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Surface defects of BGO crystals
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The surface defects of Bi,Ge;0,, crystals grown by Czochralski have been considered.
The influence of the melt level lowering in the crucible and the growth atmosphere
composition on the formation of defects have been described. A mechanism of defect
formation has been proposed making in possible to judge of the crystallization front
stability and morphology during the crystal growth and the presence of blocks in the
crystals basing on the observed defect character.

Paccmorpers! moBepxHOCTHEIE HedekTs! Kpucrapros Bi,Ge;0,,, BrIpamenHEIX KiIaccudec-
KuM MetozoM Yoxpanbckoro. OmmcaHo BIUAHUE YMeHbBIIIEHUS YPOBHA pacijlaBa B TUTJIEe U
cocTaBa cpeJbl BHIpAIIVBAHUA Ha oOpasoBaHUe AedeKToB. IIpemiosxeH MexaHU3M WX BOSHUK-
HOBEHUHA, MO3BOJAMIUI IO XapakTepy AedeKToB CYAUTH O MOP(OJIOTHMU U CTAaOUJIbHOCTHU
(poHTa KpHCTANIN3AIUN BO BpeMsA POCTa KPUCTAJJIA, pasMepax dueeK U HAJIUUUU OJOKOB B
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KPHCTANIAX.

Bismuth germanate Bi,Ge;O, (BGO) is
an intrinsic undoped scintillator that exhib-
its a high efficiency of high-energy y-quanta
recording, a sufficient fast-action (300 ns)
and is unhygroscopic. BGO is used success-
fully in the high energy physies (calorime-
ters, electromagnetic spectrometers), medi-
cine (positron emission tomography, computer-
aided tomography), in the radioactivity
monitoring devices, geological survey, etc. [1].

The BGO crystals are grown from the
melt in oxygen-containing atmospheres
using mainly Czochralski techniques, both
low-gradient [2] (the axial gradient at the
crystallization front (CF) G=0.1 to
1 K/em) and classical [3] (G ~ 50 K/cm)
ones. The oxygen-containing medium is
used to prevent the melt de-stoichiometry
[4]. The quality of BGO crystals is deterio-
rated due to the presence of defects therein,
namely, inclusions of foreign phases that
cause the crystal coloration and increased
absorption of self-emission [5]; contamina-
tion of the crystals with platinum dissolved
in the melt resulting in inhomogeneity of
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scintillation characteristics [6]; gas inclu-
sions scattering the crystal self-emission
[6-T7].

In the mass production of BGO crystals,
the crystal morphology is of a great impor-
tance, since it defined the material loss at
processing and thus the production cost.
Therefore, the production of crystals with
the preset morphology is extremely impor-
tant. F BGO crystals grown using Czochral-
ski technique, the helical growth [7] and
twisted form [4] are typical defects influ-
encing the morphology. We have found that
vertical recesses are formed at the BGO sur-
face during the growing. The origins of
those defects are not described in literature,
therefore, are of interest to be studied. The
purpose of this work is to study the origins
and the formation mechanism of the verti-
cal recesses at the crystal surface.

The BGO crystals were grown from plati-
num crucibles in the "Kristall 8M" appara-
tus with induction heating using the classi-
cal Czochralski technique. The crystals were
of @57x200 mm?2 size, the pulling speed
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Fig. 1. Side surface defects of a BGO crystal: (a) straight lines at about 250 pm spacing (optical

microscope); (b) sinuous and diverging lines.

was 1.2 mm/h, the rotation speed 35 to
45 rpm, the growing direction <100>; the
axial gradient at the melt surface amounted
about 50 K/cm. The growing was carried
out in air or in argon/oxygen mixture with
Ar content 85 % or more. The X-ray struc-
ture (XRD) and X-ray phase (XPA) exami-
nations were carried out using a DRON 1
general purpose X-ray diffractometer
(CUKB, A =1.39217 A). The crystal surface
composition was studied by X-ray photoelec-
tron spectroscopy (XPS) using a Kratos
XPS-800 instrument (the residual pressure
in the chamber 5-10 9 Torr, MgK, emission,
hy = 1253.6 eV). The optical transmission
spectra were measured in the 190 to
1100 nm range using a double-beam SPE-
CORD 40 spectrophotometer. The micro-im-
purity content was determined by the
atomic emission spectroscopy using a DFS-8
diffraction spectrograph.

On the surface of the grown BGO crys-
tals, we have observed linear vertical re-
cesses (Fig. 1) of about 0.5 mm depth at the
crystal top and up to 5 mm in its lower
part. When the crystal was grown in air,
the recesses were observed beginning at 45
to 90 mm from the cylindrical part; for
crystals grown in argon/oxygen mixture,
that distance was 5 to 50 mm. Thus, the
appearance moment of the surface recesses
depends considerably on the gas atmosphere
where the crystal was grown. The recesses
were continued up to the crystal end. In the
upper crystal part, the 25 to 40 mm long
recesses were shaped as parallel straight
lines with a well-defined step of about
250 um (Fig. la). Then, the recesses became
sinuous and deeper, sometimes divergent or
convergent (Fig. 1b). In the regions of
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Fig. 2. Surface defects under a "wing".

crossed recesses, the XRD has revealed
blocks with a 1° to 17° disorientation, the
disorientation angle being coincident with
the angle between the recess lines. The non-
parallel recesses are appeared when the
blocks in the crystal are formed and ta-
pered. Thus, the recess direction is con-
nected with the crystal structure perfection.

The surface defects were present also in
the crystals of twisted morphology formed
by wing-like spurs (Fig. 2). In such crystals,
the vertical recesses on the spur inner sur-
face are screened from the crucible wall ra-
diation. Thus, the recesses cannot be sup-
posed to appear due to the crystal surface
melting resulting from overheating caused
by the crucible wall radiation.

The oxygen content in the growth atmos-
phere influenced significantly the defect
depth. The lower was the oxygen content in
the gas medium, the deeper were the re-
cesses (at O, concentration >1 %, up to
2 mm; at that <1 %, up to 5 mm). At a low
oxygen content (0.5 % and less), inclusions
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Fig. 3. Colored subsurface inclusions in a
crystal.

arranged in rows were appeared at the sur-
face of the crystal upper part (prior to the
recesses formation). Lower, the wvertical
rows of near-surface inclusions were ob-
served along with the recesses (Fig. 3).
Those rows were outcropped to the surface
within the wvertical recesses. In crystals
grown in atmospheres containing more than
1 % of oxygen, the inclusions at the sur-
face were observed only seldom and the
near-surface ones were absent at all.

The transmission spectrum of a sample
containing the inclusions is presented in
Fig. 4. The inclusions are seen to do not
cause additional absorption centers but act
as scattering centers.

To determine the inclusion composition
using XPS, a comparative analysis of the
cleavage surface of a defect-free crystal
(Sample A) and of a surface containing the
inclusions (Sample B) was conducted. The
surface composition was determined from
the area ratio under the lines of C1s, O1s,
Bidf, Ge3p core shells, taking into account
the sensitivity factors. The analyzed layer
was 5 nm thick. The atomic concentrations
of elements at the sample surfaces are pre-
sented in Table 1 (the presence of carbon is
due to adsorption of hydrocarbons at the
sample surface).

The analytical data have shown that the
surface containing the inclusions is en-
riched in bismuth oxide as compared to that
of a defect-free crystal. Thus, the inclusions
may consists of phases with stoichiometry
deviated from the eulytine one towards the
bismuth oxide. According to the phase dia-
gram of Bi,O3;—GeO, system [8], those
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Fig. 4. Transmission spectra of BGO crystal;
1 — with inclusions, 2 — etalon.

Table 1. The atomic concentrations of ele-
ments at the sample surfaces.

Sample| C, at. | O, at. | Bi, at. |Ge, at.| Bi/Ge
% % % %
A 66.1 24.0 6.5 3.4 1.9
B 71.8 15.8 9.8 2.6 3.8

Table 2. Typical micro-impurities in BGO

melt.
Element Content, Element Content,

wt. % wt. %
Fe 210°* Sn 21074
Pb 210°* Ni 51075
Mg 2.1074 Al 2.1074
Si 31074 Mo 11075
Cr 1.10°3 Cu 41074

phases can be sillenite Bi;,GeO,y or a me-
tastable Bi;GeOg ones. The XPA has shown
that the inclusions are formed by the poly-
crystalline metastable Bi,GeOg phase. It can
be formed in the diffusive melt layer at the
CF of the crystal in growth [9]. Moreover,
the Bi,GeOg concentration can increase
from the CF center towards its periphery
due to centrifugal force and radial motion
of the melt (caused by the crystal rotation).
That is why the inclusions were formed on
the surface of the crystal upper parts when
those were grown at a great axial gradient.
In the course of growth, the melt level is
lowered and the CF is moved into the cruci-
ble depth, while the axial gradient decreases
as the crystal is heated by the crucible wall
radiation. In such conditions, the erystal
surface temperature exceeds that of the me-
tastable phase crystallization, thus,
Bi,GeOjy inclusions are not crystallized at
the surface. The low axial gradient, the
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presence of micro-impurities (Table 2) and
the metastable phase at the CF result in
formation of cellular CF morphology [10].

As the cellular morphology of the CF is
formed for the BGO crystals, the ribbed
structure of the liquid/solid interface is a
characteristic feature [11]. Therefore, the
impurities are concentrated in recesses be-
tween the CF ribs at the growing crystal
periphery, because the melt moves radially
with respect to CF. The presence of Bi,GeOg
in the cell recesses hinders the growth of
eulytine (BiyGe;045) crystal. Thus, the im-
purities block the crystal growth and pro-
vide the vertical recesses. As the axial gra-
dient decreases and the metastable phase
concentration in the melt increases during
the growth, the surface defects become
deeper. When the growth atmosphere is de-
pleted of oxygen ( 0.5 %), the Bi;GeOg con-
centration in the melt is increased so that
the metastable phase is captured in the
form of near-surface inclusions.

It follows from the above that the verti-
cal recesses in the BGO crystal surface ap-
pear due to formation of cellular CF mor-
phology in the presence of impurities. The
impurities include both the miero-impurities
in the initial components and the metastable
Bi,GeOy phase that is formed in the course
of growth. It is just the metastable phase
that plays the critical part in the formation
of vertical recesses.

Thus, the formation of defects shaped as
vertical recesses on the BGO crystal surface
is caused by formation of the metastable
Bi,GeOg phase in the melt and the decreased
axial gradient at the CF during the growth.
The following mechanism of that phenome-
non is proposed. At the BGO ecrystal
growth, the formed metastable phase and
decreased axial gradient at the CF cause the
CF cellular morphology; the increased con-
centration of impurities in the recesses of
cells at the CF periphery blocks the crystal
growth, thus causing the vertical recesses
on its surface. In the course of growth, the
axial gradient decreases and the impurity
concentration increases continuously, re-
sulting in the increasing depth of the sur-
face defects (from 0.5 up to 5 mm). The
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uniform spacing (250 um) of the vertical re-
cesses evidences the CF cell periodicity and
the parallelism thereof confirms the con-
stant CF morphology in the course of
growth. As the blocks are formed or out-
cropped in the crystal, the CF cells become
displaced, that is why the recesses become
non-parallel. An increased concentration of
metastable phase in the crystal (at oxygen
content in the growth atmosphere less than
0.5 %) results in the Bi,GeOg phase crystal-
lization at the surface of the crystal upper
part (when the axial gradient is high) and
its capturing in the form of near-surface
inclusions (when the gradient is low). The
character of vertical recesses on the BGO
crystal surface makes it possible also to
judge of thermal conditions of the ecrystal
growth, the crystal structure perfection and
the CF cell size.
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skaya, V.F.Tkachenko, V.A.Tsurikov,
Z.V.Shtitelman, V.V.Nesterkina who as-
sisted in obtaining experimental data used
in this work.

References

1. M.E.Globus, B.V.Grinyov, Inorganic Scintilla-
tors: Novel and Traditional Materials, Akta,
Kharkov (2001).

2. Yu.A.Borovlev, N.V.Ivannikova, V.N.Shlegel
et al., J. Cryst. Growth, 229, 305 (2001).

3. S.F.Burachas, L.L.Nagornaya, G.M.Onyshchenko
et al., Semiconductor Physics, Quantum Elec-
tronics and Optoelectronics, 3, 237 (2000).

4. K.Takagi, T.Fukazawa, J.Cryst.Growth, 76,
328 (1986).

5. F.Smet, W.J.P.Van Enckenvort, J.Cryst.
Growth, 88, 169 (1988).
6. F.Alegretti, R.Borgia, R.Riva, J.Cryst.

Growth, 94, 373 (1989).
7. A.Horovitz, G.Kramer, J.Cryst.Growth, 78,
121 (1986).
8. F.Smet, W.J.P.Van Enckenvort,
Growth, 100, 417 (1990).
9. V.P.Zhereb, V.M.Skorikov, Neorg. Mater., 39,
1365 (20083).
10. R.A.Laudise, The Growth of Single Crystals,
Englewood Cliffs, New Jersy (1970).
11. E.P.Galenin, Ya.V.Gerasimov, S.A.Tkachenko,
in: Abstr. Conf. on Crystal Physics of XXI
Century, (2006), p.44.

J. Cryst.

277



E.P.Galenin et al. / Surface defects of BGO crystals...

IloBepxueBi medexTun kKpucraxis BGO

€.11.'anenin, A.B.'epacumoé, B.T.Hazopnak,
O.1].Cioneyvruii, C.A.Txavwenro

Posransuyro nosepxuesi nedexru xpucranis Bi,Ge;0,,, Bupomenux merogom Yoxpanbcs-
Koro. OnucaHo BILIMB 3MEHIIEHHS PIBHIO PO3IJIABY y THUINIL M CKJIALy CEepemOBHIIA BHUPOIILY-
BaHHS HA yTBOPEHHsS aedeKTiB. 3aIpoIIOHOBAHO MEXAaHi8M 1X BUHUKHEHHS, SSKUUA Ja€ MOMK-
nuBicTh 3a xapaxkrtepoMm gedeKTiB ominmioBaTu mMopdosorito i crabinpHicTh GPpoHTY KpHCTATi-
sarii mig uac pocry KpucraJsa, HasgBHICTH OJOKIB y Kpucramax.
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