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The Kyropoulos method is an efficient means for growth of large high-quality single
crystals. Technologists try to use the methods of numeral simulation for analytical calcu-
lation of thermodynamic conditions of crystallization and the choice of optimal technologi-
cal regimes. However, these methods do not permit to effectively use the calculation
results for prediction of the crystal growth dynamics and correction of the crystallization
regime. In the present work it is described a method for optimization of sapphire crystal-
lization process, based on the analysis of dynamic characteristics of the virtual image of
the real technological process.
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Meron Kuponyioca — IIepCIeKTHUBHBIM METON [Jis BHIPAIIMBAHUA KPYIHBIX MOHOKPUC-
TAJIJIOB BBICOKOT'O KadyecTBa. TeXHOJOIrM IBITAIOTCA ONTUMUSUPOBATH TEXHOJOTHYECKUU IPO-
[[eCC, MCIIOJNb3YS METOAbl AHAJUTUUECKOrO pacuéTa TemIoMUSUUECKUX YCAOBUU KPUCTAJIU-
3alliM U DKCIEPUMEHTAJbHBIN M0A00D ONTHMAJIBHBIX PEXKMMOB pocra. OOHAKO, 9TU METOMbI
He IO3BOJAIOT 3M(PEKTUBHO HCIIOJNb30BATh PE3YJbTATHl pacuyeTa AJs IPOrHOSUPOBAHUSA AWHA-
MHUKK POCTA KPUCTAJJA U KOPPEKIUU peruMa Kpucrajanausanuu. B pabore onmucan MeTOZ,
OIITUMMSBAIUY IIPOIECCa KPHCTANIUIANUN calldupa, OCHOBAHHBLIM Ha aHaJu3e AUHAMUYECCKUX
XapPaKTEePUCTUK BHUPTYAJIbHOI'O 00pasa PeaJibHOI0 TEeXHOJOTHMUECKOI'0 IIPOIecca.

Onrumizanis KY-npouecy xkpucraaisanii. €.B.Kpusonocos, JI.AJTumeunos.

Meton Kipomyaoca — IepcHeKTHBHUII MeTOX AJA BUPOIIYBAHHS KPYHIHUX MOHOKPUC-
TaJiB BUCOKOI fiKocTi. TexHoMOorn HaMaramThLCs OIMITUMI3yBATA TEXHOJOTIUHMKIT IIpoIlec, BUKO-
PHUCTOBYIOUM METOAY AHAJITHYHOIO POSPAXVHKY Telao(ismuyHMX yMOB KpucTaJjisaiil ta exc-
HepUMEeHTAJbHUN Higbip omTuMaJbHUX pexxuMiB spocramusa. IIpore, i MeTOaM He HO3BOJSA-
OTh e(PEeKTUBHO BUKOPHUCTOBYBATH DPE3YJBTATH PO3PAXYHKY [IJs IIPOrHOSYBAHHS ITHUHAMIKU
BUPOIIYBAHHA KpHcTajia i Kopekmii pemumy Kpucranaisamii. ¥ pobori ommcano merond om-
TuMisanii mpoiecy Kpucragaisarnii candipa, sacHoBaHUll HA aHANI3l AMHAMIUHNX XapaKTeprc-
TUK BipTyaabHOro o6pasy peajbHOr0 TEXHOJIOTIUHOIO IpOoIiecy.
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1. Introduction

The Kyropoulos (KY) method is an effi-
cient means for growth of large high-qual-
ity sapphire. The main drawback of this
method is an absence of information about
dynamic parameters of the growth process.
Technologists try to overcome this draw-
back by using the methods of analytical cal-
culations of the thermal conditions of crys-
tallization and experimental choice of the
optimum growth conditions.
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There have been developed computer pro-
grams for calculation and numerical simula-
tion of temperature fields in the growth
zone formed by different systems of reflect-
ing and heat-insulating shields [1-6]. How-
ever, these programs do not consider the
dynamics of the change in parameters of the
real crystallization process. Only after solv-
ing this problem, the process of crystal
growth will be controlled and optimized. In
the present work, which is development of
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the studies reported in [7—9], the method of
optimization of the crystallization techno-
logical conditions is proposed, which allows
to control the crystallization rate and the
shape of the growing crystal.

2. Preconditions for optimization
of crystallization process

During the sapphire growth by the KY-
method, the shape of the crystallization
front constantly changes, that substantially
influences the shape of the growing crystal
and the crystallization rate. Therefore, con-
trol of the crystallization front shape is one
of the basic conditions for optimization of
the crystallization process.

On the basis of computer simulation of
virtual technological process, there was pro-
posed the method of analytical analysis of
the basic dynamic parameters for every par-
ticular process of the KY-method crystal-
lization [7-9]. The virtual image is simu-
lated on the assumption that the crystal-
lization front is shaped as cone with a
varying angle (o) at the vertex. The angle o
is used in the capacity of the value of the
parameter of the crystallization front shape
(CFS-parameter) for mathematical description
of the dynamics of changes in the crystal-
lization front shape. The effectiveness of this
approach has been confirmed when growing
sapphire crystals weighing 85 kg by our
method on industrial scale by "LG Siltron
Inc.” (Korea) [10]. The simulation results are
presented in graphical and numerical form,
that allows to analyze the functional connec-
tion between the dynamic parameters of the
crystallization process and the qualitative
characteristics of the growing crystal.

The crystallization process consists of
three characteristic stages. There are: 1)
crystal seeding and shouldering (the initial
stage); 2) crystal growth till the moment
when the vertex of the crystallization front
cone touches the bottom of the crucible (the
linear stage); 3) crystal growth accompanied
with the change of the crystallization front
shape till full completion of the process (the
final stage).

The crystal quality is mainly defined by
the dynamic characteristics of Stage 1 and
partially by those of Stage 2. By the begin-
ning of Stage 8 the vertex of the crystal-
lization front reaches the crucible bottom
and the crystal structure quality is already
formed, thereat the crystallization condi-
tions remain practically unchanged. There-
fore, to optimize the whole crystallization

Functional materials, 24, 1, 2017

process the analysis of the first two stages
is needed.

Optimization of the growth process im-
plies establishment of the technological con-
ditions which provide the obtaining of crys-
tals of regular shape without inclusions of
other phases and structural macroscopic de-
fects in the crystal bulk. The crystallization
rate is the main factor affecting the struc-
tural quality of the crystals. It essentially
depends on the dynamics of changes in the
shape of the crystallization front during the
process. At the stage of shouldering the crys-
tallization front has most unstable shape,
that causes abrupt changes of the crystal-
lization rate and, as a result, capture of in-
clusions of other phases, formation of blocks
and distortion of the growing crystal profile.

The crystallization front shape is defined
by the configuration of the thermal field of
the used growth setup. Due to degradation of
the construction elements of the thermal unit
in the process of exploitation, the thermal
characteristics of the crystallizer constantly
vary during each growth process, and such
variations accumulate. Therefore, after 5 or 6
successive crystallization cycles the techno-
logical conditions must be corrected.

3. Methods for optimization of
technological processes

Sapphire crystal with weight of 70 kg
was grown using the setup "Omega-300KS".
Correction of crystallization conditions for
the given growth equipment was based on
analysis of the dynamic parameters of the
technological process for this setup. By
means of the computer program of dynamic
calculator "SK Forecast™ there was created
the virtual image of this technological proc-
ess [9]. For this purpose we took into ac-
count the information on shape of the grow-
ing crystal, the dynamics of changes in its
weight and the rate of pulling the crystal
from the melt during the crystallization
process (Fig. 1).

The virtual image allowed to reveal those
situations in the technological process,
when the crystal profile was distorted, or
the crystallization rate exceeded the critical
one. In particular, due to non-monotonic
change of the value of CFS-parameter, the
axial ecrystallization rate was found to
change within wide limits. Thereat, the said
rate had the maximum value (v, >
5.5 mm/h) when the length of the growing
crystal above the melt was 20 mm and
75 mm, the minimum value (v,.=-
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Fig. 1. Virtual image of process of sapphire crystallization (70 kg): a — view of grown crystal; b
— simulation results for 1st and 2nd stages of the crystallization process.

2.0 mm/h) corresponded to length of
45 mm (Fig. 2).

At the crystallization process the profile
of the growing crystal is influenced by the
dynamics of changes in the current inten-
sity on the heater, the rate of crystal pull-
ing from the melt and changes in the crys-
tallization front shape. The current on the
heater and the rate of crystal pulling are
controlled parameters. The ecrystallization
front shape is defined by configuration of
thermal field in the crystallization zone and
heat removal through the crystal from the
crystallization front. The latter factor de-
pends on the shape of the growing crystal
over the melt, which affects the CFS-pa-
rameter. As the crystal diameter (d) on the
surface of melt increases, the value of CFS-
parameter (o0 angle) rises, but it decreases
at the increase of the crystal length (L) over
the melt. Parametric analysis of the vir-
tual image of the performed crystallization
makes it possible to establish the functional
dependence o; = f(d;/L;), where d/L is the
parameter of the growing crystal shape. The
obtained relation permits to determine the
CFS parameter values for the desired pro-
file of the future crystal. We simulated the
new technological process of the crystal
growth taking into account limitations of
the crystallization rate in the range of
2.5...3 mm/h (Fig. 3) by means of program
"SK Forecast”. This program calculates the
dynamics of changes in the rate of crystal
pulling from the melt and changes in the
readings of the sensor of the growing crys-
tal weight.
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Fig. 2. Dynamic characteristics of crystal-
lization front of sapphire (weighing 70 kg):
1 — CFS-parameter (the angle o); 2 — rate
of motion of crystallization front vertex.
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Fig. 3. Correction of crystal profile for initial
stage of crystallization taking into account
CFS-parameter: I — crystal profile of pre-
vious real process; 2 — crystal profile of
optimized process; 3 — CFS-parameter (the

angle o) of the real process.

To calculate the dynamics of changes in
intensity of current on the heater, there
was used the functional dependence (P,,); =
f(W;) between the total weight of the grow-
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Fig. 4. Technological parameters of the stage
of sapphire shouldering before and after cor-
rections of dynamic characteristics of crystal-

lization process: 1 — power of heating (pre-
vious real process); 2 — power of heating
(optimized process); 3 pulling rate (previous
real process); 4 — pulling rate (optimized
process).

ing crystal (P,,) and consumed power (W) of
the heater while growing the real crystal.
This relationship established in Microsoft
Excel format from the digital data of simu-
lation of the virtual image of the growing
crystal was used to calculate the dynamiecs
of changes in the consumed power of the
heater to optimize the next process.

The crystallization process realized in ac-
cordance with the calculated dynamics of
the CFS parameter, changes of the con-
sumed power of the heater and the rate of
crystal pulling from the melt provides the
formation of crystal boules of a desired
shape (Fig. 4).
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Fig. 5. Controlled technological parameters at
the initial stage of crystallization process: I —
weight sensor reading (WS); 2 — total crys-
tal weight; 3 — dynamics of WS change.

In the crystallization process the crystal
weight sensor controls the resultant action
of the growing crystal weight and the buoy-
ancy force of the melt which undergoes the
crystal, on the crystal holder. The computer
program "SK Forecast™ calculates the basic
technological parameters of the crystal-
lization process to be implemented and con-
trolled (Fig. 5).

The total cycle of the optimization proc-
ess implies successive analysis of the dy-
namic characteristics of the fulfilled crys-
tallization, correction of the technological
conditions for realization of subsequent
crystallization processes, calculation and
prediction of the growth regimes corre-
sponding to the new technological condi-
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Fig. 6. Scheme of optimization cycle of sapphire crystallization by KY-method.

Functional materials, 24, 1, 2017

141



Ie.V.Kryvonosov, LA.Lytvynov / Optimization of ...

tions of crystal growth. The program "SK
Forecast” makes it possible to visualize the
crystallization situation inside the crucible
on a computer monitor in the crystallization
process. This is provided by dynamic analy-
sis of the technological regimes and control
of the current values of the crystal pulling
rate and the weight sensor readings during
crystallization (Fig. 6). Such an optimiza-
tion cyecle is individual for each crystal
growth setup and it is to be carried out
after each 5 or 6 crystallization processes.

4. Conclusions

Dynamic analysis of the grown crystal
makes it possible to realize correction and
optimization of technological conditions for
subsequent crystallization processes. Thereat,
the said correction concerns the crystal-
lization rate, the rate of crystal pulling
from the melt, the dynamics of changes in
the consumption power of heater and the
weight sensor readings. These charac-
teristics are entered into technological com-
puter of the growth equipment and used for
controlling each crystallization process. The
heating power regulator provides preset
crystallization rate and dynamics of changes
in the growing crystal weight which is con-
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trolled by the weight sensor. The crystal
profile formed by changing the rate of crys-
tal pulling from the melt. The controlled
limitations minimize the possibility of for-
mation of blocks and inclusions of another
phase in the bulk of the growing crystal.
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