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The crystallization behaviour of bismuth
germanate glasses
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Glassy samples containing Bi,O; and GeO, in different ratios were prepared and absorption
measurements were performed on the samples in the ultraviolet region in order to determine
the optical behaviour. Thermal analysis performed on the vitreous samples gave the glass

transition temperature and the crystallization temperature. The main crystalline phases separ-
ated during the heat treatment were Bi,Ge;0,, (BGO) and Bi,GeO5. The activation energy

of the crystallization process of the sample BGO (1:3) was measured using the isothermal
method, and the value obtained was 47.1 kcalmol~'; the reaction order was equal to 1.1.

1. Introduction

Bismuth germanate Bi,Ge;O,, (BGO) is a synthetic
crystal having the same structure of mineral
Bi,Si;0,, (eulytite). These crystals have been studied
since the 1950s for their electro-optical [1, 2], elec-
tromechanical [3] and luminescence properties [4]. In
the 1980s, BGO received much attention because of its
physical properties which make it suitable to replace
traditional scintillators such as NalI(T1) and CsI(Na).

Among the applications of BGO, the most import-
ant are in nuclear medicine (X-ray and positron emis-
sion tomography), in fundamental research (telescopes
for hard-X and y-rays in astrophysics and nuclear
physics) and in industry (well logging, control of fusion
processes). In particular, BGO is very useful for the
construction of compact high-resolution electro-
magnetic calorimeters for high-energy physics [5].

To produce these crystals successfully, a detailed
fundamental knowledge of the growth behaviour is
necessary. Moreover, the growth of BGO monocrys-
tals presents some difficulties {6-9] due to its physical
features. Only high-purity oxides give high-quality
BGO monocrystals and the two oxide powders must
be mixed very accurately to avoid deviation from the
stoichiometric composition.

Another aspect to be taken into account is the
precise temperature control, because the driving force
of the crystal growth from the melt is supercooling, so
any fluctuation at the solid-liquid interface may pro-
duce defects in the crystal structure. Such defects,
comprising nca-stoichiometric phases, bubbles and
insoluble foreign particles, will reduce considerably
the crystal performances (e.g. energy resolution).

The aim of this work was to study the thermal
behaviour of the Bi,O;~GeO, glassy system in order
to obtain polycrystalline specimens and to make a
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comparison between the properties of the monocrystal
and the polycrystalline material.

There are some advantages in obtaining BGO poly-
crystalline samples via the glassy route. In fact, it is
easier to prepare glassy samples than a crystal, and
furthermore, in the devitrification process, a precise
control of the temperature is not as important as in
crystal growth. The phase diagram of bismuth and
germanium oxides, presented in Fig. 1 [5], shows the
possibility of obtaining four different crystalline com-
pounds as a function of their well-defined proportions.
Therefore, we prepared and studied the same com-
positions (indicated by dots in the figure) as glassy
samples.

2. Experimental procedure

The samples were obtained by melting in an electric
furnace under air atmosphere. The melting temper-
ature, chosen as a function of the composition [10],
was in the range 1473-1573 K and the batch powders
were introduced into the previously heated furnace in
order to avoid oxide losses caused by the surface
tension, especially for Bi,O,. The melts were quen-
ched using a melt-spinning apparatus, because the
ultra-high cooling rate (about 10% K min~!) was able
to give glassy samples (flakes) and to avoid any phase
separation.

These flakes were analysed using a Philips inductiv-
ely coupled plasma (ICP) spectrometer Model
PU7450. Samples were dissolved in diluted HC1 to
avoid the formation of insoluble hydroxides. The com-
position of the samples is reported in Table 1.

The samples are identified by the symbol
BGO(x:y), (x:y) being the molar ratio Bi,0;:GeO,.
They were prepared from extra-pure powdered oxides
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Figure I Phase diagram of Bi,0,-GeO, [5].

TABLE I Theoretical and experimental composition of BGO
samples (% wt/wt)

BGO Theoretical Experimental

Bi Ge Bi Ge
1:3 53.6 28.0 53.1 27.3
2:3 67.1 17.4 64.3 17.2
1:1 73.1 12.7 72.8 123
6:1 86.5 25 84.0 24

(Bi, O, Fluka, GeO, Ventron-Alfa Produkte). Ultra-
violet spectra were recorded using a Kontron spectro-
photometer Model Uvikon 860.

The presence of crystalline phases, obtained after
heat treatment, was investigated by powder X-ray
diffraction (XRD, Philips PW 1710 Diffractometer,
CuK,, radiation). These phases have been identified by
comparing the XRD patterns with those reported in
the literature [11].

Thermal analyses were performed using a Perkin
Elmer differential scanning calorimeter DSC-7 Delta
instrument.

3. Results and discussion

3.1. Ultraviolet absorption measurements

To date there has been no systematic study of the
optical properties of these glasses in the ultraviolet
region. Experimental investigations of the dependence
of these properties on the glassy network, temperature
and composition, and theoretical analyses of the
mechanism of ultraviolet absorption in vitreous ma-
terials have just begun [12].

The absorption processes in the ultraviolet region
involve, basically, two types of electronic transition.
The first is the promotion of an electron from a
localized orbital on one ion, either to a higher but still
localized orbital or to a collective energy level for the
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system — “the conduction band”. In this case, if the
excited electron is localized on the same ion or mol-
ecule, the new state is described as an “exciton” and
the associated absorption band is called an exciton
band. However, if the excitation transfers the electron
to an orbital lying completely or partly on another
atomic species, then the observed absorption is gen-
erally called a “charge transfer” process, which is the
second case.

The shape of the spectra is different for the two
mechanisms: in the case of excitation into a conduc-
tion band, the absorption coefficient rises with de-
creasing photon wavelength to a plateau value, while a
transition to a non-localized orbital would result in a
normal optical band with a well-defined maximum
value.

Stevels [13] pointed out that for the most conven-
tional oxides glasses, which contain only light electro-
positive cations, the conduction band lies at very high
energies and ultraviolet absorption is due to trans-
itions of the exciton type. In a glass containing heavier
cations (e.g. Cd(I) germanate glasses [12]), the
conduction band lies at lower energies and may over-
lap the exciton levels, with the result that such glasses
have an absorption edge near the visible and are
photoconducting.

Fig. 2 shows the BGO{(2:3) ultraviolet spectrum:
because of instrumental limits, it is impossible to
reveal the shape of the spectrum for values of absor-
bance over 4.0 because the absorption is too strong,
Reisfeld and Boehm [14] overcame the problem
by comparing absorption and excitation spectra of
Bi** in phosphate, borax and germanate glasses.
From this comparison they could derive for a
bismuth—germanate glass an absorption peak whose
maximum is at about 270 nm. So, we can suppose a
charge-transfer process for ultraviolet absorption in
BGO glasses.

The absorption coefficients for most processes
occurring in the ultraviolet field are of the order of
10*-10° cm~ ! [12]. Consequently, very thin samples
are required if complete absorption bands are to be
recorded. Such samples are not easy to prepare and
in any case they are not representative of the bulk
material.
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Figure 2 Ultraviolet spectrum of sample BGO(2:3).



Most of the ultraviolet absorption studies on glassy
systems have thus been limited to measurements of an
absorption edge, defined as the short wavelength
transmittance limit of cut-off wavelength, A,. A, is not
a well-defined parameter and has been taken as the
wavelength where the transmittance in a given sample
thickness can just be measured, usually 0.5% [12]. In
Fig. 3 cut-off wavelengths as a function of the molar
ratio Bi,O;/GeQ, are shown; all the samples had the
same thickness (65 + 3 pm). It is possible to see that
the value of A, decreases as the GeO, content in the
glasses increases, and therefore the gap between the
energy levels is increased. This is in agreement with
the low values of A, reported for vitreous GeO,
(325-220 nm) [12].

3.2. DSC and XRD analyses

ICP analyses revealed that although a possible slight
loss of bismuth oxide during the melting process was
noted, the effective composition of the samples does
not differ from the theoretical one, as shown in
Table I.

The glasses were subjected to thermal analysis in
order to investigate their thermal behaviour, as well as
to analyse the crystallization kinetics.

All DSC thermograms were measured up to 998 K
with a 20 K min~?! heating rate. From these data the
crystallization temperature, 7,, was determined (re-
ported in Table 1I): T, was chosen as the maximum
temperature for performing heating cycles on all the
samples. All these heating schedules were performed
with a dwell time of 6 h at the temperature T,.
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Figure 3 Cut-off &, as a function of the molar ratio Bi,0;/GeO,.
Errors are smaller than the point size.

TABLE II Crystalline phases formed after heat treatment

BGO T Dwell

. Crystalline phases
(+01K) (hy

1:3 840 6 Bi,Ge, 0y,

2:3 868 6 Bi,GeOs, Bi,Ge, 0,
916 6 Bi, Ge;0,,, Bi,GeOj;

1:1 758 6 Bi,GeOg

6:1 752 6 Bi,,GeO,,

In the DSC thermogram of BGO(1:1), shown in
Fig. 4, it is possible to note the presence of two peaks,
the greatest corresponding to Bi,GeO, crystallization.
To confirm Bi, GeOy as a separated crystalline phase,
the experimental XRD spectrum, not reported in liter-
ature [11], was compared with the calculated one by
means of the LAZY PULVERIX program [15]. The
smallest peak, at 733 K (onset = 723 K), might be a
thermal signal due to a metastable phase with struc-
ture very similar to that of Bi, GeO;[16]. This would
suggest that the following solid-solid reaction inside
glassy BGO(1:1) takes place (c is the crystalline phase)

glass — metastable phase (¢} — Bi,GeO; (c)
(1)

Thermal treatments of sample BGO(2:3), at 868
and 916 K, respectively, yielded Bi,GeO, with a small
amount of Bi,Ge;O,, phase at lower temperature and
Bi,Ge; O, with a small amount of Bi,GeOj; at higher
temperature. It was impossible to obtain these phases
separately. Reaction 1 can explain this behaviour. In
fact, because of the greater amount of GeQO, in the
sample, the Bi,GeO; formed would react almost com-
pletely, according to the following reaction

2 Bi,GeOs(c) + GeO, (glass) — Bi,Ge; 04, (c)
@

As stated previously, the major separated crystalline
phase at lower T, is Bi,GeOy: this means that it
is kinetically favoured over the formation of
Bi, Ge;O,,, while the latter is thermodynamically
more stable. Then the overall solid—solid reaction can
be written

glass — metastable phase — Bi,GeOs; (c)
— Bi,Ge,0,, (¢) A3)

Reaction 3 confirms that Bi,GeQ; itself is a metast-
able phase in the crystallization process. Many re-
searchers [6, 17] have confirmed the presence of
metastable Bi,GeOs, obtained after quick cooling of
melts with BGO(2:3) stoichiometry.

For the BGO (6:1) sample, the DSC thermogram
shows only one peak at 752 K, due to the separation of
the crystalline phase with stoichiometry correspond-
ing to the starting composition Bi;,GeO,,, as con-
firmed by XRD analysis. However, after 6 h thermal
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Figure 4 DSC thermogram of sample BGO(1:1).
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treatment at the peak temperature, the presence of a
large amount of the glassy phase was still noted,
indicating a very slow kinetics for the crystallization
reaction.

More interesting is the thermal behaviour of the
BGO(1:3) sample: XRD data indicated that crystal-
lization, in fact, begins at 850 K with the formation of
cubic Bi,Ge;0,, only [18]. Starting from a molar
ratio Bi,0,:GeO, = 1:3, we should have the separa-
tion of Bi,Ge;Og4 crystalline phase [197]; this was
obtained by heat treatment of BGO(1:3) glassy
sample at 1173 K for 48 h. Then the reaction can be
written

2(Bi,05 *3Ge0,) (glass) — Bi,Ge;O04, (¢)
+ 3GeO, (glass) 4)

followed by the step Bi,Ge;0,;(c)+ 3 GeO,
(glass) — Bi, Ge; O, (c). Because only crystalline
phases separated in the temperature range investig-
ated, the kinetics of the crystallization process for this
sample was also analysed. Many approaches can be
used to determine the kinetic parameters [20, 21] but
we performed only isothermal measurements due to
their greater accuracy.

Isothermal measurements were carried out by
means of a PE computer program which allows scans
at a fixed temperature and the calculation of the
crystallized fraction as a function of time. Scans were
performed at 843, 853, 863 and 873 K; the JMA
equation [22] is usually used to describe the kinetics
in a transformation reaction

1 —exp[—k(t — £o)'] (5)

where x represents the fraction transformed after time
t, to is the incubation time, k is the rate constant and n
is the reaction order parameter. In fact, ¢, is very
small, so that we can assume (t — ty) ~ t. k is con-
sidered to depend only on the temperature with an
Arrhenius-like dependence

k = koexp(— AE,/RT) 6)

X =

where AE, is the activation energy per mole, R is the
gas constant and k, is a constant.

If we rewrite the Equation 5, according to the above
assumption, in the form

In[—In(1—x)] = Ink + nlnt (D

we can plot In[— In(1 — x)] versus In ¢, obtaining a
straight line with slope n and intercept In k. This
computer program gives the partial areas of the reac-
tion peaks, which are proportional to the volumetric
fraction of crystallization, x. From these values, and
using a least squares fit, four straight parallel lines
were derived (Fig. 5) whose slope gives the reaction
order parameters, n. In Table III the n values calcu-
lated from the crystallization curves are reported. The
average value of n is equal to 1.10 + 0.03.

From Equation 6, it is also possible, by means of a
least squares fit, to calculate the activation energy for
the crystallization process of Bi,Ge,O,, (Fig. 6); a
value of 47.1 + 0.2 kcalmol ! is obtained.
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Figure 5 Least squares fits of In[ — In(1 — x)J versus [n t for sample
BGO(1:3) at different temperatures. Errors are smaller than the
point size. (A) 873 K, (A) 863K, (O) 853K, (@) 843 K.

TABLE III. Kinetic data from isothermal measurements for
BGO (1:3)

T n Ink R,
(K) (£ 0.03) (£ 0.01)
843 1.07 — 246 0.999
853 112 —229 0.997
863 1.11 — 1.86 0.998
873 111 —1.47 0.998
L-1.0
- -1.5
x
£
+-2.0
-25
11 1.2 1.3 14
10377 (k1)

Figure 6 Least squares fits of Ink versus 10%/T for sample
BGO(1:3). Errors are smaller than the point size.

To obtain further information on the crystallization
mechanism we also performed microphotographic
analysis. Fig. 7 shows a scanning electron micrograph
of BGO(1:3) after heating and leaching treatment:
irregular  pyramide-shaped  microcrystals  of
Bi, Ge,0,, can be seen rising up from the glassy
matrix. This is consistent with a three-dimensional
growth of particles. From the value of n calculated



Figure 7 Scanning electron micrograph of sample BGO(1:3)
treated at 840 K and leached.

(1.10 £ 0.03) it is possible to propose a diffusion-
controlled crystallization mechanism, approximating
n to the value of n = 1.5 valid for an instantaneous
process (nucleation rate equal to zero) [22].

4. Conclusions

The optical and thermal behaviour of glassy BGO
samples has been studied. Owing to instrumental
limits, it is impossible to determine exactly the shape
of the ultraviolet spectra, but we can suppose a
charge-transfer absorption mechanism. The cut-off
wavelengths have been measured. Thermal measure-
ments allow confirmation that in the devitrification
process the Bi,O;:GeO, ratio plays a fundamental
role. The Bi,GeOs phase, except for BGO(1:1), is
thermodynamically unstable and gives rise to crystal-
line Bi,Ge;0,, and glassy GeO,. The crystallization
of BiyGe;O,, occurs at lower temperature in
BGO(1:3) than in BGO(2:3) and kinetic measure-
ments indicate a very fast process. On the other hand,
in BGO(6:1) the large amount of glassy phase still
present after thermal treatment indicates a slow sep-
aration of crystalline Bi;,GeO,,.

The value of 7, obtained was lower than those
reported in the literature and this could be advantage-
ous for obtaining polycrystalline BGO samples
more easily. However, further work is needed to
determine their physical properties for technological
applications.
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