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Peculiarities of oxide crystal growth by the Czochralski technique have been discussed
in the present paper. A correlation between oxygen content in the growth atmosphere and
the Ce®" incorporation coefficient at growing the GSO:Ce crystals has been revealed in
experiment. Possible mechanisms of the oxygen concentration influence on the cerium ion
incorporation coefficient are discussed. The studies performed have shown an important
part played by the growth atmosphere in the growing of oxide crystals with reproducible
performance characteristics.

Obcy:kaioTcad 0COOEHHOCTH BHIPAIIUBAHUA OKCHUIHBIX KPUCTANJIOB MeToaoM HoxpasibcKo-
ro. OKCIepUMEeHTaJbHO O0OHAPYKEHa KOPPeNAusa MeXAy KOHIleHTpallueil KUcjiopojga B raso-
BOil cpeme u KoaduIMeHTOM BXoxgeHus uoHoB Ce®' mpm moayuemwmu kpucrammos GSO.
OOcy:KkaaioTcd BO3MOKHBIE MeXaHWU3MBI BJIUAHUSA KOHIEHTPAIIUM KUcJopoga Ha Koadhdu-
IIUEeHT BXOMKAEHUS MOHOB ILepud B Kpucrayi. IIpoBefeHHbIE UCCIEeLOBAHUA ITOKABANU BaK-
HYIO POJIb COCTaBa CpPeAbl BHIPAIIUBAHUSA IPU MOJYYEHUN OKCUIHBIX KPUCTAJJIOB C BOCIPOUS-
BOAVMBIMU (DYHKIIMOHAJLHBIMU XapPaKTEePUCTUKAMU.
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The composition and pressure of growth
atmosphere are of a great importance in the
growing of oxide crystals. This effect ap-
pears as variations in structure-sensitive
properties of melts [1] (viscosity and sur-
face tension) caused by internal structure
transformations there. The gas medium in-
fluences the melting temperature (T,) of
substances being crystallized. In particular,
the T, difference for SrAl,O4 [2] and YAIO4
[3] grown under normal pressure of gaseous
atmosphere and in vacuum may attain
200°C and 70°C respectively. Partial pres-
sure of oxygen (Poz) in the growth atmos-
phere influences also the structure transfor-
mations in oxide melts and possibility of
existence of differently coordinated cations
therein. It was shown [2, 4] that at oxygen

partial pressure less than 1-10710 atm., all
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the Ce2* cations in CaO-Al,05 system for
compositions containing 52 % of Al,O3 have
the octahedral coordination resulting in
CagAlgOq4 compound formation at crystal-
lization. At P02 > 1-10710 atm., the ratio of

oxygen and aluminum ions in melt provides
Ca ,Al{4033 formation with the six- and
seven-coordinated calcium polyhedrons. The
structure changes caused by influence of
growth medium redox potential are inherent
in the great majority of binary oxide melts
[1], however, the basic mechanism of the
structure changes is connected with com-
pleteness of thermal dissociation processes
in dependence on thermochemical stability
of these melts.

Optimal growth conditions are usually
set by a special crystallization assembly
construction and growth regime selection.
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However, the developed technology based on
growth conditions optimization does not
solve the problem of reproducible crystal
production, because the probability of in-
trinsic defects formation (especially, on in-
dustrial scale growth) are rather high, and
scintillator performance characteristics of
many crystals are unsatisfactory. This is be-
cause a temperature range corresponding to
the experimentally chosen optimum growth
conditions is connected with degree and di-
rection of the melt internal structure vari-
ations during the growth cycle. In the case
when the structure transformations in melt
take place, there exists a trend to narrow-
ing of the optimal temperature conditions
range. As a result, the probability of crys-
tallization out of the optimal thermal condi-
tions range increases, and thus, the prob-
ability of intrinsic structure defects in crys-
tals increases as well. The typical intrinsic
defects are light scattering centers and
color centers. Formation of these centers is
promoted mostly by stoichiometric disorder-
ing of melt caused by its temperature and
by the mass transfer in the "melt — growth
atmosphere” system. Moreover, under tem-
perature action, clusters in melt can be
formed with a coordination not correspond-
ing to one in the crystalline matrix.

In accordance with the above, it seems to
be expedient to study the factors influenc-
ing the physicochemical properties of multi-
component oxide systems, and constitute a
big danger of defect formation and destabi-
lization of crystal scintillation charac-
teristics. These are the follows: the oxide
melts are open thermodynamic systems; in-
congruent melt evaporation is characteristic
for most of them; high anisotropy of oxide
crystal properties (thermal conductivity,
preferential growth direction, oxygen diffu-
sion, as well as anisotropy of optical and
luminescent properties).

The Gd,SiOg (GSO) melt possesses a
rather high thermochemical stability and
low evaporation rate of pseudo-gaseous
suboxides. Results of X-ray fluorescence
studies, and real possibility to carry out a
series of GSO growths with intermediate
loading the crucibles with raw material
without correction of stoichiometric compo-
sitions suggest that the evaporation prod-
ucts and the melt are equimolar.

An active oxygen mass transfer between
melt GSO growing by the Czochralski
method because the melt is an open thermo-
dynamic system. Hence, it appears that
under conditions of a real non-stationary
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crystallization process, the partial pressure
of oxygen and its thermochemical activity
(chemical potential) in the melt must also
vary continuously. The features of the Czo-
chralsky method are that the melt during
the growth cycle repeatedly imposed to both
overheating and overcooling. So, any crystal
grown by Czochralski method can be stated
to Dbe non-homogeneous in oxygen
stoichiometry. This fact is confirmed by
local coloration appearing sometimes in
upper and lower parts of GSO crystals
grown from melt with an oxygen excess.

It is worth to note that majority of oxide
scintillation crystals require limitations of
oxygen content in the growth atmosphere.
This concerns to cerium (Ce) doped scintil-
lators, where changes of charged state of
activator ion or lattice basic cations are pos-
sible. This results in formation of color cen-
ters. Moreover, the iridium oxidation reac-
tion O, + Ir-IrO, also takes place during
the growth with the IrO, solid compound
formation [8].

The oxygen content value should be lim-
ited both from maximum and minimum
sides. In particular, at GSO:Ce growth, the
acceptable oxygen partial pressure for our
technology should not exceed 0.3 vol. %,
because the crystal coloration takes place at
higher values due to increase of Ce3* ion
charged state. Moreover, increase of oxygen
content in the melt due to diffusion from
the gaseous medium promotes formation of
defects in the form of accompanying phases
(according to the phase diagram) [5]. Thus,
choosing the optimal growth atmosphere
content and pressure, we can obtain crystals
with low optical density in the GSO lumi-
nescence band.

In [6], it is reported that Ce3* effective
incorporation coefficient (k) at GSO grow-
ing increases with decreasing P02 in growth

atmosphere. The kq drops from about 0.7 to
0.9 in pure nitrogen atmosphere down to
0.56 at introduction of 3000 ppm of oxygen
into the gaseous medium. This is explained
by the fact that Ce#* with small ionic ra-
dius (0.88) is not capable to substitute Gd3*
in sevenfold polyhedrons, and is rejected
from the growth surface [7]. Thus, the
study of oxygen concentration dynamies in
the "growth atmosphere — melt” system
during the GSO growth cycle is of a great
practical interest.

In our experiments on GSO growth, we
used the raw material obtained by solid
state synthesis from Gd,O3 and SiO, of
99,995 purity grade. Cerium oxide (CeQO,)
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Fig.1l. Sampling scheme for concentration
measurements of GSO crystal doped with Ce3*.

of the same purity was used as activator.
The starting components were preliminary
calcined to remove moisture and volatile im-
purities. The GSO crystals were grown in
iridium crucibles of 90 mm dia. in N(Ar) at-
mosphere with addition of 0.1-0.3 vol % of
oxygen. The pulling rate was 1.5 to
3.0 mm/h, and the rotation speed was 30 to
40 rpm. An additional heater in the upper
part of growth assembly was installed to
control the temperature gradient above the
melt surface.

The experiments [10] showed the P

2
variations in atmosphere during the GSO
growth cycle. Measurements of P02 in gase-

ous medium during the growth cycle show
that Py increases with P, and, correspond-

ingly, with the melt temperature, and vice
versa. The heater power increase (decrease)
at GSO growth is an essential part of crys-
tallization process. The presented data con-
firm the reversibility of the oxygen diffu-
sion vector. This makes it possible to sup-
pose that the oxygen stoichiometry in GSO
during the growth cycle is subjected to
changes and the lattice parameters along
the crystal are inhomogeneous. This may
result in elastic stresses (in our case, the
most “dangerous” regions are situated near
the upper and lower cones). In the case
when these stress amplitudes are higher
than the crystal tensile strength, those
relax under crack formation. As a rule we
observe this phenomenon at GSO growth.
Under these conditions the cerium incor-
poration coefficient also must be a variable
value along the grown crystal. To check this
hypothesis, the Ce®" concentration was
measured in a crystal of 47 mm dia. and
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Fig. 2. Dynamics of the Ce3" concentration
changes in the melt and crystal and oxygen
content in the growth atmosphere at GSO
growth. I— calculated Ce3" concentration in
the crystal at k, = const = 0.65;

2 — measured Ce®" concentration in the crystal;
3 — measured oxygen content in the growth
atmosphere (Ar).

145 mm length, which was "freezed” into
the melt at the final growing stage. The
samples for chemical analysis were taken
from the lower crystal cone (15 mm from the
seed), upper and lower parts of the cylinder
(835 and 115 mm from the seed, respectively),
as well as from the lower cone (Fig. 1). The
calculated Ce3* concentrations in the melt
and crystal at constant kg (curve 1), as well
as the experimental Ce3* concentrations in
various crystal parts (curve 2) are presented
in Fig. 2. Changes of oxygen partial pres-
sure in the growth atmosphere are shown in
the same Figure (curve 3). An insignificant
ko decrease accompanied by the Po, monoto-
nous decrease are observed at the cylinder
growth. P02 decreases sharply at the lower

cone growth together with the remarkable
incorporation coefficient decrease. Basing
on the experimental data and using the for-
mula (1) taken from [9]

C, = Cokg(l — @)k ! (1)

we have calculated the Ce3* incorporation
coefficients along the crystal and compared
those with oxygen partial pressure during
the growth cycle (Table 1). Here, g is the
crystallized melt fraction; C;, the impurity
concentration in the melt at some point; Cy,
the initial impurity concentration in the
melt; and kg, the incorporation coefficient.
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Table. Dynamics of oxygen concentration
in the growth atmosphere and the Ce3*
incorporation coefficient along the crystal
during the GSO growth cycle (g — crystal-
lized melt fraction)

Length of 15 35 115 135
growing
ingot, mm
g 0.01 0.08 0.36 0.48
Pg,, a.u. 1 0.8 0.68 0.55
kg (Ce®) 0.67 0.66 0.65 0.61

Basing on the obtained results we can
propose the following correlation mecha-
nism between k, (Ce3") and POz' At melt

temperature decrease the oxygen diffusion
from the gaseous atmosphere to the melt
starts until the establishment of equilib-
rium between oxygen pressure in the atmos-
phere and its partial pressure above the
melt. Increasing of oxygen concentration in
the melt leads decrease of oxygen vacancies
quantity in the crystal. It worsens the
matching of cavities dimensions in the poly-
hedra with Ce3" effective radius and leads
to ko decrease. The inverse process leading
to incorporation coefficient increase will be
observed at melt temperature increase.
Also, ky may decrease due to transfer of
cerium ion to the fourth-valence state, as it
was shown in [2], however, to confirm this
hypothesis, parallel determination of Ce4'
and Ce3" is necessary.

Thus, basing on the study results, we
have established that the changes of the

oxygen diffusion vector direction in the
"melt — gaseous medium” system take
place during the GSO growth cycle. A cor-
relation between oxygen content in the
growth atmosphere and Ce3* concentration
in the growing crystal has been shown. The
obtained results demonstrate that at obtain-
ing of GSO single crystals with reproduc-
ible characteristics, the changes in oxygen
partial pressure should be accounted for.
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Bniue armocdepn BHpPOIyBaHHSA
Ha Bxommenna Ce3* B momokpucramu Gd,SiOg

B.I''Bondap, B.I.Kpuseowein,

B.Il Mapmunoeé

’

J.JI.Hazopna, O.I].Cioneyvruil

OGroBOPOIOTHCS OCOOJIMBOCTI BUPOIIYBAHHA OKCHUAHMX KPHUCTAJIB MeTOogZO0M HOXpaabChbKO-
ro. ExcunepuMeHTAJIbHO BUSBJIEHO KOPEJAMi0 MilK KOHIEHTPAIi€l0 KIUCHIO y I'a30BOMY
cepegoBumyi Ta Koedimientom BxomkenHs iomis Ce3* mpum Bupomysammi kpucramiz GSO.
OOroBOPIOIOTHCA MOJKJIVBI MexXaHisMM BIJIMBY KOHIleHTpalii KucHO Ha KoedilieHT BXomKe-
HHA ioHiB nepilo y kpucran. IIpoBemeHi mocHifKeHHS IIOKa3aly BaKJIUBY POJb CKJIALY
POCTOBOT'O CEpPeLOBUINla IPU OTPUMAaHHI OKCHIHUX KPUCTAJIIB i3 BigTBOpoBaHUMU (DYHKI[iO-

HaJIBHUMHU XapaKTepUCTUKaMU.
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