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Techni ca 1 Content Statentent 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 En~rgy. 

Man-hours and Cost Totals 

Previous 
Man-hours Cost 

* Cun·ent Year 
Man-hours Cost 

13,356 $176,303 

* Cumulative 
Man-hours Cost 

13 '356 $176,303 

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

Summary 

a. Web Growth 

The web furnace has been set up, calibrated, and made operational for 

pulling dendritic-web samples. Considerable work has been completed in the 

investigation of the effect of changes in the furnace thermal geometry, as 

accomplished by variations in the number, size, shape, and location of thermal 

shields, on the growth of dendritic-web. Although shield geometries have 

been found to optimize button growtl1 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 syn1netry for button formation 

and dendrite· growth had been achieved .. 

Numerous growth runs were made to grow primitive dendrites for use 
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as 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 ~eed crystal for w~b gro\'lth. 

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 

particular furnace geometries and growth conditions. This information has 

been studied i~ conjunction with the experimental growth investigations in 

order to achieve proper thennal 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 ems. 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-

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

To increase the pull-rate of the web beyond this 4 em. per_minute upper 

limit will require a furnace geometry which allo~s increased removal of the 

latent heat g~nerated at the solid-liquid interface. 

c. Web Characterization 

The facilities for obtaining the following characterization data 

have been set-up and made operational: 

T~in spacing 
Dislocation density 
Web geometry, ;.e., width, thickness 
Resistivity 
Majority chafge carrier type 
Minority carrier lifetime by ~lOS tl~ansient 
capacitance measurements 
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Data on t1·Jin 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. All samples to date have been high resistivity, undoped, p-type. 

Interpretation of Results 

Web Gro\'tth 

Insufficient 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 utilizing a significant 

variety of heat shield configurations in order to achieve the proper thermal 

profile for sustained two dendrite web growth. The best thermal 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 alumina 

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

this arrangement 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 fall-out occurred typically before the 

web was pulled through the slot in the top heat shield. These results are 

interpreted as being due to the .top heat shield being too hot and preventing 

the \'teb from solidifying bet1veen the dendrite and the bottom of the button. 
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Heb Analysis. 

A.na.lys is .of the, therma 1 geometry present j n the furnace was _ 

confirmed. by therma.l probing of the .melt in the crucible with a thermo­

couple probe. Th~ model being used in the analysis is thus felt to be 

adequate for use in predicting and confirming the thermal geometry to be 

expected to result from experimental variations introduced into the furnace 

while attempting to establish the proper growth conditfons for the dendritic-

we~·-

The. two-dimensipnal analysis of the temperatures present in the web 

and mer'!iscus for various pu.ll. rates .revealed that the melt. temperat\Jre, for 

any given meniscus height, \.Yas critically dependent on the pull rate of the 

web. Thus, if growth conditions require a specific range of temperatures 

to be maintained in the melt,, this '1/0uld establish the pull rate.over .. which 
t t 

it would be poss.ible to sustain dendritic-web gro'l:th. ln fact, the mini·mum 

temperat.ure that can be maintained in the melt and still sustain.growth dictates 

the maximum pull ra~e that c~n be achieved for any specific meniscus height. 

Under these conditions the maximum meniscus height that can be ftChieved 

without thinning._the web will give the max~mum pull rate. Application of this 

analysis to our f~rnace geometry and using the maximum possible meniscus height 

of0.76 em indicateothat the maxi.mum,pull.rate that could be achieved and stili­

sustain .web growth was 3.9 ems per minu~e. A minimum melt temperature of 1407 °C . ' 

was assumed as the maximum supercooling that could be permitted and still 

maintain grm-Jth. 

Web Characterization 

The limited characterization data that has been obtained to date 

indicates that the measurements are valid and that they can be utilized to 

evaluate the web material grown in our furnace. 
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P roq_ram E ff_()J::j:2_ 

Heb Grm·1th 

. Figure 1 illustrates the \·!eb GrO\'Jth Furnace \'lhich is pO\'Iered by a 

lOkW 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 flo\'J of argon entering the furnace at the 

bottom, is constructed of stainless steel. A five inch diameter quartz 

tube,surrounding the susceptor and pedestal and within the water cooled heater 

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

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

through a slot in the top heat shie1~ to a wind-up reel located above the 

furnace. 

The following check-off list represents the procedural instructions 

that have been established for the operation of the growth furnace: 

PrestarJ-up 

1. Check generator off button on generator. 

2. Check filament off button on generator. 

3. Check main breaker on rear of generator. 

Start-up 

Load and assemble th~ furnac~. After this is complete, proceed 

as f o 11 O\'IS : 

1. Check cooling water on furnace. Turn on both valves -one to 

furnace and other to generator. 

2. Turn on argon flo~ to 50 cfh. 

3. Turn on filament button on generator. 

Note: Afte1~ the abovt· three items have been accomplished, 

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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Furnace 

8 

4. Check controller Auto-Manual switch. Put it in manual 

position and have ter~erature control on -zero. 

5. Turn on power button on the generator. 

Caution: Hark coi 1 is now HOT! 

6. Adjust power to 5 kilovolts until susceptor glows (ap­

proximatel_y a minute). Increase power to 6 kilovolts 

until outgassing stops {approximately 5 minutes). In­

crease to 8 kilovolts for 2 minutes to let the temperature 

stabilize. The~ increase to 10.5 kilovolts until complete 

melting.is obtained. 

7. Decrease argon flow to 35 cfh. 

8. Lower temperature·to growth value. After the temperature 

has stabilized it is ready for web growth. 

Shut Down 

L F1 i p the Auto-Manual switch to Manual. 

2. Cut furnace temperature. 

3. Turn the generator power. button to off. 

4. Wait 30 minutes for cool-down and proceed as follows. 

5. Turn filament button off. 

6. Turn off main breaker. 

7. Turn off argon. 

8. ·Turn off water valves. 

The following seeding techniques have been follm·1ed, with more 

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

Seeding Technique #1 ("transient method") 

1. Find grm<~th temperature. Grm<~th temperature is taken at 
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temperature for good button grov1th, determined by experiment. 

2. Raise melt temperature 15 to 20 °C above the growth temperature. 

Dip seed into melt to melt off end. 

3. Reset ter::perature controller for "growth temperature ... 

4. As temperature of melt drops, seed is dipped into melt 

at 5 to 7 °C above the "grm·1th temperature ... 

5. As melt temperature drops further, button growth begins. 

When wings torm On button, pull1ng 1s. started at 80 - 100% 

on the speed controller (this corresponds to 6 .to 7 em per 

min.). 

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

10 ~ 40% (i.e. 2 to 4 em/min). 

Seeding Technique #2 (standard) 

1. Find melting point of melt .. This is accomplished by dipping 

a seed into the melt ~nd adjusting the temperature until seed 

n~ither melts nor grows. A seed etched to a point gives a 

more accurate melting point. 

2. Set desired 6T on temperature controller (can be anywhere 

from 2 - 25 °C. Actually, we are pr~sentlY using 5- 20 °C.). 

3. As melt temp. drops to new value, button begins to grow. When 

wings first appear pul1in9 is. com;nenced at 10 - 40~~ of speed 

controller (this corresponds to 2 - 4 em/min.). 

4.· 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 limitati~n 

of pull rate and growth Hidth of dendritic-web ribbon, it was deemed essential 

that our experimental gro0th runs be conducted using seed dendrites having 

the optirr.ulll tvJin spoci ng for the 1·1eb grO\o.Jth. 

The t~0n 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 dendrit~s, and from these, pulling 

long dendrites to be used for seeds for web growth. 

Primitive dendrites were grown by quickly dipping 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 resulting growth mass 

conto.ins many "growth mistakes .. in the form of twins. Only those twin 

spacings that sustain growth by the twin plane reentrant edge mechanism 

will result in primitive dendri-tes protruding ·from the growth ·mass. :'f'·he 

growth mass with the few protruding primitive dendrites was usually too large 

to be pulled through the largest opening in our normal heat shield. A special 

heat shield for use during the primitive dendritic growth was made as shown 

in Figure 3. 

The primitive dendrites were fractured from the growth mass and 

the tlo.Ji n spacing measured. Longer dendrites for seeds as web growth \'lere 

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

find the optimum spacing. 
'{, 

Runs were made using primi~ive dendrite seeds having twin spacings 

of (3 and 2) ~!In and (8 nnd 2) J..lrn for cornpnrison lo.Jith the pt·eviously used 

standard seed having a twin spacing of (0.9 and 1.9) J..lm. Results to date 

indicate poorer button formation and wing development with the (3 and 2) pm 

spacing. 
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. Figure 3. Heat Shield for Pulling Primitive Dendrites 

/ 
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Temperature profiles in the crucible were measured'using a 

Pt-Pt, 10~ Rh. thermocouple in a quartz protection tube. These results 

l"l~re then cor;~pared 1·1ith the profile ~eternrined by ther~1al analysis. The results 

are shown in Figure 4. THe ~xperimental points ·are skewed somewhat to 

the right be~ause the melt did not achieve a horizontal level in this run. 

The 4 inch diameter straight sided susceptor with one top shield having an 

oblong slot 1.85'' x 0.25 11 \oJas used for the run in which these measurements 

were taken. 

The following'lists a summary of the results achieved for the 

different furnace configurations that were tried during the past year in 

attempts to achieve the proper thermal configurati.on for two dendrite web 

growth. 

1. Shield #1 (Figure~) 

411 st1·aight sided susceptor 

Comments: 

Ox~de buildup on slot was greater than for larger slot 
openings. 

Button growth was good. Button aspect ratio: 2/5 average-. 

2. Shield #1 (Figure 5) 

411 straight sided susceptor 

4.15 11 Diffuser plate, .25" thick 

Comments: 

The diffuser plate \'Ia!: moved up from the bottom of the 
furnace chamber to wi;hin one inch of the susceptor bottom. 
This position was inside the coil. The large diameter of 
this plJt.(~ caused it 10 couple too well to the field, robbing 
pmo,~e1· to the suscept01·. Subsequently, w~ \'l'ere unable to 
melt any s i 1 icon. 
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3. Shield #l (Figure 5) 

4" straight sided susceptor 

3.85" x .04" bottom shield 

Comments: 

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

One button was grown with aspect ratio of l/5, but ice was 
also observed growing. Three inches of 1 em. wide multi­
dendrlte web pull~d. 

4. 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 crucible bottom 
pulling seed free of seed holder. 

Pulled out two pieces: First button was 2/~ aspect ratio 
with only one wing and three dendrites. Left dendrite 
joined center leaving 2 dendrite web for ·16 1

' 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 1st piece. One initial dendrite 
grew to three dendrites then back to one. A new button 
was grown on.this dendrite which froze to the crucible 
bottom, pulling the s~ed free of the holder. · 

5. Dumbell heat shield #2 mod. 2 (Figure 6) 

4" straight sided susceptor 

3.85" x .04" bottom thermal shield 

.025" Al 2o3 insulator cut to fit between the pedestal top and 
susceptor. 

Comments: 

Seven buttons \'Jere grm::n, but nothing was removed.· Of the 
seven, six had wings, and three had 2 dendrites only, but 
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each case as the pull continued, the web fell out. Average 
button aspe~t ratio was l/2. 

6. Shield #7 (Figure 7) 

411 straight sided susceptor 

Alumina insulator between pedestal and susceptor· 

Comments: 

Buttons average aspect ratio was l/3. Wing formation 
was good. All 2 dendrite web fell out. Some multi­
dendrite web held. On the last button, which had 1/2 
aspect r,:~tin nnrl one wing with four dendrites.? we pulled 
19.5 inches 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. 

7. Shield #8 {Figure 8) 

411 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 11

• Two oth~r good buttons 
were grown with two wings and dendrites •. The web fell 
out of both .• 

8. Shield #7 Mod. #1 {Figure 9) 

411 strai-ght s~ded sus.ceptor 

Bottom thermal shield 

Alumina susceptor insulator 

Comments: 

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 dend~ite web. We could not keep 
the web wide, its tendency was to continually narrow. 
Tot a 1 1 ength was 70 11

• 
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9. Dumbell heat shield #10 (Figure 10) 

411 straight susceptor 
I 

Bottom thermal· shield 

Alumina susceptor insulator 

Con-;ments: 

Button gro~th was poor with large square buttons. 
\-!hen wings \oJere induced, they grew from everywhere. 

1 0. S hie 1 d # 1 ( F i gu re 5) 

411 stra_i.ght sided susceptor 

.Alumina susceptor_ insulato_r 

2 bottom thermal shields sepa(ated .2511
• 

Comments: 

The first thermal shield was against the susceptor· 
support, with the second shield separated from the 

.._ first by a .25 11 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 not see the _buttons growing. 

Button formation was fair, but no continuous dendrite 
grmoJth cou 1 d be achieved. 

11. Dumbel·l shield #1 near the melt (Figure ll) 

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

2 bottom thermal shields 

411 straight sided susceptor 

Alumina susceptor insulator 

Connents: 
. . 

rio good buttons 1·1ere grol'm. Buttons usually had no loJi ngs. 
Some buttons froze in the melt before wings could form. 

12. 2 top shi~lds dumbell #2 mod. r.2 over shield #2 (Figures 6 and 12) 

2 lower termal s.hields 

4" str-ai.ght sided susceptor 

Alumina susceptor insulator 
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DUMBELL HEAT SHIELD NO. 1 
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Figure 11 
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Comi:lf;nts: 

Buttons 1·1ere not verY \':ell defined. The corners and 
-sides were rounded somco~hat. There lo.Jere two occasions 
when the button grew t~o wings and dendrite, still the 
web fe 11 out. 

Two pieces of material were removed. First button was 
2/J c.~~~r+_. r.-'lt.io 1·1ith one wing and 3 dendrites. After 
ont: -;,,L;,, ullc dendrite stopped. \~e obtained five more 
jn~:.e~ .. -~ wi,- .. , t1·:o dendrite web. Second button was l/2 
aspect ratio l'ti th 2 1·1ings and 4 dendrites. After 5" 
of 4 dendrite web, 3 stopped, 1 continued for 9". 

~13. A 2.63" dia. x 2.5" height susceptor was tried. We could not 
fOI"Ce the generator to melt the sfl i COil char·ge. 

14. 4" straight sided susceptor 

2 top shields dumbell #2 (both)(Figure 1-3) 

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 bu.tton)-·but picked;up a third 
dendrite. 3'' of '1/4" 1·1eb and 8" of 3 dendrite material 

.made up this sample. Piece 2 started but with a small 
1/1 aspect ratio button 2. wings arid 2 dendrites very 
close together. 2 more dendrites started ·immediately 
giving ll. 5" of 4 dendrite web. 

15. 4" straight si,ded susceptor 

2 top shieldS, dumbell #-2 (both) (Figure 13) 

2 shields ·bottom 

Alumina susceptor insulator 

Comments: 

Button gr01vth fair. \·ling formation was good. \·Je gre1<1 
3 buttons with 1 wing, 3 with 2 wings, and 1 with no 
wings. On all 3, 2 winged buttons web fell free of the 
dendrites at the heat shield. 
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DUMBELL HEAT SHIELD NO. 2 

~---~----'----... 4.0" 

' ., 

• 061N. ll:OLVBD~NUIIJ 

Figure· 13 .. 



16. 4" straight sided susceptor 

Top shield (one) dumbell #2 (Figure 13). 

One bottom shield 

Alumina susceptor insulator 

Comments: 
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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 lowered directly on the lip 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. 

17. 411 lipped susceptor 

Shield #l (Figure 5) 

One bottom shield 

Alumina susceptor insulator 

Corrments: 

Button growth and aspect ratio was very good. Some 
buttons were as long as l/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 pfece of 
multidendrite material was grown. The button was l/3 
aspect ratio with two wings and 3 dendrites. There 
.,.,as one extra \'ling which grew from the growing dendrites. 
This looked like an arm going out and up from the central· 
core. 

18. 411 lipped susceptor 

Shield #1 (Figure 5) 

One bottom thermal shield which \'las only 3 1/811 dia. x .06" thick 

Alumina susceptor insulator 

1 Comrnents: 

A 11 buttons grm-Jn, were of goo·d aspect ratio with wings, 
but everyone froze to the bottom of the crucible--. 



28 

19~ 411 straight sided suscef.)tor 

Bottom thermal shield 

Shield #7 mod ~1 (with 2 pieces of moly covering the mod. 
to simulate ii7.) (Figures 7 and 9). 

Alumina susceptor insulator 

. Com;1ents: 

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 grm-m, 3 no wings,, 
5 one wing, and 7 0ith 2 wings. · 

20. 411 strajght sided susceptor 2.5 11 height (previous 411 susce.ptors 
were 1 ~ 25" ln~i ght) . 

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

Bottom thermal shield 

Alumina susceptor insulator 

Comment: 

This susceptor with its great mass_ caused' the contro1ler 
to over- and under-shoot its set points by 5 to 7 degrees. 
Seven buttons were grown, one »'i th no wings, one with · 1 

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

Wuliscus 9cn:::etry) 

Analysis. Theoretical stud·ies hJve been performed to determine the geometry 

of the 1;,eniscus at the liquid-solid interface of the grovling web. The meniscus 
I 

geometry \':ill have an il"~lortant bearing upon the _grO\<Jth characteristics of the 

web as well as the temperature gradients at the interface. 

A number of simplifying assumptions have been made. Perhaps the 

inost impo1·tant assumption is that the static or st;nionr~ry r.onclitions were 

as~umed. That is, the effect of tluid motion due to web ~rowth 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-Laplace equation which relates the pres~ure difference Ap across the 

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

(1) 

where r
1 

and r2 are the principal radii of curvature and are defined to be 

positive when the 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, . . f' . t d "l r2 , 1s 1n 1n1 e an - = 
r2 

0. 

Figure 14 is a cross-section of the web and meniscus. The angle of 

contact r js the angle between the solid surfact and the liquid surface. 

Experimental measurements by S\·wrtz, Surek, and Chalmers1 indicate that sis 

approximately 11°. Angle o in Figure 1~ is the joining angle of the meniscus 
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\ 

--WEB 

MELT 

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

angle, e is joining angle, h
0 

is height of meniscus at contatt, 

and y and z are horizontal and vertical coordinate~. 
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and is 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, th~ contact angle Band the joining angle e are equal. 
I 

Negative values of e are measured to the left of the vertical axis and positive 

values to the right. Thus, the value of e in Figure 14 would be negative. 

Batchelor2 presents the solution to the Euler~Laplace equation for 

the two-dimensional plane meniscus. Both the shape of the meniscus .and ~he 

height con be determined from the results. Gaule and Pastore3 derived an approxi-

mate equation for determining the meniscus height. 

Following Batchelor the meniscus height ho is given by 

· h
0 

= J K 2'( l-si ne) . (2) 

where 
K =j...:t. pg 

(3) 

' and p is melt density and g is the acceleration .of gravity. The meniscus 

height h
0 

is also equal to the height of the interface above the melt level 

as long as none of the flat vertical surface is in~ersed in the melt. Further, 

the shape of the meniscus is given by 

-1 
v -1 2K- cosh 2K + "- = cosh K ~ ,h

0 

h2 
l/2 2 l/2 

( o ) - (4- L2 ) 
4--2-

K K 
(4) 

When y and z are hurizontal and vertical cooridinate, z = ~(y) is the liquid­

gas interface. Note that h
0 

and t are functions of e but not direct)y dependent 

on s. Angles Band e are related by the geometry of the, solid surface at the 

point of meniscus-solid contact. 
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. . 
R~sults of Analy~j_s_. In Figure 15 the din!cnsionless term h/K given by .Equation 

/ 

(2) is shown as ~ function of o. The maximum h /K is obtained when e = -90° and 
O· 

. -

decrease~ to zero when o = 90". The results presented in-Figure 15 a~e indepen-

dent of the fluid prcper'!:ies and the acc-eleration of gravity. The terms are 

included in K which was defin~d ~n Equation (3}. Taking t~e values ~or silicon1 

of y = 720 el'g/cm2 and p = 2'.49 gm/cm3 and th~ acceleration of grav-ity of 

'980 cm/sec2, it is fo~nd that K = 0.543 em. With t~e val~e of K and Figu~e 15, 

h -can 'be calculated by rnultiply1ng h/K by the value of K .. For exe..mple, Mika 

and Uelhoff4 state that for stationa~y growt~ (non-increa~ing or decreasing \'leb. 
. . ~ . 

thickness), e must be approximately equal to zero. From Figure 15 the predicted 

value of h for stationary growth is 0.768 em. 

Figure 16 is a scale drawing of the'web and melt cross-section for · 

e = 0° and with a web thickness of 0.1 mm. Because of the large surface tension 

of silicon,· a long thin column of me1t is present below the \'leb. ·Meni'Sci 

geometries were determined using Equation (4) and are shown for various negative 

values of e in Figure 17 and positive values in Figure 18 .. These figures show a 

·section of th~ meni·scus on t~~ ri~ht ~ide of the web and the meniscus-so)id 
' 

contact is along th·e·vertical·dashed lfne. 'Dimensionless coordinates y/K and 

r,/K ~re used so that these curves arP. g~ner~l for _all fluids. ·In Figure 17 ·it 

is seen that the meniscus ,is always necked be·low the liquid-solid interface 

-and the degree of necking increases as e decrease's (more negative). For positive 

values shown ih Figure ~8, the menisci are flatter and do not have the neck that 

occurred with negative values of e. Note that the height of the meniscus 

decreases with increasing e. 

Gecause the \·:ebs are vet·y thi.n, the menisci on the b1o· sides of 

web can contaCt for ne9ative v·a·lues of e so that the crystal would sepa.rate 

from the melt. This occurrance was not considered previously in studies of 
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MELT 

\ ' 

FIGURE 16. ~leb and 1•1eniscus Cros-s-section,. 0;} mm Web Thickness and fl = 0°. 
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FIGURE 17. Menisci Geometry for llegative Joining Angle e. r)K is 

. plotted as a function of y/K. 
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FIGURE 18. l'~enisci Gr.oiilet1·y for Positive Joining Angle e. r./K is 

pl0ttc.:d as a function of y/1:. 
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Czochralski grO\·Ith since the diameter of the crystal is usually sufficiently 

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

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

1vith a \>leb thickness of 0.1 mm. The resulting section of the web and melt is 

shmvn in Figure 19. A meniscus height of .0.830 em was determined for this 

condition using Figure 15 and assuming K = 0.543. 

As the liquid-solid interface is lowered, the equilibrium joining 

angle e has been shown to increase. As was pointed out earlier by O'Hara 

and Bennett5, 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 

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 verti ca 1 \'Jeb surface the angles a and e are 

equal. Assuming B equa 1 to 11 o 
1 then we find from Figure 15 that h

0 
= 0.693 

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. 

em. 

To sun~arize, the studies by Gaule and Pastore3 and Mika and Uelhoff4 

indicate that e must be maintained at approximately zero degrees in order to 

obtain a uniform crystal thickness. It is predicted that the meniscus height 

for the silicon web would be 0.768 em. This is also the approximate height of 

the interface. The magnitude of variation from this height that might be possible 

and still obtJin 11iit Cl·:,..st.~ls 1vill rcqui1·.~ a thermal r~::1del. Ho.wever, the 1·es~rlts 

obtained in this study place some limits on the variations. The maximum height is 

limited by contact of the t1vo menisci \'lhich occur at a height of 0.830 ern. 

Since thickening of the 1\'eb may occur 1vhen the flat vertical {111} surface of 

the web becomes immersed in the melt, a minimum height of 0.693 em would 

be possible without immersion. Further study may determine that the temperature 
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WEB 

FIGURE 19.Web and ~eniscus Crcss-secticn fer P= -10° and Silicon Melt. 
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M~LT 

FIGURE 20. ~eb and Meniscus Cross-section for e = 11° and Silicon Melt. 
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is sufficiently near the melting point that nucleation does not occur and, 

therefore, the lower limit may be less than the 0.693 em. 

The temperature distribution in the web and meniscus is being 

investigated with a one-din~nsional heat transfer model. Figure 21 shows a 

cross-section of the web and meniscus. Temperature variations in the z-

directions are expected to be 1 at·ge compa;·ed '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 ene_rgy balance on a small elemental 

volume. The differential equations fot the temperature variation in the web 

and meniscus are respectively, 

arrd 

where 

-P(l~-aH) 
K A m m 

dA __ m+ 
dz 

= 0 

A - cross-sectional area 

cp - specific heat 

H - total irradiance of surface 

hP 
- KmAm 

h - convertive heat transfer coefficient 

( 5) 

(6) 
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Figure ?i. Cross-Section of l·!ob ancl t·ieniscus at. the Liquid-Solid. 
Interface 
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K - thermal conductivity 

P - perimeter 

T - temperature of web or meniscus 

Ta- tem~erature 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. 
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A thermal balance at the liquid-solid interface yields the following 

interface condition, 

-K A. dT 
s s dz K A 

m m 
dT I dz m (7) 

where L is the latent heat of fusion of the silicon and ~~Is and ~~ \ m 

are respectively the temperature gr~dients in the web and melt at the interface. 

It is assumed in Equation (7) that the temperature of the solid and liquid are 

equal at the interface, that is, interface subcooling is ne9ligible. 

Because of the complexity of the governing differential equations 

given by Equations (5) through (7) an analytical solution is not possible. 

Therefore, numerical solutions are obtained using the computer. 

The greatest difficulty in obtaining accurate temperature calculations 

is predicting the irradiance, H, of the web and meniscus. The tenn is contained 

in Equation (5) and (7) and is the ther·mal radiation received primarily from the 

lid and silicon melt. The value of H is a function of z since the view factor 

from the lid and silicon melt varies with position. 
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The teiiiperature distribution in the silicon web and meniscus is 

presently being investigated using the CS~P3 model. Figure 22 is some r~sults 

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 is ~era degrees. It is seen in Figure 

22 that the temperature of the melt is highest in the crucible and decreases 

approximately 12 oc upon reaching the liquid-solid interface. Due to the 

latent heat release at the liquid-solid interface, 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 lm-1er thermal conductivity of the solid. Radiation 

heat transfer occurs between \'leb, lid, and silicon melt. This heat inter­

change has been included in the model. Table 1 lists the lid and melt 

temperatures assumed in the calculations. 

Parametric sturliP~ w~r~ made of the temperature distribution in 

the meniscus to detennine 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 interface for a 0.1 nm thick.\·Jeb for pull 

rates of 1 em/min and 5 em/min. The more rapid decrease in web temperature 

occuring at approximately 0.7 em from the interface is due to thermal radiation 

effects of the thermal shield. Below the therm~l shield the web receives 

thermal radiation frolil the melt and bottom of the thermal shield. For regions 

of the v1eb above the thermal shield, radiJtion is received by the upper 

surface of the thermal shield and surrounding furnace surfaces which are much 
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Figure 22 Temperature of ~eniscus and Web as a Function 
of Distc:ncc frc:n 1-:.:lt Surface. GrO\.,th Parameters 

- are listed. in Table 1. 

5 



J •• 

PHYS I Cf,L co:;STANTS 

PMUYi:TER 

PULL RATE 

~JEB THICKNESS-------------

TEI<PERATURES: " 
IllTERFACE 
LID~-------~----------------~-. ' 

HHSSIVITY: 
SILICON ·SOLID ----------:---­
SILICON l·lELT --------------­
NOL YBDENUI~ -----------

CONDUCTIVITY: 
SILICON SOLID ---------'--­
SILICON I·!ELT ----------------------,---

SPECIFIC HEAT --------------:-­

LATENT HEAT OF FUSSION -----------'--­

DENSTTY: 
SILICON SOLI 0 -----------­
SILICON ~1ELT --

VALUE 

5 em/min 

4 mils 

1412°C · 
~1300°C 

.3 

.22 

.37 

.22 w/cm0 k 

.6 w/cm0 k 
cal 

.162 gm-ct 

430 cal/gm 

3 2.3 gm/cm 3 2.53 gm/cm 

Tab 1 e 1 Growth Parameters for Meniscus and Web Temperatures 
Shown in Figure 8. 
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cooler. Consequently, the thenr:a l r adiat i on hea t transfer is grea tly di minished 

as the web pa sses throuyh the s·lot in the thermal shield. The temperature 

becOii'I3 S r e,l s nn obly ste ady ab o·/e the th e r ma l shield since thermal radiation 

inten s ity i s relative l y cons t~ nt. 

It is see n in Figure 2] that the pull rate has a small effect on the 

tero1perature of the v:cb. H01·:ever, the temperature of t he melt in the meniscus 

is aff~rtPrl ~rrr~ciably by the pull rate. Figure 24 shows the melt temperature 

as a function of position above the melt surface of the crucible for pull rates 

of 1,2,3,4, and 5 em/min. It is seen that the meniscus melt temperature 

varies considerably with pull rate. The temperature of the melt in the meniscus 

at the level of the melt is expected to closely approximate that of the region 

surrounding the grov1th region including the region of the grmving dendrites. 

Therefore, only the pull rate for 1·1hi ch the surface temperature of the melt 

has approximately 5° supercooling arpears physically realizable. Figure 25 

shows the melt surface temperat11rP as a fl!ncti on of pull rate. It is seen that 

melt temperature of 1407° is obtained at il pull rate of 3.9 em/min. Either 

higher or lower rates could conceivably result in failure of the web growth. 

Consequently, it appears that accurate control of the growth rate is required. 

The results presented are applicable to the present furnace thermal 

geometry being used and the pull rate is 1:"ithin the experimental range. It is 

expected that the therinal geometry 1vi 11 hil ve considerable effect on pull rate. 

The thermal shield tempe1~atu1·e, for example, will have considerable effect 

on the pull rilte. The thcr111al sfl ·iel ci t cmpcruture l'<as assu med to be 1260" and 1·1as 

deter111ined h om the th c n nJl model of the me lt, susceptor, crucibl e , and therma l 

shield. A hiyhcr te:: :pct·dture \\'ill reduce the pull rate. 
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Graph of Temperature of ~elt Surface 
vs. 

Pull Rate of Web Growth 

Thickness = 4 mils 
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Figure 25. TrPipei'Jture of n1clt surface as a function of pull rate. 
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The pri ~ary conclusion that can he 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. 

Figure 26 shov:s the nodal geometry for the thermal model presently 
being used to represent heat transfer in the melt, crucible, susceptor, and 

lid. 

As a result of the thermal effect of the slot in the lid and the 

web, an azimuthal temperature variation in temperature exists which causes 

a three-dimensional temperature variation. The three dimensional nodal 

geometry is obtained by sectioning at increments of azimuthal angle. However, 

it is seen in Figure 27·that the symetry exists about diametrical lines along 

the slot and perpendicular 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 em and are seen in Figure 26. 

Heat generation also occurs in the outer periphery of the lid and is also 

included in the model. Internal heat generation is assumed uniform up to the 

skin depth and zero elsewhere. 

Tbe lid is heated by radiation heat transfer from the silicon 

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

from the upper surface. Conduction and convection heat transfer to the 

argon atmosphere also effects the lid 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 
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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 sol~d lid and the 

effect of the web was not included in the calculations. The temperature 

distribution in the silicon melt is of primary importance since it is a 

deter~inin~ factor in obtaining web growth. Investigations are presently 

unde1·way to eva 1 ua te the calculate d. temperature~ to determine whether t.hPy 

are ideal for web-growth. It seems that the decreasing temperature gr~dient· 

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 calculated lid 

temperatures are approximately 200 °C below measurements. Two explanations 

for the inaccuracy are currently under inve.stigations. First, the 

emissivities of the silicon melt and molybdenum are subject to inaccuracies·. 

It was assumed in the calculations that the emissivity of silicon melt 

and molybdenum are 0.2 and 0.37, respectively. A higher emissivity of sil:icon 

melt, for example, would result in· increased thermal coupling ~etween the. 

silicon melt and lid causing the lid temperature to increase. 

. . 

Secondly, the induction heating assumed for the lid 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 lid 

is the small node at the edge of the lid in Figure 28. The induction .field · 

may be sufficiently.large at the top of th~ lid to cause additional heating. 

In Figure 29, the induction field line~ obtained by ele~tric field analogy 
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INDUCTION FURNACE MAGNETIC FIELD 

Figure 29. Furnace Induction Field Geometry Determined by 
Electric Field Analogy. ' 
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are shown and it is seen that the lines ·curve rather sharply over the top.of 

the lid which could result in significant induction heating. 
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Web Characterization 

During this report period the facilities for ~haracterizing the 

seed dendrites and dendritiC-\'Jeb sample's have been set up and made operational. 

This topic is divided into t\'IO ger.era_l areas, structural and electrical, the 

activity in each of which is summarized below. 

Structura 1. 

Measurement of bJin spacings, thickness,density of dislocations 

running down the web· parallel to the two main faces, and spacing of twin 

lamellae betwe~n ihe main faces necessitate viewing the sample "end on" 

under an optical microscope.t This requires very exacting alignment. Often 

it is desired to tilt the sample approximately 20° to examine one of the 

{111} planes on the fracture cross-section. The sample holder ·itself shown 

in Figure 30 was fabricated from a l/4 inch diameter steel rod with one end 

machined flat and a wire spring attached so that, the sample is held firm~y 

against the flat. The rod is placed in a V cut in a small block of steel 

that is affixed on one side of a steel plate cut to the size of a micro­

scope slide. A knob allows rotation of the sample. 

Transmission el~ctron microscopy is used to examine samples-for 

dislocations and microdefects (vacancy cluster, dislocation loops, ~nd 

microprecipitates). One-eighi (l/8) inch diameter samples must be ~ut to 

fit on'the standard electron microscope sample grids. The samples must then 
0 

be thinned to less than 2000 A . A tool was made for the ultrasonic cutter 

to cut l/8 inch diameter samples. Tests are being made to be sure that 

the cutter we-use is not putting in damaged or additional dislo~ations. 

Thinning of such small samples for TEM~equires jet etching. 

Jet etchers for Si and Ge require special materials that can withstand 
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HN03 and HF and also not introduce contamination. A jet etching apparatus 

has been designed and constructe~ somewhat along the lines of several already 

reported in the literature. The first design p~oved to be too critical in 
' 

adjustment and gave very uneven etching. A second one has been built. 

With the new instrument ~nd practice an operator can repeat~dly 

produce successfully etched samples. The active nature of the etchant is a 

constant worry, but immediate clean-up of the etcher after use minimizes 
! 

part wear. Parts that wear are the tip and the bottom cap of the nozzle 

which are made of quartz. 

The following is a description of the modifications made on the 

etcher, and a detailed etching operation procedure is given in Table 2. 

As depicted in Figure 31, the nozzle body is made of teflon instead 

of quartz as used before. Since the CP4 etchant does not react with teflon, 

the problem of erosion is eliminated. The tip is made of a pi~ce of quartz 

capillary with an inside diameter 1 mm. ·It is sealed to a holder which 

screws into the nozzle body. The holder is also made of teflon. The etchant 

does erode the tip and the bottom cap. If care is taken in thoroughly cleaning 

the nozzle after each.etching operation, the tip and the bottom cap can 

last for many operations. 

In order to evaluate the role of twin spacing in the seed dendrites 

on the growth of dendritic-web ribbon a number of primitive dendrites were 

grown containing the number of twin planes and t\'lin plane spacings given in 

Table 3. 

The number of twins and the twin plane spacings of the dendritic-

web samples grown from seeds of kn01vn t\·lin plane characters are given in 

Table 4. 

• 
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TABLE 2 

OPERATION PRCCECUR:S FOR THE JET ETCHER . . 
PRECAUT;O~i: Protective gloves should be worn during entire operating procedure 

1. Insure that drain reservoir is properly connected to etcher drain and 

charge~with the necessary Caco3 + CaCl 2 + H
2
o acid neutralizer. 

2. Mount the sa~ple to the holder with black wax. (Use toluene as solvent.) 

3, Position the sample above the nozzle tip. The distance between the 

sample and the tip should be approximately 3 mm. 
4. Place the top on the etcher. Assure that the sample can be observed 

from the viewing mirror. 

5. Adjust the bottom of the etchant reservoir to a level approximately 

5 em above th~ nozzle tip. 

6. Mix CP4 etchant. (To etch a 10 mil silicon sample, use 27 c.c. HF + 

123 c.c. HN03.) 

7. Turn on rinse jet w~ter. 

8. Turn on the etcher light. 

9. Turn off the room light. 

10. Pour etchant into the reservoir. 

11. When a dim red light is observed in the viewing mirror, reposition 

the samp~e holder so that the sample is directly above the rinse jet. 

12. Turn on the room light. 

13. Decant the residual etchant from the reservoir into a plastic beaker. 

14. Disconnect the tubing from the reservoir to release the remaining 

etchant into the beaker. 

15. Stop the rinse jet water. 

' 
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16. Remove the sample ho.1der and rinse it in water. 

17. Disconnect tubing from the rinse jet. • 

. ' 
18. Rem9ve tubing form the drain re~ervoir . 

19. Rinse the ~tcher with tap water. 

20. Unscrew the nozzle tip holder from the -nozzle body and rins~ both 

pirts' thoroughly with water. 

21. Remove the sample from the holder. (Dissolve ·wax in toluene.). 

22. Rinse the sample in acetone. 

"· 

"· 
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TABLE 3 

\ Table of T1·1in Spacings frG::l Pri1nitiv~ Dendrite.Pulls 

:~o. of T\'Ji n Plc::r:es Twin Plc::ne Spacings (~m) 

2' 3 4 

5 0.4 0.4 0. 1 1.9 

4 1.6 2.4 1. 0 

8.0 2.0 10.0 

19.2 l.O 8.8 

3 2.0 l. 0 

4.0 1.0 

4.4 2.0 

8.0 . 2.0 

1.9 0.8 

8.8 1.0 

0.8 0.6 

8.5 0.3 

2 14.0 

12.0 
-·· 

9.4 

7.0 

6.4 

'. 



TABLE ~ 

Twin Spacings -in Dendritic-web Samples 

SA!-~PLE: 7-6-76-C-3 

SEED: 

J Regions 

SAMPLE: 7-6-76-C-2 

SEED: 

5 Regions 

SAf~PLE; : 6-28-76-D-4 

SEED: 

5 T\'li ns 
Spacings:· 1.6\.1, .45:J, .10\.1, .45\.1. 

a) 5 Twins 2\.1, 2\.1 (4 Twins) 
·b) 3 Twins 27\J, 0~15\J. 
c) 4 Twins 27\.1, 2.4\.1 (3 Twins) 

5 Twins 
·Spacings 

·a) Web, no Twin 
b) 1 Twin 
c) 2 Twins 26\.1 
d) 6 Twins 26\.1, 1.8\J, 0.1\J, 0.1\.1, 1.8~. 
e) 2 Twins 26\.1; 

5 T\'lins 
•1 . 6~' . 45JJ' . 1 0)..1' • 45JJ 
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5 Twins ·Run through the entire ·sample, same spacing as seed. 

SAMPLE: 6-25-76-F-2 

SEED: 5 Twins l. 61J, . 45JJ, . 1 01J , • 45)..1. 

Sample has only 3 Twins 1.71Jand 0.2JJ • 

. . SAMPLE: 6-28-76-D-2 #2 

.SEED: 5 Twins 
1.61J, .451J, .10\.1, .45\.1. 

2 Regions 5 Twins in both regions 
Spacings 1.6\.l,-.45\.1, .10\.1: .451J. 

!he twins from two regions do not meet. 

SAMPLE: 6-28-76-D-1 

Twin structure is the same as 6-28-D-·2 #2. 

SAMPLE: 6~28-76-D-2 #1 

SEED: 5 T\'lins 
1.6P, .45\.1, .lo\.1·, .'45\.1. 

Twin in web is the same as in se.ed. 

. , 



~able 4 (continued) 

SA~PLE: 7-7-76-C 

SEED 

SAMPLE: 6-17-76-A 

SEED 

- 5 Regions 

SAMPLE: 6-17-76-C-4 

SEED 

4 Regions 

3 Twins 
8lJ , 2lJ . 

3 Twins run across the entire sample. Spacing 
measures 8lJ, 1.75lJ. 

5.6 

5 Twins 
2lJ , h ( 4 Twins) 

a) 5 Twins: 
b) 3 T\'li ns: 
c) 3 Twins: 
d) 7 Twins: 
e) 5 Twins: 

2lJ , . Bll , ( 4 Twins) 
1 . 2lJ ' .. 8lJ • 
. 25lJ' 1. 75lJ . 
• 2 SlJ , l. 7 5lJ , 2lJ , . 9lJ ( 4 Twins) 
2lJ , . 9lJ ( 4 Twins) 

5 Twins 2lJ, 1lJ(4 Twins) 

a) 5 Twins 2lJ, llJ(4 Twins) 
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b) 3 T\'lins} 
c) 1 Tw~n . Too small for optical measurement 
d) . 4 Tw1ns · 

/ 
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Electrical 

Facilities for making the following electrical characterization 

measurements have been completed and tested: 

1. Va'n der Pau'vJ 

2. Four point probe resist:fvi.ty ,· 

3: Hot probe conductivity type monitor 

4. MOS minority carrier lifetime 

5. Solar cell dark and illumin~ted i-v ch~racteristics. 

Work has been carried out to develop a technique for applying·~on~ 

tact test patterns on narrow web (less than 5 mm) in order to electrically 

character·ize these mater_ials. Conventional· techniques used for wafers have 

been found inappropriate due to geometric difficulties with the small size 

samples and irregular surfaces. 

The development of a prototype projection maski.ng system was 

completed for this purpose. Using this system a series of MOS structures ,. 

for l~fetime measurements hive been f~bricated on dendritic-web samples~ 

approximately .75 ems. wide, without rem6val of the ~dge dendrites. These . . . 

paiterns have also been applied to nen:planar sa~ples directly on top of a 

dendrite such that the pattern covered part of the dendrite and p~rt of the 
' 

web. The system consists of a photographic enlarger used to project the 

·mask image which is illuminated by a UV light source. 

Data was collected during this report period on the resistivity 

and charg~ carrier type of several dendritic-web sampl~s. In all cases the 

samples were p-type ranging in resistivity from 2 to over 100 ohm-ems. 

Representative ·data of these measurements is given in Table 5. 

A model has been developed;and tested on Czochralski wafers for 

analysis of the data fro~ MOS transient capacitance measutements to obtain 

both the surfac~ recombination/generation lifeti~e and the minority carrier 
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TABLE 5 

Data on Resistivity 

Sur~o 1 e Jjpe Resistivity (o!~:1-cr.1~ 

2-23-76-A-2 p 2.33 

3-19-76-A-2 p 3.55 

4-7-76- E-5 p 5.10 

4-/-/b-F- ·16 p G.06 

3-19-76-A-1 ) p 7.65 

3-8-76-A-1 ·P 8.13 \. 

3-8-76-A-3 p 1 O. 030 

4-7-76-E-1 
-----

p 11.48 

4-7-76-F-1 p 12.70 

2-23-76-A-1 p 1~.86 

3-19:-76-A-9 p 15.70 

3-19-76-A-10 p , 6. 50 

4-7-76-A-2 p 18.40 

2-23-76-!3-2 p 19.70 

4-2-76·-B- 1 p 20.90 

4-2-7G-A-1 p "22 .18 

4-7-76-E-3.5 p 34.34 
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generat-ion lifetime. This model is based on a compromise between the one 

' 
proposed by Heiman (6) and that proposed by Zerbst (7). Heiman chose in 

his analysis to ign~re the effect of the surface recqmbination by using only 
.... 

the data from the latter part of the MOS tr~nsient response. Zerbst'on the 

other hand included the ·effect of the surface recombination, but considered 

it to be a time invariant parameter during the entire duration of the transient 

MOS resp'onse. The model proposed here treats the surface recombination/generation 

effects as constants only during the very initial (0.2%) portion of the transient· 

response, where it~ effect on tne results is greatest; and then allows it to 

drop off to zero at the end of the response, as it should. The time dependance 

of this drop-off·results from the analysis of the MOS transient response. 

cFrom Heiman's work, the rate of change ·of the surface d.ensity of 

electrons in the inv'ersion layer of a p-type sample is given by: 

dN n. 
s - 1 

eft- 2T 

where: Ns = surface density of electrons 

n1 = in~rinsic charge carrier concentration 
T = minority carrier generation lifetime 
W = depletion layer width 

Wf = depletion layer width at end of transient response. 

(6) Heiman, I.E.E~E. Trans E1ec Devices, ED-14, 11, 781-4(1967} 

( 7) Zerbs t, F. Ange1", Phys, g, 30-3 ( 1966) 

(8) 
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In terms of capacitance, normalized to the oxide capacitance, 

equation ( 8) can be re.,.Jritten ·as: 

(9) 

where: e: =, penni t t i vity of the semi conductor s 
r.

0
x = permittivity of th~ nxinP 

T
0
x = thickness of the oxide 

C = normalized MCS capacitance 
Cf = normaliz~d MOS capacitance at end of transi~nt. 

Now if the effects of surface recombination/generation are to 

be included, as is done by Zerbst, a term to account for this must be added~ 

to (g) , i.e. : 

dN n · ( e: J (1 1 ~ ( n ) · s=-
1 

2.. T --- + 1Y .. S, ~ 2-r e:ox ox c cf 2 

where: ·s =surface recombination/generation velocity. 

Heiman states that the time, T, required to generate enough 

carriers to neutralize the entire deplection reg.ion is given by: 

N 
2 a T = -r­n. , 

where: Na = doping density. 

( l 0) 

( 11) 
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Using equation (8), (ll)can be _re~ritten as: 

/ 

Heiman also gives the following expression for the time rate 

of change of the normalized capacitance: 

~c = c2 
( 1 _ f ) 

dt T ·cf · 

Substitution forT from (13) in (12) gives, when the depletion 

widths are expressed in terms of capacitors: 

Equations (1o)and (14) can be ~quated to give 

Cl2) 

(13) 

( 14) 

dC ToxNa(e:s\= ni (e:·s \ T. (l _ l\+(n~\. s 
dt C3 s

0
.x) 21 e:

0
x) ox C Ct) 2 -; (15} 

Equation (15) involves two·unknowns, 1 and S. If it is assumed 

that S is constant during the initial part :of the transient response, ·equation 

(J5lcan be evaluated at two of the initial points of the transient response 

giving tw6 eq~ations in two unknowns which can be solved directly. Using 

the value of 1 found from this procedure the value of S can be computed 
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from ( 15) for tr;e remainder of the transient response. 

This model and procedure was tested on a Czochralski grown 

p-type wafer with the results giving good agreement with what was expected 

fort, i.e. T = 0~3 ~sees. The value for S was of the order given by 

Zerbst for typical samples using the MOS transient response but was negative 

in value indicating that the surface states present were acting as recombi­

nation rather than qeneration centers. The values'of S so obtained are 

plotted in Figure 32. 

In order to evaluate the web-dendritic silicon for solar cells, 

it was decided that as a minimum the i-v characteristics and efficiencies of 

representative cells must be measu~ed. 

An Eppley pyrometer has been set up to measure the sun's insolation 

during the solar.cell testing, which is done by natural sunlight. 

A test circuit has been completed for making both the dark-and 

illuminated i-v characteristics of solar cells with a dynamic display of the 

results under lauding conditions ranging from zero to infinity. The circuit is 

shown in block form in Figure 33, and schematically in Figure 34. Two controls· 

are available to the op~rator for setting the current amplitude and the offset 

bias. The output which is displayed on an oscilloscope is the i-v charac­

teristic of the test solar cell. 
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Engineering Drawings 

The majority of the drawings and sketches are given in the text 

of this report as Figures 1 - 34. 

The figures given in this section represent additional drawings and 

sketches that were generated during this report period. 

Figure 35 is a schematic of the circuit used to interface between 

the temperature controller used on the growth furnace and the generator that 

furnishes pov1er to the furnace. 

Figure 36 is a plot giving the speed of the take-up reel on the 

growth furnace as a function of the control variac setting. The reel speed is 

the same as the pull rate of the dendritic-web being wound up on it. 

Figure 37 is a sketch of the seed holder which holds the dendrite 

seed to the stainless steel ribbon attached to the take-up reel of the growth 

furnace. 

Figure 38 is a sketch of the apparatus put together for making the 

transient MOS capacitance measurements for the determination of minority carrier 

1 i feti me. 
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Sample !3ox: Approx·imately (2 feet) 3 constructed of. 3/4 inch ·plywood lined v;i':h 1/32 inch aluminum so as 
to be light and electrically tight. The box is cut on a side diJgonal and hinged on the upper 
rear edge so as to open in· a clam-shell fashion .. It contains a binocular mi.crosco~e. a probe 
positioner ring, ~nd two vacuum sample stages. 
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Yrojectiori of Next 6 Month•s Activities. 

During the next few months, the major effort of this contract 

will be in establishing the thermal profile in the furnaces and the proper 

techniqu~s· for growing two dendrite web in a reproducible fashion. Once this 

has been accomplished extensive thermal probing data will be collected to 

document the criteria ~equired for two dendrite web growth. Experiments 

\'li 11 then be perfonned to. determine the range of therma 1 conditions over 

which it is possible to grow two dendrite web. Using this data in our computer 

models of the growth facility, the maximum limits on growth width and pull 

rate for two-dendrite web will b.e as·certained by thermal analysis. In addition, 

the results of the thermal analysis studies will be used to determine what 

changes in the growth furnace and pulling procedures will be necessitated in 

order to increase the ~idth and pull rate of two-dendrite web. 

In conjunction with the above .. activity .all .w.eb samples will be 

characterized both structurally and electrically in order to maintain the 

quality necessary for photovoltaic solar cells. 

. . . 

Summary of Characteri zati,"~n, Data. 

The characterization data generated during thjs report period is 

found throughout the text of this report as follows: 

Twin Spacings in· Primitive Dendrites Table 3 

Twin Spacings in Dend~ite Seed and WeQ Table 4 

Resistivity and Majority Charge Carrier 
Type Table 5 

Page 63 

Page 64 

Page 67 
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1. Web Growth, Growth Analysis 

1.1 Set up web furnace 

1.1.1 Level, al.ign, calibrate g·as flow, measure 
physical/mechanical parameters· 

1.1.2 Instrument melt temperature sensors, run 
furnace and RF generator 

1.1.3 Calibrate RF generator controls to melt 
temperature, no ~eb pul~ing 

1. 2 1-/..::b growth, nanual batch 

1.2.1 Pull nominal web based on 1965 experi­
e:nce, establish measurements baseline. 
(Icstrumcnt m~lt level reeasurement), 
C•>rn,late with cryst.:~llization kinetics 
atld ~iccding rcquir~mc~ts 

1.2.2 Vary pull r3te, m~asure effects, correlate 
\"i th c:rystalU.<.ation kinetics and seeding 
r\!quirl.:n!~:nts 

1.2.3 Vai·y RF hl:::t Cl~:lo1~;i:l.!r r:1tc, rac:asure 
effects, corr<.!latl' \'ith cryst;tllization 
k.ith.:ti~..:s and scci.Iing requirements 

1. 2. !, C<luple RF he;tt transfer rate.- ;:md pull 
r.:~tc variations, mcascre effects, corre­
laLc with crysaallizntion kinetics and 
s~cdir1g rcquircnlcnts 

1.2.5 Final experimental design 

1.2·.6 Fi.nol monual:variation o.f manipulated 
variables, corre~ation with crystalliza­
tion kinetics and seeding requirements 
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2. 

3. 

1.3. ~eb growth analysis 

_1.3.1 Develop semi-empirical multivariate static 
model from ,.;cb growth manual experiments 

1. 3. 2 ·Thermal web growth analysis 

1. 3. 3 Correlate ar.nlysis, experimental data, and 
semi-empirical model 

Web Qwr:~cterization 

2.1 

2.2 

2.3 

? ' 
__ ... 

D~velopment of sampling strategy, prototype 
technique 

Structural characteri~.<tion 

Electric:~! characterization, web bu:k silicon 

Elc•ctri-:011 characterizat-ion, web solar cells 

Docuncntation, Program Kcview 

3.1 DocUiaent;;tion 

3.1.1 lniti~l financial a~~agement report and 
prot.~r;ua plan 

3.1.2 N,\SA Form 533H MAR.J3, J?L 3645, JPL 
3045-1 
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).1. 3 Nonthly technical progress report 

3.1.4 Qu:nterly rc;pdrt 

3.1.5 Interim summ.,ry 

3.1..6 flnBnal. r0.port 

3 .1. 7 llr;; r t f.in:tl report 

3, 1. 8 1\ppi"<>V<'d final report 

1.2 

] . 2.1 

3.2.2 JI'I. prnr,ram rcvif'w 

3.2.3 T:tsk intc~gration se,;R]ons 

3.2.4 tinnual workshop 
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4. 

5. 

3.?.5 Design nnd performance review 

GEneral Ad~inistrntion 

Planned Cost (ThousO.nds of dolla;::s) 

Incurred Cost (Thousands of dollars) 

! OCT ov lAt" I FC"B~ I , 0 - ,, ; : - "· : OCT. IIOV. DEC. JAN. FEB. f•1AR. APR. f·lAY JlJfl JULY ,~~LJG. SEP 1 • N D~C. " ,_, ~ , ,.,., ;~~-

Jl2J. Hl6 1!16 Hl2 Hl6 Hl6 Hl6 Hl6 Hl6 Hl6 :116 1!4 Jll6 1116 1116 1112 
S87 S87 587 S87 S87 587 587 S87 587 587 S87 S87 S87 S87 Sl:i7 S87 

12.5 16. 14.2 14. 12.7 13. 13.3 2.617.2 19.1U.2 J.5.'13.512.!iil3.6' 3.4 

I 

I 
i 

"16 w< :::lS 
·sat f~~7· 's.~; 

!2.2l3.2 !7 -~ : 

i 




