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Abstract Bismuth germanate ceramic powders were
synthesized for the first time by the polymeric precursor
method (Pechini’s method). Differential thermal analysis
and thermogravimetric techniques were used to study the
decomposition of the resin precursor, which indicated a
suitable calcination temperature at 600 °C. It was observed
that the mass loss occurs in two main stages that are
associated with two exothermic reactions. The crystalline
phases of the powders were inspected by the X-ray dif-
fraction technique after thermal treatment between 300 and
600 °C. Single phase BisGe;O;, ceramic bodies were
obtained after sintering at 840 °C for 10 h. The sintered
ceramics presented a luminescence band emission centred
at around 530 nm when excited with X-rays and UV
radiation.

Keywords Bismuth germanate - Ceramic scintillators -
Radioluminescence

Introduction

Bismuth germanate (BiyGe3O;,—BGO) is a synthetic
material with a cubic eulytine structure, space group 143d,
containing four molecules per unit cell. This material has
several interesting features such as electro-optical, electro-
mechanical and scintillator properties [1, 2]. Due to this
last one, BGO has been widely used as the main radiation
detector in medical diagnostics, high-energy physics and in
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industrial applications [3]. Single crystals present high light
yield (9 x 10* photons/MeV) and density of 7.1 g cm™>
[1], but the use of these scintillators also presents some
difficulties, related to its high production cost, limited size
during the growth and poor dopant distribution. For this
reason, the development of BGO ceramics has been widely
studied in order to obtain good scintillator properties. The
advantages of using ceramics instead of single crystals are
a more uniform doping and reduced costs for large sam-
ples, which can be produced in a variety of shapes and
sizes thus improving the scintillator applicability. Due to
these attractive properties, considerable efforts have been
devoted to the preparation and characterization of ceramic
scintillators [2—6].

Frequently, bismuth germanate powders have been
synthesized through solid state reactions using Bi,O3 and
GeO, as precursor materials [4-6]. In this method, a cal-
cination temperature of 810 °C is commonly used and the
powders obtained present micrometric size particles.
Recently, we have reported the synthesis of BGO submi-
crometric powders for the first time through the self-
propagating high-temperature method (SHS—combustion
synthesis) [7]. It was observed that the synthesis method
did not affect the scintillator properties of the sintered
ceramics.

On the other hand, the polymeric precursor method
(Pechini’s method) has been reported as a powerful route to
obtain nanocrystalline powders in several compositions.
This method allows the formation of a polymeric net
(resin) containing the metallic ions homogeneously dis-
tributed. The resin formation occurs in three steps: metallic
chelate formation, ester formation and polyesterification
[8-11]. The main advantage of this method is the good
control of the stoichiometry, high purity, easy dopant
incorporation and formation of nanometric or sub

@ Springer



538

F. A. A. de Jesus et al.

micrometric particles with controlled particle size. In this
paper we have studied for the first time the synthesis of
Bi,Ge;0,, powders by the polymeric precursor method.
Radio- and photoluminescence spectra were also obtained
and compared with the results presented in the literature.

Experimental procedure

Bi4Ge30,, powders were synthesized by the polymeric
precursor method using bismuth oxide (Bi,Os; VETEC,
P.A)) and germanium oxide (GeO,; Alfa Aesar, 5N) as
precursor materials. Figure 1 shows the flowchart of the
synthesis process. The Ge and Bi solutions were prepared,
respectively, by dissolving GeO, in distilled water at about
90 °C in a concentration of 0.005 g mL~! [12], and Bi,O3
in nitric acid solution (1:1—HNOj:distilled water) in a
concentration of 0.125 g mL™"'. These cationic solutions
were separately mixed to the citric acid (CA; VETEC,
P.A.) previously dissolved in distilled water (0.1 g mL™"),
at the molar ratio of 1:3 (Cation:CA). After this dissolution,
ethylenediamine (ED; VETEC, P.A.) was added to bismuth
citrate in order to control the pH value at about 9. This step
was essential to the solution stability. In some tests driven
with ammonium hydroxide for pH control, the stability of
the solution was not achieved. In order to promote the
citrate polymerization by polyesterification reaction, the
citrate solutions were heated at 90 °C and mixed with

3 CA:1 GeO, 3 CA:1 Bi,03
Germanium citrate pH adjusted with ED
+ pH=9

Ethylene glycol

. Heating at 90 °C
Bismuth polyester
+
Germanium polyester Bismuth citrate

+

pH adjusted = 9 Ethylene glycol

Heating at 120 °C

[ Resin J—P(Calcination]

Fig. 1 Flowchart of the synthesis of Bi;Ge;O;, by the polymeric
precursor method
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ethylene glycol (EG; Grupo Quimica, P.A.) at a mass ratio
Cation:EG = 3:2. The (Bi, Ge) resin was prepared by
mixing bismuth and germanium solutions stoichiometri-
cally and keeping the pH value constant and equal to 9. The
resulting solution was then heated up to 120 °C in order to
eliminate water excess and a homogeneous, transparent and
stable solution was obtained.

After stabilization, the resin was calcined in open fur-
nace under air flow and a heating rate of 2 °C min~".
Several maximum temperatures were tested and in all the
tests a free cooling rate was adopted, which means that the
cooling followed Newton’s exponential law. The calcined
powders were ball-milled for 24 h and conformed by uni-
axial pressing as discs with 6 mm diameter and 2.0 mm
thickness with green density of 58%. The sintering was
made at 840 °C for 10 h with heating rate of 10 °C min~'
and cooling rate of 2 °C min~' [5, 13]. The ball-milling
was made in plastic recipients containing the powders,
isopropyl alcohol and zirconia balls, in the volumetric
proportion of 10:30:60, respectively. The relative density
of the sintered ceramics was determined by the fluid dis-
placement (Archimedes) method, using distilled water.

Thermal analysis of the dried resin was performed from
room temperature up to 900 °C in a simultaneous DTA/TG
(SDT 2960—TA INSTRUMENTS) system, with a heating
rate of 10 °C min~"' and synthetic air flow. The crystalline
phases of the powder and sintered ceramics were inspected
by X-ray diffraction (XRD—Rigaku RINT 2000/PC), in
continuous scanning mode using Cu K, radiation, in the 20
range between 10° and 80°. The particle size of the cal-
cined powders was determined by scanning electron
microscopy (SEM—IJSM-5900 INSTRUMENT).

The luminescence properties of the samples were
inspected via photo- and radioluminescence techniques at
room temperature. The photoluminescence (PL) spectra of
the scintillators were measured using an Ocean Optics HR
2000 spectrometer (resolution of 0.5 nm) under excitation
of 280 nm, using a 300 W Xenon lamp. Radiolumines-
cence (RL) was registered under excitation of X-rays
(~9 keV), by the same spectrometer used in the PL tests.

Results and discussion

Figure 2 presents the DTA/TG curves of the resin dried at
100 °C for 24 h. These curves clearly show two main
thermal events: the first one, from room temperature up to
350 °C, is characterized by a mass loss of approximately
50% and an exothermic peak (onset at 200 °C). This event
can be attributed to dehydration and oxidation reactions
followed by the formation and elimination of NO; the
second event, with onset at 400 °C, presents a high exo-
thermic peak and a mass loss of about 37% which can be
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Fig. 2 DTA/TG curves of the BGO precursor resin dried at 100 °C
for 24 h

associated to combustion reactions, organic decomposition
and subsequent crystalline phase formation. Since there is
no thermal event above 600 °C, this temperature was firstly
adopted for the powder calcination.

The crystallization processes that occur during the ther-
mal decomposition of the resin were monitored by X-ray
diffraction measurements. Figure 3 presents the XRD pat-
tern of the samples calcined at different temperatures for
6 h. The powder heated up to 300 °C is predominantly
amorphous, but after calcinations at 400 °C it presents three
phases of the bismuth—germane system, namely Bi;Ge;05,
Bi,GeO5 and Bi;,GeO,. Yet, when the powder was cal-
cined at 500 and 600 °C, the majority phase was Bi;Ge;0,
with very small amounts of GeO,, Bi,GeOs and Bi;,GeO,.
These undesirable phases were eliminated after the sinter-
ing process at 840 °C, as will be shown below. In order to
verify the elimination of the spurious GeO,, Bi,GeOs and
Bi;,GeO,y, DTA measurements of the powder pre-calcined
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Fig. 3 XRD patterns of the samples calcined for 6 h, at the
temperature indicated at each pattern. The peaks were indexed using
JCPDS database: BiysGe;O;, (PDF# 84-0505), Bi,GeOs (PDF# 78-
1334), Bi;,GeO,, (PDF# 77-0861) and GeO, (PDF# 83-2480)

at 500 °C for 6 h were performed (Fig. 4). As expected, the
main exothermic peak presented at Fig. 2 was eliminated
after the pre-calcination, so a broad band between 780 and
900 °C (with onset at 700 °C), corresponding to the single
phase formation, was observed.

In order to reduce the coalescence between the particles,
the powders calcined at 600 °C for 6 h were ball-milled for
24 h before sintering [14]. Figure 5 presents a SEM image
of this powder. Particles can be observed in the beginning
of the coalescence process with an average grain size of
600 nm. After the milling, the powder was dried, pressed to
a green density of 58% and sintered at 840 °C for 10 h
reaching a relative final density of 85.5 £ 0.5%. Figure 6
shows the XRD patterns of the sintered ceramic. As men-
tioned above, sintered ceramics presented only the
Bi,Ge;0,, phase.
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Fig. 4 DTA curve of the BGO powder previously calcined at 500 °C
for 6 h

Fig. 5 SEM image of the powder calcined at 600 °C for 6 h and ball
milled for 24 h, presenting some coalescence process
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Fig. 6 XRD pattern of the BGO ceramic sintered at 840 °C for 10 h.
The peaks are indexed according to the PDF# 84-0505 from JCPDS
database

Figure 7 presents the normalized curve of the photolu-
minescence spectra of the sintered ceramics excited at
280 nm. This curve presents the wavelength corresponding
to the maximum intensity at 520 nm while the wavelength
of the single crystal is centred at 515 nm. Figure 8 (nor-
malized curve) shows the radioluminescence spectra of the
same ceramics excited with X-rays (8 keV), it can be seen
that the emission is centred at 534 nm and for the single
crystal the maximum intensity is at 515 nm. These two
results are the same if we take into account the standard
deviation of the measurements, so it can be concluded that
the luminescence results from the same emission process,
regardless the excitation energy. For BiyGe;0,, the lumi-
nescent emission is associated with the transition from the
level 6p6s (3P0; 125 lPl) to the fundamental state 6s, (180) of
Bi’" [15].
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Fig. 7 Luminescence spectra of the Bi;Ge;O;, ceramics under
ultraviolet (UV) excitation
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Fig. 8 Luminescence spectra of the BiyGe;0;, ceramics under X-
rays excitation

Conclusions

Bismuth germanate sintered ceramics were successfully
synthesized for the first time through the polymeric pre-
cursor method, and pH control at 9 was essential for the
solution stability at room temperature. Thermal decompo-
sition of the resin was monitored by both DTA/TG and X-
ray diffraction techniques. The formation of the majority
Bi,Ge;0,, phase was observed after calcination at 600 °C
for 6 h and single phase after the sintering process at
840 °C for 10 h. At these conditions the samples presented
a final relative density of 85.5%. Photo- and radiolumi-
nescence spectra of the sintered ceramics presented a typ-
ical BisGes;O;, behaviour, with emission band centred at
530 nm, indicating that this new route did not affect the
luminescent centres in this material.
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