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Discussed are the peculiarities of the oxide crystal growing by Czochralski technique,
the effects of the growth atmosphere on the structure transformation extent and direction,
stoichiometric disordering of the oxide melts, the various defect formation nature in the
crystals. It is just the redox potential of the growth atmosphere defining the oxygen
thermochemical activity in the oxide melts that has been shown to influence considerably
the extent and direction of the processes mentioned. The resulting effect of factors
influencing the internal structure has been found to define the coordination of clusters of
the crystal-forming components and the melt ability of single-phase crystallization.

OGceysxpnaroTesa 0COOEHHOCTH BBLIPAIMBAHIUA OKCUIHBIX KPHCTAJNJIOB MeTOLOM YoXpaJbCKo-
ro, BJANSHNE Ia30BO cpebl BLIPAIMBAHUSA Ha IIyOMHY M HAIIPaBJIEHNE CTPYKTYPHBIX IPeol-
PasoBaHUM, CTEXMOMETPUUECKYIO PASYIIOPSIIOUEeHHOCTh OKCUIHBIX PACILIABOB, IPUPOLY obpa-
30BaHMA B KPUCTANJIAX Pa3nIUUHBIX gedeKToB. [loKa3aHO, UTO CYI[eCTBEHHOE BJIHAHNE HA
rIyOuMHY W HAIPaBJIEHHS STUX IPOIECCOB, B TOM UHCJIE TEPMOXMMUYECKYIO YCTOMUMBOCTD
pacmiaaBa, OKasblBAeT OKUC/INTEILHO-BOCCTAHOBUTEJBHBIN IIOTEHIIMAJ Ias0BOil Cpeabl BbIpA-
IIUBAHUSA, IPEIOIPEeAeHAONNN TePMOXUMAIYECKYIO aKTUBHOCTh KHUCIOPOLA B OKCHIHBIX Pac-
maaBax. Pesyaprupyiomiee neiicTBue (PaKTOPOB, BIAHAIINUX HA BHYTPEHHIOK CTPYKTYDPY,
ompeneasdeT KOOPIMHAIINIO KJIACTEPOB KPHUCTANIOOOPASYIOIIUX KOMIIOHEHTOB M CIOCOGHOCTD
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pacmiaaBa K MOHOMABHON KPUCTAJIUSAINH.

The high-efficiency scintillation oxide
crystals (tungstates, silicates, and alumi-
nates of alkali-earth metals and rare-earth
elements) are used widely in apparatus and
equipment for nuclear and high-energy
physics, tomography, ecological environ-
ment monitoring, ete. Such a wide use of
those crystals is due to the unique physical
properties thereof (short radiation length,
high density and scintillation efficiency, ra-
diation and temperature resistance). The
new generation of radiation monitoring
equipment makes high demands to scintilla-
tion materials. The specific applications of
the above-mentioned scintillators as compo-
nents of modern instruments in mass pro-
duction require a great number of crystals
characterized not only by a high structure
perfection but also by a minimum scatter in
optical, luminescence, and scintillation
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characteristics. Thus, it is necessary to de-
velop a production technology of the crys-
tals providing a high homogeneity over the
crystal volume and a high reproducibility of
properties for numerous crystals.

The crystals of complex oxide compounds
were grown Czochralski by method with in-
duction heating from corresponding raw ox-
ides of 99.995 purity grade. In our previous
works [1, 2], a special attention was given
to investigations in thermal conditions and
regimes of the crystal growth. Those studies
have demonstrated the production possibil-
ity of optically homogeneous and structur-
ally perfect crystals with pre-specified scin-
tillation characteristics. The growth condi-
tions were optimized by designing a special
crystallization assembly and by selecting
the growing regime depending on the crys-
tal nature, physical parameters, and size.
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The technology basing on optimization of
the growth thermal conditions did not pro-
vide the crystal reproducibility, since a for-
mation possibility of intrinsic structure de-
fects (ISD) therein was not excluded, espe-
cially in mass production. Those defects are
known to deteriorate the scintillator per-
formances. This is due to the fact that the
temperature range width providing the ex-
perimentally selected optimal thermal con-
ditions (OTC) is related functionally to the
directionality and depth of the melt internal
structure indification in the course of grow-
ing. When the structure transformations in
the melt are within the kinetic region, the
OTC tend to narrowing, thus resulting in an
increasing crystallization probability beyond
the region of optimal thermal conditions
and in appearance of intrinsic structure de-
fects in the crystals.

It is just the light scattering centers
(LSC) and color centers (CC) that we con-
sider to belong to typical ISD. The forma-
tion of those centers is favored considerably
by the melt stoichiometric disordering that
is caused by its temperature and the mass
transfer within the melt/growing atmos-
phere system during the growing cycle.
Moreover, depending on the melt tempera-
ture, clusters may be generated therein
where coordination differs from that in the
crystal matrix. An incoherent incorporation
of such clusters into the crystal results in
formation of macroscale inclusions and
blocks. Hence, in our opinion, it is expedi-
ent and topical to study the factors influ-
encing the chemical properties of multicom-
ponent oxide melts and being most danger-
ous in defect formation and deterioration of
scintillation characteristics in the grown
crystals. The following circumstances be-
long to those factors: (i) the molten oxide
mixtures are open thermodynamic systems;
(ii) incongruent evaporation is typical of
most such systems; (iii) the oxide crystals
show a heavy anisotropy of properties (heat
conductance, preferred growth direction,
oxygen diffusion, optical and luminescence
characteristics).

To reduce the stoichiometric disordering
of the melt internal structure caused by the
incongruent evaporation, the intensity of
the latter can be reduced by selecting the
optimum thermal conditions and controlling
the oxygen partial pressure in the growth
atmosphere. An optimum amount of a vola-
tile component can also be used to maintain
the melt stoichiometry. In particular, when
growing the cadmium tungstate (CWO)
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crystals, where the melt is subjected to an
intense incongruent evaporation, we have
used the raw charge containing an excess
(0.1 mass % ) of cadmium oxide. To study
the redistribution of main components over
the CWO single crystal length during its
growth, the non-destructive X-ray fluores-
cence analysis was used [3]. At the initial
growing stage, the crystal contains an ex-
cess of cadmium. As the crystal grows, the
cadmium mass fraction decreases monoto-
nously, the crystal color changing its color
over its length from yellowish through col-
orless to greenish. This is explained by the
fact that cadmium ion is removed from the
crystal during growth due to its incongru-
ent evaporation of the melt. However, by
optimizing the thermal growing conditions,
we succeeded in growing of colorless crys-
tals in air from stoichiometric raw charge,
while the CdO excess as low as about
0.1 mass % causes the yellowish coloration
of the crystal.

A method for manufacturing colorless
CdWO, crystals by growing under excess
oxygen pressure is known [4]. To that end,
it is mnecessary to increase the over-
stoichiometric CdO excess up to 1 mass %
at the oxygen pressure about 1.5 at. In our
opinion, such a considerable required CdO
excess is due to the excess oxygen pressure
that favors the formation of [CdO] type
clusters in the melt. The coordination of
those clusters is inconsistent with the tung-
state (P2/c) crystal structure of CWO,
therefore, the clusters are drived away by
the growth surface as an intrinsic impurity.

It is impossible to estimate quantita-
tively the change of the melt internal struc-
ture. In contrast, changes in its structure-
sensitive properties associated directly with
the structure changes can be determined
and used, in particular, to optimize the
growing thermal conditions. The structure-
sensitive properties were studied in experi-
ments for Gd,SiOg (GSO), PbWO, (PWO),
(YAP) oxide melts. The running structure
transformations were monitored by measur-
ing the viscosity changes and the melt mass
loss (due to evaporation) as functions of the
growth atmosphere pressure and composi-
tion. In particular, Fig. 1a shows the vis-
cosity (n) isotherms of YAG melt as func-
tions of the growth atmosphere pressure
and composition [5]. In nitrogen atmos-
phere, the melt viscosity may attain 90 cP
while it drops down to 20 ¢P in argon con-
taining about 2 vol. % wvol. of hydrogen.
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Fig. 1. Variation of melt structure-sensitive
properties depending on the growth atmos-
phere pressure: (a) dynamic viscosity of YAG
melt in Ar(H) (1), Ar(O) (2), N,(O) (3), Ar (4),
N, (5): (b) melt mass loss (rel. units) for YAP
(1), YAG (2), PWO (3), CWO (4).

Introduction of oxygen (up to 1.5 vol. %)
causes also the melt viscosity decrease. As
the growth atmosphere pressure is de-
creased, the viscosity drops dramatically in
the 1072 to 5.1073 Torr range. This evi-
dences the starting profound structure
transformations in the melt till its decom-
position which result in a drastic intensifi-
cation of its incongruent evaporation.

The mass loss of PWO and CWO melts
with decreasing growth atmosphere pressure
(Fig. 1b) is decreases first due to weakened
intensity of the upward gas flow that trans-
fers the evaporation products out of the
melt surface. As the pressure decreases fur-
ther, the melt mass loss starts to rise
sharply at certain pressure values charac-
teristic for each melt, depending on thermo-
chemical stability of the latter. This evi-
dences the starting profound thermochemi-
cal dissociation in the melts resulting in
starting decomposition of the PWO and
CWO melts that tend to incongruent evapo-
ration already at temperatures near the
crystallization point. Thus, the experimen-
tal results evidence the structure transfor-
mation in oxide melts that can be activated
or suppressed by varying the oxygen partial
pressure in the growth atmosphere [6].

The oxygen mass exchange occurs be-
tween the melt and the growth atmosphere.
The reversion of the oxygen mass exchange
vector in the growth atmosphere-melt sys-
tem and variation of the oxygen
stoichiometry in the melt take place within
the whole cycle of the crystal growing.
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Since the Czochralsky technique involves re-
peated overheating and overcooling of the
melt, a crystal grown using that technique
can be stated to be inhomogeneous in the
oxygen stoichiometry. This is confirmed by
the local coloration of upper and lower crys-
tal parts observed sometimes in PWO crys-
tals that are grown, due to the method spe-
cific features, from overcooled melt with
increased oxygen content. Our experiments
have shown that the oxygen partial fraction
in the growth atmosphere varies also during
the GSO growing cycle (Fig. 2). In the Fig-
ure, presented is the variation of the oxy-
gen diffusion vector in the growth atmos-
phere-melt system as a function of the heat-
ing power (P) being applied to the melt.

It is to take into account that most oxide
scintillation crystals require a limited oxy-
gen content in the growth atmosphere when
being grown. This is true, in particular, for
Ce-doped scintillators as well as for crystals
(PWO) where the charge state of activator
ions or the crystal-forming cations may
change resulting in formation of color cen-
ters. The oxygen concentration should be
limited by both maximum and minimum ad-
missible values. In particular, the PWO
crystals, when approaching to stoichiometry
in oxygen, take coloration due to change in
the lead cation charge state, while at a defi-
ciency in oxygen (less than 0.3 vol. %), the
coloration is caused by a partial reduction
of tungsten cations. Thus, by selecting opti-
mum composition and pressure of the
growth atmosphere, the crystals can be ob-
tained with a low optical density in the in-
trinsic luminescence spectral region. When
growing the GSO crystals, the oxygen partial
fraction in the growth atmosphere should be
controlled thoroughly. The oxygen allowable
amount in the specific technology developed at
our organization cannot exceed 0.3 vol. %,
since as that limit is exceeded, the crystals
take coloration due to charge state change of
the activator ions (Ce3*).

In this work, a series of grown crystals
was subjected to X-ray structure investiga-
tion using a SIEMENS D500 diffractometer
under copper emission with graphite mono-
chromator. GSO samples were studied cut
out of the same crystal (top and bottom
parts) as well as a crystal with defect inclu-
sion in the bottom part. The X-ray struc-
ture data are presented in Table 1. A trend
to increase of the unit cell parameters from
top to bottom of the Table columns is seen,
that is most pronounced for the unit cell
volume. The data over the crystal length
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Fig. 2. Variation of oxygen partial fraction in Ar atmosphere and the crucible heating power in the
course of a GSO crystal growing: (a) the crystal is frozen into the melt, (b) the crystal is torn-off

from the melt.

Table 1. Unit cell parameters and volume for GSO crystals

Crystal No. Features a, A b, A c, A 0, ° Vv, A3
1 Top 9.13551(4) 7.05776(6) 6.75051(6) 107.5312(H) 415.032(6)
1 Bottom 9.13569(5) | 7.05784(6) | 6.75037(6) | 107.5290(5) | 415.040(7)
2 Knot 9.13632(6) | 7.05828(7) | 6.75118(7) | 107.5363(7) | 415.125(7)

show a certain increase of the unit cell vol-
ume towards the crystal bottom that seems
to be associated with changes in the
stoichiometry and impurity composition.

The CWO, GSO, and PWO crystals belong
to lower syngonies and exhibit therefore sev-
eral anisotropic properties. Among those, the
following are of importance from the stand-
point of technology and performance of scin-
tillators made therefrom: heat conductance,
thermal expansion, thermal diffusion of oxy-
gen into the crystal volume, crystallographic
orientation of the scintillator planes across
which the emitted light exits.

We have studied the anisotropy of oxy-
gen thermal diffusion in the course of CWO
sample annealing in air. The colored sam-
ples have been shown to loss the color most
actively along the [001] direction. The
oxygen diffusion is slowest in the [010]
direction perpendicular to the (010) cleav-
age plane [7]. The CWO, PWO, and GSO
scintillators have been studied to deter-
mine the preferred light exit direction at
various crystallographic orientations. The
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Table 2. Light yield under '3’Cs y source,

per cent
Crystal |Size, mm3| (001) (010) (100)
CWO-1 | 10x10x10 | 39.4 39.9 37
CWO-2 | 10x10x10 | 43.4 44.7 43.8
PWO-3 | 10x10x10 | 5.7 5.4 5.4
PWO-4 | 10x10x10 5.6 5.3 5.4

X-ray (E ~ 30 keV) luminescence intensity
in the CWO and PWO samples has been
found to be about 40 % higher in the [001]
and [010] crystallographic directions (Fig.
3). Under high-energy (0.5 to 1 MeV) irra-
diation, the exiting light fraction across the
(010) plane for CWO and across the (001) for
PWO exceeds by 5 to 7 % that for other planes
(see Table 2) [8]).

The CC formation due to the stoichiomet-
ric disordering in oxygen is reversible. The
quality of crystals showing a post-growth
coloration within the intrinsic luminescence

Functional materials, 12, 4, 2005
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Fig. 8. X-ray luminescence spectra of PbWO,
(1, 2) and CdWO, (3, 4) crystals for direc-
tions (001) (1), (100) (2), (010) (3), (100) (4).

spectral region can be improved consider-
ably by annealing (Table 3). The CC in PWO
have been shown to be removable by anneal-
ing at submelting temperatures under oxy-
gen partial pressure about 107° atm. We
have developed a combined annealing proce-
dure [9] providing a more efficient improve-
ment of the PWO crystal optical parame-
ters. The increase of optical transmission is
due to transformation of color centers
Pb3* — Pb2* resulting in an enhanced trans-

parency in the 360 nm band and O~ — 0%~
causing a transparency increase in the
420 nm one (see Fig. 4). The colored GSO
crystals can be decolored by annealing
under reduced atmosphere pressure at the
atmosphere chemical potential about 38 kdJ.
The properly selected regimes provide the
absorption reduced down to 1072 em~1! [10].
The optical and scintillation properties of
CWO crystals are enhanced considerably by
high-temperature annealing in oxygen-con-
taining atmosphere [11], thus providing the
light yield increase by 15 to 20 %.

To conclude, the studies have shown an
important part played by oxygen to provide
the production of a crystal with reproduc-
ible performance characteristics. The melt
evaporation intensity has been shown to de-
pend on the growth atmosphere pressure.
Changes in oxygen diffusion in the melt-at-
mosphere system have been revealed in the
course of oxide crystal growing. The mass
fraction of the disordered phase in the GSO
melt has been found to depend on the melt
temperature and the oxygen partial pres-
sure in the growth atmosphere. Optimum
oxygen partial pressure values have been
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Fig. 4. Optical transparency spectra of a
PWO single crystal prior to anneal (1) and
after 15t (2) and 274 (3) annealing stages.

Table 8. Effect of annealing on GSO crys-
tal performance characteristics

Annealing Light yield I, |Afterglow level
atmosphere rel. units n (%) after
20 ms
unannealed 1.00 0.003
Air 0.89 0.002
Vacuum 1.20 0.086
Reducing - 0.061
atmoshpere

found for CWO, PWO, and GSO crystal
growth. Optical and performance properties
of the crystal have been studied as func-
tions of the growing and heat treatment
conditions, and crystallographic orientation.

Basing on the results obtained, the tech-
nologies have been developed providing the
reproducible production of crystals with
minimum scatter in optical, luminescence,
and scintillation characteristics. As a re-
sult, crystals providing the light yield (pho-
tons per MeV) 20,000 for CWO, 11,500 for
GSO, and 200 for PWO. The tomographic
elements as well as various 1D and 2D as-
semblies made of those crystals provided
high light yields, low afterglow levels, high-
temperature stability and the performance
homogeneity. The high yield of effective
products has been attained at a high perfec-
tion degree (absence of blocks, inclusions,
mosaic, thermoelastic stresses).
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BupomyBaHHA i DOCHiAKEeHHA ONTHKO-JIIOMiHECHEHTHHX
BJIACTHBOCTEN CHUHTHJIAIMIMHNX OKCHIHHX KPHCTAJIB

J.JI.Hazopna, B.I'.Bondap, 10.1.Bocmpeyoe, B.B.I'punvos,
K.A.Kampynoe, B.Il. Mapmunoe, €. M.Ilupozos,
M.I'.Cmapxacuncorui, I.A.Tynuyuna

OOTroBOPIOIOTHECSA OCOOGIMBOCTI BUPOITYBAHHA OKCUAHUX KPHUCTATIIB MeToAOoM HoXpaabebKo-
T0, BIUIVB Ta30BOTO CePEeOBUIA BUPOITYBAaHHS Ha TVIMOMHY 1 HATPAM CTPYKTYPHUX IEPETBO-
pPeHb, CTeXiOMeTpUUYHOI PO3YHOPATKOBAHOCTI OKCHUAHMX pOSIJIABIB, NMPUPOAY CTBOPEHHS V
Kpuctasax pisaux gederti. IlokasaHo, mio icToTHMIT BIJIMB Ha TJIUOMHY i HATPAMU ITUX
nporeciB, y TOMy YMCJIi TepMOXiMiuny cTifikicTh posmiaBy, HaJae OKUCIIOBAJIbLHO-BITHOBHUH
TOTEHIiaJl Ta30BOTO CePeNOBUIA BUPOIYBAaHHS, IO 3YMOBJIIOE TepPMOXiMiuHY aKTUBHICTH
KHMCHIO B OKCHJHUX po3IjaBax. PesyiabTyooua Aif UMHHWUKIB, I10 BIJIMBAIOTL HA BHYTPIIIHIO
CTPYKTYPY, BUBHAUAE KOOPAMHAIIII0 KJIacTepiB KPUCTANOCTBOPIIOUMX KOMIIOHEHTIB i
3IaTHiCTL POB3MIaBy A0 MoHo(pasHOl KpucTajaisarii.
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