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The Czochralski method is one of the very few melt growth techniques that are industry friendly when consid-
ering the combination of quality, dimensions, and cost of the produced crystals suitable for their commercialization
in scintillation detectors. This method is one of the oldest and most developed crystal growth processes regard-
ing an adequate understanding the physical phenomena observed during solidification process and its practical
expansion especially in the industrial scale production. It allows controllable formation of single-crystalline cylin-
drical ingots of various inorganic scintillation materials. The review summarizes recent progress on the Czochralski
growth of a number of scintillation materials. The oxide crystals are mainly considered including the Ce and Pr-
-doped RE3Al5012, RE = Y, Lu, aluminum garnets and newly discovered ultraefficient Ce-doped Gds(Ga,Al)5012
multicomponent garnet, high density PbWO,4 and CdWO4 tungstates, Ce-doped RE2SiOs, RE =Y, Gd, Lu, oxy-
orthosilicates and (Y,Lu)AlO3 aluminum perovskites and finally the classical BisGesO12 scintillator. Additionally,
the details of the growth of other practically important non-oxide crystals, namely the Ce and Eu-doped LiCaAlFg
neutron and ultraefficient Ce-doped LaBrs scintillators, are discussed. The potential of novel micro-pulling down
growth method is briefly described in the combinatorial search for new scintillator materials. Selected luminescence
and scintillation characteristics including the spectra and decay kinetics, light yield and radiation resistance are

also illustrated and overviewed.
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PACS: 81.10.Fq, 78.70.Ps, 29.40.Mc, 78.55.Hx

1. Introduction

Inorganic scintillating crystals are solid-state materials
of high structural perfection that demonstrate scintilla-
tion (luminescence) after their excitation by some kind of
ionizing radiation (vacuum ultraviolet (VUV), X-ray, or
~-ray), accelerated particles (electrons, alpha-particles,
protons, or ions), or even neutrons. Absorbed energy of
the incoming radiation and/or particles is transformed
into the flash of light in near UV-visible spectral region.
The ratio between the total emitted energy and energy
of incoming high energy photon or particle defines the
overall scintillation efficiency and can be at the best few
tenths, but typically much less, see [1, 2]. The lumines-
cent characteristics of the scintillating crystals are de-
fined by (1) intrinsic centers in the material, i.e. that
of undoped crystals or (2) extrinsic centers that are due
to impurities or defects formed in the crystal structure.
Generally, the dopants are foreign ions that substitute
for the cations or anions of the host [3].

Single-crystalline scintillators coupled with photode-
tectors are used in many high-tech fields that include
high-energy particle physics, medical imaging (positron
emission tomography, PET and related systems that
help to visualize parts of the human body), border se-
curity, astrophysics, geophysical resource examination,
etc. [4]. Depending on the application, various combi-
nations of physical and scintillation characteristics of the
crystals are considered. However, generally the scintil-
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lating crystals have to possess high structural perfection,
low content of non-desired impurities, reasonably uni-
form dopant distribution, and be produced with reason-
able cost. Furthermore, high density (presence of heavy
atoms in the structure) and maximum stopping power
(high effective atomic number) are always desired to re-
duce dimensions of the detection elements and sensors.
These requirements allow miniaturization of the devices
and reduce the necessary size of the crystals to be grown.

Application of the crystal growth techniques that allow
realistically fast growth of massive bulk crystals is always
preferable in the industrial scale manufacturing process.
The Czochralski (CZ) melt crystal growth is one of such
techniques. However, this method cannot be used for any
crystal. Congruent melting of the target material is one
of the requirements that make application of this method
possible and efficient. Table I illustrates list of selected
scintillating crystals that are currently produced by the
CZ method.

TABLE I
List of selected scintillating crystals.
Crystal Density Melting|  Hygrosco- References
point picity
PI‘:LU3A15012 6.71 1980 no [5, 6]
Ce:Gd3(Ga,Al)5012 variable no [7-9]
PbWO, 8.28 | 1160 no [10-13]
CAWO, 7.90 | 1325 no [14-15]
Ce:LusSiOs 7.4 2150 no [16-19]
Ce:Y2SiOs 4.45 2070 no [19]
Ce:Gd2SiOs 6.71 1900 no [19]
Bi4G3012 7.13 1050 no [20*22]
Ce:LuAlO3 8.34 | &~1900 no [1, 23, 24]
Ce,Eu:LiCaAlFs | 4.88 | 820 no [25-29]
Ce:LaBrg 5.30 783 |yes, very high [30-34]

(250)
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The purpose of this review is to summarize recent
success in CZ growth, details of the growth processes,
and physical appearance and performance of number of
important inorganic scintillating crystals of oxides and
halides that have already been practically applied and
used in the applications, particularly those listed above.

2. Inorganic scintillating crystals

Number of alkali metal halides, including most clas-
sical Tl:Nal and very recent Ce:LaBrs single crystals,
together with other binary and complex halides demon-
strate excellent scintillation performance. However, most
of these materials are highly hygroscopic. Therefore,
their practical application requires hermetic sealing to
ensure their isolation from moisture in the surrounding.
From this point of view the oxide crystals are more prefer-
able considering the design of radiation detectors. Some
of the prospective non-hygroscopic crystals are listed
as follows: CdWO4, PbWO4, Bi4G€3012, CeZGdQSiO5,
Ce:LuQSiO5, Ce:YQSiO5, Ce:LuAlog, Pr(Ce):Lu3A15012,
Ce:Gd3(Ga,Al)5012, Eu(Ce):LiCaAlFg, and BaFs.

3. Czochralski crystal growth

The Czochralski crystal growth process, developed for-
merly for the growth of crystals of metals, is about a
century old [35], but it is still one of the leading crystal
growth methods. It is well recognized in academic re-

Fig. 1. Phases of typical Czochralski process includ-
ing (A) approximation of the seed to the overheated
melt, (B) immersion of the seed into the melt and their
thermal equilibration, (C) pulling of the seed in upward
direction with continuous increase of the crystal diam-
eter and shoulder formation, (D) steady state of the
pulling of the crystal of constant diameter, (E) ending
the growth with continuous diameter decrease, and (F)
separation of the crystal from the melt and its following
cooling to room temperature.

search and industry. This technique allows controllable
formation of single-crystal cylindrical ingots of various
inorganic scintillating crystals. It can be also applied to
the growth of organic crystals. The process is well estab-
lished for the growth of semiconductors, oxides, fluorides,
and other halide crystals as well as metals. In spite of
its relative simplicity (Fig. 1), the process requires precise
control of considerable number of factors that in different
degree affect the crystal quality and commercial poten-
tial.

TABLE II
Czochralski growth parameters.

Item for control | Some factors to control

crucible material composition, corrosion, melt-
ing point, shape and dimensions, con-
taminations, rotation, displacement,
etc.

atmosphere composition, pressure, flow rate, etc.

melt composition, starting material treat-
ment, evaporation of constituents,
meniscus, corrosion, etc.

seed structure, composition, orientation, di-
mensions, shape, etc.

pulling pulling rate, rotation (rate, accelera-

tion, direction) etc.

thermal aspect heating source and its power, hot zone
design and insulation materials, tem-
perature gradients, automatic diameter

control, etc.

melt solidification fraction, cost of the
crucible and the melt ingredients, cost
of apparatus, time consumption for the
preparation of starting materials, total
time of the growth process, etc.

cost efficiency

List of such factors is demonstrated in Table II. Unfor-
tunately, most of the reports on the Czochralski growth
of scintillating crystals do not portray details of the pro-
cess reflecting all of these factors. Thus, summary of the
growth results presented below could not be considered
as complete description of the technology. Nevertheless,
many features of the crystal growth process are quite
common and can be anticipated in the preparation of a
new material, based on growth experience obtained be-
fore with other crystals.

4. Oxide crystals

In this section, growth of oxide scintillating crystals
is summarized. In most cases, oxides have higher melt-
ing point than halides. Therefore, the growth apparatus
must be designed to manage high power supply and to
work at temperatures up to 2000 °C or even more. In the
following sections, the growth of selected types of oxide
crystals is outlined.

4.1. Garnets

Growth of artificial garnet crystals is well established
for decades [36], and it is commonly accepted that growth
of yttrium-aluminum garnet Y3Al;0;12 (YAG) from the
melt can be successfully performed practically by any
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melt growth technique. From the point of view of crys-
tal growth, YAG may be considered as typical crys-
talline substance that can play role of reference material.
Its higher density analog, the LusAlsOi2 (LuAG) has
the same crystallographic structure and physicochemical
properties that makes its growth also comparatively sim-
ple. On the other hand, LuAG is formed with much heav-
ier rare-earth oxide Lu instead of Y that makes LuAG
more attractive for scintillating applications [37].

As an example, the growth of Pr-doped LuAG was
recently reported in [38-40]. The growth system was
equipped with inductive radio-frequency (RF) heating.
The 2 inches in diameter bulk single crystals were pro-
duced at pulling rate of 1 mm/h and seed (Pr:LuAG)
rotation of 812 rpm [5]. The growth apparatus used au-
tomatic diameter control system that was operated using
signal received from the weight sensor. The Ir crucible
was ¥100 x 100 mm? in dimensions, and it was protected
from oxidation by Ar atmosphere.

The Pr:LuAG crystals of common shape (Fig. 2, left)
contained many cracks at the shoulder and tail parts.
This shortcoming was associated with high thermal stress
acting in the upper portion of the crystal following from
large cone angle and the stress in the tail part caused
from concave shape of the solid/liquid interface. The
problem was resolved by reducing the shoulder cone angle
and flattening the solid-liquid interface, and as a result
growth of crack-free crystals (Fig. 2, right) was estab-
lished [5]. The length of the crystal was 110 mm, and to-
tal solidification fraction for this process was about 40%
with respect to the volume of the starting melt.

Fig. 2. crack  formation in  2-inch

Avoiding
Pr:LuzAls012 crystals grown by Czochralski method
by modification of the crystal shape (shoulder angle)
and modification of temperature gradients according
to [5].

Another problem of the Pr-doped LugAl;0io crys-
tals is uniformity of the dopant distribution. From the
chemical point of view, behavior of the host Lu3* and
guest Pr3* cations in the garnet structure is comparable.
However, dimensions of these cations are very different.
Therefore, substitution of Lu®* with Pr3* is generally
difficult. This was proven experimentally when compo-
sition of the grown Pr:LuAG and the dopant distribu-
tion along the growth axis were evaluated. The fraction

of Pr3* (with respect to Lu®*) in the starting melt com-
position was 2.5%, however, that in the crystal was 0.18—
0.25 or less with corresponding segregation coefficient of
Pr to be about 0.07. Nevertheless, the crystals demon-
strated acceptable uniformity regarding dopant content
and the samples cut from different part of the crystal
had practically the same light yield that was about three
times greater than that of Bi4GesO12 (BGO) that is of-
ten considered as reference material regarding its scintil-
lating performance. Optical properties and gamma-ray
response of Pr:LuAG crystal including those containing
different dopant content of 0.10, 0.18, and 0.22% are re-
ported in [6].

Ce:Gd3(Ga,Al)5012 (Ce:GAGG) garnet is the most re-
cent multi-component garnet type crystal that demon-
strates very high light yield with moderately fast scin-
tillation response [41]. Growth of undoped and ac-
tivated GAGG was well established by different melt
growth techniques including Czochralski [8, 9], floating
zone (FZ) [7], and micro-pulling-down (u-PD) [42, 43].
In the past [8], undoped GAGG were grown considering
their applications as material for the magnetic refriger-
ator. However, very recently the Ce-doped GAGG at-
tracted much attention as a scintillating material.

In [8], the undoped GAGG crystals were produced in
No+2%02 atmosphere from relatively small inductively
heated Ir crucible of @50 x 50 mm? in dimensions. The
growth was performed without automatic diameter con-
trol. The starting mixtures had excess of Gd,O3 of
0.02-0.15 per garnet formula unit with respect to ideal
Gds(Ga,Al)5012 composition. This was necessary to per-
form the process from the Gd-enriched melt correspond-
ing to congruently melting composition of GAGG. The
steady state pulling rate for the step of constant diame-
ter growth (Fig. 1D) was 2 mm/h with crystal rotation
rate of 35 rpm that established flat solid—liquid interface.
At faster rotation, the interface became convex resulting
undesired crystal faceting. The crystal obtained from the
Gd3.02(Gao.7A10.3)4.98012 melt was about 30 mm in di-
ameter and 60 mm long, and it demonstrated reasonable
optical quality and had no visible defects.

The quality of the Gds(Gaj_,Al;)5012 crystals de-
creased considerably when concentration of Al was equal
or exceeding 0.4 [8]. It was also noted that crack forma-
tion in the crystals was most probably associated with the
strain induced in the crystal because of difference in ionic
radii of R(AI®") = 53.5 pm and R(Ga3") = 62.0 pm [44].
Increased content of Gd®* in the crystal reduced proba-
bility of crack formation as a result of its probable incor-
poration into octahedral sites of the garnet structure and
its greater size of R(Gd?*) = 93.8 pm. In addition, it was
detected that the crack formation was more intense when
the crystals were faceted that was result of convex shape
of the solid-liquid interface. The lattice parameters and
the composition measurements demonstrated that the
distribution coefficients of AI®* was K(AI3T) = 1.14 for
r = 0.1 and K(AI*T) = 1.07 for x = 0.4 considering
Gd3(Gaj_5Al,)5012 garnet formula. Based on these val-
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ues, the existence of congruently melting composition of
GdsGagAl;012 was predicted in [8].

CZ growth of the Gd3GagAl;O1o crystals modified
with corresponding Ce-doping was also reported in [9].
Similar to [8], the crystals were grown using reduced
pulling rate (1 mm/min) and rotation of 4-12 rpm from Ir
crucible of about the same dimensions also heated induc-
tively. The growth atmosphere was Ary+1.5%02. This
atmosphere was selected to prevent oxidation of the cru-
cible (Arz) and to reduce evaporation of GagOs from the
surface of the melt (O3) at the same time. LuzAl5012
crystal oriented along (100) axis was used as a seed. The
crystals with diameter of 25 mm and length of 80-120 mm
were produced with concentration of the Ce-dopant of
1.0, 2.0, and 3.0%. The solidification fractions for these
growths were 0.50, 0.9, and 0.48, respectively, that ex-
ceeded prototype process reported in [8]. The interior
parts of the crystals had perfect optical quality. However
surface of the crystals was not transparent and irregular
as a result of gallium oxide evaporation, thermal etch-
ing, and/or deposition of Ir particles originating from
oxidation of the crucible material. According to compo-
sition analysis, the crystals were not perfectly uniform
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demonstrating moderate segregation for the host cations
of K(AI3T) = 1.12 and K(Ga3T) = 0.92 and consider-
able segregation for the Ce-dopant of K (Ce3T) = 0.36.
This demonstrated that GAGG cannot be considered as
true congruently melting compound at least at the com-
positional range reported.

Regarding dopant incorporation, it was noted in [9]
that segregation coefficient K(Ce3") in GAGG was con-
siderably greater than K (Ce3T) = 0.082 reported for the
YAG crystal grown by temperature gradient technique
(TGT) in [45]. Also, according to [46], the Ce content
in the YAG crystals produced by CZ method was 8.4
times less compared to the Ce-content in the melt, that
also corresponds to K (Ce3T) of about 0.1. Thus, all ob-
servations demonstrated that GAGG crystals accept Ce-
-dopant much more easily than YAG that is very reason-
able conclusion considering greater lattice parameter of
GAGG compared to YAG and large size of Ce®" cation.

Luminescence and scintillation characteristics and all
the development of the LuAG-based scintillators in-
cluding the discovery of ultra-efficient multi-component
Ce:GAGG scintillators has been recently reviewed [37].

TABLE III

Number in parenthesis

in the scintillation decay time column represent the percentage of total intensity governed by the indicated decay time.
Times in parenthesis in the LY column represent the time gates with which the LY was evaluated. See also web sites
http://scintillator.lbl.gov/, http://crystalclear.web.cern.ch/crystalclear/ for scintillation parameters.

Band gap Ce(Pr,Eu) Ce(Pr,Eu) Ce(Pr,Eu) Main scint. Energy res.
Crystal 5d-4f em. 4f-5d abs. conc. decay time LY (Ph/MeV) | at 662 keV
[eV] [nm] [nm] [mol.%] [ns] [%)]
LuAG:Ce [37] ~ 8 505, 555 202, 215, 227, 346, 448 0.15 55-65 (20-40%) | 18,000—26,000 5.5-7
LuAG:Pr [37] ~ 8 308 Below 190, 239, 284 0.15 20 (20-40%) 16,000-20,000 4.5-6.5
GAGG:Ce [37] 6-6.2 528, 565 235, 342, 439 0.1 88 (90%) 46,000-51,000 4.9-5.5
CAWO, [50] 44403 [51]| 495 n/a n/a 5000 27,000 6.6
PbWO, [52, 53] 4.4 [54] 420 n/a n/a 3-6 200 30-40
LSO:Ce [55] 6.3-6.5 395 Cel:205-235, 267, 296, 356 | 0.05-0.1 35 26,000 7.9
GSO:Ce [56] 6.2 430 Cel:250, 284, 345 0.1 60 12, 500 7.8
YSO:Ce 6.4-6.7 410 Cel:205-235, 264, 297, 356 0.1 50 24,000 9.3
LYSO:Ce, Ca [57] 6.3-6.5 395 Cel:205-235, 267, 296, 356 | 0.05-0.1 39 32,000 8.1
(Lug.6Gdg.4)25i05:Ce [58] ~ 6.6 415 Cel:269, 304, 339, 357, 378 0.44 30 (90%) 29,000 6.7
BisGesO12 4.96 [59] 480 n/a n/a 300 8,500 9.0
YAP:Ce 8.8 360 219, 237, 275, 291, 304 [60] 0.15 20-30 21,600 4.6
LuAP:Ce 8.44 [61] 365 216, 231, 278, 294, 308 [60] 0.05 16-20 11,400 9.0
LiCaAlFg:Ce [62] ~ 12 285 160-174, 227, 244, 271 <0.01 35 5,000
(ph./neutron)
LiCaAlFgs:Eu [62] ~ 12 370 200-220, 290-350 < 0.01 1670 40,000
(ph./neutron)
LaCls:Ce [63, 64] 7 337, 358 243, 250, 263, 274, 280 10 24(60%) 50,000 3.1
LaBrs:Ce [63, 65] 5.6 355, 390 260, 270, 284, 299, 308 5 16(100%) 70,000 2.6
Luls:Ce [66, 67] 475, 520 ~ 300, 390, 419 0.5 < 50 ns (50%) |42,000(0.5 us) 4.7
2 51,000(10 us) -
58,000(0.5 us)
71,000(10 ps)

Optical, luminescence, and scintillation characteristics
of Ce and Pr-doped LuAG and Ce-doped GAGG are sum-
marized in Table ITI. Ce3T center at the dodecahedral
site of LuAG structure shows fast 5d—4f luminescence

centered at about 510 nm (see Fig. 3) with the decay
time of nearly 60 ns and the onset of thermal quenching
above 700 K [47]. The same transition of Pr37 is situated
at 308 nm (see Fig. 3) with the room temperature decay
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Fig. 3. Normalized radioluminescence spectra of Ce-

-doped LuAG and GAGG and Pr-doped LuAG (excita-
tion X-ray, 40 kV).

intensity [arb.units]

intensity [arb.units]

Fig. 4

fast component
decay time = 58 ns

slow component

LUAG:Ce
295 K

(A)

L1

300 400 500 600

il
700

295

fast component
decay time = 20 ns

*
o slow component
id

LUuAG:Pr

K

(B)

001|||||.||||.|‘|.

0 200 400

time [ns]

600

. Scintillation decays of Ce-doped (A) and Pr-
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tope (511 keV).

time of 20 ns which makes it more suitable for fast scin-
tillator. Moreover, energy resolution of Pr-doped LuAG
was found excellent, below 5% at 662 keV [48]. Scintil-
lation response is in both cases troubled by slow com-
ponents due to electron re-trapping at shallow traps in
LuAG host [49] (Fig. 4) and elimination of these traps
by the balanced admixture of Gd and Ga cations in mul-
ticomponent garnet host resulted in the enormous light
yield increase [41].

4.2. Tungstates: PbWO,, CdWO,

Tungstate crystals including cadmium tungstate,
CdWOy, lead tungstate, PbWOy, and others are high-
-density materials that show excellent stopping power for
the X- and gamma-rays. They are chemically resistant
and non-hygroscopic that makes them suitable for oper-
ation in number of device applications [68].

Because of the low melting point, the PbWOQO, single
crystals can be grown by the Czochralski method using
platinum (Pt) crucibles in air because the Pt is chemically
resistant to normal atmospheric conditions (air). Partic-
ularly, the PbWO, crystals reported in [10] were pulled
from the melt with rate of 2 mm/h and rotation of 20—
40 rpm from Pt crucible of 35 mm in diameter. In these
growths, the crystal diameter control was performed by
monitoring the weight of the crucible with residual melt.
The seed was oriented along c-axis direction. More de-
tailed information about crystal growth details are avail-
able from [11]. The PbWOQ, starting materials were pro-
duced by double heat treatment of initial mixtures at
850°C for 20 h in air and at 900°C for 25 h after ad-
ditional remixing. The resulting solid was inspected by
X-ray diffraction (XRD) to ensure complete reaction of
the initial oxides of PbO and WO3 and absence of foreign
phases of PbO, WO3 or PboWOs5. About 150 g of as pro-
duced starting solid was charged into the @50 x 50 mm?
Pt crucible that was lately heated resistively in the hot
zone unit with axial temperature gradient of 10-15°C/cm
above the melt level.

The authors of [11] paid special attention to the crack
formation in PbWQ, crystals and the maneuvers that
may decrease number of these defects. This problem was
associated with significant difference in thermal expan-
sion that occurred along (100) and (001) crystallographic
directions. It was observed that quality of the crystals
was improved by slow cooling the crystal to room tem-
perature after its annealing. Also, the cracking was in-
duced from asymmetry of the temperature distribution
around the crystal and high axial temperature gradi-
ent above the melt. In addition, the seed misalignment
caused non-uniform growth of the crystal in radial direc-
tion. Thereafter, the shape control of the conical shoul-
der part (Fig. 1C) was not possible and the growth was
terminated.

In addition, the PbWOQO4 had tendency to crack when
the diameter was increased very fast (Fig. 1C, wide cone
angle). This was associated with formation of convex
solid/liquid interface and high temperature gradient oc-
curring in the crystal because of the wide cone angle.
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This phenomenon was suppressed by adjusting the seed
rotation to some appropriate value to avoid uncontrol-
lable melt super-cooling. Finally, the best seed rotation
rate observed in [11] was 25-30 rpm. The crack-free crys-
tal reported had cone angle of about 90 similar to that
illustrated in Fig. 1F, and it was grown with almost flat
solid/liquid interface. The diameter of the crystal on its
cylindrical part (Fig. 1D) was controlled by modification
of the temperature of the melt. The pulling-up rate did
not exceed 3 mm/h because its increase to 4-5 mm /h re-
sulted in reduction of the crystal transmission partially
due to unavoidable incorporation of the foreign phase in-
clusions. To reduce the crystal stresses and the crack for-
mation, the as grown crystals were annealed at 1000 °C
for 5 h and then cooled down to room temperature at the
rate of about 10°C/h.

The optical transmission spectra of the 3 mm thick
specimens cut perpendicular to the growth axis from the
top and middle parts of the PbWOy crystals grown in [11]
did not demonstrate any absorption around 430 nm (yel-
low coloration). However, those cut from the bottom
part of the crystal had some absorption in this spectral
region. This absorption was reduced when the crystals
were grown from the melts obtained by re-melting of
the crystals grown in previous experiments. For such
crystals, the uniformity of the transmittance along the
growth axis was considerably better.

Mass production of PbWQO, crystals was well estab-
lished quite some years ago. Fabrication and delivery of
more than one thousand of certified scintillation elements
per month was reported back in 2005 [12]. It was also
noted in [13] that most of parameters of the crystals were
well reproducible, and significantly less than 10% of the
crystals were rejected as not satisfying the standards of
quality control for their usage in calorimetric detectors
in new high-energy physics accelerators.

Cadmium tungstate, CdWO, is another scintillating
crystal of great importance particularly to be used in
computed tomography and radiation monitoring sys-
tems [14]. It crystallizes in the wolframite structure with
Cd and W cations sited in octahedral positions of the
crystalline lattice. In [14], the CdAWO, were produced by
the CZ method on the seeds oriented along (010) cleav-
age plane. The crystals were grown from Pt crucibles
heated inductively and surrounded with alumina ceramic
for thermal insulation. The diameter of the crystals was
monitored with weight sensors, and the growths were per-
formed in oxidizing or inert atmosphere. The crystals
produced were ?50 x 150 mm? in dimensions. The crys-
tals were generally colorless and free of visible inclusions
when solidification fraction did not exceed one-third part
of the starting melt and when the diameter of the crystals
was not greater than 50% of crucible diameter. However,
larger crystals exceeding 60 mm in diameter contained
macrodefects in the core part and at the bottom fraction
of the crystals. The CAWO, crystals reported contained
pores with dimensions varied from 20 to 150 pym. Accord-
ing to [14], the growth was performed at 1350°C, and at

this temperature range the melt lost part of CdO as a
result of its decomposition and evaporation. Therefore,
the CdO solid particles were always found on the walls of
the furnace and the remained melt was always enriched
with WOj3 as compared with stoichiometric composition
of CdWO,. This melt composition instability was re-
sponsible for formation of secondary phase greenish in-
clusions of solid WQj3 particles incorporated into bottom
(tail) part of the crystals. Formation of cracks parallel to
the (010) cleavage plane is another type of imperfections
found in the CdAWOQy crystals produced by conventional
CZ method [15].

Growth of the CdAWO, crystals by low thermal gradi-
ent (0.1-1°C/cm) CZ method was reported in [15]. In
this method, the growth was performed from Pt crucible
of @70 x 200 mm? in dimensions placed inside three-
-zone furnace heated resistively and providing temper-
ature gradient of about 1°C/cm. The progress of the
process was controlled by weight sensor, and the growth
atmosphere was air. Two practices were applied to sup-
press undesired evaporation of CdO leading to progressed
non-stoichiometry of the melt. Firstly, the crystal diam-
eter was set to be relatively close to the crucible diameter
leaving about 30-40% of the free surface of the melt at
direct contact with air above the melt. Secondly, the top
of the crucible was covered with conical lid equipped with
small opening in the center providing pass for the seed
holder rod. In such conditions (Fig. 5), the total amount
of evaporated material was less than 0.2-0.5 wt% because
the melt was not overheated regarding the melting point
(the melt temperature was almost constant and equal to
the melting temperature). As a result, 90% of the start-
ing melt could be transformed into high-quality single-
-crystalline product with dimensions of ¥45 x 150 mm?.
It was demonstrated in [15] that growth results were not
affected very much by changing the rotation rate within
the range of 5-20 rpm or practicing the reverse rotation.

D E:>
Low Temperature [}
Gradient, 1°C/cm  }j

Fig. 5. Growth of the CdWO4 [15] and BisGesOq2
[22] crystals by low thermal gradient (0.1-1°C/cm) CZ
method.

Intense study of the PbWOQy single crystals in 1990’s
was initiated due to selection of this material for the new
generation of calorimetric detectors in Large Hadron Col-
lider in CERN, see reviews [52, 53]. Later on, various
electron trapping and hole trapping centers were system-
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atically characterized [69, 70| and their role in scintil-
lation mechanism clarified. Luminescence of PbWOQy,
CdWO, and other scheelite or wolframite structure
tungstates are of self-trapped or trapped exciton nature
and determined by the transition in the oxyanion group
which results in violet-blue (420 nm) and blue-green
(480 nm) emission bands in PbWO, and CdWOy, single
crystals, respectively. Essential difference between the
decay time and quantum efficiency of excitonic lumines-
cence around room temperature in PbWO, (few nanosec-
ond decay time and few percent efficiency) and CdWO,4
(ten microsecond decay time and 100% efficiency) are due
to different temperature stability of the exciton states. In
PbWOQ,, rather low binding energy of exciton of about
0.075 eV [71] results in its thermal disintegration already
around 150-180 K, while an onset of thermally induced
ionization and/or quenching of luminescence in CAWO,
occurs well above room temperature [72].
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Fig. 6. Initial transmission and irradiation (°°Co ra-
dioisotope, 10 Gy dose) induced absorption in the inset
of the couple of equivalently grown undoped (a) and La-
-doped (100 at. ppm in the crystal) (b) PbWOy single
crystals. Reprinted from [52].
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Fig. 7. Spectrally unresolved thermo-luminescence

glow curve above room temperature after X-ray
irradiation at room temperature, reprinted from [52].

Optimization of the PbWO, and CdWO, scintilla-
tion characteristics was focused mainly on their radiation
hardness [52, 53] and afterglow [73], respectively, and has
been achieved by the aliovalent doping. While in the for-

mer case the stable trivalent impurities (La, Gd, Y, Lu)
increased the radiation hardness even several times com-
pared to the high-purity and high-quality undoped crys-
tal, in the latter case the monovalent dopants (Li, Na)
have been most successful choice. The magnitude of this
effect in the PbWQ, is demonstrated in Figs. 6 and 7
where the v-ray irradiation induced absorption and ther-
moluminescence glow curve are displayed. Trivalent dop-
ing at Pb?* site dramatically decreased the energy stor-
age and color centers creation in the lattice due to the
excess charge provided. Optical, luminescence and scin-
tillation characteristics of CdAWO4 and PbWOQO, are sum-
marized in Table III.

4.3. Ozyorthosilicates: RE2SiO5 (RE = rare earths)

Cerium-doped oxyorthosilicates of rare-earth metals is
another class of important scintillating oxide crystals.
Ce:LusSiO5, Ce:Y2SiOs5, and Ce:GdsSiOs are widely
used for gamma-ray detection and other applications
[18, 19]. These materials are represented by general
formula of Ce:RE5SiO5, where RE is lanthanide metal.
Growth of such crystals by the Czochralski method is
well established for decades due to their congruent melt-
ing [16-19]. Regarding the structure, the crystals formed
by large rare-earth cations from Tb3* to La3t solidify
in monoclinic structure with space group P2;/c. How-
ever, those based on small cations from Lu3* to Dy3*
form monoclinic structure with space group C2/c [16].
In the first case of Gd2SiO5 type structure (P21/c), the
rare-earth sites have coordination numbers CN = 7 and
CN = 9. However, in the case of LuySiO5 type crystals,
the corresponding numbers are CN = 6 and CN = 7.
As a result, higher coordination numbers allow easier in-
corporation of the large Ce3* dopant. Therefore, the
segregation coefficients of Ce3* are about 0.6 [16] or 0.56
[19] for GdsSiOs, 0.34 [19] for Y2SiOs, and 0.2 [16] or
0.22 [19] for LusSiOs.

Growth of LusSiO5 from standard iridium crucibles
is comparatively difficult because the melting point of
Lu3SiOs (2150 °C) is relatively close to the melting point
of Ir. However, the melting temperature may be notice-
ably reduced (2100°C) by partial and isomorphic substi-
tution of Lu with Gd as it was reported in [16]. Alter-
natively, Gd2SiO5 melts at lower temperature of about
1900 °C that is well acceptable for Ir crucibles because it
is even less than that of YAG crystals produced commer-
cially for decades. On the other hand, Gd,SiO5 cleaves,
and it has not as good scintillating performance as that
of LHQSiO5 [16]

The CZ growth of LuySiO5 crystals of 40-80 mm in
diameter was reported in [17]. The crucibles were made
of Ir and were of 60-120 mm diameter. The growths
were performed in gas flow, closed atmosphere, or in vac-
uum. The crystals were doped with Ce, Ce+Tb, Ce-+Mg,
and Ce+Ca, and the melting points for corresponding
starting materials were referred in [17] to be in the range
of 1970-1980°C. Depending on the growth process, the
pulling rate was 0.7-2.0 mm/h, and the rotation rate was
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8-15 rpm. The crystal diameter was 30-78 mm, and the
crystal length was in the range of 70-170 mm.

LusSiOs is usually doped with 0.05-0.5% of Ce [18].
However, in some cases [17, 18] co-doping supports bet-
ter scintillating performance. For example, incorporation
of Ca?t into Ce:LuySiO5 may improve the light yield and
the decay time, and effect of the co-dopant depends on its
content in the crystal. On the other hand, this co-doping
may reduce growth stability (acentric growth) even when
the process conditions including temperature gradients in
the hot zone remain unchanged. This phenomenon was
particularly associated in [18] with reduction of the sur-
face tension of the melt when it was enriched with Ca2*.
This shortcoming was suppressed by incorporation of ad-
ditional compensating co-dopant of Zn into the structure.
As a result, the acceptable surface tension was restored,
stabilizing the growth process without reduction of scin-
tillation performance of the crystal. The experiments
demonstrated that amount of the Zn in the melt should
be greater than that of Ce and Ca.

In [18], the ¥32 x 100 mm? crystals were grown by
CZ method from the melts of Ceg goliug.9sSi05 compo-
sition undoped and co-doped with Ca and Ca-Zn. The
co-dopant contents in the melt varied in the range of 0.1—
0.4 at.% (relative to content of lutetium in the melt) for
Ca and 0.1-0.6 at.% for Zn. Tt is evident that actual Ce
and co-dopant contents in the crystals were different com-
pared to the melt composition as a result of segregation.
The growths were performed on (100)-oriented seed from
the @60 x 60 mm? cylindrical Ir crucibles heated induc-
tively, and the surrounding atmosphere was No+0.7%05.
The pulling rate was 1.5 mm/h, and the rotation rate
was 10 rpm. The 25% increase of the light output was
detected for the crystal with 0.1% Ca-co-doping concen-
tration as compared to the Ce-only doped reference spec-
imens. Following increase of the Ca-content in the Ce-
-doped LusSiOs was accompanied by continued decrease
of the light yield. Regarding the decay time, the fastest
decay (28-31 ns) was observed in the crystals containing
maximal Ca content of 0.4 at.%. As for the Zn?t co-
-doping made for stabilization of the growth, it did not
affect the light yield and the decay process considerably.
Also, both co-dopants of Ca and Zn did not influence the
peak emission wavelength of 416 nm [18].

Growth of the Ce:Y2SiO5 crystals from the melts
of Ce0.02Y1_98SiO5 and Ceo_ogcao.OQYl_gﬁsiOg; nominal
compositions in the conditions similar to those described
in the above paragraphs was reported in [19]. The crys-
tals had no cracks and demonstrated reasonably good
shape that was almost as good as that of the Ce:LusSiO5
produced at comparable conditions. However, in the case
of co-doping of Ce:Y,SiO5 with Ca, the increase of the
scintillation light yield was negligible (around 5% only)
that was much less relatively to Ce:LuySiOs (over 20%).

The crystals of Ce:GdsSiO5 grown from the melts of
Ceo,ongl.ggsiO5 and Ceo_ogcao.ong1496SiO5 [].9] com-
positions had cracks. This was associated with using of
iridium rod as a seed and with easy cleaving of Gd;SiO5

as compared with LusSiOs and Y5SiO5. Similar obser-
vations were reported in [16] for the crystal grown on
iridium rods as a seed from the melts of GdySiO5 and
Gd; gLug 2SiO5 compositions with the cracks progressed
along (100) and (010) planes. Formation of these cracks
was successfully eliminated when the growth was per-
formed on the GdsSiOs seeds oriented along cleavage
planes. As for the light yield of Ce-doped GdsSiOs, it
was several times less than that of Ce-doped LusSiOg
and Y5SiO5 [19]. Moreover, doping of the Ce:Gd3SiOs
with 0.1% Ca further decreased the light yield for about
three times.

The attempt to grow solid solution (or mixed) crys-
tals corresponding to (Gd,Lu;—_,)2Si05 composition was
reported in [16] assuming that in some range of the
Gd-content the crystals will form the structure similar
to that of non-admixed LusSiO5. Ce-doped crystals of
=0, 0.2, 0.5, 0.9 and 1.0 were grown from inductively
heated Ir crucibles in No+1-2%0O5 atmosphere. The
crystals containing up to 50 mol.% of Gd had Lu,SiOs
structure. However, that with x = 0.9 was isomorphic to
GdsSiO5 (x = 1). As it was expected, the lattice param-
eters of the both type crystals (LusSiO5 and Gd2SiOs)
changed according to average ionic radius of the rare-
-earth metals participating in formation of the crystals.
In both type crystals, the segregation coefficient of the
main rare-earth (such as Lu for LusSiOs) exceeds unity,
but that of other rare-earths was less than 1. The seg-
regation coefficient of Ce increased almost linearly with
crystal composition from LusSiO5 to Gd2SiOs5, and it was
almost independent on the type of the crystal structure
that was formed [16].

More detailed study of the Ce-doped mixed LSO-GSO
crystals regarding the growth process and relation be-
tween the structure and scintillation characteristics has
been published recently [58]. The occurrence of two Ce3*
luminescent centers in LSO, YSO, and GSO has been es-
tablished in the early 1990’s [56] given to two Lu or Gd
sites in the structure mentioned above. EPR study de-
termined [74] that about 95% of Ce3* centers is located
at bigger 7-coordinated site in LSO. The onset of excited
state ionization of Ce3T centers around room tempera-
ture was found by classical photoconductivity studies [75]
and further described in detail by purely optical meth-
ods [76].

Large effort has been devoted to the study of afterglow
of LSO:Ce which was an obstacle for its practical appli-
cations [77] and is related to the dominant TSL peak
at about 350 K, always observed in Ce-doped LSO or
LYSO [78] (Fig. 8). The most recent models point to the
agglomeration of Ce3T centers with electron traps based
on the oxygen vacancies where tunneling driven radiative
recombination exists [79, 80]. The above mentioned Ca or
Mg co-doping in Ce-doped LSO or LYSO enabled its op-
timization regarding the minimization of afterglow (see
Fig. 9), where older generation LYSO:Ce sample from
[78] and latest commercial samples of LYSO:Ce,Ca and
YSO:Ce from Proteus, see also [57], are compared. The
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Ca co-doping of LSO:Ce resulted also in increase of LY
and speed-up of scintillation decay [81, 82]. Optical, lu-
minescence and scintillation characteristics of Ce-doped
LSO, LYSO, YSO, GSO and LGSO are summarized in
Table III.
4.4. Bismuth germanate, Biy GesO12 (BGO)

Bismuth germanate, BiyGe3O12 (BGO) is another
popular scintillating crystal that is produced by various
melt growth techniques for a long time [20]. It is one
of the most commercialized scintillating materials due to
its congruent melting and relatively low melting point.
As a result, it is produced in relatively simple conditions
including ordinary open-air atmosphere. Therefore, the
BiyGesO12 crystals are fabricated by various melt growth
methods including CZ [20-22], Bridgman [83], micro-
-pulling-down [42, 84], and other techniques.

In the melt of BisGe3O12 composition heated just
above the melting point, the Bi;Os is more volatile

[20, 84]. Therefore, some non-stoichiometry may be in-
duced in the melt when the CZ growth of BGO is pro-
gressed. This can be compensated with application of
some excess of BisOg3 in the starting melt. Moreover, in
Bi-containing melts the Bi;O3 may be reduced to metal-
lic Bi [20]. In such circumstances, the metallic Bi parti-
cles interact with crucible material of platinum forming a
low melting-point alloy. This reduces lifetime of the cru-
cible considerably. Nevertheless, the platinum remains
material of choice for such growths because any other
candidate materials were not found. The effect of the
corrosion can be somehow suppressed using Os-rich at-
mosphere or pure oxygen. However, in most cases the
growth is performed in air. Both resistive and inductive
heatings are applied.

The BGO crystals reported in [21] were grown for re-
search purposes from the inductively heated Pt crucibles
of @34 x 36 mm? or (¥#52 x 54 mm? in dimensions. The
crystals were 14.3 and 22.1 mm in diameter. In both
these cases the predetermined ratio between the diam-
eters of the crystal and the crucible was adjusted to
be constant (0.42). The crystals were grown on (111)-
-oriented seed with pulling rate of 6 mm /h.

The BGO growth process analyzed in [22] was
mostly developed for commercialization of the crys-
tals. The method is based on the low thermal gradient
(0.1-1°C/cm) conception described above for the growth
of the CAWOy crystals [15] and illustrated in Fig. 5, right.
Application of such growth system allowed authors of [22]
to produce transparent high-quality crystals of BGO with
dimensions achieving @150 x 400 mm?2. In the growth
conditions applied (Fig. 5, right), the visual control of
the meniscus and the growth interface was not possible,
because the lid sited on the top of the crucible disturbed
the view. Therefore, the seeding and the growth were
controlled with precise weight sensing system. The plat-
inum lid on the top reflected the thermal radiation mak-
ing the radial and axial temperature gradients as low as
0.05-0.10°C/cm. This was positive factor with respect
to protection of the melt from local overheating. Also,
this lid played some role in suppressing evaporation of
volatile constituents from the surface of the melt.

Because of low temperature gradients, it was possible
to set crystal to crucible diameters ratio as high as 0.8.
Therefore, similarity of the growth system setup illus-
trated in Fig. 5 (right) and the Bridgman growth was
noticed in [22]. However, compared to the Bridgman
method, the low temperature gradient CZ system was
able to perform growth of crystals with their rotation
that provided better mixing of the melt.

Luminescence properties of the BiyGe3Oq5 were de-
scribed for the first time in 1973 by Weber and
Monchamp [85]. Broadband emission peaking around
480 nm (see inset in Fig. 10) with large Stokes shift of
14000 cm~! was ascribed to 3P;—'S, transition at Bi3t.
The onset of thermal quenching was found around 250 K,
see Fig. 10, so that quantum efficiency of the lumines-
cence center around room temperature is of about 0.13
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cence intensity of BGO at room temperature excited
by X-rays, 40 kV. Spectrum shape is in the inset.

and is strongly temperature dependent. Later detailed
luminescence study ascribed this emission to self-trapped
exciton around Bi(GeQOy)g structural unit [86]. Optical,
luminescence and scintillation characteristics of BGO are
summarized in Table III.

4.5. Lutetium—aluminum perovskite, LuAlOs (LuAP)

Behavior of LuAlOj3 perovskite phase at high temper-
atures approaching its melting point is complicated and
difficult to resolve [4, 87]. Compared to its analog of
Ce:YAIO3, the Ce:LuAlOj3 scintillating crystals attract
much attention as a result of its greater density and
greater stopping power following from the substitution
of relatively light Y with heavy Lu. On the other hand,
increased content of yttrium in the (Y,Lu)AlOj solid so-
lution improves stability of the growth [4].

One of the successful growth of the Ce:LuAlO3 per-
ovskite crystals was reported in [23]. The crystals
were grown from (50 x 50 mm? iridium crucible in the
N, atmosphere. The pulling and rotation rates were
1 mm/min and 15 rpm, respectively. High quality macro-
-defect-free crystal of @20 x 50 mm? in dimensions was
produced with a well-established shape resulting from
application of diameter control system that considered
lowering level of the melt in the crucible. The Lu-rich
LuAlOj crystals reported in [23] were activated with Ce
and co-activated with Ce+Mo. Formation of (Y,Lu)AlO;
crystals was also discussed in some detail. The growth
of Ce:LuAlOj3 from the melts containing 0.5-2.0% of Ce
(with respect to Lu content as a host cation) in molybde-
num crucibles was reported in [24], and the segregation
coefficient of Ce for such process was reported to be about
0.4. As a result, the content of Ce in the crystal was
approximately 0.2-0.8%. Some of the crystals were “con-
taminated” with secondary garnet phase of LugAl;O1a.

Luminescence of Ce-doped YAlOj3 crystal was de-
scribed by Weber [88], and favorable scintillation charac-
teristics were reported somewhat later by several groups
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Fig. 11. Normalized scintillation decays of aluminum
perovskites, composition in legend, excitation by

662 keV (*3"Cs radioisotope), the data are from [96].

[89-91]. Research activity in the field of aluminum per-
ovskites was reviewed in [52, 69]. Emission peak in
near ultraviolet at 360-370 nm, photoluminescence de-
cay time of 18 ns, and thermal stability of lumines-
cence and scintillation parameters to 500 K, together
with excellent energy resolution around 4.5% at 662 kV
make this material very attractive for various applica-
tions. Nevertheless, complicated growth of LuAP or Lu-
-rich (Lu,Y)AlO3 makes its manufacturing cost very high
and only few industrial scale producers appeared and for
limited time only [92]. Moreover, with increasing Lu con-
tent light yield of the material drops down almost to 50%
of YAP:Ce. Similarly to garnets, shallow electron trap
exists in the materials that are well visible in thermo-
-luminescence, and the origin of some of them was deter-
mined by EPR measurements [93, 94]. In fact, increas-
ing amount of Lu in (Lu,Y)AlO3:Ce makes the depth
of traps bigger [78, 95]; the amount of slow components
in scintillation decay strongly increases (Fig. 11) which is
probably the main cause of LY decrease [96]. Optical, lu-
minescence and scintillation characteristics of Ce-doped
YAP and LuAP are summarized in Table III.

5. Important non-oxide crystals

The growth aspects of two non-oxide crystals are
overviewed below. One of the problems of the growth
of such crystals is associated with starting materials be-
cause of their hygroscopic nature. Therefore their initial
treatment and preparation for the growth procedure need
considerable technically complicated precautions when
compared with the oxide crystals discussed above.

5.1. Ce-doped and Eu-doped LiCaAlFg

Initially the Ce-doped lithium-calcium-aluminum fluo-
rite (LICAF) with colquirite-type structure was consid-
ered as excellent material for UV solid-state lasers [26].
However, lately it was proposed to be used as scintillat-
ing substance [25, 97, 98]. This crystal melts congruently.
It is normally grown by CZ method from Pt or carbon
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crucibles under CF4 atmosphere to avoid contamination
of the melt and the solid with oxygen. Both resistive
[28] and inductive [27] heating methods are applied to
produce the melts used for the growths.

The typical procedure for the growth of undoped
LiCaAlFg is described in [28]. The crystals were grown
by CZ method in a vacuum tight chamber from the resis-
tively heated Pt crucibles with crystal diameter control
system. The powders of high-purity starting materials
were mixed together and charged into the crucible. The
pre-growth treatment of starting materials involved sev-
eral steps described below, see also [28, 29]:

1. The growth chamber with starting materials in the
crucible is evacuated (1072 Pa) to remove moisture
and oxygen traces from the starting materials and
the interior surfaces of the chamber. At the same
time, the crucible is heated from room temperature
to 700°C for 12 h.

2. The high-purity (99.99%) [28] or (99.9999%) [29]
CF, gas is slowly injected into the chamber.

3. Thereafter, heating of the starting materials is per-
formed until their complete melting at approxi-
mately 820 °C.

The growth in [28] was performed using typical pro-
cess similar to that illustrated in Fig. 1. The crystals
were grown along a-axis following orientation of undoped
LiCaAlFg seed pulled with the rate of 0.8-1.0 mm/h. The
seed rotation rate was 815 rpm.

The LiCAF crystals of 76 mm (3 inches) in diameter re-
ported in [28] contained inclusions. This was associated
with instability of the solid/liquid interface. Improve-
ment of the interface behavior can be made through ad-
justment of the rotation rate to its optimal magnitude.
Also, changing the melt level in the crucible could uncon-
trollably modify the temperature gradients established
around the crystal and especially at the vicinity of the
growth front. Partial stabilization of these thermal con-
ditions can be made by displacing the crucible in vertical
(upward) direction. After such maneuvers the number
of the inclusions was reduced [28]. However, this posi-
tive result was accompanied with intense crack formation
that was most probably result of high temperature gradi-
ent and increased thermal stresses acting in the crystal at
the cooling stage. To avoid crack formation, the as grown
crystal and the crucible with rest of the melt were dis-
placed in downward direction after the crystal was sepa-
rated from the melt and the growth was completed. This
way, the cooling of both was performed in low temper-
ature gradient environment. As a result, the as treated
crystal was free of both the inclusions and cracks. It
was noted in [28] that surface of the crystal shoulder was
coated with some particles of LiF and AlF3, however, in-
terior part of the crystal was transparent. Vaporization
of LiF and AlF3 from the surface of the melt was also
noticed in [26].

Growth of Ce-doped LiCaAlFg is generally similar to
that of described above. The Ce-doped LiCAF crystals of

25 and 50 mm in diameter and up to 100 mm in length
were grown in [25] from Pt crucible also in CF, atmo-
sphere. The melt contained 0.5 mol.% of CeF3 and NaF
was used as a charge compensator.

The growth of Ce-doped LiCAF reported in [29] was
performed from the melts enriched with 1 mol.% of LiF
and AlF3 to compensate their vaporization from the melt.
Also 1 mol.% of CeF3 and NaF were charged into the
starting mixture to maintain presence of the Ce-dopant
and its charge compensation. The crystals were grown
from Pt crucible on a-axis oriented LiICAF seed with
pulling rate of 1 mm/h and the rotation rate of 10 rpm.
The @18 x 60 mm? crystals produced in such conditions
were visually defect-free, and they did not contain any
cracks, bubbles, inclusions, and/or other substances as
LiF and AlF3 on the surface. The segregation coefficient
of Ce3*T was calculated based on the results of compo-
sition measurements, and its value was determined to
be K(Ce®t) = 0.021. In spite of low segregation coeffi-
cient, the distribution of the Ce-dopant along growth axis
was reasonably uniform probably due to the low solidi-
fication fraction realized in these processes (about 25%
only). Nevertheless, noticeable increase of the Ce con-
tent with solidification fraction was detected [29]. On
the other hand, this did not affect uniformity of the lat-
tice parameters.

In the LiCaAlF¢ structure, the Ca?* host cation is sub-
stituted by the Ce3* dopant. This substitution was very
low (considerably less than 1%). That is why the crystals
demonstrated perfect uniformity regarding the lattice pa-
rameters measured along the growth axis. The crystal of
greater diameter (25 mm) had tendency to form inclu-
sions, cracks, and impurity phase (at the bottom part of
the crystal). It was noted that when the inclusions were
formed in the shoulder part they were observed along the
whole crystal length. To avoid this problem, more careful
and “smooth” increase of the crystal diameter at the be-
ginning of the growth was recommended [29]. The crys-
tals produced at solidification fractions exceeding 70%
contained inclusions of CaF5. This was result of enrich-
ment of the melt with CaF, following progressed evapo-
ration of LiF and AlF3 from the melt surface. Therefore,
the crystals of acceptable quality were produced at total
solidification fractions not exceeding 60%. Enrichment
of the melt with CeF3 and NaF could be another source
of changing the composition of the residual melt because
of low segregation coefficient of Ce.

For the growth of the 2 mol.% Eu-doped LiCaAlFg
crystals, the system equipped with inductive heating and
automatic diameter control was applied [27]. EuFj3 was
used as a source of Eu-dopant. The crucible and the
fragments of thermal insulation were produced from high-
-purity graphite. The crystal produced using c-axis ori-
ented LiCaAlFg crystal as a seed was about 50 mm in
diameter and had no visible defects.

Radio-luminescence spectra in Fig. 12 show the peak
positions at about 285 nm and 368 nm for the Ce- and
Eu-doped LiCAF, respectively, and provide a quantita-
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Fig. 12. Radio-luminescence spectra of the Ce- and
Eu-doped LiCAF compared with the BGO standard
scintillator, see also [62]. Spectra can be compared in
an absolute scale.

tive comparison of scintillation efficiency of the Ce- and
Eu-doped LiCAF and standard BGO scintillator under
X-ray excitation. After integration of the spectra (spec-
tra considered in appropriate units as radiation flux vs.
energy) the ratio of emission intensities is 0.8:9:1, respec-
tively. The difference of more than one order of mag-
nitude between the Ce and Eu-doped LiCAF points to
significant efficiency loss in the former.
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Fig. 13. Scintillation decay of (a) Ce-doped LiCAF,

and (b) Eu-doped LiCAF under nanosecond soft X-ray
excitation at RT. The fit by function I(¢) is given by
solid line. The dashed line is the instrumental response,
see [62] for further details.

Scintillation decays shown in Fig. 13 are approximated
by the model function I(#):

I(t) = ag+are /™ +age ™™ 4 (bt 4 ¢)7P (1)
and has been chosen to include two excited state levels
or one excited state and one shallow trap levels given by
exponential terms, and an additional tunneling and/or
other recombination process coming from the transfer
stage of scintillation mechanism given by the inverse

power term, see [62] for further details. Leading expo-
nential decay components with decay times of 34.7 ns
and 1.67 us are due to 5d—4 f transition of Ce3* and Eu?*
emission centers, respectively. Optical, luminescence and
scintillation characteristics of Ce and Eu-doped LiCAF
are summarized in Table ITI.

5.2. Ce-doped lanthanum bromide, Ce:LaBrs

Ce-doped lanthanum bromide (LaBrs) is another non-
-oxide inorganic scintillator that is produced commer-
cially in last years. It demonstrates very high light yield,
excellent energy resolution, and fast decay [30]. LaBrs
crystals have hexagonal structure that is isomorphic with
UCl; [31]; it belongs to the space group of P63/m. The
density of this crystal is comparatively high (5.3 g/cm?).
It melts congruently at temperature of 783 °C that is typ-
ically low for this type of materials. Therefore, according
to [30, 34], these crystals can be grown using the Bridg-
man and Czochralski techniques from the melt. Actual
Bridgman processes were performed for the growth of
LaBrs [30] using ultra-dry forms of LaBrs and CeBrs of
99.99% purity. The crystals were produced with 0.2%,
0.5%, 1.3%, and 5% of dopant, content.

No considerable details available for the growth pro-
cess itself, and most reports on characterization of LaBrg
are based on the examinations of the crystals produced
by Saint Gobain Ceramics and Plastics Inc. [32, 33].
This company reported growth of the crystals of 127 mm
(5 inches) in diameter back in 2006 [32] and growth proce-
dure and/or parameters of the process are not disclosed.

During last 15 years the research on fast and efficient
scintillators focused also on the new family of rare-earth
(mostly La, Lu) halides where some of them showed ex-
tremely high light yield and excellent energy resolution.
The Ce-doped LaCls, LaBrs and Luls appeared as the
most promising compositions and their characteristics
are listed in Table III where also scintillation time de-
cay, LY and energy resolution are given for a specific
Ce concentrations. Further information about their lu-
minescence and scintillation characteristics can be found
for LaCls:Ce in [63, 64], LaBrs:Ce [63, 65] and Lul;:Ce
[66, 67].

6. Search for new materials
through combinatorial growth
of micro-scale crystals

Development of new scintillating crystals is always
resource- and time-consuming. Therefore, preliminary
testing of small crystals obtained with alternative melt
growth techniques that are generally transferable to the
Czochralski process is sometimes practiced. Particularly,
the crystals of few mm in dimensions available from the
micro-pulling-down (u-PD) process are often (but not al-
ways) sufficient for the first round characterization of
their physical properties. This was proven experimen-
tally when studies of hundreds of new oxides, fluorides,
and other non-fluoride halide crystals including chlorides,
bromides, and iodides were performed especially in the
past two decades. Many types of optical characteriza-
tions of the materials do not require massive ingots of
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the substance of interest, and few millimeter specimens
produced after appropriate cutting and polishing are ac-
ceptable for preliminary inspection. In normal practice,
when the as grown crystals have macro-dimensions, the
millimeter-scale specimens required for the inspection are
cut from the bulk material. When these dimensions are
acceptable, the u-PD process becomes method of choice.

Regarding the structural quality, the perfection of the
u-PD crystals in some cases is comparable to that of
the crystals produced by conventional melt growth meth-
ods. For example, the quality of the u-PD rare-earth
sesquioxide crystals was similar to those grown by the
CZ method. According to the rocking curve measure-
ments reported in [99], the full width at half maximum
(FWHM) were 90 arcsec, 100 arcsec, and 217 arcsec for
the Tm:Y503, Tm:Sc203, and Tm:Lus O3 p-PD crystals.
Some of the u-PD crystals may have macroscale dimen-
sions with cross-section exceeding 5 mm. Such materials
can be certainly considered as macrocrystals ready for
complete characterization.

7. Summary

The Czochralski method is one of the oldest and most
developed crystal growth techniques regarding either an
adequate understanding of the physical phenomena ob-
served during solidification process or its practical expan-
sion especially in the industrial scale production. It is
widely used for the growth of large-size and high-quality
single-crystalline cylindrical ingots of various chemical
natures for a range of technical applications. Mass pro-
duction of scintillating detectors is one of such applica-
tions that require application of well-established growth
procedure because of large amount of crystalline material
necessary. For example, traditional PET scanners require
several thousands of high-quality single crystalline de-
tectors that assembled into ring-shaped array [100] with
dimensions comparable to that of human body and ap-
propriate for millimeter-scale accuracy of image recon-
struction. The Czochralski crystal growth technology is
one of very few melt growth method that in a high de-
gree satisfy optimal combination of crystal quality, crys-
tal dimensions, and reasonable cost of produced crystals
considering price of individual scintillating detector. The
growth processes and material characteristics overviewed
above illustrate applicability of the Czochralski method
for the growth of single crystals having outstanding scin-
tillating properties.
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