1.3E5
eta photocathode QE (at | 0.24
532 nm)
F filter transmittance | 0.75 5
(at 532 nm)
Cis sphere collection effi- | 0.064 3
ciency
Q X-ray exposure 320mR | 3
Py laser power 10.3 mW| 2
fp fraction of laser | 3.2E-3
power transmitted
to sample port
To 1/e decay time 10
Vo - Ty area under fitted S 15
vs. T graph
al f x-ray absorption for | e.g. These are calculated
specific sample thick- | 0.92 from known mate-
ness rials properties and
the size of the drilled
port hole.
As irradiated sample | 6.15
area / size of input
hole [mm?]
Epn photon energy [eV] | 3.1




ERROR CALCULATION

B.1 THERMAL STABILITY PARAMETERS

In chapter 5 the Hruby constant H, was calculated by
Hy = (Tx = Tg) /(T — Tx) (18)

with the corresponding absolute errors AT, = AT, = AT,, = 0.5 °C.

For this errors the maximum measurement uncertainty of the measurement
result then can be calculated as the total differential of H,:
oH,

AH;»- - 'aT,g

oH,

oH,
A ‘an

oH,

aTm : ATm (19)

AT, +]

B.2 PHOTOSTIMULATED LUMINESCENCE

The single PSL measurements are statistically independent of each other and
therefore one can say that the influences of the single measurement uncertainties
on the uncertainty of the result partially cancel each other. The mathematical
approach to this problem is given by a formula for the measurement uncertainty
from C. F. Gaufs:

x 2
Ay = J Z (;i) Ax? (20)

i=1

In case of y = c-x - x}' the following simplified expression for the relative
Gaussian Error is valid:

2 2
By _ \/ (A0) e (32) -
Y X1 X2
By addition of relative errors listed in Table 4 the variations of CE and SE appear
to be about % = 14% and % = 12%.
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B.3 X-RAY ABSORPTION NEAR EDGE STRUCTURE

The mole fractions of divalent and trivalent Eu ions are calculated by the mole
ratio, Mg, = RAgy, which is determined by the area ratio, Ag,, between the
Eu?" and Eu®" WLs from the XANES spectrum. The Eu?" fraction is then given

by
1

= 22
.fEl,lz+ 1 + A/IlEu ( )

and the corresponding maximum measurement uncertainty is calculated as the
total differential of fg .+

1
: AZVIEu = 2 : AZ\/IEu (23)

(15 ) M,

3fp -
B = | 2

The Eu®* fraction is given by

1
fori = —— L (24)
Eu MEu(]' + MLEU )
and the corresponding maximum measurement uncertainty is:

Ofp3+

A = | =B AM

f Eut ' Mg, Eu

1 1 (25)

Tz, (1+ ) " M3, (1+ MLEH)Z A



MISCELLANEOUS

C.1 USED FILTERS

During this thesis, optical glass-plastic composite (KV) filters with long-pass
character were used for photoluminescence measurements. Figure 73 shows their
spectral internal transmittance, 7;, versus wavelength and their negligible edge
shift. KV filters are marked by their low self-fluorescence, which make them
attractive for use in spectroscopy. The spectral properties are determined by a
plastic film embedded in two glass plates. The spectral internal transmittance
for the filters, KV 370 and KV 408, is 50% for the edge wavelengths 370 &2 nm
and 408 £ 2 nm, respectively. The spectral transmittance can be obtained from
multiplication of the 7; values with the reflection coefficient P=0.92.
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Figure 73: Spectral internal transmittance curves for several KV filters (Schott AG).
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