
ADVANCED CZOCHRALSKI INGOT GROWTH 
KAYEX CORP. 

R.L. Lane 

I N  TODAY’S MARKET, A VERY HIGH PERCENTAGE OF THE SOLAR CELLS PROtllCED 

CONTINUE TO BE MADE BY THE CZOCHRALSKI METHOD, TO SOME EXTENT, THE 

REASON FOR THIS  IS INERTIA.  CZOCHRr,LSKI PRODUCl‘ON F A C I L I T I E S  EY”T 

WITH KNOWN COSTS AND PREDICTABLE PRODUCT QUALITY. IMPROVEMENTS I N  

THE PROCESS AS 4 RESULT OF THE SEMICONDUCTOR INDUSTlY WERE MOST 

CERTAINLY 3SED TO ADVANTAGE FOR SOLAR CELL PANUFACTi!RE. 

ON THE OTHER KAND, THE NEWER TECHNOLOGIES - CAST MAIERIAL j  AMORPHOUS, 

RIBBONSj ETC, OFFER VERY ATTRACTIVE COST SCENARIOS ANG PROJECTIONS. 

WHY ARE NOT COMPANIES JUMPING INTO THESE NEW TECHNOLOGIES? 

I T  IS APPARENT THAT, ALTHOUGH GOOD PROGRESS HAS BEEN MADE 01. THE MANY 

ALTERNATIVE METHODS, THE PROGRESS I N  ADVANCED CZ HAS ALSO BEEN 

 SIGNIFICANT^ AND S T I L L  PRESENTS THE SOLAR SHEET MANUFACTURER WITH A 

SATISFACTORY RETURN ON INVESTMENT, 

INDELLID THE BASIC ADVANCED CZ METHOD I WILL DISCUSS I N  THE NEXT FEW 

MINUTES IS ALREADY I N  USE COMMERCIALLY FOh SOLAR CELL PRODUtTION. 

WITHOUT THE DOE FUNDING THROUGH J P L T H A T  MIGHT NOT BE THE CASE, THE 

JPL-FUNDED WORK I N  THE PAST HAS YIELDED SOME VtRY POSITIVE RESULTS, 

EQUIPMENT AND PROCESSES ARE NOW AVAILABLE TO THE MARKET WHICH S A i l S F Y  

CERTAIN NEEDS OF THE PV MANUFACTUHERD WHICH WOULD NOT HAVE OTHERWISE 

BEEN FILLED, 

THE VARIOUS ADVANCED CZ CONTRACTS SUPPORTED THROdGH J P L  WERE NOT t F  MUCH 

INTFREST FOR SEMICONDUCTOR APPLICATIONS. THE WORK WOULD NOT HAVE BEEN 

PERFORMED, E I l . l E 9  CY TLE ,5MICONDUCTOR HOUSES OR THE EQUIPMENT 

MANUFACTURERS. 
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WE ARE NOW ENTERING A PERIOD OF DEVELOPMENT WERE THE SEMICONDUCTOR 

INDUSTRY W I L L  M S T  M F I N I T E L Y  DIVEFSE EVEN MORE FROM THE DIRECTION OF 

THE PHOTOVOLTAIC INDUSTRY. THE S ~ M l C W D I K T O R  HOUSES, FOR EXAMPLE, ARE 

STUDYING INTENSELY SIKH AREAS AS CRYSTAL DEFECT STRUCTURE, OXYGEN 

CONTROL, AND INTRINSIC CETTERING, AND MGNETIC CRYSTAL GROWTH FOR 

STRIATION CONTROL. I T  IS DIFFICULT TO F IND MUCH RELATIONSHIP OF THESE 

STUDIES TO PHOTOVOLTAICS. 

THE ANSWERS TO PROBLEMS i N  PRODUCING PV S IL ICON INGOTS kILL COME FRQ 

DEVELOPMENTAL WORK WHICH DIRECTLY ADDRESS THOSE PROBLEMS. 

I N  ,HIS BRIEF PRESENTATION, I kILL ATTEMPT TO DESCRIBE THE PROGRESS 

THAT HAS BEEN W E  OVtR Tt'F P.ST FEW YEARS, THE PRESENT STATbS, AND 

THE PROBLEs AREAS THAT C C - '  FURTHER RESEARCH AND DEVELOPMENT. 

Cost Components 

COMPONENT 

EQU I F W N T  

FACTORY 

LABOH 
U T I L I  T IES 

MATERIALS (62%) 

CROC i BLES 

GRAPH I TE 
nrsc. 

ONE CRYSTAL 
FER CR!JC!SLE 

18% 
3 
12 
5 

48 

a 
6 

190I 

150 KG 
PER CRUCIBLE 

I APPROX1MATE ADD-ON COST SgO/KG S2O/KG 
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THE SAMlCS/IPEG flETHODOLOGY DEVELOPED AT J P L  (SOLAR ARRAY MANUFACTURING 

INDUSTRY COSTIN5 STANDARD/INTERIM PRICE ESTIMATION GUIDELINES) DEFINES 

F I V E  COST ELEflENTS: 

EBUIPflEWT 

FACTORY FLOOR SPACE 

DIRECT LAB03 

UT I L I T  I ES 

M T F K  I A L J  

I N  THE IPEG PRICE EQUATION, T3E PRICE IS PROPORTIONAL TO TH€ SUM OF THESE 

ELEMENT: (MULTIPLIED X OVElitiE4D) AND, OF COURSE, THE PRICE IS INVERSELY 

PROPORTIONAL TO THE SPEED AT WHICH THE F A C I L I T Y  PRODUCES MATERIAL 

(THE THROUGHPUT). THE INDICATED COST ELEMENTS HERE BELIEVED TO BE 

THE MOST IMPORTANT. 

IT WAS FOUND, BY THE J?L IPEG PRICE CALCULATION, THAT THE STANDARD CZ 

PROCESS CURRENTLY USED I N  THE SEMICONDUCTOR INDUSTRY IS VERY HEAVY ON 

MATERIAL COST (NOT INCLUDING S I L I C O N ) .  INDEED, 62% I S  M T E R I A L  AND 

MOST OF THAT I C  CRUCIBLE COST ALONE. 

I T  WAS FURTHER CALCULATED THAT THE CRUCIBLE COST COULD BE REDUCED 

SIGNJFICANTLY I F  ONE COULD GROW LARGE QUANTITIES, UP TO 150 KG, FROM A 

SINGLE CRUCIBLE. I T  IS TO BE EXPECTED, SINCE THE TOTAL MUCi BE loo%, 
THAT A REDUCTION !N THE CRUCIBLE PORTION, WOULD CAUSE OTHER COST ELEMENTS 

TO INCREASE. 

THE NufiatRS INDICATE, HOWEVER, A DRAMATIC INCREASF I N  THE COST PORTION 

ALLOTTED TC C O U I P H E N T .  ALTHOUGH THE EOoIPMEriT R E O \ ' I R E @  TU FRODUCE THE 

150 KG 

I T  SHOULD BE NOTED THAT THE ALD-ON COST PER KILOGRAM I N  THE SECOND 

COLUflN IS REDUCED BY A FACTOR OF 4.  

SUBZTANTIALLY MORE THAN THAT REQUIRED I N  THE F i R S T  COLUMN, 
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Cz Value Added vs Amount Produced From One Crucible 

15 CM D I A  x 25 KG INGOT 
7 CH/HR 

4 

I . - - . # .  1 .  I - _ _ _  1 . . _ .  
5G 75 100 125 150 25 5G 75 100 125 150 25 

KILOGRMS PER RUN 

THE SENSIT IV ITY  OF RUN S I Z E  UP TO lsr! KILOGRAMS IS SHOWN I N  T H I S  

SLIDE.  iT CHOWS A SUBSTANTIAL REDUCTION I N  COST BY THE GROWTH OF TWO 

OR THREE INGOTS FROM ONE CRUCIBLE. THE COLT BENEFlT BECOMES MARGINAL 

IN THE 100-150 KILOGRAM RANGES. 

ALTHOC"c( THE CR""pLE COST PER KlLOrJRAM COlir INUES TO DECREASE FOR 

LARGER RUNS, S\ dSTS INLREASE, SUCH AS EQU:tHENT; T t i U S i  THC 

TOTAL COST 'EVELS OUT. 

OTLfER COST ELEMENIS, SUCV AS U T I L I T I E S  ANP ! ..BOR,ARE INDEpENDEYl 

3 F  RUN LENGIH, AND, THUS, INFLUENCF THE CtiRVE TO LEVEL 9UT. i 
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J P L  AWAFDED CONTRACTS TO FOUR COMPANIES I N  1977 AND DIRECTED THOSE 

COMPANIES TO DfVELOP WAYS OF REDUCING THE COST OF INGOT-GROWN SILICON. 

SPECIFIC GOALS WERE TO: 

(1) GRW LARGE QUANTITIES OF SIL ICON FROM A SINGLE CRUCIBLE 

(UP TO 100 KG) 

!2 )  INCREASE GROWTH RATE TO ACHIEVE HIGHER THROUGHPUT 

( 5 )  MAINTAIN THE HIGH QUALITY OF CZ-GROWN MATERIAL. 

ALTHOUGH THE OBJECTIVES WERE TrlE SAW€, THE APPROACHES DIFFERED. 

Approaches 

- S I l T E C  - CONTINIXXIS L I Q U I D  FEED FROn SECOYDARY M L T I N G  
CHA!lBER THROUGH A TRANSFER TUBE. 

- TEXAS INSTRUNENTS - CONTINUOUS LIQUID FEED. 
AUGER FEED OF L U W  SIL ICON TO PRE.XLTER. 

- VARIAN - INTERF.. TTENT GROWWRECHARGE CYCLES. 
AUGER FEED OF LW SILICON FROH HQFPER. 

- KAYEX/HAflCO - INTERKI TTENT GROWTH/RECHARS CYCLES USING 

EITHER POLY-ROD FEED OR DISCHARGE FROM A HOPPER. 

SlLTEC . DEVELOPED A METHOD OF CONTlW"XJS L I Q U I D  FEED FROM A 

SECONDARY MELTING CHAMBER THROUGH A HEATED TRANSFER TUB: 

W-insTRUnENTs - ALSO CHOSL TO FEED THE GROWTH CRUCIdLE U l T H  

L I Q U I D  SIL ICON CONTIl'!UGUSLY DURING GROWTH, BY FECDlNG 

A PREMELTEFI WITH CHUNK SIL ICON.  

VARlAN AND m m  CHOSE TO ADHERE MORE CLOSELY '0 THE USUAL 

GROWTH METH0i)S. T I N S  REPUIRING iNTERMITTENT RECHARGE 

AND MELTING CYCLES. THE:: in0  CONTRACTORS ONLY DIFFERED 

I N  THEIR MECHANICAL MEANS TO INSERT THE S l L l C O N  INTO 

THE HOT CRUCIBLE. 
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Continuous Cz Silicon Furnace (Texas Instruments) 

Lr t 

J 

CRYSTAL WEIGH1 
READOUT 

CABLE SEED 
c LIFT 

SILICON 
VACUUM HOPFER 
VALVE 

I N  THE T . I .  SYSTEM, THE AUGER FEEDER INTR20UCED S IL ICON INTO A SMALL 

PREMELTER. THE L l O U l D  S IL ICON THEN FLOkED INTO THE CRUCIBLE, 

THER€PY MAINTAINING A CONSTANT MELT LEVEL DURING GROWTti. 

I F  THE L IQUID TEKPERATURE HERE REASONABLY CONTROLLED, I1 WAS EXPECTED 

THAT THERE WOULD BE NO HARMFUL THERMAL PERTURBATION OF THE YELT. INGOT 

S I Z E  WOULD ONLY BE L I M I T E D  BY THE PULL LENGTH OF TL‘5 EQUIPMENT. 

I T  WAS FOUND TdAT THE OPERATION OF THE PREMELTER WAS A VERY DIFF ICULT 

T’.SK, PRIMARILY BECAUSE (1) THE REFPACTORY W A R T 2  LINER OF THE 

PREMELTER I lEV ITRIF IED RAPIDLY, AND !2 )  THE UNIFORM FLOW OF S IL ICON k A q  

NEARLY IMPOSSIBLE DUE TO THE HIGH SURFACE TENSION OF THE L I Q U I D .  

C’3NSIDERABLE EFFORT WAS MADE ON PREMELTEn DESIGN. 
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ALSO, T.1, REPORTED THAT THE AUGER FEED SYSTEM WORKED P\?ORLY FOR 

CHUNK SILICON, AS I T  TENDED TO CRUSH THE SILICON. CONCERN WAS 

EXPRESSED THAT THE ABRASI\C NATURE OF S IL ICON WAS PR0R.W-Y CAUSING 

CONTAMINATION OF THE S IL ICON FROM THE STAINLESS STEEL AUGER. 

THE 1 . 1 .  WORK, HOWEVER, WAS S:G~UIFICANT, I N  THAT I T  ILLUSTRATED THE 

EXTREME DIFFICULTY I N  HANDLING BOTH S O I I D  AND L I Q U I D  S IL ICON !N A 

CONTROLLED MANNER WITHOUT CONTAMINATION. 

':it kARIAN SYSTEM WAS QUITE SIMILAR TO THE T . I .  EXCEPT THAT RECHARGING 

WAS PERFORMED INTERMITTENTLY BETWEEN INGOT GRWTH CYCLES. THE AUGER 

SYSTEM WAS ADAPTED TO FEED LUMP S IL ICON DiRECTLY INTO THE CRUCIBLE. 

VARIAN HAD GOOD SUCCESS WITH T H I S  RECHARGING SYSTEM AND REPORTED 

SEVERAL FAIRLY LARGE RUNS COMPLETED; UP TO ABOUT 60-70 KILOCRAflS. 

PERHAPS ONE OF THE MOST VALUABLE RESULTS FROM THE VARIAN WORK WAS AN 

EXPERIMENT PERFORMED VERY EARLY I N  THE JPL PROGRAM. A 100 K t  RUN 

SIMULATION WAS PERFORMED, BY THE GROhTH OF F I V E  20 KG INGOTS SEQUENTIALLY 

FROM THE SAME CRUCIBLE AND SAME CHARGE OF SIL ICON.  AFTER EACH INGOT 

WAS GROWN, I T  WAS REMELTED INTO THE CRUCIBLE AND THE CYCLE WAS REPEATED. 

THIS  EXPERIMENT PROVED THAT THE CRUCIBLE WOULD SURVIVE FOR LONG PERIODS 

OF TIME THROUGH ZEVERE THERMAL CYCLING. I T  WAS AN ENCOURAGING RESULT FOR 

ALL  CONTRACTORS. 
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Siltec Continuous Liquid-Feed Furnace 

4 WELT OWN CRUCIOLL 

CAOWrH CAUCI(IC€ - 
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I 

CONTROLS 
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THE SILTEC EFFORT WAS VERY SIGNIFICANT I N  THAT I T  POINTED OUT 

A WAY TO OVERCOME OR AVOID THE EFFECT OF THE HIGH SURFACE TENSION ON 

THE POURING OF SILICON. A SIPHON PRINCIPLE WAS USED. ONCE THE TRANSFER 

TUBE WAS F I L L E D  WITH LIQUID, UNIFORM AND CONTINUOUS FLOW COULD BE 

ACHIEVED BY SIMPLY RAISING THE LEVEL OF THE SUPPLY CRUCIBLE. 

SIMULTANEOUS CRYSTAL GROWTH AND CONTINUOUS L I O U I D  FEED REPLENISHHEN7 

WERE D E M S T R A T E D .  ALSO, Tk’r P O S S I B I L I T Y  OF GROWING AN EXTREMELY U R G E  

INGOT FROM A RELATIVELY SrULL CRUCIBLE WAS DEMONSTRATED BY THE GROWTH 

OF AN INGOT OF OVER 60. 
ALTHOUGH THE SILTEC EYTHOD I S  NOT WELL ENOUGH DEVELOPED FOR 

COMMERCIAL APPLICATION, I T S  POTENTIAL FOR LOW COST INGOT GROWTH PROBABLY 

SURPASSES THE OTHER APPROACHES, PRIRARILY BECAUSE I T S  THROUGHPUT SHOULD 

BE THE HIGHEST. 

THE DEtlONSTRATION OF CONTINUOUS L I Q U I D  FEED WAS AN EXCELLENT 

TECHNICAL ACCOMPLISHMENT AND NAY VERY WELL HAVE A SIGNIFICANT FUTURE 

APPLlCATION. 

”* 







Poly Chunk Recharge System 

'r t 

h 

CABLE SUPPORT 

- 

b HOPPER 

1 

- POLYSILICON 

- CRUCIBLE 

A SELF-DUMPING HOPPER WAS fHEREFORE DESIGNED AND B U I L T  WHICH HAD 

ABOUT A 16 KILOGRAY CAPACITY, I T  WAS A SIMPLE DESIGN AND QUICKLY 

6ECAEIE THE PREFERRED METHOD, AS THE HOPPER IS LOWERED, I T  C O M S  TO 

REST ON A RING AT THE ISOLATION VALVE. THE PLUG SUPPORTING THE CHARGE 

AT THE BOTTOM OF THE HOPPER CONTINUES TO LOWER AS THE SUPPORTING 

CABLE 1s LWERED, EFFECTING COMPLETE DISCHARGE OF THE SILICON. 
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THE HOPPER CAN BE LOYERED AUD DISCHARGED I N  ABOUT 5 hlNUTES. SEWPAL 

HOPPER-FULLS CAN BE DUMPED DURING A m L T I N G  CYCLEa NO FAILUPES WVE 

BEEN UPERIENCED WITH EITHER THE HOPPER OR THE CRUCIBLE DURING MANY 

RECHARGE CYCLES OVER THE PAST SEVERAL YEARS, 

MELT-BACK IS FASTER THAN ROD, NO TIHE IS WASTED BY MULTIPLE DUMPS, AND 

NO CONTAMINATION HAS BEEN DETECTED FROn THE HOPPER. C W K  SIZE IS 

L IMITED TO A M X l M U 4  DIMENSION OF ABOUT 1 INCH. 

Advanced Cz Objectives 
- 

RUN SIZE (ONE CRUCIBLE) 
D I METER 
GROHTH RATE 
MELT SIZE 
INGOT SIZE 
EIECT RATE 
AUTOMAT I ON 
AFTER GROWTH YIELD 
A14-1 EFFICIENCY 

lNfTIAL 
100 KG 
10 CJ4 

10 CWHR 
25 KG 

5 x 20 KG 

ANAL36 
90% 
14% 

LATEST 
150 KG 
15 Cfl 

10 C#/HR 
45 KG 

25 K/HR 
4 X 37a5 KG 

f4 1 CROPROCESSOR 
9ox 
14% 

AS PROGRESS WAS HADE I N  ADVANCED CZ, THE I N I T I A L  OBJECTIVES WERE 

mD”fED, AS SHOWN I N  THIS  SLIDE. IO0 KILOGRAM RUN S I Z E  WAS INCREASED 

T l b  ,I DIAMETER INCREASED FROH 10 TO 15 CM, G R W H  RATE BOALS WERE 

KI ’ THE S A M  FOR THE HIGHER DIAMETERS, MELT S I Z E  INCREASED, AND 

NEW C d L S  WERE DEFINED TO IMPROVE THROWHPUT AND LOWER COSTS, THAT IS, 

MORE RAPID MELTDWN, AND RICROPROCESSOR CONTROL TO REDUCE LABOR, 

YIELDS AND SOLAR EFFICIENCY GOALS HAVE REMAINED CONSTANT FROM THE 

BEGINNING AT wx YIELD AND l4X AM-1, RESPECTIVELY, 



Continuous Cz Growth Summary 

MI-1 EFFICIENCY, X AVG 
TOTAL NO, PULL RUN THROUGH- MONO- _ _  

hUN PULLED OF D I W T E R  RATE TI=  PUT CRYSTAL ? U t  MONO- POLY 
DATE NO, (K6) INQOTS (CN) (CM/HR) (HA) (KS/MR) ( %. A''; CRYSTAL CRYSTAL 

4/78 9 27 3 11 a,7 39 0.70 85 11,s 11.6 11.4 
~~ ~ ~~ ~ ~ ~~ ~~~~~~~ ~~~~~ ~ 

6/70 11 43 4 11 9.1 44 0.97 88 11,8 11.9 11.2 

10/78 19 57 6 13 8,9 64 0.89 56 11.8 - - 

1/79 30 99 6 13 8,7 79 1.25 27 11,2 13.3 9.8 

6/79 47 60 5 13 6.8 52 1,17 88 13.0 13.0 - 
7/73 49 108 9 13 . 7.0 86 1.26 85 13,8 13,8 - 

lW79 55 101 10 13 7.2 91 1,11 75 12.0 13.0 9*7 

- 

10179 2 100 9 13 707 109 0.92 64 12.3 12.7 10.6 

12/79 60 100 8 u 7.6 85 1 18 61 12.ti 13,O 11.0 
~~~~ ~ ~ 

1/80 62 103 9 13 7.9 97 1.06 89 12.9 13.2 11.2 
_ _ _ ~  ~~~~ ~ _ _ _ _ _ _ ~  ~~ 

2/80 70 152 6 15 6.9 99 1.53 44 - - 

6/81 1C 146 5 15 5.6 1W 1 . 4  52 13.7 15,3 1;,3 

- 
- --- 

THIS  TABLE SUWARIZES THE RESU'.TS FROH THE MOST SIGNIFICANT RUNS 

PERFORMED ON THE PROGRAM, 

- THE COLUm LABELED *TOTAL PULLED" I S  THE SUM OF ALL INGOT W E I W S  FOR 

9 GIVEN RUN. THE GRADUAL INCREASE EN RUN SIZE SINCE THE BEGINNIKiS 

'JF THE PROGRAM I S  APPARENT. 

- *NO. OF INGOTS. - I N  PUNY RUNS, WE ATTEMPTED TO PRODUCE AS HIGH A 

Y IELD OF MONOCRYSTAL AS POSSIBLE) THUS, INcOTS WERE OFTEN PREMATURELY 

ABORTED AND SONE RUNS PRODUCED AS MANY AS 9 OR 11) INGOTS, W R E  

RECENTLY, WE HAVE TRIED TO PRODUCE THE DESIRED NO, OF INGOTS, 

- " D I M T E R *  - EARLY RUNS WERE 10 CM, THE DIAMETER WAS INCREASED TO 

14 CM WITH NO SIGNIFICANT PRQBLERS. 
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- 'A'JERAGE PULL RATE' - THE 60AL OF ALL THE W K  I S  10 Cn/HR, REGARDLESS 

OF DCAMETER, THE PULL RATE (OR GROWTH RATE) I S  L IMITED AT PRESENT 

BY THE TENDENCY OF THE CRYSTAL TO GO OUT OF SHAPE, URGER CRYSTALS 

MUST BE 6QOWN SLOWER, ALTHOUGH THE SOLIDIFICATION RATE (KG/HR) 1s 

S T I L L  LARGER. 

- 'RUN TIME" IS TOTAL RUN TIME FROn ST-RT UP TO SHUT OFF, 

- "THROUGht'UT* IS OBTAINED BY ? i V I D I N C  THE TOTAL PULLED BY THE RIA TIME 

IN HOURS. I T  NCREASES, AS SHOWN, WITH DIPMETER, THE LATEST GOAL I:, 

2 , 5  ..G/HR, WH.CH HA) BE OUR MOST DIFF ICULT PROBLEM, 

- "PERCENT MONOCRYSTAL~ - REPRESENTS THE PORT~ON OF THE PULLED MATERIAL 

THAT I S  MONOCRYSTALLINE I N  STRUCTURE BY VISUAL OBSERVATION. ' ~J -80  KG 

OF HONOCRYSTPL CAN BE GROWN FROM A CRUCIBLE PRESFNTLY. 
c 

- "AM-1 EFFICIENCY' IS FOR TEST CELLS PREPARED AND MEASURED SY APPLIED 

SOLAR I 

Solar Efficiency vs kg Grown 

t I 1 I I I 6 I I I 

RUN NO. 62 
c o t i ~ m  SAV.ES - 13.1% AVG, 16 

M I  

1 

#4 

0 10 70 M 40' 50 60 7i K SO 100 

KILOBRAMS CROWN FROM ONE CRUCIBLE 
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Run No. 62 (1 00 kg) 

- S W L E S  YERE CUT FRQ TAE 1JP AND BOTTOM Of EACH OF THE W R  '2(bbTS 

AND THE TOP, CERTEG A.:9 PCT' OF THE LARGER INGOTS, 

- THE AVERAGE DF THE FOI rE. ." AND THE SPQEAD WAS P' .. IED. 

- EFFICIENCY I S  PLOTTED MI THE ORDINATEj 

CUMULATIVE MOUNT GROW Ow m E  ABSCISSA. 

- THE POINTS FROn THE SANE ' r r M T  ARk c W E C T E D  FOR CLARITY. 

THE COhtLUSIONS: 

- POLYCRYSTALIINE HATERIAL WAS U 5 EFFICIENT THAN THE SINGLE CRYSTAL. 

- EFFICIENCY VALUES FROM THE SAME SAMPLE VARIED AS MUCH AS 1 OR 2 
PERCENTAGE POINTS - PROBABLY DUE TO CELL MANUFACTURE. 

- EFFiCIENCY OF SINGLE CRYSTAL MATERIAL WAS AS GOOD AS, OR BETTER THAN> 

THE CONTROL SAMPLES. 

- EFFICIENCIES REMAINED CONSTANT RIGHT OUT TO 100 KC. 

- AVERAGE OF ALL SAMPLES WAS 12.9%. 
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Run No. 10 (1 50 kg) 

- W L f S  M R E  CUT F W  THE TOP, CENTER, AND BOTTOM OF ALL I W O T S ,  

- EXCE?T FOll nW FIRST 11180Ta THlE DOlYarrS Of ALL CRYSTALS WERE POLY, 

WE TOPS MRE M L  SINGLE 

- THE INCREASE IN PFFICIEWY COWARED TO THE riieYIMls R'M I S  IELIEVED TO 
?An 

BE A DIFFERENCE IN THE CELL TECWIOUE, AS TIE  CONTROL CEUS *RE 

ALSO HIGHER EFFlCIENClES AND WE COIITROL CELLS #usURED M R V  CLOSE TO 

YHE SIMLE CRYSTAL I IATERIM.  
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Control System: Microprocessor Controls 

\ 

THt PROTOTYPE EWIPMEW PRODUCED Ow THIS M K  dAS RETROFITTED WITH A 

-0 M O M T I C  6-R LO6tC S Y S W .  I N  A PARALLEL EFFORT, INPROIlEo SENSORS 

WERE D M L O P C D  ON THE C O W R K T  FOR: 

ALTHOUGH TME SYSTW IS STILL NOT AN OPERATOR W N D S  WF'. ONE, TWi 

OHRATOR INPUT HAS BEEN REDWED, AND WE BELIEVF U!€ HAVE MM COaD PRO6RESS 

TOWARD ICIPMIMD A M T I O N .  

THE MELT TEMPERATURE AND D I M T E R / S M M D € R  SENSORS ARE INTERFACED W I T H  

lH€ MICRoPROC€SSOR AND ARE USED ON ALL RUMS. THE MELT LEVEL SENSOR IS 

SET UP TO lONIfOR MELT LEVEL, BUT I S  NOT ACTUALLY USED I N  CLOSED LOOP 

CONTROL YET. 
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Problems and Concerns 

eBpBLv1_BBEB APPRQACH 
@YIELD OF MONOCRYSTAL, LOMR 

EFFICIENCY OF POLY M T E R I A L  
0 STUDY STRUCTURE LOSS I IECHANIW, 

P R I M R I L Y  MELT CONTMINATION 

- CRUCIBLE DISSOLUTION 
- CRUCIBLE DWITRIFICATION 
- GAS AMBIENT PURITY 8 FLOW 

OTHROUGHPUT AS RELATED TO RATE 0 IMPROVE HOT ZONE DESIGN 
L I H l  T I NG FACTORS 

- MELTING RATE - FURTHER WORK WITH RADIATION 
SHI E l D l  NG 

- CORKSCREWING - TEHPPERATURE PROFILING OF MELT 
- STABILIZATION OF MELT TERPERATURE - IWROVED T W I N 6  OF HICROPROCES- 

SOR TO SPEED UP STABILIZATION, 
SEEDING AND NECKING 

I N  ATTEMPTING TO EXPRESS PROBLEMS I N  S W E  MEANINGFUL WAY, I FINALLY 

CAME UP WITH TWO GENERALIZED PROBLEM AREAS, WHICH ARE L I M I T I N G  OUR 

A B I L I T Y  TO ACHIEVE THE PREDETERMINED GOALS; THESE ARE: 

(1) YIELD OF PWNOCRYSTALLINE RATERIAL, AND 

(2) THROUGHPUT. 

YlLlp - IF THE MATERIAL C W L D  BE ALL PRODUCED IN )IONWRYSTALLIN€ FORM, 

THEN I T  IS APPARENT THAT SOLAR EFFICIENCIES WOULD BE HIGHER. 

STRUCTURE LOSS IS BELIEVED TO BE CAUSED BY CONTAMINATION OF 

THE MELT, EITHER BY PARTICLES FRON THE CRUCIBLE GR BY CARBON 

CONTAMINATION FROM THE CARBON MONOXIDE FURNACE CAS ATMOSPHERE. 

THRQUGHPUT CAN BE INCREASED BY INCREASING THE SPEED OF THE NON-GROWTH 

OPERATIONS, AS WELL AS THE GROWTH RAT;. 

- PRCSENTLY, THE MELTING RATE DOES NOT MEET OUR GOALS. BECAUSE 

A CRYSTAL GROWER I S  DESIGNED FOR HIGH THERML GRADIENTS AND 

LARGE HEAT LOSSES ABOVE THE MELT, THE MELTING RATE IS L I M I T E D  

AND MUCH HEAT IS LOST. PRELIMINARY EXPERIMENTS SHon THAT 

TEMPORARY RADIATION SHIELDING OVER THE CRUCIBLE DURING H t L I I N G  

WOULD SPEED UP THE MELTING RA:E WHILE, AT THE SAME TIME, REDUCE 

POWER CONSUMPTION. 
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- THE GROWTH RATE IS WOT L I M I T E D  BY STRUCTURE LOSS CONSIDERATIONS; 

RAWER, I T  IS L I N I T E D  BV THE TENMkCY OF CRYSTALS TO LOSE 

CYLINDRICAL SHAPE - WHICH WE CALL CORKSCREWING. A NUNBER OF 

RUNS WITH A CWE-SHAPED RADIAT!ON SHIELD HAVE GIVEN ENCOURAGING 

RESULTS; MM€VER, THE PRQBLEN HAS NOT BEEN ELIMINATED. I T  M Y  

BE THAT STEEPER THERrUL GRADIENTS WILL BE REQUIRED TO PREVENT 

CORKSCREWING AND, i i U S a  tiGT ZONE REDESIGN M Y  BE REOUIRED. 

WE BELIEVE THAT OUAWTITATIVE NEASURENNTS OF MELT TEWERlTURE 

CRADIEWTS AS A FUNCTiON OF VARIkBLE C R W H  P A R M T E R S  WOULD 

LEAD THE WAY TOWARD IMPROVED T H E N L  CONDITIONS FOR FASTER 

GROWTH AND STRAIWTER CRYSTALS. 

- A L T W W  THE NlCROP90CESSWl IS CAPAELE OF STAB;LIZING THE MELT 

REPRODUS!BLY, IT ACTUALLY TAKES MORE TIME PRESENTLY THAN AN 

EXPERIENCED OPERATOR. 

REWIRED TO INPROVE THIS SITUATION. 

NORE SOFTWARE DEVELOPRENT WILL BE 
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(5) ENERGY DISPERSIVE X-RAY ANALYSIS SHOWS ONLY S IL ICON WITH 

NO DETECTABLE IMPURITIES I N  ( A )  THE BULK SI02 AND (B) THE 

INTERNAL PORTIONS OF THE ROSETTES. HOWEVER, R f G H I  AT THE 

EDGE, SURPRISINGLY H16H COWCENTRATfONS OF METAL ARE DETECTED. 

EXPRESSED AS A T W I C  PERCENT: 

S I  89.92 
S 1.78 

CL 5.01 

K 2.15 

CA 1.14 

WE BELIEVE THAT THIS  DEVITRIFICATION I S  ASSOCIATED WITH LOSS OF 

MONOCRYSTALLINITY. WE ALSO BELIEVE THAT I T  IS ACCELERATED BY IMPURITIES 

I N  CRIJCIBLE, MELT, ON FURNACE. 
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I N  AN ATTEMPT TO UNDERSTAND THE MECHANISM OF STRUCTURE LOSS, WE HAVE 

CONSTRUCTED A DEVICE WHICH SAMPLES AND ANALYZES THE GROWER EXHAUST 

GAS FOR CARBON MONOXIDEj HYDROGEN, AND WATER. I F  CARBON IS CONTAMINATING 

THE MELT, 

SUBSEQUENTLY TO SILICON CARBIDE PRECIPITATION, AS MORE ANI: MORE CRYSTALS 

I T  WILL BE CONCENTRATED I N  THE RESIDUAL MELT AND COULD LEAD 

ARE GROWN. 

CARBON MONOXIDE HAS BEEN FOUND I N  SURPRISINGLY HIGH CONCENTRATIONS, 

AND IS A FUNCTION OF TEMPERATURE. 

DESCRIBE PLOT - 
- SCALES, ORDINATE 8 ABSCISSA 

- CO AND H2 

- MELTBACKS VS. RECHARGE 

- TREND DOWNWARD WITH TIME 

APPROX '*4TELY 5000 PPM ARE SEEN DURING MELTDOWN, 

H2 EVOLUTION AND WATER (NOT SHOWN) REACT L I K E  TYPICAL OUTGASSING. 
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Advanced Cz Status 

150 KG FROM ONE CRUCIBLE ( 5  x 30 KG INGOTS) 
15 CM DIAMETER x 37.5 KC GROWTH DEMONSTRATED 
MICROPROCESSOR CONTROLS WITH IMPROVED SENSORS 
PROTOTYPE EQUIPMENT TRANSFERRABLE TO INDUSTRY 
AFTER-GROWTH YIELD 
14% AM-1 I N  HONOCRYSTAL 

90% OF MELT PULLED 

GOALS NOT AC- DEMONSTRATEO 

THROUGHPUT - 2.5 KG/HR 
YIELD OF MONOCRYSTAL - 90% 
RECHARGE MELTING RATE - 25 KG/HR 

1.5 KWHR FOR 150 KG RUN 
50% MONO 150 KG 
14 KG/HR 

TO SUMMARIZE THE STATUS, WE HAVE MADE A LARGE NUWER OF MULTIPLE INGOT 

RUNS WITH RUN S I Z E  UP TO 150 KILOGRAMS, THE RECHARGE PROCEDURE I S  

RELIABLE FROH A PRODUCTION STANDPOINT, 

- 30 KG lNGOTS HAVE BEEN PRODUCED I N  1% KG RUNS, AND THE F E A S I B I L I T Y  

OF EVEN LARGER INGOTS HAS BEEN ESTABLISHED Oh THE J P L  FACIL ITY .  

- THE MICROPROCESSOR SYSTEM REQUIRES MORE SOFTWARE DEVELOPMENT, BUT HAS 

THE POTENTIAL TO LOWER LABOR COST AND IMPROVE PERFORMANCE. 

- KAYEX RECENTLY HAS INTRODUCED THE HAMCO CG6000 CRYSTAL GROWER WITH A 

CHARGE CAPACITY I N  THE 50-60 KILOGRAM RANGE, WHOSE DESIGN IS BPSED 

UPOH THE J P L  PROTOTYPE. THUS, THE LATEST TECHNOLOGY I S  NOW AVAILABLE 

i Z  THE INCXTRV 

- CERTAfN INPORTANT GOALS WERE NOT COMPLETELY ACHIEVED. 

- SELECTIVE R 8 D PROGRAMS, AS SUGGESTED, WOULD ADDRESS THESE GOALS: 

THROUGHPUT - RADIATION SHIELDING, TEMPERATURE PROFILING. 

YIELD - CRUClBLE AND CAS ANALYSES. 

RECHARGE MELTING RATE - TEMPORARS RADIATION SHIELDING DURING MELTING, 
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' WO3LD L I K E  TO SUHMARIZE BY EXPLAINING OUR POSITION WITH RESPECT TO 

'?OWTH EQUIPMENT 

- FIRST, THE CZ PROCESS, WITHOUT QUESTION, IS CAPABLE OF PRODUCING 

CONSISTENTLY THE HIGHEST EFFICIENCY PHOTOVOLTAIC CELLS. 

- HIGH EFFICIENCY, IS A VERY IMPORTANT INGREDIENT TO LOW COSTj BACAUSE 

LESS OF ALL  OTHER MATERIALS ARE REQUIRED TO PRODUCE A KILOWATT OF 

POWER - LESS GLASS, LESS STRUCTUREj LESS SILICON, EVEN LESS REAL 

ESTATE. 

- SECONDLY, I T  IS FAST, EVEN AT 1.4 KC/HRJ I T  IS EQUiVALENT 10 OVER 

1 ~ / H R  FOR ONE PULLER, WHICH IS ABOUT 100 WATTS OF GENERATING CAPACITY 

PER HOUR, I T  TAKES 6 TC 7 OF THE FASTEST RIBBON PULLERS TO KEEP 

UP WITH ONE CZOCHRALSKI PULLER I N  TERMS OF SQUARE METERS PER HOUR, 

- AS A THIRD POINT NOT MENTIONED PREVIOUSLY, I WOULD L I K E  TO SUGGEST 

CZOCHRALSKI AS AN ALTERNATIVE TO CASTING. LARGE DIAMETER INGOTS ( I N  

THE J'!" RANGE) HAVE BEEN GROWN I N  THE KAYEX TECHNOLOGY CENTER AT A RATE 

OF 6 KG/HR, CERTAlNLYj SEVERAL OF THESE lNGOfS COULD BE PRODUCED 

FROM THE SAME CRUCIBLE. THERMAL SHOCK CRACKING AND CRUCIBLE OR nOU, 

PROBLEMS WOULD BE ELIMINATED, THE INGOTS WOULD BE CROPPED) SECTIONED 

AND SLlCED JUST LIKE CAST INGOTS. 

YOU MAY ASKJ "WHY DOESN'T INDUSTRY GO AHEAD AND INVEST DOLLARS I N  

THESE IDEAS I F  THEY ARE SO GOOD?" 

SMALL EQUIPMENT MANUFACTURERS L I K E  KAYEX ARE DRIVEN BY THE CUSTOMERS AND 

THE MARKETPLACE. 

F04ESEEAILE FUTURE WILL COME FROM THE SEMICONDUCTOR INDUSTRY OUR 

CORPORATE R AND D WILL BE DIRECTED TOWARD THAT MARKET - WE WILL BE 

90% OF OUR PROJECTED CRYSTAL GROWER BUSINESS FOR THE 

CONCERNING OURSELVES AND OUR DESIGNS WITH, FOR EXAMPLE: 

97 



PLENARY SESSION: R.L. LANE 

I 
i 
I 

- OXYGEN CONTROL AND PRECIPITATION 

- MICROSCOPIC AND MACROSCOPIC UNIFORMITY 

. -  THERMAL GRADIENTS I N  THE GROWING CRYSTAL AND I N  THE MELT 

- MkGNETIC C t  GROWTH 

- AUTOMATION 

TO THE EXTENT THESE DEVELOPHENT PROJECTS ARE USEFUL TO PHOTOVOLTAICSI NE 

WILL APPLY THEIR RESULTS; HOWEVER, I T  WILL BE OF L IMITED USE, 

I T  TAKES 2-3 YEARS TO BRING A CONCEPT FROM THE LABORATORY TO THE 

MARKETPLACE, WE ARE SEEING SOME OF THE RESULTS OF OUR PREVIOUS WORK 

BEING USED hOW. 

THE MOnENTUM OF DEVELOPMENT OF PHOTDVOLTAIC C f  MATERIALS AND EQUIPMENT 

MUST BE KEPT UP I F  REAL C W E R C I A L  PROGRESS IS TO BE MADE I N  FU'TURE YEARS. 

I 
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