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Thchnical Content Statement ' 1

This report contains information prepared by the University of
South Carolina under JPL subcontract. Its content is not necessarily endorsed
by the Jet Propulsion Laboratory, California Institute of Technology, National
Aeronautics and Space Administration, or the U. S. Energy Research and Develop-

ment Administration, Division of Solar Enzrgy.

Man-hours and Cost Totals

. 3 * . *
Previous Current Year Cumulative

Man-hours Cost Man-hours  Cost  Man-hours Cost
----- ——— 13,356 $176,303 13,356 $176,303

*Figures include baseline cost estimates for month of September, 1976.

- Summary

a. Web Growth

The er furnace has been set up; calibrated, and-made opérationa] for
pulling dendritic-web samples. Considerable work has been comp]etéd in the
investigation Qf the effect of changes in the furnace thermai geometry, as
accomplished by variations in the number, size, shape, aﬁd location of thermal

shields, on the growth of dendritic-web. Although shield geometriéshave :

~ been found to optimize button growth and two-dendrite formation no arrange-
ment of the shields has been found suitable to sustain web growth between

~the two dendrites. Temperature profiles were made by thermocouple probe along

the surface of and within the molten Si charge for several of the shield con-
figurations indicating that the proper thermal symmetry for button formation
and dendrite growth had been achieved.

Numerous growth runs were made to grow primitive dendrites for use
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aé the dendritic seed crystals for the web growth. Some preliminary investi« .

gations were conducted to try and determine the optimum twin spacing in the

dendritic seed crystal for web growth.

b. Web Analysis
Models have been developed and computer programs applied to

ascertain the thermal geometries present in the susceptor, crucible melt,
meniscus and web. ’Several.thermal geometries have been determined for -
.part1cular furnace geometries and growth conditions. This 1nformation has |
been studied in conjunction with the experimental growth 1nvest1gat1ons in
order to achieve proper thermal and growth conditions for ‘sustained pulling
of two dendrite web ribbon.

| A major result of this analysis has been the prediction of an
upper limit on the pull rate of approximately 4 cms. per minute with the

thermal geometry presented in our furnace. This is predicated on the

assumption that a minimum super-cooling temperature of 1407°C must be main-

1Y T M RN A T NI S

tained at the surface of the melt in order. to sustain dendritic-web growth.

WPy

To increase the pull-rate of the web beyond this 4 cm. per minute upper

Timit will require a furnace geometry which allows increased .removal of the

Goami Ao it L it

latent heat generated at the solid-liquid interface.

c. Neb'Characterization

The facilities for obtaining the following characterization data
have been set-up and made operational:

Twin spacing

Dislocation density

Web geometry, i.e., width, thickness
Resistivity

Majority rharge carrier type

Minority carrier lifetime by MOS transient
capacitance measurements
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Data on twin spacings'and number of twin planes in the dendritic
seed crystals and resulting web samples has been obtained. Resistivity and
majority charge carrier type determinations have been made on a few select

web samples. A1l samples to date have been high resistivity, undoped, p-type{

Interpretation of Results

Web Growth

Insufficieﬁt data has been obtained to make conclusions on the optimum
twin spacing in the dendrite seeds for dendritic-web growth. It is apparent,
however, that poorer button formation and wing development occurs when using
seeds with equal spacing between the twin planes.

A large number of growth runs were made ufi]izing a significant
variety of heat shield configurations in order to achieve the proper thermal
profile for sustained two dendrite web growth. The best fﬁgrma1 geometry
found.was achieved with a straight sided susceptor, 4 inches in diameter and
1.25 inches long covered by a single top shield of 0.06 inch thick molybdenum

with a standard shaped slot 1.85 inches long and 0.25 inches ‘wide. An aluminé

~disc was used as thermal insulation between the pedestal and susceptor. With

this arkangement good button growth and two dendrite formation was consistently
achieved. In all cases however, web would form between the two dendrites, but fell
out as the ribbon was being pulled. - The faTl-out occurred typically before the
web was pulled through the slot in the top heat shield. Thése results are
interpreted as being_dUé to the top heat shield beirg too hot and preventing

the web fromkso11difying between the dendrite and the bottom of the button.v
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Web Analysis

Analysis of the thermal geometryrpresent in the furnace was
confirmed by ihermal probing of the melt in the crucible with a thermo-
couple probe. The mode]lbeing used in the analysis is thus felt to be
adequaté for use in predicting and confirming the thermal geometry to be
expected to result from experimental variations introduced into the furnace
yhi]e attempting to establish the proper growth conditions for the dendritic-
web.

‘ 'The two-dimensional analysis of the temperatures present in the web
and meniscus for various pull rates revealed that the melt temperature, for
any given meniscus height, was critically depeAdent on the pull rate of the
web. Thus, if growth conditions require a specific range of temperatures
to be maintained in the melt, fhis would establish the pull rate over which
it would be possibie to suétain dendritic-web growth. In fact; the wminimum
temperature that can be maintained in the melt and still sustafn growth dictates
the maximum pull rate that can be achieved for any spécific meniscus height.

Under these conditions the maximum meniscus height that can Qé achieved

without thinning- the web will give the maximum pull rate. Application of this

analysis to our furnaceiéeometry and using the maximum possible meniscus height

~of 0.76‘cm indicated that the maximum pull rate that could be achieved and still

sustain web growth was 3.9 cms per minute. A minimum melt temperature_of 1407 °C

was assumed as the maximum supercooling that could be permitted and'stiTT

maintain growth.

Web Characterization

The 11m1ted characterization data that has been obta1ned to date

: 1nd1cates that the measurements are valid and that they can be ut1]1zed to

evaluate thL web mater1a1 grown in our furnace.
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ﬁ?oqram Efforts

Web Growth

Figure T illustrates the Web Growth Furnace which is powered by a
10Kk r-f generator operating at 290 khz. The susceptor is fabricated from
molybdenum as are the shields and pedestal. The diffuser plate, Figure 2,
which is used to diffuse the flow of argon enfering the furnace at the
bottom, is constructed of stainless steej. A five inch diameter quartz
tubes surrounding the susceptor and pedestal and within the water cooled heater

coils, is used to contain the inert atmosphere provided by the argon. The

P Q. T ey Sy e e U - 3 - 3. v 1)

dendritic-web is pulled from the quartz crucible, seated in the susceptor,

through a slot in the top heat shield to a wind-up ree]A]ocated above the

furnace.
The following check-off 1ist represents the procedural instructions
that have been established for the operation of the growth furnace: : f ﬁ
Prestart-up | ‘ - : | ;
1. Check generator off button on genérator. ’ ;
2. Check filament off button on generator. | | i !
3. Check main breaker on rear of generator. ‘ ) )
Start-up | . | % ;
Load and assemble the furnace. After this 4s complete, proceed ’ ;
as follows:
1. Check cooling water on furnace. Turh on both valves - one to ; ?
furnace and other to generator. |
2. Turn on argon flow. to 50 cfh. .
3. Turn on filament button on generator. | é
Note: After the abdve three items have been agcémpjished, 5;
: AN : _ %

wait 15 minutes. This will allow the chamber to be purged
with argon, and the vacuum tube filaments in the generator

to warm up.
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Check controller Auto—Mgnua? switch. Put it in manual
position and have temperature control on zero.

Turn on power button on the genherator.

Caution: Work coil is now HOT!

Adjust power to 5 kilovolts unti] susceptor glows (ap-
proximateiy a minute). Increase power to 6 kilovolts
until outgassing stops (apﬁroximate]y 5 minutes). In-
crease fo 8 kilovolts for 2 minutes to let the temperature
stabilize. Then increase to 10.5 kilovolts until complete
melting is obtained.

Decrease argon flow to 35 cfh.

Lower temperature to growth value. After the temperature

has stabilized it is ready for web growth.

Flip the Auto-Manual switch to Manual.

Cut furnace temperature.

Turn the generator power button to off.

Wait 30 minutes for cool-down and proceed as fo{1ow$.
Turn filament button off.

Turn off main breaker.

Turn off argon.

Turn off water valves.

The following seeding techniques have been followed, with more

or less equal success, for initiating the dendritic-web growth:

Seedihngechnique #1 ("transient method"). 5

Find growth temperature. Growth temperature is taken at

5.

3 6.
)

7.

8.

Furnace Shut Down

1.

2.

3.

4

7.

S,
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temperature foi good button growth, determined by expeviment.
Raise melt temperature 15 to 20 °C above the growth temperature.
Dip seed into melt to melt off end.

Reset temperature controller for "growth ltemperature".

As temperature of melt drops, seed is dipped into melt

at 5 to 7 °C above the "growth temperature".

As melt temperature drops further, button growth begins.

When wings form on button, pulling is started.at 80 - 100%
on the speed controller (this corresponds to 6 to 7 cm per
min.).

As soon as button starts to rise, decrease pull speed to

10 - 40% (i.e. 2 to 4 cm/min).

Seeding Technique #2 (standard)

Find melting point of melt. This is accomplished by dipping

a seed into the melt and adjusting the tempera%ure until seed
neither melts nor grows. A seed etched to a point gives a
more accurate melting point.

Set desired AT on temperature controﬁler (can be anywhere

from 2 = 25 °C.  Actually, we are presently Qsing 5~ 20 °C.)u’
As melt temp.‘dropskto new value, button beginé to grow. VWhen
wings first appear pulling is commenced at 10 - 40% of speed
controller (this co}respdnds to 2 - 4 cm/min.).‘

In this technique the pull speed is not changed unless it is

desired to adjust'the thickness. of the web.
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In that the object of our program is to determine the Timitation
of pull rate and grewth width of dendritic-web ribbon, it was deemed essential
that our experimental growth runs be conducted using seed dendrites having
the optimum twin spacing for the web growth.

The twin spacing for silicon dendrite or web growth had never
been optimized. It was deemed in the best interests of the contract to
spend some time in growing primitive dendrités, and from these, pulling
Tong dendrites to be used for seeds for web growth.

Primitive dendrites were grown by quickly d&ipping a seed of
silicon into the super cooled melt. Silicon grows rapidly on this "cold"
seed, and must be pulled quickly from the melt.' The resutting growth mass
contains many "growth mistakes" in the form of twins. Only those twin
spacings that sustain g%owth by the twin plane reentrant edge mechanism
will result in primitive dendrites protruding from the growth mass. The
growfh mass with the few protruding primitive dendrites was usually too Targe
to be pulled through the targest opening in our normal heat shield. A special
heat shield for use durfng the primitive dendritic growth was.méde as shown
in Figure 3. | | | |

The primitive dendrites were fractured from the gvdwth mass and |

the twin spacing measured. Longer dendrites for seeds as web growth were

~pulled from the primitive dendrites for use in studying their behavior to

find the optimum spacing.

Runs were made uéing primitive dendrite seeds having twin spécﬁhgs
of (3 and 2) pm and (8 and 2) um for comparison with the previously used
Standard seed having a twin spacing of (0.9 and 1.9) um. Results to date

indicate poorer button formation and wing development with the {3 and 2) um

spacing.
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Figure 3. Heat Shield for Pulling Primitive Dendrites
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Temperature profiles in the crucible were measured Qsing a
Pt-Pt, 10% Rh. thermocouple in a quartz protection tube. These results
were then compared with the profile determined by thermal ana1ysis; The results
are shown in Figure 4. The experimental points are skewed somewhat to
the right because the melt did not achieve a horizontal level in this run.
The 4 1inch d1ameter straight sided suscnptor w1th one top shield having an
oblong stot 1.85" x 0.25" was used for the run in which these measurements
were taken.

The following 1ists a summary of the results achieved for the
different furnace cornfigurations that were tried during the past year in
attempts to achieve the proper thermal configurétion for two dendrite web

growth.

1. Shield #1 (Figure 5)
4" straight sided susceptor
Comments:

Oxide buildup on slot was greater than for ]arger slot
openings.

Button growth was good. Button aspect ratio: 2/5 average.
2. Shield #1 (Figure 5)

4" straiéht sided suscéptOr

4.15" Diffuser plate, .25" thick.

Comments : '
The diffuser plate was moved up from the bottom of the
furnace chamber to within one inch of the susceptor bottom.
This position was inside the coil. The large diameter of
this plate caused it to couple too well to the field, robbing

power to the susceptor. Subsequently, we were unable to
melt any silicon. ‘

P




B

i

3

1
—
i
NPE——
{

i
.
e

’ " 13
5] - SURFACE OF MELT
© - MIDMAY BETWEEN TOP AND BOTTOM
OF MELT v
1410 | COMPUTED
1400 -
MIDWAY BETWEEN TOP
- ;== AND BOTTOM OF MELT
O
©)
o 7. SURFACE OF HELT
1380 , | i

1.0 2.0 3.0

DISTANCE FROM CTR (CMS.)

Figure 4. Measured and Computed TempératurevProfi1es in Crucible

L T T L T IV A

R I TS s 7 P BT A A T




A e e R A

SHIELD 3

044w Mory.

:
! .
.
;
3
L
:
3

Figure 5




Shield #1 (Figure 5)

4" straight sided susceptor
3.85" x .04" bottom shield
Comments:

The bottom thermal shield was placed 1/16" below the
susceptor bottom.

One button was grown with aspect ratio of 1/5, but ice was
also observed growing. Three inches of 1 cm. wide multi-
dendrite web pulled.

Shield #1 (Figure 5)

4" straight sided susceptor

3.85" x .04" bottom thermal shield
Comments:

Optimum coil setting was not found by the end of the
day when a button with dendrites froze to cruc1b1e bottom
~pulling -seed free of seed holder.

Pulled out two pieces: First button was 2/3 aspect ratio
with only one wing and three dendrites. Left dendrite
joined center leaving 2 dendrite web for 16" when web

fell out and dendrites continued. Second piece had a

2/3 aspect ratio button with one wing in the opposite .
direction from that of the Ist piece. One initial dendrite
grew to three dendrites then back to one. A new button
was grown on this dendrite which froze to the cruc1b1e
bottom, pu111ng the seed free of the holder.

Dumbell heat shwe]d #2 mod. 2 (Figure 6)
4" straight sided susceptor
3.85" x .04" bottom thermal shield

.025" A1203 insutator cut to fit between the pedestal top and

susceptor.

Comments:

Seven buttons were groﬁn, but nothing was removed. Of the
seven, six had wings, and three had 2 dendrites only, but

T
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each case as the pull continued, the web fell out. Average
button aspect ratio was 1/2.
Shield #7 (Figure 7)
4" straight sided susceptor
Alumina insulator between pedestal and sugceptok
Comments: |
Buttons avefage aspect ratio was 1/3. Wing formation ;“f

was good. A1l 2 dendrite web fell out. Some multi-
dendrite web held. On the last button, which had 1/2
aspect ratio and one wing with four dendrites, we pulled
19.5 1inches of the four dendrite material. This was in
2 pieces of 2 dendrite web with an open space between
pieces. This web material was of better thickness and
width than any previously grown.

Shield #8 (Figure 8)

4" straight sided susceptor
Bottom thermal shield
Alumina susceptor insulator
Comments:
The only material removed was a three dendrite piece. The
web between the two dendrites farthest apart fell out.
The other continued for 16.25". Two other good buttons
were grown with two wings and dendrites. . The web fell
out of both.
Shield #7 Mod. #1 (Figure 9)
4" straight sided susceptor

Botfom_therma] shield » ’ T ; o

Alumina susceptor insulator
Comments: : R ‘ , - 50

Good buttons were almost impossible to grow with this .
set up. On final button of the day, we got one wing
with one dendrite which widened to four. Two dendrites
stopped, leaving two dendrite web. We could not keep
the web wide, its tendency was to cont1nua1]y narrow.
Total length was 70". :
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12,

Dumbell heat shield #10 (Figure 10)
4" straight susceptor

Bottom thermal shield

Alumina susceptor insulator
Comments:

Button growth was poor with targe square buttons.
When wings were induced, they grew from everywhere.

Shield #1 (Figure 5)

4" straight sided susceptor

Alumina susceptor insulator

2 bottom thermal shields separated .25",

Comments:
The first thermal shield was against the susceptor
support, with the second shield separated from the
first by a .25" washer. The shields help cut down

- the power needed from the generator noticably.

Oxide build up was so high that later in the day,
we could no* see the buttons growing.

Button formation was fair, but no continuous dendrite
growth could be achieved.

Dumbell shield #1 near the melt (Figure 11)

Dumbell shield #2 mod. #2 on top of susceptor pins (tantalum)
(Figure 4)

2 bottom thermal shields
4" straight sided susceptor
Alumina susceptor insulator

Comments:

Mo good buttons were grown. Buttons usually had no wings.

Some buttons froze in the melt before wings could form.

2 top-shiers dumbell £2 mod. #2 over shield #2 (ngures 6 and 12)

2 Tower termal shields

4" straight sided susceptor

Alumina susceptor insulator

gy
H
s
i

,

21 /

@it

;

¥

y

a

f

;

i

3

1

.

9

X

i

G

8

\g

‘ 9

o g

; a

g

o

1




HENN S L s A M

Figure 10




40" v .

o
L

LENTERS

B'Z?ii;//f

Figure 11




SHELD #2

Figurg 12




-

»
CHR Y

14.

15.

25

Comments:

Buttons were not very well defined. The corners and
sides were rounded somewhat. There were two occasions
when the button grew two wings and dendrite, still the
web fell out.

Two pieces of material were removed. First button was
2/3 aspect ratio with one wing and 3 dendrites. After
one inch, one dendrite stopped. We obtained five more
inches of thin two dendrite web. Second button was 1/2
aspect ratio with 2 wings and 4 dendrites. After &5"

of 4 dendrite web, 3 stopped, 1continued for 9".

A 2.63" dia. x 2.5" height susceptor was tried. We could not
force the generator to melt the silicon charge.

4" straight sided susceptor

2 top shields dumbell #2 (both)(Figure 13)
2 shields bottom

Alumina susceptor insulator

Comments:

Buttons were ill-defined, usually with 3 wings. We were
able to remove 2 pieces. 3 other times 2 dendrite web
fell out. First piece removed was initally 2 dendrites
(very close on small button) but picked up a third
dendrite. 3" of 1/4" web and 8" of 3 dendrite material
made up this sample. Piece 2 started but with a small
1/1 aspect ratio button 2 wings and 2 dendrites very
close together. 2 more dendrites started-immediately
giving 11.5" of 4 dendrite web.

4" straight sided susceptor

2 top shields, dumbell #2 (both) (Figure 13)
2 shields bottom
ATumina susceptor insulator
Comments:
| Button growth fair. Wing formation was good.' We grew
3 buttons with 1 wing, 3 with 2 wings, and T with no

wings. On all 3, 2 winged buttons web fell free of the
dendrites at the heat sh1e1d

-~
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4" straight sided susceptor

Top shield (ohe) dumbell #2 (Figure 13)

One bottom shield
Alumina susceptor insulator
Comments:

164 grams of silicon were used today rather than the

- normal 100 grams. The heat shield was suspended (from
outside) directly over the susceptor until the silicon
melted. It was then Towered directly on the 1lip of
the crucible so as to get the shield as close to the
silicon as possible.

We grew 14 buttons, 4 with one wing, 10 with no wings.
Most all of these buttons were abnormal. There was
no continuous growth.

4" Tipped susceptor

Shield #1 (Figure 5) ' E

One bottom shield
Alumina susceptor insulator

Comments:

Button growth and aspect ratio was very good. Some
buttons were as long as 1/4 aspect ratio. Bottom
temperature of the melt was too cold though,causing

most buttons to freeze to the crucible bottom. - 120

grams of silicon were used today. One piece of
multidendrite material was grown.. The button was 1/3
aspect ratio with two wings and 3 dendrites. There

was one extra wing which grew from the growing dendrites.
This Tooked Tlike an arm going out and up from the central
core.

4" Tipped susCeptor _ \ e | i

Sh1é1d1#1 (Figure 5)
One bottom thermal shield which was only 3 1/8" dia. x .06" thick
A1Qm1na susceptor insulator | | |
Cohments:

A11 buttons grown'weke of good aspect ratio with wings,
~ but everyone froze to the bottom of the crucible.
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4" straight sided susceptor
Bottom thermal shield

Shield #7 mod #1 (with 2 pieces of moly covering the mod.
to simulate #7) (Figures 7 and 9)

Alumina susceptor insulator
Comments:

Buttons for this run were fair. The same problem of
web fall out occurred each time two dendrites were
pulled from the melt. 15 buttons grown, 3 no wings,
5 one wing, and 7 with 2 wings.

4" straight sided susceptor 2.5" height (previous 4" susceptors
were 1,25" height)

Shield #7 mod. #1 (moly. covering modificafion)(Figures 7 and 9)

Bottom thermal shield
Alumina susceptor insulator
Comment:

This susceptor with its great mass caused the controller
to over- and under-shoot its set points by 5 to 7 degrees.
Seven buttons were grown, one with no wings, one with

3 wings, and 5 with 2 wings. In almost every case the
web fell out at the heat shield.
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Web Analysis

(Meniscus geometry)
Analysis. Theoretical studies have been performed to determine the geometry
of the meniscus at the liquid-solid interface of the growing web. The meniscus
geometry will have an important bearing upon the growth characteristics of the
web as well as the temperature gradients at the interface.

A number of simp]ifyfng assumptions have been made. Perhaps the
most important assumption is that the static or stationary conditions were

assumed. That is, the effect of fluid motion due to web growth was neglected.

Uniform melt temperature and uniform constitutent concentrations were also assumed

in the melt.
The shape of the meniscus is determined for static conditions using
the Euler~Lép1ace equation which relates the pressure difference ap across the

meniscus to its curvature and the interfacial surface tension y. That is

1, 1
Ap = y( = F =) . (1)
where vy and r, are the principal radii of curvature and are defined to be
positive when thé center of curvature is inside the region of high pressure.
In the present study only the web is considered and consequently the meniscus
can be considered two-dimensional and in a plane. Therefore, one of the prin-

cipal radii of curvature, r,, is infinite and %. = 0.

: 2
Figure 14 is a cross-section of the web and meniscus. The angle of
contact § is the angle between the solid surface and the liquid surface.
Experimental measurements by Swarti, Surek, and Cha]mers] indicate that g is

approximately 1°. Angle 0 in Figure 14 is the joining angle of the meniscus

D e e




Figure 14. Cross-section of Web and Meniscus. B is contact or wetting

angle, 6 is joining angle, hé is height of meniscus at contact,

and y and z are horizontal and vertical coordinates.
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and 1is the angle between the meniscus at contact with the solid and the
vertical axis. When the top of the meniscus is located on the flat vertical
surface of the web, the contact angle g8 and the joining angle & are equal.
Negative values of o are measured to the left o% the vertical axis and positive'
values to the right. Thus, the value of 8 in Figure 14 would be negative.

Batche1or2 presents the solution to the Euler-Laplace equation for

the two-dimensional plane meniscus. Both the shape of the meniscus and the
height can be determined from the results. Gaule and Pastore3 derived an approxi-
mate equation for determining the meniscus height.

Following Batchelor the meniscus height h0 is given by

hy =K 2(1-sin6) : (2)

where e _ _
Ty (3)
P9

-~
]

and p is melt density and g is the acceleration of gravity. The meniscus
height hO is also equal to the height of the interface above the melt level
as long as none of the flat vertical surface is immersed fn the melt. Further,

the shape of the meniscus is given by

| ; IR Vz: 2 /2
’l}é':COSh—-I%E'“ cosh %l(__{_ (4______8__‘) - (4 - "*2“"’) | (4)

bhen y and z are hovizontal and vertical cooridinate, z = z(y) is the Tiquid-
gas interface. Note that ho'and ¢ are functions of 8 but not directly dependent
on B. Angles g and 8 are related by the geometry of the solid surface at the

point of meniscus-solid contact.
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g Results of Analysis. In Figure 15 the dimensionless term hO/K given by Equation
| (2) is shown as a function of 8. The maximum hO/K is obtained when 8 = -90° and

decreases to zero when 6 = 90°. The results presented in Figure 15 are indepen-

dent of the fluid properties and the acceleration of gravity. The terms are

included in K which was defined in Equation (3). Taking the values for sﬂicon1

of vy = 720 erg/cm2 and p ='2.49 gm/cm3 gnd the acceleration of gravity of 3

980 cm/secz, it is found that K = 0.543 cm. With the value of K and Figure 15,
h can be calculated by multiplying hO/K by the value of K. For example, Mika

and Uelhoff?

state that for stationary growth (non-increasing or decreasing web
thickness), 6 must be approximately equal to zero. From Figure 15 the predicted vv |
value of h for stationary growth is 0.768 cm. |
Figure 16 is a scale drawing of the web and melt cross-section for

o = 0° and with a web thickness of 0.1 mm. Because of the large surface tension
of silicon, a long thin column of melt is present below the web. Menisci
geometries were determined using Equation (4) and are shown for various negative
values of 6 1in Figure i? and positive values in Figuré 18. These figuresvshow a

section of the meniscus on the right side of the web and the meniscus-solid

contact is along.the vertical dashed Tine. Dimensionless coordinates y/K and

t/K are used so that these curves are general for all fluids. In Figure 17 it

is seen that the meniscus is always necked below the Tiguid-solid interface

and the.degree of necking increases as 6 decreases (more negative). For positive
values shqwn in Figure 18, the menisci are flatter and do not have the neck that
occurred with négative values of ¢. MNote that the height of the meniscus
decreases with 1nbreasing 8. .

Because the webs are very thih, the Menﬁsci on the_two sides of
web can contact for negative values of 6 so that the crystal would separate

from the melt. This occurrance was not considered previously in studies of
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FIGURE 16. Web and Meniscus Cross—’seétion, 0.1 mm Web Thickness and 8 = a°.
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Czochralski growth since the diameter of the crystal is usually sufficiently

large to prevent separation at the neck. Calculations indicate that the mini-

mum value of 6 possible without contact is approximately -10° for silicon

with a web thickness of 0.7 mm. The resulting section of the web and melt is

shown in Figure 19. A meniscus height of 0.830 cm was determined for this

condition using Figure 15 and assuming K = 0.543. ;»}
As the liquid-solid interface is lowered, the equilibrium joining

angle ¢ has been shown to increase. As was pointed out ear1iér by O'Hafa

and Bennetts, the web can be caused to extend into the liquid and a region

of the flat web will be immersed in the melt. It was pointed out that this L

may not be a desirable condition since nucleation may occur on the web sur-

face resulting in a widening of the web. As mentioned earlier, when the top

| of the meniscus is located on the vertical web surface the angles B and 6 are

kequaW. Assuming g equal to 11° ! then we find from Figure 15 that h0 = 0.693 cm.

A section of the.web and melt for this condition is shown in Figure 20. The

height of the meniscus is independent of the position of the end of the web.

0
To summarize, the studies by Gaule and Pastore” and Mika and UeWhoff4

indicate that @ must be maintained at approximately zero degrees in order to i
obtain a uniform crystal thickness. It is predicted that the meniscus height é
for the silicon web wdu]d be 0.768 cm. This is also the approXimate height of ' f
the interface. The magnitude of variation from this height that might be possible
and still obtain flat crystals will require a thermal model. However, the results
obtained in this study place some limits on the variations. The maximum height is

Timited by contact of the two menisti which occur at a height of 0.830 cm.

Since'thickening of the web may occur when the flat vertical {111} surface of
the web becomes immersed in the melt, a minimum height of 0.693 cm would

be possible without jmmersion. Further study mayfdetermine that the temperature

B
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is sufficiently near the melting point that nucleation does not occur and,
therefore, the lower limit may bé less than the 0.692 cm.

The temperature distribution in the web and meniscus is being
investigated with a one-dimensional heat transfer model. Figure 21 shows a
cross-section of the web and meniscus. Temperature variations in the z-
directions are expected to be large compared to variations across the width
and thickness. Heat transfer occurs in the z-direction by thermal conduction
and heat convection as a result of pulling the web. Heat exchange between the
surface and surroundings is by thermal convection and radiation.

The differential equations for the temperature variation with
elevation can be determined by an energy balance on a small elemental
volume. The differential equations for the temperature variation in the web

and meniscus are respectively,

a1, oslos’ AT P g1y . Plkal) L g (5)
p 2 S v W LU v

ard
o Y, bt Y ar e (TeT))
dz2 Am dz KmAm dz ‘mAm
T - (6
; mm
i where

A - cross~sectional area
Ch ~ specific heat "
" H - total irradiance of surface

h - convertive heat transfer coefficient
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Figure 21 Cross-Section of Web and Meniscus at the Liquid-Solid
o Interface
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K - thermal conductivity

P - perimeter

T - temperature of web or meniscus

T - temperature of atmosphere

v - web pull velocity

W - emissive power of surface

z - distance from liquid-solid interface

a - thermal radiation'absorptance of surface

p - density
Subscripts s and m indicate solid and melt, respectively.

A thermal balance at the liquid-solid fnterface yields the following
interface condition, .

dT R dT
"KAS?FZ” S"}\/-\

S i @7 | T PsAYE = O o (7)

dz

where L is the latent heat of fusion of fhe silicon and %gk S and QI—‘m . E ]
are respectively the temperature gradients in the web‘and melt at the interface. -
It is assumed in Equation (7) that the temperature of the solid and Tliquid are
equal at the interface, that is, 1ntefface subcooling is negligible. |

Because of the complexity of the governing'differentia1 equations

given by Equations (5) through (7) an anaiytical solution is not possible. 52 1
Therefore, numerical solutions are obtained usiﬁg the computer.

‘The greatest difficulty in dbtaining accurate temperature calculations

T ST AR SR R AIN

is predicting the irradiance, H, of the web and meniscus. The term is contained
in Equation (5) and (7) and is the thermal radiation received primarily from the
& : 1id and silicon melt. The value of H is a function of z since the view factor

from the 1id and silicon melt varies with position.
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The temperature distribution in the silicon web and meniscus is

presently being investigated using the CSM 3 model. Figure 22 is some results

of that calculation and shows the temperature as a function of distance above

the melt surface. The conditions assumed in these calculations are listed in
Table 1. In addition to these conditions it was assumed that the joining
angle of the meniscus with the solid web s zero degrees. It is seen in Figure
22 that the temperature of the melt is highest jn the crucible and decreases
approximately 12 °C upon reaching the 1iquid—so]1d interface. Due to the
latent heat release at the liquid-solid ihterface, the temperature of

the melt remains approximately constant for some distance below the interface.
The increased rate of temperature decrease after the liquid-solid interface
is primarily due to the Tower thermal conductiv}ty of the solid. Radiation
heat transfer occurs between web, 1id, and silicon melt. This heat inter-
change has been included in the model. Table 1 Tists the 1lid and melt
tempefatures assumed in the calculations.

Parametric studies were made of the temperature distribution in

the meniscus to determine the effect of crystal pull rate, web thickness,

thermal shield geometry, and thermal shield temperature on the growth char-
acteristics at a meniscus joining angle of 0°.

Figure 23 shows the temperature distribution in the web as a function
of distance from the liquid-solid intefface for a O;i mn thick web for pull
rates of 1 cm/min and 5 cm/min. The more rapid decrease in web temperature
océuring at approximately 0.7 cm from the interface is due to thermal radiation
effects of the thermal shield. Below the thermal shield the web receives
thermal radiation from the melt and bottom of‘the thermal shield. For regions
of the web above the thermal shield, radiation is received by thé upper

surface of the thermal shield and surrounding furnace surfaces which are much

8
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Figure 22

of Distance from Melt Surface. Growth Parameters
are listed in Table 1.
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PHYSICAL CONLSTANTS

SILICON SOLID

PARAMETER YALUE

PULL RATE 5 cm/min
WEB THICKHESS 4 mils
TEMPERATURES:

IHTERFACE 1412°¢

LID =27300°
EMISSIVITY:

SILICON SOLID 3

SILICON MELT .22

MOLYBDERUM .37
CONDUCTIVITY:

.22 w/cmdk‘
.6 w/cm®k

SILICON MELT

162 -S2L

SPECIFIC HEAT

gm-°¢
430 cal/gm

LATENT HEAT OF FUSSIOM

DEWSTTY:
SILICON SOLID

2.3 gm/cm3,

SILICON MELT

Shown in Figure 8.

Growth Parameters for M

2.53 gm/cm

eniscus and Web Temperatures

5o s
i
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cooler. Cbnsequently, the thermal radiation heat transfer is greatly diminished
as the web passes through the slot in the thermal shield. The temperature
becomes reasonably steady above the thermal shield since thermal radiation
intensity is relatively constant.
It is seen in Figure 23 that the pull rate has a small effect on the
temperature of the web. However, the temperature of the melt in the meniscus
is affected appreciably by‘the pull raté. Figure 24 shows the melt temperature
as a function of position above the melt surface of the crucible for pill rates
of 1,2,3,4, and 5 cm/min. It is seen that the meniscus melt temperature
varies considerably with pull rate. The temperature of the melt in the meniscus
aﬁ the Tevel of the melt is expected to c1ose1y approximate that of the region
survounding the growth region including the region of the growing dendrites.
Therefore, only the pull rate for which the surface temperature of the melt
has approximately 5° supercooling appears physically realizable. Figure 25
shows: the melt surface fémperature és a function of pull rate. Tt is seen thét
melt temperature of 1407° is obtained at a pull rate of 3.9 cm/min. Either
higher or Tower rates could conceivably result in failure of Fhe web growth.
Consequently, 1t,appears’that accurate control of the growth rate is required.
The results presented are applicable to the present furnace thermal
gebmetry‘being used and the pull rate is within the experimental range. It is
expected that the thermal geometry will have considerable effect on pull rate.
The thermal shield temperature, for example, will have considerable effect
on the pull rate. Thekthermal shield temperature was assumed to be 1260° and was
determined from the thermal model of the melt, susceptor, c%ucib1e, and'thérma1

shield. A higher temperature will reduce the pull rate.
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Graph of Temperature Distribution ?
In Meniscus '
at: (1) 1 cm/min
(2) 2 cm/min
(3) 3 cm/min
(&) 4 cm/min
(5) 5 cm/min
Thickness = 4 mils .
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Graph of Temperature of Melt Surface |
vs. 5
Pull Rate of Meb Growth ‘ '

. ' ' T Thickness = 4 mils
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The primary conclusion that can be drawn is that there may be a

single pull rate applicable to a given furnace thermal geometry. Although

‘there may be some tolerance on the value, accurate control of pull rate may

be required.
Thermal Model of the Melt, Crucible, Susceptor, and Lid.

Figuke 26 shows the nodal geometry for the thermal model presently
being used to represent heat transfer in the melt, crucible, susceptor, and

1id.

As a result of the thermal effect of the slot in the 1id and the
web,. an azimuthal temperature variation in temperature:exists which causes
a three-dimensional temperature variation. The three dimensional nodal
geométry is obtained by sectioning at increments of_azimutha1'angle. However,
it is seen'in Figure 27-that the symetry exists about diametrical Tines along

the slot ahd*ﬁéﬁﬁeﬁ§ﬁ§u1ar to the slot. Consequently, thermal modeling of

" the:90° section is sufficient to determine the temperature field.

induction heating by the RF field is present primarily in the

 outer periphery of the susceptor. The nodes in this region have a thickness

equal to the skin depth of approximately 0.059 cm énd aré seeh in Figure 26.
Heat generation also occurs in the outer periphery of thé iid and is also
included in the model. Internal heat generatjon.is assumed uniform up to_the
skin depth and zero elsewhere.

The 1id is heated by radiation heat transfer from the silicon

melt and the crucible. The 1id in turn radiates heat to the surroundings

from the upper surface. Conduction and convection heat transfer to the
argon atmosphere also effects the 1id temperature.

The LION-4 computer program,is being used to calculate the temperature

field. The internal heat generation rate is specified and from that the

fie
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temperatures are calculated.

The temperature distribution in the melt, crucible, and sus-

ceptor were determined using the two-dimensional model and the results are

shown in Figure 28. The calculation was performed for a solid 1id and the
effect of the web was not incfuded in the calculations. The temperature
distribution in the silicon melt is of primary importance since it is a
determining factor in obtaining web growth. Investigations are presently
underway to evaluate the calculated temperatures to determine whether they
are ideal for web-growth. It seems that the decreasing temperature gradient
from the melt surface to the bottom of approximately 4 °C may be encouraging
to excessive dendritic growth. "

Temperature probe data taken at the bottom of the melt appear
to agree with the calculated values. However, the cé]cu]ated 1id
temperatures are approximately 200 °C below measurements. Two explanations
for the inaccuracy are currently under investigations. First, the
emissivities of the silicon melt and molybdenum are subject to inaccuracies.
It was assumed in the calculations that the emissivity of Si?icon melt
and molybdenum are 0.2 and 0.37, fespective]y. A higher emissivity of si1icoﬁ
melt, for example, would result in increased thermal coupling between the
silicon melt and 1id causing the 1id temherature to increase. |

Secondly, the induction heating assumed for the 1id may be significantly
larger than assumed. It was assumed in the results contained in Figure 28 that
induction heating would occur in the outer periphery at a radial distance equal
to the skin depth.' The assumed region of internal heat generation in the Tid
is the small node at the edge of the 1id in Figure 28. The induction field
may be sufficientlyllarge at the top of the 1id to cause additional heating.

In FigUre 29, the induction field lines obtained Ey electric field analogy
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