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The Kyropoulos method is an efficient means for the growth of large high-quality sapphire.
The main drawback of this method is the absence of information about the growth rate and
geometrical size of the growing crystal during the technological process. Described in the
present work is a method for analyzing the dynamic characteristics of the real crystallization
process. The method is based on the readings of the growing crystal weight sensor, and on a
virtual image of the technological process, assumed that the crystallization interface has a
conical shape characterized by a varying angle at the cone vertex.
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Meton Kupomynoca — IepClIeKTUBHBIN METOHA [Jis BBIPAIHMBAHUS KPYIHBIX MOHOKPHC-
TANJI0B candupa BBICOKOTO KadecTBa. OCHOBHOII HEIOCTATOK METOJA — OTCYTCTBHE HHGpOpPMA-
Y O IWHAMUYECKNX XaPaKTePHUCTUKAX IIPOIlecca KprcTalausanuu. B padore omucaH MeTO[
aHaIM3a IWHAMHYECKHX XapPaKTEePUCTHUK IIPOIECCa PeaJbHON KPUCTAIIN3ANUN OCHOBAHHBIN
HA [IOKA3aHUAX JAaTUMKA Beca PACTYILEro KPHUCTAJNJIA U aHAIN3e BUPTYAJIbHOrO U306pasKeHmns
TEeXHOJOIMYECKOro mporecca. IIpenmonaraercs, uro uHTepdeiic KPUCTANIUSALUNA UMEET KO-
HUYECKY0 (popMy, XapaKTepU3yeMy N3MEHSIOIINMCA YIJIOM BEPIIHHBI KOHYCA.

Anajniz puHAMIiYHHMX
JAJimeunos.

Meton Kipomyaoca — IepcHeKTHBHUII MeTOX AJA BUPOIIYBAHHS KPYHIHUX MOHOKPUC-
Taaip camndipy Bucorkoi arxocrti. OcHOoBHUMI Hemosik Merojga — BigcyrHicTs indopmanii mpo
IrHaMiuHl XapaKTepHUCTHKU IIpolecy Kpucrauaisaimii. ¥V pobGoTi ommcano meTon aHaJisy mu-
HAMIUHNX XapaKTepHCTHK IIPOIlecy peaslbHOI Kpucrainisamii, oOrpyHTOBaHUU CBiIYeHHAMU
IaTUMKA Barm KpUCTasia, IO pocTe 1 amakisi BipTyaabpHOro 300paskeHHS TEXHOJOriYHOTO
uporiecy. Ilepegbavuaerncs, 1o intepdeiic kpucramisamnii mae KoHiuHy GopMy, AKa XapakKTe-
puU3yeThCSA 3MIHHMM KYTOM IIPH BepPIINHI KOHYyCA.

napamerpis mnpoumecy KY-rpucraaizamii. €.B.Kpueonocos,

1. Introduction

The Kyropoulos (KY) method is an effi-
cient means for the growth of large high-
quality sapphire. The main drawback of this
method is the absence of information about
the dynamic parameters of the growth proc-
ess. Technologists try to overcome this
drawback by using the methods of analyti-
cal calculations of the thermal conditions of
crystallization and experimental choice of
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]. At
constructing of technological equipment
such programs make it possible to calculate
global heat exchange in the whole of the
crystallization chamber and heat transfer in
the growth zone taking into account lami-
nar gas flow and convection of the melt in
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Fig. 1. The shape of crystallization front (CF) of a growing sapphire on initial crystallization stage
by the KY-method (a) and influence of the angle o on the normal constituent of the crystallization
speed (b): — CF moving from pos.1 to pos.2 with the permanent value of the CFS-parameter (angle
a); — CF moving from pos.2 to pos.3 with decrease of the CFS-parameter value.

the crucible. They also allow to estimate the
influence of the design of the thermal unit
and thermal conditions on mass transfer in
the melt and the formation of thermoelastic
stresses in the growing crystal. However,
the programs do not consider the dynamics
of the change in the parameters of the real
crystallization process. Only after solving
this problem, the process of crystal growth
will be controlled and optimized.

Quality of growing crystal substantially
depends on the dynamies of the change of
the crystallization front, the change of the
growing crystal diameter and of the crystal-
lization rate during the whole of the growth
process. The present work considers a method
for estimation of the main dynamic parame-
ters of the crystallization process [7].

2. Signature of the KY-method

In the process of crystal growth by KY-
method, the crystallization front shape
changes depending on the configuration of
the thermal field of the used growth unit.
This substantially influences on the form of
growing crystal and the crystallization rate.
Therefore the control of crystallization
front is a necessary condition for optimiza-
tion of crystallization process. As a result
of degradation of construction elements of
thermal unit in the process of exploitation,
the thermal characteristics of the crystal-
lizer constantly vary from a process to the
process, and such variations are of accumu-
lative character. Therefore, after several
crystallization cycles the technological con-
ditions must be corrected.
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For optimization of crystallization proc-
ess the method of virtual technological
process simulation is offered for the desired
conditions (the crucible dimensions and
shape, the amount of the raw material, the
crystallization front shape, the rates of
crystallization and of pulling the crystal
from the melt). Information about the dy-
namics of change of main technological pa-
rameters is the result of the simulation:
geometrical sizes and weight of the growing
crystal, the crystallization front shape, the
movement velocity of the crystallization in-
terface, and also a low of level melt chang-
ing in the crucible.

The dynamic parameters of the real crys-
tallization process are determined from the
virtual image of the process. In its turn,
the virtual image is calculated on the as-
sumption that the shape of the crystal-
lization front is conical with a varying
angle o at the vertex. It is possible the
angle o to use as the parameter of a crystal-
lization front shape (CFS-parameter). This
is a close approximation of the real shape of
the crystallization front of sapphire grown
by KY-method (Fig. 1a) that makes it possi-
ble to describe the said dynamic parameter
using relatively simple mathematical expres-
sions. An adequate correspondence of the real
process to its virtual image is realized in the
case when the profile and dynamics of the
rise of the real crystal weight exactly corre-
spond to those of the virtual crystal.

For optimization of technology of a sin-
gle crystals growth is important to know
the micro kinetics of crystallization. For the
Czochralski and HDS methods the form of
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Fig. 2. Characteristic stages of the process of crystallization by the KY-method.

crystallization front is invariable during
growth of crystal, but at KY-method the
crystallization front can considerably to
change the form. The uneven local change
of crystallization speed on the separate
areas of the crystal-melt interface can be-
come the reason of structural defects forma-
tion in a crystal and be conducive to a en-
trapment by the crystallization front of
gases micro bubbles from melt. Hereby the
decrease of the CFS-parameter value is re-
lated to decline of the normal crystallization
speed on the periphery (Uper_) and accordingly
by the increase at top (v,,,) of the conical
shape crystallization front (Fig. 1b).

Some researchers tried to calculate the
microkinetics of sapphire crystallization by
the methods of mathematical modeling [8].
The got data analysis allows to do the con-
clusion about uneven speed of crystal-
lization on different areas of the crystal-
lization front. However this not makes it
possible to bind the got results to descrip-
tion of the really grown crystals for lack of
information about the dynamics of change
of form of the crystallization front.

3. The simulation procedure of
technological process

The process of crystallization comprises
three stages (Fig. 2):

— Stage 1: radial growth, i.e. the in-
crease of the crystal diameter from the one
of the seed up to the maximal value defined
by the crucible dimensions and the crystal
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pulling rate. At this stage there take place
changes of the crystallization front shape
(namely, the depth of the immersion of the
part of the crystal into the melt and the
angle o, which defines of the crystallization
front shape).

— Stage 2: the increase of the crystal
length at slightly changing crystal diameter
and the crystallization front shape.

— Stage 3: the crystal length continues
to rise even at slightly changing crystal di-
ameter and varying shape of the crystal-
lization front.

The crystal quality is defined mainly by
the dynamic characteristics of the Stage 1
and partially by those of Stage 2. To begin-
ning of Stage 3 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, optimization of the whole of the crys-
tallization process is bound up with the
analysis of the first two stages.

A growing crystal is well screened, the
crystallization front is in melt and its real
visualization is practically impossible. The
virtual-image of the grown crystal, by the
"Dynamic calculator” program simulated,
allows estimating influence of the growth
kinetics on quality of the crystals.

As a rule, the changes of the growing
crystal weight are registered during the
whole of the crystallization cycle. The pro-
file of the grown crystal is digitized by one
of the existing methods (e.g. photometry).

Functional materials, 23, 2, 2016
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The data on the dynamics of the increase of
the crystal weight and on its shape are used
to calculate the virtual image of the crystal-
lization process which allows to establish
the dynamics of the change of the longitudi-
nal crystal growth rate and the angle o.

The main task of digitization of the crys-
tal profile was to present the digital and
graphical dependence of the crystal diame-
ter on its height in the Microsoft Excel for-
mat. For this purpose the grown crystal was
photographed frontally at several aspect an-
gles by turning it about the growth axis
alongside a metrical ruler.

Each image of the crystal was frag-
mented into rectangular sections with a
height of 1.5-2.0 mm and a width corre-
sponding to the crystal diameter at the
given length, in the format of the program
CorelDraw using the button bar. Thereat,
the image scale of the photograph corre-
sponded to the scale of the format of the
program CorelDraw, that made it possible to
digitize the profile of each image of the
photographed crystal. The digitized profile
of the grown crystal was obtained by aver-
aging the digitization data for all the im-
ages of the crystal. The criterion of the
digitization accuracy is the correspondence
of the real weight of the grown crystal to
its weight calculated according to the data
for the digitized profile.

Using the data of photometry and dy-
namics of the changes in the readings of the
growing crystal weight sensor, the virtual
image of the crystallization process was
simulated on the basis of the geometrical
crystal growth model (Fig. 3). The whole
crystallization process was considered to be
a set of elementary steps of a preset dura-
tion (1). Within each step the axial crystal-
lization rate (v..) and the CFS parameter
(the angle o) remained constant and
changed at the transition to the next step.
The initial data for the simulation included
the geometrical dimension of the crucible,
the amount of the charged raw material, the
dynamics of the change in the rate of pull-
ing the crystal from the melt (v ul) during
the process of crystallization, as Well as the
readings of the crystal weight sensor during
the technological process.

The readings of the crystal weight sensor
vary within an elementary crystallization
step due to the changes in the volume of the
part of the crystal over the melt and in the
part of the crystal immersed into the melt.
An elementary crystallization step includes
two successive stages: pulling of the crys-
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Fig. 3. Geometrical model of crystal growth
by the KY-method.

tals from the melt without crystallization
and crystallization without crystal pulling.
Realization of each stage causes changes in
the level of the melt in the crucible, in the
volume of the crystal above the melt and in
the melt, as well in the value of Archimedean
force, affection the growing crystal.

At the stage of crystal pulling the length of the
part of the crystal over the melt increases, whereas
the length to the part of the crystal immersed into

the melt diminishes by the value 8L, ):

2
m’ R(i—l) ’ 1)pul T

OL) =

Pm - R(zi—l) ~ Per- r(zi—l).

On the basis of the geometrical model and
taking into account Archimedean force, the
changes in the readings of the crystal weight
sensor during one elementary crystallization

step AG;;;) can be expressed as
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Fig. 4. Crystal profile of sapphire (24 kg) and crystallization front shape at the end of Stage 2
determined by dynamical analysis of the experimental process.
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correspond to correction of the geometrical
parameters of the crystallization front at
the change of the CFS parameter (the angle

o) at the beginning of the given elementary

hiy = b1y -

crystallization step; AH; =hi ;) — SL(i) +
Ahgi) = r(i) - ctg(o;)/2) is the change of the
melt level in the crucible during the time
period T; Ah;) = V., - T, the axial increase of
the crystal during an elementary crystal-
lization step; r;, h; the crystal radius on the
level of the melt surface and the length of
the part of the crystal immersed into the
melt, respectively; p,,, P.» the density of
the melt and the crystal material, respec-
tively; R;, the internal radius of the cruci-
ble on the level of the mirror melt surface.
The dynamics of the change of the readings
of the crystal weight sensor is formed by
unknown variables v,. (the axial crystal-
lization rate) and the parameter CFS. There-
fore, the crystallization process was simu-
lated by the method of iterations.

The functional dependence of the crystal
diameter (d;), the rate of crystallization
(Veps Vysop.s Uper), the angle at the vertex of
the crystallization front (o;) and the read-
ings of the weight meter (AG;) on the length
of the crystal over the melt (L;) and the dura-
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tion of crystallization is determined by the
iteration method using the computer pro-
gram of dynamical calculator "SK Fore-
cast”. The said program is developed by
"Alyuda Research” company
(www.alyuda.com) using C# and NET 4.0.
The nonlinear equation for determination of
the crystal radius at each step of iteration
is solved by the method of bisection.

Assuming that the calculated crystal pro-
file and the dynamics of the rise of the
crystal weight completely correspond to the
real data of the grown crystal, one can state
that the calculated changes of the rate of
crystallization and of the angle o; unambi-
guously represent the dynamic charac-
teristics of the implemented process. The
analysis results are presented graphically
and digitally. This makes it possible to ana-
lyze the functional relation between differ-
ent dynamic parameters of the crystal-
lization process and the qualitative charac-
teristics of the grown crystal.

4. Analysis of dynamic
parameters of the crystallization
process

By the described method the dynamic
analysis of the crystallization process of
sapphire weighing 24 kg grown along crys-
tallographic direction [10T0] was realized.
The grown crystal had a good optical qual-
ity and legibly expressed the lateral surface

Functional materials, 23, 2, 2016
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Fig. 5. Dynamics of the change of the crys-
tallization front parameter and of the crystal-
lization speed defined by dynamical analysis
of the crystallization process: 1 — the shape
parameter of a crystallization front (CFS-pa-
rameter); 2 — the movement speed of crystal-
lization front vertex (v.); 3 — the crystal-
lization speed at top of crystallization front
(Utop.); 4 — the crystallization speed on crys-
tallization front periphery (1)per.).

faceting, proper to the crystallographic
planes [0001] and [1120] (Fig. 4). The dy-
namic analysis data allow to conclude that
the crystal with a weight of 5615 g has
reached the crucible bottom within ~ 57 h
of crystallization, the value registered by
the weight sensor was 2640 g. The shape of
the crystallization front corresponds to the
ratio of the effective values of the radial
and axial gradients G(r)/G(l) = 2.75. During
this time the CFS-parameter droningly was
diminished from 50° to 31° (Fig. 5). Such
change of the form of crystallization front
is accompanied by the value decrease of the
normal component of crystallization speed

| Regulat
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power

SK __— simul.
= <~ PForecast [~ "~~~ A
1
1
|
|

on periphery of the front (v,,.) that ex-
plains forming of proper faceting of the
growing crystal.

The lateral surface of crystal began to be
formed after that when the crystallization
front attained the bottom of crucible (see
the Fig. 4). Growth of crystal took place
with predominance of the normal component
of crystallization speed at the cone top of
the crystallization front (Utop . Uper)- In this
case the crystallization speed along the
crystal axis has undulatory change within
the limits of 2...10 mm/hr.

Instability of dynamic parameters of a
shouldering process (stage 1) causes form-
ing of resilient tensions and, accordingly,
generation of blocks structure of the grow-
ing crystal. The technological cause of in-
stability on the initial stage of process is
disparity of the decline rate of power on a
heater and intensity of crystallization heat
removal from the formed ecrystal. The
growth equipment has characteristic fea-
tures, therefore for the steady dynamics of
crystallization is needed the correction of
decline rate of the power on a heater indi-
vidually for the every growth setting.

It is possible to determine the individual
characteristic for the every growth equip-
ment by the method of dynamic analysis
and take into account it for the definition
of the operating practices of 1lst and 2nd
stage of the crystallization process. The cer-
tain sequence of technological operations al-
lows taking into account the features of
technological equipment and optimizing the
thermal conditions of process of crystal-
lization (Fig. 6).
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Fig. 6. The scheme of analysis and control of sapphire crystallization for the KY-method.
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On the basis of analysis of dynamic pa-
rameters of the grown crystal the initial
data of virtual model are correcting and the
crystallization speed are optimizing [9].
During optimization of these parameters,
are determining the pulling speed of crystal
from melt and the time history of the crys-
tal weight for next crystallization process.
These descriptions as the initial data are
used for conducting of a next crystal-
lization. The regulator of power will realize
the set dynamics of change of weight of
growing crystal on the basis of registration
of the weight sensor and the shape of the
crystal will is formed by the set change of
speed of its drawing out from melt.

5. Conclusions

Thus, the dynamic analysis makes it pos-
sible to correct the conditions of subsequent
crystallization processes taking into account
the quality of the grown crystal. The of-
fered analysis of the real crystallization
processes can be used for optimization of
growing of different crystals by the Kyro-
poulos method. The Korean colleagues of
the LG-Siltron firm in accordance with our
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recommendations tested this method at
growing of sapphire weighing 85 kg [10].
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