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A full range of BGSO crystals from BGO to BSO was grown by the Czochralksi
method. A set of procedures such as changing of stoichiometry, recrystallization and
thermal treatment was applied to improve optical and scintillation parameters of the
crystals. The relationships between scintillation yield, energy resolution, decay constants
and Si**/Ge** ratio in the crystals are discussed with regard to ongoing experiments on
high energy physics. Crystal composition with better energy resolution 16.2 % at 662 keV
irradiation was obtained.
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Meromom YoxpalbCKOro BHIPAINEHBl KPUCTAJILI MOJHOTO P8 TBEPALIX PACTBOPOB
Bi,(Ge,Si;_,)304, (BGSO) or BSO mo BGO. [as yrydlleHns ONTHYECKOTO U CHUHTUILIAIAOHHO-
ro KayecTBa KPUCTAJJIOB MCIIOJB30BAHBI TAKHE TEXHOJOTMYECKHE IIPOLEeLypPhbl, KaK CMeI[eHue
CTeXUOMEeTPUY, IIePEKPUCTANIN3ANNA U ocjaepocroBoil orxur. Obcyxpaercsa BIUSHHE COOTHO-
menns noHOB Si‘*/Ge** Ha cBeTOBEIXO, SHEpreTHUECKOe paspellleHHe I BPeMS BaTyXaHMA
cuuaTAi. ITonyuena kpucramnumyeckas xommosunusa BGSO ¢ mammyumum suepreruyec-
KuM paspemntenuem 16.2 % mnpwu obsyyenuu ramma-KBantamu 662 xeB.

Inxenepin smimannx couBTHAAnifiEnx kpucraxis Bi,(Ge,Si, );0,,. €Tlanenin, M.Bia-
mos, A.I'epacumos, B.I'punvos, O.Cidaeyvruii, B.Bapanos, 10.Bydazos, FO,/lasudos, B.I'razones.

Meromom  YoxpaJbChKOro  BHUPOIIEHO HU3KY  KPHCTAJIB TBEPAMX  POIUUHIB
Bi,(Ge,Si,_,)304, (BGSO) Big BSO g0 BGO. 3 mero10 BAOCKOHANEHHA ONTUYHWX Ta CIUHTH-
JANIMHUX XapaKTePHUCTHUK KPHUCTAJIIB 3aCTOCOBAHO TaKi TexHOJOriuHI mpomenypm, €K
sMimleHHsa cTexiomerpii, meperpucrasaisamis Ta nicaspocroeuii Bigman. IIposemeno mo-
CHi;KeHHA BUJMWBY CIIiBBIAHOIIIEHHSA 10HIB Si**/Ge** ma ceitnoBuit BUXiJl, eHEPTeTUYHE PO3/[Ti-
JIEHHSI TA Yac 3aracaHus CHUHTUAALIN. OTpumano kpucranaiuny kommosuniio BGSO 3 maii-
KpamjimM eHepreTudHuM poapisenHusm 16.2 % npwm 30ymxenni rama-gBantamu 662 xeB.

© 2015 — STC "Institute for Single Crystals”

1. Introduction

There is a demand for novel dense and
cheap scintillation crystals with high effi-
cient atomic number for utilization in high
energy physics, in particular, in new pro-
jects on elementary particle physies includ-
ing the projects aimed at the search for
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electron-muon conversion. For example, in
MuZ2e project in Fermilab, scintillators with the

size of 3x3x20 cm3 should possess the spatial
resolution o,, =1 cm, the time resolution
=0.5 ns, and the decay time <100 ns [1, 2].
Lead tungstate (PbWO,) light output is too
small to achieve the needed energy resolution.
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Lu2XY2—2XSiO5:Ce (LYSOCG) crystals,
which were planned to be used in the Mu2e
project [3], meet these requirements. How-
ever, LYSO:Ce contains up to 90 wt.% of
Lu,O3 which is very expensive raw material.

Bi,Ge304, (BGO) crystals with the high
density of 7.13 g/ecm3, the high atomic
number (74), and the radiation hardness of
10°-106 rad performed well in L3 detector
of Large Electron-Positron Collider (LEP) in
CERN [4]. However, 300 ns scintillation
decay time in BGO does not meet the re-
quirements of Mu2e and similar projects.
The dramatic increase of germanium oxide
raw material price in recent years results in
increase of BGO production cost by 2-3
times. Meanwhile, the latter does not relate
to bismuth silicate Bi;Siz;O¢, (BSO), which
is the BGO analog with the same eulitine
crystalline structure. Despite of lower light
yield in BSO (2000 ph/MeV wvs.
8000 ph/MeV in BGO) and worse energy
resolution at 662 keV (20-25 % vs. 9-
12 % in BGO), the BSO decay time is sig-
nificantly faster (100 ns vs. 300 ns in
BGO). The BSO density (6.8 g/cm3) is simi-
lar to BGO. The main drawback of BSO is
the difficulty to obtain large crystals owing
to incongruent melting of this composition.

Transfer to mixed crystals with eulitine
structure by partial substitution of Ge by Si
in the host [5, 6] is one of the possible ways
to overcome this complication. There is a
continuous range of solid solutions in
Bi4(GeXSi1_X)3O12 (BGSO) System. Charac-
teristics of the BGSO crystals obtained by
the Stockbarger and Czochralski methods
[7, 8] are similar rather to BSO than to
BGO crystal. The obtained energy resolution
in BGSO at 662 keV was not better than
19 % [8]. Authors claim this effect to large
quantity of bubbles and foreign phase inclu-
sions. Since future high energy physics ex-
periments require large amount of the high
quality crystals with similar characteristics
[9], the methods of their obtaining must be
optimized.

In this work we describe in detail the
obtaining of improved BGSO crystals by the
Czochralski method. The Si/Ge ratioc, melt
stoichiometry, recrystallization and post-
growth annealing conditions are optimized.

2. Experimental

Bismuth with purity of 99.999 %, ger-
manium and silicon oxides both with the
purity of 99.99 % were taken as raw mate-
rials. Crystals were grown from
stoichiometric mixtures with the common
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formulae Biy(Ge,Si;_,)3042, where x =0,
0.1, 0.4, 0.7, 0.9, 1. After mixing and ho-
mogenization of the oxides the obtained
mixtures were calcined at 850°C during
10 h to obtain the eulitine phase by solid
state reaction. The upper and more trans-
parent parts of ingots previously grown
from the stoichiometric mixtures of the ox-
ides were used as the raw materials at re-
crystallization.

The crystals with 20 mm diameter were
grown by the Czochralski method using Pt
crucibles with RF heating. Pulling rates
were in the range of 0.5-2 mm/h, crystal
rotation rates were 10—-30 rot/min. {100}
growth orientation was set with BGO seed. To
reduce the amount of growth runs the effect
of melt stoichiometry, as well as effect of
recrystallization were studied only with the
crystals at x = 0 (BSO composition).

Samples of the crystals with the sizes of
4x4x6 mm3 were fabricated for scintillation
measurements and 10x10x2 mm3 were fabri-
cated for optical and X-ray luminescence
measurements, all faces are polished. Post-
growth annealing of the samples was car-
ried out in air at 850°C during 10 h.

Optical transmission spectra were meas-
ured by Specord40 spectrophotometer in
200-800 nm wavelengths range. X-ray lu-
minescence spectra of the BGSO samples
were obtained using KSVU-23 spectrometric
complex and REIS X-ray apparatus at volt-
age of 40 kV at X-ray tube and current of
30 mA. Signal passes through the sample
were recorded with FEU-100 photomulti-
plier (PMT) with the spectral sensitivity re-
gion of 160-850 nm.

The scintillation characteristics of the
samples were studied at 662 keV irradiation
by y-sources 137Cs. The samples were cou-
pled to a PMT photocathode with optical
grease, the rest of faces were covered with
PTFE tape. Light output and energy resolu-
tion measurements were made by using Can-
berra setup consisting of the PMT
Hamamatsu R1307, 2007B scintillation pre-
amplifier, 2022 spectroscopy amplifier,
3002D HV power supply, Multiport II mul-
tichannel analyzer and 2100 NIM Bin/power
supply.

Decay time were studied at test stand
using EMI9813B PMT. Signals from the
PMT without additional amplification were
sent to ADC 2249W (LeCroy) and used for
triggering of data acquisition as well. For
this purpose, electronic modules of NIM and
CAMAC standards were utilized. The scin-
tillation decay constants were evaluated

Functional materials, 22, 4, 2015
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Fig. 1. BSO crystals grown with different
Bi,O; excess in melt: a — 0.5 mol.%; b —
2 mol.%; ¢ — 3 mol.%.

from the positions of the full absorption
peaks versus the ADC time gate under the
662 keV y-quanta irradiation from 137Cs
source.

3. Results and discussion

3.1. Effect of melt non-stoichiometry

Control of melt stoichiometry is of spe-
cial importance at growth of crystals with
the eulitine structure [10, 11] due to bis-
muth oxide evaporation from the melts.
This leads to deviation of melt
stoichiometry and formation of foreign
phase inclusions in the crystals. To over-
come this complication 3 mol.% excess of
Bi,O3 was introduced into the melt at BGSO
growth [6]. However, excess of SiO, in the
melt, if the evaporation rate is smaller than
expected, might also deteriorate the crystal
parameters. The optimal value of bismuth
oxide excess introduced into the melt should
be determined.

In this paper the impact of melt composi-
tion deviation from the stoichiometry to
crystal quality was studied at x = 0 (BSO)
with the Bi,O3 excess of 0.5 mol.%,
2 mol.% and 3 mol.% relatively to the
stoichiometric composition. Photos of the
crystals grown with the different Bi,O5; ex-
cesses are presented in Fig. 1. At
0.5 mol.% excess the most of the crystal
volume looks transparent with almost no
coloration. No distinct absorption bands are
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Fig. 2. Transmission spectra of BSO crystals
grown from melt with different
stoichiometry: I — Bi,O5 excess 0.5 mol.%,
2 — BiyO5 excess 8 mol.%.

observed at wavelength of >300 nm (Fig. 2).
Increasing the Bi,O3; excess up to 2 mol.%
leads to greenish coloration and worsening
of the transparency. At 3 mol.% of BiyOj
excess the crystal surface is opaque and the
boule has beige coloration. Appearance of
the new absorption peak near 320 nm in the
spectrum of this crystal (Fig. 2) and the
coloration can be attributed to presence of
the foreign phases with another
stoichiometry. The coloration arises, be-
cause the foreign phases, for example, sil-
lenite phase [12], have smaller bandgaps
and, as the issue, longer wavelength of the
fundamental absorption peak than that in
the eulitine phase. The crystals grown from
melt with the stoichiometric ratio of oxides
contain a lot inclusions and colored precipi-
tates of other phases. More probably, the
optimal bismuth oxide excess also depends
on the Si/Ge ratio and thermal conditions of
the growth.

3.2. Effect of recrystallization

It is known that BGO crystal quality can
be improved by recrystallization of the
grown crystals, i.e. upper parts of the crys-
tals grown from the mixture of powders are
loaded into the crucible and the growth
process is repeated [13]. This provided an
improvement of the crystal transparency
and decrease of the quantity of gaseous ad-
mixtures and the foreign phase inclusions.
By the analogy, the effect of recrystalliza-
tion on optical transmittance was verified
with the BSO grown from melt with the
stoichiometric ratio of the oxides. The ab-
sorption peaked at 320 nm on the BSO
transmission spectrum (Fig. 3) disappears
after the recrystallization (Fig. 3). This ab-
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Fig. 3. Optical transmission spectra of BSO
crystals: I — grown from stoichiometric
ratio of oxides, 2 — recrystallized.

sorption peak is similar to that observed in
the crystals grown from the raw material
with 8 mol.% of Bi,O3 excess (see Fig. 2).
Evidently, likewise in the case of
stoichiometry shift, it is caused by the for-
eign phases presence in the crystals.

3.3. Effect of post-growth annealing

The method for improvement of energy
resolution of the BGO crystals by high-tem-
perature annealing in oxidizing atmosphere
[14, 15] can be implemented for BSO and
BGSO crystals having the same structure
and similar optical characteristics. The
transmission of two BGSO crystals with dif-
ferent Si/Ge ratios is improved in all the
measured wavelength range after annealing
during 10 h at 850°C (Fig. 4). In particular,
it increases by 5 % and 7 % for x = 0.1
and x = 0.9 in the maximum of lumines-
cence band at 480 nm. The shape of differ-
ence transmission spectra (inset in Fig. 4)
indicate that the effect of improving the
transparency of the crystals after annealing
is probably associated with the decrease of
number of scattering centers.

3.4. Effect of Si/Ge ratio

All grown BGSO crystals are transparent
in the region of 300—800 nm (Fig. 5). Shift
of the fundamental absorption edge on the
optical transmission spectra of the crystals
from 300 to 285 nm with increasing Si con-
centration corresponds to the wider bandgap
in BSO theoretically predicted in [16]. The
highest transmittance at the maximum of lu-
minescence (480 nm) is registered in the sam-
ple with x = 0.4, as well as in BSO and BGO.

The X-ray luminescence spectra of BGSO
with the varied Ge content (Fig. 6) are rep-
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Fig. 4. Optical transmission spectra of as
grown and annealed Bi,(Ge,Si,_,);0,, crystals
with different x values: I — x = 0.9 as grown,
2 — x=10.9 treated, 3 — x = 0.1 as grown,

4 — x = 0.1 treated, 56 — x = 0.1 differential
spectra, 6 — x = 0.9 differential spectra.
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Fig. 5. Optical transmission spectra of

Biy(Ge,Si;_,)304, crystals with different x
value.

1,04
y ---x=0
2
4 , N ol x=0.1
o Y/ ; x=0.4
) b ORI ok
S __6' p. x=0.7
© 0,61 i x=0.9
LGS P ANShEsass =
i'! ';_. x=1
0,41 i R
i £ Y
f R\
4 3
0,2 : A\
Y, %y
&
0,0 T T T T T T
350 400 450 500 550 600 650 700
2, nm
Fig. 6. X-ray luminescence spectra of

Bi,(Ge,Si,_,)30,, crystals with different x
value. The spectra are normalized by their
maxima.
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Table. Scintillation properties of Bi,(Ge,Si;_,);0,, crystals at 662 keV gamma-irradiation

x 0 0.1 0.4 0.7 0.9 1

Relative LY, % 24 18 29 46 48 100

Energy resolution 21.7 39.1 19.5 16.2 18.2 10.0
(FWHM), %

Decay time 1, ns 100.6 109.5 132.9 152.8 220.3 292.4
Constant P 72.25 16.57 18.86 18.72 16.3 5.83
Constant P, -13.47 56.4 72.38 138.4 164.8 496.6
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Fig. 7. Pulse height spectra of Bi,(Ge,Si, )30,
crystals with different x value at irradiation
by y-quanta with the energy of 662 keV from
137Cs source.

resented by the single wide band in 350—
700 nm range with the maxima near
480 nm. These coincide with the previously
obtained data [17].

The pulse height spectra of BGSO at ir-
radiation by 662 keV y-quanta from 137Cs
source are presented in Fig. 7. The light
yield tends to increase with inereasing of x
value (Fig. 8, Table). Contrary to most of
studied mixed scintillation crystals [18, 19]
this trend is not linear, with negative devia-
tion from the additivity rule. Such a trend
is similar to the dependences for BGSO ob-
tained in [8] with the crystals grown by the
Stockbarger and Czochralski methods. Thus,
it is not dependent on the crystal growth
method. The negative deviation from the
additivity rule in BGSO contrary to many
other scintillators based on mixed crystals
can be attributed to the lower transparency
of BGSO (excluding x = 0.4) compared to
its constituents — BGO and BSO (see Fig. 5)
and/or due to spatial inhomogeneity of dis-
tribution of competing Si4* and Ge?* ions
[20]. The presence of the inclusions, evi-
dently, is an issue of the very large differ-
ence between the ionic radii of substitution
cations of Si** and Ge#*. It is 32.5 %,
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Fig. 8. Dependencies of light output and energy
resolution on x value in Bi,(Ge,Si;_,)304,.
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Fig. 9. Position of 662 keV 137Cs peak in de-
pendence on time gate value.

which is far beyond the 15 % limit of the
Holdsmidt’s solubility range.

Nevertheless, the achieved energy resolu-
tion in BGSO (Fig. 8, Table 1) is better
than in any previous reported data. There is
a trend to improvement of energy resolution
from BSO to BGO corresponding to the
light yield increase. For all crystals within
the 0.4<x<0.9 range the energy resolution
is better than 20 % . The best energy resolu-
tion of 16.2 % (FWHM) is achieved with
the x = 0.7 sample.

BGSO scintillation decay time has been
defined by measuring full absorption peak
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position versus ADC gate width, i.e. light
output versus the integration time [9]. The
scintillation decay in BGSO can be fit by 1,
2, or even 3 exponents [8]. Skipping discus-
sion on the features of BGSO decay fitting,
here we evaluate the scintillation decay
(Fig. 9) by single-exponential fit: P = Py +
Pi(1 — exp(—t/1)), where T — decay time,
Py, Py — constants, ¢ — time (Table). The
main scintillation decay constant of
Biy(Ge,Si;_,)304, increases with Ge content.
However, this increase is not linear, and at
x < 0.7 the decay constant is below 150 ns
(Table). Therefore, in the most of x range
the scintillation decay in BGSO crystals is
by 2—-8 times faster than that in BGO.

4. Conclusions

The presented set of data shows the po-
tential for improvement of Biy(Ge,S;_,)304,
optical and scintillation characteristics by
optimization of crystal obtaining methods.
In particular, the best ever energy resolu-
tion of 16.2 % at 662 keV irradiation is
reached in BGSO at x = 0.7. The crystal
optical transmission can be improved by op-
timization of Bi,O3 excess, recrystallization,
as well as by the post-growth annealing.
Since large amount of detectors is needed
for future high-energy physics experiments,
the focus of the further work is to show a
feasibility to produce the big crystals with
stable characteristics.
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