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The heat transfer model for VGF technique
with skull layer for halide crystal growth
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The work is devoted to the investigation of the key parameters for reproducible skull
technique of Nal based crystals. Combination of math simulation (CGSim software) with
experimental measurements of the temperature distribution during the raw material heat-
ing, melting stage and later crystallization gave not only approval of the methodology but
allowed to grow scintillation crystal with the same performance as typical for single
crystals. The obtained results are applicable for the skull layer thickness minimization,
melting and crystallization stages verification and estimation of the gradient for proper
convection and crystal homogenization. As result the medium size (250x180x45 mm3) Nal
crystals were obtained.

Paccmorpers! TexHOJNOrIUEeCKHe ImapaMeTPHl IPOIlecca BBHIPAIMBAHUA KPUCTAJIOB HA OC-
noee Nal rapuucaxkupim merogom. KoMOuMHMpOBaHME MATEMATUYECKOTO MOAEIUPOBAHUM, C
WCTIONBL30BAHNEM TporpaMMHuoTo makera CGSim, u sKcnepuMeHTATBHBIX M3MePEeHUH pacmpe-
MeIeHVSA TEMIIePATYyPhl IPU HATPEBE CHIPhA, IJIABJACHUN W KPUCTAIIUBAIMU Ml HE TOJLKO
TOATBEPIKIEHIE METOLOJOTHH, HO U TIO3BOJUAN TOJYUYATH CHIUHTIIIAINOHHEIE KPUCTAJILL C
XapaKTepUCTUKAMU, AHAJOTUUHBIMU JA MOHOKPHCTANIOB. IlosyuyeHHBIEe PE3yJALTATHI MPU-
MEHVMBI I MUHUMUSAINY TOJIIUHEl TAPHUCAKHOTO CJIOS, ONIPEeeHNA 9TATIOB TIJIABJIeHUS
U KPUCTANIUBAINU U OIEHKU TPAJNEHTOB OOYCIABIMBAIONINX, HAJWUYNE KOHBEKIUU TPUBO-

AsAmeil K roMoreHmsanuyu Kpucramia. Ioxyuens: kpueranist Nal pasmepom 250x180x45 mm3.

Modenv mennoobminy npu 6upoOwWY6Eanni 2anoi0RUX KPUCMANLi6 2APHICAICHUM MemO-
dom. B.I.Tapaniwwx, O.B.I'exmin, A.B.Koaecrnixos, B.B.Kasaes.

PosrssinyTo TeXHOJOTIUHI mapaMeTpu TMpOIlecy BUPOIYyBaHHA KpucTtajdiB ma ocuosi Nal
rapruicaskHUM MeTozoM. KoMOiHyBaHHS MAaTeMaTHUHOTO MOJEJNIOBAHHSA, 3 BUKOPUCTAHHAM
mporpamMuoro maketa CGSim, i eKcmepuMeHTATbHMX BUMIPIOBAHL PO3MOMINY TeMIEpaTypH
Oopu HarpiBanHi cUpoOBMHU, NJAaBJeHHI 1 Kpucramisamii Aajau He TiNbKU MiATBEePIsKEHHS
MeToAOJIOTil, a I MOBBOJIUJIM OTPUMYBATU CUMHTUIANINHI KpucTaaim 3 XapaKTepUCTUKaAMU
aHAJOTIUHUMU I MOHOKpucTanaiB. OTpuManHi pes3yanTaTéi MOMKYTH OyTHM 3acTOCOBaHi MJsd
Mimimisarii TOBUIMHU TapHicaKHOTO IIAPY, BUSHAUEHHA eTalliB IJIaBJeHHd 1 Kpumceramisarmii i
OI[IHKYW TpaxieHTiB, AKI 00yMOBJIOIOTHL HAfBHICTH KOHBEKIIii, IO MPU3BOAUTHL A0 TOMOTEHi-

sanii xpucrana. Orpumano kpucranu Nal posmipom 250x180x45 mm3.

1. Introduction nique is applicable both for the laboratory

Last years the skull technique was devel- samples [2] and for the medium size sam-

oped for different alkali halide crystal ples (250x180x45 mm? Nal based crystals)
growth [1]. It was shown that this tech- [3]- Relatively simple set up construction
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and absence of platinum crucible make this
method attractive for the further develop-
ment. The similar performance of the poly
and single crystalline scintillation detectors
[4] allows to look to this technique as an
alternative for conventional Bridgeman and
CZ technologies [5, 6] and claim for the re-
producible conditions and stable technology
development.

The key elements of such developments
are optimal thermal conditions, reasonable
convection for uniform activator distribu-
tion along the ingot and minimal thickness
of the skull layer that are necessary for the
high yield of the crystalline media. These
parameters could be justified by the combi-
nation of growth condition simulations with
a proper experimental verification of such
type modeling.

This work was developed to such studies
for the Nal based polycrystals grown by
VGF (Vertical Gradient Freeze) technique
with the skull layer.

2. Experimental

Multi parameter growth procedure does
not allow to check and justify all variations
of the growth conditions and claims for pre-
liminary simulation of the process flow.
Preliminary modeling of optimal parameters
allows to minimize an experimental part of
the study in favor of the optimal technology
development. This is why we considered the
modeling and experimental results for the
Nal base crystal growth.

2.1. Modelding

CGSim [7] software has been chosen for
modeling of the heat and mass transfer dur-
ing the raw material melting and crystal-
lization. Scheme of the modeled set-up is
shown in Fig. 1. Geometrical sizes were se-
lected the same as in experimental skull
growth furnace.

The software allows to simulate convec-
tion on the melt using the Navier-Stokes
equations in the Boussinesq approximation
[8]. LES (Large Eddy Simulation) model was
used for the melt turbulence modelling. An
original model based on a combination of
the ray-tracing and discrete ordinate ap-
proach [9, 10] was applied to simulate ra-
diative heat transfer in semitransparent
media.

All simulations were carried out for non
steady process. The linear law for the tem-
perature increase was used for the raw ma-
terial heating and for the temperature de-
crease during crystallization stage. It was
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Fig. 1. Set-up scheme that used for CGSim
simulation with mesh.

possible to record the melt-crystal interface
shape, temperature distribution along the
whole crucible, convection flow in the melt
and mass crystallisation rate.

Parameters for the simulation are shown
in Table 1. Some skull layer parameters
(heat conduction coefficient, the layer ab-
sorption and so on) were estimated from
experimental measurements made in this
study. It was supposed that temperature at
the set-up surface (water cooling cover) cor-
responds to the room temperature (300 K).

2.2. Experiment

Experimental studies were directed to
the control of the temperature fields (hori-
zontal and vertical gradients inside the cru-
cible) during main stages of the crystal
growth (melting and crystallization).

Skull technique equipment was similar to
[1] and allowed to grow 250x180x45 mm3 in
the 50 liter vacuum chamber. Detailed de-
scription of the experimental procedure was
described in [11]. Five thermocouples were
used for the temperature control inside the
melt zone and an extra two ones — for the
temperature measurement under the cruci-
ble bottom and near the heater. A map of
the thermocouple locations is presented in
Fig. 2. Four thermocouples were distributed
along the central axis and an extra one was
removed to the 50 mm from the central
axis.

Temperature record accuracy does not
exceed 1 K during the whole crystal growth
cycle.
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Table 1. Nal thermophysical properties used in the furnace control

Property Value Source
Melting point, K 934 [12]
Solidification heat, J/kg 160000 [12]
Dynamic viscosity, mPa-s 1.4 [13]
Skull layer
Absorption coefficient, em™! 0.2 This work
Thermal conductivity, W/(m-K) 0.7 This work
Density, kg/m3 2460 This work
Melt
Thermal conductivity, W/(m-K) 0.234 [12]
Specific heat, J/(kg-K) 447 [12]
Density, kg/m3 3627.4-0.9491-T [13]
Absorption coefficient, em™! 5.104 [14]
Surface tension, N/m 0.4337-0.793-10°3 T + 0.437.10°6 12 [15]
Crystal
Thermal conductivity, W/(m-K) 3.47 [16]
Specific heat, J/(kg-K) 432 [17]
Density, kg/m3 3655 [18]
Absorption coefficient, cm™! 5.10°4 [19]
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Fig. 2. Scheme of the skull method experimental set-up (left) and the thermocouple map (right).

3. Results

The main result of the process simula-
tion is shown in Fig. 3 where the tempera-
ture distribution during the raw material
melting (left diagram) and crystallization
(right diagram) are presented. Table 2 dem-
onstrates the modelling and experimental
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data to confirm a good correspondence be-
tween the modelling and practice in general.

In particular we have to note some re-
sults which are important for the stable
growth process. The first is the big differ-
ence of temperature gradients in the skull
layer. The maximal gradient can reach
210 K/cm. This is an important issue for
the leakage protection. There were no traces

Functional materials, 21, 1, 2014
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Table 2. Simulated and experimental data of the temperature gradients

Vertical gradient, K/cm Horizontal gradient, K/cm
Simulation Experiment Simulation Experiment
Skull layer 210 203 2-6 -
(at minimal thickness — 10 mm)
Melt 0.3-1 0.05 0.2
Crystal (during crystallization) 6.5 9 0.4 2.1-2.3
1050 1000 — 1\ | 50 1000
[ 2
R%S.Sﬂ
T 935
926
B 032 928 924
934.5 / 930
e
90— g50— 4550 i 900~ 850~ an0 ~

Fig. 3. Temperature distribution at the melting stage (left) and crystallization (right).

of the leakage during the crystal growth.
The second is small gradient in the melt.
This value is between 0.3—-1.0 K/cm. In the
crystal at the beginning of the growth this
value is about 6.5 K/cm and increase up to
21 K/cm to the end of crystallization.

Regarding the gradient distribution
through the ingot (horizontal gradient) in
general it is necessary to note the following.
The lowest gradient (0.05 K/cm) in the melt
central part was shown at the beginning
with the +trend +to decrease up to
0.001 K/cm in the crystallization process.
At the same time the gradient rise up with
removal from the center to the walls and
can reach 7 K/em near the upper part of
the melt-skull layer interface.

Another important data were obtained
for the convection estimation. Fig. 4 demon-
strates the general simulation of the melt
convection distribution. The maximal flow
speed is typical for the marginal areas of
crystallization form. In this area the con-
vection speed can reach 1.8 mm/s. Near the
free surface this value decreases up to
0.15 mm/s in the central part and
0.8 mm/s near the edges. It correlates with
the temperature field changes from the cen-
ter to the edge area.
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Fig. 4. Flow pattern in the melt during crys-
tallisation stage.

It should be noted that experimental data
are limited due to the minimal amount of
the thermocouples inside the furnace. In-
crease of the thermocouple amount should
deteriorate the temperature distribution.
But anyway Table 2 demonstrates a good
correspondence between the modeling and
experiment for the vertical direction. The
data for horizontal gradients do not coin-
cide so closely. It could be explained by the
too small values of the gradients and the
lack of ability of more precise experiments.
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The general resume regarding comparison
of the modelling and experimental data al-
lows to conclude that the both approaches
allows to make predictable and reproducible
skull growth procedure.

4. Discussion

4.1. Skull layer optimization

This parameter is critical for the skull
growth development. An optimal thickness
of the layer should protect a crucible from
the melt leakage and to minimize the pow-
der losses for this layer creation. The skull
layer absorbs about 80 % of the radiative
heat flow due to the opacity. This is a rea-
son for the large temperature gradient in-
side the layer. So the layer thickness has to
correspond to local gradient. Earlier, the
state-of-the-art for the skull layer creation
during the crystal growth allowed to reach
the minimal 15 mm thick layer. The simula-
tion shows that thickness decrease to
10 mm claims for at least 60 K temperature
increase. The minimal layer thickness of 7-
10 mm could be obtained if the crucible bot-
tom temperature would be about 130 K less
than the Nal melting point.

4.2. Melting control

The lack of the visual control for the raw
material melting and later crystallization
does not allow to fix the beginning and end
of each stage of the process. The simulation
shows that it is not necessary and it is pos-
sible to verify these changes from the con-
trol of the temperature distribution inside
the crucible. These stages change have to be
verified by the change of the bottom control
thermocouple record only. At the heating
beginning the heater temperature increase
leads to linear increase of the bottom tem-
perature. But after start of the melting the
bottom thermocouple temperature increases
sharply. For the crystallization stage it is
observed the same effect. The bottom ther-
mocouple temperature is decreased but
when the crystallization end the decrease
rate is lowered. The simulation data for
these cases correspond to the experimental
results described before [11]. So, this is an
extra confirmation of the correspondence of
the experimental and simulation data.

4.3. The melt convection in skull
growth process

One of the most important aspects of the
technology development is the melt convec-
tion rate that has to provide conditions for
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the uniform crystal itself and uniform acti-
vator distribution in particular. Absence in
the furnace of any movable/rotates parts
excludes an ability to maintain a proper
level of convection and leaves for this goal
thermal gradients in the melt only. Upper
mounted main heater allows to sustain the
permanent gradient in the melt, i.e. the
upper levels of the melt are always over-
heated regarding the bottom ones. So, the
gradients optimization has to be done in
accordance with this claim too.

Fig. 3 demonstrates temperature de-
crease from the crucible center to periphery
and proper surface tension changes (see
Table 1) can make condition for the Maran-
goni convection. The melt flow is directed
from the center and can reach 1.8 mm/s.
Scintillation detectors made from skull
grown ingot possess with the same perform-
ance as conventional single crystalline de-
tectors [3] that confirms the uniform acti-
vator (T1) distribution. This fact allows to
conclude that convection level homogenizes
an activator during the growth process. An-
other result can confirm this conclusion too.
In [1] the activator was introduced in the
raw material in one part of the crucible at
the beginning of the growth cycle but at the
end of the growth it was uniformly distrib-
uted through the whole ingot.

5. Conclusions

Finally, we have to conclude that CGSim
[7] software is an efficient instrument for
modelling of different stages and processes
in the VGF skull technique of Nal crystal
growth. High level of correlation between
the modelling and experimental data proves
this approach in general and demonstrates
the ability to use the software for the
growth parameters optimization. Three
main problems which are typical for the
skull technique — skull layer thickness
minimization, melting and crystallization
verification and estimation of the gradient
for proper convection and crystal homogeni-
zation — could be solved with minimal
amount of experimental efforts.

It should be noted also that combination
of the modelling and experimental measure-
ments of temperature fields during the
growth demonstrate the ability to develop
the reproducible technology of skull tech-
nique on favor of medium size Nal and
Nal(Tl) polyerystal growth.
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