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Fig. 3-1: Model system for liquid-encapsulated Czochralski crystallization system.

(1) a crystal rod  (2) encapsulated fluid  (3) melt
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Fig. 3-2: Boundary conditions of the system for the right-hand side

of a vertical cross-section.
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1.A motor with a gear for a model of crystal rod.
2.A motor with a gear for a model of crucible.
3.A rotating copper cylinder as a model for a crystal rod with 50 mm O.D.
4.A pyrex-glass cylinder with 90 mm I.D.
and filled with glycerol as a model for the melt.
5.Encapsulated silicon oil at 500 centi Stokes at 25 °C.
6.A rectangular Plexi-glas enclosure to keep the hot water and also
to compensate the cylindrical curvature for visualization.
7.A constant temperature controller at a high temperature.
8.A constant temperature regulator with a pump to keep

at a cold temperature.

Fig. 3-3: Schematics of the experimental set-up.
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(b)

Fig. 3-4: Schematics to take (a) a vertical side view picture and (b) a bottom

view picture.
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Fig. 3-5: Colour/temperature relationship for thermochromatic liquid crystal

microcapsule KWWN2030 (Japan Capsule Products).
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Table 3-1: Composition of glycerol employed. [7]

Component Weight %
Glycerol above 95.0
Glycerol butyrate 0.2
Sulfate below 0.015 1
Cl below 0.001
S04 below 0.002
Heavy metal (as Pb) below 0.0004
Fe below 0.0003
As below 0.0002

THD. —HEEBRTHOVWEKLETIHRAEATORMBEHEBOHE/RE O I

[iSiticon 0it  0.4855(Pa - 5)

= 0.3255 311
KGlycerol 14915(Pa 2 S) ( )

CLRBOAVHBLIOMERBLSLS>STLEIN, ERHNTHRALOEREIR
PTHWBEIEEMBELTEREITL,
FhETNAMREKIZIVEY V=) arvF AN ERBAKRBEREL T
BREBRGBERBALLEZORBRUEVBEN TSI E MHEVALTSH
BIEABRIIEETCHOUBEN KM THEI LN EDLLDTH B,

35 HEABESLURH

351 EFTIRAEOTHEILERSEIUVHERN

ETFINGEEOERA TREOBAIIHODWLWTITY EH£IC.BHMRBRITHERE
114 <3 R -

LE&ESBEOANEEE L.V YRRHBFIELTHEE S,

20 KA B ERE O HE
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Table 3-2: Physical properties of experimental fluid

notation | physical properties glycerol [29] |silicon oil [30]
[at 293.2K] [at 298.2K]
p density kg/m? 1264 971
@ viscosity Pa-s 1.4915 0.4855
v kinematic viscosity 1.18 x 1073 Aol
k thermal conductivity W/(m - K) 0.286 0.16
C, specific heat J/(kg - K) 2.39 x 10° 1.51 % 10°
B volumetric coefficient of expansion 1/K 0.504 x 1073 0.95 x 1073
e thermal diffusivity 0.947 x 10~7 | 1.091 x 1077
Pp Prandtl number [—] 1.246 x 10* 4583
Table 3-3: Physical properties of GaAs — B;03 system [31]
physical properties GaAs B30,
Freezing temperature K 1511
Density kg/m3 5710 1500
Viscosity Pa-s 2.79 x 1073 =2 e-fgeca, T
=3.545(1513.5K)
Kinematic viscosity 4.89 x 1077 2807 L=
Thermal conductivity W/(m - K) 17.8 1.85
Specific heat J/(kg - K) 434 1830
Volumetric coefficient of expansion 1/K L&y X - 500X 10
Thermal diffusivity 7.18 x 10~° 6.74 x 10~7
Prandt] number =1 0.068 3.51 x 103
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Table 3-4: Experimental conditions for Case A.  The model fluids were glycerol for

melt (subscript m) and silicon oil for encapsulated fluid (subscript e)

Run A-1 A-2 A-3
Rotating rate of Rod  [rpm] 0 10 27.3
Rotating rate of crucible [rpm] 0 0 0

Diameter of crucible  [mm] 100 100 100

Temp. of rod [*C] 9.2 9.2 9.5
Toume oSG O] 20.8 20.7 21.7
Pr. (-] 4583 4583 4583

Gre -] 11.7 11.6 12.3
(Re.)rod (-] 0 1.31 3.57
(Gre/ Re?)rod [—] 00 6.75 0.965
Pro, =] 12460 12460 12460

Grm = 14.1 14.0 14.8
(Rem)rod (-] 0 0.555 1.51
(Grm/R€2)rou (-] o0 45.4 6.49

Table 3-5: Experimental and computational results for Case A

Run A-1 A-2 A-3
Oscillation period (Exp.) [min] 0 10 7
Oscillation period (Cal.) [min] 0 13.7 4.9
Amplitude of ave. temp.

oscillation in the melt (Exp.) [ K] 0

Amplitude of ave. temp.

oscillation in the melt (Cal.) [K ] 0 0.260 0.128
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Crystal

Fig. 3-6: Computed and visualized isotherms Case(A-1) without rotation of a top
crystal rod and a crucible. See Table 3-4 for other condition.

[sothermal lines are at every 0.05 between -0.5 and 0.5.
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Fig. 3-7: Transient convergence of average velocity components and temperatur

for Case (A-1).
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—
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Jp .
(a) Isotherms (b)Velocity vectors

Fig. 3-8: Computed results in a vertical cross section for Case (A-1).

Isothermal lines are at every 0.05 between -0.5 and 0.5.

48



APRTHNAD ML BoTE O, TP RO THEHLILY KM T LK
L. HBEON M THBRDOBANHICIZ2HMNIZ LD @ WD HH N
wpdE LTV D,

Fig.3-91 [A] U < Case(A-1) i1 2 BT & R D VY KK ¥ Wi ifi T 0 ¢
R7MIVBKHERT, R EAO2HmMREIHETCOR EHOABEAmME S
20 L7t DR EMZ=0H.EHBEEFITPRAEDZ=0458H1Z F 7
ZERERL TS, PR LI THOAM miTEH K- BMBER
BEAMBAEOELLEZXD . MBEANOEKFEFARAIMBETCOMBARNDOHKN
BAERLTWVWD, ZDCase(A- 1) TREHBLVABEL TR WVALDEA AR
DHmNIETAONT, (A DHRICKIT S Z=0HDX WK 1 TITHRMGIC
B2 LRGN LERBARNICAIN I TIANSLOND, T OLMED
Z=048H. TR ¥BEHHANDODHEA BRIV EohLT L, BERLEBMEOR M
THBHDbL)DZ=0H, TRERICIDBHINICHBED TRAENEL M
M) 7 . MBICORAKAIAIANS o, TP RETIIE H M OHR
NMNNETHE2-HDKEFHETORNLII/NI UV, (b)DORBMBA DKM H
BANER UL, MBE EH (Z=025H,) TERANMS DO EFFNILY R R
cEhL VY RE@MAE (Z=0982H,) TR Y K RE L TR L KK
ERNLY XA BTN R SN 5,
RickEmEINE L. BRASK LRGSR AEFETIHEE TR LY
FANBICABOLEBREORETEIHEANDHE. T D—DDHEABETH S
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ro hmRam® = (0.07)(1.744 x 10%)~F = 1.25 x 10~3[m]

Uo Qm/ro = 0.947 x 1077/(1.25 x 1073) = 7.58 x 10™%[m/s]

to ro/uo = 16.5[s]

T 49.9t = 49.9 x 16.5 = 823[s] = 13.7[min] (Gt EH & £ © # By & ¥ )

A& TOEFVHEKEZE-LATRMEEBRTORMIIHNIOLTHY
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Fig. 3-9: Velocity vectors in horizontal cross sections for Case (A-1)
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(a)
t=157.7

(b)
r=167.7

r=177.7

(d)
7=187.6

T=19/6

Fig. 3-11: Computed and visualized isotherms for Case (A-2). Visualized pictur

were taken in two-minute intervals.  Isothermal lines are at every 0.05 be-

tween -0.5 and 0.5. 93
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Fig. 3-12: Computed results in a vertical cross section for Case (A-2)
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Fig. 3-13: Velocity vectors in horizontal cross sections for Case (A-2)
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Fig. 3-14: Oscillatory change of average velocity components and temperature

for Case (A-3)
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(a)
7 =2056.5

(b)
7=210.7

(c)
7=216.0

(d)
7=221.2

Fig. 3-15: Computed and visualized isotherms for Case (A-3). Visualized pictures
were taken in two-minute intervals.  Isothermal lines are at every 0.05 be-

tween -0.5 and 0.5. 58



7 =205.5 (Min. vel.)

7 =200

7=210.9 7=214.2 (Max. vel.)

Fig. 3-16: Computed results in a vertical cross section for Case (A-3)

[sothermal lines are at every 0.05 between -0.5 and 0.5.
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(b) Melt

Fig. 3-17: Velocity vectors in horizontal cross sections for Case (A-3).
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Table 3-6: Experimental conditions for Case B

Run B-1
Rotating rate of Rod [rpm] 17.4
Rotating rate of crucible [rpm)] 0
Diameter of crucible [nm] 90
Temp. of rod ["C] 12.0
Ave. temp. of crucible walls [*C] 214
Temp. of heating water [*C] 21.5
Pp, (-] 4583
Gr. (-] 6.67
Ra, i+ 3.06 x 10*
(Red) B 2.28
(Gre/ Reg)roa (-] 1.28
- (-] 12460
Gr, [=] 8.07
Ra,, (-] 1.01 x 10°
(Rem)ru B 0.965
(Grnef-Fed, )rad (-] 8.67

Table 3-7: Experimental and computational results for Case B

Run B-1

Oscillation period (Exp.) [min] 9.5
Oscillation period (Cal.) [min] 7.9
Amplitude of temp. oscillation at T.C.1 (Exp.) [K] 1.7
;‘\mplitude of temp. oscillation at T.C.1 (Cal.) [K] 1.0
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T.C.2
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TC4

Fig. 3-18: The position of thermo-couples in the melt.
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Temperature [°C]

22
T.C.3 : Temp. of crucible side wall

21

T.C.4 : Temp. of crucible bottom wall
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Fig. 3-19: The measured temperature oscillation in the melt (glycerol).
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Fig. 3-20: Oscillatory change of average velocity components and temperature

by numerical computation for Case (B-1).
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(a)
T =226.1

(0)
r=230.8

(c)
T =235.5

(d)
r=240.3

(e)
7 =245.0

Fig. 3-21: Computed and visualized isotherms for Case(B-1). Visualized

were taken in two-minute intervals.  Isothermal lines are at every 0.05 be-

tween -0.5 and 0.5. 66
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Fig. 3-22: Temperature oscillation at the T.C.1 point.
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Table 3-8: IExperimental conditions for Case C

Run C-1 C-2
Rotating rate of rod [rpm] 17.4 17.4 26.3
Rotating rate of crucible  [rpm] -8.7 8.7 -17.4
Diameter of crucible [mm] 90 90 90
Depth of melt [mm] 63 63 89
Depth of encapsulated fluid [mm] 217 30 30
Temp. of rod [C] 10.0 10.5 9.0
Temp. of crucible (C] 22.0 22.5 15
B ] 4.58 x 10° 4.58 x 103 4.58 x 103
Gr, (-] 8.80 12.1 12.6
=4 4.03 x 104 5.53 % 104 5.76 x 10*
(Ree)rod (-] 2.28 2.28 3.44
(Ree)era (-] ~3.69 3.69 _7.38
(Gr./Re2)rod (-] 1.70 2.33 1.06
(Gre/Re?)eru [—] 0.646 0.886 0.231
Pry =1 125, &, Jio? k.25, x 1D* 1.25 x 10*
- (-] 10.6 10.6 31.3
Ra,, =) 1 1.33 x 10° 3.90 x 10°
(Be WiB (-] 0.965 0.965 1.46
T (-] ~1.56 1.56 518
(G RE2 )rod (-] 11.4 11.4 14.7
(Grm/ R )eru =] 4.35 4.35 3.20
" Oscillation pe SRRy TN 0 18 0
Oscillation period (Cal.)  [min] 0 7.6 0
Amplitude of average
_temp. oscillation (Exp.) [K] 0 0
Amplitude of average
oscillation (Cal.) [K] 0 0.17 0
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S S
Crystal ~

rod

(a)Computed isotherms

(b)Visualized picture

Fig. 3-23: Computed and visualized isotherms for Case (C-1). Isothermal lines are

at every 0.05 between -0.5 and 0.5.
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Fig. 3-24: Oscillatory change of average velocity components and temperature by

numerical computation for Case (C-2).
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T=101/aE

(0)
7=166.6

()
7=175.9

Fig. 3-25: Computed and visualized isotherms for Case (C-2). Visualized pictures
are taken in six-minute intervals. Isothermal lines are at every 0.1 between

-0.5 and 0.5.
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Fig. 3-26: Transient computation of average velocity components and temperature

for Case (C-3).
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@) Computed isotherms (b) Computed velocity vectors

(c) Streak line (d) Visualized picture
Fig. 3-27: Computed results and visualized isotherms for Case(C-3). Streak line

consists of 355 time steps equivalent to 7=0.355. Isotherm lines are at every

0.025 at -0.5 and 0.5.
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Table 3-9: Computational conditions for Case )

GaAs (subscript m ) and B,0; (subscript e) system

Run

D-2
Nrodlrpm 20
Neru[rpm 0

Pr, 3.51 x 103 3.51 x 103

Gr. 7.58 x 10~ 7.58 x 10~4

(Ree)rod 4.43 x 1073 8.86 x 102
(Gre/Re?),oq 38.6 0.0966
Pr,, 0.068 0.068

8.43 x 10° 8.43 x 10°
(Rem)rod 21.4 428.7
(G /RE2 ) rod 1835 4.58

Table 3-10: Dimensional results for Case D

( AG=5K, h,,=28mm, h.=12mm, r,,q=10mm, r¢«=20mm )

Run
Oscillation period
[s]

Vol. ave. vel. U,
[m/s]

Vol. ave. vel. V,,
[m/s]

Vol. ave. vel. W,,
[m/s]

Vol. ave. temp. T,
[ K]

D-1 D-2
0 270
2.97 x 1073 .31 % 102
~ 2.15x 1073
o e L i #14 % 1>
~3.36 x 1073
3.34 x 1073 243 x 10=°
~ 231 x1073
1512.89 1512.75
~ 1512.77
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Fig. 3-28: Transient convergence of average velocity components and temperature

for Case (D-1).
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Crystal

MAX VEL.

rod 1.232895

xx Ls O

Fig. 3-29: Converged isotherms and velocity vectors for GaAs and B,Ojsystem at
(G / Rem)roa = 1835 and (Gre/Ree)roa = 38.6. See Case (D-1).

[sothermal lines are at every 0.05 between -0.5 and 0.5.
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Fig. 3-30: Oscillatory change of average velocity components and temperature for

GaAs and By03 system. See Case (D-2).
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(c) T =1564 (d) =1626

Fig. 3-31: Instantaneous isotherms and velocity vectors at six consecutive times in
one period of oscillation for Case (D-2).  Isothermal lines are at every 0.1

between -0.5 and 0.5.
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Fig. 3-32: Velocity vectors at various levels for GaAs and B,03 system at 7 = 1441
for Case (D-2).
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Fig. 3-33: One period of oscillation for (Grp/Re2 ) od

and also rotating a crucible at opposite direction each other.
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Table 3-11: Computational condition for Case I

GaAs (subscript m ) and B,03 (subscript e) system

Run E-1
Nrodlrpm 2
Neru[rpm -10
Pre 3510 3510
Gre 7.58 x 1071 7.58 x 1074
(Ree)rod 8.86 x 1072 2.66 x 107!
(Re)eru —1.77 x 10~ —1.77 x 107!
(Gre/Re?)roa 9.66 x 102 1.07 x 1072
(Gre/R€?)cru 2.41 % 1072 241 x 1077
Pry 0.068 0.068
Grm 8.43 x 10° 8.43 x 10°
(Rem)rod 428.7 1286
(IR ores -857.3 -857.3
(Grom/Re2 ) od 4.58 0.51
(Grom/ Re2 ) eru ol ] 1.15

Table 3-12: Dimensional results for Case E

( A§=5K, h,,=28mm, h,=12mm, r,,q=10mm, 7., =20mm )

Run E-1 E-2
Dol emod 0.94 0
[s]
Vol. ave. vel. U, 7.74 x 10~* 1.62 x 1073
[m/s] ~7.96 x 107*
Vol. ave. vel. V,, 1137 _x 102 1.19 x 1072
[/ o
Vol. ave. vel. W, 8.65 x 1074 8.38 x 1074
[m/s] ~ 8.66 x 107*
Vol. ave. temp. T, 1512.74 1512.54
(K]
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Fig. 3-34: Transient change of average velocity components and temperature for

GaAs and B;03 system. See Case (E-1)
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Fig. 3-35: Instantaneous isotherms and velocity vectors at five consecutive times in
one period of oscillation for Case (E-1). Isothermal lines are at every 0.1

between -0.5 and 0.5. 86



j0x10 ° 0.30

0.25
8
>
<
" ™ 0.20 3
— Um 1 g
6 (0]
S
1
We 0 58
o 2]
g ¢ =
2 0.10 _
b
0.05

0 0.00
0 200 400 600 800 1000

Nondimensional time

Fig. 3-36: Transient convergence of average velocity components and temperature

for GaAs and B,03 system. See Case (E-2).
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Fig. 3-37: Converged isotherms and velocity vectors for GaAs and B,

~~~~~~~~~~~

O3 system. Se

Case (E-2). Isothermal lines are at every 0.1 between -0.5 and (.5.
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