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Crystallization studies on rare-earth co-doped fluorariate-based glasses
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Abstract

This work focuses on the structural changes of barium daldo{BaC}) nanoparticles in fluorochlorozirconate-based glass ce-
ramics when doped with two fiierent luminescent activators, in this case rare-earth {®E), and thermally processed using a
differential scanning calorimeter. In a first step, only europin its divalent and trivalent oxidation states,?Ewand E&§, is
investigated, which shows no significant influence on thetatijization of hexagonal phase BaCHowever, higher amounts of
Eu?* increase the activation energy of the phase transition tormorhombic crystal structure. In a second step, nudeatnd
nanocrystal growth are influenced by changing the structumaronment of the glasses by co-doping witiPEand trivalent Gé',
Nd3*, Yb®, or Tb**, due to the dferent atomic radii and electro-negativity of the co-dopant
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1. Introduction and potential ffects on the optical and structural properties.

This work focuses on how the varying amounts of divalent

Recent studies have shown that fluorochlorozirconate (FCZ), 4 trivalent Eu and the fierent RE dopantsféect the BaGl
based glasses and glass ceramics doped with rare-earth (REJstallization investigated by fierential scanning calorimetry
ions such as E are good candidates forimage plates in medi-psc). For medical and photovoltaic applications it is etisé
cal diagnostics and up- or down-conversionlayers for SBES 1, nerform DSC measurements on all glass ceramics to be able
providing broad and strong blue luminescence upon ultfetio , optimize the annealing conditions as well as the resgcti
or x-ray excitation [1, 2, 3, 4, 5]. luminescence yield.

The BaC} is crystallized by thermal treatment of the “as-
poured” glass leading to nucleation and growth of nanoatgst
in the glass matrix, creating a glass ceramic. These fewrednd 2. Materialsand methods
nanometer-sized crystals, in which a part of the luminescen

activator ions are incorporated, provide lower phononuesg The investigated fluorochlorozirconate (FCZ) glasses are
cies, making non-radiative relaxation processes lessaped pased on a modified ZBLAN composition [11], which

this enables an enhanced luminescence yield. It is therefr nominally consists of 51ZF=20BaCh-20NaF-3.5Lag-3AlF3-
sential to be able to precisely control the nanocrystatlitele- 0.5InR-XEuChb-(2-X)EuCk (x = 0, 0.4, 0.8, 1.2, 1.6,
ation and growth. Previous work has shown that the Ba(is- 2.0) (values in mol%) for the multivalent Eu series
tallization activation energy isiected by RE doping [6]. More and 517rR-20BaCh-20NaF-3.5Lak-3AIF3-0.5InFs-1EUCh-
general work on crystallization in zirconium fluoride gless 1RECE (RE = Gd™, Nd®, Tb**, Yb®) for the RE co-doping
can be found in [7, 8]. series (values in mol%).

At this moment, several routes are being explored to reduce Gjass preparation was done under an argon atmosphere in-
costs of E&"-doped glasses and to achieve a higher total lumizjge g glove box. A two-step melting process was used, where
nescence output [9, 10]. It was shown that during glass Mielti the first step involved mixing and melting of all fluorides at
cheaper Eif is partially reduced to the more expensiveEu 800 °C for 60 minutes. After being cooled to room tempera-
meaning that multivalent doping of Buand Ed" in the start-  yyre chiorides were added to the melt and the whole compo-
ing materials can reduce costs. sition was remelted for 60 minutes at 745. The last step in-

In an attempt to enhance light output, the’Eglasses were  yglved pouring into a 208C hot brass mold, where it stayed for
additionally doped with a further RE, namely Gd, Nd, Yb, or 6o minutes before being cooled to room temperature &tC50
Tb, to study possible energy transfer between the RE dopanser hour.

The DSC measurements were performed with a DSC 204 F1

*Corresponding author Phoenix instrument (Netzsch). The sample was cut into small
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Figure 1: Plot of the DSC data for the FCZ glass with & Eiaction of 60%.  Figure 2: Crystallization peak position for the hexagoreuares) and the

The heating rate was 10/in. orthorhombic BaGl crystallization (circles) depending on theffdrent EG*
and E&* doping fractions. The heating rate was Fn. Data for a Eu-free
ZBLAN glass is shown for comparison.

Table 1: Overview of nominal and experimentally determiied* fractions

for the multivalent Eu-doping series. A nominal%ufraction of 100% corre- | is th f all rati fth d d tierdi
sponds to a E&f doping level ofx = 2.0 mol%. The experimental analysis was value 1s the average or all ralios of the as-made an erdi

done by x-ray absorption near edge spectroscopy (XANES) [Ie respec-  €ntly annealed samples having the same composition. A de-
tive EL** fraction is given by - EL. tailed description of the analysis and the experimentalittet

can be found in [10]. Figure 2 shows the peak temperature of
both hexagonal and orthorhombic peak maxima as a function

nominal Ed* fraction experimental B fraction (averaged)

(%) (%) of the diferent E@*-to-Eu** doping fractions; the heating rate
200 gifj was 5 Kmin. A significant shift to onver temperatures is ob-
40 66+ 3 served for both peaks when increasing thé*Buaction from

60 764+ 2 0% to 20%. This trend confirms the behavior of the phase tran-
80 83+ 3 sition temperature obtained from corresponding x-rdrati-

100 84+ 1 tion (XRD) data of the heat treated samples [10]: For pure

EuCk doping, higher annealing temperatures are required to
convertthe hexagonal particles into particles with ortioonbic
crystal structure. The hexagonal phase results from 20 tminu
crucible. An empty crucible was used as a reference. The tenheat treatments between 250 to 270 at 280°C a phase mix-
perature was increased with heating rates of 5, 7.5, 10,5, 2ture of hexagonal and orthorhombic phase is found, while the
and 25 Kmin while the diferential temperature between the fully crystallized orthorhombic phase is not observed befo
crucibles was measured. 290 °C. Crystallization peak positions for a Eu-free ZBLAN
glass are shown for comparison. Averaging the peak temper-
atures of the Eu-doped samples shows that Eu doping leads
to a higher temperature shift for the transformation to the o
thorhombic phaseT(, = 289 °C for the Eu-free sample to
sz = 294 °C for the Eu-doped samples) than for the hexag-
The oxidation state’s influence on the crystallizationisgh  onal phase crystallizatio; = 231°C for the Eu-free sample
by non-isothermal DSC measurements. The important padints qg Tp2 = 233°C for the Eu-doped samples). This behavior is
interest are marked in Figure 1 for an FCZ glass with af"Eu described in more detail below.
fraction of 60%, measured with a heating rate of J&nk. T DSC measurements withftrent heating rates, enable the
is the glass transition temperature, i.e., the point whéaesy determination of the Bagkrystallization activation energia,
viscosity and specific heat capacity drop significantly. &itys-  py Kissinger's method [12]:
tallization onsetTy, and the peak temperature of the first crys-
tallization, Ty, are attributed to the crystallization of hexago- d [In (a/Té)] Ex kissinger
nal BaCh, while Ty is attributed to the phase transition from d(l/T ) == R 1)
hexagonal to orthorhombic BaCl P
In previous work, x-ray absorption near-edge structurespe whereR is the gas constant. With higher heating rates the crys-
troscopy (XANES) was used to evaluate’Eto-EU** ratios,  tallizations are shifted to higher temperatures; theikpagen-
accurately. Nominal and experimentally determined vahres sities are increased due to an enhanced heat fldyydI into
summarized in Table 1. The listed experimentally deterohine the samples (see Figure 3), which is given by the product

2

3. Resultsand discussion

3.1. Multivalent Eu-doping
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Figure 3: Plot of the DSC data for the FCZ glass with &Efraction of Figure 5: Activation energiesE,, for the hexagonal (squares) and the or-

80%. The diferent heating rates go from 5, 7.5 and 10 to 2Bk in steps  thorhombic (circles) BaGlcrystallization obtained from the DSC data depend-

of 5 K/min. The curves are vertically displaced for clarity. ing on the diterent EG* and E§* doping fractions. Data for a Eu-free ZBLAN
glass is shown for comparison.

9.0
_ Lo v =-29.12-10°K ergy needed for the phase transformation decreases. Furthe
9.5} R .
more, photoluminescence measurements have shown that Eu
is incorporated into the Baglnanocrystals, but Bu is not
Ta-100f [13]; EW?* substitutes for B& in BaCh [14]. A higher E¥*
3 doping fraction probably results in a higher¥woncentration
= 105} in the nanocrystals causing an increase in the activatierggn
B required for the hexagonal to orthorhombic phase transierm
ok tion. Looking at the activation energies for the Eu-free 281,
' it is striking that the energies for both phases are withngh
ror (Eanex = 240+ 7 kJmol andEg ortha = 235+ 9 kJmol),
1L . 70 7 178 176 while there is a large tlierence between the hexagonal and the

10/ 7, (K orthorhombic crystallization energy for the various Eyz€dd
r samples (the maximumfiérence is 63 kinol for an E§* frac-

Figure 4: Fit for the pure Eugidoped FCZ glass. The slope gives the apparention _Of 0.39). This diference decreases with increasing"Eu
activation energyE,. fraction.

3.2. Rare-earth co-doping

dH¢/dT =m-cp - @ (2) Ew?*-doped glasses which are additionally doped with a fur-
ther RE such as Gd, Nd, Yb, or Tb are interesting to invesigat
with the sample massy), the sample specific heat capacty, = because of possible energy transfer processes betweemahe t
and the constant heating rate, When plotting In(z/Tg) vsS.  RE ions and potentialfiects on the luminescence properties.
(1/Tp) as shown in Figure 4, can be obtained from the slope However, a further RE may alsdfact the BaGJ crystallization
of the linear fit. which is investigated in detail below.

Figure 5 showsE, versus E&" and Ed* doping fraction. Figure 6 shows DSC data for the RE co-doped series and an
E, of the hexagonal phase is not sensitive tffeslent Eu ox- undoped glass for comparison; the heating rate was/ifirK
idation states, buE, of the hexagonal to orthorhombic phase Besides the outlying crystallization peaks for the’Gdoped
transformation shows an increase with increasingf Bmount, — glass (see below), the shift of the main crystallizationkpefa
i.e., more energy is needed to initialize the transforrmat®m  the undoped sample to lower temperatures is striking. This
orthorhombic crystal structure. However, some pointsdren crystallization was attributed to a partial crystallipatiof the
down, likely caused by composition inhomogeneities fromglass matrix, namely the formation gfBaZrk; and NaZrk
pieces coming from dierent sample positions. [15]. It confirms the recently found behavior that higher fluo

Compared to the pure Eustioped FCZ glass (GICI+F) = rine content (lower fluorine evaporation during the melfing-
15.22%) the available @CI+F) amount in the melt is 0.6% cess) leads to a decrease in peak temperature and an egdier ¢
higher for pure EuGldoping (15.81%), i.e., the small increase tallization, because more fluorine increases the protbpldr
in the chlorine volume fraction for changing the Eu-dopingthe crystals to form. Since the undoped sample was made as the
from EW?* to EL?* could be the reason for the fact that the en-only 20 g batch (the others were 10 g batches) less mass% of

3



4 310 .

5} | .

g G “ orthorhombic
~E S 300f N .

2 3+ ~
g | \/\ e I °
5 § Th3* = = =
g E J\ g 250}
o5 ~ n
g 34 <

= Yb 5]

E i = h I

5 L exagona

o undoped 240 £

| -

1 1 1 1 1 230 L 1 1 1 1
150 200 250 300 350 400 450 undoped Ybi* Tb>* Nd** Gd**
temperature (°C) rare-earth co-dopant

Figure 6: Plot of the DSC data for FCZ glasses witfietent RE co-dopants. Figure 7: Crystallization peak position for the hexagorsduares) and the

The heating rate was 10/#in. Data for an undoped ZBLAN glass is shown orthorhombic BaGl crystallization (circles) depending on theffdrent RE

for comparison and the curves are vertically displaced lfmitg. dopants. The heating rate was 10vi{n. Data for an undoped ZBLAN glass is
shown for comparison.
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fluorine was lost during the same melting process. This was es
tablished by ion chromatography measurements. The awtrage

260 |

crystallization temperature is 33€ for the RE co-doped sam- '}

ples, while it is 313 C for the undoped sample, i.e., the crystal- 240 f $ hexagonal
lization temperature is reduced by 20. To give a clearer pic- 0

ture, the peak positions for hexagonal and orthorhombis@ha
crystallizations are also shown in Figure 7. As mentioned ea
lier for the multivalent Eu series, the temperaturfedence
between both crystallization peaks slightly increasesnithe
sample is doped with RE ions.

200 { :

180 | .
orthorhombic

activation energy, £, (kJ/mol)

GdCk as a co-dopant for Eugletards the nucleation and oot ¢
growth of BaC} nanocrystals the most, as both crystal phases 140 - - - - -
crystallize at the highest temperatur@s(Gd*") = 247°C, undoped yb** b N G
Tp2(GP*) = 311°C). Compared to the other co-dopants the rare-carth co-dopant

cause of this is thought to be the larger atomic radius of ®d _ . o .
Figure 8: Hexagonal (squares) and orthorhombic (circleg}iBcrystallization

about 233'pmr(Tb = 2'25 pm,y, = 222 pr'n.ande :.206 pm) activation energiess,, obtained by Kissingers method [12] foffidirent RE co-

[16] resulting in a higher electro-negativity and higheolp-  dopants. Data for an undoped ZBLAN glass is shown for corspari

bility to attract electrons towards the nucleus. Thereforere

energy is needed to break the bond between the Gd and Cl ions

or to split df chlorine ions, which can then contribute to the

crystallization and growth of more and larger Ba@hnocrys-

tals. However, Né does not fit into this trend, since its crys- nal and orthorhombic crystallization is considerably &rd-or
tallizati kt t i t th k . oo
allization peak temperatures are in between the peaks tf Gd Gd®* it is 53 kJmol, while it is only 5 kJmol for the undoped

and T and not, as one would suggest from the atomic radius

at the lowest temperature of all co-dopants. Tliset can be éf’imp"i- The dierence decireases for the rowN@40 kymol)

explained by former studies on Riddoped FCZ glasses and via Tb? (17 kJmol) to Yb** (10 kymol).

glass ceramics which have shown that the optical transitdn

the Nd ions are fiiected by the BaGlnanocrystal size leading 4. Conclusion

to the conclusion that some of the ¥dons, similar to E&,

are sitting in close proximity to the nanocrystals or polgsit- DSC measurements have shown that the crystallization of

corporated into them [4]. Thus, the interactions between Ndhexagonal phase Bagk not very sensitive to flierent Eu ox-

ions and the BaGlcrystal lattice may lead to the higher BaCl idation states, while the hexagonal to orthorhombic phase t

crystallization temperature. sition shows increased activation ener§y, with increasing
Looking at the crystallization activation energies in Fig8,  Eu?** doping fraction.

Gd* is once again outlying: Both hexagonal and orthorhombic In order to increase total luminescence yield,>Edoped

crystallizations show a much lower activation energy them t FCZ glasses were additionally doped with Gd, Nd, Yb, or Th

undoped sample, especially for the orthorhombic crygailbn  chlorides. Influence on the nanocrystallization such aartet

4

with 160 kJmol compared to 235 kol for the undoped sam-
ple. Also, the diference in the activation energy of the hexago-



dation of nucleation and growth was observed. These crygi11]
tallization shifts, in terms of temperature, could be httted

to the diferent atomic radii of the co-dopants associated with?!
differences in electro-negativity. &dretarded nucleation and [13]
growth of BaC} nanocrystals the most as it has the largest
atomic radius. N& did not fit into this trend, possibly due to
stronger structural interactions between Nd ions and th&-Ba
crystal lattice, e.g. a possible incorporation into theataps-
tals; this was observed in previous work.

Future work will focus on the optical characterization oé th
RE co-doped glass ceramics as well as on a two-step annealiﬁ%]
process, where in a first step as many nucleation grains as pos
sible will be created, followed by an accurately defined ghow
to the desired crystallite size.

[14]

(5]
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