
General Disclaimer 

One or more of the Following Statements may affect this Document 

 

 This document has been reproduced from the best copy furnished by the 

organizational source. It is being released in the interest of making available as 

much information as possible. 

 

 This document may contain data, which exceeds the sheet parameters. It was 

furnished in this condition by the organizational source and is the best copy 

available. 

 

 This document may contain tone-on-tone or color graphs, charts and/or pictures, 

which have been reproduced in black and white. 

 

 This document is paginated as submitted by the original source. 

 

 Portions of this document are not fully legible due to the historical nature of some 

of the material. However, it is the best reproduction available from the original 

submission. 

 

 

 

 

 

 

 

Produced by the NASA Center for Aerospace Information (CASI) 



fi

	

y , J	
99s^ _ ^4Z3

s 1,^
q
2Z

	

DRL NO. 136	 DOE/JPL 955733

	

DRD NO. SE-7	 DISTRIBUTION CATEGORY UC-63

(NASA-C&-171165) COSTISUOUS CZUC:HRALSKI
Gi(UWTd. L)EVELOP8ENT OF ADVANCED CZOCBEALSKI
GEUwTH Fk0C6SS TO a?RODULE L.,W CuST 150 KG
SILICON INGUTS FROM A SINGLE CRUCIBLE FCE
ILCddULUGY Jna yeX Lore., Rochester, N. Y.) 63/44

CONTINUOUS CZOCHRALSKI GROWTH

>1

DEVELOPMENT OF ADVANCED CZOCHRALSKI
GROWTH PROCESS TO PRODUCE LOI. COST

150 KG SILICON INGOTS FROM A SINGLE CRUCIBLE
FOR TECHNOLOGY READINESS

J83-333 19

Uaclas
13580

FINAL REPORT

OCTOBER, 1980 - APRIL, 1932

CONTRACT NO. 955733

PROGRiu4 N.ANAGER - R. L. LANE

PROJECT LEADERS - B. R. 3 71'IO, J. BOOTHROYDE
L. M. POLSKY, C. M. JOHNSON

KAYEk CORPORATION
1000 MILLSTEAD WAY

ROCHESTER, NEW YORK 14624

"The JPL Flat Plate Solar Array (FSA) Project is sponsored by the U.S. Department of
Energy and forms part of the Solar Photovoltaic Conversion Program to initiate a
major effort toward zhe development of low cost solar arrays. This work was performed
for the Jet Propulsion Laboratory, California Institute of Technology, by agreement

between NASA and DOE."

I



I
0 
IF

i
i	 "This report was prepared as an account of work sponsored by the United States

Covernment. Neither the United States nor the United States Department of Energy,
nor any of their employees, nor any of their contractors, subcontractors, or their
employees, makes any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any information,
apparatus, product or process disclosed, or represents that its use would not infringe

privately owned rights."



T7V7

ri

ACKNOWLEDGEMENTS

The authors wish to thank the numerous people who contributed to this project.

Special thanks go to:

Kayex Technology Center

D. Ewen - Process Technician

D. Rakover - Assistant Process Engineer

E. Roberts - Process Leader

N. Sarno - Process Engineer

W. Schaefer - Electronic Specialist/Designer

C. Schietinger - Mechanical Specialist/Designer

S. Shea - Assistant Process Engineer

Hamco Divisi)n of Kayex

D. Fanale - Equipment Engineer/Testing

S. Gilbert - Equipment Designer

.Jet Propulsion Laboratory

`i. Leipold - Deputy Manager - FSA Technology Development Area

A. Morrison - Technical Project Monitor

i



w
r

AHS*rw%t~r

goals of tilts Cola rak'l .I1'0 s1ilill" rIited as fill lows

I	 ro t111 s I 1,Il Mill t' t)llst 1' tie L .1 Cryst A I At owe 	 t, apah IN tit

1 1 Iodit% • tit 1-, 1 '111 k 1; , 1 1	 111:+111 rt'y*4LA	 l C0111 •+111 1 t:t'ur lhlr

(5 x 30 kg tu1,,lt:Il.

2.	 At'C0111rattl,i rt• ,'11ar1;r .ul,I gVOWL11 UALOI.

).	 'Mt t'1, 1 1 +I%It't, ss0U 1', 1 I1t1't 1 1'4 w{111	 t1111)VOVOil 	 :.1`11:111'14.

4. Aftitr 4,i, lwt It v ie 1.1;1 of Ilk)A,

5. I'11r.,11 1;11i + ut of 2.5 k1;/hr.

Suh it'll u ,'11 ly. .1 1, 4" 11111ca1 I11t' Ict' it , ll MOm, % I' Mikitilt 1:.1:4	 Iled

1: Iti,'11 1 1 1acI'd 0 lilt' II.1:11.4 oil (I) Ctie l nil' ro ki. v lilt' 11t	 towtIt t.1(VS

u;:lnll 1,11{. 1( t. 1 t1 1.111t 1 l,tin l; .nld ^:1 tn\^-ctty.tri.)n ,1t tilt, crlaciblo-

MO1 t	 tilt OVA, - ( ttln 101'	 init l l', 1 \'t'd y 1,11.1:4.

C.'row i it l im': 1.1`1. 1 1 1 1 1 1 101'111t't1 t Ik l in 1 1 0L 11 15 .Ill,i 	 11% - i I W I I ,I IAM%'`1.0t'

,'I lly Ihl1`;4,	 1 1 1. 1 ,1111' {111;	 I ll .111,1	 Ii k 1;	 1111;1 + I t:	 t'1`': 1 1 1`	 l { \'1 1 1 \'. ILt I tit - t.4

tt 1 t11.'rt l a:a` l he j(to t 11 1 :11 it of	 1 ti ll null ,I ialllt`t i t 	 111},oLs W O I'd

1 t 11 t t .`ki h\' t + 1 m1 1 01 .41 tit tl	111s(ah i I f t 1, • :, Ilk' l i, • vrtt t .+ h0 CA%1.1tld

h\'	 tlll.lt`t:i1.11 , 1. 1 	t ho1111.11	 t', 1 11vOt't i,1t1 . 4	 Ill	 t 11. 1 	1.If1;1 1 I	 lilt , 	t8.	 Tull

t'Adi:lt1 1 11 :ill tI % Ikt	 innl l Ikilled IIl. • gt. 1 w(11 latI , ::. 1 n11W1I.it, hilt	 ttu`

( Ill , lmal	 1n::t. it'll i(v w,1:: -at Ill rvId1 1 %1	 10.41 1lig (. 1 11,111- 1'01111d

tilgot:4 .I11,1	 111:: y tit , 1 I ::Iocat t,,It-1171`0 ;:( 1' Ilk' I 111'0.	 A IS k h c t- ysI .11

wa:i AtOw11 t 0 ,1,`111.1111: ( 1'.111` ( Ili, t 11 :11:1 11) 1 1 t t V o f p t" I d lit' I III; l ^)l1 k.;

with ttlur Avow tIt eyt.'Ies.
	 4

At tot' ( tit , 1;row1 1 1 t'11 11':t 1't1Ct it'll 1 + 11:1::0, t110 Il.11llt'J miCt , 01 1 10- 1'S"Ot

,'tin(101 sv:.tt`m was	 iutrr1.11,',l to tI1, • .11 1 1. 1J̀ tt lwth 1 wtIILV,	 i Ilk' 1%t.iIilg

( It 	 51 . 71:.1 1 1' 1 , 1 1 	 .Illt olll.lt i t 011 111 1 .+ 1 01 ;41 . 1 1 ,1 111; ( t` g11 1 e l at hut., . .Intl

t he sollsol	 t ot' .tit( . 1 111.1( 1,' '4Ih 1 11 I,I 1 1 r i 11 A.	 1',tlOrt ti dilu t ed 1111,111

, % I'( %tutrat h i ll 01	 ( I14` :+l`Olt 1111;, 11.`t'it tlig. :110 ' :It" l1 I,I.`1' At O ( 11 .l It , 1 111:\[ hill

Ilt, 1 1i1.1111:1.	 11"I1b11114tIAt(0it Of tlW!;0 ttlt't1 t 1 k't)"4(.11 g V ow t11 :1veas

was a1': . 1 m1 1 I 11:hed l; t ( It I NO nun A Iatut`t01' tit Al l t :I :lull 1111` I is tit , LO

40 1%g.	 A 1,vwt brain rl l tlret ioii svMrnl l,tr m, • lt 14 , vt`1 soll-4It11;

was tn:.c .11 1,'tl , 1 11 (h, 1 1;L0W g1 1' atl,l :41, l l it CO t un.'t t011

11 (holit • 11	 it	 WAS 11. 1 1	 1111 01'tilk' 1 1 %1 W i l I 	 t Iw ;it ii I'111110t 1':::4.11 .

	

I 	
r

i

li



A gits sill IV -I  i-I
	 IV !It eltl w .ls .It, a i VI It' %I . I`ll It t t , illkl ,` l ,t • 1 AI i tt

as .1 pdrt tit t he ;111.1 1 v  ic.11 t 1 rtigr:1111 Of t h i s %' kill l l it %, t .

Amillyse,Y of tlld cryst :ll i;t"tiwp t' e\114UNt fete/ ftlr CO, It,0.
A

.11111 It 	 ga ,; wire 1 l drttiltne,t trim sevelat :rVstal gt'owtIt mill:/. 	 Vtil"y

lll gh leve e 1.4 tit CO ac t't 1 1111 1 aIIV overheat 
I 
I I g , 1 t t lit' t't 11:11110 1114.11

s tiggest illg lilt` I c 'tttiwll p ru m.: etl tit - 0:t ::h,it11,1 be c ollt rt` I I e%I mo t'e C 1001e l V

t0 provent exec• a:tivd ,1trlsoI tit tu11 tit thc, :r u: 1	 0-	 GUA1 1tta

batieJll[ 1, toet• ttt ► rt• 4 helve tleell improve d l!v.	 lu atut

ll, ,lurIlig [ he IlAe + l ut pr ocess to lta[erulme ►:hull gr aptlita parts

are :IUt(icieut ly tilltha:::lett.

atilarcell afficieticitis tit y ilicult ulatartal pr,iltltcalt .!M-ill^

It+tlti I' t• c ll:1l" ge I'llli :I (mill 111 ! . 10 AlOwett R, 1 :ti %,11:1 tit .10(01  it l rat toll

tCt`Cl I!le tir:it to t tl.	 I.1::[ Ct Vs( .11 gl0wll.	 l^tle,:c! t.::UI... foll.t

CO 1 . 1 1 11( ! rlft re;tlll t s from 1 1 1'dV it + ltti t'.+tlt 1'aCt.11.

A I`dett t'.l:ai t!CVl1, + i11it' aaa l va t:i , IiaSe,t 1 1 11 ac l tl.l l gi . + wt ll

i`.I1 a tilt' ( era . V i+` Itldtl .11% atltt-m% .'. i r.I . 1 l \;, 1. l T/llg	 tic : lei. I w1+1

for the growth o f 1 x 37 .5 kti lu go(s t rt11u , + Rd 40f, nun l lt)")

thillnattIr cttletble.

AItht`11ti 111 .111 111+' gti:tls tit the lt+ll(tact wt • Id 1101 alt`( sillltlll.11le,i Wily,

111t 1y t ut Ihti goal-. weed Aellieved eithot . ill.tivt,111111V Or t1 ► ::t+1ne

Comhiliatit + ll.	 lit,Ottll :l( it`ll 9 .101erdtt slat t1 Vall ► .1 Od .fill ttlti (Iliy

it 	 I e c t 11.ls tut I t I v n c t,	Ilk' ,te:i I 1;11 atut in, 1lltll.1t'(lIVa ,+t .1 11eW

11.1.E0 %rVA Al F.I,+wer kk%: 11 1 1 110	 tilt ell,lt`tl tt1 he a e0lllIPe1 "t7 t:11

tllachtue wtth callacit tes tit 0xeOss tit thtt::d tciluirt"t dta ilig

t It t:i i+1 ,+ Iet't .	 The Itallw o Ct: (11 1 1111 Crrit .1I gt%swe t, WAS ttt • N I tillt•.t

W 1 [lid ptl tetlLtill t,ir ltleel i111j the t;t+.11*i t+t thiS lirtiject

v

Il



CON i' FUTS

ACKNOWI.F.Dt:I• MENTS	 i

ARSTRAI."f	 II

1LLus'rRATIONS	 vi

TABLES	 vii t

1.0 INTRODUCTION	 I

1.1 Background 1
1.2 1'rojaCt Gcall and Program Plan 6

2.0 CRYSTAL GROWER CONSTRUCTION :1,ND TFSTING 11

2.1 Design Specification 11

.2 C01ISt rucL i, 1 11 I

2.3 Test i tit; 117

3.0 l'ROCF:'S RESEARCH AND DEVELOPMENT 19

3.1 Establislheti	 I*ot'litiologgy l`^
3.2 Process Objectives 19
3. 3 Procoss	 Invest igat. iott 21

1.4 Te: hno 1,,gv	 Pemonstr:l[ i,+n 45

4.0 CONTROLS AND WrOMAT ION 49

4.1 litt ro,fuct ton 49
4.2 SenS.>r	 Dc Ve l,•pment 50

4.2.1	 Melt	 r. • mper.tture 50
4.2.2	 Sh.ml.ler	 Sensor 56
4.2.3 Diameter Sensor 59
4.2.4 Melt	 Level	 Sottsor 61

4.1 Computer	 l'Ont.r. • 1 US

4.4 Te.;t	 Ret;UILS with Computer 74

5.0 ANALWICA1. 1 1 ROt:1:AM 17

5.1 I'urity Analysis 77

5.2 Sol.tr Cell	 rabricattnn aml Teattn t.; 79
5.3 rut nave Cas An.t l ys l s 83

5.3.1	 Desi.;n	 mid Cow:truction o f Gas Analv:er S'i
5.3.2	 Gas	 Analv^.:..	 Results ^	 ►

6.0 ECONOM C ANALYSIS I10

6.1 Three	 Scltertes	 Attal y ..oki 110
6.2 Che.tpest Machine	 Anal y sis Iltl

iv

V

fi



j	 CONTENTS (Cont.)

i
Page	

I
I

7.0 SUMMARY	 120

7.1 Equipment Construction	 120

7.2 Process Development	 121

7.3 Automation	 121

7.4 Analytical Study 	 122
7.5 Documentation and Technology Readiness	 123

Demonstration

i
REFERENCES	 124

I
r
I

i
I

I

t
f

rr
F

v

f



F'
E.

i

•1

L LLUSTRAT IONS

No. Title P^be

1-1 Program Plan 7

2-1 `tod CG2000 Configuration 13

2-2 Mod CC2000 Complete 14

2-3 Mod CG2000, Rear View 15

2-4 Mod CG2000, Main Control Panel 16

3-1 Ingots From 150 kg Growth Run 26

3-2 16-inch Hot Zone With Radiation Shield 31

3-3 37.5 kg Crystal From Run 23 35

3-4 Tyl)i^_al Spiral Growth 38

3-5 Ingot	 From Run 26.	 Unstable Spiral 41
GrUWtll at	 TJp

3-6 30 kg Crystal	 from Run 27 42

4-1 Pelt T.-. mperature Pyrometer, Mechanical 52
`tount

4-2 Melt Temperature Chart Recording,	 Filtered 54
and	 Unf iltored

4-3 Configuration for Automatic Control of 55
"felt Seeding Temperature

4-4 Shoulder Sensor Optics 57

4-5 Shoulder Sensor Reimaging Lens and Mount 58

4-6 Circuit Diagram for Shoulder Sensor 60

4-7 Melt Level Sensing System 63

4-8 Melt Level Sensor Circuit 64

4-9 Overview of the Agile Control System 66

4-10 Agile	 Engineer's Station Modules 68

4-11 Agile Operator's Panel 69

4-12 Agile Control Organization 70

4-13 Agile Program Sequence 71

4-14 100 mm,	 10 kg Ingots Crown with Agile 75
Computer

5-1 Gas Analysis System Schoinatic 86

5-2 Gas Analysis Equipment 89

5-3	 CO and 11 2 Cuncentracion During Run 29	 95

Vi

II
I

s

A.



9tk-

PAGE tg
P

UALt7Y
ORlGtNAL

.OF POOR Q
OR	 PAGE
Of

I I.I.USTRAT IONS	 (Coat . )

No. Title ^'^be

5-4 CO and H 1 Concentration During Run	 25 98

5-5 CO and it  Concentration During Run 24 99
•	 I

r	 ,_

5-6 water Vapor Concentration During Run 24	 101

5-7 CO Concentration During Bakeout of New 104
Graphite

5-8 H2 Concentration During Bakeout of New 105
,.I

Graphite s

5--9 H2 and CO Concentration, Used Graphite 108

Bakeout

5-10 N2 and CO Concentration During Bakeout 109'

i	 t.

i

vii



r.\I1I.I.s

Table No. Title 1

2-1 Test	 Runs 2-5 18

3-1 Crowth Run Data, Runs 6-10 23

3-2 Crew Ii Run hits, 	 Runs	 15-21 28

3-3 Growth Run Data, Runs 22-25 33

3-4 Growth Run Data. Runs 26 5 27 40

3-5 Summary of Runs 28-30 46

3-6 Summary of T.R. Runs 	 1-15 on Commercial 47
}iamco CC-6000

5-1 Impurity Analyses 78

5-2 Solar Call Test Data 81

6-1 A,M-oii Cost	 Projection B.isoil	 7pon 111
ThrouKh!)ut goal	 of	 2.5 kg/hr.

6-2 A,1,1-on C OSt	 Projection B.ise,i	 Upon 116
Best Mod C:C.2000	 rrocesti rar.mwtors

6-3 Sensitivity of Add-on Cost	 to I11
E,yuipmenC	 Cost

i

viii



w

PACT OS
OF POOR QUAL{N

1.0 INTRODUCTION

This report describes the work performed by the Kayex Corporation

Technology Center for the Jet Propulsion Laboratory under contract

955733. The contract was awarded on September 26, 1980, and was completed

on April 30, 1982. The contract was part of the JPL/DOE Flat Plate

Solar Array (FSA) ptoject, the overall goal of which is to develop

technology for the production of solar arrays at a cost of $0.70 per

peak watt by 1986 expressed in 1980 dollars. It is also part of the

JPL program to develop Technology Readiness in 1982 (TR-82).

This is the third program conducted at Kayex for JPL aimed

at reducing the add-on cost of Czochralski (CZ) growth. It was a continuation

of the effort toward developing a production method for continuous

CZ growth. Continuous CZ growth is defined as the growth of large

quantities of crystalline material from one ._rucible by serial ingot

growth with either continuous or periodic melt replenishment.

1.1 Background

Since the inception of the DOE/JPL Flat Plate Solar Array

Program several contractors have devised methods for melt replenishment

in CZ growers and for continuous CZ growth.

Texas Instruments 1proposed to replenish the melt with liquid

silicon by the use of a resistance heated premelter. In the T. I.

System, the auger feeder introduced silicon into the premelter, and

the liquid silicon then flowed into the crucible, thereby maintaining

a constant melt level during growth.

If the liquid temperature were reasonably controlled, it

was expected that there would be no harmful thermal perturbation of

the melt. Ingot size would only be limited by the pu l l length of the

equipment.

It was found that the operation of the premelter was a very

difficult task, primarily because (1) the refractory quartz liner of

the premelter devitrified rapidly, and (2) the uniform flow of silicon

was nearly impossible due to the high surface tension of the liquid.

Considerable effort was made on premelter design.

1
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Also, T.I. reported that the auger feed system worked poorly

for chunk silicon, as it tended to crush the silicon. Concern was

expressed that the abrasive nature of silicon was probably causing

contamination of the silicon from the stainless steel auger.

The T.I. work, however, was significant, in that it illustrated

the extreme difficulty in handling both solid and liquid silicon in

a controlled manner without contamination.

Varian, Inc.? adapted an auger system to their standard CZ

grower. The Varian system was quite similar to the T.I. except that

recharging was performed intermittently between ingot growth cycles.

The auger system was adapted to feed lump silicon directly into the

crucible.

Varian had good succoss with this recharging system and reported

several fairly large runs completed, up to about: 60-70 kilograms.

Perhaps one of the most valuable results from the Varian

work was an experiment performed very early in the JPL program. A

100 kg run simulation was performed, by the growth of five 20 kg ingots

sequentially from the same crucible and same charge of silicon. After

each ingot was grown, it was remelted into the crucible and the cycle

was repeated.

This experiment proved that the crucible would survive for

long periods of time through severe thermal cycling. It was an encouraging

result for all contractors involved in continuous CZ.
•t

Siltec Corporation"ieveloped a method of continuous liquid

feed from a secondary melting chamber through a heated transfer tube.

The Siltec effort was very significant in that it pointed

out a way to overcome or avoid the effect of the high surface ten•:ion

on the Louring of silicon. A siphon principle was used. Once the

transfer tube was filled with liquid. uniform and continuous flow could

be achieved by simply raising the level of the supply crucible.

Simultaneous crystal growth and continuous liquid feed replenishment

were demonstrated. Also, the possibility of growing an extremely large

ingot from a relatively small crucible was demonstrated by the growth

of an ingot of over 60 kg.

2



Although the Siltec method is not well enough developed for

commercial application, t.:s potential for low cost ingot growth probably

surpasses the other approaches, primarily because its throughput should

be the highest.

The demonstration of continuous liquid feed was an excellent

technical accomplishment and may very well have a significant future

application.

Previous Kayex Corporation projects related to continuous

CZ growth. supported by JPL, are as follows:

.JPL 954888	 Continuous Czochralski Crowth

Silicon Sheet Growth Development of the

Large Area Silicon Sheet Task of the

Low Cost Silicon Solar Array Project

October 1977 - Deeecber 1980

JPL 955270	 Low Cost Czochralski Crystal Crowing Technology

Near Term Implementation of Flat Plate

Photovoltaic Cost Reduction of the Low Cost

Solar Array Project

March 1979 - September 1980

The general objectives of contract 954888 were to:

- modify a commercial tiamco/Kayex CG2000

crystal grower for continuous C7..

- develop a suitable continuous CZ process

which met the cost allocations and solar

efficiency goals of the JPL Solar Array

Project.

Key modifications and accessories to the CC2000 equipmeut

considered to be important to achieving the goals were as follows:

a. vacuum-tight isolation valve between furnace chamber

and pull ch.urber to permit (1) removal of grown ingots

and (2) replenishment of feed silicon.

b. auLOmitic recharging mechanism, capable of Dandling

either polycrystalline rods or lump silicon.

c. enlarged pull chamber For the storage of one charge of

silicon feed marerial.

3



d. increased capacity to 356 mm (14-inch) diameter crucibles,

and 12.5 cm (5-inch) diameter crystals with suitable

automatic diameter controls.

e. ingot/silicon handling equipment for efficient crystal

removal and recharging_

The optimized process which was developed on contract 954888

utilized the modified CG2000 machine with a 14-inch diameter crucible. 	 i

One hundred kilograms of 5-inch diameter ingot were grown from the

crucible with a target ingot size of 25 kilograms.

Major problems were encountered in achieving the throughput

rate required to meet the cost goals. Also, the yield of monocrystalline
i	 E

vs. polycrystalline ingot was low.	 +'

The solar efficiency of cells produced from the monocrystalline

grown material met the goal of 14°;:x.*f-1 buc the polycrystalline material.

was typically in the range of 12% AM-1.

The results showed that, For monocrystalline ingots, solar

efficiency did not change significantly from the first material to
a

the last when grown from the sme crucible. This indicated that the

accumulation of impurities in the residual melt was not sufficient

to degrade solar efficiency, at least up to 100 kg.

In addition, although polycrystalline ingot material showed

somewhat lower solar efficiency, it too remained constant through 100 kg

grown.

The work performed on contract 955270 was aimed at improving

throughput by increased melting rate and by increased growth rate.

The approaches to this effort were to:

a. utilize additional heating methods to accelerate the

the meltback of the polysilicon.

b. utilize a conical radiation shield or cooled heat sink

above the melt to cool the crystal and maintain a sharper

thermal gradient in the melt, thereby permitting increased

growth rate.

In order to increase the melting speed of polysilicon rod

feed stock, an indu ..-n coil was placed in the furnace around the

poly rod to provide the extra heat required for nielLing.

4
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	 As the poly rod was lowered into the crucible, it was heated

sufficiently to couple with the induction coil. This method allowed

the crucible to be maintained at a lower temperature to prevent degradation

while permitting very rapid melting.

To accelerate melting of lump silicon, a cold crucible premelter

was constructed into which the lump silicon could be fed. it was designed

to attach to the side of the grower so that silicon was actually poured

into the crucible in the recharging o peration. Again, the extra heat

tr
required fox melting was provided sepately by the induction coil,

allowing the crucible to be maintained at a lower temperature.

Little success was obtained in preme'-ing the poly rod due

to arcing and cracking of the rods. However, it became apparent that

low cost silicon would probably not become available in rod form, and

the effort was therefore dropped. The cold crucible was found to melt

and pour silicon successfully. Due to time and budgetary constraints,

an actual recharge operation was not performed on the grower using

the cold crucible premelter.

Considerable improvement in growth rates was realized with

the radiation shield. This was concluded to be a reasonable method

for production growth and would, therefore, result in reduced cost

of growth.

The above experiments and the development of an economic

model for continuous CZ showed that further reductions could be realized

by:

a. growth of 150 kg from one crucible

b. increased ingot diameter (150 mm) fur greater solidification

rate	 z

C. larger ingots, meaning fewer recharge cycles

d. automation by computer for better yields with cheaper

Labor cost	 i

C. lower machine cost

After a preliminary study of the various alternative methods

to implement melt replenislunent, the present project was proposed to

JPL which addressed the above areas of cost reduction. The intermittent

recharge of lump silicon with a hopper developed on the first Kayex

5



contract was subsequently chosen as the preferred method for achieving
I

the objectives.	 The program plan was developed to address the specific

goals.

I R
1.2	 Project Goals And Program Plan

The specific objectives which were required to achieve the

cost objectives were as follows:

a.	 Continuous growth of 150 kg or more of multiple single

crystal ingots from one common crucible with melt replenishment.

b.	 Resistivity of 1 - 3 ohm-cm p type, in all crystals.

2.c.	 Dislocation density below 10 4 per cm

d.	 Diameter of 15 cm or greater.

e.	 Growth rate of 15 cm or greater. a.

f.	 Orientation:	 1-0-0.

g.	 Pulled yield of greater than 90%.
T

h.	 Equipment suitable for high volume continuous Czochralski

production,	 transferable directly to industry.

i.	 Solar cell efficiency-... 14% at AM1.`

The original program commenced in October 1980 and was scheduled ;-

for completion in 13 months. 	 In April 1981 a request was received

from JPL to minimize expenditures for fiscal year 1981 and to extend
ti

the program six months into FY82.	 The new completion date was March 31,

1982.	 The following program plan (figure 1-1) represents the revised r
one.

The Program Plan was divided into five tasks, which are described

below: .1R

Task 1.	 Equipment Construction and Test
4^.

t
,a

A standard Hamco CG2000 crystal grower will be modified in

a number of areas to make it suitable for advanced CZ growth of the

parameters specified in the RPP.	 These areas will include at least

the following:
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•	 Increased Chamber Size--A CG2000 chamber will be designed capable

of accepting up to a crucible eize of 16-inch diameter by 14-inch

high.	 This will allow ingots of at least 30 kilograms to be grown.

•	 Increased Hot Zone Capacity--15- and 16-inch diameter crucibles g

will be accommodated. 	 Graphite parts will be designed to minimize

as much as possible graphite losses due to breakage and degradation.

•	 Recharge Hopper--A larger hopper will be designed to accommodate

the larger recharge size.

•	 Pull Mechanism--A standard Hamco cable lift mechanism and weight

system will be upgraded to a 50 kg capacity.

•	 Control Console--A Hamco control console will be adapted for plug

compatibility with the computerized control system. 	 The control

system will consist of a Kayex-Hamco automatic Grower Logic (Agile)

diameter control system and a sensor system to be developed.

Task 2.	 Process Development

Improvement in yields, throughput, and labor costs must be
1

demonstrated in order to establish the suitability of advanced CZ growth

for meeting goals.	 The major risk areas will be investigated independently

and, after optimizations, will be demonstrated simultaneously.
.c

^.	
f

Task 3.	 Controls Development and Process Automation
h

F
The Kayex-Hamco microprocessor-based controls currently available

replace elements of the analog circuitry with programmed, digital logic '•

and automate time dependent steps of the crystal growth process.	 However,

significant operator 	 judgment and input are still required during
e.

s

the initial stages of crystal growth prior to at-diamter growth of

the crystal body.	 Operator attention and judgment are required because

of the lack of adequate sensors for key parameters including melt temperature, 'w
,r

melt	 level,	 and crystal diameter.

The proposed program includes implementation of sensors for

these parameters and a controller for processing sensor output and

s'

8



replacing operator judgment during the critical initial steps of crystal

growth.

Task 4. Analvtical Stud

4 (a) Purity Analyses of Silicon

Cr^.trol of silicon purity will be monitored by chemical impurity

analysis of selected samples, including silicon feedstock, grown ingots,

and residual melt. All analyses of silicon will be performed by outside

vendors.

4 (b) Solar Cell Fabrication and Analysis

Grown ingot material will be selected from 150 kg runs for

slicing into wafers to measure solar efficiency.

4 (c) Analysis of Furnace Atmosphere

Earlier Kayex-funded research attempted to analyze the atmosphere

of the furnace during ingot growth utilizing a quadrapole mass spectrometer.

A commercial residual gas analyzer was leased and a series of runs

was made with the analyzer attached to the grower gas outlet. Although

the results were highly qualitative, it was established that several

gaseous species exist in the growth atmosphere. In the proposed work,

the furnace atmosphere will be analyzed quantitatively and correlated

with materials and process variables. Instead of the mass analyzer,

a gas chromatograph will be used because it is more quantitative.

Task 5. Docu; aentation
	 t.

In accordance with the statement of work, Kayex will, in

addition to the usual periodic technical reports, provide information

for rapid technology transfer to industry. Equipment suitable for
0

the economic prduction of solar material will be offered for sale
n

to the industry as a means of technology transfer. Written procedures

for the production of solar ingot material will be included.

A Technical Direction Memorandum (TDM) was issued by JPL

in September 1981 which directed Kayex to place emphasis for the balance

of the program on:

9
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a. Increasing throughput r.tte by the use of it radiation

Sh it! ld .

b. The study of crucible-melt interactions by continuing

the effort to analyze ambient gas in the furnace as a

function of cycle time and temperature.

C. Preparation of a cost analysis of a "cheapest machine"

configuration as it would be used in a production facility.

Thus, the balance of the work consisted primarily of single

runs. and the associated analytical and evaluation efforts, rather

than simply attempting to make more 150 kg runs. 	
t

i

r
1

10
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2.0 CRYSTAL GRGWER CONSTRUCTION AND TESTING

^. f

In order to have a crystal grower capable of meeting the

process, automation, and analytical tasks of this contract, a modified

Hamco CG2000 grower was designed under a unilateral modification to

JPL Contract No. 954888. This design phase occurred from ,June to December,

1980. ^.nen the present contract started in September, 1980, the

construction/testing phase of this contract and the design phase program

of the previous contract were planned to dovetail in order to minimize

lead times for the grower construction. The Mod CG2000 was scheduled

to be ready for test by March 1, 1981.

2.1 Design Specification

The Mod CG2000 used the Hamco CG2000 RC grower as the basis

for the modified crystal grower. The modular subsystem concept, ease

of access to furnace and electrical controls, interlocks, and other

safety features were all maintained and/or improved.

The furnace chamber design included:

- All the anticipated ports in the cover for crystal diameter,

melt temperature, and melt levtl sensor development.

- Increased size for accepting both 15-inch diameter and

16-inch diameter hot zones.

- Improved weld designs that minimize the chance of water

leaks due to thermal cycling and stress corrosion.

- Easier access for subsystem servicing.

The hot zone designs were improved to minimize losses due

to breakage and degradation.

The pull mechanism (seed motion mechanism) was designed for

a 50 kg crystal rating and weight readout. Improved rotation seals

for longer life and increased process reliability were included.

The crucible motion mechanism was improved by the use of

a stainless steel bellows/rotary seal to minimize the potential for

air leaks and increased process reliability.

The water cooling, argon, and vacuum subsystems were designed

for increased functionality, reliability, and serviceability.

11
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The control console was modified for interfacing with, and

switchover to, the Kayex-Hamco Automatic Grower Logic (AGILE) computer

control system. This allows for more automation and less operator attention.

The power supply was increased from 125 kW to 150 kW maximum

output to provide for the larger zone size, faster meltdown and recharge

rates. This was a vendor-supplied prototype obtained by modification

of a standard 125 kW supply.

A molybdenum radiation shield/purge cone was designed to

incr., ase growth and recharge rates.

The Mod CG2000 is a larger grower. (See figure 2-1 for size

comparison.) It is 21 inches taller, but requires only two squace

feet more floor space than a CG2000. The increased height was necessary

for the longer crystals which would be grown from the larger melts.

2.2 Construction

The designs of the longest lead items for the Mod CG2000

were done first under JPL Contract No. 954888. Quotations for the

pull chamber, furnace tanks, baseplate, frame, power supply, and hot

zones had already been received and evaluated in anticipation of this

contract.

When the contract started in Sepember 1980, purchase orders

were issued immediately in order to minimize the time for grower construction.

By November, all long-lead items were on order or being manufactured

by the Hamco Division of Kayex. Design and release for manufacturing

of ancillary modifications continued until D--zember for the expected

completion by February, 1981.

The grower was located in its own room to ensure an uninterrupted

utilities supply. All utilities (argon, water, electrical, vacuum

pumps) were installed. Some modifications from the original design

were necessary for the water, vacuum, and argon systems because of

the dedicated room ke.g. vacuum pumps were located outside the room).

Hamco testing personnel, along with Kayex Technology Center,

completed the installation and function system checkout by the expected

time in early ?larch 1981.	 (Sec figures 2-2 thru 2-4 for photographs

of the installed Mud CG2000.)

12
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2.3 Testing

Process development personnel conducted several "dry runs".

baking-out graphite, checking for leaks, and other process related

checks under "hot furnace" conditions. Several problems were corrected

including calibration of the PCC power supply readout and a noting

of the high acoustical noise of the prototype 150 kW power supply.

The modified CG2000 chamber and hot zones were designed to

accommodate 15- and 16-inch crucibles and included substantial design

changes from their predecessor, the CG2000. The objectives of the

first several growth runs were to debug the grower and provide baseline

information on the performance of the machine and e. ,pected process

parameters.

On March 19, 1981, the first browth run using 30 kg of re-cycle

silicon was tried. An apparent misalignment of the cable lift mechanism

prevented correct imaging of the crystal/mel.t meniscus under vacuum.

Also, it was noted that smoking and excessive oxide build-up indicated

a possible leak in the chambers. Several other problems were also

noted and corrected.

During April. 1981, four more trial runs were performed.

(See table 2-1) These runs continued the process check-out and de-bug

of the grower and hot zones. All problems discovered were corrected

or noted for future changes. Several parts were returned to vendors

for correction.

After these five trial runs, the Mod CC2000 grower construction

and testing was deemed to be finished, and Che equipment ready for

the process development portion of the program.

116
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3.0 PROCESS RESEARCH AND DEVELOPMENT

3.1 Established Technolo

In the previous contracts, the ability to grow ingots at

a diameter of 150 mm, and to produce 150 kg of ingot from one crucible

by means of recharging, was demonstrated. Continuous growth of 150

kg was carried out in a standard CG2000 crystal grower fitted out with

a 355 mm (14-inch) diameter crucible and hot zone, which constitutes

the size limit for that particular piece of equipment. It was also

established on these contracts that the preferred approach toward recharging

was the use of a recharge hopper containing silicon in small chunk

form (in the range 5-25 mm). In addition, the advantage of increased

pull rate, and hence throughput, with the use of an inverted cone type

heat shield, had been demonstrated.

The aim, therefore, in the present contract was to consolidate

the previous technology and then examine how far it could be extended

toward achieving a revised set of goals, with lower anticipated cost

per kilogram.

3.2 Process Objectives

3.2.1 Machine Capacity

The basic requirement was for a modified CG2000 crystal grower

capable of pulling a minimum of five crystals, each of approximately

30 kg in weight and 150 mm diameter, from a single crucible with periodic

melt replenishments. As already discussed in the section on machine

construction (Section 2.0), the furnace tank size was selected to accommodate

hot zone configurations suitable for 381 mm (1`") and 406 mm (16")

diametr. crucibles. These crucible sizes with cold charge capacities

of appproximately 35 and 45 kg, respectively, offer the opportunity

of pulling 150 kg of crystal in less than five individual ingots. The

hot fill capacity of a 16-inch crucible, for example, is 60 kg which

would make 3 x 50 kg ingots a possibility. The impact on throughput,

19
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and hence, the economic analysis of these solidification schemes is

discus::ed in Section 6.0.

i

3.2.2 Material Specification

Ingots were required to be 15 cm diameter with a resistivity

of 1 to 3 ohm cm, p-type, orientation (100), and dislocation density

of less than 104 /cm2 . Diameter, orientation, and resistivity are straight-
r

forward parameters to control (resistivity during this contract being

determined by doping with commercially available dope cells at the	 '.

rate of approximately one cell per kilogram of silicon). In the

Czoehralski method, however, the standard practice is to aim for "dislocation-

free" single crystal, which is material containing less than 500 dislocations

per square centimeter. A density of 10
4
 /cm would constitute dislocated

single crystal and would invariably be the precursor to twinning and

ultimately polycrystalline formation. Throughout the contract it has

been assumed that both dislocation-free and dislocated single crystal

constitute an acceptable solar grade material.

The majority of crystal growth runs were made with (100)

orientation seeds, but in a few instances a (111) orientation was tried.

Tt is well known that the growth characteristics of the two orientations

are different, and it is an advantage of (111) that retention of crystal

singularity is prolonged in comparison with (100).

3.2.3 Throughput

The basic throughput goal was to achieve 2.5 kg per hour

of machine operation with a pulled yield in excess of 90%. In support

of this goal, a recharge/melt-down rate of 25 kg per hour was called

for. The majority of machine cycle time, however, is actually dedicated

to crystal body growth, and, therefore, the most - immediate impact on

throughput is by growth rate. As states: in Section 3.1, the effect

of a radiation shield in accelerating growth rate has been demonstrated

in a previous contract and remained the favored method for the present

work.

20
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The implication of a 2.5 kY/hr throughput in terms of growth

rate is presented in Section 6.1 for three different solidification

schemes. Bearing in mind the machine capacity, the possibility of

producing 150 kg as 3 x 50 kg, 4 x 37.5 kg, or 5 x 30 kg crystals exists.

The advantage of pulling fewer, but larger, crystals is that it cuts

down the number of recharge/melt-down operations per cycle. If this

can be allied to increased growth rate then the benefit to throughput

should be significant.

It should perhaps be pointed out at this stage that accelerating

melt-down time simply by applying more heater poorer is likely to increase

crucible deterioration with a consequent degradation of single crystal

yield. The influence of the crucible is discussed in Section 3.3.6.
	 M1

3.2.4 Process Automation

Although process automation and sensor development is discussed

elsewhere in this report, a note about its relationship to the process

goals is appropriate at this point.

Any improvement in sensors and control functions will benefit

the implementation of the process. However, significant improvements

to yield and to throughput are brought about primarily by experiment,

and therefore require that a process be defined before it can be automated.

Thus, automation of the process can only have an impact on yield and

throughput by virtue of its reproducibility from run to run. The obvious

cost area which automation should improve is that of manpower requirement,

both skill level and hours.

3.3 Process Investigation

3.3.1 Preliminary Growth Trials

In preparation for the development program, a few preliminary

growth runs were carried out in order n commission the grower, correct

any mechanical problems, and set some bsic growth parameters. Runs

numbered 1 to 5 were necessary to identify and correct a number of

faults, and these are discussed in more detail in Section 2.0.

21



After considerable effort to trace and rectify air and water

leaks, two further runs were made utilizing a 381 mm (15") hot zone

but with 355 mm (14") crucibles. Run 6 demonstrated the grower's capability

for producing dislocation-free material, but oxide smoke evolution

still persisted at an unacceptable level until the argon partial pressure

was ra^i^ed to 30 torr. The resulting crystal was significantly cleaner

in appearance than any from the previous five runs. Run 6 data are

shown in Table 3-1.

It was felt that the larger diameter furnace tank of the	 J

Mod 2000 was making argon flow at 20 torr less effective. Future use

of a conical radiation shield would certainly improve the situation,

but in the interim it was decided to utilize a light-weight cylindrical_

sleeve positioned on the top heat shield and extending up to the furnace

rank cover. The sleeve was 48.3 cm diameter (compared to the furnat-a

tank internal diameter of 68.5 cm) and fabricated out of laminated

grafoil.

The grafoil sleeve was employed in run 7 for which a 25 kg

charge was melted in a 355 mm crucible. Thermal conditions for growth

had obviously been changed by the new arrangement, but an operating

pressure of 20 torr was maintained and both crystal and crucible at

the end of the run were considerably cleaner than in all Drevioss runs.

Zero-dislocation crystal was not achieved during this run, but the

benefit of improved argon distribution had been proved and; therefore,

the next step was to commence process development with 15" crucibles.

3.3.2 Crystal Growth in 381 mm (15") Diameter Crucibles

Use of 381 mm x 305 mm crucibles enabled a standard charge

weight of 35 kg to be melted suitable for pulling 30 kg crystals. The

short tern objective was to build up to a 150 kg run (5 x 30 kg crystals

from one crucible).

Two preparatory runs were scheduled, the first of which (Run 8)

was designed to determine the conditions for dislocation-free growth

using a 381 mm crucible in combination with the grafoil purge sleeve.

In addition, the operation of the isolation valve and recharge hopper

22
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was checked out by hot filling 10 kg of polysilicon into an initial

melt of 25 kg. The ltot-fill operation worked well, although Chore

was a suspicion of some air leakage through the isolation valve during

the pull chamber purging cycle. The growth run established a suitable

melt level at which a dislocation-free crystal could be grown, although

structure was only maintained for 14 kg.

Run 9 was the first run made using an ircon sensor for automatic 	 11

diameter control, so that one purpose of the run was to fit.e tune

the ADC (Automatic Diameter Control) loop for optimuia performance.

It was also decided to make this a 2-crystal run in order to practice

a complete recharge procedure. Two crystals were indeed grown, the

first being; all dislocation-free but the second becoming dislocated

:1fter 2 inches of body growth (growth run data are presented in

Table 3-1). Tho reason for the loss of strw:ture was undoubtedly

due to chaLring of the isolation valve 0-ring .luring the recharging

operation causing subsequent contamination of the furuace atmosphere.

It was felt that the O-ring had not been properly seated and hence

not adequately cooled, exposing it to high heat load during crystal

removal. The 0-ring was replaced and firmly seated prior to the next

run.

3.3.2.1 150 kS Growth Run

The object of run 10 was to pull five consecutive 30 kg

crystals from the same crucible utilizing; the recharge procedure.

The grafoil sleeve was retained, and the Ircon diameter sensor which 	 I.
had worked well in the previous run was employed again.

Five crystals were pulled totalling; 145.5 kg in a time of

100 hours. The first two crystals were 90% and 65% dislocation-free

respectively, but subsequent crystals did not retain structure in

spite of repeated attempts to achieve it. The machine throughput

was 1.46 kg/hr, but this would have improved to 1.56 kg/hr if repeated

attempts it achieving; structure had not been undertaken. Two main

problems were encountered during this run.

24

r



r.
rj

L

(i) Air leakage through the isolation valve during the pull

chamber purging cycle in the recharge oper•.c.ion. Any air

leakage would, of course, contribute to structure loss problems.

It was subsequently found that the isolation valve problem

affecting runs 8, 9, and 10 was due to a slight misalignment

of valve plate to valve seat during assembly. This fault

was rectified by dismantling and realigning the whole

assembly.

(ii) At a mean pull speed of 7 cm/hr, all crystals grew in a

slightly twisted or spiral fashion (see figure 3-1). The

short term solution to this prcblem was to reduce pull rate

by approximately 1 cm/hr. This enabled the crystals to

straighten out, but obviously reduced the overall throughput.

The exact mechanism for spiral growth of crystals is not

well understood but the effect is usually ascribed to

thermal asymmetry. Several attempts were male in later

runs to gain a better understanding of this phenomenon.

In a follow-up to Run 10, an attempt was made to shed some

light on the reason for structure loss during multiple crystal growth

runs. After Run 10, the furnace was opened and very carefully unloaded.

Care was taken not to disturb the oxide deposit on the furnace parts.

A new crucible was placed in the hot :one and loaded with 35 kg of

silicon. The object of the exercise was to determine the grower's

capability for producing dislocation-free crystal with a new crucible

and silicon but no other preparation. in other words, it was a test

of whirl, is the more important factor causing structure loss--oxide

build up in the furnace or crucible degradation. Unfortunately, a

crucible support failure occurred during meltdown, and the run had

to be aborted.

The problem of spiral crystals was first addressed by checking

the mechanical alignment of seed cable to crucible shaft. A degree

of misalignment was found, and when this had been rectified, a run

was initiated (Rim 12) to determine whether a crystal spiral condition

still obtained. Although a full term crystal was not produced from

this run, sufficient material was grown to demonstate that the spiral

habit nad persisted. The condition was evident after 20 cm of body
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growth at an average pull rate of 7 cm/hr. Alignment was checked after

the run and found to be unchanged. The indications at this stage were

that the spiral problem was related to the combination of growth parameters

and hot zone con f iovrat.'.on being used.

3.3.3 Program Revision

Following a design and performance review and the issue

of a subseque-it Technical Direction Memorandum a change in emphasis

for the remainder of the program duration was decided. The requirement

for a number of 150 kg runs was relinquished in favor of the following

areas of investigation.

(i) Methods for increasing throughput, particularly using a

type of radiation shield.

(ii) Continued development and implementation of microprocessor

control for the MOD 2000.

(iii) Consideration of the problem of crucible-melt interaction

bu continuing analysis of the furnace atmosphere, and by

investigating the possibility of using synthetic quartz

crucibles.

Although a design and material for a radiation shield had

been chosen (see section 3.3.4) it was decided to dedicate a few runs

beforehand to a continued investigation of crystal spiraling. At the

same time, the microprocessor was interfaced with the MOD CG2000 grower

to assess its performance and to familiarize the growing team with

its ^,peration. Runs 15 to 19 were made in 381 mm (15") crucibles with	 r

charge sizes of 25 kg; pertinent run data are presented in Table 3-2.

During the course of these runs, the hot zone/process changes
.

made did improve the spiral situation somewhat, although the reason

is not clear. Heater concentricity was improved, top heat shielding

was lowered by approximately 12 mm, and growth melt levels were raised

by 12 mm. the net effect was not an elimination of the problem, but

an improvement to the paint where average pull rates approaching 7.5

cm/hr could be achieved with !inimal spiral.
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The conversion of the vital growr!r functions to microprocessor

control was accomplished with no great difficulty. However, some

shortcomirt, 3 were experienced when trying to develop and implement

crystal growth programs, e.g..

(i) No provision in the meltdown program for raising power to

melt off chunks of silicon stuck to the crucible wall. This 	 •e

o^eration had to be carried out manually and could affect 	 g

the subsequent stabilization sequence if the melt became
i

super heated.	 i

(ii) Because of the open loop nature of nec%, growth, a long melt
i

stabilization phase was required. This is not satisfactory

from a throughput standpoint.

(iii) Neck and crown recipes were sensitive to hot zone or process

changes (i.e. melt level) and ob ,r'_t,u^.ly diffi,:ult to predict

in advance. This is the sort of situation alluded to in

Section 3.2.4.

Despite these shortcomings, all aspect! of crystal growth,

except for the taper which was troubled by wall-freeze problems, were

carried out with microprocessor control from 25 kg charge sizes.

In order to determine the performance of the microprocessor

control system with larger melts, it was planned to carry out two

further runs in 381 mm crucibles with 40 i.g.charge sizes. Before

carrying out runs 20 and 21 a new heater and pedestal were installed 	 i

and baked out. In addition, a modificatio n.: to the crucible lift mechanism

was made in order to allow more down trave' and thereby facilitate

melting of the larger charges.

Meltdowi, t i me for Fun ?0 was just 2.2 hrs using; the same

meltdown recipe as for the previous 25 kg runs. however, the power

level of 70 k[: for Stabilization 1 was too high and had to be manually

reduced for seeding. In fact, power levels for seeding, neck, and

crown growth had to be about 5 kW lower for the 40 kg charge than

for :5 kg. ,After four attempts, a zero-dislocation crown was grown

and a good transition made from shoulder to body growth, but a high

initial pull rate iridicated that the power wab now somewhat low as

a wall-freeze problem occurred after about 5 cm of body growth.
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In fact, it proved impossible to retain a reasonable pull rats without

k a recurring wall-freeze problem under automatic control. The crystal

was therefore grown under rr.nual. control, at low pull speed, and with

decreased crucible rotation.

After completion of Run 20, the crucible_ shaft was inspected

and evidence of overheating and reaction between the metal shaft and

graphite pedestal was observed. The shaft was replay ed with a s:andared

CG2000 RC shaft, and the assembly on top of the pedestal altered to

include three additional insulator pieces. For growth Run 21, a higher

growth melt level was chosen to steepen the radial thermal gradient

ane diminish the possibility of a wall-freeze problem. The reuulting

power levels were about 2 kW higher thaw at similar stages in the

previous gun, and even though some wall-freeze din occur, it was not

such a serious problem. The crystal. was not single, but was at lea.3t

grown in a more controllable fashion, and no crucible shaft overheating

occurred (see data in Table 3-2).

Because of the unfavorable thermal condiL'iolS evident during

these two runs, it was difficult to assess the performance of the

microprocessor control. However, W keep the program on course, it

was decided to pursue the behavior of large melts in 406 mm (16")

diameter crucibles and to incorporate the radiati-n shield, which

ha,i by this time been designed and built.

3.3.4 Crystal. Growth in 16" Crucibles with Radiation Shield

3.3.4.1 Radiation Shield

As in a previous contract, the method chosen for increasing

crystal growth rate, and possibly recharge rate, was the use of a

radiation shield. The device was to be a conical shape and was designed

to fit tp to the furnace tank lid and extend down toward the crucible

as _ihown in Figure 3-2. Suppart for the cone was provided by .t graphite

ring standing on support legs witic,h in turn were carried by the Lop

heat shield ring.
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'rho Ill.lterial`i cotlt;f . l `red for cotio labricat Ion were molybdl`Iltmm,

graphILe, and graphlto coated with pytoIytiC gr:11t111te. 	 Ilowever, Since

the cone alight opel-.ILC in coaluncLion with the recharge hol'l'er, it

wrl;; decItIod to procoett wtLh : ► molybdettlilt Cone mode out of 1.5 nun thick

sheet. Tt was felt Lhat po:;sible humping of siI icon chunks on the

cone during a recharge operation might cause graphite particles to

fall Into) Lhe melt if the cone were made out of graphite.

3.3.4.2 GrowLll Runs in lb" Crucibles

In prerst'.1Lion for Run 22, 40 kg of polysilicon was loaded

into a 406 Lam crucible. Recluse of the presenco of the ntolyb.ienum 	 :•
t.'

cone, it Was apparent that the crucible atarttng position for nultdowu

uotll,l ha ,:0 to 1'0 l owl , red Lo .1VOI-1 Collt.Wt bctwootl the bot Lolll of the n.

cone. and the silicon charge. Me l t in t; proceeded yu i t e llornl.11 l y, huL

becauso the Cone obscured ,Illy V(e •W of Clle upper (tart of Lhe CrUCibly

Wall. it waS tmpossible to see dil- Octly WheLlior any chunk:; wore sLicking

to the wall.	 In fact, by reflection in the melt surface, It did appear

that tint . lump was :ldllvrill.; to the crucible rant and protrtidin t; inwnrds.

CollSCtllte`I1Lly, n decision WaS Inado Lo limit tlli exLent of Crucible

upward tr.ive l .luring crystal growth in order to prevent the silicon

chunk from intertering wtLII the cone.

A zero) lilll ocCitlon crystal W.1:; groWn aL Lhe' first :ILLCIIII)t.

And ,IIth01I )',1 neck and crown growth was not fully .ultomatte (110C.-IIISC

lee) C0111pULer program cotlld yet be defitled for flit , new ReL-lip), OW

shoulde t' was turtled and the CIVSI.;ll put ill(o AI)C with no I)VO11lela.

tleCati;:e of the explorator y nature of Otis run, the bull rate wn;; kept

down by s; ttltlg the growth loop (growth r.ILC controller.) at 7 cm /hr.

Whets the crystal lost sLrllcLure, its Fr0WLh W-13 CoIIL ianed and Llu!

restilLin}; ingot was Clear and oxide-free us a rC;;tilt of the purging

lit'Llon 01 Lhe cone.	 The ingot- exhiilited a gt'adual tetper lroul I1.11IW.ly

down Its lo111'th, Where Llie crucible 1 ift h.ld Lo he Lurned tiff heCatvly

of they decision to unlit upward t.raV o '1,	 Rim 22 W.1:; accolmpIi:;hod With

11e: Willi -freeze prollle`Im • ; ,Itld prodiwo,l .1 t'rv;itai W11,11 1111111111,11 eVide`Ilt'e'

of :;plr;ll character.	 For further ran datil, refer to 'Pahl.` 1-I.
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Run 23 was, therefore, planned under similar conditions with

the object of increasing pull rate. Preparation for the run only

involved raising the molybdenum cone slightly to insure contact with

the furnace cover plate and installing new seed rotation lip seals.'

A 40 kg charge was melted and zero-D crystal obtained at

the first attempt. Structure loss occurred after 20 cm of body growth,

but the crystal ias pulled for a total weight of 37.5 kg, representing

a pulled yield of 93.8%. The most significant aspect of this run

was the pull rate achieved during the major portion of crystal growth.

The growth rate control was set at 9 cm/hr pull rate for the first

35 cm of body growth, after which the computer would reduce the set-

point to 7.6 cm/hr. In fact, for a period of three hours after the

crystal was put into ADC, the pull rate was averaging 10 em/hr. The

average pull rate ovar the first 60 cm of crystal grcwth was 9 cm/hr,

and the growth diameter was 152.4 mm. At 60 cm of body growth the

crucible lift was turned off to avoid contact between the crucible

supports and the radiation shield. With crystal growth still in ADC,

this resulted in a gradual taper to the crystal. Eventually, the

crystal was controlled manually and a decision was made to try and

leave as little silicon residue in the crucible as possible. Although

Pull rates were much slower over this latter portion of manual growth,

the average rate for the whole 37.5 kg of crystal was 7.1 cm/hr (See

Table 3-3 for further run data).	 j

Some spiralling of the crystal was evident, as shown in

Figure 3-3, but this did not seem exaggerated for the high pull rate

being used over the first half of crystal growth.

Run 24 was set up to determine whether a recharging operation

could be successfully carried out with the conical radiation shield

in position. A charge of 40 kg was melted and a first crystal grown

of which 11.4 kg was zero-dislocation. This crystal was pulled for

a fi::al weight of 29 kg and then withdrawn. A recharge operation
I

was carried out and two hopper loads of silicon, totalling 29 kg,

were filled into the crucible. The recharge procedure worked as normal

except that the recharged material was funnelled into the crucible

by the molybdenum cone. This had a beneficial effect, since it tended
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to keep material up in the center of the crucible, whereas previously,

the recharged silicon heaped up against the crucible wall, increasing

the chances of chunks sticking to the wall.

After meltdown of the recharge material and dipping of the

seed, it was obvious from the excessive oxide build-up that a large

leak of some Sort had occurred. With some difficulty, an ingot was

grown, but it was polycrystalline from the start and covered with

a flaky deposit. At first, a minute water leak was suspected, but

a post-run investigation revealed that the seed rotation lip seal assembly

had been inadequately installed, and this began leaking severely after

the recharge operation. Although no really meaningful data could

be derived from the second crystal, an analysis of the data relating

to the first crystal (See Table 3-3) shows that an average pull rate

of 7.9 cm/hr was achieved.	 f
Run 25 was set up primarily to test a laser melt level sensing

system. A secondary objective was to determine what influence crystal

diameter might have on spiral growth; therefore, a growth diameter

of 125 mm was chosen. Because of the incident and reflected paths

of the laser beam, the molybdenum cone could not be used for this

run and instead the grafoil sleeve was employed (See Section 3.3.1).

A 35 kg charge was melted and several attempts made to hold

zero-D structure with this changed configuraCion. However, since

the object of the run was to track melt level variation and investigate

crystal shape, it was decided not to persevere with the efort to

obtain zero-D. As a result of growing 23.5 kg of crystal it appeared

that the extent of spiralling was very similar to that exhibited by

the 150 mm diameter crystals. However, the melt level system tracked

quite successfully and could possibly form the bads of a very useful

control device.

3.3.5 Thermal Instabilitv in the Melt

Much discussion and background literature searching had

gone on during the program in order to gain an understanding of the

nature and causes of spiral proath tendency in Czochralski crystals.
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The phenomenon has been ascribed to thermal asymmetry (4) in the furnace

such that the thermal center of the hot zone does not coincide with

the geometric center, where the seed is located. A spiral induced

by thermal asymmetry might be expected to decay as the crystal lengthens

because of the influence that a body of solidified silicon in contact

with the melt has on heat flow. As the size of the crystal becomes

significant it forms a heat sink at the geometric center and consequently

pins the thermal center at the geometric center. From this point

on, radial differences in heat loss encountered by the rotating crystal

become less significant and the crystal straightens.out. This seems

to be the pattern exhibited by crystals grown during the program;

a typical example being shown in Figure 3-4.

It is assumed that the thermal center of the melt should

coincide with the geometrical center (rotational center) as long as

the heater and insulation are placed concentrically about the crucible

and crucible support, and that correct alignment is maintained between

crucible shaft and seed cabl e movement. Having taken care co mainatin

concentricity and alignments, it must be assumed that the continued

problem of spiral growth was fundamental to the combination of hot

zone configuration and growth parameters: being used. Some support

for this view is provided by the work of Kobayashi (5) who considers

melt hydrodynamics and the interaction between free convection, due

to melt density variation, and forced convections, due to crystal

and crucible rotations. Depending primarily on which convection mode

is dominant, it is possible for a thermal asymmetry to exist around

the crystal, 1, which case the effect of the growth instability would

be a spiral distortion . To pursue this live of thinking would require

some crystal growth runs in which rotations could be varied to alter

forced convection, and the hot zone could be modified to affect thermal

gradients and hence free convection. Rotational variatiuns could

be made at any time during a run, but to make a hot zone change required

that it be decided beforehand whether the change should increase

or decrease heat losses from the zone. From an analysis of the results

and observations of the rans so far, particularly wall-freeze problems

and low power levels, it seemed that the way to go would be to increase 	 j

heat loss from the }ot zone.
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In setting up for Run 26, it was decided to remove the pedestal

insulator from beneath the crucible support and to remove some insulation

from the bottom heat shield. This was effective in increasing heat

losses away from the bottom of the crucibles, as evidenced by increased

power levels (See Table 3-4). However, it proved very difficult to

maintain structure and many attempts during which crystals 1 and 2

were grown were made to achieve it. During the course of these attempts,

crucible rotation changes were made to see if any change in melt stability

could be observed. Starting from a nominal rotation of 6 rpm, the

crucible was slowed down to 3.5 rpm, but at this, the rotation neck

and crown growth became more unstable. Eventually the crucible rotation

was brought back up to 10 rpm resulting in a more controllable neck

and crown growth. Finally, crystal number 3 was grown for a pulled

weight of 37.5 kg but, as can be seen from Figure 3-5, there was still

evidence of a spiral appearance. The taper on this crystal, from

about 55 cm of body growth onwards, was once again a consequence of

turning off the crucible lift to prevent the crucible from colliding

with the conical shield.

After the failure of Run 26 to produce any significant amount

of zero-D material, it was felt that the heat loss may have been too

drastic and so for the next run, the pedestal insulator was put back

in. Run 27 was also set up to try out a new design of 381 mm (15")

heater which had just been made available. This heater was approximately

7.5 cm shorter than the design used earlier in the program, and being

only a 2-active terminal heater the number of pickets was less. In

order to draw a comparison with the earlier 381 mm zone, the run was

made with the grafoil sleeve in place of the molybdenum cone.

A 35 kg charge was melted and a 30.05 kg crystal grown with

a mean diameter of 131 mm. Out of the pulled weight of 30 kg some

20.8 kg of material was zero-dislocation. This was achieved after

several attempts to find the right melt level, seed dip temperature,

and crucible rotation conducive to quality growth. As in the previous

run, the variation of crucible rotation was found to lead to more

stable growth at a higher rotation (12 rpm) than at a lower rotation

(3 rpm). However, some spiral character is Still obvious in this

crystal (See figure 3-6).
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It is. perhaps, worth noting that there does not seem to

be a direct correlation between ability to maintain dislocation-free

structure and degree of spiral obtained. Therefore, if good structure

were achievable every time, but It the expense of a small degree of

spiral, this might be acceptabl •2. The difficulty, however, is when

increased pull peeds are required to improve throughput, because

this has the tendency of exaggerating spiral.

3.3.6 Crucible/Melt Interaction

A prime suspect for the cause of persistent structure loss

during multi-crystal runs is crucible deterioration. Although the

exact mechanism is unknown, some sort of a picture has emerged from

technical discussion with those involved with c:ueible manufacture.

There is evidence that the typical "rosette" pattern on the inner

crucible wall, where it has been in contact with molten silicon, is

composed of an island of cristobalite surrounded by a ring of Si0 (2-x) .	 +

These rosettes grow and coalesce as time and the extent of crucible

dissolution proceed. Tbe problem in a multi-cr y stal run occurs when

the molten silicon has dissolved away the inner glassy surface of

the crucible (after, .1y. 40 hours) and starts to expose bubbles.

The bursting of bubbles at the melt/crucible interface might then

release cristobalite particles into the melt, leading directly to

crystal structure loss.

To test this theory, it would be necessary to obtain some

crucibles with zero, or at lust greatly reduced, bubble content.

Several possibilities exist and these are_ listed and commented on

below, along with price information where available.

1. Synthetic quartz - this is a very high purity bubble-free

material available commercially. The limiting factors with

this material would be cost and size of crucible that would

be manufactured. Some estimates as to cost for, say, a

305 mm diateter crucible, ranged from $2,700-$6,000.

2. Clear fused quartz - this material is available in tube

form and can be fabricated into crucibles. Some examples
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of sizes and prices are:	 I
I

305 mm x 228 mm @ $435

355 mm x 267 mm @ $745	 I	 '.
381 mm x 305 mm @ $1,015

The drawback with these crucibles is the thin wall (2.0 + 0.5 mm),

which is an inevitable consequence of the tube starting

stock and the forming process.

3. Slip-cast, fused quartz - after slip-casting and drying

these crucibles are given a heat treatment, to remove organics

and moisture, before undergoing a fusion cycle. This

technique produces a transparent, low bubble content

crucible. CruciLle cost is comparable to standard arc-fused

crucibles, but the available size range does not go beyond

330 mm diameter crucibles.

4. Synthetic quartz lining - an alternative to the prohibitive

cost of a synthetic quartz crucible might be a standard

arc-fused crucible with a synthetic quartz li.niug. Manufacturers

have been reluctant to respond to this scheme and so at

this time, it is not certain that this is technically

feasible.

5. 'Reglazed' crucibles - in this case, an extra fusing step

is utilized to produce a thicker glassy layer on the inner

surface of the crucible. Two sizes of reglazed crucibles
,r

have been quoted, i.e. J

305 mm x 228 mm @ $210 ($125)
355 mm x 267 n;m @ $330 ($210)	 A

--Figures in parenthesis are comparative costs for the

standard arc-fused product.

Based on the above information, it would seem that any investigation

of she effect on yield due to crucible type, particularly during multiple

crystal growth runs, ;.noul.d be i.;arried out using 305 mm (12") hot

zones in order to encompass the greatest number of crucible variants.

However, the time involved in setting up an alternative hot zone size

and procuring crucibles, put such an investigation beyond the scope

of the present program.
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3.4 Technology Readiness Demonstration

At the end of the program using the Mod. 	 2000,	 three supplementary

runs were made to asse •- s the performance of the newly designed 15-inch {

"short" heater.	 These runs are described in Table 3 - 5.	 Although some

improvement in melt stability was; observed, the problems of zero -D yield

and spiral growth tendency persisted. 	 However, the change in hot zone

geometry allied to rotational changes, to affect forced convection in ^1

the melt, was felt to be the direction tc follow.

This approach was carried over to the process work in the

production CG6000 grower.	 Process development on this machine was inevitably
i

slowed down by equipment debugging problems, but in 15 runs, the zero-D

yield was improved and the spiral problem was eliminated.	 These runs

are detailed in Table 3 - 6.	 in all run,,	 the crucible size was 15-inch

diameter, seed orientation was 	 (1-1-1), and growth diameter was 130 mm. ^

Recharging was performed on runs 5,	 11,	 13,	 and 14.

The CG6000 differs from its prototype, 	 the Mod 2000,	 in that

the main furnace tank has an internal diameter increase of three inches,

and the pul-' chamber and throat diameters are smaller.	 In addition,

a new generation seed cable mechanism was installed on this grower.

It was confirmed	 early on in the CG6000 program that when using the

larger diameter furnace tanks, some form of gas-directing device was

necessary.	 It was also learned that a cylindrical sleeve resting on 'f

top of the hot zone could perform such a function as long as its mass

was not too great.

In addressing the spiral probleri;, no outstanding breakthrough

was accomplished; rather, a refinement of the hot zone configuration

allied with growth parameter variations led to a diminution and subsequent

elimination of the feature. Thus, no single cause was identified for

a spiral. growth tendency although several factors which can assist in

reducing the problem were employed, for example, reducing pull speed,

lower seed rotation, melt-level choice, and correct seed cable alignment.
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4.0 CONTROLS AND AUPOMA`fION

4.1 Introduction

The modified CC2000 grower constructed under this contract

is equipped with Kayex-liamco Automatic Grower Logic (Agile) control

system. The Agile program includes meltdown, stabilization and growth

of the ingot neck, crown, body, and final taper based on information

stored in process tables. A discussion of the Agile system is given

in a following section.

Tasks performed under this contract addressed the addition

of sensors to the Agile system to enhance its control capability for

growth of large diameter material for solar cell application. Goals

for these tasks included:

a. Melt temperature sensing and automatic dip temperature

stabilization;

b. Implementation of a sensor to detect proper diameter for

termination of crown growth and start of the crystal shoulder;

c. Implementation of a sensor for control of the growth of

six-inch disme!:er material; and

d. Implementation of direct melt level sensing and control.

These tasks were performed in two major phases. The first

phase included develop.r.ent if the melt temperature, shoulder anti . ismeter

sensors. This ph-ise included the growth of a series of four-inch diameter

crystals from 12-inch crucibles in a Hamco CG2000 RC grower. Upon completion

of the development and test phase, the sensjcs %ieru integrated with the

"codified CG2000 grower constructed under this contract, anJ the system

was released to the process group for use in process development.

The melt level sensing system requires optical access to the

furnace tank that is not available on a standard CG2000. Therefore,

the melt level system was installed and tested after the effort was transferred

over to the Modified CG2000 grower.

=r

i
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4.2 Sensor Development

4.2.1 Melt Temperature

4.2.1.1 Background

Establishing the correct melt temperature prior to seed dip

is a critical step in preparation for crystal growth. The acceptable

range of melt temperatures for dip is approximately + 3 o C. Seed dip

and neck growth at lower temperatures result in excessively high see'

lift rates to produce acceptable small neck diameters. Conversely, seed

dip at higher temperatures results in melt back and undercutting of the

seed. In manual grower operation, the melt temperature is sct by the

operator by adjusting the temperature set point for the grower heater

while observing the wetting of the dipped seed. This procedure can be

delicate and time consuming, particularly if the operator is of a relatively

low experience level, and it is highly desirable to automate this critical

step in the growth process.

The approach taken to automatic dip temperature setting is

direct sensing of the melt temperature which then serves to close a loop

which controls the heater temperature set point. Optical pyrometry was 	
i 7

selected as the means of temperature measurement, and initial development

employed a two-color pyrometer (type R supplied by IRCON, Inc., Skokie,

Illinois).

The two-color pyrometer has the advantage of providing a temperature

measurement that can tolerate large variations in the intensity of the

radiation from the object whose temperature is being measured. This

characteristic is a consequence of the two-color measurement technique

which determines the radiant body temperature from the ratio of the intensity

of radiation at two different wavelengths. Equal attenuation of the

radiation at both wavelengths does not affect this ratio and consequently

does not affect the temperature measurement. Insensitivity to large

variations in overall intensity of the radiation was considered to be

a desirable characteristic because of the common occurrence of silicon

monoxide as "smoke" within a grower and as a deposit on the grower viewports.
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4.2.1.2 Development

The two-color pyrometer was mounted on the top of the pull-

chamber of the CG2000 grower used during the development phase. 	 It viewed `I

the melt at an angle approximately 5 	 off vertical through a quartz window

which replaced the solid aluminum blow-off port. 	 This arrangement was

used for melt temperature stabilization prior to seed dip for 8, 12 kg

crystal growth runs in 30.5 cm diameter crucibles. 	 In each case, acceptability i

of the resultant melt temperature was judged by growing a crystal neck

with a standard process implemented in the Agile computer.	 Reproducibility
^r

of the neck profile within an acceptable range was taken as the criterion

for acceptable reproducibility of the seed dip.	 After these initial

tests, development efforts progressed to growth from 18 kg charges in

30.5 cm crucibles.	 The increase in charge size was intended to examine

sensor and process reproducibility. 	 Three crystals were grown from 18 kg

charges in the CG2000 development grower with unsatisfactory reproducibility

of the melt temperature at seed dip. 	 The decrease in reproducibility

was attributed to an increase in spurious reflections of radiation from

-

hotter surfaces off the surface of the melt. 	 The response of the two-

color pyrometer is severely affected by such reflected radiation because r

the two-culor technique favors the measurement of the temperature of

the hotte3t object in the field of view, even if the radiation received

from that object is only a small percentage of the total radiation being

detected.

This problem was addressed by replacing the two-color pyrometer

with a single-color unit mounted in a carefully controlled geometry that

minimized reflections off the melt surface.

4.2.1.3 Implementation

The final implementation of the melt temperature pyrometer

is illustrated in Figure 4-1. The pyrometer (IRCON type B, IRCON, Inc.,

Skokie, Illinois) mounts on a periscope that allows it to view the melt

by reflection off of a gold, front-surface mirror. The periscope replaces

the adapter normally located between the pull chamber and the cable lift
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mechanism. Argon entering through an inlet (not shown :n the figure)

located in the periscope insures that, under normal operating conditions,

monoxide created in the furnace chamber will not deposit on the mirror

or quartz window of the periscope.

Spring loaded alignment screws located between the flange and

pyrometer adapter allow precise alignment of the pyrometer field of view.

The selected optics produce a 1.3 cm diameter field of view at the surface

of the melt. This is centered on a point located 5 cm from the center

of the crucible. The offset from the crucible center is necessary to

allow the seed chuck to be luwered without encroaching on the pyrometer

field of view.

Signal conditioning and linearization for the pyrometer is

provided by an IRAN Series 220 electronic module with a linear output

calibrated over the rango of 900 0 C. to 1500° C. This module also provides

signal filtering with a three ;second response time. The linearized output

is then converted to a 12-bit binary input to the Agile computer system.

The output of the pyrometer electronics has a high noise content

due to convection within the melt resulting in temperature variations

in the melt surface. This can be seen in the chart record of melt

temperature shown as A, Figure 4-2. The noise content is approximately

10  C. peak-to-peak and is excessive for a signal which is to be used

as a process control input. The noise is reduced significantly by processing

the Signal with a digital filter implemented in the Agile software. The

filter has a 60-second time constant and resdlts in a typical output shown

as B in Figure 4-2.

The control arrangement used for automatic melt temperature

stabilization is illustrated in Figure 4-3. The control blocks in the

figure represent PID control algorithms implemented in software. The

cascade control configuration is closed after completion of meltdown

and a soak of the melt at constant power. The control cascade is maintained

until the melt temperature has been within a + 2 0 C. band of set point

for a 30-minute time period. This criterion assures that the melt is

at the correct temperature and is stable before the start of neck growth.

E
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4.2.2 Shoulder Sensor

4.2.2.1 Principles of Operation

A critical step in ingot growth occurs at the t:an:ition•from

the relatively flat crown to growth of the cylindrical, at-diameter portion

of the ingot.	 Performing this transition (or shoulder) requires that

the seed lift rate be increased.	 The proper variation of seed lift rate

is performed by the Agile computer upon receipt of an input at the proper

time for the shoulder transition.	 This input is generated by sensing

that the crown is at the correct diameter. 	 This occurrence is detected

by means of a focused optical pyrometer aimed at the crown diameter where a

the shoulder is to begin.

The solid silicon of the crown has an emissivity :approximately

three times higher than the emissivity of liquid silicon.	 Even though

the crown is slightly cooler than the melt, 	 the difference in emissivities

results in an easily detectable increase in infra-red radiation when

the crown increases in diameter to the point where it is seen by the

pyrometer.	 Selection of pyrometer optics to give a small, well-defined

field of view results in a sharp rise in electrical output as a function -,

of increasing crown diameter.	 This signal is then compared with a threshold

to determine the start of the shoulder threshold.

4.2.2.2 Implementation

The shoulder sensor is based on a Type Z pyrometer supplied

by IRCON, Inc., of Skokie, Illinois. The pyrometer cons4sts of three

units: the detector assembly, a reimaging lens, and a flexible fiber 	 Y

optic cable for connecting the detector ana lens assembly. This system 	

.f

was selected because the reimaging lens is physically small and is easily

mounted on the grower. The reimaging lens assembly was modified as shown

in Figure 4-4. The stock pin hole and lens are replaced with a .3 mm

diameter pinhole and a 5.0 cm focal length lens. This combination gives

a 3.3 mm diameter field of view at ttae surface of the melt.

The reimaging lens assembly and its mount. are shown in Figure

4-5. A micrometer driven stage visible behind the lens assembly allows
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the aiming point of tie pyrometer to be set. The aiming point is calibrated

in terms of crystal diameter by replacing the detector with an illuminator

that transmits light back through the fiber optics Lad reimaging lens.

This allows an image of the pin hole to be projected onto act alignment

target mounted on the crucible shaft.

4.2.2.3 Signal Processing

The output of the pyrometer c:-tector is amplified by the circuit

shown in Figure 4-6. The first stage is a currant-to-voltage converter

and the second stage is an active filter with a three-second response

time. The output of the amplifier is fed to an analog input module of

the Agile computer where it is converted to 12-bit binary. A digital

filter implemented in software provides a sharp cut-off at 0.1 hz. The

filtered signal is then compared to a fixed threshold. The 0.1 hz filter
ks

response reduces sensitivity to crown motion produced by seed orbiting

to a negligible level, and it also provides a High level cf immunity

to transients in the pyrometer output that may be caused by spurious
Y

reflections from the crown or melt.

4.2.2.4 Operation

The response of the shoulder sensor was verified by using the

micrometer stage to scan the field of view across the edge of a slowly

growing crown. The relative location of the crown edge could be identified

to + 0.5 run. The error in calibrating the position of pyrometer with

the alignment target is estimated to be of the same magnitude. The total

uncertainty in the shoulder trigger point is then better than + 1.0 mm

on the crystal radius for a given, fixed melt level.

4.2.3 Diameter Sonsor

The diameter sensor is also a focused optical pyrometer. The

optical and electronic implementation is identical to that described

above for the shoulder sensor. Its operation is based on the classic
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technique of relative overlap between the pyrometer field of view and

the image of the bright ring of reflections off of the meniscus near

the crystal/melt interface. The overlap increases with the crystal diameter,

resulting in an increase in the pyrometer output. This response

characteristic holds over a range determined by the apparent width of

the bright ring and the diameter of the pyrometer field of view.

The diameter sensor response was verified by growing a crystal

out to nominal diameter and then manually controlling the seed lift rate

to give stable growth at a constant diameter. This was verified by visually

monitoring diameter with a cathetometer. The micrometer stage carrying

the diameter sensor was then used to scan the pyrometer field of view

across the bright ring and the filtered pyrometer output was recorded.

The usable range of sensitivity was determined to be approximately 4.5 mm

on the crystal radius.

4.2.4 Melt Level Sensor

4.2.4.1 Background

Maintenance of a constant melt level relative to the position

of the heater is desirable for two reasons. Geometric considerations

require that variations in melt level be minimized to avoid uncertainties

in diameter control, and process considerations requie a known and constant

melt level to minimize uncertainties in the thermal conditions within

the melt.

In the past, melt level has been controlled indirectly by driving

the crucible lift at a speed proportional to the seed lift. The proportion

is a function of crystal and crucible diameters and departures from their

nominal values result in a cumulative error or drift in melt level. The

modified CG2000 design called for direct sensing of melu level and closed

loop control of the crucible lift to give a controlled melt level throughout

each crystal growth run.
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4.2.4.2 Implementation

The melt level sensing technique is based on the system described
i

by C.S.Duncan, et. al.	 in the March,	 1981, Quarterly Report for DOE/JPL r!^

Contract 954654.	 The principle of operation is illustrated in Figure 4-7. t

The output of the He-Ne laser enters the grower through a port

and is reflected off the surface of the silicon melt to a second port.
.i

The receiver lens mounted just outside this port serves to reconverge

the laser light that has been scattered by disturbances L. on the melt

surface.	 An interference filter is used to eliminate light except for a

narrow	 band ;.entered on the laser wavelength.	 A linear, position-sensitive

detector located at the focus of the receiver lens generates outputs

which are processed by the electronics to give a signal proportional

to the position of the spot on the detector being illuminated by the

reflected laser light.	 A change in melt level results in a position

change of the illuminated spot. 	 The detector is a Model T.SC 30-D manufactured =`

by United detector Technology of Culver City, California. 	 The difference `r

of the detector's output signals is proportional to the product of the

illumination intensity and its position along the detector axis. 	 The

sum of the output signals is proportional to intensity only. 	 The circuit
1

illustrated in Figure 4-8 includes a divider whose output is proportional

to position and is independent of intensity_:- This output is buffered

and filtered to give the final melt level output.

4.2.4.3 Operation

The system was tested by tracking the level of water in a crucible

while driving the crucible lift. Additional tests were performed by

tracking the surface of a silicon melt during crystal growth Run 25.

These tests indicated a system sensitivity to changes less than 0.5 mm	 +

over a range of 4 cm.
r'1

Further tests of the system were not possible because of interference 	 --

between the laser sight line and the radiation shield installed in the 	 ~

grower in the later stages of process development. Consequently, the

ouput from the melt level sensor has not been used as an input for closed- 1

loop control.
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4.3 Computer Control System

The automatic grower logic (Agile*) computer-based control

system was integrated with the modified CG2000 grower and the sensor

developed under this contraC:L. The Agile system includes logic for controlling

growth of the ingot neck, crown, body, and final taper with a minimum

of operator judgement and input. The grower operator is required to

make specific observations and decisions at a limited number of discrete

points in the process. However, the operator input is limited to Yes

or No responses as prompted by the computer system. Process reproducibility

is achieved by taking process parameters from tables in the computer

program. These tables are structured so that all entries are in familiar

format and notation and are field changeable without knowledge of programming

techniques.

The computer system includes digital implementations of the

PID controllers for diameter and heater control and the Kayex-Hamco Growth

Control.* An additional control loop is used for automatic setting of

the melt temperature prior to seed dip as described in 4.2 above. Growth

of the neck and crown are controlled by programmed variations in Seed

Lift Rate and the Heater Control set point. These programmed variations

are determined by process table entries.

The level of operator attention is'significantly reduced by

having the computer sound an audible annunciator and present messages

to the operator at specific points in the process. Controls available

to the operator are minimized. All controls for process tuning and modifications

are included in a separate Engineer's Station which plugs into the grower

control system when needed for development purposes.

The Agile system includes 72-hour battery backup of the computer

memory, which avoids reloading the program after short-term shutdown.

The Engineer's Station includes a digital cassette recorder if reloading

should be necessary. The system also includes built-in self-test and

diagnostic program for troubleshooting and maintenanze.

*A proprietary development of the Kayex Corporation.
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4.3.1 Configuration

The Agile System includes the computer enclosure and the interface

assembly. The computer enclosure houses the Texas Instrument PM550 computer,

input/output electronics and the Operator's Panel. The interface assembly

mounts in the grower console and includes relays and isolating amplifiers

that allow the grower to be controlled by either the analog console controls

or the Agile computer system. The control mode is determined by a front

panel switch.

The separate Engineer's Station includes modules for process

development and modification. The modules are plug coupled and are normally

not connected during grower operation.

4.3.2 Functional Organization

4.3.2.1 Overview

A functional overview of the system is shown in Figure 4-9.

The central box represents functions performed within the Agile computer.

The boxes at the bottom of the Figure represent functions performed through

the Engineer's Station and Operator's Panel. These are illustrated

in Figure 4-10 and 4-11.

A more detailed representation of the internal system organization

is given in Figure 4-12. Inputs, outputs, and functions are discussed

below.

4.3.2.2 Inputs

a. Crucible Height - The output of the crucible height encoder

potentiometer is an input to the Agile system. This input

is monitored to raise the crucible to the correct starting

position for crystal growth.

b. Shoulder Sensor - This output of the sensor described in

4.2.2 is used to determine when the crown is at the correct

radius to begin turning the ingot shoulder.
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c. Diameter Sensor - The output of the sensor described in

4.2.3 is used as input to Lhe Diameter Control loop during
A^

growth of the at-diameter crystal body.

d. Melt Pyrometer - This sensor output is used to automatically

set the dip temperature as described in 4.2.1.

e. Heater Pyrometer - The standard heater pyrometer is mounted

on the furnace tank.	 Its output is used as input to the

heater control loop for control of heater power.

4.3.2.3 Functions

a. Sequence and Timing - Provides overall control of the program

sequence and operator input-output. The dashed lines

indicate logical switches within the program that determine the

internal sources of control signals depending upon the

step in the sequence. For example. the Seed Lift Rate

is driven by the process tables during neck and crown growth

and by the Diameter Control during body growth.

b. Diameter Control - This function is performed by a digital

PID controller. Input to the controller is the digitally

filtered output of the diameter sensor. The controller

output is the Seed Lift Rate .during growth of the crystal

body.

c. Crucible Lift Control - The Crucible Lift Rate is calculated

(from the crystal shoulder on) in a fixed ratio to the

Seei Lift Rate. The ratio is provided by the operator 	 •

as input data.

d. Growth Control - This function adjusts the set point of

the Heater Control to maintain the long-term average of

the Seed Lift Rate at a predetermined value.

e. Dip Temperature Control - Melt temperature is stabilized

as described in 4.2.1.

f. Heater Control - Heater power is controlled by a PID loop

with input from the Beater pyrometer.

72



G	 4.3.2.4 Outputs

The system provides outputs for Seed Lift Rate, Crucible Lift

Rate, and Heater Power as shown in the Figure. As discussed earlier,

these outputs are driven either by the process tables or by other process
'r

control functions within the Agile system as determined by sequence and

timing.

The Agile system does not have control outputs for seed or

crucible rotation, lift directions, or jog modes. These functions remain

under the control of the operator, aloi.g with monitoring and control

of water, vacuum, and argon utilities. Prompting messages regarding

these functions are presented to the operator at appropriate points in

the process.

4.3.3 Program Sequence

The principle steps in the program sequence are illustrated

in figure 4-13. The sequence proceeds as indicated by the arrowheads.

The sequence may be interrupted (the Res.-trt and bold paths) by specific

operator actions. The steps in the sequence are:

a. Setup - A timed sequence of messages is displayed to prompt

the operator to perform certain operations or checks prior

to crystal growth.

b. Data Entry - The operator is requested to enter specific

parameters for the crystal growth process.

c. Meltdown - A four-step p-ogram in power level and time.

The final step may be extended for fi.-_., times by the

operator in order to complete meltdown.

d. Stabilize - Melt temperature is stabilized to a preset

value for seed dip. The crucible is automatically raised

to the correct starting height for crystal growth.

e. Trim - Melt temperature may be annually trimmed. This

is not normally required, but is perr,,itted to correct for

unusual circumstances.
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Neck - A tapering neck is grown from a 10-step process

table. The operator judges when the neck is adequately

thin. A straight section of neck is then grown at constant

pull speed.

g Crown - A process table is also used to control crown growth.

Crown growth proceeds until the output of the shoulder

sensor exceeds a threshold, at which time the shoulder

process steps are executed.

h. Body - The system enters Automatic Diameter Control (ADC)

when the output of the diameter sensor exceeds a threshold.

Body growth under ADC proceeds until a predetermined length

of crystal is grown, at which time the Growth Control is

turned on. During body growth, the Seed Lift Rate set

point fir the Growth Loop is automatically set as a function

of ingot length. The settings are taken from a process

table.

i. Taper - The final taper is grown automatically. The operator

initiates taper growth in response to a prompt from the

computer.

4.4 Test Results with Computer

A series of nominal 100 mm diameter crystals was grown from

12 and 18 kg melts during the sent^r development program on the CG2000 RC

grower. These growth runs led t.•, 'ie designs of melt temperature, body,

and shoulder sensors later incorporated into the Mod 2000 design. System

operation and reproducibility were verified by the growth of four 10 kg

crystals from 12 kg melts with the use of identical process parameters

in the Agile program. Two of these crystals are illustrated in

Figure 4-14.

Measurement of these crystals yields a short term accuracy

of diameter control that is better than + 0.5 mm. Long term accuracy

and reproducibility from crystal to crystal is approximately + 2 mm.

The lung term errors are determined by errors in melt level, however,

which reinforces the need for closed-loop melt level control.
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After integration with the Mod 2000 grower, testing continued

but with the emphasis redirected to support of the process development. 	
:t

Two growth runs (Runs 13 and 14) were used to checkout the functioning

of the Agile computer and sensors. These runs successfully demonstrated

the principal control functions of the Agile system including neck, crown,

and body growth. For other process development growth runs, variable
D'

growth conditions due to hot zone changes often precluded the use of

the neck and crown portions of the Agile program which require a defined

process. The Agile system was used routinely to control meltdown,

stabilization, and body growth with satisfactory results as summarized

in Section 4.0.

r.
w.

4.
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5.0 ANALYTICAL PROGRAM

The analytical program consisted of three general tasks:

1. Purity analyses of silicon material produced during	 .I

150 kg growth runs.	 j

2. Solar cell fabrication and evaluation from selected samples 	
'• i

of ingots, especially the 150 kg runs.

3. Furnace gas analyses.

The Technical Direction MemorandUM issued by JPL in September

of 1981 placed highest priority on the gas analyses; therefore, nearly

all analytical efforts were performed in this area for the balance of
I

the program.

5.1 Purity Analysis

Run 10 (150 kg) was selected for the preparation of samples

for chemical analyses. The primary objective was to determine if impurity

buildup in the melt would be sufficient to cause structure loss problems

and a falloff of solar efficiency. Selected samples from grown ingots

were prepared, as well as samples of a new crucible and the used crucible.

Finally, a sample of the residual melt was analyzed.

The samples were sent to a testing laboratory for analysis

by Spark Source Mass Spectrography (SSMS). Table 5-1 contains the results

of the analyses.

Although the samples appeared to be very pure, the crucibles

and residual melt did show notable amounts of calcium, iron, and aluminum

consistent with our earlier experience.

When comparing the results from these samples with analyses

from similar runs performed on earlier contracts, the general level o`

purity seems to have improlred. However, the measured boron level is

about one order of magnitude lower than it should be based upon the known

dopant level and resistivity meat-rement (1.0-3.0 ohm-cm). Therefore, 	 F

some doubt exists with regard to the accuracy of the analyses, and more

extensive analyses should be performed for conclusive data-. Earlier

SSMS 2nalvses were performed by Commercial Testing and Engineering Co.,

Inc.; whereas, the present samples were analyzed by Northern Analytical

Laboratory.
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There does not, however, appear to be any alarming buildup

of impurities throughout the run in either the grown ingots or the residual

melt.

5.2 Solar Cell Fabrication and Testin

Material from Run 10 was sent to Applied Solar Energy Corporation

for fabrication and testing in accordance with their standard (baseline)

method. Each of the five crystals produced during this 150 kg recharge

run was sectioned such that material from the top, middle, and bottom

of the crystal could be fabricated into 2 cm s 2 cm wafers for processing

into solar cells. Each cell was identified according to the following

"key":

10 - 3 - 2 T

ingot location (top, middle, or bottom)

test cell #

crystal #

Run fl

Thirty cells were fabricated and-tested. Applied Solar provided

one control cell. Of the thirty cells, four were duplicates to determine

the repeatability of the fabrication and testing procedure.

These four cells were identified as follows:

I.D. #	 Actual Sample

10 - 7 - 2 T

10 - 7- 3 T	
10 - 2- T

10 - 7 - 2 M ^

	
10 - 1 - M

10 - 7 - 3 M

The cell efficiencies were tested under both AMO conditions

and AMl conditions. The testing.results can be seen in Table 5-1.

As in previous long recharge runs, monocrystalline material

produced average efficiencies 24 higher than polycrystalline material. 	 n:

n
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However, the average efficiencies of both monocrystalline and polycrystalline

material was 24.4% and 28.3% higher respectively than cells fabricated

in 1979-1980. (2) It is believed that the average efficiencies of the

cells fabricated in 1982 are higher than those fabricated earlier because

of improved cell fabrication methods, rather than improved material.

As a matter of fact, the average efficiencies of the cells made from

poly material in 1982 tested as high as the cells made from monocrystalline

material in 1979 and 1980 (12.3%).

The results of the earlier work were corroborated with these

results. Solar efficiency of monocrystalline material remains essentially

constant to 150 kg in the continuous Czochralski process, as does efficiency

of large-grained poly. The poly material is, however, somewhat less

efficient.

The solar efficiency of the monocrystalline material was 15 ' 1 16%

AM-1 to 150 kg pulled.

The solar efficiency of the polycrystalline material was 11 to 13%

AM-1 to 150 kg pulled.

r
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I 

Voc	 Isc2	 CFF	
ANO 	 AM1

Sample No.	 Comments	 mV	 mA/cm	 I	 %	 r	 r.

10-1-2T Zero
Dislocation

586 39.7 81 13.9 15.6

10-1-3T Zero
Dislocatiot:

586 40.7 80 14.1 16.0

10-1-2M Zero
Dislocation

584 39.2 80 13.5 15.1

10-1-3M Zero
Dislocation

584 38.8 79 13.3 14.8

10-2-2T Zero
Dislocation

590 38.6I 81 13.7 15.3

10-2-3T Zero
Dislocation

590 39.2 81 13.8 15.5

10-2-1B Poly 562 34.4 80 11.4 12.7

10-2-3B Poly 564 35.3 79 11.6 13.1

10-3-1T Single 586 39.6 79 13.5 15.2

10-3-2T Single 588 38.3 81 13.5 15.1

10-3-IM Poly 558 34.8 79 11.3 12.7

10-3-2M Poly 544 33.2 75 10.0 11.2

10-3-2B Poly 564 35.2 78 11.5 12.8

10-3-3B Poly 562 34.4 79 11.3 12.5

10-4-1T Single/Poly 588 39.6 80 13.9 15.7

SOLAR CELL TEST DATA

TABLE 5-2 (A)
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Sample No. 

I

Comments
Voc
mV

Isc2
mA/cm

CFF
7

AMO
N
%

AMl
N

%

10-4-3T Single/poly 586 38.6 80 13.4 15.0

10-4-1M Poly 540 33.2 78 10.3 11.4

10-4-3M Poly 536 32.4 76 9.8 11.0

10-4-2B Poly 570 36.8 78 12.2 13.6

10-4-3B Poly 560 35.7 76 11.2 12.6

10-5-1T Single 583 38.2 82 13.6 15.1

10-5-3T Single 588 38.6 81 13.6 15.2

10-5-3M Poly 544 32.9 78 10.3 11.5

10-5-4M Poly 546 32.8 79 10.5 11.8

10-5-2B Poly 562 34.9 78 11.4 12.7

10-5-4B Poly 562 34.8 79 11.5 12.8

4 Internal Controls

10-7-2T 10-2-T 588 38.6 80 13.5 15.1

10-7-3T 10-2-T 588 38.3 81 13.4 15.0

10-7-2M 10-1-M .588 39.1 80 13.7 15.3

10-7-3M 10-1-M 588 39.6 79 13.7 15.3

External Control

Applied Solar
CZ Material i	 598 39.1

j
81 14.0 15.8

SOLAR CELL TEST DATA

TABLE 5-2 (B)
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5.3 Furnace Gas Analysis

Although early silicon CZ growers were operated at about

atmospheric pressure, most growers today are operated in the pressure

range of 10 to 30 torr. A constant flow of protective gas is metered

into the growth chamber (usually argon) and a mechanical vacuum pump

maintains the desired pressure. The argon purge helps to provide the

melt with a noncontaminating environment by sweeping away undesirable

products of reactions that are ongoing throughout the crystal growth run.

It also helps to minimize the deposition of silicon monoxide on the inside

surfaces of the furnace chamber.

The objective of this portion of the program was to implement

a method of quantitatively measuring gases suspected to exist in the ambient

atmosphere of a silicon crystal grower. Possible species of gas (besides

the argon purging gas) are CO, CO 2 , N 2 , H 2O, and H 2 . CO and CO2 might

be the result of reactions between crucible and crucible support, or between

graphite and silicon monoxide. The other species could indicate the possibility

of air or water leaks into the growth chamber. Ultimately, it was hoped

that gas analyses could be correlated to conditions of growth. The preferred

method would measure either continuously, or would repeatedly analyze

samples over a relatively short cycle time.

During portions of JPL Contract No. 954888 and 955270, a quadrupole

residual gas analyzer (RGA) was used to analyze exhaust gases from a Hamco

CG2000 crystal grower. Limited quantitative information from the RGA

method led us to the conclusion that a gas chromatographic system (GC)

would be the preferred analysis method for the present program. Several

GC vendors were contacted and quotations received. However, no vendor

could devise a satisfactory system for sampling the low pressure, low

concentration gases in the crystal grower. Therefore, a consultant was

retained to solve the sampling problem and verify the capabilities of

the different GC manufacturers' equipment. This effort led to the conclusion

that commercial type GC systems were not sensitive enough to measure the

expected low concentrations of the gases of interest. The difficulty

was associated wir.li effectively seperating and analyzing oxygen, nitrogen,
A

and argon in commercial GC equipment. Therefore, the initial concept
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of one chromatograph doing the analyses of all significant gases was dro,.)ped

and a new approach encompassing a modular or component system made up

of several different types of gas analyzers was pursued. For carbon monoxide,

hydrogen, and possibly other hydrocarbons, an inexpensive ethylene gas

analyzer based on gas chromatographic principles could be used. It requ.'.red

modifications for it to function as a gas chromatograph, but these modifications

were relatively simple and inexpensive when compared to the cost of a

commercial CC.

Commercial sensors were found to be available for measuring

oxygen and water vapor in low concentrations.

The analyzers capable of detecting low concentrations of nitrogen

were expensive aud, at best, untried in our application. Moreover, it

was felt that the nitrogen concentrations in the ambient gases at the

bottom of the crystal. grower might be so low that they would be undetectable.

For those reasons, nitrogen was dropped as a gaseous species to be analyzed.

The final gas analysis system was, therefore, comprised of the

following gas analyzers:

1. An ethylene gas analyzer modified to perform as a gas

chromatograph and detect very low concentrations of carbon

monoxide and hydrogen.

2. An in situ oxygen analyzer capable of continuously monitoring

the concentration of oxygen iii the gases being sampled;

3. An in situ hygrometer capable of continuously monitoring

the dew point of the gases being sampled. The dew point

could then be converted to water vapor concentration levels.

In the Hamco (^G2000, pure argon is introduced into the chamber

continuously at the top. It flows generally downward over the melt and

growing crystal and eventually is exhausted out a Port in the lower portion

of the chamber into the vacuum pump. It was decided to take samples from

the exhaust line for analysis, although, in future work, it would be helpful

to also sample incoming gas as well as gas in close proximity to the melt,

for it is now believed that some of the products are formed in the

heater/insulation region below the crucible and melt which do not affect

the growing crystal.
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Our approach to the gas analysis study was to assume that the

incoming argon was of the purity specified by the manufacturer and that

reactions taking place in the hot zone area were as predicted, and, in

some cases, verified by thermodynamic analysis and corresponding literature,

and therefore analyze gases in the lower portion of the crystal grower

furnace tank at the exhaust exit. This approach we felt would allow us

to best use our resources to answer the following questions:

- How do variations in crystal growth conditions and process

parameters affect the quantities and types of gases produced

in a vacuum type Czochralski crystal grower?

-	 Are high concentrations of certain gases detrimental to

the growth of high quality (dislocation free) silicon

crystals?

-	 What conditions can cause ambient has concentrations

detrimental to high quality crystal growth? Can these

conditions be detected when they occur?

-	 Are there certain crystal growth procedures or process

parameters that will minimize potentially detrimental

concentrations of contaminant gases in a vacuum type

Czochralski crystal grower?

-	 If contaminants in the ambient gas are unavoidable,

can the hot zone be designed to minimize their effects?

5.3.1 Design, Construction, Wind Testing of Gas Analyzer

5.3.1.1 Design

A schematic showing the three analyzers and the sample gas flog:

{	 pattern from the crystal grower to each analyzer is shown in Figure 5-1.

The oxygen analyzer and CC h1ve sep rate calibration gas systems incorporated

into their sample gas line.	 n

The hygrometer did not require a calibration gas for reference

or calibration. The output from the hygrometer control unit and the oxygen

analyzer were continuously recorded on a Houston Instruments two-pen chart

recorder, while the CC output was recorded on, integrated, and reported

85I



21

12J

It3	 ^

13 234
o	 _^ 0

18	 ,, Q

	

i3	 ,- ---	 ---	 -f---	 ^4

32

	

X 18	 ^---^_

--^	 1 ^	 7 13
i

l
	

-^	 22 14

18	 ' 14 13

22

27 i4

J

GAS ANALYSIS SYSTDI SCHDMATIC

(See following page for key)

FIGURE 5-1

\IAL PAGE i3
)OR QUALITY

17

Ig	
^	 13

i

^r

86



GAS ANALYSIS SYSTEM	

i
1

(Schematic Component Key)
i

	

item	 Description

	

1	 Westinghouse Model 209 Oxygen Monitor

	

2	 Panametrics 2830 Probe Flow-Through Housing

	

3	 Panametrics Model M27R Model 700 Hygrometer M2 Probe

	

4	 Panametrics Model 700 Single Channel Hygrometer

	

5	 Houstun Instruments Model 35218-5 Two-pen Recorder 1

	

6	 Hewlett Packard Model 3390A Reporting Integrator and 19400A

Sampler/Event Control Module

	

7	 Bio-Gas Detector Model 12-110 Gas Chromatograph

	

8	 Valco Ten-port 1/8" Multifunctional Rotary Sampling Valve,

Actuator and Purge Housing

	

9	 Moore Products Mode] 43-201, Subat.:ospheric_ Absolutt- Pressure

Regulator and Model 63A Flow Controller

	

10	 Precision Scientific Dual Stage Vacuum Pump

	

11	 Matheson Dual Stage, High Purity Press-ire Regulator

	

12	 Orifices -Stainless Steel 1/8" OD or 1/16" OD Tubing

	

13	 Mott Metallurgical Corp. Filters 6610-z-10

	

14	 Valco Digital Valve Interface

	

15	 Norgren 0-100 psig Pressure Regulator

	

16	 Norgren 0-100 psig Gauge

	

17	 mechanical 'Vacuum Gauge I.eybold-Heracus DiaVac.

	

18	 On/off Valves for Vacultm Service

	

19	 Cylinder of Matheson Air - Vehicle Emission Zero Type 	 ±.,

	

20	 Cylinder of High Purity Gas Mixture 2500 ppm CO in Argon

	

21	 Dwyer Model RMA-150 Ratemaster Flow-meter 	 I

	22	 Three-way Skinner Solenoid Valve, 115 VAC Bubble Tight

	

23	 Cylinder 02

I
t
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by a Hewlett Packard 3390A Integrator. The sampling system works on the

principle of differential gas pressure flow. A small vacuum pump was

used co produce a vacuum lower than that of the crystal grower and thus

G
allow sample gases from the crystal grower to travel through the lines

from the grower to a manifold. The manifold directs the sample gas flowI
to each of the three sensor areas of the analyzers. The sample gas exhausts

E	
through the vacuum pump after being analyzed. The system allows for isolation

of any of the three analyzers by means of vacuum tight shutoff valves.

at the manifold. Stainless steel tubing was used to contain the flow 	 t

of sample gas from the crystal grower to the manifold and from the manifold

to the H2O sensor. Copper tubing was utilized from the manifold r-) the

oxygen analyzer and the CC system. Velocity of sample gas flow and therefore

quantity of sample gas flow was determined by the capacity of the vacuum

pump and the tubing size and constrictions of the sampling system.

A subatmospheric absolute pressure regulator and a flow controller

were used to control the pressure in the sampling valve. This system

was necessary because samples injected into the CC must be reproducible

in volume, temperature, and pressure to be comparable on a quantitative

basis.

Since the hygrometer and oxygen analyzers could be operated

on a continuous basis without manual control or supervision, and since

a typical crystal growth run lasts from sixteen to twenty-four Hours (60 to

100 hours with recharge runs), the GC was designed to operate automatically

through the use of the programmable H.P. 3390A Integrator, a H.P. 19400A

Sampler/Event Control Module, a Valco digital valve interface, and a three-

way solenoid valve. A ten-port rotary sampling valve provided a gas sample

to the CC once every seven to eight minutes. A dual column system was

used. The carrier gas used for this CC system is high purity air.

It was felt the gas analysis system should be mobile so that

it could be transported to different crystal growers. Therefore, the

system was designed and constructed to fit on a mobile cart (see

Figure 5-2).

C ^ ^
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5.3.1.2 Constuction and TEst

	 OF POOR QUALI T V

In March, budget and schedule limitations on the project required

postponment of some of the components, including the hygrometer, oxy--. n

analyzer, and automatic controls. The balance of the construction was

started in May with initial tests and calibration trials for the CC performed

on the 28th of May.

The month of June was devoted to interfacing the gas analysis

system with the Mod 2000 crystal grower, correcting external air leaks

in a fitLing on the rotary sampling valve, replacing an inactive second

column on the CC, and general testing, calibrating, and debug of the

total system.

Finally, on July 1, the first attempts were made to analyze

gases from the crystal grower during a crystal growth run. Several more

crystal growth runs were monitoi:ed during July along with a bakeout of

graphite parts. Results and data interpretation are covered in Section

5.3.2.

Up to this time, the CC had been operated in the manual mode

only. This meant that an operator had to stay at the gas analyzer bench

and manually inject samples into the CC analyzer according to a set procedure.

Moreover, all concentration calculations were made by cor,-aring the peak

height of a standard calibration gas with the peak heights of the sampled

gases from plots on the two-pen recorder chart.

The integrator and hygrometer were received in October and interfaced

with the CC. Trial runs were performed the last week in October. Results

indicated the unit was functioning properly.

On November 19, the first crystal growth run was performed with

the integrator operational. During this run, the hygrometer was also

used to monitor moisture levels (dew points) continuously.

The oxygen analyzer was received in November, but was not installed

on the gas analyzer bench until December due to the number of crystal

growth runs performed during November and the learning curve necessary

for the integrator and event control module. Attempts to automate the

CC system were initially unsuccessful. A subminiature vacuum-tight solenoid

valve still had not been received and it was discovered that the integrator
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had come through without a special interconnect board necessary to interface

it with the event control module.

During the month of December, five crystal growth runs were

monitored with the gas analyzer. In each case, the hygrometer was run

on a continuous basis and recorded. The CC was run on a manual basis

injecting samples randomly throughout the run and analyzing the output

on the integrator.

Cycle time data were accumulated with the integrator. A cycle

time of seven to eight minutes was Normal for a carrier gas flow rate

of 24 cc to 25 cc/minute with regulated carrier gas tank pressure of approximately

13 psi.

The Hewlett Packard accessory kit for the H.P. 3390 Integrator

was received on the seventh of December and sent to the local office for

installation. It was discovered in December that the Humphrey solenoid

valve was not bubble (leak) tight and could not be used in conjunction

with the gas sampling system for the CC. A three-way Skinner valve was

finally located that would do the job. The valve was installed along

with the modified integrator the first part of January.

Although the oxygen analyzer performed well when bench tested

(sampling air at one atmosphere), sufficient sample gas flow could not

be achieved when the analyzer was connected to the gas analyzer bench

sampling system. Further testing of the oxygen analyzer indicated that

the pressure differential (AP) between the crystal grower and the controlled

vacuum level of the gas analysis system was not sufficient to provide

adequate flow of sample gas through the 0 2 analyzer. With a AP of less

than 50 torr, no flow was measured on the oxygen analyzer's flow meter.

It required greater than a 300 Corr pressure differential to meet the

manufacturer's recommended flow rate, and a pressure differential

greater than 200 torr was necessary to obtain a minimum flow rate specified

by the manufacturer's technical staff.. Further ^tcempts to provide sufficient

flow from the crystal grower to the oxygen analyzer using vacuum sources

other than the pump on the gas analysis bench were unsuccessful. Therefore,

as per the lease/buy arrangement with Westinghouse, the oxygen analyzer

was sent back in February.

e11
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During the month of January, a great deal was accomplished to

automate the CC system and further define the gases and their characteristic

concentration patterns during bakeouts and crystal growth runs. Three

long crystal growth runs were monitored in addition to two bakeouts.

By the end of January, the gas analysis system was operating

automatically during growth runs without the aid of an operator. However,

the integrator was reporting concentrations as area measured under curves.

This area measurement had to be compared to the area measured under a

calibration curve in order to denote the concentrations in parts per

million (ppm). Therefore, the first two runs in February were devoted
ti

to developing a calibration table program in the integrator. This

calibration table of standards can be used to compare concentrations of

sample gases analyzed to the standards. The integrator can then report

the sample gas concentration directly in p.irts per million.

Two problems were encountered at this point.

1. The shape of the curves produced by the integrator as a

result of the GC detector signal contain a long, gradually

decreasing tail. Not only did this adversely affect the

area measurements under the curve, but it also produced

an overlapping of the hydrogen curve with the start of

the carbon monoxide curve. Corrections could be made

for this by changing the integration program of the integrator.

However, it was found that using peak heights rather than

areas under curves proved to be a much mere satisfactory

method to use with our analysis equipment.

2. The other problem was associated with an electrically dead

area of the CC analyzer below five percent of full scale

meter deflection. In other words, when the signal from

the CC detector was less than five percent of till scale

deflection, the analyzer saw the signal as zero - no

signal. This problem could be solved by either maintaining

the baseline of the CC above the five percent full scale

meter deflection or electrically bypassing the diode.

Both procedures were used to eliminate the problem.
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Although meaningful data were obtained prior to solving these

two problem areas, the best gas analysis results were obtained during

the month of March up to the end of the contract.

E

5. 3.2 Gas Analysis Results

The system developed during this contract measured hydrogen,

carbon monoxide, and water vapor. It is believed that these species represent

the major contaminants, although oxygen, carbon dioxide, and nitrogen

may be present in very small amounts. Silicon monoxide sublimes to a

fine powder below about 10000 C and deposits on all cooler surfaces in

the furnace, and no attempt was made to measure it quantitatively. Subjective

observations of silicon monoxide deposits showed a correlation with CO

m.-asurements, i.e., heavy monoxide deposits corresponded with high CO

concentrations. Also, it was observed chat CO concentration increased

when a water leak or an air leak was present. For these reasons, most

emphasis was placed upon reliable measurements of GO.

F. Schmid, C.P. Khattak, T.G. Digges, Jr., and L. Kaufmann6

compiled a list of potential chemical reactions that could occur in a

vacuum type Czoehralski crystal grower. This extensive thermodynamic

analysis work was referenced to provide some insight into the possible

reactions producing carbon monoxide gas, as well as other gases within

the crystal grower. According to the authors, the following reactions

could take place at the temperature and pressure conditions common for

silicon crystal growth.

1) 2C+SO	 SiC +CO

2) C + SiO	 Si + CO

3) 3C + 2SiO	 2SiC + CO2

4) C + SiO 2 --4 Si0 + CO

5) 3C + SiO 2 --^ SiC + 2CO

6) CO + SiO — 3 SiC + 2SiO2

Reactions 1, 2, 4, and 5 produce carbon monoxide; however, the

mosc probable reactions are 4 (crucible and crucible support reaction)

and 1 (reaction of silicon monoxide with graphite parts of the hot zone

where the temperature is appropriate).
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It is not the intention of this report to explain the chemical

reactions taking place in the crystal grower or why certain gaseous species

increase or decrease in concentrations at different periods of the crystal

growth cycle. The data are presented with possible interpretations; however,

a more extensive experimental program would be required to develop a model

of the gas environment in crystal growth. Measurements of gas concentrations

are believed to be accurate to ± 10%.

A typical plot of carbon monoxide and hydrogen concentration

as a function of time into a silicon crystal growth run can be seen in

Figure 5-3. Hydrogen concentration is indicated by the dotted line; whereas,

the carbon monoxide concentration is represented as the solid line. This

run was started at 11:00 AM (power on) and completed the following day

at 1:45 PM (power off). The meltdown was complete at 1306 hours of the

first day and one meltback was performed from :717 hours to 1750 hours

the first day.

Hydrogen concentration was greatest during the first hour just

before the furnace temperature had reached the melting point of silicon.

As the silicon started to melt, the power to the heater was reduced somewhat,

resulting in a rapid decrease in hydrogen concentration. The CO corcentation,

on the other hand, continued to increase as more silicon melted. A solid

silicon bridge dropped into the melt at 12:35 causing a reduction in CO.

However, the CO concentration started increasing again as the meltdown

proceeded until the power level was decreased significantly prior to complete

meltdown at 1304. From 1330 to 1700, melt stabilization, neck, crown,

and a body growth of approximately three inches was accomplished. At

that point, structure loss occurred and the crystal was melted back. Melibacks

require the furnace temperature to be increased and the CO level increased

accordingly. The second crystal growth cycle continued until a 31.6 kg

crystal had been grown.

A calibration check was performed between 0700 and 0800 the

following morning. This check indicated that the measured CO concentration

was 30% lower than the actual known concentration of the standard. Therefore,

concentration levels at this time, although correct in their relative

pattern of change, are actually 30% lower than they should be.
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There is apparently a slow calibration drift in the system which

is not understood at this time. However, it is not a serious problem

and can be easily corrected by occasional recalibration of the integrator

"calibration table."	 Recalibration is accomplished by running the calibration

gas standard again and entering the new value into the calibration table.

The overall pattern of carbon monoxide and hydrogen concentration

was similar for all crystal growth runs. Certain conditions influence

the concentrations Substantially, however. Factors affecting carbon monoxide

concentrations as observed during a normal crystal g-.Dwth cycle follow:

a) Little or no CO is detected during the initial stages of

the meltdown as the silicon and hot zone parts are heating

up.

b) A rapid increase in the CO concentration is observed when

the silicon starts to melt.

C) Continued increase in CO concentration occurs as more silicon

melts and the furnace temperature rises.

d) Maximum CO concentration appears at the end of the meltdown

just before heater power is decreased.

e) Unusually high concentrations of CO are seen if the melt

is super-heated following meltdown.

f) CO concentration gradually decreases as the melt temperature

cools to seed dip temperatures following meltdown.

g) Continued decreases in CO concentration occur as the crucible

is raised to the start height for crystal growth and the

melt is cooled more.

h) CO concentration decreases as the crucible is slowly raised

out of the hot zone during crystal growth.

i) CO concentration is sensitive to furnace temperature changes

(po, ;er changes) during any stage of the growth cycle.

The characteristic pattern for hydrogen gas concentration is

as follows:

a) Rapid H Z increase in the beginning; stages of the meltdown

when the power is increased to the normal maximum during

meltdown. This peak increases to a maximum about thirty

minutes into the meltdown and then slowly decreases. It
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continues to decrease even as the CO concentration starts

increasing dramatically when the silicon Starts to melt.

b) li t concentration decreases throughout the remainder of

jthe crystal growth.

jc) Large changes in temperature influence the concentration

of H 2 somewhat. Higher temperature increases the concentration.

This effect is much more evidenC in the early stages of

the crystal growth run than the later stages.

The moisture level parallels those of hydrogen during the first

stages of meltdown.

Figure 5-4 shows a silicon crystal growth run that included

several meltbacks of beginning crystals ;during the first twelve hours)

and a recalibration of the GC late into the run. The sharp peak at approximately

1300 hours the second day was the result of a large power increase to

melt back a wall freeze. The discontinuity at 0800 points out the problem

experienced with the inability of the CC to remain in calibration over

a long period of continuous run time and the brief procedure of recalib-ation

to correct the problem.

Figure 5-5 shows very clearly the carbon monoxide and hydrogen

gas concentrations as a result of a rather severe air leak in the top

portion of the crystal grower. This run was a recharge run and the graph

begins during the last twelve hours of tlhe^growth of the first crystal.

At approximately 2300 hours of the first day near the end of the growth

of the first crystal, a recalibration was performed showing a slight increase

in the average CO reading. During the recharging operation, when the

seed rotation direction was reversed, a seal failed an.! a large air leak

opened up. The sharp increases and decreases of carbon monoxide and hydrogen

concentrations experienced during the recharging operation, approximately

0500 to 0740 hours, were associate] with opening and closing of the isolation

valve. (The air leak. was effectively eliminated when the valve was closed.)

Variations in the high concentration of carbon monoxide and hydrogen during

the growth of the second tryst 1 are most likely due to variations in

the leak rate of flit, air, with Some fluctuation brought about by temperature

changes.

*It should be noted that the concentration scales used on the
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vertical axis of the graph are considerably higher than those

of the previous two graphs.

Some limited experimentation was done during January which indicated

that small air leaks may be detectable on the GC. Small amounts of air

were allowed to enter the grower for a short period of time (2-3 seconds)

with :esulting small but noticeable increases in the measured CO

concentrations. Although the CO increases were small for these minute

quantities of air injection when using the 10 ppm range of the GC, the

higher sensitivity 1 ppm range showed more distinct peaks. It is concluded

that small intermittent leaks may be detectable but that air leaks occurring

in a crystal grower that are of a continuous nature will result in increased

base-line CO concentrations and may not be detected. Temperature changes

will produce far greater variations in carbon monoxide and hydrogen concentrations

which will probably mask small air leaks r.hst ^.iay occur in the crystal

grower. This would be another basis for more than one gas sampling location.

Small air leaks might be more detectable if sampling was made above the

welt rather than at the exhaust.

Moisture levels of ambient gases within the crystal grower followed

a pattern similar to H z . The pattern showed decreasing moisture levels

during the initial room temperature purge step, leveling off of moisture

levels when furnace power was turned on at a low level, and, finally,

rapidly increasing moisture levels when the power level was raised to

rapidly heat the silicon to the melting point. The moisture levels then

decrease rapidly when the power level is decreased at the time silicon

starts melting. Moisture levels continue to decrease throughout the remainder

of the crystal growth run.

Figure 5-6 shows the water vapor concentration in ppm as a function

of time into Run 24, a recharge run. Following a short warm-up and argon

purge cycle, the power was turned on at 0941. The power level was kept

relatively low (50 kW) for the first ten to fifteen minutes then rapidly

increased to 110 kW for maximum safe heat-up rate. During this maximum

heat-up period, the moisture level rose very rapidly and was observed

as high as 12,550 ppm. Moisture concentration then decreased during the

meltdown cycle almost as rapidly as it had increased. The increase in

moisture usually coincides with the rapid rise of hydrogen concentrations
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during the early stages of the meltdown.

An interesting result of the moisture concentration studies

was that runs made immediately following bakeouts or other runs, when

the furnace had been loaded with silicon shr-tly after the grower was

opened ;1rd was still warm), yielded lower maximum concentrations of moisture

during the early stages of meltdown and faster decreases in moisture after

the maximum levels had been reached. This suggests that moisture in the

furnace is the release of adsorbed water from atmos-heric humidity.

Experimental evidence has shown chat graphite hot zones must

be "baked out" prior to crystal runs for the best results. Several bakeout

runs were performed during this program and gas analyses were made on

them. Comparison of the bakeouts with the crystal growth runs has yielded

a better understanding of the importance of the bakeout. It was noted

first that bakeouts of new graphite hot zone parts yielded considerably

more CO than previously baked out (used) graphite parts.

Following Run 21, it was decided to convert the crystal grower

to the larger hot zone capable of accepting 16" diameter crucibles. Since

much of the graphite to be used was new, it was necessary to perform a

thorough bakeout of these new parts prior to making any crystal growth

runs. Now that the GC was automated, it gave us an ideal opportunity

to measure gas atmosphere data during a bakeout: Moreover, since much

of the graphite was new, this data could also be compared to data of bakeouts

of old and previously baked out graphite.

It is customary to bake out new graphite parts over a longer

period of time than previously baked out graphite and in steps of increasing

temperature. Since there is a much larger quantity of volatiles in new

graphite as opposed to previously baked out graphite, a prolonged step

temperature bakeout is performed to liberate volatiles at each increasing

temperature plateau. This can be evidenced by high concentrations of

the analyzed gases (carbon monoxide and Hydrogen) at one temperature plateau,

decreasing over a period of time at that temperature, but again, increasing

to the high concentration levels when the temperatue is elevated to the

next pla t eau. A total of three days (5-7 hours/day) were required to

bake out this new graphite to a satisfactory purity as indicated by the

gas analyzer. Each day, a higher temperature plateau was used.
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The gas analysis data generated the second and third days of

the bakeout can be seen on the graphs in figures 5-7 and 5-8. figure

5-7 is a plot of the carbon monoxide concentration as a function of time,

while Figure 5-8 plots hydrogen concentration as a function of time. Both

the second bakeout day (1/22/82) and the third bakeout day (1/25/82) are

plotted on the same graph. In this way, comparisons can be made and readily

seen on the same graph. It should be noted that, between the 22nd and

the 25th, the crystal grower and hot zone were kept under vacuum except

for a short period of time (approximately one hour) used to clean the

furnace and vacuum the graphite.

The second day's temperature plateau was significantly above

the normal crystal growth temperature. The CO concentration rose sharply

following the first half hour of the bakeout when the temperature was

relatively low and increasing slowly. At 11:00 A`1, the power was raised

to increase temperature more rapidly and r,-5ulted in the dramatic increase

in carbon monoxide until the plateau temperature was reached at approximately

12:00 noon. At this time, automatic temperature control was used to maintain

the temperature at this plateau. This resulted in a small decrease in

the power to the heater. Once the power was stabilized, it remained at

this level throughout the remainder of the bakeout. Once the automatic

temperature control was initiated, the CO concentration levels dropped

rapidly and continued to decrease throughout the remainder of the bakeout.

The third day's bakeout repeated the pattern of the second day's

bakeout: a sharp increase in CO concentration during the rapid rise in

temperature to the new plateau (meltdown temperature level), then a rapid,

continuous decrease in CO concentration throughout the remainder of the

bakeout once the plateau was reached and automatic temperature control

was initiated. It is interesting to note, however, that the maximum concentration

level of CO reached the third day was higher than that reached the second

day. Moreover, a break in the decreasing concentration trend can be observed

at 1510 hours. This Cu concentration increase is due to an 87. temperature

increase made at that point in the bakeout.

Although the carbon monoxide concentration plots are similar

for both .lays, the hydrogen concen_ratiun plots are quite different. The

plot in Figure 5-8 shows a much higher can ,-entration of hydrogen during

mown
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the second day's bakeout than during the third day's bakeout, even though

the third day's bakeout was at a significantly higher temperature.

It should be noted that on the hydrogen analysis of January 22

(Figure 5-8) there is an in---onsistency in the smoothness of the curve.

A sharp decreas , ! in the hydrogen concentration was experienced between

j11:10 AM and 11:30 AM. However, at 11:30 A:•1, the concentration started

again to rise very rapidly and attained its maximum concentration in the

1	 next half hour. This sharp turnaround and increase in hydrogen concentration
i
j	 corresponds to a 7% power increase at 11:30 AM and a temperature higher

than the first day's bakeout plateau at 11:34 AM. Tt:e peak concentration

corresponds to the time (12:04 PM) the automatic temperature control was

initiated.

Dew point measurements taken by the hygrometer during this bakeout

indicate an increasing moisture level thrcugh the first half hour, then

a d. crease until the previous day's bakeout temperature plateau was surpassed.

The moisture level then increased again until shortly after automatic

temperature control was initiated. The moisture concentration levels

parallel the hydrogen concentrations during this bakeout.

Since the crystal grower was not opened between the first day's

bakeout (1/21/82) and the second day's bakeout (1/22/82), it can be assumed

that water vapor from the air did not contribute to the moisture levels

recorded during the second day's bakeout.

Although the third day's bakeout hydrogen concentration plot

looked similar to the second day's bakeout, the correlation between increases

and decreases in moisture level is not present. The moisture level peaks

in the early stages of the bakeout (12:15 PM - 12:30 PM), then decreases

continuously for the remainder of the bakeout. There is no change of

direction when the previous day's bakeout temperature plateau is reached

I
and surpassed. However, the hydrogen concentration, which had started

to decrease with the decreasing of the moisture level, again started its

sharp increase close to the previous day's bakeout temperature plateau. 	 1

As can be seen, the hydrogen concentration levels, although significantly

lower than the second day's bakeout, peaks about the time the automatic

temperature control was initiated for that bakeout's temperature plateau.

Tile hydrogen concentration level peaked upward again when the power level

I

(temperature) was increased by 8% at 1510 hours.
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Following each day's bakeout, a black powdered coating was observed

on the cold stainless steel furnace tank walls and furnace tank top plate.

This is normal for new graphite but is rarely seen with used, well-baked-

out graphite.

Figure 5-9 is a graph of a bakeout performed on previously used

graphite. The CO and H 2 liaes are combined on the same graph and are

not very distinguishable. However, the important point here is to note 	 j

the differences in the maximum concentrations of these two gaseous species

when compared to Figures 5-7 and 5-8. The maximum CO levels were approximately

1/6 those of the bakeout on 1/25/82 and the hydrogen levels were a little

more than half the maximum concentrations recorded during the bakeout

of 1/22/82.

It is felt that the high initial concentration of hydrogen during

bakeouts is caused by the same mechanism which causes high hydrogen concentrations

during the initial meltdown stages of crystal growth, that is, the release

of water vapor absorbed by certain parts of the crystal grower hot zone

and its reaction with hot graphite. However, new graphite that has never 	 L'

been baked out before, contains additional volatil.es which increase the

concentration levels of both CO and H2.

Figure 5-10 is another illustration of the CO and H 2 concentrations

during a bakeo«t of used graphite hot zone parts. The graph represents

a two-day bakeout and is typical of the lower concentrations seen during

bakeouts of used graphite (be sure to compare concentration scales for

all graphs).

One area of gas analysis that was not explored and could shed

further light on the chemical reactions taking place in the crystal grower

during silicon crystal growth is to analyze the ambient gases produced

during a normal meltdown cycle using a fused quartz crucible with no silicon

in it. With no silicon to react with the fused quartz crucible, the reactions

between the quartz and the graphite could be studied in more detail.
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6.0 ECONOMIC ANALYSIS

•i

6.1 Three Schemes Analyzed

An add-on cost projection based on the program throughput goal	 M

of 2.5 kg/hr is shown in Table 6-1. Three schemes were considered for 	 f I

growing 150 kg from 406 mm (16") diameter crucible in the prescribed

cycle time of 60 hrs. Scheme 1, pulling five crystals each of 30 kg,

should be achievable from a 3fi mm (15") crucible, and, therefore, better	 3

utilization of the 406 mm crucible size would be afforded by schemes

2 and 3. The advantage of pulling 150 kg as 4 x 37.5 kg crystals or
^f

3 x 50 kg crystals, is the reduction in the number of recharge operations

required. This is not immediately obvious in the final add-on costs

shown in Table 6-1, because the fixed cycle ti-.ze dictates that the greater
AW

the number of crystals grown, to achieve 150 kg, the higher must be their

average pull rate.

A better illustration of the add-on cost difference between

growth schemes is provided when the crystal growth rate is similar (for

a given nominal crystal diameter). An intermediate analysis for

5 x 30 kg crystal) grown from a 381 mm (15") crucible, based en actual

growth parameters, produced an add-on cost of $25.51/kg (or C18/pk. watt)

for an average puli rate of 7.6 cm/hr. Whgreas, the program best case

analysis, for 4 x 37.5 kg crystals from a 406 mm crucible with a mean

pull rate of 8 cm/hr., produced an add-on cost of $23.17/kg (See

Table 6-2).

6.2 Cheapest Machine Analysis

Because of the effectiveness of multiple crystal growth in

reducing materials cost, the largest component of total annual (add-

on) cost now is that due to capital equipment. Table 6-2 shows an annual

equipment ^_ost component of $141,109 which represents 43% of the total

annual cost, compared to the materials cost contribution of 31%. Clearly

a decrease in the cost of the capital equipment will directly affect

add-on cost and a measure of se ►isitivity is given in Table 6-3.
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TABLE 6-3

X Reduction in Equipment Cost	 Add-on Cost $/kg

0	 23.17

5	 22.67

10	 22.17

15	 21.67

25	 20.67

30	 20.18

As an example, a 25% reduction in equipment cost would produce

a $2.5/kg reduction in acid-on cost.

In looking for ways to reduce the cost of a grower required

to produce solar grade material, a first question might be, "How does

this requirement differ from that for pruducing electronic grade material?"

in terms of machine functions and controls, the answer is, "hardly at

all." i.n fact, because. of the recharge requirement, the growth of solar

grade material might be considered a slightly more demanding application.

Thus there are no bade functional or design differences in a standard

Czuchralski grower %!hich can be dispensed with. However, there are sttiI

areas in which a measure of cost reduction can be achieved, and these

are:

(i) Elimination of redundant controls - The use of microprocessor

control has resulted in some duplication such that both digital and analogu

vo rsions of the diameter controller, heater controller, and growth con-

-olter are presently .available. Elimination of a set of analogue controllers

L i roason:able cost saving step.

(ii) Value Engineering - A properly undertaken exercise should

identify those components which are not absolutely necessary, e.g., water

flowmeters, and those which could be bought at reduced cost or manufactured

from cheaper materials.

(iii) Quantity price breaks - In arriving at capital equipment

cost, a 5% discount for quantities, of 5 to 9 machines has been used.

Further d[scounrin}; would apply if quantities greater than ten are considered.
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An estimate of cost reduction likel y in the above mentioned

categories is as follows:

(1)	 $6,000

(ii) $4.000

(iii) $15.500

These costs are per operating unit and are quoted in 1980 dollars.

Total saving of $25.500 represents a 10.3% cost reduction, and this equates

to an add-on cost decrease of $1.03/kg ($23.17/kg 	 $22.14/kg).

..e

S
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TABLE 6-1

ECONOMIC ANALYSIS
CG ADD-ON COST PROJECTIONS BASED ON
GROWER THROUGHPUT GOAL OF 2.5 KG/11R

CONDITIONS

Crucible Diameter (cm)
Crystal Diameter (cm)

Total Poly Melted (kg)
Total Crystal Pulled (kg)
Avg. Straight Growth Rate (cm/hr)
Pulled Yield (X)
Yield After CG (% of Melt)
Individual Crystal Wt. (kg)
No. Crystals/Crucible
Cycle Time (hr)

1 2 3

40.6 40.6 40.6
15.24 15.24 15.24

158 158 158
150 150 150
10.3 8.9 7.8
94.9 94.9 94.9
83.5 85.4 87.3
30 37.5 50

5 4 3
60 60 60

^I

PROCESS CYCLE TIMES

OPERATION	 TIME. (MINS)

1. Preparation
Load Polysilicon 15 20 2S
Close Furnace 5 5 5
Pump Down 15 15 15
Melt Down 105 115 135
Subtotal 140 155 180

2. Growth Cycle (Initial)
Lower Seed
Stabilize Temp. 30 30 30
Neck Growth A 20 20
Crown Growth 55 55 55
Straight Growth 347 515 795
Taper End 60 60 60
Subtotal 512 680 960

3. Recharge/Growth Cycle (X4) (X3) (X2)
Cool Crystal 30 30 30
Remove Crystal 10 10 10
Load Hopper, Vac Down (X2) 60 60 60
Lower Hopper (X2) 10 10 10
Dump and Melt 80 85 90
Lower Seed
Stabilize Temp. 30 30 30
Neck Growth 20 20 20
Crown Growth 55 55 55
Straight Growth 347 515 795
Taper Vnd _60 60 60
Subtotal 702 875 1160

(X4)	 2808 (X3)	 2625 (X2)	 2320
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'TABLE 6-1 (CONT'D)

4.	 Shut Down Cycle 1 2 3

Cool Furnace 80 80 80

Remove Crystal ** ** **
Clean,	 Set Up 60 60 60
Subtotal 140 140 140

Total Cycle Time (Mins) 3600 3600 3600

*Completed during Melt Stabilization Time
**Completed during Furnace Cooling Time

Growth Rate Calculation

Grow Diameter (cm) 15.75 15.75 15.73
Straight Crystal Wt	 (kg) 27 34.5 47
Straight Growth Time (hr) 5.78 8.58 13.25
Avg. Growth Rate (kg/hr) 4.67 4.02 3.55
Wt per Unit Length 	 (kg/cm) 0.454 0.454 0.454
Avg.	 Pull Rate (em/hr) 10.3 8.89 7.82

SAIMICS/IPEG INPUT DATA AND COST CALCULATION

INPUT DATA ($ 1980) 1

1.	 Capital Equipment Cost	 (EQPT) $	 247,560

2.	 Floor Space	 (SQFT) 120

3. Annual Direct Salaries
Prod.	 Operator

(0.65 man @$13160/yr) 8,554
Elect.	 Tech

(0.3 man @$16940/yr) 5,082
Inspector

(0.1 man @$11550/yr) 1,155
Total	 (DLAB) $	 14,791

4. Direct Materials Usage based on
Machine Utilization of 85% - 124 cycles/yr
Crucibles	 16 x 12 @$345 42,780
Seeds	 ($20 each) 2,480
Dopant	 ($25/cycle) 3,100
Argon	 (60	 ft/ter	 at	 $0.05/ft 3 ) 22,320
Graphite (4 sets 16" graphite parts

per yr @$8,839/set) 35,556
Materials	 'Cotrl	 (P4\1'S) $	 L06,235

2	 3

	

$ 247,560	 $ 247,560

	

120	 120

	

8,554	 8,554

	

5,082	 5,082

	

1,155	 1,155

	

$ 14,791	 $ 14,791

42,780 42,780
2,480 2,480
3,100 3,100

22,320 22,320

35,556 35,556
106 1 236 $	 106,236
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5 x 30 kg

crystals

141,109
13,080
31,061061

127,483
4],063

$ 353,796

16,360
21.62
15.25

4 x 37.5 kg

crystals

141,109

13,080
31,061

127,483
40,889

$ 353,622

16,732
21.13
14.90

3 x 50 kg
crystals

141,109

13,080
31,061

127,483
40,116

$ 353,449

17,104
20.66
14.57

5. Utilities

Electricity @$0.04/kw hr
Meltdown @100 kw
Avg. Grow @75 kw

Water @0.1C/ft3
30 gpm for 97% cycle

Utilities Total (UTIL)

TABLE 6-1 (CONY D)

L

3,513
18,600

12,106

$ 34,219

2	 3

3,058	 2,604 f
18,910	 19,220

12,106	 12,106

i'

$	 34,074	 $	 33,930

IPEG Price

Cl EQPT x $0.57/yr = $EQPT
C2 SQFT x $109/yr = $SQFT
C3 DLAB x $2.1/yr = $DLAB
C4 MATS x $1.2/yr = $MATS
C5 UTIL x $1.2/yr = $UTIL

Total Annual Cost

Quan (total Charged x Yield
after CZ)(kg)

Add-On Cost ($/kg)
Add-On Cost ((,/Peak Watt)

(assumes 1 kg = 1 M2)
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CABLE 6-2

CZ ADD-ON COST BASED ON BEST TIOD CC 2000

PROCESS PARAMETERS

V-

Y.'

h

I'

l

M

C^

Crucible Diameter (cm)
Crystal Diameter (Crud) (cm)
Total Poly Melted (kg)

t	 Total Cry stal Pulled (kR)

40.6

15.24

155
150

8.0
96.7
86.9
37.5
4
70.75



'rABLE 6-2 (CONT'D)

PROCESS CYCLE TI(IES

OPERATION TIME. (MINS)

1.	 Preparation
Load Polysilicon 20
Close Furnace 10
Pump Down 20
Meltdown 150

Subtotal 200

2. Growth Cycle (Initial)
Lower Seed
Stabilize Melt 60
Neck Growth 25
Crown Growth 60
Straight Growth 595
Taper End 60

Subtotal 800

3. Recharge/Growth Cycle (X3)

t^

Cool Crystal 30
Remove Crystal 10
Load Hopper/Pump Down (X2) 60
Lower Hopper and Dump	 (X2) 15
Meltdown 120
Replace Seed and Lower
Stabilize Melt 60
Neck Growth 25
Crown Growth 60
Straight Growth 595'
End Taper 60

Subtotal 1035 ' ►
(X3)	 3105

4. Shut Down Cvcle
Cool Furnace 80
Remove Crystal **
Clean, Set Up _60

Subtotal 140

Total Cycle time of 4245 mins = 70.75 hr.

t Completed during melt stabilization time
** Completed during furnace cooling time

4

I
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I'miI F (,-2 (CON V#D)

GKOWTH RAIT PAILVIFITFRS
Grow Diameter (,-.m)	 15.5
Scrtight Crystal Wt. (kI;)	 14,9
Str.tight g rowth rime (hr)	 9.92
Av.q. Growth Rate (kg/hr)	 1.52

Avp. Pull Rate (cm/hr)	 8.t)

Wt. Per Chit Length (kg/cm)	 0.44

SAMICS/I PEG 1NPU T DArA AND COST C ALCULA TION

1 NI'Vr DATA	 1980

L. Capital F.quipmerlt Cost (FQPT) 	 $ 247,560

2. Floor Space (SQFT) 	 120

3. Annual Direct Salaries
Prod. Operator (0.65 man 0 $1310/vr)	 8,554
Floct Tech (11 . 1 man e1 :lb,` l ul l .'vr)	 5.088
inspector (0.l 1n.%n (3 $11,5501'vr)	 _1_1.155

rt)1'A1. kVI.AI1)	 S 141791

^.	 Pirect Matoria l:• If --zage

of 851 - I0 ,) evoles/yr
Cruci bl es 0 $145 e.t.

Pol, . ► tlt 025 /cvc le)
:Argon (6010/hr 0 $0

Graphite (.1 sets/yr)
'rt) VAI. (MATS)

S.	 lit i 1 it iea

S.uzed oll M1.1.'11111C 11t i i i:.it ion

36.225
2,100
:,625

04/t t 3 )	 17,325

'?,339
85,614

Electricity 0 $0.04/kw hr
Meltdown 0 100 kw	 3,570
Avg, Crow 0 70 kw	 17,370

Water (3 :t). 7 /Ct 3

30 t;I•m for 9 -,,. cycle	 12,130
TOTAL (UTI l.) 	 $ 33, 0,70

1PEO Price	 $ X #&.% k8 ety--tals

C1 F'1;Pr x	 $0.57/yr	 - $ F1 1 1`r 141 , 109
C2 ;,)Fr x	 $109/vr - $ s Q F'r 13.080
Cl Il l_\It x	 $'.lrvt'	 - $ Nxi 11.001
Cb MAYS x	 : l . ' / ).r	 ., $ MI", 10.	 , 7 tt,

CS 111'11. x	 $1 .: /vr $ 111'11. 14, 684

VOTAL ANNUAL cos r 12 7 , b 70

Iis

T

i
M:
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i

TABLE 6-2 ( CONY'D)

QUAN. ( Total Charged x Yield After C.G.) kg 	 14,143
Add-on Cost $/kg	 =	 23.17

Add-on Cost C/pk. watt	 16.34
(Assumes 1 kg = 1 m2)
Machine Throughput kg/hr 	 2.12

^q
t
w•

r.'r
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7.0 SUMMARY

Previous JPL/DAL contracts at Kayex as well as other contractors

helped to identify (1) the preferred method for continuous growth and

(2) the areas where further cost cutting was feasible. With background

info mation from these previous efforts, the hopper method of periodic

recharging with lump silicon was chosen, and the following areas were

chosen for further development work for the purpose of reducing the add-on

cost and demonstration of technology readiness:

1. Growth of 150 kg from one crucible by serial ingot growth

with periodic recharging.

2. Increased throughput to 2.5 kg?hr by improved growth

rate, larger diameter (150 mm), and faster recharge cycling.

3. Improved automation for lower labor cost and better yields.

4. Identification of equipment cost items which might be reduced.

5. Better understanding of process parameters as they relate
I
{	 to yields, crucible/silicon interactions, and melt

1	 contamination.

The program consisted of several tasks:

1. Equipment construction and test

2. Process Development

3. Automation

4. Analytical Study

5. Documentation

7.1 Equipment Construction

A Hamco CG2000RC design was chosen as the basic equipment for

the work. Certain modifications were made to the design including larger

capacity, interfacing for automation, chamber modifications for sensors,

and a variety of miscellaneous improvements based upon our past experienceI
with the CG2000RC. The equipment was designed as part of contract JPL/DUE

958888 and constructed in the first four months of this contract. 	 It

was put through a testing/debugging program and met all design specifications.
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7.2 Process Development

In the process development task, a considerable amount of time

was directed toward obtaining quality ingots 	 from the	 larger melt Size

with the larger	 (150 mm) diameter while also attempting to achieve improved

growth rates.	 Perbistent problems with structure loss and spiral-shaped

crystals at the higher growth rates were only partially solved by the

end of the program. Specific achievements in the process development area

are as follows:

1.	 A 150 kg growth run was demonstrated by growing 5 x 30 kg

ingots.	 A throughput of about 1.5 kg/lir was achieved.

2.	 A 37.5 kg crystal, completely dislocation free, was grown

from a 40 kg melt demonstrating the feasibility of producing

150 kg by growing 4 ingots, with a resulting improvement

in throughput because of one 	 less recharging cycle.

3.	 The beneficial effect of a radiation shield was confirmed

in terms of improved growth rate and	 improve crystal cleanliness

due	 to	 the purgiug control effect of 	 the shield.

4.	 The spiral	 growth effect with large melts was reduced .^

substantially eltiiough not 	 eliminated by control of malt

level,	 gr,)wth rate,	 and	 the use of	 the radiation shield.

Thermal instability of large melts appears to remain as .,r

a problem :o be addressed.

5.	 Proposed new crucible designs may reduce or contrc.l

crucible/melt	 interactions which are theorized to result

in structure	 loss.	 Crucibles with a bubble-free inner

layer may	 improve yields.	 These. are,	 however,	 presently

available only to a maximum size of 12-inch	 (305 mm)

diameter,	 smaller than those being used on this contract.

7.3 Automation

Implementation of scn!,ors for melt temperature, t-houlder and

diameter, and melt level was completed. The melt temperature sensor, aft.or

suitable electronic filtering;, was interfaced with the Hamco Agile
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system to provide closed-loop melt temperature trimming prior to reading. 	 y

The melt Level sensor was iemonstrated. Although It was

found to track melt level accurately, closed-loop tontrul of melc

level was not impleme ced. i

A shoulder/diameter ..ensing pair of pyrometers was used to

automate the crown/shoulder growth. This was found to provide improved

reproducibility for 100 mm tryst?l:: from 12 kg meli-s. The system was

not fully developed for larger melts ind diameters because of the various

parameters and hot zone changes which were part of the process development.

task.	
-

The Hamco Agile system was interfaced successfully to the Mod

CG2000 and used for most of the runs on the contract. 	 i

7.4 Analytical Study

Solar cells from the	 150 kg run were	 fabricated and tested

by Applied Solar Energy Corp. 	 The solar efficiency of the monocrystalline

material was 15 to 	 16% AM-1	 for the complete run, whereas that of poly-

crystalline material was 11 	 to	 13%.	 This	 lower efficiency of polycrystalline

material was consistent with earlier results.	 Little or no reduction
4

in efficiency was observed from the beginning to the end in this long

run.

Chemical analyses of silicon and crucible showed somewhat improved

purity over earlier contracts.	 Residual melt	 impurities were primarily

calcium,	 iron,	 and aluminum.	 More extensive analyses should be performed

in order to draw reliable conclusions.

The bulk of the analytical work related to gas analysis of l

the ambient gas in the growth chamber.	 Carbon monoxide, water vapor,

and hydrogen were found to vary through the run according to temperature

and stage of the run.	 Carbon monoxide was found to be especially indicative

of the quality of 	 the run.	 Its concentration is a	 fUL1Ltion of	 temperature

as well as chamber	 leak:: or contamination	 f~om graphite.

Equipment was dosigned, 	 buil,,	 .1nd oporated	 rrom the automatic

analyses of the three mention;•d gases.
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1.5 Documentation and Technology Readiness Demonatratiun

t

An economic analysis is presented in this report covering 	
'.F

the add-on cost of CZ growth for three schemes of growth. Additionally.

the sensitivity of equipment cost to add-on cost is presented. A decrease

in equipment cost would clearly have an important impact on growth costs

now that continuous C7. has reduces: the material cost substantially.

A series of 15 runs was conducted utilizing the new Hamco

CC6000 crystal grower, embodying most of the features of the Mod CC2000

as well as a number of additional irt:; l ruvements brought about by process

development experience and automation results both from this work and

other company-funded projects.

The commercial machine was demonstrated to be capable of the

growth of large-charge., quality crystal ingot at throsighput rites OS;W,:tillly

equivalent to those demonstrated with the Mod 2000. The T.R. provision

of the contract is satisfied since this machine, with the process, is

offered for sale to the induscry.
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