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The results of control possibility investigation for crucibleless AHP crystal growth
method are considered. Numerical studies have been carried out basing on a specially
designed global heat exchange model. The control methods based on radiation flux vari-
ation are considered. The changes of diaphragm opening in a diathermic cavity under a
crystal and circular gap in the lateral thermal insulation against the melt surface have
been found to change substantially the temperature fields and thermal fluxes at crystal-
lization front due to the variations of radiation fluxes to the environment. The effect of
the diaphragm height location and of diaphragm and surrounding constructions thermal-
physical properties on the crystallization front shape have been considered.

PaccvmarpuBarmoTesi pesyabTaTbl HCCIEIOBAHUS BO3MOYKHOCTEHl yIpaBJIeHUsS BbIPAIMBAHU-
eM KpucraaiosB OGecrturenbHbIM MeromoM OT®. YucieHHble MCCIEIOBAHUSA BBIINOJHEHBI Ha
0ase clenuaJbHO PaspaboTaHHOII MOIeNH IJI00AJBLHOIO TEemIooOMeHa. PaccMOTpeHbl METOIbI
yIIPABJI€HUS, OCHOBAHHLIE HA M3MEHEHHHN PAaJUAIlMOHHBLIX MOTOKOB. ¥ CTAHOBJIEHO, YTO IIPU
U3MEHEeHU! CTeIleH!N OTKPBITOCTU Aua(parmMbl B AUATEPMUUYECKON 00JIACTH IO KPHCTAJJIOM K
3a30pa B OOKOBOII TEMJIOMBOJSIINY HAIPOTUB PAacCIlJaBa CYIIeCTBEHHO M3MEHSIOTCS TeMIepa-
TYPHBIE II0JISI M TEIJIOBbIe IIOTOKK HA (PPOHTE KPHUCTAJIMBANNN 334 CUET M3MEHEHUS PaIgualiu-
OHHBIX IIOTOKOB B OKpy:KawIiqyioo cpeny. IIpoBemeH aHaams BIANSHUS PACIOJJOMKEHHS Iua-
(parMbl IO BBICOTE U TEIIOPU3UUYECKUX XAPAKTEPUCTUK Aua@parmMbl U OKPYKAOIIUX KOH-
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CTPYKIIMI Ha IoJoKeHue u (Gopmy (poura.

There are numerous methods of crystal
growth from melt, which are divided into
three large groups according to the features
of the single crystal shape formation and
nucleation: 1) growth methods in ampoules;
2) growth methods by pulling from melt on
seed; 3) growth methods from melt on sin-
gle crystal seed using the shaping capillary
elements. In this work, crystal growth by
new crucibleless method, referred to as the
"axial heat flux near crystallization front”
(AHP) method [1], is considered. The
crucibleless AHP method is based on melt
holding (due to wetting forces) on the
heater placed near the phase interface. The
AHP method provides almost flat isotherm
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and crystallization front shape over the
whole crystal cross-section. The melt flow is
laminar. An effective composition control is
possible in AHP method which is especially
important at crystallization of multi-compo-
nent or doped crystals. In this method, the
crystal faces are formed at large tempera-
ture gradients in the melt, and their size
can occupy the whole section area of grow-
ing crystal. All these factors simplify sub-
stantially the process description and make
it possible to develop quantitative models of
heat and mass transfer.

The problem of crystal growth process
control consists of two tasks: the control of
the crystallization process itself and crystal
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shaping control [2]. The -crystallization
process control can be carried out by differ-
ent ways, for example, by moving the crys-
tal-melt system within a varying tempera-
ture field or by temperature field variation
by the heater powers control. Development
of similar control methods is based on simu-
lation of thermal processes [3]. That is why
the manufacturing and processing of semi-
transparent materials is closely related to
the research development in the area of
complex heat exchange at high tempera-
tures. The role of radiation-conductive heat
exchange for the crucible variant of AHP
method is shown in [4]. In this work, an-
other process control technique is consid-
ered based on the radiation flux control in
the system of transparent and semitranspar-
ent bodies [5].

The aim of this work is to consider the
control possibilities at crystal growth from
melt using numerical models within a whole
crystal growth setup. Unlike previous works
[3], where considered were the control pos-
sibilities by the crystal-melt system moving
in a varying temperature field and by tem-
perature field variation by means of the
heater powers change, this work is aimed at
another variant of process control basing on
the radiation flux control in the system of
transparent and semitransparent bodies. To
that end, a diaphragm (screen) and gaps in
certain setup parts can be used. The study
methods are numerical experiments.

The problem definition. Assume

M
Q= Q € R3 is an area consisting of
k=1
sets Q, (construction elements of the crystal
growth setup), boundaries of which form a
combination of piece-flat sets I' =1 w Iy,
at £ =1,m,m<M, solids where the heat ex-
change is due to heat conductivity are ex-
amined, while at k2 =m+1, M, diathermic
cavities where the radiation heat exchange
mechanism acts. On I'y, the construction /
environment boundaries and symmetries are
considered, and Iy is a set of contacts be-
tween different construction elements. Be-
cause on [y various boundary conditions
(BC) are specified, let this boundary be pre-
sented as the following set: I'y =I5 T}y,
where 'y are crystallizer symmetry bounda-
ries, I's are an external construction
boundaries with convective BC. Due to ra-
diation heat exchange, the I'y boundary is
combined: r4 F4T o F4TR’ where F4T is the

Functional materials, 15, 1, 2008

set of contacts between different heat-con-
ducting bodies Q, only, I'ypp is set of contact
boundaries between diathermic cavities and
heat-conducting elements of construction.

In terms of the above, the temperature
field T in Q considering complex heat ex-
change can be described by the following
system of equations (heat conduction equa-
tion and that of radiation heat exchange
between opaque surfaces) with proper
boundary conditions:

diu[xk(T)VT()QJ + qupX) = 0,(k = T,m);

cosp, c
oT4 ~ | cT4ﬁﬂﬁ(x,y)dF - 1)

COSQ,.COSP
qr( ) TE| = |2yl?’(xay)dF

SL Ay) - j

x

(k= EH,TD, x,yinly

symmetry conditions (adiabatic conditions):
I'y:n - VT = 0; (2

convection heat exchange conditions:
Cy:n[-A(THVT] = aef(ﬂm - Td); (3)

contact heat exchange conditions:
T=0;
F4T:{

n-q=0;
T, (4)

r T=0;
TR\ u[-2(T)VT] = q,,

where Ay (T) is the Q, heat conductivity,
W/(m-K); T, temperature, K; V, Hamil-
tonian; X(x,y,z)eQ, Cartesian coordinates,
m; ¢, intensity of the internal heat
source in Q,, Wt/m3; o, Stefan-Boltzman
constant, W/(m2-K%); F, the diathermic area
surface; |x—y| =r, distance between points x
and y on the F surface, m; g, the F surface
emissivity factor; o,, ?y angles between
normals to surface F in points x, y and the
vector r, rad; g,, radiant flux density,
W/m?2; T.,, the crystallization temperature,
K; AT, the smoothing interval, K; n, an
external normal to boundary T’ Qotfs effec-
tive heat transfer coefficient, W/(m2K);
T, the environment temperature, K; {T =
T+-T~, T%}, values of function on the right
and on the left of 'y, K; {n-q; =n* -q,"—n"
qQ; ; q), vector of the conductive heat flux
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density, W/m?; 9s = 4qQ;, q,, total heat flux
density in diathermic medium, W/m?2; qs =
q,, total heat flux density in transparent me-
dium, W/m?; qs = q;, total heat flux den-
sity in non-transparent medium (heat con-
ductivity medium), W/m?; Qp;, the solid-
melt joint space; M, number of areas
(construction elements); P(x,y) =1 if point
x is visible from point y, otherwise 0. The
system (1) of integral-differential equations
in combination with boundary conditions
(2)—(4) is a complete mathematical formula-
tion of the problem defined, representing
the thermal conditions at crystal growth by
AHP method in full enough. It has been
taken into account that convection influence
on the heat exchange conditions in melt is
negligible in AHP method [6].

The global heat exchange model for
crucibleless AHP method has been devel-
oped; the sizes of areas (), corresponding
to construction elements are shown in scale
in Fig. 1, which gives the concept of the
model geometrical dimensions. The solution
method for the problem formulated is based
on boundary elements method [7-9]. Unlike
[10], it is assumed in the model that the
heat exchange in a crystal and diathermic
cavities is caused only by radiation. The
model is axial-symmetric, therefore, only
right part of longitudinal section is shown.
A crystal is assumed to be fully transpar-
ent, with refraction index equal to 1, and
non-heat-conducting. The model provides
the dynamic iterative movement of the crys-
tallization front basing on the data about
crystallization temperature isotherm calcu-
lated at the previous iteration. Thus, the
model allows to trace the position and form
of crystallization front (under assumption
that heat removal from the front is caused
only by radiation).

Thermal-physical properties of materials
used in the model are as follows: heat con-
ductivity (W/(m-K)) of the melt 0.2, heaters
(effective) 20, diaphragm material and tu-
bular crystal support 79, upper rod (effec-
tive) 2, alundum tubes and disks 7, heat
insulation material 1; emissivity on bounda-
ries I'ypp of the melt surface 0.75, dia-
phragms and crystal support 0.28, alundum
tubes and disks 0.5, AHP heater, insulation
and upper rod 0.2. The contact between
these heat-conducting elements corresponds
to I'yr boundary conditions, and for ele-
ments adjacent to the symmetry axis,
boundary conditions I'y are specified. The
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Fig. 1. General view of crucibleless AHP
crystal growth setup. 1, crystal; 2, melt; 3,
movable diaphragm; 4, tubular crystal sup-
port; 5, 6, AHP-heater and rod above it; 7,
heat insulation; 8, diathermic cavities; 9, 10,
alundum disks and tubes; 11, lateral heaters:
upper, middle and lower; 12, circular gap in
lateral heat insulation. 1373...1223 — corre-
sponding isotherms (K) positions.

following convective boundary conditions
were specified for alundum tubes and upper
rod external surfaces: ambient temperature
t = 50°C (323 K), heat transfer coefficient
o =10 W/(m2K). For the calculation of ra-
diation heat exchange with environment,
the ambient temperature is also assumed to
be 323 K. The crystallizing material is
characterized by properties similar to bis-
muth germanate Bi,Ge;0,, (BGO); thus, the
crystallization temperature is assumed to be
13283 K. To verify the model adequacy, it
was tested by comparing to the strict mod-
els of radiation-conductive heat transfer in
semitransparent materials [11] and to mod-
els with conductive elements and effective
heat conductivity [10].

Computation results. Several calculations
series of quasi-steady-state conditions have
been carried out using the developed global
heat exchange model. The calculations made
for the different variants of diaphragm po-
sition in height and its opening, circular
gap widthts in lateral heat insulation, and

Functional materials, 15, 1, 2008



V.I.Deshko et al. /| Development of thermal regime ...

also change some other geometrical and
thermal-physical parameters of model. The
diaphragm opening in this case is the ratio
of diaphragm aperture diameter to crystal
diameter: k= d,/d. 100 %; at k=0, the
diaphragm is fully closed, at &= 100 %,
completely opened, i.e. absent.

As the initial model state, the diaphragm
absence and the lateral heat insulation gap
size of 4 mm is assumed. The diaphragm
opening was varied for its height position at
the level of 160 mm from the diathermic
cavity bottom, that corresponds 5 mm dis-
tance from the diaphragm topside to the
lower surface of "crystal” (having a height
of 30 mm). In these conditions, the heater
powers were selected for providing the suit-
able temperature fields and gradients in
melt at completely opened diaphragm (& = 0).
Thus, this position was chosen as the initial
one, the powers of heaters being as follows:
AHP heater, 50 W; upper lateral one,
1250 W; middle lateral, 1250 W; lower lat-
eral, 500 W. The temperature field for the
initial state is shown in Fig. 1.

To estimate quantitatively the influence
of the model parameters on the crystal-
lization front position, the parametric
analysis of model sensitivity has been car-
ried out. The following influencing parame-
ters were considered: 1) diaphragm opening;
2) diaphragm position in height (closed and
partially opened, k=50 %); 8) height of
gap in lateral heat insulation against the
melt at the opened and closed diaphragm;
4) heat conductivity A;,;, and emissivity of
tubular support under the crystal at the
opened and closed diaphragm; 5) power of

Table. Results of parametric sensitivity analysis

each heater: P;, Py, P35 (upper, middle and
lower lateral ones, respectively) and P,pp
(axial). As the sensitive characteristic, the
crystal thickness was chosen. The crystal
thickness that defines the crystallization
front position is presented by two quanti-
ties: the crystal thickness at the symmetry
axis (in the center) and at its periphery
(lateral surface). The sensitivity analysis
consists in a sequential disturbance (change
from the chosen initial position) of each pa-
rameter separately followed by numerical
calculation according to the model and cal-
culation of sensitivity value as,

AP Yo 5
Zi="" 5o ()
y 4o

where Py, AP are the initial value of influ-

encing parameter and its change; y,, Ay, the
initial wvalue of crystal height and its
change.

The results of sensitivity analysis are
presented in Table. The strongest influence
on the front position is seen to be due to
changes of heater powers (the AHP heater
influence looks relatively low because of low
absolute value of its power), as well as to
the diaphragm opening and its position.
Generally, influence of most parameters ap-
pears more substantial in the peripheral
(lateral) areas of the system, than in central
one (close to the axis). However, it is to
note that the displacement of the partly
opened diaphragm influences first of all the
central areas. This local influence became
even more increased as the crystal height is
diminished. Obviously, the effect of dia-

No. Influencing parameter Sensitivity value
on axis on perimeter
1 Diaphragm openness degree — 0.043 / 0.078 / 0.154 / 0.345 /
75 % /50 % /256 % /0% 0.183 / 0.272 0.359 / 0.298
Position of closed diaphragm 140 / 20 mm 0.294 / -0.074 0.398 / 0.064
Position of 50 % opened diaphragm 0.241 / 0.053 -0.094 / —-0.008
140 mm / 20 mm
Gap 1 mm / 6 mm at opened diaphragm 0.038/ 0.010 0.182/ 0.040
5 Gap 1 mm / 7 mm at closed diaphragm 0.245 / 0.338 0.324 / 0.583
Miuve = 5 W/(m-K) / 80 W/(mK), 0.051 / 0.025 0.058 / 0.027
closed diaphragm at upper position
7 Miupe = B W/(m-K) / 80 W/(m-K), 0.059 / 0.031 0.076 / 0.047
closed diaphragm at lower position
8 Powers Py / Py / Pg / Pypp -0.5563 / -0.719/ -1.513 / -1.704/
-0.102 / -0.043 -0.229 / -0.055
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Crystal height, mm

R, mm

Fig. 2. Crystallization front position depend-
ence on the diaphragm opening degree. 1 —
diaphragm 100 % opened; 2 — 75 %; 3 —
50 %; 4 — 25 %; 5 — diaphragm closed.

phragm and gap change caused by radiation
heat exchange has the least inertia at ther-
mal regime control. The influence of ther-
mal-physical properties (heat conductivity
and emissivity) of tubular support is notice-
able only at closed diaphragm being in
lower position.

The numerical experiments have shown
that as the opening of diaphragm (located
in upper position 5 mm from the crystal
bottom at initial height) is varied, the tem-
perature fields and thermal fluxes at the
crystallization front change very substan-
tially due to changes in radiation fluxes to
environment (downward). Comparison with
the completely closed diaphragm state
shows that as diaphragm is opened, the
thermal flux at the crystallization front in-
creases by several times (approximately by a
factor of 4); accordingly, at constant heater
powers, the melt temperature goes down
sharply, resulting in crystallization and
melt thickness decrease down to 1-2 mm.
The most considerable changes take place in
circular areas corresponding to the open-
ing/closing diaphragm area. However, sharp
state changes may occur in other areas. For
example, a cooling is possible in the periph-
eral melt areas at partial diaphragm open-
ing due to the circular gap influence, re-
sulting in crystallization in this area and
concave crystallization front shape. In some
cases, the temperature of the AHP heater
and melt may drop below the crystallization
temperature and, consequently, crystal-
lization of the whole melt layer occurs.

94

Crystal height, mm
N N N N
BN al [o)] ~l
1 1 1 1

N
w
T

N
N
T

21 1 1 1 1 1 1 1 ]
0 20 40 60 80 100 120 140 160
Diaphragm position, mm

Fig. 3. Crystal height at the axis (I) and at
periphery (2) dependence on closed dia-
phragm position in height.

Therefore, to control the crystallization
process precisely, it is sufficient to change
the diaphragm opening within a narrow
range. The crystallization front shape and
position for different opening values of dia-
phragm (being in upper position) are shown
in Fig. 2.

As the diaphragm (fully or partially
closed) is displaced in height, the tempera-
ture fields and thermal fluxes (and thus the
front position) also change considerably. At
initial diaphragm movement downwards ap-
proximately to the middle position, the melt
thickness increases, while at further dia-
phragm lowering, it decreases. This effect,
presented in Fig. 3 for the front position at
the axis and at the periphery, can be ex-
plained by the diaphragm temperature ratio
as well by that between the upper and lower
parts of crystal support, along which the
diaphragm moves. The upper support part,
being heated by lateral heaters, has the
highest temperature, and practically does
not influence the crystal-melt system at
upper diaphragm position, but additionally
heats the system at partial diaphragm low-
ering. A diaphragm has a few lower tem-
perature because it emits heat to environ-
ment (downward). In the lower diaphragm
position, the coldest lower part of the sup-
port influences also crystal-melt system, re-
sulting in melt cooling and its thickness
diminution. Generally, the heater powers
ratio (especially lateral middle and lower)
and thermal-physical properties of dia-
phragm and the support (heat conductivity
and reflectivity) can change considerably
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the character and extent influence of the
diaphragm position on the front position
and shape.

The influence of the diaphragm opening
was studied additionally at its closer posi-
tion to crystallization front (2 = 180 mm),
the crystal height was assumed to be of
10 mm. The distance between front and dia-
phragm in this case was approximately
15 mm. The supposed influence intensifica-
tion of diaphragm opening on crystal-
lization front shape and position at its ap-
proaching to the front has been confirmed.
It should be noted that at diaphragm posi-
tion close to the front and its partial open-
ing, the diaphragm influence on the front is
mainly local. That is, the front in its cen-
tral area (corresponding to the diaphragm
opened area) has a smaller thickness than in
periphery area (if not consider the circular
gap effect, see below), while as the dia-
phragm is moved off from the front, the
change in its opening influences more glob-
ally on the front as a whole (see Fig. 2).

To study the circular gap width influ-
ence, a series of calculations has been car-
ried out at its different values. The crystal-
lization front position and shape depending
on the gap width are presented in Fig. 4 for
opened and closed diaphragm being in in-
itial position. It is seen that the presence of
circular gap in lateral heat insulation
against the opened melt surface results in a
considerable cooling of the melt peripheral
area, that mostly results in concave inter-
face shape, especially in peripheral areas. In
order to avoid this effect, either the gap
width decrease (this effect is insignificant
at the gap less than 2 mm) or its screening
(with brief opening when necessary) is
needed. Thus, it is possible to control the
crystallization front shape by the gap width
change or its screening (at a narrow gap,
the front shape is convex, at wider one,
concave), and also to change the melt thick-
ness within some limits (mainly in the pe-
ripheral area, while the diaphragm at small
opening influences mainly the central melt
area). Thus, change of lateral heat insula-
tion gap width is another method of crystal-
lization front control.

To conclude, the calculations results are
obtained characterizing crystallization ther-
mal regime control possibilities based on a
radiation heat exchange for crucibleless
AHP method. The diaphragm opening vari-
ation in diathermic cavity under the crystal
has been found to result in considerable
variations of the temperature fields and
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Fig. 4. Crystallization front position depend-
ences on circular gap width in lateral insula-
tion: I, width 1 mm, diaphragm closed; 2,
width 8 mm, diaphragm closed; 3, width
5 mm, diaphragm closed; 4, width 6 mm,
diaphragm closed; 5, width 7 mm, diaphragm
closed; 6, width 9 mm, diaphragm closed; 7,
width 1 mm, diaphragm opened; 8, width
5 mm, diaphragm opened.

thermal fluxes at the crystallization front
due to changes of radiation fluxes from
opened lower crystal butt to the environ-
ment. The most substantial changes occur in
circular areas corresponding to diaphragm
areas being opened/closed. It is enough to
change the diaphragm aperture within nar-
row limits for precise control of crystal-
lization process. The diaphragm height posi-
tion and thermal-physical properties of dia-
phragm and surrounding constructions have
been considered. It is possible to control the
crystallization front shape as well as to
change the melt thickness within some lim-
its by height change or screening of the gap
in lateral heat-insulation against the melt
opened area.
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Po3poOka mMeTomiB KepyBaHHS TEIJIOBUMM pPe:KHMaMH
nyas oe3trureixbHoro merony OTd

B.I.[lewxo, B.J.I'onuwes, A.1.Kapeayvruil, IO.B./loxmaneys

Posrasapgaorecsa pe3yabTAaTH TOCIIMKEHHS MOMKJINBOCTEH KepyBaHHS BUPOIYBAHHAM
KpucraniB GestureapbHuMm wMerogoM OT®. YwucenpHi gocaigskeHHsa BHKOHAHI Ha 06asi cme-
miaJabHO PO3PO0JIeHOI MOAe i r1obanbHoro Temaroodminy. PosrasayTo MmeTogu KepyBaHHS, IO
0asyroThCcsa Ha 3MiHi pagiamiiinmx motokis. Beramosieno, 1o npu 3MiHi cTymeHs BigxpurocTi
miadgparmu y giarepmiuniil obaacti mig Kpucrasom i 3asopy y Oiumiil TemmoizossAnii HaBmpo-
TH PO3ILJIABY ICTOTHO 3MIiHIOIOTHCS TEMIEPATYPHi ITOJsA U TeIJOBi IIOTOKM HA (PPOHTI Kpuc-
Tamisamii BHacAiZoK 3MiHM pagianmifiHmx IIOTOKIB y HaBKoOJHUIIHE cepemoBuine. IIposemeHo
aHaJIi3 BIJIMBY PO3TAIyBaHHSA miadparMyu 3a BHCOTOIO Ta TeIIO(PiSHUYHMX XapaKTEePUCTUK
miadgparMu i HaBKOJMHUINHIX KOHCTPYKIIM HA IIOJOMKEHHSA i opmMy (PPOHTY.

Functional materials, 15, 1, 2008



