
AUTOMATED ARRAY ASSEMBLY / 

Repart, February 3,1976-November 2,1977 

December 1977 

Work Pwformed Under Contract No. NAS-7-109-954352 

RCA Laboratories 
Princeton, New Jersey 

U.S. Department of Energy 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of 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. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



NOTICE 

Tbi, mpozt nu pmpaetd M recount of no& r p o d  by the United State8 
@mmnm1. NaMwrtls UaiW $trtnaortbsUnitdStrt*rhprrtmntofEInmlly,anr 
my of their eBlplopM, nez any of thelt COntEacton, nrbcontracton, or their enpwem, 
mrlesc my wrrnmty, sxprar ar hplbd, or marno8 my bgal W t y  or  on^ for 
the acamcy, compbtemm ap yfbb- of ray Wens*, rppuatur, product or proaw8 
dhclorsd, oz repmnb lhrt ib we would aot prhtely m d  rfehtr 

lhir report hu bean reproduced directly from the best rnWnble copy. 

Adable from the Natiad Technical information Service, U. S. Bpartmant of 
Commerm, SpriqfbM, VfrgCinlr 22161. 

Pries: Papar Copy $8.00 
MiCzofiJu $3.00 



DOE/ j PL/954352-4 
Distribution Category UC-63b 

AUTOMATED ARRAY ASSEMBLY 
. . 

F i n a l  ~ e ~ d t t ,  February 3, 19764ovember 2 ,  1977 

NOTICE 
Thb repon was prepared as an account of work 
spansored by the United Stater Covrmmcnt. Neither the 
United States nor the United States Department of 
Enerw, nor any or thcir employccr, nor any or their 
contractors, subcontractors, or thcir emplovecr, maker 
any warranty, r rp r ru  or ~mploed. or nrrumcr any legal 
llabtlnty or rcsponnbll~ty b r  the arcuncy,complrtrneu 

' 
08 uvrulneu of any ~nionnat~on, apuantur. product or 
Process disclosed, or reprevnu that-its u s  would not ' infringe privately owned righu. 

--. . . .  

December 1977 

Cont rac t  .No.. NAS-7-100-954352' , . :  . : . : . '  

. . . . ?  
. . 

RCA Labo ra to r i es  : .".. ' . ' .  
. . . . 

. .  . . .  
Pr inceton,  New J e r s e y  . . . . . . . 

tj 
DIGTBfX;7JTiCY <I$ 711s DCCIJillENT IS lJ?!LIl111Tm -. 
,,i 1 i A 

I * ' .  





PREFACE 

This Final  Repor t ,  prepared by RCA' ~ a b o r i t b r i e s ,  Princeton,  N J  08540, de- 

s c r i b e s  the  r e s u l t s  of work performed from February 3, 1976 t o  November 2 ,  1977 

i n  the  Energy Systems Research Laboratory, B. F. Williams, ~ i r e c t o r ;  Mater ia ls  

and Process Laboratory, Solid S t a t e  Division, H. Veloric ,  Manager; and a t  the  

. ~dva*ced Technology Laboratory, Government and Commercial Sys terns, Camden, N J ,  

P. Wright, Director .  The projec t  S c i e n t i s t  is R. V. ~ ' A i e l l o  and the  Project  

Supervisor is D. Richman, Head, Semiconductor Mater ia ls  Research. Others who 

pa r t i c ipa ted  i n  the  research and wr i t ing  of t h i s  r epor t  a r e :  

J. Toner ' - c o s t  a n a l y s i s  

D. Richmaq - s i l i c o n  mate r i a l  

, D . . Red f i e l d  - device modeling 

G. Schnable - 
W. Kern meta l l i za t ion  

K. Bube 

R. Scot t  panel det3i.jp and f a b r i c a t i o n  
.M.  Crouthamel - 

' H. Veloric  - 
F. Mayer 

U. ~ o u n d t r e e  - manufacturing 

E. Cave 

L. Guarino ' - 
~ h =  JPL Task Manager is Don Bickler.  



TABLE OF CONTENTS . . : 

section Page ' " .  

11 . GENERAL TECHNOLOGY AND COST ANGYSIS OF LARGE SCALE . . . . .  

MANUFACTURING SEQUENCES . 1986 PRICE GOAL . . . . . .  ; . . . . . . . .  4 

. . . . . . . . . . . . . . .  . A Introduction 
B . Array Module Manufacturing Cost . . . . . .  
C . Detailed Cost Estimate For Ion Implantation 

1 . Snl R X  Panel Design . . . . . . . . . .  
2 . Panel Installation . . . . . . . . . . .  

. . . . . . .  . 3 .Solar Cell Penel A.ssernhly 
4 . ranel Assembly LPnc Function3 . . . . .  . . . . . . . . . . . .  . 5 Process: Test . . .  6 . Antireflection Coating. Spray-On 
7 . Metallizations . . . . . . . . . . . .  . . . . . . . . . .  . 8 Junction Formation . . . . . .  . 9 Process: Z Wafer Cleaning 

D . Effect of Sheet Size on Manufacturing Cost . . . . . . .  E . Factory Level Overhead Costs . . . . . . . . . . . .  F . Sheet Alternatives . . . . . . . . . . . . . . . .  .G . Conclueions 

(C) . . . . . . .  10 
I . . . . . . . . . . . . .  10 

.... 
e . . . . . . : .  17 

. . . . . . . . . . . . . .  111 . ANALYSISANDFACTORY D E S I G N E ' O R ~ ~ ~ ~  70 

. . . . . . . . . . . . . . . . . . . . . .  A . Ptucesa Selection 70 . . . . . . . . . .  B . Processing Sequence for Cell Fabrication 70 
C . Impact of Manufacturing Volume and Polysilicon Cost . . . . .  99 . . . . . . . . . . . . . . . . . . . . . . .  D . Factory Layout 100 . . . . . . . . . . . . . . . . . . . . . . . .  E . SellingPrice 100 
F . Conclusions . . . . . . . . . . . . . . . . . . . . . . . . .  100 
EXPERIMENTAL PRODUCTION STUDY OF SILICON SOLAR CELL 105 
ARRAYMODULES . . . . . . . . . . . . . . . . . . . . . . . . . . .  105 
A . Iatrod~ccian 105 . . . . . . . . . . . . . . . .  B . Experimental Production Study 105 

1 . Basic Processes and Equipment . . . . . . . . . . . . . .  109 . . . . . . . . . . . . .  2 . Documentation and Measurements 113 . . . . . .  3 . Summary and Correlation of Solar Cell Results 117 . . . . . . . . . . . . . . . .  C . Gcrccn-PrintcdMeralllzation 124 
1 . Impurity Analysis of Commercial Thick-Film Inks . . . . .  124 
2 . Specific Contact Resistance . . . . . . . . . . . . . . .  126 
3 . Screen Printing of Solar Cell Test Patterns . . . . . . .  126 

D . Panel Design and Assembly . . . . . . . . . . . . . . . . . .  131 
1 . Comparison of Glass Panel Designs Evaluated During 

Phase I1 . . . . . . . . . . . . . . . . . . . . . . . .  131 
2 . CellMatchingAnalysis . . . . . . . . . . . . . . . . .  140 



TABLE OF CONTENTS (continued) 

. . . . . . . . .  E . Conclusions . Experimental Production Study 
1 . Solar Cell Experimental Production Study . . . . . . . . .  . . . . . . . . .  . 2 Screen-Printed Thick-Film Metallization 
3.' Panel.Assembly . . . . . . . . . . . ; . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . .  F . Recommendations 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  APPENDICES 

. . . . . . . . . . . . . . . . . . . . . .  A . Cost Analysis . ; . . . . . . . . . . . . . . . . . . . . . . . . .  B . Glossaryof Terms 

Page 



LIST OF XLLUSTRATIONS 

FLgure Page 

. . . .  . . . . . . . . . . .  . . . . . . . . . .  Cost analysis summary 
' ' '5 

Ionimplantationcostanalysis . . . . . . . . . . . . . . . . . . . . .  6 
. . . . .  Factory production analysis . . . . . . . . . . . . .  ': 7 

Material and expense definition . . . . . . . . . . . . . . . . . .  8 

Cost summary . spin-on + POC13 diffusion (C) . . . . . . .  .. . . . . . .  11 
. . 

Cnst summary . screen print 2 sides (C) . .  . . . . . . . . . .  11 
.. . . Cost .summary - ion implantation . . . . . . . . : . . . . . . . . . .  12 

. . .  ~ost'suxkary - spin-on + POC13 diffusion . . . . . . .  i . i . . .  12 
coot ouinm3ry . opin-on Loidco a . a . . i . . . . . . .  13 

. . . . . . . .  . . . . . . . . . . .  Cost summary screen-print sides .. 13 

. . . . .  Comparison of three class (C) (advanced) process sequences 14 
L . . .  Comparison of four class (B) (near future) process. sequences 14 

Solar panel design . . . . . . . . . . . . . . . . . . . . . . . . . .  16 
Interconnector design . . . . . . . . . . . . . . . . . . . . . .  16 . . 

Round cell configuration . . . . . . . . . . . . . . . . . . . . . . .  17 
. . . . . . . . . . . . . .  Solar cell panel system configuration 19 

Detail rear view of interconnection . . . . . . . . . . . . . . . .  20 
Production line floor plan . . . . . . . . . . . . . . . . . . . .  21 
Air-track cell transport of cells onto rotary index welding 
table . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ' . . .  24 
Process parameters . interconnect step . . . . . . . . . . . . . .  30 
Process parameters . double glass panel assembly . . . . . . . . .  31 
Process parametera . array module packing ' . . . . . . . . . . . .  32 

. . 
Process parametera -- t e a t  . . . . . . . . . . . . . . . . . . . . .  33 
Reflection spectra: spin-on 'titania-silica film and . . . . . . . . . .  Ta 0 formed by thermal .. oxidation of evaporated Ta. 35 

2 5 
Process parameters . an~ireflection coating. spin-on . . . . . . . . . .  36 

. . . . . . . . . . . . .  Process parameters . front metallization 40 

. . . . . . . . . . . . . . . . .  Process parameters . back metallization -42 

Effect of total module cost in $ / W  (plotted logarithmically) 
on several front metallization parameters of 7.6-cm-dim 
cells with screen-printed Ag lines having straight. parallel' 
sides . The curve (A + K )  is obtained from totals like those- . . . . . . . . . . . . . . . . . . . . . . . . . . .  . in Eq (26) 53 



LIST OF ILLUSTRATIONS (Continued) 

Page Figure 

29. Calculated penalty in $/W due to optimized cost per-. 
formance contributions.. of combined fine grid and bus . : 
bar on cell front as a,£unction of cell size..' The penalty. 
is' shown as a change from a reference module cost of $1/W 
for all cell sizes with the zero arbitrarily set at the 
3-+n. (7.6-cm) wafer. . .  ; . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  54 

Schematic block diagram - ion implantation.and junction . . :  . . 

formation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  56 
: I  ... - .  

Procesg - ion implantation . . . . . . . . . . . . . . .  57 
process - diffusion . . . . . . . . . . . . . . . . . . . . . . .  '58 

Process parameters - inspection . . . . . . . . . . . . . . .  ; . 59 
. . 

Process parameters - Z wafer cleaning . . . . . . . . . . . . : . .  61 
. - 

11 Best case" array module manufacturing cost summary, 3- 
. . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  and 5-in. c.ells 62 

. ~ 

- .  . . . .  Detailed array module manufacturing cost estimake, 3- ' ' .  

. . . . . . . . . . . . . . . . . . . .  and 5-in. cells .:. . . . . . . . . . . . .  63 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Factory cost evaluations 65 
1 * . . . . . . . . . . . . . . .  Manufacturing cost, as a function of factory size 66 

Process parameterd - Czochralski multiple pull. . . . . . . . . .  :.. . . . . .  73 

. . . . . . . . . . . . . .  Process paraineters. - etch and clean :. . . . . . . .  3-80 
. . . . . . . . . . . . . . .  ~rocess'parameters - spin-on source 81 

. . . . . . . . . . . . . . .  Process parameters - POC13 diffusion 82 

. . . . . . . . . . . . . . . . . .  Process parameters - edge polish 83 
. . . . . . . . . . . . . . . .  . . .  Process parameters - glass removil , 84 . 8 . . .  . . . .  ' . . . . . . . . . . . . . . . . . . . . . . . .  Process paramdters - inspection. 85 

. . .  . . . . . . . . . . . .  process parameters,,-~g front metallizgtion. 86 
. . . . .  . . . . . . . . . . . . . . .  .. Process paraineter's - ,& back mkA~i;ation . . .  ; 88 

. . . . . . . . . . . . .  .... .... Process parameters, - AR spray coat. :. .. 90. 
. . . .  . . . . . . . . . . . . . . . . . . . . . . .  Process parameters - test ... . . .  t . ,  

. . .  . . 
92 

. . . . .  . . . . . . . . . . . .  Process parameters - reflow solder. interconnect,. . . 93 
, ,. . . . . . . . . . . . . . . . .  Proc.ess. parameters - glass-PVB panel . .: . . .  . . 95 

- I '  
Process parameters - packaging . . . .  :.:-. ... .' .. . . . . . . . . .  97 

. . 
<,.. . . .. Cell: pr.ocessing sequence .........;... .'. . . ' . . . .  .! . . . . - . .  9 8 



Figure  page 

5 5  . c o s t  as a f u n c t i o n  of manufacturing volume wi th  wager . . . . . . . . . . . .  prepa ra t ion  and p o l y s i l i c o n  c o s t  as parameters 99 

56 . F a c t o r y l a y o u t  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  101  

... 57 . Cost summary . spin-on + POC13 d i f f u s i o n  . . . . . . .  i . i . . .  106 

58 . Cost summary - spin-on 2 s i d e s  . . . . . . . . . . . . . . . . . . : .  107 

59 . Cost summary . i o n  implanta t ion  . . . . . . . . . . . . . . . . .  108 

60 . ~ x ~ e r i m e n t a l  product ion process  flow c h a r t  . . . . . . . . . . . .  110 

6 1  . M e t a l l i z a t i o n  p a t t e r n  . . . . . . . . . . . . . . . . . . . . . .  112 

62 . Incoming wafer  i n s p e c t i o n  shee t  . . . . . . . . . . . . . . . . .  114 

63 . Sola r  c e l l  t r ave log  . . . . . . . . . . . . . . . . . . . . . . .  114 

. . . . .  . . . .  64 . Sola r  cell bulk  r e s i s t i v i t y  measurement c h a r t  i 115 

65 . S o l a r  c e l l  s h e e t  r e s i s t i v i t y  measurement c h a r t  . . . . . . . . . . .  115 

66 . Chart  f o r  record ing  changes . . . . . . . . . . . . . . . . . . .  116 

67 . Typica l  I-V c h a r a c t e r i s t i c .  POC13 process  . . . . . . . . . . . .  120 

. . . . . . . . . .  68 . Typica l  I-V c h a r a c t e r i s t i c .  spin-on phosphorus 120 

. . . . . . . . .  69 . Typica l  I-V c h a r a c t e r i s t i c .  i on  implanta t ion  (P) 121  

70 . Typica l  I-V c h a r a c t e r i s t i c .  i on  implanta t ion  (As) . . . . . . . .  121 

71  . Shor t - c i r cu i t  c u r r e n t  a s  a  func t ion  of temperature . . . . . . . .  122 

72  . Ref l ec t ion  and abso rp t ion  p r o p e r t i e s  of spin-on t i l a ~ ~ i u m s i l i c a  . . . . . . . . . . . . . . . . .  f i l m  a s  a  f u n c t i o n  of wavelength 123 

. . . . . . . .  73 . Sola r  c e l l  mask des ign  inc luding  d i agnos t i c  c e l l s  128 

74 . J u n c t i o n  I-V c h a r a c t e r i s t i c  f o r  s o l a r  c e l l  p r in t ed  wi th  01-6105 . . . . . . . . . . . . . . . . . . . .  Ag i n k  and f i r e d  a t  675OC 129 

75 . Photomicrograph of 5-mil l i n e  p r in t ed  wi th  01-6105 ink  us ing  . . . . . . . . . . . . . . . . . . . . . . . .  200.lineIin . mesh 129 

76 . Junc t ion  I-V c h a r a c t e r i s t i c  f o r  s o l a r  c e l l  p r i n t e d  wi th  A-3441 
Ag i n k  and .fired a t  675OC L l l u s t r a t i n g  shunt ing  . . . . . . . . . . .  '130 

77 . F i r s t  4- by 4-f t  laminated panel  w i th  aluminum frame having . . . . . . . . . . . . . . . . . .  ex tens ive  breakage and bubbles 133 

78 . Second 4- by 4-f t  laminated panel  wi th  aluminum frame having . . . . . . . . . . . . . . . . . .  l i m i t e d  breakage and one bubble ; 134 

. . . . . . . . . . . . . . . .  . 79 . Photograph of mechanical panel  model 135 

. . . . . . . . . . . . . . . . . . . .  80 . S o l a r  panel  con f igu ra t ion  137 



LIST 0k ILLUSTRATIONS . (Continued) 

Figure . . Page . . 

. . . . . . . . . . . . . . . . . . . . . . .  81 . Solar panel framing 138 

. . . . . . . . . . . . . . . . . . . . . . .  82 . Front/rearmounting : 139 

. . . . . . . . . . . . . . . . . . . .  83 . Eanel interconnect d e t a i l  139 

84 . Gaussian probability distribution of t e s t  e f f ic iency of c e l l s  . . 141 

. . . . . . . . . . . . .  . 85 I-V characteris t ics  of f i v e  sort  regions 143 



LIST OF TABLES 

Table Page 
, , 

1. Cost Comparison of Packaging Materials . . . . . . . . . . . . .  
. . . . 18 

. 2. . Solar-Cell Panel Assembly Equipment . . . . . . . . . . . . . . . . .  -. 23 

. . .  . . . .  . . . . . ' . . .  3. Panel Assembly Timing Sequence . . . . . . . .  * .  , '26 
. , . . . . . .  4. Specific contact Resistance of Ag-AgP03 Metallization 

, . .37 

5. Comparison of Cost Items for Single vs Multiple Pul1,and . ,  

I.D. vs Wire Sawing of Ingots . . . . . . . . . . . . .  
a .  

I .  

:' *, *. : * 7 ;1 
6. Cost Details for.Complete Process . . . . . .  .:. . . . . . . . . . . .  72 

. . 
7.  . Factory Equipmint List . . . . . . . . . . . . . . . . . . . . . .  -. . .  102 

9. Factory .Overhead Sununary . . . . . . . . . .  , . . . . . . . . . . . . . . .  104 

, . 
10. Summary of AM-1 Cell. Performance for ~hree'Juncr'ion-Formation . . . . . . . . . . . . . . . . . . . . . . . . . . .  Processes .:. 117 

11. Statistical Variations in Cell Parameters . . . . . . . . . . . . .  ' 119 

12. Summary of Yield Data . . . . . . . . . . . . . . . . . . . . . .  124 
13. Emission Spectr,ographic Analysis. of Four Thick-Film .Silver Inks . 125 

14. Specific Contact Resistance,' screen-printed Thick ~ilms . .: .' . . 127 
. . , . , c. 

15. Performance Comparison Matrix for Various  lass-cell- lass 
. 3 . :. . . . . . . . . . . . . . . . . . .  Panels Evaluated During Phase I1 132 



SECTION I 

SUMMARY 

This report contains three main sections which describe a general tech- . . . . 

nology assessment and 'manufacturing: cost analysis ; a near-term (1982) factory 

design; and the results of an experimental production'study for the large- 

scale production of flat-panel silicon solar-cell,.arrays. 

Section I1 describes the results of an extensive study and detailed . . , . , . 
analysis of technologies which could be relpted to array module manufacturing. 

From this study, severa'l manufacturing sequences emerge as candidates for 

satisfying the ERDA/JPL cost goal of $0.50/W selling price in 1986. We have 

found a minimum manufacturing cost in a highly automated line of $0.30/W 

assuming the silicon is free. The panels are of a_$ouble-glass construction 

and are based on round wafers. Screen-printed silver has been used as the 
., . 

metalliiation with a spray-coated antiref lection (a) layer. The least 

expensive junction-formation technology appears to'be ion implantation; how- 

ever, several . other . technologies also may be.used.with very.little c0s.t. 

penalty as described in this report. I 

Based on the required investment, a profit of $0.05W appears reasonable. 
2 

If silicon wafers are available at a price of $20 to 40/M , a selling price 
for these array modules of $0.50 to 0.661~ is projected. 

An anarysis of tbe impact of factory size in the 1986 time frame has been 

made. For a produytion level of 500.MW/yr,,.the . -  , .  price above is derived.,. For 

comparison, a factory processing 50 MW/yr using the same technology would sell . . 
modules for $0.54/W to $0.70/W. An analysis of,the impact of wafer size . 

indicates that with traditional metallization and panel designs there is no 

advantage in increasing wafer size from 3 in. to 5 in., and, in fact, there is 

some penalty (10% in $/W) due to increased metallization costs and reduced 

system performance. 

There is a premium placed on high efficiency due to its impact, not only 

on array module cost, but on system cost. For the near-term goals of this 
. . 

program, wafers cut from single-crystal material seem the most likely sheet 

configuration. 



I n  Section 111, an in te r im 1982 fac to ry  .is described f o r  t h e  la rge-sca le  

production of s i l i c o n  solar -ce l l  a r ray  modules. The boundary condi t ions  f o r  

t h i s  design a r e  t h e  use  of Czochralski s i l i c o n  c rys ta l s '  and $25/kg polycrystal-  

l i n e  s i l i c o n .  The ob jec t ive  i s  a large-scale production f a c i l i t y  t o  meet an . 

in termedia te  ERDA c o s t  goal  of $2.00/W i n  1982. 

Our approach was t o  f i r s t  consider a panel' d'esign.which could be expected 

t o  have a 20-year l i f e  and would a l s o  meet t h e  JPL s p e c i f i c a t i o n  on mechan- 

i c a l ,  e l e c t r i c a l ,  and environmental s t a b i l i t y .  At tent ion  was then d i rec ted  ' to  

a c o s t  a n a l y s i s  of t h e  production of t h e  elements comprising t h i s  panel.. . 

Since i t  was expected t h a t  wafer production would comprise a major f r a c t i o n  of 

the  c o s t ,  s e v e r a l  cos t  reduction schemes were considered f o r  t h e  Ciochra lski  

pu l l ing  and sawing of t h e  wafers . A' s o l a r - c e l l  processing sequence was 

s e l e c t e d  on the  b a s i s  of our 'previous  c o s t  s t u d i e s  and t h e  projected ava i l -  

a b i l i t y  of production equipment by 1982. These c r i t e r i a  r e su l t ed  i n  t h e  

s e l e c t i o n  of POCL gaseous d i f f u s i o n  f o r  junction formation, thick-fi lm Ag 
3 

screen-printed meta l l i za t ion ,  spray-on AR coating,  and solder  reflow intercon- 

n e c t  technology. 

The economic study was made by computer ana lys i s  of t h e  c o s t  elements of 

these  process sequences a t  production l e v e l s  ranging from 3 t o  100 MWIyr. 

With t h e  r e s u l t s  of t h i s  s tudy,  a 30-MWIyr fac to ry  was designed, and a pre- 

l iminary f l o o r  plan layout  is given. We have projected a manufacturing c o s t  

of $2.01/W and, inc luding fac to ry  overhead and p r o f i t ,  a . s e l l i n g  p r i c e  of 

$2.411~.  

Sect ion  I V  desc r ibes  a 6-month experimental 'production study of t h e  

elements of low-cost s o l a r - c e l l  manufacturing sequences and is an outgrowth 

of our c o s t  and manufacturing s tud ies .  ,This program consis ted  of t h r e e  par ts :  

an  experimental production l i n e  study of t h e  major va r i ab les  a s soc ia ted  w i t 4  

t h e  f a b r i c a t i o n  of 3-in.-diameter s i l i c o n  s o l a r  c e l l s ;  a s tudy of thick-fi lm 

screen-printed s i l v e r  me ta l l i za t ion ;  and panel design and assembly development. ' 

The experimental,..production s tudiee  were conducted a t  RCA' s So l id  S t a t e  

~ i v i s i o n  under simulated fac to ry  condit ions.  No automation o r  advanced 

handling techniques were used; manual handling by hourly.workers wi th  t h e  

supervis ion  of one foreman and one engineer was used throughout t h i s  produc- 

t i o n  study.  Approximately 500 3-in.-diamefer s o l a r  c e l l s  were f a b r i c a t e d  



. . 
, . .  , . 

using the three junction-formation technologies of POC13 gaseous diffusion, 

spin-on source and diffusion, and ion implantation. The 'problems 'encountered, 

some production yield statistics, and summaries of the performance character- 

istics of the solar cells made by each junction technique are described.. 

In the screen-printed metallization studies, commercial inks were . .. 

evaluated for thoir impurity content and experiments were conducted to 

determine their suitability for contacting solar-cell surfaces. A suitable 

ink was identified and some of the printing and firing variables were 
. . 

determined., . . 

A panel design consisting of,a double-glass laminate which is expected 

to meet JPL specifications on mechanical, electrical, and enviro&eAtal . . .  

stability was completed.. . .  Pqeliminary studies of the lamination technology . . 

were conducted on small* (6 by 6 in.) panels and on two full-sire (4by 4 it) 

panels. . .; 

. . .  



SECTION I1 

GENERAL TECHNOLOGY AND COST ANALYSIS .OF 

. . 
LARGE SCALE MANUFACTURING SEQUENCES - 1986 PRICE GOAL 

A; INTRODUCTION 

The'purpose of t h i s  s tudy w a s  t o  assess manufacturing process sequences 

f o r  s i l i c o n  s o l a r  a r r a y  modules which could be sold  f o r  '$0.50/~eak W i n  1986 

assuming a year ly  s a l e s  volume of 500 MW. The study has i d e n t i f i e d  such 
. . 

process sequences. A l l  of t h e  re levant  technologies which e x i s t  i n  the  semi- 

conductor manufacturing a r t  have been analyzed i n  d e t a i l . ,  The bas ic  philosophy 
, . 

s f  t h i s  study das t o  i d e n t i f y  those manufacturing processes which had the  small- 
. . 

est c o s t  of  consumed matefials and expens= items . ' (defined later .)  based on t h i s  

comprehensive a n a l y s i s .  12 was assumed t h a t  t h e  automation of these  low .mate- 

r i a l  c o s t  processes would Yesu l t  i n  t h e  lowest c o s t  a r ray  module. This philos- 

ophy has  not changed. . 
There have been th ree  ' levels  of c o s t  est imation.  appl ied  t o  t h i s  task.. 

Est imates of t h e  present  day c o s t s  fbr each of t h e  p o t e n t i a l l y  re levant  

processes were made a s  described.above. For t h e  c l a s s . o f . p r o c e s s e s  which 

seemed t h e  most a t t r a c t i v e .  fr0m.a. manufacturing c o s t . p o i n t  of view, .the near 

te& (appro.ximately 5 years  f o r  f u l l .  implementation) .cost; were developed. 

~ i G i i ~ ,  ' f o r  the  most cos t -ef fec t ive  sequences, t h e  mnufactur ing.  c o s t s  In  a 

heavi ly  automated. f a c i l i t y  were projected. A summary of t h i s  vqrk i s  presented 
. . . . 

i n  Fig'. 1. . .  . 

, I n  t h i s  r epor t ,  t h e  most cos t -ef fec t ive '  manufacturing ,sequence. and, panel 

des ign a r e  described i n  d e t a i l . .  Var ia t ions .  on. t h i s  sequence a r e  a l s o  costed 

out .  

I n  subsection D w e  d i scuss  t h e  e f f e c t  of wafer s i z e  on manufacturing . . cost .  

I n  most of the  c o s t  ana lys i s .  ir i  t h i s .  r e p o r t ,  3-in. wafers. were used a s  t h e  

shee t  mater ia l .  Factory l e v e l  -overhead c o s t s  are developed , i n  subsection E. 

B. ARRAY MODULE MANUFACTURING COST 

The lowest c o s t  manufacturing process sequence which w e  have . iden t i f i ed  is  

shown i n  Fig. 2. A s  can be seen i n  the  f igure ,  t h e  c o s t  f o r  t h i s  sequence i s  

$0.264/peak W wi th  58% of t h e  c o s t  associa ted .  with.  mater ia l  and. expense items. 
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C O S T  ANALYSIS:PROCESS AND OTHER COST ESTIMATES 
- - - - - - - 

PRRTSS C O S T  mm-mw 
ASSUMPTIONS: 0.500 MATTS PER SOLAR CELL AND 6 0.0 FOR 7.8 CM 0.) DIAMETER WAFER. 

1 0 0 %  Y - ~ . ~ T T s .  50. 
PAGE YIELD ITEM g-fgp-. , .,MAllLr. g;,:;. ._EXP. P. OM. INT. OEPR. TOTALS INVEST 

1 99.01 "2, UAFER CLEANING 0.0 0.002 0.001 0.000 0.000 0.012 0.002 
2 99.01 SYSTEM -2. MAFER CLEANING NEAR FUTURE. , - -.O!OOl 0;OOl 0.000 0.000 0.000 O.OC3 0.002 
3 99.01 SC-1 CIXAFIING ' Z X ~ S - T T N ~ ;  o . a i i  o.aizo.oos 0.001 0.002 0.034 0.015 
4 99.0X YAFER SCRUBBER EL IST lNG - -- - 0.0 0.025 0.004 0.005 0.001 0 002  0.037 0.014 
5 99.OX H F ~ S O N I C  CL-rn Kti---'-fXib 0.007 0.006 0.001 0:002 0.032 0.012 
6 95.01 TEXTURIZ1kG:hYORAZIYE -. EXISTING 0.0 0.043 0.059. 0.026 0.001 0.002 0.132 0.016 
7 55. OT T E X T U R T ~ - E  E X I S T I N G  0.0 0.043 0.062 9.626 0.001 0.002 0.075 0.016 
8 95.91-SPIN-ON SOURCE - .- EXISTING 0.007 0.026 ,f iOOC 0.011 x t l  0.001 0.046 0.008 
9 9 5 - 0 1  SPIN:ORBBORCE:I sIOE E'EAR'FLTURE 0.007 0.010 0-OCO 0;OOT 0.002 O.GO2 0.025 0.017 

10  95.0X SPIN-ON SGURCE:2 SIDES NEARFUTURE 0.013 0.029 0.001 0.012 C.004 0.006 0.065 0.044 
1 1  95.01 S - W m E ' -  - g;r!n' - r ; O n K . ' a - ~ T  0.020 0.007 0.010 0.100 0.012 
1 2  99.01 SPRAY-ON SOURCE L BAKE --- EXISTING 0.0 0.022 0.005 0.032 0.001 0.001 0.062 0.010 
1 3  5'6iEx SCREEN PRINT SOURCE:;! S I E ~ S . ' . .  NEA9 FUTURE C.013 0.008 0.007 '0 .00?-F.003 0.004 0.042 0.0:l 
1 4  99.C1 SCREEN PRINT SOURCE:2 S l t E S  FUTURE 0.013 0.005 0.007 0.005 0.004 O.CO6 0.040 0.045 

--;OX 200 O C G ;  S T K 6 8 6 K E '  - EXISTING 0.0 0.019 0.000 O ~ O J ~ ~ ~ ~ ~ ~ O ~ ~ ; ~ O ~ -  00 .024 .  0.OOC 
1 6  99.OX 200 DEGPFE C. EVEN PPKE-2 FX IST ING 0.0 0.019 0.000 0.005 0.000 0.000 0.024 O.OC0 
1 7 9 8.6f-D I F N S I ( I N - - ' - - -  r;lE'b'R FUTUR'E C.0 0.069 6'.-60'T-'K062 0.001 0.003 0.016 0.012 
1 8  -93.1% OIFFUSION:S6" VIDE BELT --. N E A R F U T U R E  n.o 0.008 o.noz 0.002 0.001 0.003 0.015 c.012 
1 T  9S.GX DIFFUSION " ' FUTURE 0.0 0.003 0.002 0.001 - O - : b ~ F n T ~ T j  0.009 0.010 
20  99.UX POCL3 DEPCSlTICN AND DIFFU-SION EXISTING --.-. . 0.0 0.016 0.028 0.020 0.003 0.004 0.C72 0.031 
2 1  99.CX PPCL3 O E P C J I I T ~ ~ T F U S ~ O ~ '  FUTURE 0.0 0.003 0.028 0.001 o. 'bbi" '-6.00i K 0 3 3  O.OG6 
22  99.OX DOPE0 OXIDE 0EPOSTTTON:P TYPZ,-- EYlSTIElG "0 0.P28 0.04F 0.019 0.005 0.008 0.100 0.057 

2599.3i'.l)OPEJ 3- EYTSTING 0.0 O.C2R O.ij43 ' - P ~ O T Y - '  0.005 0.008 0.100 0.057 
2 4  98.01 DOPE3 OXIDE GCPOSITIOh:2 S1,DES EXISTING 0.0 0.057 0.081 0.039 0.011 0.017 0.205 0.120 

-xC5"' a 5 . 0 ~  CLOSE SPACE ~~-~ N E A P  FUTURE 0.0 0.068 0.258 0.020 0 . 0 2 ~  '-u.-64i- .'8.415 o -294  
26 99.0% ION IMPLAETATION-FRONT .,-. EXISTING 0.0 C.C45 0.024 0.042 0.033 0.053 0.197 0.370 

-77 9'9.0K ION I M P L P F T l l m  EXISTING 0.0 0.045 0.024 C.042' 0;835 0 1 0 5 3  3.Z97 0 -370  
28 96.0% ION IUFL lkTATION:2  SIDES NEAR FUTURE 0.0 0 - E l 0  0.011 0.009 0.013 0.021 0.066 0.150 

2 9 . 8 %  I O N  IRPl.1- . - ' FOTURE 0.D 0.004 b e 0 0 7  ' l . O B T ' T . ~ 0 . 1 6  0.OJ9 8.112 

- 30 99.01 POST J IFFUSlON INSPrCTIOh  EXISTING 0.0 0.015 0-OCO 0.005 0.003 0.005 0.028 0.033 
3 1 '  9 9 - 0 1  PCST D I F F U S I O X 7 A S m C T r U N '  NEAR FUTURE C.0 0.004 0.000 0.003 O;DOJ~"O.OUS 0.015 0.033 

a- 
32 93.0X DnST DIFFUSION 1NSPECTION:lOX FUTURE 0.0 0.001 0.030 0.001 0.001 0.001 0.003 0.006 
33" '  93.01 FROUT S InE  RCSTST-WPTTClnDN EXISTING n.0 0.006 0.071 0.014 ' u ; ~ T o D T ' ~ . o ~ ~  0.01'1 
3 4  95 .01  RESIST RfKOVAL CXISTlNG 0.C O.CO5 0.009 0.005 0.001 0.001 0.021 0.007 

-.'OX 'GLASS KTllG---. ' ' EXISTING 0.0 0.007 0.001' U;OU'T 0.011 0.001 0.012 0.00b 
36 99.01 GLASS REKGVPL,,. ..., NEAR FUTURE 0.0 0.002 0.001 0.001 0.000 0.001 0.005 0.005 

J ~ - - ~ E . o I  PIM C T C ~  EYISTING o . ~  0.012 0.034 0.013 ~ B . O V Z T . ~ ' ~ 6 4  0.020 
38 95.OX EDGE POLISH hEAR FUTURE 0.0 0.002 0.004 0.001 0.000 0.001 0.008 0.005 

J V r t T . 0 1  VACUUM C V A F O R I I ~ L T 1 2 A T I O N  EXISTING 0.0 0.173 0 . 0 1 1 ' 0 . 0 T b  OeGZO 0.032 0.307 0.227 
40 98.UY T I l A G  METALLIZATION-FRONT -. CXISTING 0.019 0.177 0.011 0.072 0.024 0.039 0.342 0.271 

-.-m T U A G  "ntrri‘~- EXISTING 0.022 0.177 0 .01 r ' -0 ' ;~72  0.024 0.039 0.345 0.271 
42 99.OX AL YETALLI IATIOY-FROhT -- EYISTING 0.004 0.177 0.011 0.072 0.021 0.033 0.31L 0.232 

- T - V B ' . O X  AL !4CTALLIZCTTFfJ-BACK EXISTING 0.004 0.177 0.011 0 . 0 7 7 ~ ~ ~ 0 . 3 1 8  0 -232 
4 4  98.01 MAGNFTROh SPUTTCSINt T1IAG:FRONT EXISTING 0.019 0.037 0.009 0.013 0.018 0.028 0.123 0.195 

---T5'7)9,0: UAGNCTROI: S-AG!BACI( EXISTING 0.022 0.037 0.009 0.013 '0.018 @ . ~ 0 . 1 2 6  0.195 
4 6  98.OX ilAtNETRON SPUTTCRING AL:FRONT EXISTING 0.007 0.037 0.009 0.013 0.020 0.031 0.116 0.211 
4 7  98.6% M A G N E T k F N ' W C V T r N b  U L S A 7 X  EXISTING 0.007 '0.P37 0 3 Q 9 '  n'JJI3 0.020 0.031 0.116 0.217 

-. 48_.1?0,10X SCl7fEN-[IRJ_NT Y AFER RTMORK -_. .. 
NEAR FUTURE 0.0 0.001 0.000 0.001 0.000 0.000 0.002 0.001 

4 9  1OO.OX SCREEN PRIMT YAFER REWORK FUTURE 0.0 0.001 0.000 0.001 O.CO0 0.000 0.002 0.001 
5 0  98.0% l,rc.Kk$ KETPL-8ACK:AUTO,- -. .., NEAR FUTURE 0.026 0.004 0..0&5 0.006 0.003 0.005 0.049 0.015 
5 1  99.0% THICK AG PETAL-BACK:AUTO FUTURE 0.026 0.002 0.005 0.003 0.004 0.007 0.047 0.048 
5 2  99.01 THICK bG METAL-FR0NT:AUTO - . - NEAR . -. . - - FUTURE - - . - . . 0.027 Q2910,,,-0.012 0.013 0.006 0.010 0.078 0.069 
53  99.01 THICK AG KETbL-FR0h'T:AUTO FUTURE 0.026 0.006 0.012 0.006 0.008 0.012 0.070 0.087 
5 4  98.OX.TyICK ALIAG UETAL-BACK:AUTO - NEAR FUTU,RE 0.015 0.008 P t P l u o . 0 0 9  0.004 0.007 0.053 0.050 
55  98 .61  T n I c 6  AL METbL-BACK:AUTO NEAR FUTURE 0.011 0.004 0.005 0.006 0.003 0.005 0.034 0.035 
5 6  98.01 _Ttl!CI( AL UETbL-FR0NT:AUTO , NEAR FUTURE, 0.012 OIOIO. 0.013 0.006 0.010 0.063 0.069 
5 7  95.01 AR COATING :SPIN-ON EXISTING 0.021 0.099 0.001 0.018 0.001 0.001 0.091 0.008 
58 95.0% AR . E A T I N G  :SPI N-ON -- NEAR . . FUTURE - - . - - . -. .. -. 0.021 .. . -- . . . . -- 0.019 - 0.001 0.0G7 0.002 0.004 0.053 0 -025  
59  99.0: AR COAT1NG:SPIY-ON FUTURE 0.020 0.010 0.001 0.004 0.003 0.005 0.042 0.034 
60  99.11 AR CPPTX-:SPRAY-ON - - .. . NEAR FUTUPE 0.002 0.004 0 . ~ 0 ~ , ~ . ~ 0 1  0.001 0.001 0.009 0.008 
6 1  99rOX LR COATING :EVAPORATE EXIST ING 0.010 0.070 0.006 0.035 0.011 0.018 0.150 0.120 

fl R O t p X  !Ex! - - CY13TIN4, a.u p.crz o.uoO.. O c t 0 7  b.063 0.008 0.042 o .056 
63 8O.OX TEST NEARFUTURE 0.0 0.005 0.000 0.005 0.005 0.008 0.013 0.056 
64  9O.OX TEJT-- FUTURE -. c?O--. 0.000 0.002 0.004 0.007 0.017 0.069 
6 5  96.0% ARRAY FAS.:SS:ACRYLIC PANELeCB EXISTING 0.359 0.159 0.066 0.048 0.010 0.016.  0.657 0.109 
66  96.01 ARRAY. F.K,:RS: GLASS SUPERST>AJE_ EXISTING -- . .- . 0.152 0.153 qc66,-0_.048 0.010 0.016 0.450 0.109 
67  96.0% ARRAY FAE.:GW:ACRYLIC PANELeCB CXISTIVG P.382 0.125 0.000 0.045 0.009 0.014 0.515 0.096 
68  5 6 . e  A R e Y  :GY:GLASS SUPERSTEC.  EXISTING 0.152, 0.12.j O,o@ -'!,&45 0.009 0.614 0.353 0.096 
69  96.JX ARRAY FPE. ;ULS:ACRYLIC PINFLeCP CXISTING 0 . 3 7 8 ' 0 . 1 2 5  0.000 0.045 0.010 0.013 0.514 0.107 

0.156 0.125 0.000 0.045 0.010 0.015 0.352 70 96.OX ARRAY FAb.:ULS:GLASS SUPERSTRATE C U : ~ T + ~ ~ U R E  0.107 
7 1  98.0% 1NTERCCNNECT:REFLOU S O L ~ R  NE 0.003 0.008 0.000 0.002 0.002 0.004 0.019 0.025 
7 2  98.0% A,Z_E_qC_OhNECT:GAP MELDING - - NEbR - . - - FUTURF - - ,Q.C03 0.008 _0.!00) 0.002 0.002 OmOOI 0.022 0.025 
7 3  9 8 - 0 1  1hTERCONNECT:ULTRASONIC NEAR FUTURE 0.00j"5;013 0.000 0.003 0.002 0.004 0.025 0.025 

NEAR FUTURE + l O ? ~ - ~ O . _ ~ - 0 . 0 0 3  0.001 0.002 0.003 0.114 0.018 74 100.0: DOUBLE GLASS PANEL AS9CMBLY 
7 5  100.OX GLXSF-SUPERSTR~ATE PANEL ASSEMBLY NEAR FUTURE 0.151 0.003 0.000 0.091 0.002 0.003 0.159 0.018 
7 6  100.OX RIBbON III TUBES PANEL ASSEMBLY NEAR FUTURE 0.140 0.003 0.000 0.001 0.002 0.003 0.148 0- 
7 7  100.01 ARRAY MOPULE PACKAGING EXISTING C.010 0.003 0.0 0.000 0.000 0.000 0.016 0.001 

"---"-..--. - -. - . .. - -- - . . . - . - . . . -. . - -- - 

Figure 1. Cost analysis summary. 



ION IMPLANTATION (C) 

ASSUMPTIONS: 0.717 WATTS PER SOLAR CELL AN0 $0.0 FOR 7.8 CM (3") DIAMETER WAFER 

STEP YIELD PROCESS MAT'L. EXP. LABOR INT.+ TOTALS INVEST 
!%I ' +O.H. OEPR. 

1 99.0 SYSTEM "Z" WAFER CLEANING (B) 0.0 0.001 0.001 0.000 0.003 0.002 

2 99.0 ION 1MPLANTATION:P SIDES (C) 0.0 0.005 0.004 0.020 0.029 0.084 

3 99.0 DIFFUSION (C) 0.0 0.002 0.004 0.003 0.009 0.010 

4 99.0 POST DIFFUSION INSPECTION 10% ( C )  0.0 0.000 0,000 0.000 0.001 0.003 

5 99.0 THICK AG METAL-BACK:AUTO (C) 0.021 0.004 0.004 0.008 0.041 0.037 

6 99.0 'THICKAtiMETAL-kHUN'I':AU'I'U (L) 0.021 0.009 '0.010 0.016 0.060 0.069 

7 90.0 TEST (C) 0.0 0 . 0 0 0 ,  0,004 0,008 0.012 0.035 

8 99.0 AR COAT1NGS:SPRAY-ON (C) '0.002 0.002 0.005 0.002 0.011 0.008. 

3 98.0 INTERCONNECT IMP WELDING ( 8 )  0.002 0.002 0.008 0.005 0.016 0.019 

10 100.0 DOUBLE GLASS PANEL ASSEMBLY (B) 0.072 0.002 0.003 0.003 0.080 0.014 

11 100.0 ARRAY MflDllLE PACKAGING (A) 0.007 0.0 0.001 0.000 0.009 0.000 

82.2 TOTALS 0.124 0.027 0.046 3.066 0.264 0.282 

% 47.22 10.35 17.12 25.31 

Figure 2. Ion implantat ion c o s t  ana lys i s .  . 

This process sequence is  i d e n t i f i e d  a s  Ion. Implantation (C) where t h e  (C) de- 

no tes  a heavi ly .  automated ex t rapo la t ion .  of a near-future version,  Ion Implanta- , . 
t i o n  (S), which w i l l  be evaluated l aee r .  

I n  t h e  th ree  c l a s s  (C) cases.which w i l l  be .descr ibed,  a l l  of the.machinery 

is  f u l l y  automated and only t h e  1nterfaces.between each s t e p  inv&lve people. 

The sheets ,  i n  th i secase  3-in., wafers, a r e  t ransported between each s t e p  i n  500- 

wafer c a s s e t t e s .  A s  w i l l  b e  shown.below, add i t iona l  people are iilvolved I n  

maintenance, support,  and adminis t ra t ive  functions.  

A s  can be  s e e n . i n  Fig. 3, t h e  f ac to ry  on which these  c o s t . e s t i m a t e s  a r e  

based produces 50 MW/year .and opera tes  345 days/year. A t  t h i s  l e v e l  of pro- 

. ' duction,  the re  is  only a s l i g h t  p r o j e c t a b l e  &antage i n  i n c r k s i n g . t h e  f ac to ry  

s i z e  (subsect ion E) .  . Ten such f a c t o r i e s  w i l l  500 ~W/year.  

For understanding Fig. 2. Fig. 4 is a l i s t i n g  of a l l  t h e  ma te r i a l  and ex- 

pense i tems which have.appeared during t h e  e n t i r e  analys is .  A s  a r u l e , . t h o a e  



GENERAL INPUTS 

8 YEARS OF STUDY: 1 RJN TYPE:PRO-FORMA BASE YEAR OF RUN: 1 
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.d ' - - - .. -. - - - . . - .. . - - . - - - . . - -. . - - . . - - - -- - - - . . . . 
ANNUAL PRODUCTION I N  MATrS: 5.00000E+07 PRODUCTION'GROYTH PROFILE I: 0 

2ND SHIFT PREMIUH:10.001 " 3RD SHIFT PREMIUll:lO.OOX 
8 MORKINGI DAYS/YR:345 8 'HOURS/SHIFT:12.00 t SHIFTS/OAY: 2 

. . . . 

B.00K DEPRECIATION METE0D:SL TAX DEPRECIATION .M~THOD:SYD - - - - - - - -- - -. - - -- - - - - 
F-WTORY CbNSTRUCTION COSTIS/FT**'~: 0.0 FACTORY DEPRECIATION LIFE-BOOK: 20 TAX: 20 I N V ~ S T M E N T  TAX CRED1T:YES 
L4ND COST*S/FT+*2 OF FACTORY: 0.0 (NOT A DEPRECIABLE IkVESTMENT) FACTORY EXCESS SPACE-IS1 YR: 0-OX 

IavESThENT TAX CREDIT ,RATE: 10.001 INTEREST RATE ON DEBT: 9.00X INTEREST RATE GROMTH PROFILE 1: 0 
DEBT R A T I O - I N I T I A L  YEAR: 100.00X . . - . - - - - - - . - - . - -. . - . - - - -- . 

PURCHASED' S IL ICON COST: 0 -  $/SHEET. S IL ICON COST GROMTH PROFILE I: 0 
8 SOLAF. CELLS/SHEET: 9 8 SOLAR CELLS/ARRAY MODULE: 2 2 4  AREA OF ARRAY MODULE:13564-OCM**2 
UaTTS PER SOLAR CELL(DEFaULT): E.50 UATTS PER SOLAR CELL GROYTH PROFILE C: 0 

YT. OF SAEET: 3.960 CRAMS. AREA OF SHEET: 47.800CM**2 ilAFER. -. - - -- - .- . .. . 
D E F I N I I I O N  OF SHEET:7.B CM t s m )  DIAMETER YAFER 

. .. 

GENERAL 1NPUTS:LABOR TYPE OEFINITIONS 
LABOR. NAME LABOR TYPE MAGE RATE GPU FRINGE 
HOURLY OPERATOR DIRECT 5.00S/HR 0 
REUORK OPERATOR DIJREC? . 5*00S/HR 0 -- 
HOURLY INSPEROR D I R i -  5.oot;lTiR 0 
MACH. lTTENDANT INDIRCCT . 5-6OS/HR . 0 
FOREMAN . : INDIRECT i.65S/HR 0 
EYGR. SUPPORT INDIRECT 11*75 f /HR 0 
TECHNICIAN INDIRECT 7.15S/HR 0 
CLERICP.L INDIRECT 5.10S/HR 0 

- m r T T m O L  
- mDmc-Tp. - - - - . - 

0 6 0 s  H I  0 
MAINTENANCE INDIRECT 5.10S/HR 0 
HANDLER INDIRECT 5.10SfHR 0 

BENEFITS 
35. OX 
35.OX 
35.0X 

. 35.0x 
35.0% 
35-OX 
35.0 X 
3 5 - 0 1  
3S.OX 
35.0X 
35.OX 

, 

0 1 / 2 0 / 7 7  16:15:43 PAGE 5 
GP8 EFFICIENCY 

0 85.0X 
0 b5.0X 
0 , 85.0X 
0 85-OX 
0 .  10.0.0x 
0 100.OX 
0 1oo.ox 
0 100.OX 
0 1OO.OX 
0 1OO.OX 
0 100.OX 

. . 

Figure 3. .Factory production analysis. 



GENERAL 1NPUTS:CXPEWSE TYPE 
EXPENSE NAME 
AG-PLATED CU MIRE 

, ACCHAHNEL . . 
ALUMINUM 
ALUMINUM RIBBON 
AL F O I L  SUBSTRA'IE 
BOX FOR MODULE 
CELL ADHESIVE 
CONFORUAL COAT*S MIL METAL 
EDGE SEAL 
END CAPS 
EPOXY SPACER 
EXTENDED HEAT SINK 
F I N A L  OSSEMBLY MATEF.IAL 
GLASS BUBING 
INDEX YATCHING !!ATP.IIIL 
IN-HOUSE SPIN-W4 AR COATING 
IN-HOUSE PASTE SOURCE 
IN-HOUSE SPIN-O)I SOURCE 
INK AG-FRONT FINE G e m  
INK AG-.FRONT F P l E  GRID LOST 
INK AG-FRONT BUS BPR 
INK AG-FRONT BUS BPR LOST 
INK At-BACK G R m  
INK AG-BACK GRPD LCST 
I N K  AG-BACK PAC 
INK AG-BACK P A C  L o z r  
INK AL-FRONT F l N E  E.RID 

' INK AL-FRONT F l N E  GRlD LOST 
INK AL-FRONT BLS BAR 
I N K  AL-FRONT B1.S BAll LOST 
I N K  AL-BACK GRlD 
I N K  AL-BACK GRlD L I S T  
INTERCONNECT MP.TERSPL 
INTERCONNECT KE:TAL 
PANEL .ASSEMBLY MATERIAL 
PANEL CONNECTOR 
SILVEF: 
SUBSTF.4TE 

. TANTAL.JM PENTOEIOE 
. TITANI.UM 
.: .MINDOYI . - 

ACE,TI,C_ ACID 
AMMONIA GAS 
AMMONIUM HYOROXIOE 
BOATSILINERSIE rC. 
DEVELOPER 
DETEReENT 
DE-IOUIZED MATIR 
DIAMOYD BLADESeETL 
DIBORMJE 5% I N  HYM:OGEN 
ELECTt31CI TY . 
ELECT'3ODES 
FILAM!NTS/INSULAsTQ:S 
F  ILTE13S 

OEFINITXONS 
RESTRICTION 
NONE 
NONE -. 
NONE 
NONE 
NONE 
NONE 
NONE 
NONE . -. - . - . 
NONE 
NONE 
NONE 
NONE 
NONE 
;C'N"; 

NONE 
NONE 
NONE 
NONE 
NONE 
NONE 

" NONE 
NONE 
NONE 
NONE 
NONE 
NONE 
NONE 
NONE 
NONE 
NONE 
NONE 
NOY E  
NONE 
NONE 
NONE 
NONE 
NONE 
NONE 
NONE 
NONE 

NONE 
NONE 
NONE 
NONE 
NONE 
NONE 
NONE 
NONE 
NONE 
NONE 
NONE 
NONE 
NONE 

TYPE 
MATERIAL 
MATERIAL 
MATER I A L  
MATERIAL 
MATERIAL 
MATERIAL 
MATERIAL 
MATERIAL 
MATERIAL 
MATERIAL 
MATERIAL 
MATERIAL 
MATERIAL 
MATERIAL 
MATERIAL 
MATERIAL 
MATERIAL 
MATERIAL 
MATERIAL 
MATERIAL 
MATERIAL 
MATERIAL 
MATERIAL 
HATER I AL 
MATERIAL 
MATERIAL 
MATERIAL 
MATERIAL 
MATERIAL 
MATERIAL 
MATERIAL 
MATERIAL 
MATERIAL 
MATERIAL 
MATERIAL 
HATERIAL 
,MATERIAL ' 

MATERIAL 
MATERIAL 
MATERIAL 
MATERIAL 

DIRECT 
' DIRECT 
OIRECT 
DIRECT 
OIRECT 
OIRECT 
OIRECT 
DIRECT 
DIRECT 
DIRECT 
OIRECT 
DIRECT 
DIRECT 

EXP. 
EXPO 
EXP. 
EXP. 
EXP. 
EXP. 
EXP. 
EXP. 
EXP. 
EXP. 
EXP. 
EXP . 
EXP. 

COST 6PR SALVAGE 
SPECIFIED I N  S  0  0.0% 
SPECIFIED I N  S  0  0.6% 
SPECIFIED 'IN' s' o o .OX 
SPECIFIED I N  S  0  0  .OX 
SPECIFIED I N  S  0  0  .OX 
SPECIFIED I N  S  0  0  .OX 
SPECIFIED I N  S  0 0.0% 
SPCCIFIEO I N  t 0  - 0.011 
SPECIFIED I N  t 0  0.0% 
SPECIFIED I N  S  0  0  .OX 
SPECIFIED I N  t 0  0  .OX 
SPECIFIED I N  t D 0  .OX 
SPECIFIED I N  S 0  0  .OX 
SPECIFIED I N  S 0  0  .OX 
SPECIFIEO I N  t 0  0.0% 
1~00000E-02S/0 l ! * *3  0  0.0% 
Q.OOOOOE-O3S/CI**3 0  0.0% 
4.00000E-O3S/C0**3 0  0  .OX 
SPECIFIED I N  I. 0  0  .OX 
SPECIFIED I N  S 0  0  .OX 
SPECIFIEO I N  S  0  0.0% 
SPECIFIEO I N  ¶ 0  0.0% 
SPECIFIEO I N  ¶ 0  0.0% 
SPECIFIED I N  9 0  0  .OX 
SPECIFIED I N  ¶ 0  0  .OX 
SPECIFIED I N  ¶ 0  0  .OX 
SPECIFIEO I N  ¶ 0  0.0% 
SPECIFIEO I N  $ 0  0  .OX 
SPECIFIED I N  E 0  0.0% 
SPECIFIED I N  S 0  0.OX 
SPECIFIED I N  S 0  0  .OX 
SPECIFIED I N  S 0  0  .OX 
SPECIFIED I N  E 0  0  .OX 
SPECIFIED I N  5 0  0.0% 
SPECIFIED I N  S 0  0.OX 
S.PEC1FIED I N  S. 0  0.0% 
SPECIFIED I N  S, 0  0.0% 
SPECIFIED I N  5. 0  0.0% 
SPECIFIED I N  S. 0  0  .OX 
SPECIFIED I N  * 0  0  .OX 
SPECIFIED I N  S 0  0  .OX 

1 . 7 2 2 0 O E - 0 3 S / ~ .  
5.50000E-O6S/~>I**3 
8.90000€-04S/111**3 
SPECIFIED I N  t 
SPECIFIEO I N  C 
0.0 s / a .  
1 .06000E-06$ /3* *3  
SPECIFIEO I N  1 
2082700E-05S/C I * *3  
3.00000E-O2S/CYH 
SPECIFIED I N  1 
SPECIFIED I N  1 
SPECIFIED I N  1 

0 1 / 2 0 / 7 7  16:15:43 PAGE 6  
SALVAGE VALUE GP1 
s 0.0 0  
s 0.0 0  
s 0.0 0  
s 0.0 . 0  
s 0.0 0  
s 0.0 0  
s 0.0 0  
s 0.0 0  
S  0.0 0  
S  0.9 0  
s 0.0 0  
s 0.0 0  
s 0.0 0  
s 0.0 0  
s 0.0 0  

0.0 S/CM**3 0  
0.0 S/CM**3 0  
0.0 

' 

$/CM**3 0  
s 0.0 0  
s 0.0 0  
s 0.0 0  
s  0.0 0  
s 0.0 0  
s 0.0 0  
s 0.0 0  
s 0.0 0  
s 0.0 0  
s 0.0 0  
s 0.0 0  
s  0.0 0  
i 0.0 o  
s 0.0 0  
s 0.0 0  
s 0.0 0  
s 0.0 0  
s 0.0 0  
s 0.0 0  
S  0.0 0  
s 0.0 0  
s 0.0 0  
s 0.0 0  

Figure 4. Material and expense definition. 



GENERAL INPUTS:EXPENSE T Y ~ E  
EXPENSE NAME 
HYDRAZIUE 
HYDROCHLORIC A C I D  
HYDROFLUORIC A C I D  
HYDROGEY 
HYDROGEY CHLORIDE . . 
HYDROGEM PEROXIDE 
ION SOURCE GAS 
L I M E  
L I Q U I D  AITROGEN 
a U I T R I C  A C I D  . 
NITROCELLULOSE LACQUER 
NITROGEM 
NITROGER AMBIENT 
NITROGEN CURTAINS 
0 - 3 I N G S  8 F I L T E R S  
OUTSIDE ENGR. SERVICES 
O X I 6 E N  
PHOSPHINE 5 ~ '  IN HYOROGEW 
PH~SPHOF.US'  OXYCHLORIDL 
PHnJTORESIST 
QUARTZ 
SCREENS 
S I L A N E  IOOX 
S I L I C O N  TETRACHLORIDE 
sooxun WYOROXIDE 
SOLVENT 
SOLVENT-.INK 
SOLVENT-PASTE 
SPRAY-Oh SOURCE 
SQUEEGEES ' 
SULFURIC ACID 
THERMOCCUPLE*ETC. 
SUSCEPTC@RS 
TRANSDUCERS L TUBES 
TR [CHLOROSILANE 
Y ATER-CCOLI NG 

D E F I N I ? I O N S  
R E S T R I C T I O N  
NONE 
NONE 
NONE 
NONE 

. NONE 
NONE 
NONE 
NONE 
NONE 
NONE 
NONE 
NONE 
NONE 
NONE 
NONE 
NONE 
NONE 
NONE 
NONE 
NONE ' 

NONE 
NONE 
NONE 
NONE 
NONE 
NONE 

'NONE 
NONE 
NONE 
NONE 
NONE 
NONE 
NONE 
NONE 
NONE 
NONE 

TYPE 
DIRECT EXP. 
D I R E C T  EXP. 
DIRECT EXP. 
DIRECT EXP. 
DIRECT EXP. 
DIRECT EXP. 
DIRECT EXP. 
DIRECT EXP. 
DIRECT EXP. 
D I R E C T  EXP. 
OIRECT EXP. 
OIRECT EXP. 
DIRECT EXP. 
D I R E C T  EXP. 
DIRECT EXP. 
OIRECT EXP. 
DIRECT EXP. 
OIRECT EXP. 
DIRECT EXP. 
OIRECT EXP. 
DIRECT EXP. 
DIRECT EXP. 
DIRECT EXP.' 
DI 'RECT EXP. 
DIRECT EXP. 
OIRECT EXP. 
OIRECT EXP. 
DIRECT EXF. 
DIRECT EXP. 
D I R E C T  EXP. 
DIRECT EXP. 
DIRECT EXP. 
DIRECT EXP. 
D I R E C T  EXP. 
DIRECT EXP. 
DIRECT EXP. 

0 1 / 2 0 / 7 7  16:15:43 PAGE 6.1 
COST CPU 'SALVAGE SALVkGE VALUE GPU 
1.2300OE-O1S/GM. 0 
8.36000E-OQS/GM. 0 
1 .23000E-O3t /CM**3  0 
2 .65000E-07S/CM**3  0 
6.60000E-O3S/CM**3 0 
l.lQO.OOE-O3S/CM**3 0 
S P E C I F I E D  I N  S 0 
4.65000E-O5S/GM. 0 
7 .50000E-05S/CM**3  0 
1.03400E-O3S/GM. 0 
1.50000E-O3S/CM**3 0 
4 .77000E-08S/CM**3  0 
4.77000E-OBS/CM**3 0 
4.7700OE-O8S/CM**3 0 
S P E C I F I E D  I N  S 0 
S P E C I F I E D  I N  S 0 
1.84000E-O7S/CM**3 0 
2.88OOOE-O51/CM**3 0 
2.04000E-O2S/GM. 0 
S P E C I F I E D  I N  S 0 
S P E C I F I E D  I N  t 0 
S P E C I F I E D  I N  S 0 
4.04000E-OlS/GM. 0 
5.72000E-O3S/GM. 0 
3.77000E-O5S/GM. 0 
S P E C I F I E D  I N  S 0 
5.2770OE-O4S/CM**3 0 
5 .27700E-04S/CM**3  0 
S P E C I F I E D  I N  S 0 
S P E C I F I E D  I N  S 0 
6.82000E-O4S/GM. 0 
S P E C I F I E D  I N  S 0 
S P E C I F I E D  I N  S 0 
S P E C I F I E D  I N  S 0 
1.98000E-O3S/GH. 0 
2 .00000E-07S/CH**3  0 

Figure 4 .  Continued . . .  . . :  



materials which become p a r t  of the  f in ished array.module are.considered 

"materialt ' and , those  which a r e  used up during the  process sequence a r e  consid- 

ered "expense. " 

Figures 5 through 10 a r e  t h e  remaining c o s t  summaries f o r  t h e  c l a s s  B and 

class C process. sequences which a r e  considered t h e  most cost-effect ive.  
. .  . 

Figure .11  is a comparison of t h e  th ree  c l a s s  (C) process.sequence8; Ion 

Implantat ion (C), Spin-on + POC13 Diffusion (C)', and Screen P r i n t  2 Sides (C) .  

Al1,of t h e  processes i n  these  th ree  cases  a r e  t h e  same except f o r  t h e  junction- 

formation technique. I n  Spin-On + POC13 Diffusion . (C) , t h e  back of the  wafer 

is  doped with a spin-on source during a POCl3 d i f fus ion  of t h e  f r o n t  junction. 

I n  Screen .Pr in t  2 Sides (C), an appropr ia te  source pas te  is screened onto each 

s i d e  of t h e  wafer and t h e  waferdoped i n . a  subsequent d i f fus&on.s tep .  The pur- 

pose of t h i s  f i g u r e  is  t o  emphaaite that severa l  cos t -ef fec t ive  junction-forma- 

i, tiah processes a r e  ava i l ab le .  Performance pena l t i e s  which may be experienced 

wi th  the '  nonstandard processes such a s  screened-on doping sources a r e  not  

copsidered i n ,  t h i s .  c o s t  analys is .  

It is the.purpoee of t h i s  a n a l y s i s  t o  provide. guidance ne. t o  which tech- 

nologies  should be developed; it  sugges t s . ion  implantation and screened-on 

doping sources a r e .  technologies worthy of f u r t h e r .  invest igat ion.  

Figure 12 is a c o s t  compari'son'of these  same technologies'  a s  we have 

evaluated them i n  a near-future context.  Two f a c t o r s  r e s u l t  in:lower c o s t  i n  

t h e  automated Pine. . F i r s t  is .  a d i r e c t  reduction i n  labor  and process overhead. 

Second, t h e  o v e r a l l  y ie ld  has increased from 65% t o  80%. A de ta i l ed  evaluation 

of t h e  c a p i t a l . c o s t s  shows an a c t u a l  reduction ( s l i g h t )  i n  t h e  automated case 

due t o  . substant ia l ly  higher throughput ' f o r  t h e  f u l l y  automa tea equipment. 

C. DETAILED COST ESTIMATE FOR I O N  .IMPLANTATION (C) 

l 3 e c a u s e . i t . i ~  t h e  lowest c o s t  sequence, a .complete descr ip t ion of Ion 

~ m ~ l a n t a t i o n  (C) w i l l  be. given.. 'Recal l .  that except f o r  t h e  junction-formation 

technology, t h i s .  sequence is  i d e n t i c a l .  t o .  the  o the r .  two recommended c l a s s  (C) 

process sequenaee. i 

1. Solar  Panel Design . 
. . 

 h he s t n g l e  l a r g e s t  c o s t  componcnt. i n  the  aoocmbly. of a oo la r .  c c l l  panel . . 
is  t h e  m i t e r i a l  required t o  ..provide . s t r u c t u r a l  and environmental projec t ion 



C o n  ANALYS.ISXCASE I 11 SPIN-ON ePOCL3 0 IFFUSION(C) 02/03/77 13109?18 PAGE 1 

PROCESS COST OVERVIEW-$/WATT 
ASSUMPTIONS8 0.717 WATTS PER SOLAR CELL AMD $ 0.0 FOR 7.8 CM 13.) DIAMETER WAFER 
STEP YIELD P,ROCESS WAT'L. O .L .  ExP.P.on. INTO 

1 99.01 SYSTEM " Z w  WAFER CLEANlhG 18) 0.0 0.001 O.OOL 0.000 01000 
2 95-01 SPIN-ON SOURCES1 SIDE (8)  0-006 .0.009 0.000 0.004 0.001 
3 99.01 POCL3 DEPOSITION AND OIFFUSION ICJ . 0.0 0.003 0.024 0.001 00001 
'4 95.0f EDGE PDLISH (8)  0.0 0.002 0.004 0.001 00000 
5 PQ.08 GLASS REMOVAL (81 0.0 0.001 0.001 0.000 0.000 
6 99-01 POST OlFFUSION INSPECTICN:lO1 ICJ 0.0 0.000 0.000 0.000 0.000 
7 99.01 1HICK A 6  METAL-FRONTSAUIO 1C) 0.021 0.005 0.009 0.005 00006 
8 99.0% lHICK IG  METAL-BACK: AUTO (C) 0.021 0.002 0.004 0.002 0.003 
9 99.0f AR COATINGISPRAY-ON . 188 . 0.002 0.004 0.002 0.001 0.001 
IU 'POiOt TEST (Cl 0.0 0.003 0.000 0.001 0.003 
11 98-01 INTERCONNECT KSAP WELOOIC IBJ .O.OOL 0.006 0.002 0.002 0.002 
12 100.0t DOUBLE GLASS PANEL ASSEBBLY (81 0.072 0.002 0.002 0.001 01001 
13 100.0t ARRAY 8IIODULE PACKAGING A 0.007 0.001 0.0 0.000 0.000 

74.21 TOTALS 0.130 0.039 0.049 0.019 0.020 

. . 1 45-18 13.52 17.12 6.64 6-78 

TOTALS 
00 003 
0.022 
0.030 
0.007 
0 0003 
0.001 
0.056 
0-037 
0.011 
0.012 
0.016 
0.080 
0.009 
0.289 

NOTE: (At-EXISTINS TECHNOLOGY; (8)-REAR FUTURE; (CJ=FUrURE NNUAL PRODUCTION: 50.0 IYGAWATTS. 

Figure 5. Cost s-ry - spin-on + POC13 diffusion (C). 

COST ANACYSI SCASE 1V:SCRECN PRINT 2 SIOES (C) 

ASSUMPTIGNS: - 0.717 WATTS PER SOLAR CELL. 
STEP YIELD PROCESS 

1 99.01 SYSTEM " Z W  WAFER CLEAHlni 
2 99.0t SREEN PRINT SOURCE:2 SIDES 
3 99-01 OIFFUSION 
4 99.01 BASS REMOVAL 
5 9.9.01 POST OIFFUSION INSPECTIOlltlO1 
6 99.0% f!HICU &G'MET&-8ACK:ACTO 
7 99.0% THICK hG METAL-FRONT:AUlU 
8 99.01 YR COAUINGISPRAY-ON 
9 90-01 TEST 

10 98.01 WTERC~3NNECT:GAP WELDING 
11 P00.01 OOUBLE GLASS PANEL ASSEIBLV 

, 12 100.01 4RRAY WOOULE PACKAGIN6 
81.41 TOTALS 

e 

PROCESS COST OVERVIEY-S/YATT 
ANO J 0.0 FOR 7.8 cn ( 3 ~ )  DIAMETER WAFER 

MAT'L. .O.  Lo EXPO Po OH. INTO 
18) '0.0 0.001 0.001 0.000 0.000 
1Ct 0.011 0.004 0.006 0.004 0.004' 
(Ct 0.0 0.003 0.002 0.001 0.001 
18) 0.0 0.001 0.001 0.000 0.000 
(CJ 0.0 0.000 0.000 0.000 0.000 
ICt 0.021 0.002 0.004 0.002 0.003 
1C) 00021 00005 0.009 0.005 0.006 
(8)  0.002 0.004 0.002 0.001 O.OOh 
(CJ 0.0 0.003 0.000 0.001 0.003 
(BJ 0.002 0.006 0.002 0.002 0.002 
(8 )  0.072 0.002 0.002 0.001 0.001 
A 0.007 0.001 0.0 0.000 01000 

0.135 0.033 0.029 0.018 0.022 
1 49.58 12-11 10.68 6.68 7.95 

ROTE: (Al=EXbSTIN6 TECWOLOGY; (B)=NEAR FUTURE: (CJ=FUTURE ANNUAL PROOUCTIONI 50.0 MEGAWATTS. 

SAL VI;. 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0. 0 

, 1 INVEST 
I 112 0.002 
1 12.8 00040 
I 3.2 o.ola 

1.2 0.003 
, 0.5 0.003 
I 13.8 0.037 
I 2015 0.069 

3.9 0.000 
! 4.5 0.035 
! 5.9 0.019 
1 29.2 0.014 
I 3.3 OIOOO 
I 100.0 00241 

Figure 6. Cost summary - screen print 2 sides (C). 



COST ANALYSISICASE I :ICN I~.PLANTATION(~J ' . - ' 

\ 

PROCESS COST OVERVIEW-$/WATT 
ASSUMPllCNS: 0.7l7 LATTS PER SOLAR CELL AN2 S 010 FOR 7.8 CM (31 )  OIAWETER YAFE3 
STEP YIELD PROCESS n r r * ~ .  o. L. EXPO P. OHI'-- XNT. OEPR. SUBIOT 

1 99.01 SYSTEM '2. WAFER CLEANING 18)' 0.0 0.001 0.001 0.000 0.003 0.000 0.403 
2 98-01 ION IMPLALTATION:2 SIDES 48). 0.0 0.010 0.010 0.009 0.013 0.020 0.061 
3 98.01 DIFFUSION I 8 1  0.0 0.009 0,002 0.002 0,001 .0.003 0,016 
4 ,,99.01 POST OIFFCSION INSPECTION ( 8 )  0.0 0.003 0.000 0.003 0.003 0.001 0.013 
5 98 -01  THICK LC PETAL-8ACK:AUTO (8 )  0.024 0.004 0.005 0.005 0.003 0-OOC 0.045 
6 98 -01 .  THICK .W PETAL-FRONI :AUTO 18) 0.024 0.009 -0.011 0.012 0.006 O.OOP 0.070 
7 ' 99.01 AR COAFING :SPRAY-Oh IB)  0.002 0.004 0.002 0.001 0.001 0.001 0.911 
8 80.01 TEST 18) 0.0- 0.004 0.000 0.003 0.004 0.006 0.018 
9 98.01 INTERC3NNECT:GAP YaOlhC 181 0.002 0.006 0.002 0.002 0.002 0.003 0.016 

1 0  .100.01 OOUBLE GL4SS PAREL ISSEMBLY ' 181 0.072 0,002. 0.002 00001  0.001 0.002 0.080 
11 100.0% ARRAY I(30L.LE PMKAaNG . 1 A )  0.007 0-001 0.0 0.000 0.000 0.000 0.009 

70.z1 TGTALS 0.131. 0.053 0,035 0.038 0.03.2 0.053 0.H3 

. - L 38.21 15-54 10.31 11-09 9-48 15.36 100.00 

NOTE: 1.A)-EX I S 1  IN& TEWNOLOCY ; CB)-NEAR FUTUME; IC)=FUTURE ANNUAL PROOUCllOll: 50.0 WEGIIWATTS. 
. - 

. . 

Figure 7. Cost summary - Ton implantation. 
. .  

COST IIVALYS1S:CASE I ICSPIN-ON *POCL?l DIFFUS ION(BD 

PROCESS COST OVERVIE W-$/WATT 
ASSUMPTIONS: 0 . 7 n  ,*ATTS PER WLAR CELL A ) ~ ' D  S 4.0 FOR 7.8 CM (3") OlAWElER WAFER 
STEP TIELO PROCESS MATsL. 0. L. EXP. P. OH. INT. 

1 99.01 SYSTEM CAFER CLiEANING 18) 0.0 0.002 0.002 0.000 0.000 
z 95.0: SPIN-OY S(URCE:L SIDE 1 8 )  0.007 o.aro o;ooo 0.005 0.002. 
3 . 9 9 - 0 1  POCL3 DEP(LSlTl0N AN0 DIFFUSION :A)  0.0 0.017 0.028 0.021 0.003 
4. .95.0% EDGE POL194 2 8 )  0-0 0.002 0.004 0.001 0.000'. 

. 5 99.0.1, GLI'SS REMWAL 18) - 0.0 0.002 0.001 0.001 0.000 
6 99.0:. POST O:FFUSION .INSPECTICN -81 0.0 0.003 0.000 0.003 0.003 
7 98.01 THICK. &; )hElAL-CRONT: 6UfO 18) 0.025 0.009 0.011 0.012 0.006 
8 98.01 THICC.~,> IIETAL-BACIIAUTC 881 0.024 0 1 0 0 4 .  0-005 0.005 0.003 
9' 99.01 AR COATENG.lSPRAV-ON "' . 181 0.002 9.004 0.002 ' 0.001 , 0.001 

1 0  80.01 TEST 181 0.0 0.004 0.000 0.003 0.004 ' 

11  98.01 INTERCOWNECTIGAP WELD1 kG '18) 0.002 0.006. .0.002 0.002 0.002 
12 lOO.Ot WUBLE' 6LASS PAWEL ASSEMBLY 48) 0.072 'Or002 0 .002  0.001 0.001 
13 100.01 ARRAY W O U E  PACIAGING IAJ 0.007 0.001 0.0 01000. 0 ~ 0 0 0 '  ' 

64-68 TOTALS 10.138 0.066 0.057 0.054 0.024 

. . 1 36.47, 17.66 15.11 14.31 6-41 

02/03/77 13:09:18 PAGE '1 

TOTALS 
0 0003 
0.061 
0.016 
0.013 
0.045 
0.010 
0.011 
0.018 
0.016 
0.080 
0.009 
0.343 

INVEST 
0.002 
0-140 
0.012 
0.030 
0.031 
0.062 
0.008 
0.042 
0.019 
0.014 
0.000 

.0.361 

02/03/77 13109:18 PAGE 1 

TOTALS 
0.005 
0.026 
0.073 
0,008 
0.005 
0. 013 
0.01 1 
0.044 
0.011 
0.018 
0.016 
0.080 
0. 009 
0.378 

1 NVEST 
0.003 
0.010 
0.031 
0.005 
0.005 
0.030 
0.062 
0.031 
0.008 
0.042 
0.019 
0.014 
0.000 
0.265 

NOTE1 4AB-EXISTING ~ E C ~ N O L ~ Y :  c0J-NEAR FUrUPEl IC)-FUT~UE ANNUAL PROOUCTION: 5 a . ~  ME6AYIUTS. . - 1 . . _. 

Figure 8. Cost suxmry - spin-on + POC1,diffusion. - 



COST ~JALVSISICASE 111 ISPIN-ON 2 ~ 1 0 ~ ~ 6 8 )  02/03/77 l3XO9118 PAGE 1 

PROCESS COST OVERVIEU-S/WATT 
ASSUMPTICNSI 0.717 WATTS PER SOL19 CELL AN0 S 0.0 FOR 7.8 U 13-1 DIAMETER bAFER 
STEP VIELO PROCESS MAT*L. 0. L. EXPO Po OH. INTO OEPR. SUBTOT 

1 99.01 SVSTEH .Zn WAFER CLEANING 18) , 0 0 0  0.002. 0.002 0.000 0.000 0.000 0.005 
2 95.01 SPIkON SOURCE12 SIDES 10) 0.014 0.030 01001 0.012 0.004 0.007 0.068, 
3 98.01 OIFFUSICN 18) 0.0 0,009 0-002 0;002 0.001 0.003 0.016 
4 95008 E06E POLISH 18) 0.0 0.002 0.004 0.001 0.000 0.001 0.008 
5 99-OI CLASS. REMOVAL' (8) 0.0 0.002, 0.001. 0.001 0.000 0.001 0.005 
6 99.01 POST OIFFUSION INSPECTION 18) .  0.0 0.003 0..000 0.003 0.003 0.004. 0.013 
7 98.01 THICK AG. METAL-~ACICZAUTO 18) 0.024 0.004 0.005 0.005 0.003 0.004 0.045 
e 98.01 THICK A-G METAL-FRONTZAUTO (81  0.024 0.009 0.011 0.012 0.006' 0.009 0.070 
9 99.01 AR COAT1NC:SPRAV-Ch 181 0.002 0.004 0.002 0.001 0.001 0.001 0.011 

10 ,  80.01 TEST 18) 0.0 00004 0.000 0.003 .0.004 0.006 0.018 
I 1  98.0t'~INTERCMNECTIG*P hELOIIIG 18) 0.002 0.006 0.002 0.002 0.002 0.003 0.016 
12 100.03 DOUBLE GLASS PANEL ASSEMBLV 1 0  0.072 0.002 0.002 01001 0.001 0.002 0.080 
13 100.01 ARRAV MOOULE PACKACING A 0.007 0.001 0.0 0.000 0.000 0.000 0.009 

640pt TOTALS 0.145 0.078 0.031 0.043 0.025 0.041 0.363 
1 35.87 21.52 8.63 11.87 6-09 11.22 100.00 

NOTE1 1ABrEXISTIUC 1'ECMNOLOGVI 18)rWEAR FUTURE; lC)-FUTURE ANNUAL PROOUCTIONI 50.0 MEGAWATTS. 

TOTALS 
0 -005 
0.W8 
0.016 
0.008 
0.005 
0.013 
0.045 
0.070 
0.011 
0.018 
0.016 
0.080 
0.009 
0.363 

INVEST 
0.003 
0.046 
0.012 
0.005 
0.005 
0.030 
0.031 
0.062 
0.008 
0.042 
0.019 
0.014 
0.000 
0.278 

. - F i g u r e  9. Cos t  summary - spin-on 2 s i d e s .  

C ~ T  A)~ALVSISICASE S V I S C R E ~  PRINT 2 SIOES[BI 02/03/77 13a09I10 PACE 1 

PROCESS COST OVERVIEU-S/YATT 
ASSUMPTICNS: 0 . 7 1 ~  WATTS PER  SOL^ .CLLL  AN^ s 0.0 FOR 7.8 cn 1s-1 DIAMETER WAFER 
STEP VIELO PROCESS MAT*L. 0. L. EXPO P. OH. INT. OEPR. S U ~ T O T  SUS* 

1 99.01 SYSTEM -2" WAFER CLEANIS 10) 0.0 0.001 0.001 01000 0.000 0.000 0.003 0.0 
2 . ,98901 SCREEN PRIET SOURCErZ SIOES 18) 0.013 0.008 0.007 0.007 0.003 0.004 0.042 0.0 
3 98-01 Dl.fFUSION 18) 0.0 0.009 0.002 0.002 * 0.001 0.003 0.016 0.0 
4 99-08 =ASS MW)VAL 10) 0.0 0.002 0.001 0.001 0.000 0.001 0.005 0.0 
5 99-08 POST OLFFUSION INSPECTICk 18) 0.0 0.003 0.000 0.003 0.003 0.004 ,D.013 0.0 
6, 98-02 THICK U; METAL-BACKZAUTO 18) 0.024 0.004 0.005 0.005 0.003 0.004 0.045 0.0 
7 98.01 THICU 16 METAL-FRCNT:AUTC 18) 0.024 0.009 0.011 0.012 0.006 '0.009 0.070 0.0 
8 99.01 AR COAFIIIG ISCRAV-ON 18) 0.002 0.004 0.002 0.001 0.001 0.001 01011 0.0 
9 80.01 VEST 18) 0.0 0.004 0.000- 0.003 0.004 0.006 0.018 0.0 

10 98.01 IIITERCOINECTIGAP YELOIlG (81 0.002 0.006 0i002 0.002 0.002 0.003 0.016 0.0 
11~100.01 OOUOLE CLASS PANEL ASSEMOLV 0 0.072 0.002 0.002 0.001 0.001 0.002 0.080. 0.0 
12 100101 AlRAV WOULE PACKACING (A) 0.007 0.001 0.0 0.000 0.000 0.000 0.009 ,O..O ' 

b9.51 TOTALS 0.144 0.054 0'0033 0.037 0.023 0.038 0.328 0.0 
1 43.78 16.44 10.09 11.16 7.04 11-49 100.00 

NOTE: (A,-EXISTING TECMNOLOGY: tB)=NEAR FUTURE; 1C)=FUTURE ANNUAL PROOUCTIOWI 50.0 MCAWTTS. 
. . - .  - 

TOTALS 
0.003 
0.042 
0.01 6 
0.005 
0.013 
0,045 
01070 
0.01 1 
0.018 
0.016 
0.080 

40.009 
0.328 

1 INVEST 
1.0 0.002 

12.7 0.031 
5.0 0.012 
1.5 0.00s 
4.1 0.030 

13.6 0.031 
21.4 0.062, 
3.3 0.008 
5.4 0.042 
4.9 0.019 

24.3 0.014 
2.7 01000 

100.4 0.257 

F i g u r e  10. Cost summary. - s c r e e n  p r i n t  2 s i d e s .  
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f o r  t h e  photovol.taic c i r cu i t . .  It is, the re fo re ,  necessary t o  c l e a r l y  d e f i n e  

t h e  panel  des ign  considered i n  t h e  au tomat ion .s tudy  i n  o rde r  t h a t  t h e  assem- 

b l y  processes  are c o n s i s t e n t  wi th  t h e  m a t e r i a l s  s e l ec t ed .  

F igu re  1 3  shows t h e  panel .des ign  which i s  t h e  b a s i s  f o r  t h e  c o s t  a n a l y s i s  

descr ibed  i n  t h i s  r e p o r t . .  The' des ign  i s  cha rac t e r i zed  by s e v e r a l  f e a t u r e s  

which a r e  worthy of  comment. 

Glass i s  used a s  both  s u b s t r a t e  and window f o r  t h e  enclosure.  We a r e  
no t  convinced t h a t  t h e r e  is  a c r e d i b l e  a l t e r n a t i v e  t o  g l a s s  i n  terms . 
of c o s t  and r e l i a b l e  p r o t e c t i o n  f o r  environmental t h r e a t s .  The.con- 
c e p t  shown c a l l s  f o r  t h e  window and.  s u b s t r a t e  t o  be  bonded toge the r  
s t r u c t u r a l l y  sod that 118-in. s h e e t  can  be used in both p l a c e s  and t h e .  
t o t a l .  assembly is  s t r u c t u r a l l y  equ iva l en t  t o .  a 114-in. o r  g r e a t e r  
panel. ,. , 

( ,  . 
a The c i r c u i t  i s . c o n f i g u r e d . i n  a s e r i e s - p a r a l l e l  arrangement i n  which ' 

four  c e l l s  a r e  connected i n  p a r a l l e l  t o .  p reserve  panel '  performance . 
i f  po.int f a i l u r e s  occur a t  t h e  c e l l  l e v e l .  . The s e r i e s  c i r c u i t  makes 
a n  odd number of  t r a v e r s e s . a c r o s s  t h e  panel  so t h a t  t h e  panel  i n t e r -  
connect ion t e rmina l s  can.  occur a t  oppos i t e  co rne r s  on t h e  panel  

,, diagonal.. This  f e a t u r e  permi ts  ease of >packaging f o r  shipment. and 
e a s e  of  system in t e rconnec t ion  as w i l l  be  d iscussed .  i n .  a l a t e r  para- 
graph. The in t e rconnec to r  des ign  u t i l i z e s . t h r e a d e d  te rmina ls  which 
a r e  ruggedly imbedded i n t o  t h e  panel  t o  a s s u r e  easy system assembly 
and maintenance (Fig. 14) .  

o Round c e l l s  a r e  u t i l i z e d  s i n c e . t h e y  a r e  a v a i l a b l e  i n  l a r g e  quant i ty .  
, . . A s  shown i n  Fig. 15,  t h e  c e l l s  are bonded t o  t h e  s u b s t r a t e .  us ing  a low- 

c o s t  compliant bond. Compliant o p t i c a l  f i l l e r  m a t e r i a l  i s  app l i ed  be- 
tween t h e  window and the  c e l l s  t o  reduce o p t i c a l  l o s s e s  i n  t h e  photon 
path. By reducing t h e  s t r u c t u r a l .  requirements .  on. t h i s .  material,. lower 
c o s t  compounds can  be  used. Table 1, o r i g i n a l l y  shown i n  Quar te r ly  
Report No. 3 ,111, compares t h e  m a t e r i a l s  c o s t '  f o r  va r ious  panel  designs.  
The panel  proposed he re  i s .co lumn 11.. By comparing columns I and 
11, i t  is e a s i l y  seen  t h a t  t h e  e l imina t ion  of t h e  use  of t r a n s p a r e n t  
adhes ive  i s  a c o s t - e f f e c t i v e  s t ep .  'N0t.e t h e  r eg ion  between c e l l s  
does n o t  con ta in  p o t t i n g  compound. 

The panel  shown i n  Fig. 1 3  uses  .a .  nonstandard c e l l  s i z e  of 4.45-in.  

diameter i n . o r d e r  t o  meet s imultaneously t h e ' . c o n s t r a i n t s  of 4- x 4-ft  pane l  

s i z e ,  fou i -pa ra l l e l - ce l l  c i r c u i t ,  and d i agona l ly  oppos i t e  c i r c u i t  terminat ion.  

The panel  has  a packing f a c t o r  of approximately 83%; and w i l l  d e l i v e r  15  V dc 
:. 

and a peak c u r r e n t  of  1 3  A. W e  f i n d  no d i f f i c u l t y  i n  spec i fy ing  a n  odd c e l l  

s i z e  s i n c e  t h i s .  s o l a r  c e l l .  f a c t o r y  w i l l  have enough product ion volume t o  c r e a t e  

b .  ',. ' (  , _ ' , _. .. . ' ' , .  . 
1. B. F. W i l l i a m s ,  Automated Array Assembly, Quar te r ly  Report No. 3, ERDA/JPL- 

954352-76/3, prepared under c o n t r a c t  No. 9,54352 f o r  Jet Propuls ion  Laboratory, 
September '1976. 



Figure 14. Interconnector design. 



Section A-A,enbrged 

Figure  15. Round c e l l  conf igura t ion .  

a s  s tandard  any s i ze .wh ich  meets t h e  need of i t s  products.  A d i f f e r e n t  c e l l  

s i z e  w i l l  change t h e  panel  dimensions t o  main ta in :  h igh  panel  a r e a  e f f i c i ency .  

Deta i led  b a s e l i n e  c o s t  e s t ima te s  have been made on t h e  b a s i s  of a  3-in. c e l l  

as t h e  b a s i c  bu i ld ing  block, Almost a l l .  of t h e  c o s t s  of t h e  panel  i t s e l f  a r e  

c e l l  s i z e  independent,  t -he.one except ion ,  being in te rconnect ion  and assembly 

c a p i t a l  equipment c o s t  which decreases  l i n e a r l y  a s  c e l l  s i z e  goes up. Since 

t h e  c o s t  of this .equipment .  is  a  small f r a c t i o n  of t h e  t o t a l  c o s t  and t h e  i n f l u -  

ence of cell  s i z e  on i ts  va lue  i s  small ,  t h e  a n a l y s i s  shows t h a t  t h e  3- t o  5-in. 

c e l l  s i z e  range, pane l .and  assembly c o s t s  a r e  almost independent of c e l l  s i z e  

(10.5~1W compared w i t h : 9 . 9 d ~  f o r  5-in. c e l l ;  gee ~ i g .  36).. 

. . 
2. P a n e l  Tnsba l l a t i an  . . 

The proposed panel  des ign  is  configured f o r  simple and low c o s t  i n s t a l l a -  

t i on .  F igu re  16  shows a  system c o n f i g u r a t i o n . o f . s o l a r  c e l l  pane ls  which is \ .  
s i x  pane ls  wide and f i v e  panels  high (24. x ' 2 0  f t ) .  The conf igu ra t ion  shows 

t h a t  t h e . p a n e l s  a r e  i n s t a l l e d  us ing  ptaudard window g laz ing  techniques. Each 



TABLE 1. COST COMPARISON OF PACKAGING MATERIALS 

Item - 
Substrate 

1/16 g lass  sheet 
118 g lass  sheet  
0.005 alum. f o i l  

C e l l  Adhesive 
RTV15/Pr imer 
RTV 102 

Window 
1/16 g lass  sheet  
118 g lass  sheet  
114 g lass  sheet 
1-in.diam R6 tubing 
1-in.diam N51 tubing 
2-1n.diam R6 tubing 

C1 
OD Assembly Closure 

Conformal coating + 3-mil metal 
Edge seal 
End caps 

Panel Connector 

Aluminum Structural  Channel 

Total 

I. -. I1 - 111 - I V  - v - V I  - V I I  - 

Column   dent if i c a  tlon: 
I - 114 glass  with conformal coating 4 x 4 f t  module 

I1 - 118 glass  window an,d substra te  bonded together 4 x 4 f t  module 
I11 - 1-in.-diam R6 tubing with aluminum f o r .  substra te  (48 tubes i n .  module) 
IV - 118 glass  with conformal coating (four) 2 x 2 f t  panels i n  a 4 x 4 f t  module 
V - 1/16 glass. window and substra te  bonded together gnto four 2 x 2 f t  panels i n  a 4 x 4 f t  module 

V I  - 1-in.-diam N51 tubing with aluminum f o i l  subs t ra te  (48 tubes in module) 
V I I  - 2-in.-dim R6 tub ing-v i th  aluminum f o i l  substra te  (24 tubes in nodule) 



Figure 16. Solar  c e l l  panel system configurat ion.  

panel is  bedded i n  a compliant sea l ing  compound and is  s t r u c t u r a l l y  secured a t  

t h e  corners  using a diamond-shaped r e t a i n i n g  c l i p .  The spaces between the  panels  

a r e  caulked with c l e a r  compliant sea lan t  which g ive  t h e  f i n a l  assembly t h e  

appearance of monolithic glass. The "I" sec t ions  of t h e  supporting supefstruct t t re  

a l l  p ro jec t  from t h e  back of t h e  system. A l l  e l e c t r i c a l  interconnections a r e  

made a t  the  point  where t h e  four  ea rne r s  of adjacent  panels meet, These con- 

nect ions  a r e  made a t  every o the r  i n t e r s e c t i o n  point  i n  the  panel array.  Pro- 

t e c t i o n  of the  interconnection is  accomplished using waterproof junction boxes 

on the  back of the  s t r u c t u r e  a s  shown i n  t h e  d e t a i l  view of Fig. 17. Termination 

of t h e - e n t i r e  assembly can occur wherever des i red  by appropr ia te  system layout.  



Figure 17. Derai l  rear vlew of i n ~ c r c o n n s c t i o n .  

I n  Fig. 16, they a r e  shown a t  t h e  top.of  t h e  assembly, t h e  assumption being 

t h a t  a power bus can be  safe ly .brought  t o  t h i s . p o i n t .  It ~ h o u l d  be obvious 
. ' 

t h a t  a range of series-parallel.possibi1ities can be achieved with t h e  pro- 

posed const ruct ion  because of t h e  symmetry. between p o s i t i v e  and negative 

.. * panel  te rminalso  This  same symmetry could, of course, cause assembly e r r o r s  

un less  adequate coding i s  used. 
, 

3. So la r  C e l l  Panel Assembly 

The . f loor  plan f o r  a p roduc t ion . i ine  t o  assemble 8 o l a r . c e l l  p a n e 1 s . i ~  

shown i n  Fig. 18. This.diagram ind ica tes  t h e  process flow,.equipment.comple- 

ment, f a c t o r y  f l o o r  space, and opera t ing  personnel required. t o  accomplish - 

20 



SOLAR CELL ASS'Y PRODUCTION AREA 

ASS'Y AREA 16x51 MULTIPLE LINES 
WAREHOUSE 8 16 DEVELOP'. IN THE 
INVENTORY VERTICAL DIRECTION 

Figure 18. Production l i n e  f loor plan. 



hutomated assembly of s o l a r  c e l l s .  The f l o o r  plan is  l a i d  out  i n  l i n e s  so 

t h a t  mul t ip les  of i t s  design throughput can be achieved by loca t ing  p a r a l l e l  

l i n e s  s i d e  by side.  The nominal throughput of t h e  l i n e  shown i n  t h e  f igure  

i s  approximately 40,000 W per day o r  1 5  MW per year (345 working days per year).  

A s  indica ted  on t h e  f i g u r e  t h e  production f loor  space is  16 x 50 f t ,  and t h e  

associa ted  s torage  and a i s l e  space is  16 'x 30 f t .  The numbers of the  drawin'g 

correspond t o  p ieces  of important c a p i t a l  equipment required a s  p a r t  of t h i s  

l i n e .  A l i s t i n g  of t h i s  equipment and our est imate of i ts  c o s t  is shown i n  

Table 2. The assembly procedure sequence is described below. 

4, panel Assembly Line Functfons 

a .  Sorting - The input  i n t o  the  panel  a ~ s e r n b l y ~ a r e a  ' i s  'car t r idges  of sor ted  

c e l l s .  The exact  na ture  of t h i s  s o r t  w i l l  not be determined u n t i l  t h e  die- 

' . t r i b u t i o n  of e l e c t r i c a l  p roper t i e s  versus y ie ld  of low-cost so ' lar  c e l l s  i s  

determined. I f  one can presume t h a t  t h e r e  w i l l  be a g rea te r  va r ia . t ion . in  the  

p roper t i e s  of a low-cost c e l l  than now e x i s t s  with space-quality products, 

then such s o r t i n g  w i l l  be a c ruc ia l '  importance. Several s o r t i n g  s t r a t e g i e s  

are now being inves t igated  t o  determine how t o  configure a panel t o  most 

c l o s e l y  approach t h e  performance inherent  i n  the  individual  c e l l s .  

b. CeZZ RandZing - A key element of a s o l a r  module f a c t o r  w i l l  be t h e  c e l l -  

handling equipment, It is t h i s  equipment which w i l l  determine the  speed and 

throughput of t h e  l i n e  and be responsible f o r  most of the  physical  breakage 

which occurs during t h e  var ious  processes. Ideal ly ,  i t  would be des i rab le  

t o  have a continuous process with no operator  in tervent ion u n t i l  the  operat ion 

is complete. For reasons of process f l e x i b i l i t y ,  t h e  need f o r  buffer ing 

between var ious  s t a t i o n s ,  s o r t i n g  a f t e r  var ious  s t eps ,  and j u s t  the  p rac t i -  

c a l i t y  of bui ld ing up a production l i n e  incrementally, c a r t r i d g e  c e l l  handling 

has  been b u i l t  around each process. It appears thae 900-cell c a r t r l d g e s  a r e  

f e a s i b l e  so  t h a t  a t  1000 c e l l s  per hour reasonable amounts of operator  at ten- 

t i o n  a r e  possible.  

The cell-handling sequence during assembly takes the  c e l l  from the  car- 

t r i d g e  t o  a r o t a r y  t a b l e  and then t o  a l i n e a r  assembly t ab le .  C i rcu i t  e t r i n g s  



. . TABLE 2. SOLAR-CELL PANEL ASSEMBLY EQUIPMENT 

. s t a t ion  .NO. . Equipment Descript ion Qty '  ~ e q ' d  

1 Wafer Unloader . , . .  . 4 .  

2 Linear Index Table 2 

3 . Rotary Index Table . 2 

4 .Pick  & Place Assembly , 10'  

5 ... P a r a l l e l  Gap Bonder 18 

6 Wafer Turner 2 

7 ~n te rconnec  t Formation 'Tool 4 

Microprocessor Control 

Sensors & Assembly Wiring 

Linear Index Table 

Robot Arm & Vacuum Hand 

Pulse Xenon I-V Tester  

S t r ing  Reject Posi t ion  

Assembly Fixture  

Linear Index Table 

Adhesive Dispenser 

Sealant  Bead Dispenser 

Panel Assembly Sensors 

Window Supply Fixture  

Glass Handling Robot 

Subst ra te  ~ t o r a g e / ~ i e p e n s e r  

Curing Rack 
.,. . . ~  

Sys tem In tegra t ion  . 

Repair Bench 

E l e c t r i c a l  ~ o n n e c  t o r  ~ i s i ~ e n f i e r .  . 

Linear Index Table 

1 

Lot 

2 

1 

11 2 

1 .  

1 

1 

2 

1 

Lot 

1 

2 

1 

1 

Lot 

1 

1 

' 2 

1 

Unit Cost $K 



a r e  c rea ted  on t h i s  t a b l e .  and combined i n t o  p a r a l l e l  arrangements in .subse-  

quent s teps.  The. handling. of s t r i n g s  from th i s . .po in t ,  t o .  f i n a l ,  assembly is 

con t ro l l ed  by a rob0 t arm. which,. i n t e r f a c e s  t h e  c i r c u i t .  with a .  vacuum pickup 
, . 

hand. - 
(1 )  Airtraok CeZZ fianeport - Figure 19 shows a c a r t r i d g e  of cells pneumati- 

c a l l y  unloaded onto. a l i n e a r  a i r - t rack.  cushion. f o r .  t r anspor t  to  s vacuum 
' 

chuck poei t ion  on a r o t a r y  index. welding table. .  A i r  t r anspor t  of the  cells 

he lps  t o  reduce physical  damage.to t h e . c e l l 8  d u r i n g . t r a n s p o r t ; . i t  i a  being 

used increas ingly  i n  t h e  semiconduc t o r  indusf ity. and. would,., become more. highly ,: . 

recamended ae cell  size inc,seaeeo.. . b a d l i a g .  r a t e s  of 1200 c e l l s / h o u r , a r e  

feas ib le  with minor ext rapola t ion from present .  equipment. . A c i r c u l a r  cel l  

format is  most. compatible. wi th  t h i s .  t r anspor t  technique s ince  edge chipping 

of any noncircular  format has always.been a problem during wafer handling. 

(2) Rotary Index Table - A ro ta ry  index t a b l e  is used a t . t h e  f i r s t  intercon- 

nec t  s t a t i o n  s ince .  i t  permits a l l  o f .  t h e  preparatory.  s t e p s  'for s t r i n g  assembly 

t o  be completed off- l ine.  The t a b l e  i n .  Fig., .19 has six. posi t ions ,  but ,  no t i ce  

Figure 19. Air-track ce l l , , t r anspor t  of c e l l s  onto ro tary .  



t h a t  the throughput of the  l i n e  would not change regardless  of how many posi- 

t ions  were on the  table .  A s  present ly  conceived, the  operat ions completed on 

the  r o t a r y  t a b l e  a r e :  

0 posi'tion ' the .  c e l l  
. - 

, . .  . . .  .. 
o r i e n t  t h e  c e l l  with regard t o  angular pos i t ion  

$ ,  . . .. , 
form and place interconnects  

e .  make two f r o n t  s i d e  welds , #  

t u r n  over c e l l s  

. prepare e o n t a c t  a r e a s  f o r  interconnection ( i f .  necessary) . . ~ 

e .  pick up pos i t ion  f o r  s t r i n g  assembly t a b l e  - c 

( 3 )  ' s e m e s  connection Table - Ser ies  and p a r a l l e l  interconnections a r e  nkde on 
. .. 

a l i n e a r  &t ion  table.  I n  Fig. 18 , .  s t a t i o n  10 represen t s  the  interconnection 

assembly aicea. Four bonds a r e  made a t  t h i s  s t a t i o n .  Two of these  a r 8  t h e  s e r i e s  
, . .  

connections f o r  each of t h e  two s t r i n g s  being assembled ' a t  the  s t a t ion .  The 

o t h e r s  a r e  t h e  bonds necessary t o  make p a r a l l e l  connection between each of 

t h e  c e l l s  i n  t h e  two s e r i e s  s t r ings .  

When the  s t r i n g s  a r e  completed, they are.advancing to  a combining-posi- 

t i o n  indicated  by t h e  arrows a t  s t a t i o n  10. . Two groups of c e l l s .  from ad- ,. '  

jacent  t a b l e s  are.combined a t a  pickup p o h t  f o r  the  assembly robot a t  

s t a t i o n  11. 

( 4 )  Pane2 Assembly Robot - After  t h e  c e l l s  a r e  bonded together e l e c t r i c a l l y ,  

they a r e  handled by a mul t ipor ted .vacuq  pickup hand which i s .  4 f t  long and 

four  c i r c u i t  s t r i n g s  wide. This.vacuum hand w i l l  be mounted.on the  end of a 

robot arm which h a s . 5  degree& of.freedom, d a m e l y , ' ~  t r ans la t ion ,  Y t r a n s l a t i o n ,  

Z t r a n s l a t i i n ,  r o t a t i o n .  about t h e  arm ax%; a t '  t h e  ca r r i age ,  and . r o t a t i o n  

about the  arm a x i s  a t  the.vacuum.head. .The robot arm, under.computer control ,  
. . 

can address . f ive  s t r i n g  positions': .  - s t r i n g  p+ckup, s t r i n g  t e s t ,  panel placement, 
, . 

s t r i n g  r e j e c t ,  ,and r e p a i r  pickup. . '  ,, 

The func t ion  a t  e a ~ h  of these .  pos i t ions  "ill b e  discussed i n  l a t e r  para- 
' . .  

graphs. Thc c e l l  handling t i i ~ t i ~  the: c e l l s ,  have been bonded t o  t h e  panel sub- 

s t ra te  i s ' b y  v i r t u e . o f  'vacuum contact  a t  t h e  robot  arm pickup hand. The t o t a l  

cyc le  time f o r  t h e  robot  is  100 s'. p e r .  four-str ing .placement. Since each robot  

has two arms each a c t i n g  180' out  0.f phase ' k i t h  t h e  other,, the  e f f e c t i v e  cycle  

r a t e  i s  50 s. The. tl-ming sequence , f o r  t h i s  pos i t ion  i s  shown. i n  Table 3. 
, . 

. .  . . . . . . \  

2 5 



Step 

Time Sequence ( s j  
Arm 1 - Ann. 2 - 

. . . . 
Four-string pickup 0-'2 50-52 

~ r a n s ? e r  t o  test 2-4 52-54 

Test  saipieiice 4-6 ' . 54-56 

~ r i n s f e t  t o  rejects 6-10 . '56-60 .- , 

~ r o ~  defec t ive ,  p a r t  , .  1 ~ 1 2 .  60-62 . .  

.. .. .(;tf;any) , . . 

,. . . Pick ,up r'eplaeeueut . 62-64 , 

s t r i n g  ';(if required) . 
. . 

, . .  

.l4-16 1nde;" t$, f i n a l  bonding 64-6& 
sta tio'n . . , . 

- .  & e l l  a t  bohding !tat& 16-4,6 . -  . 66-96 , : . . 

' Index *ti *&el placement 46-66 ' 96-16 ,. 

, .  . , 

Dwell it p a n i l  p ia~enient  66-96 i6-46 . . 

, . Return t b  pickup 96-100 ' 46-50 

c .  Pane2 Materia28 ~midiing -  he other  p&&l Atbriiis are g l a s s  (subat ra te  

a*d window) ; adhesivei  and sealants, and e l e c t r i c a l  comioneiits. - .Glass and. 

f ina l  panel  handling w i l l  be accomplished using ':a $ .  simplif  lea robot .  a m  with 

vacuum pickup hind. : Adheeive ind sealant w i l l  be diepensed dot; and beads 

from axi automatic pnaumatic dispe*iing machine. ~ l e c t ~ i ~ r l  parts w i l l  be 

loca ted  and placed usink'  p ick  and p l a c e  equipment : fed  f r o i  a v i b r ~ t i n g  bowl. 
. . . . ( . .  

d. P & ~ Z  ~88entbZy ~ m c e e i = ~  - i n a d i i c i o n  t o  llla~erial hixidl~ag,  pons1 uauembl$ 

irivolves . f i v e  o ther .  a igq i f  i c a n t  pro&ekeees mmely , elect r f  cab .intcrcdnncct 
bdnding , physica l  bbnding of c e l l s '  t o  ebbs trite and 'window, elet'rical t e e  t- 

ing. of e i r c u i t  s f  h i n g ~ ,  f i n a l  panel wiring,  and pro tec t ive  envelope cloeure.  :- 

( I )  S O Z ~  CeZZ ~ntbrekanection - ~ n t e r c o n n e c t i i r i  of s o l a r  cells can be done 

most quickly and r e i i a b l y  using p a r a l l e l .  gap. t k c h n i q k s  i n  conjunction with 

a p p r o p i i a t c  a u t o d t e d  material-handling. equipment. This technique 

t h e  meta l lu rg ica l  bperh t ion  t o .  pr'oceed. quickly ,  under c l o s e  control ,  and 
. . . . . .  

with  & i n h u b  cddsunkbles..  he. c o i t ,  thus, 16 1;". becai&. c o n i ~ e d .  material 

is  minimum and process y i e l d  'is  maximum.. , ' .  



There is. no. f 1-1. conclusion on. which. meta l lurgica l  process.  is preferred  

.. s ince  more. technology input .  is. required.  with. regard: t o  app l i ca t ion  of t h e  

candidate processes .appl ' ied . to  th ick~f i lm.conduc to rs .  Our ana lys i s  shows . 

that t h e  cos t  t o  c r e a t e  t h e  1nterconnect.bond w i l l  not  be s i g n i f i c a n t l y  d i f -  

f e r e n t  i f  t h e  bonding.technique.ie.eolder.reflow,.welding, o r  u l t r ason ic  

bonding. 

(2) Electr.i.caZ Teet - Testing of assembled s o l a r  . c e l l  s t r i n g s  w i l l  be qccom- , 

pl ished using a pulsed Xenon I-V tester.. Exis t ing  equipment is avai fable  .. t o  

generate a d e t a i l e d .  I-V curve' i n  less than 1. s. Since. t h e  i l luminated.  aper- 

t u r e  of t h i s  tester c a n . b e  l a r g e  a n d . t e s t i n g  t i m e  i s  only a f r a c t i o n  of s t r i n g  

dwell a t  t h e  test .  s ~ t e ,  it w i l l .  be .poss ib le  t o  share a tester f o r  two aeeembly 

l i n e s .  
8 .  

Testing c r i t - e r i a  can. be es tabl ished : on t h e  s t r i n g s  based: on t h e  input  

c e l l  c h a r a c t e r i s t i c s .  ; C e l l .  changes. induced. by. interconnect  bonding o r  poor 

q u a l i t y  bonds can .be  i d e n t i f i e d  u s i n g . t h i s  technique and t h e  involved s i r c u i t  

s t r i n g s  re jec ted .  

(3) Ce 22 ~0nd . i .n~ '  - The preferred  technique f o r  bonding s o i a r  ce l l s '  t o  a s t ruc-  

t u r a l  s u b s t r a t e  is through t h e  use of a compliant s i l i c o n e  rubber 'adhesive 

on the' .backside of t h e . c e l 1 .  This allows t h e  use of higher s t r eng th  and 

lower cos t  compounds f o r  t h i s  purpose. It w i l l  be necessary t o  . u s e  a trans-  

parent  ma te r i a l  between t h e  c e l l s  and t h e  panel window i n  order t o  reduce the  

o p t i c a l ,  losses .  caused by r e f r a c t i v e  index. mismatch. By reducing t h e  s t r u c t u r a l  

demand on t h i s  materkal, .simpler .and low-cost.  materials can b e  used. 

The proposed design call8 f 0 r . a  s t r u c t u r a l  epoxy bond between.substrate . .. 
and window. T h i s  bond w i l l  a l low. the  load.  inc iden t  on t h e  panel t o  be shared . 

by both panel and. subst ra te .  This,  epojty w i l l  b e  dispensed a t  t h e  same time a s  

t h e  c e l l  %bonding. a d h e e i v  and w i l l  be.  located .  i n  . . t h e  spaces ad jacen t  t o  every 

four th  c e l l  i n  the  panel. : 
. . 

(4 ) .  FinaZ'PaneZ Wiring - The . . panel design shown i n  ~ i g ' .  1 3  u t i l i z e s  a corner 

connector bonded, between the. . ,substrate.  and. window t o .  make. e l e c t r i c a l  penetra- 

t i o n  fr.om, t h e .  p ro tec t ive  envelope. The. p o s i t i v e  and negative connectors ,and 

associa ted  power bus w i l l ,  be bonded. t o  the .  appropr ia te .  s t r i n g  interconnectors . 

a f t e r  ' t h e  c e l l s  a r e .  bonded t o  the .  subs.trate. . Placement of these  components 

is  done automa t i c a l l y  with.  pick.  and. place.  . equipment. . .  
. , . , 



(5) Protective Envelope Closure - T h e f i n a l  assembly operation c a l l s  fo r  place- 
, '  . , 

ment of the  panel windob onto a completely 'assembled c i r c u i t  'substrate. 1n 

t h i s  operation previously metered quant i t i es  of spacer and connector adhesives, 
. . . . ,.. . 1 .  ' ' 

op t i ca l  matching material ,  and 'panel edge s k l a n t  a rb  compressed t o  c r ea t e  : 
!' . . . 

int imate contacts  with t h e i r  re la ted parts: The finished panel i e  ' positioned: 
. . . . 

8 - '  

i n  a wiring rack which . . i s  kept a t  &le"ited temperature during a shor t  cure 

cycle. The closure is  v i sua l ly  examined a t  t h i s  point along, with other  physical 

proper t ies  of the  assembly. Final .  packaging. i n  a shock-isolated c r a t e  prepares, 
.. . . .. 

the  products fo r  del ivery from the  plant. . ' 
. - . . 

u .  Prn~uZ AwurnbZy S m y  -  h he assembly procedures arid abeoctated eqiiipaeae 
can' be divided i n t o  four groupings : ' s triig interconxiec'tion , test i*ng , panel 

assembly, and f ina l  assembly. The following sum&ry description lists the .; . . 
s teps  on t he  assembly procedure and by reference t o  Fig. 18 i den t i f i e s  the 

equipment required.  t o  perform each funttiori.  

Assembly Step ' 

, . 

Unload ce i l k  from car t r idge  
. t 

Station 
NO 

Form and place s e r i e s  interconnects 4 

Bond interconnect t o  cei.1 (2 p l ices )  . . 5 

Turn over cell . . 
, . 6 

L i f t  and place.  on l i nea r  t abfe  7 

Make c e l i  s e r i e s  connectioxi . . , 

' 

. . Y 
5 

. . 
Form and place pa ra l l e l  interconnects 

. '  
4 

Make c e l l  connection , 
I , .' * .  . 5 

~dva*ce .double . . ?&ing to easembiy pihkup point . . . . 10 

 if t two double strings and ,index. to teat: p.altlpn 
, . . . ' . . . 11 

i l l d n a t e d  I-V curve f o r  G c h  of two double s t r i ngs  13 ,  

12. Indcx o t r ing  t o  r e j e c t  poeit ion and leave any re jected 
s t r i n g  

13. Index to  repaired s t r i n g  pickup ' p d i i ~ t s ~ n  l n d  i i f r  '.. ' . . 

replacement s tr ings . . . . .. . 

14. Re turn t o  p a r a l l e l  bo*din8 stat ion and combin= 'double 
s t r i n g s  

15. Eject panel subs t ra te  t o  panel prep arda 

16. Dispense c losure  bead onto subs t ra te  



Assembly Step . - . . .. ' ,  

Sta t ion  
No;+. 

17. ~ i s ~ e n s e  s t r u c t u r a l  epoxy onto s u b s t r a t e  ' 16  

18. Dispense c e l l  adhesive onto oubs t ra te  
V) 

i 6 

19. Advance prepared s u b s t r a t e  t o  assembly pos i t ion  ' 15  
' 01 

20.  lice quadruple. s t r i n g '  on. a .  prepared panel s u b s t r a t e  ' ' '14 . 

21. Place and. bond panel connectors and bus ' 26,s 

1 22. ' ~ i s ~ e n s e .  o p t i c a l .  matching. ma te r i a l .  onto panel window 

\23. l i f t  and place window. onto.  completed c i r c u i t  assembly 

124.. L i f t  and, p l a c e  complete assembly imi:a~..cu+iag rack  

,,)25. ,. Place .  cqr ing  rack i n .  cur ing  oven 

26. . ,Remoive. , f inished . assembly , f o r  f i n a l  inspec t i o n  and 
packaging 

. . .*, b 

St r ing  r e p a i r  takes  place a t  s t a t i o n  2 4 . .  Repaired s t r i n g s  a r e  placed a t  

s t a t i o n  25 f o r  automatic pickup. 

The process parameters f o r  the  interconnect  s t e p ,  the  double-glass panel 

assembly, and the  a r r a y  module packing a r e  given i n  Figs. 20, 21, and 22. 

5. Process: Test . .  , 

This s t e p  automatical ly tests the  completed c e l l s  f o r  photovoltaic per- 

formance, sepa ra tes  t h e  acceptable  c e l l s  from t h e  r e j e c t s ,  and s o r t s  the  good 

c e l l s  according t o  e f f i c i e n c y  i n  1% increments. The machine i s  microprocessor- 

con t ro l l ed  and c o n s i s t s  of a test s t a t i o n  and s o r t e r .  A t  t h e  test s t a t i o n  t h e  

wafer i s  contacted by probes and exposed t o ' a  known l i g h t  source. The d u p e  

of t h e  I-V curve is  determined i n  t h e  region of t h e  knee (maximum power point )  

t o  determine the f i l l  f ac to r .  The open-circuit  vol tage  and shor t -c i r cu i t  

c u r r e n t  a r e  determined bys the  p rese t  test 'program, and from t h e s e  r e s u l t s  the  

e f f i c i ency  is c a l c u l i t e d r  The s o r t e r ,  which i s  a c t i v a t e d  by t h e  r e s u l t  of t h e  

test s ta t ion . ,  . automat ica l ly .  a s s igns .  t h e  c e l l  t o .  a .  c a s s e t t e  o f .  t he  r i g h t  c lass-  

i f i c a t i o n .  Process.parameter8 a r e  shown.in Fig. 23. 
c . .  . . . 
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E L E C T R I a T Y  a*@- E.OOOF*OO KYH. PER AYAIL~ABLE I , ~ V E S T ~ ~ E ~ ~ T ; ~ ~ ~ - ~ F ~ G U ~ P . ~ B )  
ELECTRICITY . - 0. Cc 5.000E*bO KYH. PEP AYAlLA9LE I I (VESTMCYr4OUI  OF STRING TEST EBIl IPMENTtB) 
AG-PLA~FD-CIJ. O'IR C '  0.0 1.43OE-O?. S P E T  I Y P U T  UNIT. X UNITS=-TW'.O.X-" 
E L E C T R ~ D E S  - ... . . . .  . . . . . .  1.43OE-03 S C'EQ. IYPUT UNIT.. ! U Y E  100.OX - .  w. 

-. - .  - - - 
Figure 20. Process parameters - interconnect step:. ' - - . - 



PROCESS,PARAMETERS:DOUBLE GLLSS PANEL ASSEMBLY 0 1 / 1 8 / 7 7  09:51:24 PAGE 7 1  

TE DATE:01/25/77 BY:BEN SHELPUKv PC49719 CAMDEN* BLD6. 10-8-12 CLASS:ARRAY FABRICATIOF~ 
CATEGC1RY:PROCESS D E F I N I T I O N  TECHNOLOGY LEVEL:NEAR FUTURE MATERIAL FORM:3' WAFER. 

PROCESS Y1ELD:lOO.OX YIELD 'GROUTH PROFILE: 0 
INPUT UNIT  SALVAGE FACTOR: 0.0 FACTOR GP8: 0 S A L V A E ~ 0 N : V A L l J E  I N S  
PERFORMANCE FACTORS-I (R) / I  (SC): ~ 1 ~ 0 0 0 0 0 0 E * 0 0  - V ( R ) / Y ( O C C  1.000000E*00 - F(R)/F:  i . o o 0 0 0 0 E ~ o o  - - - 

INPUT UNITS: 0 0  0. 0. - FLOOR 0. 0. - @FT**2:  . 0 .' 
. - - .. ... 

ANEL A m y *  F INAL  A S S ~ ~  

1- S m  DIAMETER VAFER* 12 -14  M I L S - T H I C K * ( 1 0 0 )  ORIENTATIOWIP-TYPEI 1-5 OHM-yCM. 
Z .  NU L T R L A R I I ~ L  A S S U ~ L U .  

3. DOU3LE GLASS PANCL* 14.6FT*.'2.. SEE QUARTERLY REPORT 1 3 9  PAGE 38,!- !BLE.S?, .C_OLUCIN 2. 
4. NOTE: TO OETfRRINE r l A m X L  S /FT**2*  MULffPCV"iiETEi\IiKiCCC6ST SHOYN(S7CrLL) x ~ ~ ' ~ C E L L S / I ~ . L F T * * ~ .  
5 .  5 CURINt.lA-CKS.,>EEDEO FOR EACH PIECE OF PANEL ... - ASSEMPLY EQUIPMENT. - ........ - . . . . . . . . . . . . .  . . .  -. ... - 

PROCEDURE 
1. A U T O ~ C K  UP 8 PL A- OF ~ ~ G S - ~ ~ ~ ' S U E S T ~ T E - ' ~ I ~ V ~ ~ L E .  
2. S ~ R I N G S  COMPLIANTLY BONDED TO GLASS SUBSTRATE. . . . . . . .  
3. PAP.PLLiL-tUC7R-iCAL C O N N E m  OF m F S . '  - 

. . - -. 

4. SEF!IES C'ONNECTION TO POYEF TERMINATIONS RY PLRALLEL GAP UELDING. 
5. F I M A ~ ~ S S ' E ~ ~ B L Y : ~ ~ ~ D O U  I S  L P m  TO T H ~ - A J ' S f R 6 - L ? - U ~ k G  PICK Ahrb PLACE. 
6. YINDOU I S  BONDED TO THE SCBSTRATE US'ING A P U L T I P L I C I T Y  OF EPOXY BONDED SPACERS. 

m r r  -r?r m 1 m  T Y - B .  aCur r t rTcR 'BDRO' DF-CNE. 
: : E s s E M B L y  - - . . . . .  I s  . .  m K s  . - . . . . . . .  USING P ICK AND PLACE. .......... 

INVESTwENTS 
-KT N4ME . '  . - "-'---TRP.UPUT'UNITS X IhPUT UNITS PROCESSED F I R S T X O S T  AVA fi 

PANEL ASSEMBLY EQUIFKENT(B)  3724.00 CELLS/HR 100.0% S 1 0 3 0 0 0 . ~ ~  8 5 - 0 1  300. 
-FTNJFL ASFEUFLY EPOIFKNT~B) -. 57Zb ;1 )6 - r rZLS/WR 100.0Y- 1 

CURIHt  RACK , 744.80 CELLS/HR 50. 100.OX - - -- - 100.OI s . . . - .  . . . . . .  20. 

LABOR - - .......... . . . . .  - - . - .... 
' (OL=CIRECT LABOR DERSONS:TL=TOTAL LABOR PERSO--- 

NAME LABOR REOUIRIWENTS BASE O PERSONS/SHIFT/BASE UPIT TPRUPUT/FR/PERSON X INPUT UNITS PROCESSED 
RAT'OR F'T- - .  N T t B )  2.500E-01 " ' .'. 

HOURLY 3FERATPR F INAL ASSEPXY EQUIPCENT(B) 2.500E-01 . .... .. 
t!AINEt.\'@iCE ?ARE C -&$-SPI6 .PFf NT'(R 

- - - 
LY EOUI 1.000f-01 

YAINTEY.\hCE F I K A L  ASSEMBLY EOUIPMEN?(B) . . .  --- 1.OOOC-01 .. - Tr D C  --- - 
1.OI)OE-Ol 

.............. - - .- -. . armUCX- SUPPLIESIEX'ENSES-"-'--- 
EXPENSE !;AnE F ~ X E O  P A R T  VARIABLE P A R T  UNITS B A S E  
ELECfK IT ' r tY  

- - 
b.0 " 8.000E-01 KUH. PER AVAILABLE IF~VE- OF PANEL A-(3) 

ELECTRIC1 TY 4.OOOE*00 KUP. PER AVAILABLE INVESTMENT-HOUR OF F INAL  ASSEMBLY EQUIPMENT(3) ..... 
W E  

t > - 0  
1.430E-02 S PER INPUT UNIT;' 'X O W l T S =  100.0% 

CELL PDHESIVE . C.0 6.520E-01 S PER IYPUT UNIT. % UNITS= 100.0% ........ JINCUT ':' - 
C.0 1.936E-02 S ' PER" IYPUT -URTT.-'-S= 100.OX 

PAWEL CONNECTOR 5.970E-G?. S PER INPUT UNIT. 1 UNITS= 100.OX 
~ S ~ b L  . 

- .. =*o.-, . 
.O 3.910E-03 S PE9 IYPUT UNIT. %'UATTS= 100.0% 

E P O X Y  SFACER e.o 2 .610~-03  s PER IYPUT UNIT. x UNITS= 1oo.01 . . . . .  ...... 
- ! n n m T -  0.0 1.39OE-CI S . PER INPUT UNIT; T 

Figure 21: Process parameters - double glass panel assembly. 



onTC: i? i fW?e,  K Y ~ P U K ~  ~ c b W i i '  C A ~ E ~ ~ P D ~ ' .  ' i o - e - i 2  . ' .  . 
-. 

CLLSS:PACKA61W6 
CATEGCRY:PROCiZSS DEFIQIT IQN TECHhOL~3Sl' LEVEL:EXISTING M4TERI IL  F0RM:S" MAFEP. 
r -AY - ~~E s 0-2'T' H B D h F S " - L '  TRANSPORT 1 R?CU#IWB"AACI '- TRA~~SPORT OUT:ROX 
PROCESS 'YIELD:lOD.OX YIELD CROYTH PROFILT: 0 

. r l v q u r t y S h ~ V A S E  FADTOR: 0. kACT%T-G'*: O SALVAGE 0PtION:UaLUE I N S  ..' -' 

PERFORflA%CE F ICrDRr - l jR ) / I  (SCl! 1 .OCOO>OE+Dt . , Y(Rl/V(OC): 1~000OOOE*00  , F_(R?!lf 1.000000E+00 . 
INPUT UNITS: - 0 0  0. 0. 

' ~ R , ~ * i ~  f'-' 
- - . -. . . . - . - . . . . . - - . 

0 . 0. '- 

. . . - . .. . - -- .. . . - - . . - 
ASSURPTIONS: 

1. 14.6 F T * * 2  PANEL. mRT R*L; ." ... "- 
. 2. 14.6 F l e e 2  OF AT 06 

S o  1 OPERATOR'CAN PACCAGE 56 rlODULES/HR USIMG PACZAGING EOUIPPENTt 
, 

Q.. N* THE tKJriBER - a f - P V V O D z S -  'TO EE"62fER'Mlk tb.  
.. . .- 

- 

1. OPERATOR ~ E M O V E S  h P A M L S  .FROM CURIMG'RACK 8 P L A C E - . S ~ C ~ , ~ 1 N - ~ ~ - -  
2 .  E- E .  

1NVEST.MENTS 
INVESTMENT N ~ M E  MAW. TtiRU'Ul U V ~ ~ ~ ' - ~ ~ N P U T - ' ~ N ~ - ~ . S '  P E o c E S S E ~ T - ~ F I R S T  C0S.T AVAIL. AREA,FT**2 
PACKhGING EQUIPRENT 50-OC AmM./HR 100.0% S 25060. YOOoOX 100. 

-- LIBOR 
= 6 T R t m ~ m m m n ~ m ~ ~  I L ~ B O R  vmnm 

NAME LIBOR OCOUIREMEN~S E.hSE (DL t CERSONS/SHIFT/BASE UNIT  THRUPUTll+R/PERSON % INPUT UNITS PROCESSED 
no- pa- 1 . m m 3 ~ 6  
FOREMAN - DL 1 .000~-a1  - 

ANNUlL SUPPLIESIEXPENSES . - -- --prnm - . . - mrTS--ersE - .  
BOX FOR MOOULt - - 0.0 a 1.11OEIDD S PER INPUT UNIT. X UNITS= 100eOX --- --- . . - I 

.-. . * 
. . * .  . . . . - .  . 

FAgure' 22. Process parameters - array module packhg. 



PROCESS 'ARAMETERS:TEST ' 0 4 / 1 8 / 7 1  09:51:24 PAGE 6 3  

-IMA?E OATE:.l.2/27/76 BY :DbVE .RI.CHMAN* X 3 2 0 7 r  RCA L A B S *  E - 3 2 1 1  - .- . ' CLASS:TEST 
CA.TEGORY:PROCESS D E F I N I T I O N  TECHNOL06Y ..L.E.VEL:NE'AR FUTURE MATERIAL  FORM:^^: UAF'CR. 
I N P U T  

.,. 
u N I T : s H E ~ s  - OUT'UT. UN1T:SOLAR CELLS .' TRANSPORT 1N:SO.O: SHEET CASSETTE TRANSPORT OUT:500 SHEET CASSETTE 

PROCESS Y I E L D :  80.0% Y I E L O  GR~UTH~'PROFILE: . O  ,, 

..INPUT UN;lT SALVAGE FA.CTOR: 0.0 . .  FACTOR GP#:.'O -. SALVAGE 0 ~ ~ ~ ~ 1 0 ~  OF I N P U T  U N I T  VALUE 
PERFOLRhNCE F A C T O R S - I ( R ) / I ( S C ) :  1 ~ 0 0 0 0 0 0 E * 0 0  V(R) /V(OC) :  1 . 0 0 0 0 0 0 E + ~  F f R ) / F :  1.000000E*OO 

. . - . .  . . .  . _, . -  1 , ._I.: . . . . . 
I N P U T  U N I T S :  0. 0. o *  . .. ~. - . . 

FLOOR SPACE*FT**2 :  . 0. 0. 0. - -  - 

...... -. ........... . 
i.s.$" M.b.. .I-b.M5 .:. 

1. 3. DIAMETER Y AFER* 1 2 - 1 4  M I L S  T H I C K *  ( 1 0 0 ~ ~ O R ~ ~ ~ l ~ l O _ N ~ ~ l , r _ P ~ ~ , ~ ~ S s  OHPI:& 
2.  TEST FOR: OPEN C I R C U I T  VOLTA>EZSHCRT CIRCU1.T CURRENT8REVERSE B I A S  LEAKAGE6 F I L L  FACTOR. 
3. RINICOMPUTC_R:C~NTP.CLLED MEAStlREMENT OF_IKy-OINTS-ALONG KNEE OF I - V  ,CUR,V,E-F.?R-.KNOUN L I G H T I N G .  . . .  
4.. YAFERS BELOW 10%. E F F I C I E N C Y  4RE,REJECTEO. 8 0 %  YIELD-ESTIMATED; 

- - .- . .- . . - . - - . . .  ....... . -. . . - - 
PROCEDURE 

. . 1. OPERATORLOADS CASSETTE I N T O  RACHINEa--- 
- 2 .  UAFTRS AUTOMATICALLY FED TO UEST E Q U I P M E N T ~ ~ N O ' M E A S ~ ~ E ' M ~ ~ T S  HAD€.' ' '. 

3 .  YPFERS JOPEO..INTO_, MAGAZINES U S I N G - , ~ ~ E R l A ' T O  BE ,DEFINED. - - . . . . . .  .... ... 
.4.. OFERATOR-REMOVES CASSETTES.AS THEY ARE F I L L E D .  

... . . .  -. 
, . . . . . . .  .. -- .- . . - - . . 

. . .  
. .- . -. - 

INVESTMENTS 
INVESTMENT NAME MAN* THRUPUT U N I T S  , . X I N P U T  U N I T S  PROCESSED , F R A T  COST AVAIL .  A R E A r F T * * 2  . 

-R 'S6RTcR'-c.E .T. - 
. . 

. ~ ~ O O . O ~ S H / H R  1 0 0 o O X  S '17'000. 80.OX ' 200. 
- . . . . . . .  . ...... -- - . . . . . .  - ... . . 

. . . . .  . . -  LABOR 
-- . (OL=DIRECT LABOR PERSONS;TL=T3TAL LPBCIR P_ERSONS) 

NAME .. LABOR-IEQLII R E ~ E N T S  B A S E  L PERSONS/SHIFT/BASE UNIT THRUPUT/HRLPE.RSON x INPUT UNITS PROCESSED 
HOURLY OPERAT?R ' SILTEC W A F E R  ~ORTER-U.E.T.  7 * 5 0 0 E - 0 1  .. .:-. . . 
M A I N T E ~ ~ A V C E -  . S ~ ' L ? E C  Y AFER SORTER-Y .E.T. ' 2.300C-01 

.. . . . . . . . . .  FOREMAN ....... . . L .  D L  - . . . . . . .  l *OOOE-Ol  - 
. , s NNU%--, ,. 

. , 
.SUPPLIES/EYPENSES , .. 

EXPENSE G A M ~  FINED P A R T  VARIABLE.PART UNITS BASE 
ELECTRICIT!,  .. :, . OmO .-. . -  S.OOO~+OO' KUH. PER A V A I L A 8 L E .  P4JfSTMENT-HOUR OF S I L T C C  UAFER SORTER-Y.E.T. 

. A. . . . - -, 

Figure 23. Process parameters - test. 



6. Ant i re f l ec t ion  coat ing,  Spray-On 

U s e  of conventional spin-on appl ica t ion of so lu t ions  f o r  deposit ing the  

AR coat ing on s o l a r  c e l l s  is expensive because of the  l o w . r a t e  of through- 

put and w i l l  cause problems of f i lm uniformity because of t h e  meta l l i za t ion  

p a t t e r n  i n t e r f e r i n g  with t h e  uniform spreading of . t h e  solut ion.  

We have examined t h e  technical  and economic f e a s i b i l i t y  of spray coating 

techniques a s  an  a l t e r n a t i v e ,  and w e  a r e  e n t i r e l y  convinced t h a t  spray coating 

is  indeed the technique of choice f o r  t h i s  p a r t i c u l a r  appl ica t ion.  

Commercial equipment, designed primarily f o r  the  .semiconductor industry,  

o f f e r s  excel lent  con t ro l  and performance of high-qualkty f i lm deposi ts ,  and 
. . 

remarkable economy, . 

The hear t  of t h e  machine is  the  vapor c a r r i e r  system which uses a super- 

.heated chemically i n e r t '  hydrocarbon vapor of high mdecu la r  weight a s  the  

t ranspor t ing medium f o r  t h e  coating mater ia l .  The low ve loc i ty  and pressure a t  

which t h e  coating mate r i a l  is  conveyed by t h e  vapor t o  the  t a r g e t  eurface 

minimizes the  problems encountered with systems based on pressurized gases a s  

t h e  c a r r i e r .  The s o l a r  c e l l s  a r e  t=ansported i n  a 6-wafer-wide stream by a 

conveyor 'bel t  from t h e  load s t a t i o n  i n t o  the  spray s t a t i o n .  The coating is  

applied by a f u l l y  automated and ad jus tab le  spray gun which t r averses  the  s i x  

3-in.-di- waters a t  a  set speed and dis tance .  Work f low,proceeds ,a t  a  r a t e  of 

t y p i c a l l y  314 in . / s .  Under these  condit ions the  Autocoater can process 5,400 
7 .  cells  per hour, o r  4.4 x 10 c e l l s  per year. 

. , 

The thickness. of the  Si02 + Ti02 containing AR f i l m  a f t e r  drying and 

baking is  spec i f i ed  t o  be 700 %. The con t ro l  of coating thickness is within 
I .  

+5%. Figure 24 shows the  perfo*ce of such a n  AR coating which was spun-on - 
compared with thermally ox id ized  Ta205. Both l ayers  make a very good AR coating. 

An a d d i t i o n a l  p a r t  of the  eystere i s  an infrared-heated qes t ian  cepa.b.ta of 

a t t a i n i n g  500'C. Since we  r equ i re  only 200' and 400°C f o r  bake out  (15 mi*  

.each, a t  present) ,  t h i s  l i m i t  is q u i t e  adequate. The r a t e  of throughput may 

be a problem, however, and may requ i re  e i t h e r  a  change, in  processing o r  t h e  
'. 

add i t ion  of hea te r s  .working i n  p a r a l l e l .  



1 
' 

SPIN -ON 
TITANIAGSILICA FILM 
( T  i 0 2 - S i 0 2  1 

To -Ta206 
6 . .. 

Figure 2 4 .  Reflect ion spect ra :  spin-on t i t a n i a - s i l i c a  f i lm and Ta 0. 
formed by thermal oxidation of evaporated Ta. 2  5  

The AR.' coat ing process a r e  shown i n  Fig. 2 5 .  
. . 

7. Meta l l iza t ions  

- a.  Thick-Film Screen Printing - We bel ieve  t h a t  a meta l l i za t ion  technology 

based on screen-printed contacts  i s  the  most cos t  e f fec t ive .  The p r inc ipa l  

problem. with . th i6  technology i s  t o  combine low contact  r e s i s t ance  with low 

penet ra t ion  a*d ' h i i h  adhesion. 
' 

' I n  Quar te r ly  Repo,rt No. 3 ['I] w e  showed t h a t  t h e  contact  r e s i s t ance  must 
2.  ba below' 0.1"~-cm t b  not  se r ious ly  a f f e c t  device performance. I n  an e'xperi- 

mental evaluat ion of commercial Al, N i ,  and Ag inks w e  have not 'found i t  

poss ib le  t o  produce t h i s  low a contact  r e s i s t ance  without producing excessive 
. . ., . 

penetrat ion.  

Therefore,"we have inves t igated  formulating a s i l v e r  meta l l i za t ion  with 

t h e  proper n-type dopant, phosphorus, which would requ i re  a low f i r i n g  tempera- 

t u r e  and thereby minimize penet ra t ion  and contact. r e s i s t ance  simultaneously. 

&PO3 was se lec ted  because of i t s  low melting point ,  i.e., 48S°C.  Similar  

Ag-P compounds a r e  under study. A small amount of t h e  mater ia l  was prepared 



. . . . .  -- .. 
0 4 / 1 8 / 7 7  09:51:24 PAGE 6 0  

. . .  - .. - 
E S T  I M ~ T - E  D A T E : O ~ I ~ ~ / ~ ~ " .  TV':RCA F s T I M d ' i E s  CLASS:AR COATING 
CATEGORY :PROCESS DEEI ! \ ' IT ION TECHNOLOGY LEVELZNEAR FUTURE MATERIAL FORM:?.-UAFEP. 
INP~JT U N I ' E S H E E T ' S  CUTPUT U N I V . ~ H E E T S  . . TRAYSPORT I N  :500 S l iCcT CASSETTE TQANSPORT OUT :SO0 S k L T  CASSETTE 
PR9CESS Y I E L D :  99.W Y I E L D  GROUT_H,PROFILE: 0 
l r p u r  u F ~ ~ T  S A L V ~ G F .  FACTOX: 0.0 FACTOR" GP*: @ SALVAGE 0PTION:'RACTION OF TNPU~TIFIT VPLUE . 
2ERFORMANCE F A C - O R S - I ( R J . 1  ( S S ) :  1 ~ O O ~ O , O I ~ * O O  ---. V C R ) I V t O C ) :  1.000000E+OO F ( V . 1 5  1 .000000E+00 

I N P U T  U N I T S :  0. . 0. C .  ....... 
FLOOR SPAC-EEI?T+*~: - "  0. 0 7  

.-- 
C.  

........ 
DESCRIPTION:SPRD t-OV' AN-~QATING(:~) 

. .- . - .... 
ASSUMPTIONS: 

-- 
1. .!" DIAMETER YAFE'qr 1 2 - 1 4  R I L S  T ~ I C K ~ ~ 1 0 0 ) ~ ~ R . I E N T , ~ T I O N ~ ? - T Y P E ~  1,-5 OHM-CU. 4 

2. s o o  uIFS'ri s ~ c a 5 s - € ' i ' f E 7  - -  
3. NOTE: IN-HGUSE A C  COAIING ~ E C D S  T O  B E  DEVELOPED. 
4. LIQU~"~-SPRAY-QN ~ G ~ ~ R c E ( T I C ~ * S I O ~ ) - - ~ T  ~ 1 0 / b l T E R .  0.1 C!4+*3 M I L L  COVER 1 S I D E  ' J ' IT 'M '~ . .~~  MICRONS. 
7. APPLIED,  AFTER FIDAL- .MFTALLIZD T I O r r  . . . . . . . . .  - 
8. OVEN BAKE REPUIRCD AT 4 0 0  C. FOR l / i - i i d .  I N  8 IR.  
9 .  ROOM A E C - U I R , E M ~ ~ l ~ ~  DRY*CLEAN F I L T E R E D  A I R ,  2.330 LI-TERS/HR/SYSTEM., . - ...... - 

PROCEDUSE 
1. U A F E R S  *ARE LOdDEC F ' R o ~ !  C A S E T T E  TO-O~POSITIOU ZONE. ' 

. -. . -. -. - 
2. I V E R T  HYDRDCA?BOh CARRIER GAS TRANSPORTS COATING MPTERIAL. . .  
3. A ~ ~ T ~ R ' D E P O S I T O N ~ U  TPPNSPORTED T 1 . a - ~ E L T  TO INFRARED DRYING ZONE. 
4. U9FERS ARE BAKED IFOR 1.2 HR. AT 4 0 0  C. I N  'AIR. ....... ... 
5. UXkLRS 

- . - ........ - . . . . .  - ... - .- 
l3ADCD-- I%T6 C A S j E r  I L 

....--...-,..- 
INVESTMENT NAME 4AK. THRUPUT U N I T S  X I N P U T  U N I T S  PROCESSED F I R S T  COST AVAIL .  AREAIFTt*z 

~ ~ ' E i ' ' i i 0 o u  AVTUCOP. ER 54oOTUB-SH/;1? - .  1 0 0 ; ~ ~  ~ - ' . . ' . i . z m  . 85.OX 100.  
O P T I C A L  RE-F~~Cl,~,fltl~ 5400.00 S H / I R  . .  . . . . . . .  . . . . . . . . . . . .  100.0% S 2 0 0 0 0 .  85.OX - - .- -- 16. 

.-..... --. LABOR 
(DL-DIRECT L4BOR P E R S O N S I T L = T U T I U ' C F B ~ T ~ S I  

NAME LA!GR REQUIREnENTS BASE . 1 P E R S O V S I S H l F T l B A S E  U N I T  THRUPUT/HRfPFRSDN X I N P U T  U N I T S  PROCESSEO 
-RmnTCVTmn\a10~ 'ZITOlJ-UCDn 1 1 0 0 0  AUlmII1TtR " ' . 'l.OOOE+OO' ' 

MAINTENANCE Z I S O N  MCDEL l l O O O  AUTOCOATER .. -- -- .. .- . .  ?.SOOF-01 
.=j .fimr:w.-- 

- - 
aNNUAL 

---,. . . . . . . . . . .  ... . . . . . . .  . . . .  
SUPPLIES/EXPENSES' --- 

EXPENSE NARE FIX€~ P A R T  V ~ R T E . B L E  P A R -  UNITS BPSE 
-- ' 1.""- . o .  . . * 0 1  KWH.' - ' P E R ' - 6 V A I L '  OF ~TF6Naam-m 

-- ..'-.l;,bbF 

VAPOR CARRIER I.O 3.100E-01 S PER A V A I L A B L E  INVESTIE~~T-HOUR OF Z I C O N  ROOEL : l o 0 0  AUfOCOAtER 
Y-ON! A R  C O A ~  l.0 I * PER x UNITS= 1uo.01 

- - . . . . . .  
. . .  

Figure.25.  Process parameters - antireflection coating, spray-on. 
,. . . . 

1 '- 



by reac t ing  AgN03 with NaP03-stabilized metaphosphoric ac id  (DO3). The pre- 

c i p i t a t e  was dr ied ,  crushed, and ground t o  pass through a 325-mesh sieve.  An 

"off-the-shelf" s i l v e r  powder was. mechanically blended with t h e  AgPO powder 
3 

to  y i e l d  95 w t  pc t  Ag-5 w t  p c t  AgP03. This mixture was suspended i n  a 

cel lu los ic- type  organic vehic le  and screen p r in ted  using a newly designed 

p a t t e r n  containing two rows of 0.2-cm-diam dots. The dots  were f i r e d  onto 
19 3 the  same s i l i c o n  mater ia l ,  i.e., n-type, ( loo),  5 x 10 /cm , a s  t h a t u s e d  f o r  

the  ' evaluat ion of t h e ,  commercial inks. The lowest t e e  t f i r i n g  temperature 

w a s  500°C, s i n c e  t h e  AgP03 melting point  i s  485.C and a contact  angle of 8' 

was found f o r  AgPO on s i l i c o n  when f i r e d  f o r  2 min a t  t h i s  temperature. A 
3 

summary of t h e  r e s u l t s  . for '  5-min f i r i n g s  a t  500°, 600°, &d 700°C is shown 

i n  Table 4. 

TABLE 4. SPECIFIC CONTACT RESISTANCE OF A ~ - A ~ P o )  METALLIZATION* 

F i r ing  ... Specif ic  Contact 
Temperature Least Square F i t ,  2 R e s i ~ t a n c a  

( " 0  y = b ' + m x  - r 0--2 

*Dot-to-dot spacing ranged from 0.6 t o  1.9'cm, center-to-center. 
Gold wire Kelvin connection was used f o r  r es i s t ance  measurements. 
s p e c i f i c  contact  r e s i s t ance ,  pc, = 112 b times do t  area.  

Determination of t h e  l e a s t  square f i t  .is based on a t  l e a s t  four  test 
2 

points.  The lowest e p e c i f i c  contact  r e s i s t ance  was found t o  b e  0.11 &cm. a t  
, . 

600°C. However, tha  p o o r  cor re la t ion  i n  each caee suggested t h a t  t h e  metal- 

to-s i l icon contacts  are .  spo t ty  i n  nature. Angle lapping and metallographic 

examination'dieclosed two contr ibut ing causes f o r  t h e  poor cor re la t ion :  gaps 

i n  the  physica l  contact  between meta l l i za t ion  and s i l i c o n  and voids i n  t h e  

metal. The gap does, however, decrease with increasing temperature, and, most 
. . 

important a t  - t h e  highest  temperat.ure, there  ,is no evidence of meta l l i za t ion  

penet ra t ion  i n t o  t h e  s i l i c o n .  The high densi ty  of voids present  i n  the  



meta l l i za t ion  a l s o  con t r ibu tes  t o  an apparently high s p e c i f i c  contact  ree ls -  

take .  Closing o f  t h e  silicon-to-metal gap and reduction of voids i n  t h e  

f i r e d  f i l m  w i l l  r e s u l t  when changes a r e  made i n  t h e  s i l v e r  and AgPO p 'a r t i c l e  
3 . . 

s i z e  d i s t r i b u t i o n  and r e l a t i v e  amounts of each. 
- W e  b e l i e v e  t h i s  is  an a rea  very worthy of continued a t t en t ion .  

I n  bur cos t  es t imates  we have a s k e d  t h i s  technology ha; 'been developed, 
, . 

and w e  use ink coats  a s  they' 'exist today. For t h i s  meta l l iz ing s t ep ,  c a s s e t t e s  

with s i l i c o n  wafers a r r i v e  on c a r t s  from t h e  preceding test s t a t i o n  (i.e.,, t h a t  

following n-p junction formation) and t h e  c a s s e t t e s  a r e  uianually placed i n t o  

t h e  loader  adjacent  t o  t h e  screen-printing machine. The loader  automatical ly ' 

feeds s i l i c o n  wafers'  i n t o  t h e  screen p r i n t e r  which app l i es  t h e  p a r t i c u l a r  
' ' 

meta l l i za t ion  pittek. This sequence requires  t h r e e  p r i n t i n g  and dry in^ opera- 

t i o n s  p r i o r  to  f i r i n g :  f i r s t  ' the  back, then the  c o l l e c t i n g  g r i d i i i n d  t h e n  t h e  
. . 

a -  1. - . .. 
bus bar  on the  f ront .  

~ e t a i l e d  evaluat ion of t h e  technique using p r in t ing  pas tes  based on 

s i l v e r ,  aluminum,'and n i c k e l  have been ca r r i ed  out  from technical  and cost 

viewpoints. The u i & i m ~  c o s t  of t y p i c a l  Al and N i  pastes ($l .90/hpy ounce) 
' 

is lower than t h a t  of Ag p a s t e  ($5.42/troy 'ounce based on t h e  December 1976 

market priCe f o r  Ag). A l l  t h ree  pas tes  sh r ink  c l o s e  t o  50% on drying and 

f i r i n g .  The e l e c t r i c a l  conduc t iv i ty  of A f i r e d  coating depends on t h e  p a s t e  ' 

composition and t h e  f i r i n g  condit ions,  and has  been assumed i d  a l l  calcula- 

t i o n s  t o  b e  one-half of t h e  bulk conductivi ty f o r  Ag and one-third for.both:> 

A l  and N i .  For comparing various meta l l i za t ions ,  i t  i s  important t o  point  

out  t h a t  simply changing metal  thickness t o  provide equal  conductivi ty is  not 

the  appropr ia te  course. The metals a l l  cos t  d i f f e r e n t  m u n t s  and have di f -  

f e r e n t  cbnduct iv i t ies ,  and t h e  opt& thickness must' b e  determined f=om 

minimizing the  o v e r a l l  system $/We 
. . 

~ h c  c0.t optimization fac to r  (PI x i t h  respect  t o  ~8 is  ' 

Factor f o r  

optimizing 

p a t t e r n  

thickness 

where M r e f e r s  t o  any . f i r ed  metal p a s t e  and Ag r e f e r s  t o  t h e  f i r e d  .Ag paste. 
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compared with Ag, the optimum A l  thickness is 4.22 tlmes as thick and 
. . 

the optim&n Ni is 6.63 tlmes as thick. The actual thickness of the optimum 
. . 

Ag pattern is derived below. . . 

As can be seen in the cost summary (Fig. 2), the total cost for. the 

metallization step is on the order of 10~/W. The process parameters for the 
. ~ , .  . ' , .  . . 

front and back metallization are shown in Figs. 26 and 27. 
, 

: . .  , 

b. Metallizing "by NickeZ/Solder Deposition 
.. . . . 

(1) Ba8ic ~ r o c e s 8  - Because of its seeming cost effectiveness, a cost estimate . . 

has been completed for this alternate metallization procese for.the purpose of 

comparison with other methods. Several: techniques and process combinations of 
. . . . 

-tal d~positions by plating are possible. The process sequence selected ie 
. t 

based on well-established electroless plating and solder deposition technology. 

Essentially, a thin layer of electroless nickel is selectively deposited on 

both sides of the cell, followed by sintering to create a nickel silicide with 
.. . 

good ohmic contact, electrolees plating of one additional nickel layer, and, 

finally, deposition of molten tin-lead solder to provide an ample thickness 

of metal for good,conductance. The entire process is an almost fully automated 
. . 

batch operation where unit 1ots.of 1000 wafers are processed automatically on 

a continuous basis requiring a minimal amount of labor. .. . 

(2) - Out Zine. o f  Processing Sequence 
. . ' .  . . .  

1 ~e~osition of Mask Pattern . 

a screen print i reverse metallization pattern of organic 
'masking material on the cell front side'to protect 95' 
. 0.f area. Leave the cell backside exposed. 

a Pass the wafers through a drying oven to evaporate 
solvent material from the masking material. 

2 Surface Cleaning 

a Immerse the wafers in mild oxidizing solution to remove 
organic impurities from the exposed surface without 
affecting the mask coating. 

a Rinse in deionized water. 

a Dry mechanically. 

3 Sensitization and Complexing 

. . ,  a Sensitize In bath of PdC12 (activator)-HF-CH3C02H. 

a Rinse in deionized water. 
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CATE6ORY :PROCESS DEFIN~TION TECHNOLD~Y L E V E L : F ~ R E  MATERIAL_F!?RI:3!. . uf f  !?!, - - 
INPUT UNIT:-S OUTPUT UN1T:SHEET S TRANSPORT 1N:SOO YAFER CASSETTE, TRANSPORT-' 
PROCESS YIELD: 99.0% Y IELD 6ROYTH PROFILE: 0 ,,, , 
s U P R O C ~ S S ~ U S E ~ : S C R E E ~  PRIW- i iAVERREY6mK" -  
I l lPUT U N I T  SALUA6!. FACTOR: 0.0. FACT00 6Pa.Z 0, SALVA6E 0PTXON:VALUE I N S  
PCRFORMANCE FACTORS-1tlj'>1 (SC) : i';060-ii-o5SGi)O V(R)/VtOC): 1~0000QOE+00  , F tR) /F :  1 ~ 0 0 0 0 0 0 E + 0 0  

DESCRIPTION:SCRE~N PRIMTlN6,ANO- SILITERIBG- CONDUCTIVE NEIYORK-FRONT 

ASSUMPTIONS: - . - .... - - - . . . . . . . . . . . .  , 
1. 3' DIAMETER YAFER* 12-14 MILS THICK*ClOO) ORIENTLTION*P-TYPE* 1-5 OHM-CM. 
2 -  BACK MfTAL&IZATION PATTERN,MUST BE SCREEN PRINTED FIRST. 
3. A6 PASTE: SSe42/TR0? 0 2 -  = S.l743/GM- 80% A t *  Y E N  AG COSTS S4.4U/TROY 02. 

OENSITY OF 8 6  PASff=3.0,756/CM**3~ , ( S l - l G = l  TROY 02.) 
2 : l  RATIO F3R I N K  THICKNESS TO POST BIRUNG A6 THICKNESS- 

4. FRONT A6 F I N E  6RID: SX COVERAGE* 1 7  MICRONS I K K - - E & R F L R J N G I  . - ... . 
5.  FRONT BUS BLR: 1% COVERAGE. 1 7 0  MICRINS THICK AFTER FIR1,NGe 
6. SCREEN  PRIM^ L D R Y  ~ Y S T , E M : ~  

ITEM C I S 1  POMER COM~ENTS 
LOADER 1 0  =TI( I K Y  IWSCRTS YAFER INTO PRINTER 
PRINTER 24..4K I K V  P R I l T E a  LPPLIES PATTERN 
COLLATOR . - - ms R-. . - . -. . - - 1 0  -OK 1KY FORMS ,'ARALLEL ROYS FOR DRYER. 

20  -OK lQKU DRIES I l K  TO P ~ ~ N ~ " ~ A T ~ N ~ G ' . ~  ' ' 

RELOADER 14-7K  I.KY RELIADS YAFERS INTO CASSETTE. 
CASSETTES 4.OK - HOLDS YAFERS FOR PRINTER- 

TOTILS  83-8K 14KY 
********NOTE: S125K ESTIMATED FOR A0QAN:ED SYSTEM. 

LOADER 1017K 1KY INSCRTS YAFER INTO PR.INTER 
PRINTER 24-9K 1KY P R I I T E R  APPLIES PATTERN 
COLLATOR . 1 0 i O K  . I K Y  FORMS i'ARALLEL ROMS FOR DRYER. 
DRYER 20-OK lOKV DRICS UNK TO PREVENT SMEARING- 

4s -OK i v t v  ,. - S ~ N ~ E S - P _ A I T E R W .  a1 ?so C. FURnrcL  .... -. -- .. 
RELOADER 1 4  n7K I K ~  RELIADS YAFERS INTO CASSETTE. 
CASSETTES 4.eOK - HOLDS YAFERS FOR PIEINTER- 

. . .  TOTALS 12818K 29KY 
**********IIDTE: S204K ESTIMATED .FOR hDVINCE0 SYSTEM., 

' 

8 -  BELT->CASSESTL LOADCR'CAN DO 6 0 0 0  YAFERS/HR- 8 

9. SCREEN AT $23, REPLACED 3 TIMES .PER 'MAY FOR F.INE. 6RID. 
SCREEN ' I S  @ L P L A C ~ ~  T I~~ETPZK:~Y~FTR 'WS BAR SJSTEM. 
SOUEEGES A t  S -401  KCPLACED ONCE PER BOUR. 

- - - -  

-. - 
YAFER 

- -- - - . - 
CASSETTE 

.Figure 26. Rocess parameters - front metall.ization. 
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p A R A ~ ~ ~ ~ s ~ f H I C K  A t  ~EThL-FRONjiAUTo ' "  ' . '  ' 0 1 / 1 8 / 7 7  09:51:21 PAGE 53.1 
- - . -- - . - . - .. - .. - .....-....... - ...... .. ---- 

PROCCOURE"' 
1. OPERATOR LLAQS.  CASSETTE FROM BACK METALL;?_ STEP INT0.&O!DfR2-- 
2. SCREEN P R I N T - ' &  ORY S Y S F X  A P P L I E S  F I N L  C 

O P T I C L L -  SCtlNNER VCIDATES P A T T E R N . - l x , . R E J E C l .  I S T I M A T E .  , . . . .  - ... - 
3 .  OPERATOR LOADS CASSETTE FOR SCREEN P R I N T  8 F I R E  SYSTEM. 
4. SYSTEN A P P L I E S  FROkT BUS BAR 8 , F I R E S .  ( S E P A R A T E P R I N T  STEP N F D E O  S I N C E  PATTERN I S  THICKER THAN FINE GRID.) 

O P T I C L L ' S C A ' N N E R " V ~ ~ ~ D A T C S  ) P I T E R N  E T o R ~ " ~ ~ ~ ~ ~ t . .  1X BUS BAR RCJECTS ESTIMATED<'.'- 
REJECTS @ E , . E D _ E D  I N T O  A CASSETTE BY -Bgl->C!-SSE1,TE-STFCKCR FCR REUOR?. 

-. I IVESTMENT5' . . . .  
~ S ~ W E ~ ; T  N A ME nAX..THR-UPUT U N I T S  X I N P U T  U N I T S  PROCESSED F I R S T  CBST AVAIL .  A R E A 9 F T * * 2  

180C.00 SH/HP SCREEN.-!?!!!N! B DRY SrST.EL-2- ..... 111.0~ s 1 2 5 0 0 0 .  8 0 . 0 ~  1600.  
T I C A L  SCANNER l ~ @ 0 . 0 0 '  SH/HR I l l . O X  S 5 0 0 0 K  BO.OX - 16. 

BELT->CASSETTE STACKEE .IBOO.OO S H ~ H R  i i i . o x  s 1 5 0 0 0 .  e o . 0 ~  
-'"C F I ' R E . - R s r n i - 2  

0. 
1 8 0 0 . 0 0 ' ~ S H / H R  ' 1 0 i . o ' ~  i' aaam. ~ 0 . 0 1  1600. 

J P T I C A L  SCnNNER 1800.OG SH/HR 101.OX S 50000.- .  8O.OX ,, ' 16. 
- b t T - T r ) C A S S E T T E  STACKER ' 1 B E o . o ~  SH/HR l O l o O X  S 1 5 0 0 0 .  AOaOX 0. 
- ........ . . .  - - . . . . .  

LABOR 
. - - . . . 

(DL=DIRECT LABOR PFRSONSITL=TOTAL LABOR PERSONS) 
-u?m'E- LAE0U.-BASE tl PERSOI!S/SI*I IFT/B4SE U C I T  T H R U P U T - P  

HOURLY JPERATOR SCREEN P R I N T  * CRY SYSTEM-2 2.000E-01 ......... ........ 
"'WPL)RLY OPERATOR SCREEb PCITJT1 ' "F I .RE SYSTEM-2 , ?.'!DOE-01 

.- -- 
'4AINTENANCf  SCREEN P R I N T  R DRY SYSTEM-2 2.000E-01 .. ...-...... 
M?i'INTENAN=E SCREEN P R T N t - " %  F I R E  SYSTEM-2 

.- 
2.000E-01 

3AINTENAN:E O P T I C P L  SCANNE? --..- . 1.000E-02 .......... 
. . DL- - ' -  1 .000E-01 

CXPEbSE NAME F I Y C O  PPRT VARIABLE PART 
- T L n T R I  C I  TY 

. . U;5-. '. 
1.400E*01 

E L E C T R I C I S Y  0.0 . . - .-- - .  2.900!*01 
T m T R T C ' I i Y  1 .000E-01 

SCREENS 0.C . . . . .  
S C R E E N S  

-.-a *, G' 

ST'UEE,;EES 2.C ............ 
-SrmCEGEE S T. !'-. 

SOLVEt iT- INK - 0.C ....... 
T X V F P T ~ I W K  

THERYOC9UhLE IETC 0.6 . 
7 i E R M O C O ' U P L E r E T C .  ~ ~ - 6  .- . 

I N K  AS-FaCIJT F I N E  GRID 0.0 
-7TK-"A'G-FRCNT F I V E  GRID L O S T T D " '  

I R K  AC-FRCtiT b U j  BAR 9 . 0. 
:VK ==FRONT BU: ~IR. LPST--mi- . . . . .  

SUPPLIES/EY'ENSES 
. .- .- - . .- - .- .. - - .- . - - 

U N I T S  RASE 
KUP. PER A V A I L A B L E  I N V E S T R f V F H W K T F X m  8 DRY ~- 
KYP. PER 4 V A l L A R L E  INVESTMENT-HO'JR OF SCREEN P R I N T  8 F I R E  SYSTEM-2 

'KYH. DER A V A I L A B L E  ' I ~ ~ V E - ~ A L  S- 
S PER I V A I L A B L E  INVESTMENT-HOUR OF SCREEN' P R I h T  6 DRY SYSTEF-2 
s PER AVAILABLE I N V E S T P F W F H D T R . ~ ~ ~ ~  
t PER A V A I L A B L E  IYVESTWENT-HOUR OF SCREEN P R I N T  L DRY SYSTEM-2 
S DER A V A I L A B L E  I V V E S T R E ~ T S ~  
cn*.. E Q  IYPUT UNIT. r UNITS- 111.0~ 
CM**3 ?En I N P U T  UNIT. 7TNTn= 1o1.o~ 
S PER I N P U T  UNIT.  X U N I T S =  111.OX 
s 'PER IYPUT UYI'I. x u ~ I ' T s = - - ~ ~ ~ o  t--- -. - 
S DEP I Y P U T  UNIT.  T U N I T S =  100.OX 
S PER I N P U T  UNIT.  X UNTE=-"---TT;(lX- - 
S PER I Y P U T  UNIT.  X UNITS: 100.OX 
s ~ r u '  IVPUT UNIT. t . ~ T s =  1 . 0 ~  

... .- 

Figure 26 .  Continued. 



- --- - - - - . . . - . . . - . . - . . . - . . - . . . . . - -- 
PROCESS PARhMETERS: W I C K  AG METAL-BACK:XUTO 04 /18 /77 .  09:51:24 PAGE 5 1  

ESTIMATE OAiE:02/03/77 BY ZYERNER KERN* x 2 0 9 4 r R C A . L b B S ;  ' 03 -076  CLASS:METALLIZATION 
CATEG0RY:PROCESS O E F I k I T  ION TECHNOLOGY LEVEL:FUTURE. - . RATERJ~L-~ORM:3m YAFER. - . 
INPUT UN1T:SHEETS OUTPUT UN1T:SHEETS . T R A ~ S ~ T ' X N : ~ ~ ~  ZHEET CASSKTTE TRANSPORT OUT:500 SHEET CASSETTE 
PROCESS Y lELO~.O,OI; Y IELD GROYTH PROFILE;. 0 
INPUT U N I T  SALVAGE FACTOR: 0.0 FACTOR GPI: 0 ,jyii-"As< OPfiO~:VALUE fiS.''..----- 

. PERFORMANCE FLCZORS-xCR)I I  ( S t )  : 1 . 0 0 0 0 0 U E ~ ~ 0 ,  V(R)/V!OC): 1 ~ 0 0 0 0 0 0 E + 0 0  . F(F.IIF: 1 ~ 0 0 0 0 0 O E + 0 0  

INPUT UNITS: 0. 0. >. .- - .. . . .:.- - . . - . . .- - 
FLOOR S P A C E 6 1  -2: 0. 0. 0. 

. 
OESCRIPTIONISCR~E F,R~NTING AN0 SINTERIM'CONOUCTIY~ N~ .MORK-BACK 

.' . 
... .. . .-- . . . . - --- 

' ASSUMPTIONS: 
1. 3 "  OIAME'PER YAFEP* 12 -14  MILS  THICK*a100)  ORIENTATION*P-TYPES 1-5 vII-CMr- 
2. BACK M E T - ~ L ~ ~ A T ~ C N  PATTERN MUST BE S C R E E ~ ' P R ~ ~ T E D ' F ~ R S T .  
3. AG P A X € :  S 5 . 4 2 / ~ ~ ~ , ~ .  = S . l 7 r 3 / ~ ~ a . ~ O X  AG* UHEN A6 CPSTS SQ. '~O/TPOY 02. - . . 

DENSITY lr A6 PAITE=3.7'5G/ClW*1. t3 . l . lG=l  TROY 02.) - .  - .  
.. 2:1 RATIO FOR INN THICKNESS TO POST F I R I N G  A6 THICKNESS. 

. N O T E S  MILS T H I ~ N E S ~ ~ N E  FOSSIBLC. UIOTH GREATER THAN OR EOU4L- TO 4 TIMES TRICK~~E'SO.--'---- . . . . 

. 4. BACK AG-?RID:. 2 5 1 S V E R . A G E *  8.5 WICRONS,lHICK AFTER FIRI%'?;. , . . . . . - - 
5 .  SCREEH P a I N T  R FIRE SYSTEY: 

ITEM COST: P O H R  -$lJn?ENTS . . . . - - - - - 
LOADER 1 0  .7K 1.KU INSERTS Y.IIFEP. IWTQ PRIETFR 
PRINTER ------ 24-0QK . IC'U ,_PRIhTER APPLIES P ~ T T E R N  . . - . - - - - - . . - - 
COLLATOR I O i O K  . 1KU FORPS PARALLEL ROYS FOR DRYER. 
ORYER -. 20.0K 1CKb ORlFS INK TO PREVEN.T SMEAR196. - . . . .- -. . - 
FURNACE 4 5 . 0 ~  1 5 ~ ~  ~ i % t 3 ~  PATTERN A T  5 5 0  C. 
RELOAOER . 1 4 e m  I K U  RELOADS YAFERS INTO CASSFTTE. . 
CASSETTES 4 . H  - HOLCS MAFER'S FOR PRINTER. 

---- moTaLs 12e.et- 2 9 ~ s  . . .- 
*******YcTE: s20c,K Es.TImaTED FOR ~ O V ~ Y C E D  SYSTEM. . . .  

-5. B E L ~ - > C A S ~ E T T E  L O A G ~ R  C/N O~-.~OOOJA_FEQS!HR. -- 
7 .  SCREE% A1 $239 REPLACLO 2 TIWES PER DAY. 

SQUFEGES - -. k T  S.40. HE?Lb.CEO ONCE .PER HOUR. .. --- 
9. COST CF !l.FX BkCC R E u ~ R K  IGRJRED. 
9 .  FIR?YS 0'- 64CK #€€CEO S 0 . l P A T  PASTE IS NOT REMOVED I N  CASE OF FeONT GRIC! R E W I K .  - . - .- . - . 

DROCEOUSE 
1. O P E R . ~ ~ O R  LOADS CbSSETTE FROW P R E V ~ ~ U S ' S T E P  I N 7 0  LOAOER. 
2. .SCREE\ PF.IN-T & F IRE S Y S T E r e P C I E S  BLCK GRID. ---- - 

OPTICAL SCILNER VALIOATES PbTTERN. 0.5% DEJECTS REYORKED. 
REJECTS ARE L O b D C D . I l T 0  A CASSETTE BT BELT->CASSETTE STACKER FOP. REVORK. - - - -- - . . ... -- 

3. CdSSETTE TRANSFERRED: TO- F - R ~ T - ' M ~ T D L L I  ZATION PROCESS. 
. 4-0 REJECTS kRE REUClVEO'1+.RECYCLED=., , . . 

--.- . . - - - - . - . - .- - r ~ v c s ~ n ~ u i ~  
IWESTMENT RAME 9AX. T~RUPIT UNITS II INPUT UNITS D R O C E S S ~ O  FIRST .,COST ~ - ~ V A I L  A R ~ ~ F T * * ~  
SCREEN P R I N l  B F I R E  SYS1E.P-2 . 
P -. .. 1 8 o o . e ~  S H I ~  1no.s~ s ZIO~JW). , ,-~B.oI.-. 1 6 0 ~ .  

3PTICAL SChhhER 1800.BO SH/WR 100.5X S 50000. 80.OX 16. 
bELT->CA.TSETTE STACiEP - - .  1800.BP SHmR ~ C O . S X  s Z S D ( *  ...,. 3 0 . c r  0. 

Figure 27. 'Process parameters - back metallization. 
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PROCESS PIIRAMETERS:TkICK dG-iTTdi-3'Aci(:IuTo 

- 
0 ~ ? - 0 9 : 5 1 : 2 Q  PAGE 51.1 

. . . - - - -. . 
LA€!Oq 

. -- 

(OL=DIRECT LASOR ?'RSONX~TL=T9TAL LABOR PERSOYS) +- - LAE6R - K 6 m B a S E  P PERSONS/SHIFT/BASE UNIT ~ H R U P L ~ T ~ A R - F  
HOURLY OCERATOR SCREEN PRINT R F I R E  SYSTEM-2 2.00OE-01 
YAINTEUINCE  SCREE^ PRINT C F'iRE SYSTEM-2 

.. . 
2.n00E-01 

MAINTENAtfCE OPTICA.I._SCANNFI ., 1 .OOOE-02 
FOREMAN CL 

--. 
1.000E-01 

. . - .. -. --- --. 
A I- SUPPLIES/EXPENSES 

-. - 

EXPENSE NAME. F IXED P!RT, VARIABLE PART UNITS BASE 
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Figure  27. Continued. 
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0' Complex i n  bath  of H O-C3H70H (wetting agent)-NH OH 
(neutralizer)-NH4c1 tcomplexant). 4 , .  . 

; 4 F i r s t  P l a t i n g  and Mask Removal. 

1 h e r s e  i n .  ba th  containing N i C 1 2 ,  NaH2P02, Na C H 0 NH4C1, . 
NH OH, and H20: 3 6 5 7 '  
4 .  .. . 

., . . P l a t e  a t  80°C f o r  45.  s , to  .deposit  a P-containing N i  film..;:, . . . . . 
of 500 t o  750 '2' thickness. 

' ~ i n s e  i n  deionized water. 
. . 

Remove organic 'mask coat ing '  by Bblvent ext rac t ion.  

,5 S in te r ing  

Transfer  t h e  wafers onto conveyor b e l t  and i n t o  furnace. 

Expose to .  550' t o  600°C i n  an atmosphere .of NZ-Hi t o - .  '; 

c r e a t e  n icke l  s i l i c i d e .  . . . . -.- - . 

6 Nickel St r ipping . . 
.iI ' 

I m m e r s e  i n  HNO 3 ' . . . . 

Rinse i n  deionized water. 
( '  

0 ,  Apply l i g h t  oxide e tch  i n  HF-NH4F-H20 solution.  . . 
Rinse i n  deionized water. , 

' a  . , 

'7 Second P l a t i n g  
. . 

Re-immerse i n  n ickel  p l a t i n g  bath t o  deposi t  O.3,,to 0.5 ym 
of N i  (P). 

. . 
Rinse i n  deionized water. ' . 

. . 
8 Fluxing and Solder Deposition 

Immerse i n  f l u x  'solution. 

Drain, dry,  and preheat t h e  wafers. 

Introduce i n t o  5% Sn-95% Pb so lde r  bath a t  350°C. 

  old i n '  bath f o r  an 'opt '&al ' residence time. ' 

' 

. ~ . .  . 
' Withdraw a t  ' a ~ 0 n t r 0 ' 1 l i d  irelo=ity. 

. . 
9 F ina l  Cleaning 

Remove f l u x  res idue  b y  immersion &l t raeon ic  cleaning 
. . hath. . . 3  

a .  

,Rinse i n  deionized water. 

Dry mechanically. 

(3) Cost Estimation '- Estimates of production cos t  were based on t h e  assumption 
8 ' t h a t  1 x 10 wafers of 3-in. diameter a r e  t o  be processed i n  i th ree - sh i f t ,  

24-hour operat ion of 345 days per year. Unit batches of 1000 wafers would be 



processed automatically through. the process sequence outlined in the previous 

section. Calculation of the time requirements for each.process step indicates 

that five separate production lines operating in parallel would be required, 
7 each line producing 2 x 10 wafers per year. Not considering the yield factor, 

cost per wafer has been computed as approximately $0.30, of which 64% accounts 

for materials, 19% for equipment, and 17% for labor. The product yield is 

estimated to be no better than 95% due to the large number of process steps. 

It is quite obvious from these figures that this method of metallization is 

considerably more expansive than the screen-printing process, as had been 

predicted from preliminary estimates. 

c. Metal Thickness - A central goal of the analyses performed under this 

contract is the maximization of the cost effectiveness of every step in 

module fabrication. The attainment of that goal requires the simultaneous 

minimization of cost and maximization of power delivered within the con- 

straints that may be imposed by the technologies used. The analytic .procedure 

described here provides a general, quantitative framework for such optimiza- 

tions. This procedure begins by the careful characterizations of the two 

contributing factors to the $/W cost (a) the cost per unit area for every 
11 step" and (b) the power loss associated with each step. It turns out that 

the different characters of these two factors have a profound impact on the 

optimization. The notion of a succession of independent "steps" forming a 

complete module is vital; experience shows that many fabrication process 

steps are independent to the first order and that those processes which inter- 

act strongly can be grouped'into a single "step" that can be analyzed as a 

whole. F.or example., the fine .grid metallization pattern can be optimized 

without reference to the junction characteristics and the bus bar can be 

analyzed independently of the fine grid pattern under most conditions. 
. . 

This procedure is derived and applied to the important problems of fine 

grid and bus bar metallizations where the effect is dramatic. It is extremely . . 
Important to maximize the performance of the system, and additional costs such 

as adding considerable Ag to re.cover a few percent of system .performance can 

bc coet effective. Below we will derive the criterion. 

These applications provide instructive design specifications and.indi- 

cate the generality of the basic approach. Among the other "steps" that may 



be amenable t o  t h i s  type of ana lys i s  a r e  t h e  quant i ty  and q u a l i t y  of t h e  S i  
. - 

i t s e l f .  
. 4 

(1) Genera2 Derivation - The quant i ty  t o  be minimized in. a l l  cases i s  t h e  

t o t a l  cos t  pe r  wat t  * .  

where K I t o t a l  c o s t  per  u n i t  of module a r e a  and Go I output power per u n i t  
I 

of module area.  We f i r s t  t r e a t  t h e  cos t  f a c t o r  and show t h e  n o n t r i v i a l  r e s u l t  

ehae f e  my be expressed as 

where the re  a r e  fl of t h e  independent "steps" i n  the  e n t i r e  f a b r i c a t i o n  process 

including t h e  s i l i c o n  =oet ,  and t h e  C a r e ' a  set of . e f f e c t i v e  s t e p  cos t s  per  
j 

u n i t  a r e a  t h a t  a r e ,  i n  general ,  not simply t h e  individual  s t e p  costs .  . . 

a qua ti on (2) i s  proved by t h e  following argument. Let D I t o t a l  cos t  of 

f abr ica t ing  A em2 of complete modules t h a t  have c e l l  coverage f r a c t i o n  ( s o  
P  

t h a t  +A = t o t a l  t e l l  area.  Then w e  separa te  the  s t e p s  i n t o  two groups, those 
P  

involving the  f u l l  module area  and those involving only t h e  c e l l  a rea  

. . 

"" I ' 

. .  . 

+ * * *  + f o r  .module s teps ,  
Y* ... Yi 

. . 

kl I ki-l 
f o r  c e l l  s t e p s  

+ (Ap [Yn ... + *:*  + Y ... Y1 , . 
n 

. . i .  

where ki t a c t u a l  c o s t l u n i t  a rea  of perfoming s t e p  i and Y i I yie ld  of s t e p  1. 

This shows t h e  well-known impact t h a t  each y i e l d  fac tor ,  has o n . a l l  pi"ebedf)29 

s teps .  Now w e  def ine  

I k  
f o r  a l l  module s teps .  

Yn ... Y 
j I 



Since K - D / A  ' these d e f i n i t i o n s  lead  t o  Eq. (2) and show q u a n t i t a t i v e l y  what . 
P 

the  C a re .  TO dea l  with any individual  s t e p  m, we simply sub t rac t  out  i t s  
3 

cos t  cont r ibut ion  per  'uni t  module a rea  

Next w e  t r e a t  the  output  power dens i ty  of t h e  module G by r d l a t i n g  i t  
0 

t o  G ,  t he  bower dens i ty  p o t e n t i a l l y  available': 

'where F  is  i f r a c t i o n  t h a t  mky exceed one, depending on t h e  choice t h a t  i s  

made f o r  G;  t h a t  choice is q u i t e  a r b i t r a r y  and might correspond t o  .a 10% 

modu1e:efficiency o r  any o the r  convenient value. The f e a t u r e  of maj0r.i.m- 

portance here  is t h a t  F  is  genera l ly  the  cumulative product (not sum) of t h e .  

indiv idual  s t e p  f a c t o r s  

n 

where each f' .mukrbe  se l f - cons i s t en t ly  defined a s  t h e  f r a c t i o n  of p o t e n t i a l l y  
j 

ava i l ab le  power t h a t  i s  a c t u a l l y  obtained a f t e r  s t e p  3 .  (These f  a r e  t h e  
j 

same a s  "performance.indexes".in our . f i r s t  repor t . )  To dea l  wi th  an individual  

s t e p  m w e  now must sepa ra te  i t  by d iv id ing by i ts  performance contr ibut ion  

Now using these  r e l a t i o n s  i n  Eq. (1) 

K' + Cm 
' S . h K - K e ; -  

Go 
FG F'G 

where K I Cm/K1 i s  t h e  cos t  f r a c t i o n  of s tep,m. m 

Equation (8) shows a  r e s u l t  of f i r s t  importance: every step-efficiency 

factor fm has its fmctiomZ impact on the TOTAL cost per watt. This i s  a  



direct consequence of the multiplicative roles of the f in contrast to the 
J 

additive contributions of the cost terms; In physical terms it says that any 

loss in power must in effect be. paid for by making more complete modules; It 

follows then that no step can~be,optimized properly by considering only its 

own cost and performance;. rather an :equation of the form of Eq. . (8) must 'be 

minimized. . . > 

Next we develop the appropriate optimization conditions for Eq. (8). 'To 

aid in this we introduce the fractional power to88 associated with any step 

A z l -  f Using this in .Eq. (8) gives 
J J ' 

This is the form in which we minimize the $/W. contribution of etep m by dif- 

ferentiating with respect to any relevant variable of step m. It is clear 

that when such a derivative is set equal to zero, the prefactors K1/FIG always 

drop out since by definition they cannot contain the variable of step m. Thus 

only the term in brackets in Eq. (9) need be minimized. It is trivial to show 

that the condition for minimization is 

where x represents any appropriate variable for 'etep m. In nearly all cases 

that will be acceptable we will find that rm i< 1 ( i  e., Cm << K' ) and 

h !<< 1. Then we obtain the simplified approximate relation m 

We note also that in this approximation 

and we can set K' Z K  and F' - Q F. 

This is the general procedure. It can be applied to every fabrication 

step for which there is information enough to evaluate both K and A.  



(2);  Application to Front MetaZBizations -:The;.optimization procedure described 

above,, is. now applied f i r s t  . t o .  the  bus ba r  and. then t o  the  f i n e  g r i d  on the  

front.. of .solar  c e l l s  by f inding the  optimum:.geometryfor each. that .minimizes 

the;,cos.t/(W. 4 W e , e k e  use of a f o r t u i t o u s  r e s u l t . f o r  these  me ta l l i za t ion  s teps :  

$a, : the. , c e l l .  coverage f r a c t i o n  of . the module, .>i - .0:. 83 and t h e  product of .. t he  ::: 

estimated y i e l d s  f o r  a l l  s t e p s  following meta l l i za t ion  i s  - % 0.87 so  t h a t ' i n  

Eq. (3) we f ind  t h a t  Cmy k m .  Furthermore, t h e m e t a l l i z a t i o n  process t o  be 

evaluated, ,screen-printed Ag, has.,a c o s t .  t h a t  can be expressed ; a s '  C ' %  h + Bvm 
: In - 

where t h e  cont r ibut ion  h is  independent ,of  t h e  amount of metal (it is bas ica l ly  

machinery and handling c o s t s )  and vm i s  t h e  volume of metal used, with B an 

appropr ia te  coe f f i c i en t .  So d i f f e r e n t i a t i n g  a s  i n  Eq. :(11) with'amount of 
, 

metal a s  t h e  va r i ab le ,  causes t h e  term h t o  drop out  and only t h e  metal cos t  

need be evaluated i n  Cm, hence K ~ .  
, . . .  

2 " 3 The metal coatlcm = pvm/A where..p : pricelcm o f  -metal  i n  i t s  f i n a l  c,on- 
, .. . 

, d i t i o n i . ,  a f t e r  , f i r i n g )  and A n c e l l  a r e a .  But vm = tam = tSA where 

a . : a r e a  of metal,  t :  metal , thickness,  and S r shadow f r a c t i o n  of metal  on 
' m . . . . 

c e l l .  So . . . . , . 

. * . . . . .  

, Before proceeding, to  s p e c i f i c  power.loss evaluat ions  w e  note  t h a t  our 

ca lcu la t ions  have been revised  t o  optimize t h e  $/W f o r  performance averaged 
. . . . :. . 

over a day r a t h e r  than j u s t  a t  s o l a r  noon. This reduces a l l  r e s i s t i v e  losses  

by a f a c t o r  of n/4. 

F i r s t  t h i s  optimizat ion procedure i s  applied t o  the  bus bar;  w e  l i m i t  

considerat ion t o  a s i n g l e ,  c e n t r a l  bar  f o r  s impl ic i ty .  It has already been 

shown i n  Quarterly Report No. 3 [ l ]  t h a t  when t h e  f i n e  g r i d  l i n e  lengtl. ? is  

determined (by c e l l  s i z e ,  f o r  example), t h e  treatment of t h e  bus ba r  becomes 

independent of the  f i n e  g r i d  design. For t h e  bus ba r  t h e  only sources of l o s s  

a r e  the  shadowing,and r e s i s t i v e  drop of t h e  metal;  i t , c a n  be shown t h a t  the re  

is no way of simultaneously optimizing both t h e  metal thickness and t h e  shadow 

frac t ion '  o f  t h e  bus b a r .   his can 'be seen phys ica l ly 'by  t h e  recogni t ibn  t h a t  
. . 

minimum l o s s  f o r  any &tai could l i a d  io' zero shodow"fra=tion (i. e . ,  



b a r  width) and i n f i n i t e  thickness. Therefore, i .  one addi t ional  & n s t r a i n t  must 

be imposed on t h e  problem. w e  choose t h i s  cons t ra in t  a s  a condit ion t h a t  w i l l  

g ive  the  thickest l i n e  t h a t  seems pr in table .  (The bus bar  w i l l  have t o  be  

p r in ted  separateTy from t h e  f i n e  gr id  although they can be  f i r e d  together.) 

One way of achieving t h i s .  thick-bar cond i t ion- i s  t o  requ i re  t h a t  its thickness 
1 

t2 always be 1 1 4  of t h e  l i n e  width W. (Since the  thickness shr inks  roughly i n  

hal f  during f i r i n g ,  t h i s  represents  a thicknesslwidth r a t i o  of ' i l l 2  a t  t h e  

p r in t ing ,  a reasonable upper l i m i t ;  on t2. ) 

The shadow f r a c t i o n  of the  bus ba r  i s  S2 = W / I e f f  = AIL with L E  bus bar  

length ,  Thus, eince W 4 t 2  

and from Eqs. (13) and (14) 

"m 8pt2 s o  t h a t  -.I 

dt K 'ae f i  

The f r a c t i o n a l  l o s s  i s  the  sum of shadow and l i n e  drop 

where p E metal r e s i s t i v i t y .  Then 
m 



( ,  1 "  * . 
Now ln;oking the dptimization condition (11) , we' obiain an. equation fbr 'the ' 

, * ' .. . . . . optimum bar thickness t20pt. ' 

. . 

which must be solved numerically. For a 7.6-cm.. (3-in. ) wafer, L = 7.6, aef = 
.) . 

3 ' 2 -1 - 
6 cm. We take also J/V = 0.05 ($2-cm ) , p - $;.30/cm and pm = 3.2 x 10-6 

a.. - 

$2-cm for screen-printed Ag and Kt.= $0.0125/cmL ($lW). . This leads to tlopt = 

150 pm so that W - 2, 0.60 mm and S2 0.010. The total fractional loss due to 

the bar is evaluated now by Eq. (19) giving Am - 0.03 while Eq. (17) gives 

K = 0.015. m 
Next we treat the fine grid pattern using the same basic approach, but we 

find the problem significantly more complicated because there are four power- 

loss terms aside from the cost term. First we note that Cm'and rm are given 

by the same relations as for the metal of the bus bar, Eqs. (13) and (14). As 

shown in Quarterly Report No. 3 [I], the fractional power losses are given by 

where w the fine line width, p : Si sheet resistivity ($2/0),. pc': metal-Si s 
2 specific contact resistance ($2-cm ). (We have transformed the formulas of 

Quarterly Report No. 3 to express all the losses in terms of S rather than the 

1ine.epacing d.) We fix w = 125 pm a8 the minimum printable width. 

Now the minimization of $/W requires that we optimize both tl and S1 

simultaneously. (In contrast to the bus bar case, this is possible here.) To 

do this we use the form of $/w given by Eq. (12) and minimize (rm + A,) with 

respect to both variables tl end Sl. Partial differentiation of (rm + Am) 
with respect to t gives, when set equal to zero, the first condition 

1 



This has the important consequence, when-substituted into (K + A,), that m 

K (cost fraction) = line loss fraction = R 
m 

. .. : . . . , 
. . ' . .  I ' 

 hey are thus independent of S1 and t so now differentiation of (rm + im) with 
1 

respect to S gives the surprisingly simple equation for S 
.1 lopt 

This is a remarkable result in that the optimum shadow fraction is independent 

of tho matol rceiotivity, length, price, and the module cost .  I11 fac,~; ,  when 
2 

.P c is small Q-cm ) 

so S varies as the cube root of ps. 1 

The metal thickness, given by Eq. (23) once S is found, is the only place 1 
where the costs and other parameters of the metal are found. Other useful 

congequeacee ~f these results are that varying the c e l l  s i ze  has no e f fect  on 

Slop t and a simple linear effect on tloPt through R. 

Taking again the example of the 7.6-cm wafer, w-ith R = 3 cm, J/V = 0.05 
2 

(Q-cm2)-I and p = 50 Q10 for the Si, pc = Q-cm and using w = 125 pm, we 
a 

find S1 = 0.040. Then using the other parameter values given after Bq. (211, 

K = 0.007 and tlopc = 16 em. With these optimized values of tl and S we can m 1 
readily calculate Am =0.068. (This entire optimization and evaluation is 

performed numerically with a straightforward computer program.) 

Combining now the optimized contributions of the fine grid and the bus 

bar 

K = K . +  K = 0.007 + 0.015 = 0.022 Tot 1 2  



so the performance penalties far 'outweigh the cost contributions. These terms 

are to be used in Eq. (12) to evaluate the cost/W contributions of the two 

metallizations under optimum conditions. 

An illustration of the use of these results appears in Fig. 28 for 7.6-cm 

wafers with total module cost per W as the independent variable. The lowest 

curve shows the cost of the optimum amount of Ag to be used as the module or 

system cost changes. It can be seen that for more expensive systems, it is 

worthwhile to increase greatly the amount of Ag to obtain a gain in performance. 

pm:: E O P ~  THICKNESS 

10 

OPTIMUM BUS BAR 
THICKNESS 

CENTS 

. I 
1 1 I 

0.5 1.0 2.0 
MODULE COST ( $ / w )  

Figure 28. Effect of total module cost in $/w (plotted logarithmically) 
on several front metallization parameters of 7.6-cm-dim cells 
with screen-printed Ag lines having straight, parallel sides. 
The curve (A + K )  is obtained from totals like those in Eq. 
(26). 



Another use of these calculations is in connection with the question of 

how large should the individual cells be; this will become an important question 

as large-area sheets become available. Apart from any other considerations, dt 

is clear qualitatively that as cell size increases, resistance losses will in- 

crease and the &ount of Ag needed per om2 will increase. It is necessari 

therefore to determine quantitatively what impact those increases will have on 

the $/W because they will have to be offset by potential benefits in handling 

fewer cells (e.g., fewer interconnections in the module). We have calculated 

the variation in optimum $/W as a function of cell size, using as reference.a 

$1/W module with 7.6-cm (3-in.) =ells. The results shown .in Fig. 29 indicate, 

for example, that an increase from 3- to 5-in. (12.7-cm) wafers requires that 

4% of the $/W must be gained elsewhere in the fabrication just to compensate 

for the penalty arising from the front metals alone; the back contact metals 

will undoubtedly add a few percent more penalty, but there is not sufficient 

information available now for the quantitative evaluation. In our cost 

summary we have used the same amount of metal on the back as on the front. 

See subsection D below for a discussion of cell size implications. 

CELL, S I Z E  ( i d  

Figure 29.  Calculated penalty in $/W due to optimized cost 
and performance contributions of combined fine 
grid and bus bar on cell front as a function of 
cell size. The penalty is shown as a change 
from a reference module cost of $ 1 / ~  for all 
cell sizes with the zero arbitrarily set at the 
3-in. (7.6-cm) wafer. 



\ 
8. Junc t ion  Formation 

\ 
I Ion implanta t ion  is  now a well-establ ished process  i n  t he  semiconductor 

industry.  Its a p p l i c a t i o n  t o  t h e  f a b r i c a t i o n  o f . s o l a r  c e l l s  has been success- 

fu3 ly  demonstrated wi th  repor ted  AM-1 e f f i c i e n c i e s  i n  t h e  10 t o  13% range 

I wi th  higher  e f f i c i e n c y  expected i n  t h e  nea r  fu tu re .  The major advantages of 

i o n  implanta t ion  appl ied  t o  high-volume product ion of  s o l a r  c e l l s  a r e  c o n t r o l ,  

r e p r o d u c i b i l i t y ,  and t h e  e l imina t ion  o r  r educ t ion  of wet chemicals and gases  

r equ i r ed  by o the r  junction-formation processes .  

I n  t h i s  s ec t ion ,  ' a  broad o u t l i n e .  i s  given of a proposed ion-implantat ion 

process  capable of t h e  h igh  throughput r equ i r ed  f o r  large-scale ,  low-cost 

s o l a r  c e l l  production. 

F i r s t ,  it i s  assumed t h a t  advances i n  t he  development of i on  implanters  

w i l l  r e s u l t  i n  implant machines capable .of .producing  10-mA beams of  both n and 

p-type dopants  i n  a s equen t i a l . ope ra t ion . .  This is  n o t  a n  unreasonable assump- 

t i o n  s i n c e  product ion.  machines a r e  now. a v d i l a b l e  .which can  ' de l ive r  A r e  than  

2 mA of phosphorus. A 10-mA machine could process  approximately 100 cm2 of 

s i l i c o n  a r e a  i n  1 s, which approximateiy.  e q ' d l s  t h e  a r e a  of both s i d e s  of a 
' 

, . 
3-in.-diam wafer, so .  t h a t '  3600. wafers  could .  t h e o r e t i c a l l y  b e .  implanted i n  1 h. 

1 5  -2 
 his c a l c u l a t i o n .  assumes d o s e  requirements  of i.i x 10 cm o f  phosphorus 

on . t h e  top  s i d e  and 5 x 1 0 1 4 c ~ 2  boron on t h e  back. 

S ince .ma te r i a1  consumption. is  low us ing  a n  ion-implantation process ,  major 

c o s t . r e d u c t i o n s  can be  achieved by maximum.use of automation. ' The system 

desc r ibed  he re  processes  2000.3-in. waferslh,  a '  reduct ion  from t h e  3600/h, 

a l lowing  , time f o r  beam scanning. and beam. l o s s  a t  edges. A schematic block 

diagram of one pos.gible embodiment o f  sucli' a >system i s  shown i n  . ~ i g .  30. 
. . ,  

I n  t h i s  systein. wafers  a r e  manually' mo,ved ;to t h e  implant s t a t i o n  i n  two 

500-waf er c a r t r i d g e s ,  and one is.  automa' t ical ly  t r a n s f e r r e d  t o  '50-waf er cas- 

s e t t e s .  The two input  chamb'ers a r e  air- locked and o p e r a t e  i n  "push-pull" 

f a s h i o n  so  t h a t  no t i m e . i s  1 o s t . d u r i n g  t r a n s f e r  loading  from c a s s e t t e s  t o  t h e  

p l a t ens .  The.platt2x-i~ a r e -  designed. t o  hold s e v e r a l  wafers  dur ing  implant and 

t o  provide f o r  a masked implant .  (.planar ' j unc t ion )  on t h e  a c t i v e  s i d e  of t he  

c e l l .  and a ' fu l l -a rea ' . implant  'on t h e  re i re rse ' s ide .  It i s  assumed t h a t  t h e  

i n p u t  chamber. pump-down .t.inie %s. '1 min. ' 'The p l a t e n s  then  move, b e l t  d r iven ,  

from e i t h e r  chamber to:.t'h'e b e a m ' s l i t  .and. a r e  .implanted from oppos i t e  s i d e s .  
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Figure 30. schematic block diagram - ion implantation and 
junct ion format&oa. '. (Traaef o r  t o  s i l i c o n  boat 
must include fli 'pping wafers s o ' t h a t  l i k e  s ides  
face .  ) 

Wafer feed can. proceed in .  e i t h e r .  d i rec t ion ,  so .  t h a t  when. the  f i r s t  50 

wafers are done, the. sec0nd.ai.r-lock chamber begins t o  discharge wafers. Im- 

planted waf e r a .  then-. move,. again.  b e l t .  driven, t o  t h e  output chambers, where 

t h e  wafers a r e .  t r ans fe r red .  t o  c a s s e t t e s  and. then t o .  s l ~ i c o n  boats. 

After  implantation, . junction.  annealing. and drive-in .a re  required.  The 

s i l i c o n  boats  r i d e .  on a continuous. b e l t  through a multizone. d i f fus ion .  furnace. 

The time and temperature tequitements f o t  annealing and drive-in w i l l  

wi th  t h e  type of  dopant used i n  t h e  junktion. formation. A typ ica l  sequence f o r  

a n  n/p/p+ s o l a r  c e l l  with phosphorus and. boron dopants is: 15-.mi* a t  1000°C 

with temperature g rad ien t s .be fore  and a f t e r  t h e  1000°C hot-zone t o  al low f o r  

slow warm-up, cooling, and annealing of the  junction,  . 

The process parameters f o r  t h e  ion-implantation step, . di f fus ion  step,  and 
. :  

inspec t ion  s t e p  are.shown i n  Figs. 31, 32, and 33. . . -  
. . . . . - 
. . 

. 0 

9. Process: . Z Wafer Cleaning 1 

This process i s .des igned  t o  a s s u r e . a . c l e a n . s u r f a c e  on t h e  s i l i c o n  sheet  

be fore  i t  is  s t a r t e d  through the  automated a r r a y  process. It c o n s i s t s  of a 
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ESTIMATE D A T E : o ~ / ~ ~ ~ / ~ ~ , - ' E Y : R C ~  E S T ~ M A T E S  CLASS:ION I M P L A N T A T I O N  
CATEG0R~:PROCESS ,DE.fl&JTION * TZ_CHNDLOGY LEVEL:FUTURE WATERIAL FORM :,3. U F I R .  
I N P U T  U3IT :SHEETS OUTPUT US1T:SIiEETS TRANSPORT -IN:500 SHEET CASSETTE TRANSPORT 0 U T : S I L I C O N  0 0 4 1  
PROCESS-VIELD:  99.r)X Y I E L D  GROUT-H PRCFILE:  O 
INPUT U N I T  SALVAGE FAC-TCk: 0 - 0  FACTOR GPU: P ,. SALVAGE 0PTION:FRbCTION OF IN~U~-.~~NIT VALUE 
P E R F O R R A N C E F A C T O R S - I ( . R ! / I ( S C l . :  ~~.OCOCOOE*OO . . ' V ( R ) / V ( O C ) :  1 e 0 0 C 0 0 0 ~ * 0 0  --. F t R ) / F t  ~ 1 ~ 0 0 0 0 0 0 E * O O  

. . 
1 , ~ P U T  U N I T S :  .o. - - 0. .... . 0. ' 

FLOOR SPACE*FT**2:. 0. 0. . '  0. - 
D E S C R I P T I O N :  I O N  I M P L A ~ T ~ ~ N ~ - S ' I D ' E S  

1. PROCESS FOLLOUED PY D I F F U S I C N  S T E P  
2. D O U B L ~  ' I M P L A ~ T E # ~ - O N E  I M b L I N T E R  F O R - ' E A C H  Y I D E  OF UAFED. 
3 .  F R O g  S I D E  OF ONE-,Ll-bFER IMPLANTED-.SIMULTANEOUSLY U l l H  BACK S I D E  OF A 
3 .  1 0  G A L / M I N  OF CDOLINC kATEF. AT 2 0  DEG. C. NEEDED PER IMPLANTER. 

. . . .  . . .- ... - . 
'ROCEDURE 

. . 1 .  CARTRIDGE FEED SYSTEM F E E D I N G  IMPLANTER. 
2. F I R S T  I H P L A N T E R ; ' F K D s  S E C O ~  IMPLAN~CR'FOO BACK S I D E  ~MPLAN,TATION 
3. SECOND, IMPLANTER UNLObDS DIRECTLY INTO,  S I L I C O N  D I F F U S I I O N  POAT. 

ALTER?dATE YAFERS ARE F L I P P E D  DURIN'G LCAD SO THAT L I K E  S I j F S  FACE. 
I 8 

INYESTMENT .NAME : MAX. THRUPUT U N I T S  X I N P U T  UNITS, PROCESSED F I R S T  COST AVAIL .  AREA*FT**2  
I ON TWTJXTEIR (:c) 2000.00-S'HI'MR 1OO.OX ~ - - ' T 6 0 0 0 0 .  8 5 - 0 1  8 5 0  

-. . _  -. ... . -- 
LABOR 

N A n E  "" 
HOURLY O P E R ~  
MAINTENANCE 

(DLFDIRECT LABOR P E R S O N S I T L = T ~ T A L  LABOR_. PERSONS) 
LAFOR REPU~'F?TL%TS B A S E  . (I PERSONSISI( IFT/BASE U N I T  THRUPUT/HR/PERSDN X I N P U T  U N I T S  PROCESSED 

'TOR lob.; IMPLANTER(C)  .......... . - . . . . . . . . . . . .  9 * 0 0 ~ - 0 1  .... 
P O &  IMPLANTER(C)  1 * 0 0 0 E - 0 1  

FORERAN-- ,,. , DL.. .- . . .  l*OOOE-O1 .. 

. . - - .. - ' ANNUAL SUPPLIES/EYPENSES, 
E X P ~  >JAP!E' . 'VARIABLE P A R T  UNITS BASE 

' E L E C T R I C I T Y  0.0 . - ~,.OOOE*OJ~--~ KUP. , PER A V A I L A B L E  IMVESTMENT-HOUR OF I O N  I R P L A N T E R ( C )  
L I eMTWnVRTt4 0.0 1:b'o-oT*oe c!w*s PER AVA'TKiiBLE I N V E S ~ T - H O U R  OF ION I M P L A N T E R ~ C )  
F I L A M E N T S / . I K s U L b ~ T ~  8.000E*05_, ..- , 0.0 S PER AVAI,LA0CE_ INVESTMENT-HOUR OF I O N  IMPLANTER(C)  

.UATER -C,OQ~-I~G--"' 0.0 2.'+OOE*O6 C k * * S  PER A V A I L A B L E  INVESTMENT-HOUR OF I O N  I U P L A N T E R ( C )  
I O N  SOURCE GAS 0.0 2.28OE*00 S PER A V A I L A B L E  INVESTMENT-HOUR OF I O N  IMPLANTER(C)  

- N v E S T M W  O R  LABOR BASESI - F ~ x T ~ - P ~ A T '  IS"MULTIPLIE~ B Y  NO. 'O'F"BA-SCUNITS PRESENT. 

Figure 31. Process parameters - ion implantation. 
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ESTIMATE DATE : 0 1 / 1 2 i 7 7 ' - - b ~  :FRED N ~ ~ E E r " ' ~ 6 3 3 q t  SONERVILLE, ZONE 6 CLASS:OIFFUSION 
C A T E G O R ~ :  PROCESS DEF I~~IJION T E C ~ N ~ L O G Y  LEVEL:FUTURE n n r E R I n L  FORN: 3' UAFER. 
INPUT UN1T:SHEETS OUTPUT UN1T:SHEETS TRAKSPORT I N  :SIL ICON BOA.?- TRANSPORT OUT:500 SHEET CASSETTE 
PROCESS YIELD: 95.02 YIELD GRIUTH PROFILE: 0 
INPUT UN'I T SALVA3E F A C ~ O R ~ - O Z - C A C ' T ~ R  GPO: 0 SLLVAGE DPTI0N:FRPCTION OF INPL~T 'UNIT V4tUE 
PERF3RNANCE FACTIRS- I( R ) / I  (SC): 1~00OODOE+00 -- .- . V(R)IV(OC): 1 ~ 0 0 0 0 0 0 E + 0 0  F(R)/F'~~~l~000000E+OO 

IN-PUT UNITS:  0. - 0. . . -. . . . 0. . . - . . - . . 
FLOOR SPACE*FT** 2: ' 0. 0. 0. 

.. - 
OESCRIP-TION:DOPAII;TS A R ~ - ~ R ~ E ~ o ~ ~ ~ ' L I c c N  BY HEAT TF.EATRENT I N  FURNbCE 

.- .. . . - . -. . 
ASSUNPTIONS: 

1 3"  DIANET_E.R, U %F€F%l2-14 N I L S  THICK* (1_00? ,ORIENTATEON*P-TYPE* 1-5 OH@-CMt ,, 
2. DIFFUSION VIA I O h  INPLANTATION-OR DOPED OXIDE. 
3. COIN -S,pCK APPmJFk . , fNDT CONS-IDEREO)_NEEDOD FOR MORE VOLATILE SOURCES. 
4. 4 0  MINUTE D1FFUSIL)K TIME AT 1 0 0 0  .C. AND 901 HIMUTE RREPROGRANHED COOLING TO 750 6; 10 NIh. HOLD AT hOOC. AIR. QUENCH. 
5. 2 5 0  -SILlCOIY BOATS*, EACH 1 2 -  LOUG AN@' 4.. UnDE AT S550 EllCH NEEDED- 100  UAFERS/Br)ATI 5 YB. L IFE .  
6 .  FURNACE HAS 12"  W L T *  15 '  HEAT ~ 0 a ; ' ' 5 5 *  OOOLING SE,CTION* 209 LOAD/UNLOAO SECTION. SC FT- IHR BELT RATE. 
7. ALTERNATE MPFCRLWUST BE FLIPPED SO THAT L I K E  SIDES FACE. , . . . . - . - - 
6. P-SIDE AND N-SIDE OF YBFER NUST BE EASILY'IDIFFERENTIABLE: 

1 8 0  UAFERS I N  EAW--INCONING S I L I C O N  SOb¶l. . . . . . . . - 

PROCEDURE . . . . - . . 
1. I~JCORNG'UAFER~ iaik DIFFUSION SOURCEAPPL:IED TO BOTH SURFACES. 

UAFERS H A V E  BEEN LOADED INTO A SILICON B?AT,BY.PREC_ED~#G,  STEP.. , 

K ~ b ~ O V T O  -IU CE 
. . . .- - - . 

2. B O ~  . A  . 
3.  DIFFUSION FOR 40 RIt4. AT 1000  C. 
4. FORCE -Am. COOL OF-UAFERS TO ROOM TERPCRAYURE. ' . - . - . . . - . - - - 
5. LOAD€!-FLXPPEF: TRPeSFER OF UAFERS Ih1>-S00. YAFER CASSETTE. . . . . - - .. - - - 

INVESTHEY TS. -- -- 
+NVESTNENT G A ~ E - - - '  MAX. THRUPUT UNITS' - X - I ~ P U T  'U~NITS'~~ROC€SSED F IRST COST AVAIL. AREAeFTe.2 
L I N O B E R G ~ U R h l A ~ E - L 2 ~ . ~ L T  900tl.00 SH/HR 1 0 0 . 0 ~  .?- 72000. 55.OX 800. 
250 12m-S IL ICGN D3AT3 9COO.OO~"SH/HR 100.0% S 137900.  5'5.0% 0. 
CASSETTE LOdOER-FL_IP2E4 3000g  OO-!K'!!R . . . -, 100.0% f_, 20000. 5'5.07 -0. 

C D L = - ~ R T ~ T I X K O ~  + < E ~ ~ T L z ~ o ~ A L  LABOR PERsorsa  
NAME bA?OR REQUIREYENTS BASE f l  P E R S O V S / S M I F T / B A S ~ ~ , ~ ~ ~ ~ I ~ ~  -_IHRUPUT/HR4PERSON X INPUT UNITS PROCESSED 

- HOURLY  OPE?(^^ OR'-- -L~I~OBEP.G FURNACE-12. BEL~- ' - ' - " - "  l.OOOE+OO 
MAINTENANCE- -_  , -- L1dOBERG FURNACE-1z'- BELT.. . . . . - 1 . 0 0 0 ~ - 0 1  . . -. . - . - . ..- . - - - . . - - 
MAINTEKANCE CASSETTE LOADER-FLIPPER 1.000E-01 

' FOREMAN - DL 5.000E-02 - - - . - -. . . . - -. . - - -- - - ., 
ANNUAL SUPPLIESlEXPENSES --- - - . . - - - - - . . . 

EXPENSE NAME F IXED PART VARIABLE PARC UNf1S'--BAS-.- 
ELECTRICITY ,- 0.0 1 r000E*02  . KYH. . PER AVAILABLE INVESTL4E!YT-HOUR OF LINDBERG FURNACE-12- BELT 
UATER 

-- -- - - 
-CO1LING 0.0 80000E+05  Clle.3 PER AVAILABLE INVESTMENT-HOUR OF LINDBERG FURNACE-12- BELT 

NITRaGEN 0.0 4*SOOE+OT Cn**3 PER AVAILABLE INVESTllEWT-HOUR OF LINDBERG FURNACE-12. BELT 

Figure 32. Process parameters - d i f fus ion-  
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PROCESS aAR'AUETERS:PCSf ~ D ~ P ~ - ~ N S P E C T I O N : ~ O X  0 4 / 1 8 / 7 7  n9:51:24 PAGE 3 2  

- .- 
E S T I H A ~ E  :DATE: l 2 / 2 2 / 7 &  "EY:DhvERi 'CkKAN~ X3207. RCA LABS* E-521A . . CLASS:TE ST 
CATEG0RY:PROCESS OEFIt+TION TECHNOLOGY LEVEL :FUTURE MATLRIAL F0RH:S" UAFER. . . .  

N UT U N U ' ~ : S H E E ~ S "  '- '" 3 F l . T :  BHCETS TRANSPOR,T IN:500 S f i ~ ~ ? " ' X ~ E  TRANSPORT OUT: 500 SHEET CASSETTE 
~ f f ~ C L S S  1IELO:: 99.12% Y I C L O o : ~ H H  PROFILE: @ 
P. - . -~ . . .- 

INPUT U N I T  SALVAGE F A C f O x ' - 6 r  FACTOR GP8: 0 SALVAGE 0PTION:VILUf I N S  

INPUT UMITS: 0 . .  . .  0. 0. 
FLOOR sFA~E*F~**~ ' : - -  0. . 0:-. " 0 -  

-- 
o ~ s c ~ I T t 3 o ~ : ~ c ~ s ~  OfFFUSION 4-POINT FiiOBE RESISTIV ITY HEASUREMENT:~IIX SAWPLE. 

. .  -- .. . . .  . . .  
ASSUMPTIONS: 

1- 3. OIIHETER UAFER* 12-14 RILS T H I C K ~ ~ ~ ~ ~ ) , ~ I E N T A T I O N ~ P - T ~ P E ~  1-5 OHM-CH. 
2. i o o x  ~ATeK'3iirN-ST. 

-- . . . . - -. - ..... - . ......... 
PROCCDUSE 

1 OPERATOR. LOAOS F?SSETTE INTO RACHINE:-, .......... 
2. UAFERS AUTObATICALLY FED TO I E S T  EQUIPM~NT. 

. . .  3.  UAFERS e_Rs!--INTO MAGAZINES. - - -- - ---. . -  . . . . . . . . . . . .  ...... . ....... 

- INVESTMENTS. - ............ 
, I N V E S T M E W T , N ~ M E  MAX. THRUPUT UNITS X IN-PUT UNITS P R O C E S S E D ~ ~ ~ T ~ R S T  COST AVAIL. AREArFT**2 
s r ~ ~ c c  U ~ E R  SORTEP_I~PROBE I 1 9 ~ 0 . 0 0  S ~ H R .  , ., r o ~ o x - . s , ~ ~ ~ o o o o .  80.01 zoo.. 

LABOR 
= O T F E ~ ~ T ~ T ~ K V E K S ( ~ ~ S V I F T ~ A L  L A ~ S O N S )  

NAME LABOR REQUIRERENTS BASE IDL S PERSONS/SHIFT!BASE UNIT THRUPUT/HR/PERSON X INPUT UNITS PROCESSED .......... ...... m.3 - . - S S T P  - 
TiSBbT-Bi" '- 

MAINTENANCE . SILTEC UAFER SORTER-PROBE ..... - .. -- . . . . . . . . . .  .2.000E-01 
' -- --DL I-;mE'm-'--- 

, . 
llNNUAL '3- 

EXPENSE MME FIXED PART VARIABLE PART UNITS BASE 
OCD 5;6TDl30Q-~ '  K Y H ; - - " - ~ A ~ & B L [  OF ~ O B L  

Figure 33. Process parameters - inspection. 



hot  ~ a r o ' s . a c i d  immersion followed by three .cascade r i n s e s  i n  deionized water 

and sp in  drying. 

~ a r o ' s  a c i d  is espec ia l ly  e f f e c t i v e  f o r  e l iminat ing any organic o r  . 

m e t a l l i c  contamination. but  does. n o t .  remove p a r t i c l e s .  such a s  s i l i c o n  chips., 
! 

This  s t e p  may not .  be necessary depending. on the .  condit ion.  of the  incoming 

waf ers. It is included t o  show. what. t h e  c o s t s .  of such a .  cleaning o r  etching 

procedure can. be. i f  the .  system i s  automated. Process a r e  shown 

i n  Fig. 34. . . . 

* 

D. EFFECT OF SHEET SIZE ON MANUFACTURING COST i .  

A l l  of * the  analyses.  have considered. 3-111. . wafers . s l r ~ c r  the. m i  t . real- 

i s t i c . p r o j e c t i o n s  could be made with equipment which e x i s t s  t o  handle t h i s  

material. I n  t h i s  sec t ion  w e  w i i i  estimate t h e  e f f e c t  of increasing bhe 

wafer s i z e  t o  5 in. 

I n  t h e  most op t imis t i c  (and u n r e a l i s t i c )  case ,  w e  w i l l  assume t h a t  the re  

w i l l  be no increase  i n  labor  o r  c a p i t a l  cos t  per u n i t  handled so that each of . , 

t h e  processes produces 2519 W where it, produced 1 W before.  The d t e r i a l  and 

expense items i n  tetme of $/W in general  w i l l  remain t h e  same. However, t h e  

metalliiat ion  cos t  w i l l  increase  due t o  t h e  increased current-handling. r,eqdire- 
ments. We have ca lcula ted  t h e  optimum meta l l i za t ion  p a t t e r n  based on ad over- 

a l l  system of,$l/W. The cos t  of t h e  metal increases  by $0.046/W. 'Figure 3 5 ,  

is a summary of t h i s  comparison.. It. is .important. t o .  emphasize. t h a t .  t h e  per- 
- .. . . 

formance of these  l a r g e r  c e l l s  is  poorer, even i n  t h e  optimized case,  than t h e  

3-in. cells, and, therefore ,  the re  i s  a . p e n a l t y  t o  pay a t  the.system.leve1.  

The performance i s  2.3% poorer. S i n c e . t h e  system is assumed t o  cos t  $1/W, we 

w i l l  add t h i s  penalty,  $0.023/W, t o  the cos t  of t h e  a r r a y  module; I n  t h i s  

"best case" ana lys i s ,  t h e  c o s t s  f o r  a r r a y  modules based on 3-in. and 5-in. 

wafers are almost i d e n t i c a l .  
. (  a 

A somewhat more d e t a i l e d  es t imate  is  g iven ' in  Fig. 36. In this case,  we . 
t . ,  

assume t h a t  the  c a s s e t t e s  handling t h e  l a r g e r  wafers have l a rge r  spacing 

between cells and the  wafers must be handled more slowly; It is clear t h a t  in  

processes such a s  ion implantat ion,  the  r a t e  of .which' is  beam l imi ted ,  the re  

is  no change in t h e  c a p i t a l  expenses. ' I n  each case we have estimated t h e  re- 

duct ion in labor c a p i t a l ,  ma te r i a l s ,  and expense. Again w e  must add $0.023/W 



. PROCESS PARAMETERS:SYSTEM '2. YAFER CLEANING 
d. 
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E S T I M A T E  OATE:01/12 /77  0Y:FREO MAYER* X 6 3 3 4 9  SOMERVILLEI ZONE 8 CLASS:CLEANING 
CATEGORY :PROCESS O E F I N I T I O N  TECHNOLOGY LEVEL:NEAR FUT.URE MATERIAL FORM:3' WAFER. 
I N P U T  UN1T:SHEETS . . OUTPUT UN1T:SHEETS TRANSPORT I N : 5 0 0  SHEET CASSETTE TRANSPORT OUT:500 SHEET CASSETTE - 

- P R O C E S S Y I E L D : 9 9 . 0 1  Y I E L O E R O Y T H P R O F 1 L E : O  , 
I N P U T  L N I T  SALVAGE FACTOR: 0.0 FACTOR GPI :  0 SALVAGC 0PTION:FRACTION OF I N P U T  " N I T  VALUE 

-PERFORPANCE F A C T O R S - I ( R ) / I  tSC1:  1.00G000E*OO ..... -.-V(RI/V(Oa.:.. l . & ~ J _ O _ O O _ S + ~ ~ .  F ( R ) / F :  1 ~ 0 0 0 0 0 0 E * 0 0  - 
I N P U T  U N I T S :  ' 0. '0. 0. " .. - ..... - ... - .., . . 

0. FLOOR SPACE*FT**Z: 0. . . 
. - 0.. .* 

OESCRIPTION:~YAFERS ARE CLEANEC I N  SULEURIC/HYORO~'N' -P~RO~XIDE M f X f i ~ f  
-. 

. ....... 
~. . . 

- - _ _  _..i. _ _ .. ._ . . .  nQs"frPT I oNs :- ' - -' "- 
, .' :. I. 3 -  c IAHETER YAFER* 1 2 - 1  4 M I ~ S  THICK~(IOO) ORICNTATIONIP-TYP.~ I-S..,OH~.:CII. 

-2 .  NOTE: DOES NOT REMOVE P A R T I C L E S  ( D U S T * S I L I C O N  CHIPSIETC.) 
3. 5 0 0  UAFERS/TE FLON CASSETTE -. . . - . . - . . - . . . . . . . . . . . . . . . . . .  
4. 1 TEFLON BOAT PER TANK8 2 I A N K S  PER HOOD. 
5 .  7.5 CYCLES/HR XXX_2_@DATS/CYCLE X 5 0 0  YIFEAS(BOAf=7500 UAFERS/HR. 

(8  HIN.  DRYING CYCLE I S  L I C , I T I N G  FACTOR.) 
6. 1 OFERATOR REQUIRED FOR Z HOODSc - - ........... ....... - ... - 
7. NOTE: SYSTEM COST E S T I M A r E D . T O  B E  $ 3 0 * 0 0 0 .  $ 1 ~ ~ 0 0 0  FOR BACKUP..' 

T O ~ A L  srsrE c o s ~ = s 4 s ~ o o o  Y ITH EACKUP. -. . 

PROCEDUaE . . . . . .  - .- 
1. TEFLON C~SSETTY-FACUALLY IMSERTEO IN-T~NK (1 WIN.) 
2 .  7 MINUTES I N  HOT CAROS ACID. - .  
5 .  AUTOMATIC 'P~ANSFER TO I S 1  CASCADE R ~ E * " ~ , ~ ~ I N u T E  RINSE.  
9. AUTC~M~4lC TRANSFER TO 2 N 9  6 3 R @  R s E S r , , E a C H  ABOUT 3 MINUTES. ' . . -. . - . 
5 .  AUTOMATIC TRANSFER TO HOT L I R  TUNNEL. DRY FOR 8 MIYUTES. 

. . . .  . . . . . . . .  - . . -- 
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Figure 3 4 .  Process parameters - Zwafer cleaning. . . . - .  
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3-in. sin. 
Cell celi 
,o ($1~) 

Materials & Expense 0.152 0. i.98 
C i 

Labor Overhead 
Interest -Depreciation 0.112 0 .'040 

System Performance 
Degradation Cost 

Figure 35. "~est caee" array module manufacturing ', 
cost summary, 3- and 5-in. cells. 

for the reduction in panel performance. There is an increase of ,about 10% in 

the manufacturing cost of array modules based on 5-in. wafers compared with 

modules based on 3-in. wafers. 
6 

This result is due to the interconnect technology. In these panels, the 

cells are interconnected with one contact at the rim of the cell. In the 

event that numerous contact points are made within the cell area, the optimum 

metallization design will change and this result can be reversed. We have 

not analyzed the effect on panel design, panel lfie, a~d.-~anel performance 

of these contacts to crossing the face of the cell. However, because of the 

enormous cost of the metallization step in the present configuration, such an 

analysis is surely appropriate. i 

E. FACTORY LEVEL OVERHEAD COSTS 

In none of the manufacturing cost analyses presented above are factory 

overhead, distribution, advertising, or profit considered. For the process 

sequence, Ion Implantation (C) factory level overheid costs will now be esti- 

mated. 



,3-in. 
Cel l  
( S hw) 

Cleaning 0.003 

Ton Implantation 0.029 

DPf fusion ..O .'009 

~ e t i l l i ~ i  t ion 0.094 

5-in. 
Ce l l  
( S;iw) Notes 

- 
Down l i nea r ly  with -radius 

. -. 

:Labor down l i nea r ly ,  r e s t  same 
.-. 

A l l  l i nea r  decreases 

Labor down 1inearly;"metal up ,by 4.6~/W, machines same 

AR Coating 0.011 0.007 Material same, r e s t  l i nea r  decrease . 
. . . . 
Test 0.012 0.004 Squared reduction ' i h  a l l  cos t s  

Interconnect 0.016 0.010 Linear reduction i n  a l l  costs  

m. 
w Panel .Assembly 

6 Packaging . 0.089 . 0.089 Unchanged .. 

0.264 . 0.275 

Penalty due t o  
System Perf or- 
mance Degradation - .O. 023 

0 .  . '- 

TOTAL 

- Figure 36. Detailed array module manufacturing 
cost  estimate, 3- and 5-in. c e l l s .  



We have evaluated t h e  fac tory  l e v e l  c o s t s  f o r  two f a c t o r i e s ,  one producing 

50 MW/year and t h e  o the r ,  500 MW/year. A summary of these  evaluations,  which 

appear as Fig. 37, is given below. 

Support Personnel , 

Cassette Depreciation 

Heating, Lighting, and Air.-Conditioning 

Insurance (building 61 a l l  c a p i t a l )  

Local Taxes 

Factory Depreciation 

Factory Interest . . 

Support Equipment D,epraciation 
. , 

Support Equipment I n t e r e s t  0.001 0.000 - 
0.072 0.039 

,. , 

The manufacturing cos t  a's.'a function of fac tory  s i z e  i s  shown i n  Fig. 38. 

These c o s t s  a r e  

Tot a 1  0.336 0.292, 
.. . 

It w i l l  be noticed t h a t  t h i s  e n t i r e  fac tory  and the  c a p i t a l  equipment 

a r e  financed by debt .  I n  order t o  remove considerat ions of d e b t - r a t i o  (% of 

assets financed by debt)  from an es t imate  of p r o f i t ,  w e  w i l l  assume t h e  fo l -  

lowing re la t ionsh ip :  

N e t  prof it a f t e r  taxes  + a f t e r  t a x  i n t e r e s t  _ ,151 . . 
Assets less accumu1ated.depreciation 

For t h i s  manufacturing f a c i l i t y ,  t h e  before-tax p r o f i t  in the  f i r . s t  year of 

opera t ions  is  then $0.05/W. , . 

These est imates of t h e  a r r a y  module manufacturing cos t ,  ::incldding fac tory  

level overhead, have been done in. considerable,  detail . .  In  every case t h e  finan- 

c ial  assumptions have been 'made using d a t a  f r o i  a wide variet'jrs 'of sohrces , and 

reasonable values r e f l e c t i n g  the  general indust ry  have been assumed. This is  

RCA'S es t imate  of the  cos t ,  not  RCA's cos t .  
: . .  .' ' . I  

. . 



' i . . IOB Il@URTATIOB (C) . . 
Assumptions : 

I ' (1) 34x1. wafers 
(2) 15X c e l l  efficiency. 0.717 Wl~mfer. 
(3) Overall process yield: 82.231 
(4) Cafeteria run by outside f i m  using company f a c i l i t i e s ,  but food company personnel. No cost t o  

factory other than cost of f a c i l i t i e s  (depreciation, allocated in te res t ,  and taxas). 
(5) 345 w r k h g  days per year. 
(6) Tvb 12-h s h i f t s  per day. 10X s h i f t  premium for  night s h i f t .  
Work Schedule 

Four groups of personnel; tw for  night s h i f t  and two fo r  day sh i f t .  Schedule ia 4 working days.' , - 
3 dsye o f f .  3 vorking days. 4 days off .  

Other schedules could also be inplemented. Salaried people w r k  a 5-day. 40-h ,"aek.. ' 

50 Mi-YR 500 Mina 
INVESTXENT I $ $/W . I $/W $ NOTES . . ' 

PUNT: 
. ~ o c e s e '  
Off ices  
Cafeteria 
Array Storage 
Wafer Storage 
Chemical Storage 
h i n t .  Shops 

TOTAL - 
lAND 
Parking 6 Receiving 
Off i ce  Equipment 
Purchased Haterial 
188pectioa 6 Q/C 
Equipment 
Minicomputers for  
Payroll 6 UIS 
Cassettes 3500 350K 0.007 35000 3500K 0.007 iz:tion 

GRAND TOTAL - 72.877K 0.458 , - 133,705K v 0.388 

PERSONNEL 
PLANT ADHINISTRATION 

Factory &r 
Aee't. &r 
Secretaries 
Receptionist 

Industr ia l  ' Relations 1 
Secretaries 1 

Fioancial Services : 2 
Secretaries 1 

~ccounting ~ e r v i c e s  , . .Z 
SecretarieelClerLs 4 

Computer Service 2 
Computer Operators l l s h i f t  

Purchasing 2 
Secretaries 1 

FACILITIES 
Guards ) /shif t  
Maintennuce 3 l sh i f t  
Jani tors  ' 3Ish i f t  

Warehowe . 1 
Haterlel.+ndlers . . , , '3 lehif t  

Diepeneary l l e h i f t  

I n d w t r i a l  Engineering 10 

Quality Control 6 Pur- 5 lah i f t  
I chased-Haterial Inspection .- 

Support People 107 ' ~~ 
- .  

L - - - - - - - - - - - - - - - - - - - - - - - - - - . - - - - -  
Direct Labor Process. 106 153lK 0.031 

46 Indirect Labor Procpss . 726K 
'I'OTAL PEOPLE 

EXP,ENSES . .:. 
' Cassettes. Depr. ' . , , . 

Heating 6 AIC. 
LQhtill8 
Insuraoce 

. Local Taxea 
Factory Dapr . 
Factory In te res t  
Support Equipment Deprecidtion 
Support Equipment Intereet  

875K 0.002 4-yr l i f e  
1065K 0.002 

60W 0.001 w l f t *  
1018K 0.002 0.51 of asset  value 
1942K 0.004 3X of plant a d  land 
3222K 0.006 2 0 - p  l i f e  
58OOK 0.012 9X 

204K 0.000 7-yr l i f e  
1283 0.000 9% 

Figure 37. Factory c o s t  evaluat ions.  



Figure 38. Manufacturing c o s t  a s  a  function of fac tory  s ize .  
i) 

& .  

For purposes of i l l u s t r a t i o n  i t  is i n t e r e s t i n g  t o  assume a  p r i c e  f o r  the  

s i l i c o n  mater ia l  which has hot  been included i n  any of t h i s  a n a l y s i s .  We 

assume s i l i c o n  wafers a r e  a v a i l a b l e  f o r  $20 t o  $40/M2. 
, , , .  . ,  . . 

S i l i c o n  cost  

Manufacturing cos t  
3- 

F a c t o r y , l e v e l  overhead 

Yielded s i l i c o n  c o s t  . 0  .162/W . .  . 0.3241W 

Prof i t  0, OSIW 0. OS/W 
, .  . 

. .  . 

W e  would l i k e  to  assure  the  reader t h a t  the  s i m i l a r i t y  between t h e  goals  

of t h e  LSSA program and these  r e s u l t s  is completely coincidental .  It perhaps 

bespeaks the  wisdom of t h e  planners who e s t a b l i s h e d - t h e  goa l s . , in . the  f i r s t ,  : .  

place. A s e l l i n g .  p r i c e  of $0.50/W tu rns  o u t  t o  have been a very meaningful 

goal. As f u r t h e r  s t u d i e s  a r e  conducted, t h i s  may tu rn  o u t  t o  be a t r a n s i t o r y  

c o 1 n c i d e n c e . a ~  even lower c o s t s  a r e  achieved! . . 



F. SHEET ALTERNATIVES 

Assessing the  s t a t e  of t h e  technology f o r  preparing s ingle-crys ta l  s i l i c o n  

shee t  a t  t h i s  time leadsyto the.same conclusions a s  we have found previously. 

Only wafers c u t  from Czochralski-pulled. ingots.will.be.available i n  t h e  quan- 

t i t y  and with the  qua l i ty  required by t h e  near-term needs of t h e  Automated 

Array Processing Task of the  Low Cost S i l i con  Solar Array Project .  There is, 

however, the  ever-present question of cos t .  In  the  a n a l y s i s  above, the  wafers 

a r e  assumed to  c o s t  $0.16 t o  $ 0 . 3 2 / ~  and t h e  r e s u l t i n g  s o l a r  c e l l s  a r e  15% 

e f f i c i e n t .  The .e f fec t  of lower e f f i c iency  impacts t h e  t o t a l  system cos t .  I f  

w e  assume t h a t  t h e  t o t a l  system c o s t  i s  $1/W, a 30% reduction i n  c e l l  e f f i c i ency  

increases  the  system c o s t  by $0.40/Wb ' Even i f  t h e  mater ia l  which provided t h i s  

performance were f ree ,  the re  i s  s t i l l  a ne t  increase.  i n  the  8y.stem cos t .  A t  a 

system c o s t  of $0.50/W, such f r e e  mate r i a l  w i l l . r e s u l t  i n  a cos t  saving compared 
. . 

with t h e  higher assumed p r i c e  of wafers, It seems t h a t  15% ef f i c iency  is  a 
. . 

usefu l  goal, Only Czochralski-pulled mate r i a l  and e p i t a x i a l l y  gFown layers  of 
, ... 

v . 
s ingle-crys ta l  s i l i c o n  have been a b l e  t o  demonst ra te .ce l l s  of t h i s  eff iciency.  

Ribbon techniques have made..steady progress during the  year. . . C e l l s  i n  

t h e  10 t o  12% ef f i c iency  range have beemfabr ica ted  i n  ribbon material .  How- 

ever, before such mater ia l  w i l l  b e . s u i t a b l e  f o r  the.Automated Array Assembly 

Task, severa l  f u r t h e r  advances w i l l  be required. The included p a r t i c l e  count 

must be reduced o r  t h e  loca t ion  a t  which the  p a r t i c l e s  appear must be control led  

s o  t h a t  they can be removed from t h e  a c t i v e  c e l l . a r e a ,  The.residua1 s t r a i n  must 

be  reduced t o  the  point  where the  mechanical s t a b i l i t y  of t h e  ribbon w i l l  be 

s u f f i c i e n t  t o  prevent a high y ie ld  l o s s  due t o  cracking. Also, the  s t r a i n  should 

be low'enough so t h a t  t h e  ribbon does not s h a t t e r .  on being c u t  o; scribed to  be 

divided i n t o  sec t ions  of a given length. 

It is  t h e  higher e f f i c i ency  requirement which w i l l  be the  mos t . , r e s t r i c t ive  

f o r  any s i l i c o n  sheet .forming technique., Such a high e f f i c iency  w i l l  r equ i re  

t h a t  t h e  s i l i con ,be .p repared  from a very high pur i ty  S i02  container o r  one 

wi th 'which ' i t  ... has l i t t l e  interaction."'Any appeciable s o l u b i l i t y  of impur i t ies  

is g o h g  t o  l imi t '  ' tse ' c e l l  e f f i c i ency  e i t h e r  through 'degradation of l i f e t i m e  

o r  degradation of junct ion proper t ies .  Even the' r ecen t ly  reported high e f f i -  

ciency c e l l s  prepared i n  po lyc rys ta l l ine  s i l i c o n  used a high pur i ty  grade of 

poly t o  achieve t h e i r  outstanding r e s u l t .  Therefore, any technique i n  which 

t h e  surface-to-volume r a t i o  of t h e  s i l i c o n  i n  contact  with a container is  high 



must, be.. eva'luated very ca re fu l ly  to.  assure..  tha t .  good c y s t a l l i n i t y  i 6  not . ' .  

being acheived a t  a ' s a c r i f i c e  t o  bulk e lec t ron ic  proper t ies .  

:. A t  t h i s  time, methods which' a r e  "containerless ," i. e. , ribbon-to-ribbon 

zone re f in ing ,  regular  f l o a t  zone re f in ing ,  o r  CVD, a r e  e i t h e r  no . t+fu l ly  

developed o r  too expensive in t h e i r  present  form. 

Thus, only wafers s l i c e d  from ingots  a r e  present ly  ava i l ab le  a s  s t a r t i n g  

shee t  f o r  a r ray  processing. Further,  i t  would appear t h a t  with new wafering 

methods and cheaper poly, a s i g n i f i c a n t  reduction i n  cos t  of t h i s  ma te r i a l  

can be' achieved. 

G. CONCLUSIONS - GENERAL T E C I ~ O L O O Y  AND COST ANALYSIS 

A s  a r e s u l t  of an extensive and de ta i l ed  examination of the  present  day 

a r t  i n  semiconductor manufacturing we conclude t h a t :  

(1) The goal  of a s e l l i n g  p r i c e  of $0.50/W f o r  a volume of 500 MW/year 
2 i n  1986 i s  a t t a i n a b l e  assuming $20/M f o r  s i l i c o n  sheet .  

(2) The most cos t -ef fec t ive  panel design is a double-glass panel. 

(3) The highes t  performance ( for  aging) panel design i s  a double-glass 

panel. 

(4) Automated interconnection using gap welding, u l t r a son ic  bonding, o r  

spot  reflow solder ing a r e  a l l  cos t  e f f e c t i v e .  

(5) Application of a n t i r e f l e c t i o n  coating using automated epray-on equip- 

ment is  cos t  e f fec t ive .  

(6) Screen-printed Ag meta l l i za t ion  i s  cos t  e f f e c t i v e  although a s e r i o u s '  . . 
cos t  component. 

( 1 )  Several junction-f ormation technologies a r e  cos t  e f fec t ive .  Ion im- 

p lan ta t ion  has a s l i g h t  advantage. 

P r inc ipa l  problem a reas  are:  

(1) Maintenance of high . c e l l  e f f i c i ency  a t  high y ie ld .  15% with 82% 

y ic ld  wno nooumcd i n  our nnnlyoio. 

(2) Achievement of high mechanical y i e l d  with automated handling equip- 
. . 

ment . 
(3) Development of low-cost screening inks  which r e l i a b l y  provide low 

contact  r e s i s t ance ,  s t a b l e  meta l l i za t ion .  

(4)  emo on strati on of r e l i a b l e  automated interconnect  technology. ' 



( 5 )  Demonstrat3on of g lass  encapsulation techniques sui table  for 20-year 

l i f e  . 
( 6 )  Minimizing factory l e v e l  overhead. Marketing, s a l e s ,  d is tr ibut ion,  

service ,  and warranty cos t s  have not been considered. 



SECTION I11 

ANALYSIS AND FACTORY DESIGN FOR 1982 

A. PROCESS SELECTION 

It was f a i r l y  obvious before we embarked on t h e  c o s t  ana lys i s  tha t  the  

c o s t  of  preparing t h e  s i l i c o n  sheet  was going t o  .be.a l a r g e  f r a c t i o n  of  the  

a r r a y  cos ts .  F i r s t ,  s ince  i t  is apparent t h a t  t h e  po lycrys ta l l ine  s i l i c o n  

cos t  (unyielded) is  $O.Ol/W/mil thickness based on $25/kg, it is important 

t o  increase  y ie ld  by reducing kerf l o s s .  The second thing t h a t  is apparent 

is  the  l a r g e  expense i t e m  of  quartz l i n e r s  a t  $190 each, and if each i s  used 

t o  grow a s i n g l e  10-kg b o d e  and then discarded, it adds $19 t o  t h e  haa1.c 

$25/kg c o s t  of polycrys ta l l ine .  It is a l s o  important therefore  t o  increase 

t h e  use of each l i n e r  by going t o  multiple-ingot-pulls. 

The impact o f .  these  var ious  approaches is shown i n  Table 5 f o r  a  30-MW 

factory .  A 0.010-in.-thick etched wafer a t  12% ef f i c iency  is assumed. A l l  

d o l l a r  values ( $ 1 ~ )  a r e  yielded , t o  t h e  processes t h a t  follow. . . 

Note t h a t  t h e  s i g n i f i c a n t  savings of t h e  m u l t i p l e ' p u l l  v s  t h e  s ing le  p u l l  

is  in t h e  "expense" item. This r e f l e c t s  the  more e f f i c i e n t  use  of  quartz 

liners. Going from an ins ide  diameter with a 0.010-in. kerf and a 0.003-in. 

e t ch  t o  a w i r e  saw with a 0.008-in. kerf only requir ing a 0.001-in. e t ch  shows 

i t s  most s i g n i f i c a n t  saving i n  mater ia l  cost .  Reducing t h e  kerf fu r the r ,  

however, increases  the  cos t  r a t h e r  than decreasing it because t h e  necessary 
1 

saw is much slower and the  wires do not  l a s t  as long. Further,  more machines 

are required ,  and, a s  a . r e s u l t ,  there  is more l abor  cos t .  Thus savings i n  

t h e  c o s t  of the yielded b o d e  a r e  more than o f f s e t  by s l i c i n g  cos t s .  

The des i red  process is qu i t e  apparent based on the  s t u d i e s  discussed 

above. It i s  mul t ip le  p u l l ,  0.008-in. w i r e  sawing, POC13 d i f fus ion ,  and 

double-glass panel assembly. The c o s t  d e t a i l s  of these  processes are out- 

l i n e d  i n  Table 6. Process parameters are given in Figs. 39 through 53. 

.B. PROCESSING SEQUENCE FOR CELL FABRICATION 

A matrix of  processing sequences and fac to ry  production l e v e l s  has been 

cost-analyzed as follows. A l l  processes were constant  w i t h ~ e s p e c t  t o  screen- 

p r in ted  s i l v e r  meta l l i za t ion ,  spray-on AR coating, and double-glass panel 



TABLE 5. , COMPARISON OF COST :ITEMS .FOR . SINGLE VS MULTIPLE PULL AND 
I . D .  VS WIRE SAWING OF INGOTS 

. \ 

Material 

Expense 

Labor and Overhead 

Interest and 
Depreciation 

Subtotal 

TOTAL 

. Single Pull' Multiple Pull 
I.D. Saw, 0.010-in. Kerf, 0.003-in. Etch 

Pull Slice ' Pull Slice 

( S I W )  
. . 

( S I W )  

0.522 0 .  0.503 0 . 
. . 

0.457 0.105 0.208 0.105 

0.268 0.253 0.237 0.253 

Multiple Pull and Wire Saw 0.001-in. Etch 
0.008-in. Kerf 0.004-in. Kerf 

Pull Slice , Pull Slice 

( S I W )  ' ( S I W ) . ,  

0.390 0 .0.308 0 ' 

0.161 . 0.231 0.127 0.366 

0.185 0.261 0.146 0.559 



S t e p  

1 

2 

3 

4 

5 

6 

7 .  
.3 

9 

10 

ll 

12 

13  

14 

15  

Yield 
0 

TABLE 6. COST DETAILS FOR COMPLETE PROCESS 
(Assume 12% efficiency, 3.4-in.-diam, 
0.010-in.-thick wafer) 

Prc cess 

/ ~ z o c h r a l s k i  Multiple Pu l l  

Wire Saw, 0.008-in. Kerf 

Etch -6 Clean 

Spin- Source 

POC13 Diffusion 
. ,  

Edge Polish 

Glass Remo7al 

Inspection 

Ag Front M,=tal. 

Ag Back Heral. 

AR Spray C2at 

Tee t 

Reflow Solder Interconz=ct 

Glass-Pi9 Panel 

Packaging 

Material 

0.390 

0' 

0 

0.011 . 

0 .  

0 .  

0 

0 

0.038 

0.037 

0.002 

0 

0:002 

0.209 

.O. 01 

Expense 

0.161 

0.231 

0.047 

0.025 

0.013 

0.004 

0.001 

0.000 

0.005 

0.011 

0 

0 

0 

0 

0 

(SiW) 
Labor and In t e r e s t  and 
Overhead Depreciation 

0.185 0.053 

0.261 0.058 

0.002 , 0 .  

0.073 0.016 

0.005 0.006 

0.003 0.001 

0.003 0.001 

0.006 0.007 

0.009 0.007 

0.021 0.013 

0.005 0.003 

0.007 0.010 

0.017 0.007 

0.024 0.005 

0.002 0 

Tot a1  

0.789 

0.550 

0.050 

0.127 

0.023 

0.008 

0.006 

0.013 

0.058 

'0.083 

0.010 

0.017 

0.025 

0.239 

0.013 

, Totals  . , . . ~0.7 0.498 0.625 0.187 2.011 

Investment. 



E S l l M A T E  CATE:07 /28 /77  BY:DAVE R l C W l A N r  X3207. RCA L A B S *  G 3 2 U  CLASSXCRYSTAL C R W T W  
CAtEC0RY:PROCESS D E F I k l T I C N  l E C M h O L C 6 Y  L E V E L : E X I S T I N G  M A T E R I A L  F O M x  3.40. UAFER 
I N P U T  UWITZKC. OUTPUT UMI1:UG. TRAUSPCRT I N t B O X  TRANSPaRT O U T S ~ O X  
PROCESS Y I E L D :  83.01: Y I E L D  6ROMT)I PROFILE: 0 
I N P U T  U N I T  SALVAGE FACTOR: 0.0 f A C T C R  GPr :  0 SALVAGE O P ~ I t l N l F R A ~ ~ ~ O N  O F  I N P U T  U N I T  VALUE 

1NR)T U N I T S :  D. 0. 0, 
FLOOR SPACE IF T**2: 0 -  0. 0. 

DESCRIPT 1ON:CZOCHRALSKI C R I S T A L  GROYTH O F  34' C R V S T A L *  3-40. D I A C E T E R e  

ASSUMP~IONS: 
1. 3 . 4 ~  OIAMETER LASER*(   do) ORIENTATIC~.F-TYPE .: 1-5 CHP-CC. I 
2. P C L Y S l L l C O N  AT $.OZS/C3tAM. 
3,  POT . S I Z E  C b N  @E I h C R E A S E D  TO ACCCCCCATE A 1 5  KG.'CHARGEo 

' 4. 3 0 4 5 '  D IAMETER INGOT GROYNs THEN GRCULD TO 3 r 4 C 9 .  
5. ARGON F b R V  COST NCT INCLUCEC. 
6.  P O L Y S I L I C C N  I N V E N T C P I  OF 1 MONTH PER PULLER RECUIREC: 

=l.000 KG/RR X 0.85 f iVh1L. X 2 4  X 3 0  HRS/MONlM 
=bOO XG I L V E h I C R Y  PER CULLER I T  S 2 5 / K 6  
m S 1 5 * C 0 0  PER P U L E R .  

7. PROCESS Y I E L D  CCFINEO AS M A T E R I A L  V I E L O  FOR PROCESS. 
GROWTH I I C I N C .  E S T I V A T E :  

WELT OOWN 1.0 MRS. 
SEED SET - . t.0 FPS. 
PULL VINE a ~ . / H R  8.5 MRS. 
COOL DOWN L C  MRS. 
TUPN' ARCUhC ' 1.0 p a s .  

. ----- 
r O T A C  12.5 HRS. 

M f i T E R I l L  USED(ebSEC UPON) 9-45. CIAWETER BEFORE G R I N O I N G I :  . 
L E T  F;'L/~ PI (2.54 CF/')**3 (2.33G/CC**3) 
30'  CENTER PART: (3.45")**2 (30')  F = 1 0 1 0 8  G. . 
4. TAPER: 0.8 * 14")  (3.45)**2 F = 1 1 4 2  G. 
POT LOSS.  4 E S T I W A T E l  6 2 5  G. ------- 

TOTbL C b T E P l L L  U S E 0  PER INGOT 1 2 4 7 5  G. 
GOOD M A T E R I A L  I I F T E F  G R I N D I N G  T C  3 . 4 ~ "  C I A C E T E R  6 RECOVING TbPERS: 

30' CEhTER SECTION: ( 3 . i C m I * * 2  3C' F = l C 4 C C  G. 
P A T E P I b L  Y l E L C  = 1 0 4 0 0 / 1 2 4 7 5  0.83 
AVG. G R O Y I H  RATE = 12.4?5.WG./12.5 HRS. = 1.000 1G/HR. 

8. QLlARTZ L I h E R :  1 L I N E R  NEEDED EVERY 12.5 HRS.(=8.OE-02 I I N I  TS/HR.) . , . . . 

PROCEOURE ' - 

I. PFE-YEIGHEC CbARGE OF S l L I C C N  AND OCPANT PLACEC I N  QUARTZ CRUCIBLE. 
2. S I L I C C h  CPbRGE t COFANT FEATEO T C  PROPER GROWTH TEMPERATWE. . . 
3. RCD W I T H  SEED PLACEC I N  CCNTACT b l T t  CELT. 
4. PCC ROTbTED U N T I L  MELT COMES TO E Q U I L I B R I U M .  
5. R C T A T l h G  RCD SLCYLY YITbCRAWN* CAUSING S I L I C C N  r C  FREEZE ONTO SEED. 
C. IWOT IS R F n o v E o  FRCM CRYSTAL GRCWER YHEL GRCYTH s r c p s .  
7. I W C T  ENDS bRE CUT OFF Y L E L D l N G  A 30' CRYSTAL. 
8. I W O T  I S  GROUhD TC PPOPER DIAMETER. 

Figure 39. Process parameters - Czochralski multiple pull, 



INVESTMENTS 
IhVESTMENT NAP15 MAX. THRUPUT U N I T S  t I L P U T  U K I T S  PROCESSED 
S I L T E C  CRYSTAL PULLFP-860 1 - 0 0  KG/HR 100. 0 t  
CPVSTAL PLLLER SP4RE PARTS 1 - 0 0  I(G/).R .100.01 
AP6Ch GAS I N S T A L L d T l C N  '..lC KG/HR 100. 0 1  
4 -POI  h T  PROBE 10.00 KG/ rR  100.01 
CENTER GR INOER 100.3C I(G/HR 100.08 
CELTEPLESS GR INOFR 10..JC KC/HR LOO. 0 1  
CUTOFF SAh - 4.00 KG/HR 100.01 
WATER RE-C IRC l l LA lDR t.EC KC/HR 100.01 
LPFETIPE TEST SET 1O.JC K6 /HR LOO, 0 1  
PNNEAL ING FURYACE 4.CC KG/HR 100.01 
RE ICPERT c ICR ~ S C C P E  10.30 KG/HR 100.01 
N IKON- COMPARA ~ C S  10.30 KG/HR ~oo.oa 
MISCELUKECUS CP 10-CC KG/HR 100.01 
P ~ L Y S I  LICCL I *VEMCRV l a 0  KWI-R 100.ot 

LAPGR 
( O L = O I R E Q l  LABOR PERSCLS;TL=TCTAL 

NPPE - LA8CP PEOUIREPENTS e 6 6 E  # PERSONS/SHIFT/BASE U N I T  
HOUPLY OPERATTR S l L I K  CRYSTAL PLLLE+860 4 .OOOE-01 
C A I N l E h A h C E  S I L T  LC CRVSTdL PULLE*660 1.5CCE-CE 
ENGR. SUPPORT S I  LTEC CRYSTAL PIYLLEP-860 6.000E-02 
TECHNIC IAN S I L T E C  CRYSTAL PULLEB-16C 1.800E-OP 
UJAL l T Y  CCLTFWL . S I L T E C  C'aY STAL PULLEP-860 C. OCOE-02 
YACHo A T T E N O M T  S I  LTEC C R V S I A L  P U L L E F 8 b O  2.500E-01 
CLERICAL  S I L T E C  CRYSTAL PULLEP-860  8.3CCE-02 
FOREMAN CL 1.0OOE-01 

EXPENSE KAME 
POLY S I L I C O N  
COPE CELL 
SEE0 
ELECTP I C  I TY 
ELECTRIC ITY  
E L F C T R I C I T Y  - 
EL ECTR I C  1 1 1  
ELECTRIC ITY  
E L E C T R I C I T Y  
EL ECTR l C  I T Y  
ELECTRIC1  TY 
E L E C T R I C I T Y  
QUARTZ L I N E R  . -,. 
GRAPHITE CRUCIBLE bCLDER 
IIR OON 
SHOP SUPPLIES 
Y I SCELLANEOUS SLPPL IES  
MISCELLANEWS CP.YSTAL G R M T  

A I R U A L  
.F IXEO PAR1 VARIABLE  PART 

0.0 1 .000€*03 
C. 0 5.88CE-02 
0.0 3 o 2 M F - 0 3  
0.0 6 .000E t01  
COO 6-OCOEtOC 
0 -0 6.000E+00 
0.0 3. CCCE+OO 
0 .o 4.CCCE+OC 
0.0 1.000?+00 
C. 0 l.SCOE+O1 
0.0 1.OCOE~00 
0.0 5.000E+00 

., 0.0 80 OCOE-02 
0.0 4.900 E-03 
0.0 Z.27CE+06 
0 .o C.50OE-01 

.. .O.O 6.50OE-01 
.- 0.0 1.39CE+00 

SUPPLIES 
U N I T S  B 
GM. P 
U N I T S  P 
U N I T S  P 
KWH. P 
M Y ( .  P 
KWH, P 
KCH. P 
Khn. P 
KWH, P 
K Y I .  P 
KWH. P 
KWH. P 
U L I T S  P 
U N I T S  P 
CP-3 P 
s P 
s ..P 
s I 

'EXPEN 
L SE 
iR 1NP 
ER AVA 
iR AYA 
ER AVA 
iR AVA 
IR AVA 
J AYA 
iR AVA 
R AVA 
ER AVA 
iR AVA 
IR AVA 
IR AVA 
3 AVA 
iR HI1 
iR AVA 
ER AVA 
i R  AVA 

F I P S T  COST 
S 80000. 
S 5750.  
s 15000.  
s 5000. 
S 18000. 
S 24006.  
s 2*000 
s 12000. 
S 5005. 
S 4500.  
S 9003. 
S 6'500. 
s 18400,  
s 15200. 

A V A I L  . 
85.01 
85.01 
8 5 - 0 1  
as. 0 1  
85.01 
85.01 
a5.ot 
8S.Ot 
85.0t 
8 5 - 0 1  
.35. O t  
B S - 0 1  
8 5 - 0 1  
85.01 

AREA, FT+*2 
450. 

0. 
0. 
0. 
C. 
0. 
0. 
0. 
0. 
0. 
0. 
00 
0. 
0. 

LAeOR PHIS  ENS3 
THRUPUIMP/PERSON t INPUT  U h I  TS PRCCESSEC 

IT UNIT. I IWI 
LA0LE  IhVESTU 
LABLE  IhYESTP 
ILA8I.E IEVESTU 
LABLE I kYESTP 
LABLE I L V E S ~ U  
ILABLE INVESTU 
LABLE IMVESTU 
LABLE I h ~ v E s r m  
LABLE IHV  EST U 
LABLE I LVESOL 
ILABL E I n v E s r m  
LABLE 1YVESrC 
LABLE I n v E s T W  
LABLE I UV ESr W 
LABLE I Y V E ~ P  

ILABLE IRVESTM 
LABLE r u v E s T r  

IS.= 100.0 t  , 
FNT-MIUR OF  S I L T E C  CRYSTAL PULLER-86C 
iMT-HOUR OF S I L T E C  CRVSTAL PULLER-860 
iNT-HOUR OF S I L T E C  CRVSTAL PULLER-86C 
[ I T - H W R  CF CENTER GR INOER 
iMT-HOUR OF CECTERLESS GPINCER 
iRT-MOUR OF  CUTOFF SAW 
IBT-HCUR CF WATER RE-CIRCULATOR 
iRT -MVR OF L I F E T I M E  TEST SET 
EW-MUR OF ANNEALING FURNACE - 
iYT-HOUR OF 4-POINT PRCBE 
IIIT-HOUR OF MISCELLANEOUS CP 
iNT-Ha)R CF S I L T E C  CRYSTAL PULLER-86C 
:NT-UOUR OF S I L T E C  CRYSTAL PULLER-860 
IW-MIUR O F  S I L T E C  CRYSTAL PULLER-86C 
~NT-HOUR OF S I L T  EC CRYSTAL PULLER-860 
IWT-HOUR OF S ILTEC CRYSTAL PULLER-860 
I:YT-HOUR CF 5 I L I E C  CRIST AL PULL ER-86C 

, . Figure 39. Continued. 



E S T I M A T E  C A T E ¶ O T / 2 8 / 7 7  BVZDAVE R ICHWANI X3201. RCA L A B S *  E - 3 2 1 1  CLASS:CRYSTM 6ROYTH 
CATEGORY: PROCESS OEF I N I T  I O N  TECVhOLCGY L E V E L t N E A R  FUTURE M A 7 E R I A L  FORM:3.40m W F E R  
INPUT W 1T:KC. OUTPUT U N I  T:KG. TRANSPORT IN: BOX TRANSPORT O U T 8 W X  
PRCCESS Y I E L C :  86.01 Y I E L D  GROYTM PROFILE: C 
INPUT W I  1 SALVAGE FACTOR: 0.0 FbCTCR CPI:  0 SALVAGE 0PTION:FRACTION OF I N P U T  U N I T  VALUE 

INPUT UNITS:  0.. CI 0. 
FLCOR SPAC€.FT**2: 0. 0. 0. 

OESCRIPTION:CLOCHRALSK~ CRVSTAL GRObTH: 34. C R Y S T b L r  9-40" ~ ~ A W E T E R *  4 PULLS. 

. .ASSUMPTIONS: 
1- 3.40" D I A P E T E R  b A F E P v l 1 0 0 J  C R I E h T b T I C h . F T Y P E *  1-5  CUM-CM. 
2. QUARTZ L INER:  1 L I N E R  NEEDED .EVERY 4 4  MRS.. (=2P27E--02 UNITS/HR. I 

' 3 .  PCLYS. IL1CCh AT S.O2S/G8bM. 
'C. POT S I Z E  CAN B E  INCREASED TC ACCCMCCbTE P 1 5  U6. CHARGE. 

PGT CAN. BE R E F I L L E C  Y ITHC-UT COOLING DOWN. ;, 

4 34-  PULLS FPCC POT CFFCRE COOLILG OCYL. . . 

5. 3.45" CIAMETER INGOT GROWN. TMEh GRCUND 1 C  3-40.. 
6. bRGCN FdRM COST NOT INCLUDED. 
7. . P O L Y S I L I C O N  I t iVEKTCRY OF 1 PONTM FER FULLEP R E W I R E C :  

=1.090 KG/HR X 0.85 AYATL. X 2 4  X 3 0  HRS/MGNTH 
=1)70 UG IhVEhTCRY FEA PULLER AT $ 2 5 / K C  
= J 1 6 r 7 5 0  PER PCtLER. 

8. PROCESS Y I E L O  CEF INEO AS H A T E R I A L  Y I E L D  FOR PROCESS. 
GROMTH r I P I h G  E S l I M b T E :  . 

CYLT OOYN 1-C MRS. 
SQED SET 1.0 W l S -  
PULL VIME a ~ . / H R  8 s  WAS. 
TURN AROUND 1-0 MRS. . SEED SET - la r ~ s .  
P U k L  1:IME O 4./MR .'8.5 MRS. 
TURN AROUND - . l . !OMRS.  A 

SEED SET L A  HRS. 
PULL-  7 [ME Zl 4 ' M P .  8.5 MRS. 
TURN AROUNC . .. . - .1-,0 kRS. 
SEED SET 1-0. M S .  
PULL T Y W E  a 4 . h ~  8.5 MRS.. 
CCCL DCYN I& MIS. 
TUPN bROCNC 1.0 P R S I  . 

. ---- 
TCT AL . 4 4 a  WIS. . 

M A T E R I b L  CSEOIEbSEC UPON 3.45" CIACETEP BEFORE GRINCING): 
L E r  F a 1 1 4  P I  * 1 2 1 5 4  CWn)**3 12.33G/Clr+*3J 

- 30- C E ~ T E P  PAPT: 1 3 ~ 4 5 - j - 2  130") F PICICB GI: )I += 4ze32. 
.CaTAPER:  C.8. 1 4 a ) * 1 L 4 5 ) * * 2 * F =  l L 4 2 C . ; X 4 =  4568.  
P O r  LOSS I E S T I M A T E )  6 2 5  G.; X 1s 625. ---- 

TO&  ATER RIAL CSEO PER 4 INGOIS 48025.  GO 
GCOD M A T E P I  PL .bFTER GR I N O I N G  TO 3.40' D IAMETER & REMOVING TAPERS: 

30"  CEMTER SECl ICNS:  4*(3.40")*+2 30. F 4 1 6 0 0  G. 
MbTER 1 A L  Y I E L D  t 4 1 6 0 0 / 4 @ 0 2 5  = C o t 6  
AYG. GnOWTM P b T E  48.025 KG./44.O HRS. 1.090 KGIHR. 

Figure 39. Continued. 



PROCEDURE I. PRE-WEIGHED CHARGE OF SILICON AND DCFAKT PLACED ~h CULRTZ CPuc IeLE .  
2. S IL ICC) :  CbARGE 6 OOPANT YEATED TO IPROPER CROYTH TEMPERATURE. 
3. ROO W B ' ~ H  r E E o  PLACEC IR CONTACT M I ~ E  C'ELT. 
4. ROO RCITATED U N i l L  N E L I  COMES TO EQUILIBRIUC.  

,5. RCTAT lkG RCC SLCYLY WITbCRAMNs .CIW'51)CG S I L I C O N  TO FREEZE ONTO SEED. 
t. INGOT I S  CEWVEO F I C C  CRYSTAL CROYEP YCEN GRCCTC! STObS. 
7 -  INGOT EN05 M E  CUT DFF Y I E L D I N G  A 3Ca C R V S l t L -  
8. INGOT I S  GRCUNO TC PRCPFR DIAMETER. 

S I  LTEC CPVSTAL PUU LER-060 
POT REF IL 'L  ER 
CPVSTAL FULLER SFLFE P6RTS 
ARGON GA? I N C l A L L b T l C M  
4-FOINT FPCBE 
CEKTER GP lkOER 
CENTEPLESS GR INOEF 
CUTOFF S Y  

.WATER RE-C IRCULA TCR 
L I F E T  IME TEST SET 
AhhFAL ING FURNACE 

. REICHERT RICRCSCCFE 
h I K C h  CCCPARJTGR 

-.. 

C I  X E L L A M C U S  CP 
- POLVSILICCIN INVENlORVtB)  . - . . 

NAME 
HOURLV OPERAtCR 
MAINTENAN;€ 
ENtR . SUPPORT 
TECHNIC1 hY 
o u r L n r  CONTROL 
MACH. lTTENO#NT 
CLERICAL 
FOR WAN 

I k V  ESNMENTS 
X INPUT U N l l S  PROCESSED 

100.01 
100.01 
IOC. C 1  
100.01 
100.01 
100.01 

. . 100.01 
100.01 

. .. 100.01 . 
100.61 

: .' , .. . LOO. 0% 
100.01 

' 100.01 
100.01 ' 

100.01 

t A 8 m  .. 

I OL=i3 1RECT LABOR !JERSONS;TL=TOTAL 
l A 8 O R  REOUIREMENT S BAPE # PERSOIS ISHIFT IBASE U N I T  
. S I L T  EC C W S T l L  P U L L E R 4 6 0  ... 4.000E-01 St LTEC CRVSTAL P U L L E I 4 6 0  1.50OE-01 

S I L T E C  C R V S T M  PULLER-e6C 6.0COE-02 
S I L l  EC CRVST lL  P U L L ' E R 4 6 0  I- BOOE-01 
S l L F K  CRVSTAL ' P U L L E R 4 6 C  6 . 0 0 0 S 0 2  
S I L T  K CRYSTAL P U L L F R 4 6 0  2.50OE-01 
S l L T K  CPVSTAL P U L L E ' B d 6 0  8.300E-02 
DL 1.000E-01 

F I R S T  CCST 
S 8 0 0 0 0 .  
s ?.OOO. 
S 3 7 5 Q  

S 1 3 0 0 0 .  
s 5 0 0 0 .  
'J.  , 1 8 0 0 0 .  
S 24000. 
s 2 4 0 0 .  
s 1 2 0 0 4  
J 5 0 0 0 c  
S 4 . 5 0 4  
s FOO@. 
S 6 5 0 %  
J 1E000. 
S 1'€75fJ0 

AVAIL. AREAIFT**Z 
8 5. ,01 450. 
85.01 0. 

.85.01 ' .O. 
8 5 - 0 1 '  00  
8 5 -0.1 0. 
85.01 0. 
85.01 - 0.' 

.85.01 0. 
85.01 '0. 
85.01 0. 
es.ot . 0 . 

.85.01 a* . 
8 5 - 0 1  0. 
85.01 0. 
85.01 0. 

Figure 39. Continued. 



E I P E h S E  h A C E  
POLY S IL l CON . 
CGPE C E L L  
S E E 0  
ELECTE I C  I T V  
E L E C T R I C I T V  
ELECTR I C I T V  
E L F C T P  l C  I T Y  
5 L E C T P l C I  7 Y  
E L E C T R I C  I T V  
E L E C T R I C 1  I Y  
F L E C T P  I C I  1 V  
EL ECTR I C  I T Y  . 
QUARTZ L I N E R  
GRAPH1 T E  ' C R U C I B L E  HCLOEP 
PRCCN 
SHCP S U P P L I E S  
M I S C E L L A N E O U S  S U P P L I E S  
*I SCELLANEOUS C R V S T A L  GRCUTF 

ANNUAL 
FIXEO C a a T  VBPILBLE PBRT 

c. 0 l .CCGE+03 
c .o ~ . ~ B C E - O Z  
a.o ~ . z ~ o E - o ~  
0.  0 45. C ~ C E + O l  
C .O 6 .OOOE*00 
0.  0 6.O?)O.E+OO 
c .o 3.COCE+OC 
C.0 4.OOOE+00 
c. 0 - 1.0CCE+OC 
G .o 1.5CCE+Ol 
C.0 1 .OOOt400  
c. 0 5. COCE+OO 
a .o 2.270E-02 
C. 0 4.90OF-03 
C.0 2,27CF+Ot 
G .O 6 . 5 0 0 & 0 1  
c.0 t . 5 0 C E - 0 1  
a .o L . ~ ~ C E + O C  

S U P P L I E S I E X P E h S E S  
U N I 1 S  B A S E  
CW* PER I h P U T  U h I T .  t U N I T S =  100 .08  
U N I T S  PER A V A I L A B L E  INVESTMENT-HOUR C F  S I L T E C  C R V S T B L  P U L L E R - 8 6 0  
U N I T S  P F P  A V A I L A B L E  INVESTMENT-HOUR O F  S I L T E C  C R V S T A L  P U L L E R - 8 6 0  
U M .  PER A V A I L A B L E  INVESTMENT-WOUR O F  S I L T E C  CRVSTAL P U L L E R - B t C  
KWH. P F R  A V A I L A B L E  INVESTMENT-HOUR C F  C E h T E R  G R I h O E R  
KWH- PER A V A I L A B L E  INVESTMFNT-HOUR OF C E N T E R L E S S  C P I N O E R  
KW. PER B V A I L A B L E  INVESTPEhT-I 'CVP C F  CUTOFF SBW 
KWH. PER A V A I L A B L E  I N V E  STWENT-HOUR CF WATER RE-CIRCULATCR 
K PER A V A I L A B L E  INVESTMENT-FOUR O F  L I F E T I M E  T E S T  SET 
KLH. PER A V A I  L A B L E  I KVESTCENT-HCUR C F  ANNEAL I N G  F U R h A C E  
KWH. PER A V A I L A B L E  INVESTMENT-HOUR'OF + P O I N T  PROBE 
K W .  PER A V A I L A B L E  INVESTMENT-HOUR O F  M I S C E L L A N E O U S  C P  
U N I T S  PER A V A I L A B L E  INVESTCENT-HOUR C F  S I L T E C  C R Y S T d L  P U L L E R - 8 6 0  
U h l T S  PER A V A I L A B L E  INVESTMENT-HOUR O F  S I L T E C  C R Y S T A L  PULLER-B6C 
C - * 3  PER A V A I  L A B L E  IhVESTCEWT-HCUR C F  S I L T E C  CRVSTAL P U L L E R - 0 6 C  
S PER A V A I L A B L E  INVESTMENT-HOUR CF S I L T E C  C R V S I L L  P U L L E R - 8 6 0  
S PER A V A I L A B L E  INVESTMENT-HOUR C F  S I L T E C  C R Y S T A L  P U L L E R - B t C  
S PER A V A I L A B L E  I KVESTCEhT-HOUR CF S I L T E C  C R Y S T A L  P U L L E R - 8 6 0  

Figure 39. Continued. 



. . 

ESTIMATE OATEI  0 9 / Z C / 1 1  BY tOAVE R ICHMAhr  X3207. RCA LABS .. E-321b CLASS8 WAFER SAYING 
CAT EGORY: PROCESS EEF I N  17 ION T E C W L O G Y  LEVEL INEAR F U T l R E  W TERIAL  FCRMX3.40' YAFER ': 

I N P U T  m1 T:KG., CUTPUT u N I T ~ S E E ~ ~ S  TRANSPORT 1N:BOX TRANSPORT OUT :SO0 SHEET CASSETTE 
PROCESS r l a o :  9e.01 YIELD GROWTH PRCFILEX c 
1flPUT U N I T  S A L Y A Q  FACTCR: 0.0 FACTOR EPI :  0 SALVAGE OPTIONZFRACTIOL OF INPUT UNI VALUE 
CELL  T M t C K N E S S l l C C  CILS. CELL  ETCH LPSS: 1.0 C I L S -  CELL  KERF LOSS: &O MILS. 

INR)T. UU.ITSS , C I C. 0. 
FLCOR SPICEIFT#*Z: 0. 01 0. 

OESCR I P T  ION: SL'IC I N G  OF 1 5 -  CRYSTAL I N T t  3.4Ca 01 /METER YAFERS 

ASSUMPTIONS: 
1. 3-40'  OIACE l E R  bAFElP1(100)' CRIELT~TICLI F-BYPL. U-5 OHICCM. 
2; 15-  LONG CCYSTAL; L-a M I L S  PER SLICE. 

130- CRYSTAL cs ASSUMEO TO BE SAWEO t n n o  TW 1s- c R r s r r L s . 8  
1 9  M I L S -  10 M I L S  F1:UAL WAFER + 1 C I L S  ETCH LOSS + 0 8  I I I L S  KERF.. 

3.. YAFERS PLACE0 INTO :ASSETTE AUTOMATISACLV AFTER JAbING. 
4. OTHER 1kvEsvmE.mIs: 

GRAPHITE STIC:: CR I'STAL MOULT1 N; FEATURE:S~~CI  1. YR. L IF€. 
CAYS-TU MGUNT I N C  ELOCK: SB5q 1 TR- C EFE. - 

. . GRAPHITE PLU6:S2* 1 YR. L I F E -  
ALUM I M J W  BLOC<: SBr  7 YR. L IFE .  

5. EXPENSE I T E C S t  
CRYSTAL NOL~KTING C O S l  b T  S.O~/IU. FOR STYCASl=S2.00E-3/YAFER: 0 . 0 8  X 3 0 m ) / t 4 0  YAFEP.S/IN. X'30a/CRYSTALb 
BLAOE COST=S10.5P/M**2 X ( L W / l C O C l I * * 2  (58.5&C**2/WFER) )1 23.6 hAFERS/HC aS1.46/kR. 
SLURRY CQSl:S7,49lM**2 X t l V / l O O m ) * * Z  X (5B..SBCC**2/WAFERJ 1 23.6 bAFERS/HF. a S1.04/HR. 

ILbESTCFhTS 
IRbESTCENT NbME MAX. TPRUPUT U N I T S  t IRPUT U N I l S  PROCESSED F I R S T  CCST -AVAIL. b R E A * n * * 2  
VARIAN MUL71RnJOE SAb -. 2 3 d 0  WYHR .lOO.Ot S 20000. 85..01 

' 60. 
C l S E I N C  GAUGE 165. L C  W4MR 100.0 t  S 150. 85.01 0. 
G?APHI  TE S l lC .< .  CFYSTAL C C U M  2 3 A 0  S M t R  100.01 S 360. 85.01 0. 
CRYSTAL MOUNTIH(',BLOCK 2 3 A O  SU.fHR 100.01 S 85. 85.01 0. 
GPbPH lTF  PLUG 2 3 - 6 0  W I H R  100.01 S 2. 8 5 0 0 t  0. 
a LCMI NUN -BLOC.< . 2 3 d o  S H ~ ) ~ R  LOO.CI s 8. 85.Ot 0. 

i a e c a  
lOL=OIRECT LABOR PERSONS:TL=TOTAL LABOR PERSONS1 

N.AME' LA8,CR PEOUIR,EMENTS Bll'SE I PFPSONS/SHIFT/BASE U N I T  THRUPUT/M/PEF:SON 1 INPUT U N I r S  PRCCESSEO 
P ~ U R L Y  OPERATCIR VARI4N '  WULf 1:BLAOE SAh , z . . ,  1.000E-01 
CLINTENALCE bb l l ' l dh  LULT I ~ L A O E  SAY 1. WOE-01 
YbCH. ATTEN0A:VT , VARILN MBLTIBLAOE SAb 6 .300E-02 
FCPEWbN CL 1.OCOE-01 , 

EKPFNSE NAME 
SLY BLADES-VARIAL 
SLURRY 
CCUNT I N G  MAT ER I A L  
ELECTRIC1  TY 
MAT ER-COOL I N C  

. SLLOGE REMCVY 

ANLUAL 
F I X E D  PAR1  

0.0 
0.0 
0.0 
0.0 . - 
0. 0 
0.0 ' 

SUPPLIES/EXPENSES 
VARIABLE PART ULITS e a s E  

l .460€+00 S PER AVAILABLE INVESTMENT-HOUR OF VARIA~ UJLTI~LAOE S ~ Y  
1.040E+00 S PER AVAILABLE INVEOT*ENT-HOUR OF VARIAN MULTlBLAOE SAh 
6.S6OE-02 S PER AVAILABLE INVESWEW-HOUR CF VARIAN WLTIILACE SAY 
4.400E400 KWH. PER AVAILABLE INIESTWENT-HOUR CF VARIAN VULTICLAOE SAY 
3. BCCE+O* CC**3 PER AVAILABLE INWESTMEN?-UWR OF VAR I A N  MULTIBLAOE SAM 
7-000E-03 S PER I N P L T  UNIT. I IJNlT S= 100.01 

F i g u r e  40. P r o c e s s  parameters  - w i r e  s a w i n g .  



I F S T I C b T E  CATF:OP/ZO/TI  BY:ObVE RICHMAN* X 3 2 0 7 r  RCA L A B S *  E - 3 2 l A  CLASS:MAFER. SAY I h G  
C4TFGORV:PROCESS O E F I N I T I C h  TECVLOLOGY LEVEL: NEAR FUTURE M A T E R I A L  FORM: 3.40' WAFER 
INPUT UN1T:KG. CUTPUT UN1T:SHEElS ., TRAhSPCRT 1L:BCX TRANSPORT OUT:500 SHEET CASSETTE 
PROCESS Y I E L O :  98.01 V I E L C  GEOWTt. PROFILE:  0 ' . . 
I N P U T  U N I T  SbLV4GE F'ACICR: 0.0 FbCTCR GPI :  0 ' SALVAGE CFT1CN:FRACTION O F  INPUT U N I T  VALUE 
C E L L  TF1CKNESS:lO.O M I L S .  C E L L  ETCH LOSS: 1.0 RILS.  C E L L  KERF LGSS: 4.0 RILS; . . 

., . . . 
. . 

I N P U T  U~II'S: 0. 0. 0. . . . ... 
FL OOR SPACEeFT**2:  C- C. . . 

C. 
. - . .. 

O E S C R I P T 1 C N : S L I C I L t  CF 15' CRTSTAL I N T O  3.40' OIAME7ER MAFERS , 

LSSUMPT IONS: 
1. 3.40' CIAMETER YFER. ( 1 0 0 )  O R I E N T A T I O N * P - T V P E *  1-5 C H K C .  . - 
2. 15' LORG CRYSTAL*  1 5  M I L S ,  :PER SLICE. 

l 3 P  CRYSTAL I S  A S U I E O  TO BE S A L E 0  I h l C  WhC 15'  CRYS1bLS.J 
1 5  @ I t s =  LO M I L S  F I N A L  WAFER + 1 N I L S  ETCH LOSS- t 0 4  M I L S  KERF. 

3. WAFERS PLACE0 l h T t  CASSETTE AUTCCATICALLY b F T E P  SbY IN6. 
4. O T M R  1NY.ESlMENTS:. 

GRAPHITE S T I C K  CRYSTAL MOUNTIkG F E ~ T u R E : S ~ ~ C ~  7 VR. L I F E .  ' 

CRVSTAL M C L h T I N G  BLCCK:S85* 1 VR. L I F E .  
C R A P H I T E  PLUG:Str  1 VU. L I F E .  
A L U P I L U C  BLCCU:S8r 7 YR- L I F E .  

5. EKPENSE ETEMS: 
CRYSTAL MOUNTING COST A r  $.08/IN. FOR STYCAST=S2.00E--3/L;AFER: (S.08 X 3 0 m J / t 4 0  YAFERS/IN; X 30'-/CRYSTAL) 
BLADE COST: S 2 6 0 / 2 0 0 0  Y4FERS = S.l3/YAFEE. - .  

I. 13/YAFER X 11 YAFERS/HR = S1,43/bR. 
SLURRY CCST:S7.48/M**Z X 1 l M / l O O C M  J**2  X t 58.S8CM**Z/YAFER J X 11.0 CAFERSIHR a SO.48/HR. 

INVESTMENTS 
INVESTMENT .RbME ' MAX. .TI(RUPUT C N I l S  1 I hPUT U I I T S  'PRCCESSEO F I R S T  CCST AVAIL.' AREA*FT**2  
VASUNACI M I R E  SAb 11.00 S W k R  100.01 S 30000.  8 5 - 0 1  6 0. 
0 I S H  I N G  GAUGE 7 7 - 0 0  SH/HR 100.01 S , 1 5 0 -  85.01 0. 
G R b P H I T E  ST[CK CRYSTAL MOUNT 11.00 SH/HR 100.01  S 360. 85.01 . 0. 
CRY S I A L  MOUNT1 NC BLOCK 11.00 SU/HR ' 100*0t S 85. 85.0I 0. 
GRPPHITE PLUG 11.00 SH/HR 100.01 S 2. 85-01 0. 
ALUMINUM BLOCK ' 11.00 SWHR.  100.01 S 8. 85.01 0. 

LABCP 
t O L = O I R E C l  LABOR. PER SONS OIL-TOIAL LABOR PERSONS8 

NAME LABOR PEOUIRECELTS @ A S €  I PERSGLS/SHIFT/BASE U N I T  T M U P U T / H I / P E R S O W  1 I N P U T  UN1 TS -PROCESSED 
HOURLY OPERATCR VASUNAGI  Y I R E  SAY . I. OCCE-C1 
MA I NTE hANCE V b S U h A G I  M I R E  SAY 1.5COE-01 
MACH. ATTENOANT VASUNAGI M I R E  SAY 6 0 3 0 0 E - 0 2  
FOCEMbN EL I. OCOE-01 

. A h h U A L  W P P L  I E S I E X P E N S L S  
EXPENSE NAME F I X E D  PART V A R I A B L E  PART U N I T S  BASE 
SAY BLADES-V lSUNAGI  0 .O 1.430EtOC , S PER A V A I  LABLE INVESTMENT-HOUR OF YASUNAGI  Y I R E  SAY 
SLURRY 0.0 4.800E-01 S PER A V A I L A B L E  INVESTMENT-)(Dm O F  Y A S U M C I  M I R E  SAY 
MCUNT I N G  M I T E R I A L  0.0 6.960E-02 S .  PER A V A I L A B L E  INVESTMENT-HOUR OF VASUNAGI  M I R E  SAM 
E L E C T R I C I T V  0.0 6.000E-01 KWH. P.RI A V A I L A B L E  INVESTMENT-HOUR -CF VASUNA61 M I R E  SAM 
WATER-COOL IMG . . 0.0 . 3.8OOEW4 CM**3 PER A V A I L A B L E  I N V E S T M E N T - M a R  OF Y A S W U I  M I R E  SAM 
S LUOCE REMOVAL 0.0 . 1.000E-03 S PER I N P U T  UNIT. 1 U N I T S =  100.01 

Figure 40'. Continued. 



ESTIMATE CATE:OBIOZ/77 8V:OAVE R ICMMAN* X3201. RCA LLBSs  E-3214 CLASS: E T C ~  
CATEG0RV:PROCESS OEF I k I T ? O N  TECMLOLCGV LEVEL:NEIR FUTURE MATERIAL FORM:3.4O9 U F E R  
INPUT UN IT:SMEETS OUTPUT ULI T: SHEET s TRANSPCRT I~:SOO s n ~ n  c ~ s s n r t  TRANSPORT OUT:~OO SHEET CASSETTE 
PRCCESS VIELC: 99.01 Y IELO GRawTn PROFILE: o 
INPUT  U N I T  SALVASE FACIOR: 0.0 FACTCR GPI:  0 SALVAGE CPT ION: FRACT tON O F  INPUT IUNI 1 VALUE 

INPUT UNITS:  0. C 0 C. 
FLCOR SPACE*FT**Z: 0. 0 • 0. 

OESCR IPT1ON:YAFERS ARE ETCHEO 1.5 M I L S  PE2 S I D E  TO PEMCVE SLY CIMAGE. 

ASSUMPTIONS: 
1. 3.60" OIAYETE'P h A F E P + I l O O b  CRIEhTLTIChmF-TYPE* 1-5 OHM-CM. 
2. 5 0 0  YAFERS/TEFLON CASbETTE 
3. 1 TEFLCL BCAT PER T IN< ;  Z TLNKS PER SYSTEM. 
Q. 7.5 CYLEL/HR x z e a A u s / c y c L E  x 5 0 0  YIFEPS/~CIT=EOO YAFERS/I-R. 

1 8  P IN .  R I N S E C C I L E  1 5  L I W I T I N G  FACTOR-) 
5. 1 OPERATOR R E C U ~ R E C  FCR Z SYSTEMS. 
6. VOTE: SYSTEM COST ESTEMATEO TO BE S30rOOC. $15.000 FOR LICUUP. 

TOTAL SVSTEM CO5T-S45*000 Y I T M  BMCMUPo 
7. L C 1 0  MIXTURE COST: S5dGAL. X lGAL./5O Y I P  ERS = S.LO/YAFER 

RECYCLE O F  AC 10 SAVES 301. THEREFORE. JICI/YAFER. 

PROCEDURE 
I .  l E F L O N  CASSETTE C A h L U L V  KNSERTEC I h  OLhE (1 VIM.) 
2. 3 CINUTES I N  bOT b F / K E T I C / N I T R I C  AC IO  M L k T l R E *  C l T H  A G I T A T I C h -  
3. AUTOMATIC TMNSFER TO 1ST  CbSCAOE RENRE* 8 MIkUTE  RIhSE. 
4. AUTCMAT I C  TRANSFER TU ZNO & 3UO R I N S E S *  EACH ABOUr 3 CINUTES* 
5. AUTCMIT IC  TRAhSFER 1C HCT A I R  TULNEL. CRY FCR 0 C INU lES .  

I LVESTMEITS  
I h b E S T L E h T  NAME MU. TMRUPUI UYITS I INPUT UNITS PROCESSED FIRST COST A V A ~ L .  ~REIIFT**Z 
Y IFER ETCHING , C T A T I C h t B l  7500.00 3 H l h R  1 0 0 - 0 1  S 4 5 0 0 0 .  85rOI 2001 

. LABCR 
1 CL=OIRECT LABOR PER SCNS;TL=TOTAL LABOR P-SOWS) 

NAME LABCR REOUBRlEWENTS BASE I PERSC~S/SHICT/BASE UNST THRUPUT/HCIPERSDN t INPUT UNITS PRCCESSEO 
HOURLY OPERATOR YAFEP ETCPING STATIOMt  l) s. OOCE-OL 
CA I  N T E L A M E  YLFEC E T C k I N 6  S T A T I O N t f l I  5. OOOE- 02 
FOREMAN OL 5 - 0 0 0 & 0 2  

ANNUAL SUPPLIESIEXPEYSES 
E X ~ E N S E  NAME F I X E O  PLRT U'dRIbCLE PART U N I T S  BASE 
EL ECTR I C  I T V  0.0 3.SCOEtOI UW, PER A V A I L A I L E  INVESlMPNT-MOUR OF  WAFER ETCMING STAT IONtB )  
HFIACETIC/~ITRIC CIXTUOC 0 -0 7.OOOE-02 $ PER INPUT UhIT. t UMI¶S- lOO.OX 
OE- IONIZE0  Y A T W  0.0 1.230E406 CM**3 PER AVAILABLE  INVESTMENT-HOUR OF MAFER ETCHING S T A T I C h ( 8 )  

.Figure 41. . Process parameters -- etch and clean. 



E S T I M A T E  OATE: 0 8 1 0 1 / 7 7  B Y 2 F R E D  MAYERe X t 3 3 4 .  S C M E R b I L L E .  ZCNE 8 C L A S S : D I F F U S I O N  
C6TECORY:PROCESS C E F I h I T  I C N  TECkh 'OLOCY LEVEL:NEAR F U T W E  R A T E R l A L  FCRM:3.4OU YAFER 
I h t P U T  U N I  T :SHEETt  Q L T P U T  Uh1T:SkEET.S TRANSPCRT IN: 5 0 0  S P E E T  C A S S E T T E  1RANSPORT 0 U T : S I L l C C h  B C A I  
PQCCESS Y I E L O :  9S.CI  Y I E L D  GROWTH P R O F I L E :  C 
l h F L f  U N I T  S A L V A G E  F L C I C R :  0.0 , FACTCR GPk: 0 S A L V A G E  O P T I O N :  F R A C T I O N  O F  I N P U T f  U N I  T VALUE 

I N P U T  \IN I T S :  0. 0. C. 
=LCCR SPACEIFT**2:  0. 0. C-  

D E S C R 1 P T l C h : L I O U I O  O I F F U S I C N  SCURCE t S I L I C A  S P U N  C h l O  e A C K  S I C E  O F  YAFER . : . . . . . .  . . . .  . . "  . . .  . . . . . . . . .  ' . '  ; L  

. . .  ' A S S U C P T I C L S :  .., ~ . , . a r .  y . . .  . . .  
. . . . .  .... 1. 3.40*; C ~ A C E T E F  ~ A F E F .  i t 0 0 1  C R I E ~ T A T  ICNI P-TYPE. ~ - ~ . O H W C M .  . - _  . . .  

. . .  2. 50C:UAFER S / C A S S E T l E  
3. E A C k  M A C H I N E  k A S  3 TRbCKS; E A C H - T R A C K  H A N D L E S  2 4 C  bAFER/HR. . 
4. EhE OPERATOR F E P  3 S P l N k E R S  

- 5. N a 1 T E : U N I F O R M I l Y  O F  O I F F U S l O N  F R C C  S P l h - C h  h E E D S  STUCY. 
5 .  NOTE: I N - P C U S E  SCURCF: NEEOS TI) B E .  DEVFLOPED. 
7. SP1.N-CN SCURCE A T  S 6 . 0 0 / L I T E R .  O.8Cr**3 h E E C E C  FCR eACK S I C E .  _ '. . . 

S I L I C A  A 1  $6.CO/LITER. 1.6CM**3 NEEDED FCR B A C K  :ID€. , . 
A. B A K F  C V E H  LCYG EhCUGF. I h C L U O E S  MICROPROCESSOR-CONTROLLED B U F F E R  STORAGE TO B A L A N C E . L t A 0 ;  
Y. R n n r  REQUIREMFKTS: ORYICLEAN FILTERED AIR. 2 8 3 0  L I T E R S / ~ P / S Y S T E M .  EXHAUST WITH F u n €  SCRUBBER TO REMOVE Torte ( A S )  VCLATILES. 

. . .  ... I .  PRCCEDUPE . . .  
1. U 8 F E R S  ~ F E  LOAD€C F F C ?  C A S S E T T E  T C  T R ~ C K . T C  S P I N C L E .  
2 .  CAPILLARV DISPENSES c.7-0.8 cn**3 OF s c u a c E c + o . z  cr**3 SPILLAGE), IS..SECONC SPIN CYCLE. 
3. WAFERS U Y L O A O E C  I N T O  CAKE OVEN CQYNECTED TO SPINNER. 
4. WAFERS C O V E 0  I t  SECChD S P I R h E R .  
5 .  C A P I L L A R Y . O I S P ! N S E S  0 . 7 - 0 - 8  C R * * 3  CF. SILICP(+C.~ CM**3 S P I L L L G E ) .  1 5  S E C C h O  S P I N  CYCLE. 
6. WAFERS U N l C A O E , 3  . I h T C -  E A K E  OVEN OCNNECTFC TO SPINNER.- . . . . . .  7. YAFER 5 M O \ F D . T C  1 H I R O  S P l h h E R .  
a. CAPILLARY CISPEHSES 0 . 7 - 0 . 8 . c n * q  OF SILICAI+O.Z c n * * 3  SPILLAGE). 1 5  SECGNO S P I ~  CYCLE. 
9. MAFEi IS  UYLO4OED I h T C  e 4 K E  OVEN C C h h t C T E C  TC SPINNER.  , # .. . . . . .  

WAFERS UYLOAQEO I N T O  S I L I C D N  6 0 A 7 .  

. I N V E S T M E N T S  
I N V E S T P E N T  NAME . MAX. THRUPLT U N I T S  t I h P U T  U N I T S  PROCESSED F I R S T  COST A V A I L .  
I 1 1  CCOEC 3 S P I N K E R - 3  TRACKS 7 2 0 . 0 0 S H l H R  ' ' 100.01 S $0000. 85.0% 
I 1 1  MCOEL 3 ,CVEN-3 TRACKS Ik  . PZO.00 S H / k R  lOC.C% S 2 0 0 0 0 .  85.0% 
I I 1  MODEL 3 S P I N N E R - 3  d R A C K S  . 7 Z C - O C  S H I H R  LOO.OI S 4 0 0 0 0 .  85.0% 
I I 1  * K C E L  3 CVEN-3. TRACKS I N  - '72O.OG S C / k R  ' ' : 100 .01  S 2 0 C 0 0 .  0 5 - 0 1  
I I I MODEL. 3 S P I N H E R - 3  TRACKS 120.00 S H / h P  1 0 0 . 0 9  S 4 0 0 0 0 .  85.0% 
I 1 I MODEL 3 OVEN-?, TRACKS IN ?ZC.CC s n / n R  100.01 s 2 0 0 0 0 .  8 5 - 0 8  

LABOR . . 
t D L = O l  RECT L b 8 O P  PERSCNS ;TL=TOTAL L A B O R  PERSONS J 

NA CE LABOR REQU I R  EMEN1.S B A S E  I - k E R S O N S / S H I F T I B A S E  U N I T  THRUPUT/HR/PFRSON X I N P U T  U N I T S  PROCESSEC 
HOURLY OPERA'OR 1 1 1  COCEL 3 S P l h k E R - 3  TRbCKS 3 . 3 3 0 E - 0 1  
k O U R L Y  OPERATOR 1 1 1  MODEL 3 CVEV-3 TRACKS I N  3.330E-0 L 
EhGR. SUPPCRT I 1  I CCOEL 3 S P I N N E R - 3  TRACKS 5 .000E-03  
Y A I N T E N A N C E  1 1 1  CCDEL 3 S P I N N E R - 3  TRACKS . 1 . 5 0 0 E - 0 1  . ? 

@4AIMENANCE 111 MODEL 3 CVEN-?a TRACKS ' I N  . ' - .S. OCOE-02 - ; 

F O R E C A h  CL t.000E-C2 . . . .  . . 

.: - - 
. *  . 

Figure 42. Process parameters - spin-on source 



ESTIMATE CbT E:08/Ca1/77 BYSJHL ROUNCTREEw X7OL2. SOUERYILLE*  ZCNE 8 . CLbSS:DIFFUSICL 
CAIEG0RY:PROCESS D E F I  h I . T I C L  TECHLCLECI  LEVEL:YEAR FUTURE C A T E R l M  FORM:3.40a WAFER 
INPUT U N I T ~ S H E ~ S  OUTPUT w 11 : SHEEI s TRANSPCRT I ~:.SILICC.N e o ~ r  TRANSPORT OUT:SOO SHEET CASSETTE 
PRDtESS VIELO: '99.01 V I H O  6ROWP PPCFBLE: D 
INPUT U N I T  SALVAGE F A C D R :  0.0 , FACTCR GP l :  0 SALVbCE OPT ION: FRACT ION 0,F IWPU7 U N I T  VALUE 

INPUT UNITS:  0. 0- 0. 
FLCOR S P A C E . F W Z =  0 -  0. 0. \ I '  ' 

OESCRIPT 10N:OOPANT ,SOU=€ CT OKOMPOS I 1OON OF POCL3 I N  A O l F F I i S l C h  FURNACE- 

ASSU)rPT1ONS: 
1. 3.40' DIAMETER h A F E R r ( 1 C C I  a R I E L l A S l O l r * P - T I I P E e  1-5 CHC-CP. 
2. BACK s IOE m W ~ ~ E R  PROTECTED Y l T n  S I L I C A *  
3. +TUBE P O C U  F I R L A C E  COSTS S70Kw I h C W O I N G  FURhbCE L I N F R S  6 C O I L S  

PAOQES NEKIEO TO LWO a u ~ m o  FURWE* 
135FT* *2  FCL  FmRIbCE 6 l 4 0 F l * * Z  FOR OPEBATOR NECCEO PER SILTEM. 

4. 2 5  3 0 - S I L I L O L  BOATS NEEDED FOR EACH 6 UUEE P O t L 3  FUllhACE. 
BCATS CCST $ 6 5  PER HCC.' 

PROCE OUR E 
1. I N C W l W G  W H E R f  L O A E D  I N  S IL ICGW BChTS C C A T b l h I R 6  500 YIFERS. 
2, e o m  LOAOEO IUTO FURNACE VIA PAOOLEL 
3. 1 HR CYCLE- 
4. EOATS UNLOhDEO FROM F U R W E  V I A  PAOOLES. 
5, WAFERS LObCEO [ W O  'jDO WAFER CASS€lVE M R  TRANSFER TO NEXT STEP. 

USING CLb*-SMELL UNDCAOER A h 0  CASSEVPE S I U K E R -  

I h k E S T I I E I T  NAPE WAX. 
PCCL3  O lFFUS lCW F JRNACE ( 0 1  
PCCL3 FURLACE LINEPS(B:q 
PCCL3 FURNACE JAC3LESt B8 
POCL3 FURNACE C O I L S I B )  
CLbM-SHELL UNLCACER 
CLSSETTE LTACbEQ 
2 5  30'-S I L  ICON BOhTS , 

1 #VESTMENTS 
INPUT U N I T S  PROCESSEO 

130.0 t  
100. C f  
100. o t  
100.0t 
LOO. O f  
1OO.Ot 
100.0f 

F I R S T  COST 
S 66WO.  
S 56DO. 
S 8Q)O. 
S 8000. 
S 3040. 
s 15Q)O. 
S 33TSO. 

U B C R  
lCL=C lRECT LbBOR PERSONS;TL=TOfAL LABOR PERSONS) 

NAME LABOF: REOJJIRCMEWTS BASE I PERS(INS/SHIFT/BASE U N I T  THRUPUTYMRCPERSON t INPUT U N I T S  PROCESSED 
HOURLY OPERATCP PCCLP O I f F U S  I O N  FURRbCEt F! I 2.500E-01 
E IGR SUPPORT W C L 3  D I F F U S I O N  FURYACE(BS 2.500E-02 
MAINTENANCE .' POCL3OI IRUSIONFlRNACEIBJ 1.5CCE-01 . 
MACH* ATTELOb IT  POCLP 0 I W U S  I O N  FUPI IC .E (  I I.OOOE-01 
FOREMbN OL 5.000E-02 

ANNUAL - SUPPLIES/EXPENSES 
ELPENSE NAME F I X E O  PART V I R I I B L E  PLOT U k l T S  BbSE 
ELECTRIC lfr . 0.0 ~.CCCE+OI KW. PER AVAILABLE INLESTMENT-HOUR CF P O C L ~  o IFFUS ION FURNACE( B I 
PHCSPMCRUS OXYCHLCPIOE 0.0 2 . 9 4 0 E 0 1  GPO PER INPUT UNIT. t UNITS-  100.0% 
N 1TROGEN 0.0 1 .900EM3 . CC+@3 PER INPUT UNIT. t UN ITS= 100.Ct 
OXYGEN 0.0 4*68C€+01 C m * 3  PER INPUT UNIT. Z k N I T S *  100.01 

Figure 4 3 .  Process parameters - ~ 0 ~ 1 ~  d i f  fusio3. 
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. . 
E S T l P A T E  CbT E: 0 . 3 / 0 4 / 7 7  .BY:FRED MAYER, XmC334, SOMERVILLE I ZONE 8 . . . .  C L ~ S S :  C T C ~  
C4TECORY:PROCESS O E F I N ' 1 - I O N  , TECMLOLCGI LEVEL:NtAR FUTURE . M A T E R I A L F O U M : ~ . ~ O ~  I Y ~ F E R  ' 
INPUT U N 1 T : S h E E l S  ' ' OUTPUT U N I  T:SkEETS , TRAISPCRT.  I N:500 SHEET C A S S t 3 T E  TRANSPORT OUT:500 SHEET CASSETTE 
PRCCE.SS Y I E L D :  99.0s . " I E L D '  CROYTH PRCFILE:  C . . 
I N P L T  U N I T  S A L Y 4 G E  FAC,IOR: . .  . 0.0 FACTCR E P I :  0 SALVAGE OPT.I@N: FR,ACT IQN'OF .INPUI' UNIT. VALUE 

. . 
I N P U T  UNITS:: '. . 

FLCCR SPACEvF.T*Z: 
. . 

. . . . OESCRIPT 1ON:OXODE I S  R E 4 0 V E D  I N  H F  . ~ . . . . 
ASSUMPTICNS: . . , 

1. 3 - 4 0 "  O I 4 C E l E R  LAFER,(I&I. CRIELT.ATICI*F-TYPE* 1 -5  CHM-CM. .' . . . . : _. : . . . . . _  . . 2 .  5 0 0  U A F E R S / R ) A l  X  1 a O A l / C V C L E  X -12 C I C L E S 4 H R *  6&CO hAFERS/HR: . . 
. . 

3 . . 2  S T A T I C N S  FEP CPEPN.CR . . . . . . 
4. N E E 0  lCOO LITEF.S/HR OF 'bATER. . . ., . 
5 .  NFED 9 8  ML HF PER' L ~ O ; Y A F E R S .  COSTPSP.(CSE-~ SIC  x ~ . 1 3 ~ / ~ * . * 3 * . 1 . 2 3 € - 3 ~ ' / ~ ~ * * 3 .  . . . . ' - .  . . . , 

. -  -~ . ~ - -  . . . . 2. 5 M I N U T E  ETCH CERIOC."' . . 
3. 4UTOMATIC IF:Ah'jFER ',['A mYAFER ,CARTR.I[I;E' ~ R ~ ~ S F E R  bRM" TO TPE. FIRST .RINSE T ~ N K  (SHAMBELAPI O E S I G N I -  
4. 5 M I N U T E  R LNSE I N  LST;. ZND* .t 3RV R I N S E  T M K C  (A:LTO TRANSFERI. . - . . 

. . .  . . .  . . .  5. YAFERS HOT L I P  CR!EL.. , . ' : . . 
. . .  . . . . . . 

. . . . .  . . r w ~ s i n ~ u i s .  . . . ' .  - - . 

INVESTWEM NAN f . : ' . "MAX.. JI(RUP&T u n t l ~ ,  8 I N P U T  U L I I S  PROCESSED F I R ' S 1  'UST AVAIL.  b R E A * F f * * 2  
O R I O E ~ S T R I P  S l . L T I I k ( 8 I '  . "  . .' 6000.00 'Sk/HP . lOO.Ot ' S  . . .  80,000. %S.OX 96. . . . . 

. . . . .  . . . . . . . . .  . . 
. .  . . .  . ~ D L = O I R E C ~ L A B O R P E R S C N S ; T L ~ T O T I L L A B O R P E ~ S C N S ~  

. , .. NA CE . LABOR PEQUIREMENTS BASE ' . I P B S O N S / S H I F T / B A S E  U N I T  THRUPU'T/HR/PERSON 8 I N P U T  U N I T S  PRCCESSEO 
5.000E-01 

. . . . HOURLY OPERATOR OXIDE . S T R , I P . S T A T I C h ( B I  . .  . 

. . ' . I O I N T E L A N C E  OX IC! i  :ST!? IP  ,SlAT,ICN(BI 1.5CCE-01 
. FOREMAN ' 5 -OOOE-02 . . O L .  

. . ANNUAL 
EXPENSE NAME 
EL ECTR I C  I TY . 

. HYOPCFLUCRIC I C I C  - . . 
O E - I O N I Z E 0  Y4EER . 

. . . . .  . 
. . 

. . 

' ' F I X E O  PART V I R  [ A B L E  P A R l  U N I T S  B A Y  
. . 0.0 - 3.000E+01 KWH. P E R  A V A I l A B L E  I N b E S T I I E N F a U R  O F  O X I D E  S T R I P  S T A T l O N ( B )  

, -' C'.O 9 - 8 0 C E - 0 2  CP**3 P€R INPC'T UNIT. I' U N I T S *  100.08 
. . 0.0 . . .  1.23CE.06 CM**3 PER A V A I L A B L E  INVESVMENT-HOUR CF OXIDE' S T R I P  S T 1 1 T 1 0 1 l 8 1  

. ~ i g u r e  45. Process paraeters - glass removal. 



EST 1 P A T E  C A T E : 0 ? / 2 8 / 7 7  BY:OAVE R ICHWANr X ? 2 0 1 *  RCA L A B S *  E - 3 2 1 4  CLASSXTEST 
CATEG0RY:PROCE W OEF I R I T I O N  TECHhOLCGY LEVEL:NEAR R J T U R E '  M A T E R I A L  FORM: 3.4P Y I F E R  
I N P U T  U N I T :  S H E E f S  OUTPUT U N I T :  SHEETS T R A ~ S P C R T  1 ~ : 5 0 0   SUE^ C A S S ~ T E  TRANSPORT OUT:~OO SHEET CASSETTE 
PROCESS Y I E L C :  39 .01  Y I E L O  GROUT). PROFILE:  0 
I N P C T  U N I  1 SALVNGE FACTOR: 0.0 FACTCR GPO: 0 SALVAGE 0PTION:VALUE I N S  

I N P U T  U N I T S :  0. C. 0. 
F L C O R  SPACE.FT**Z: 0. 0. 0. 

OESCR I P T  ION: POSA 0 I F F L  S I O N  +POI  WT PRCBE R E S I  S T 1  V I  TV MEASURECEhT 

ASSLWPTIONS: 
1. 3-40' O I A C E l ~ R  b A F E R * ( l O O )  C R I E h T A T I C h * f - T Y P E *  1-5 CEM-CM. 
2 ,  1 0 0 8  YAFER S i E E T  R E S I S T I V I T Y  1 E S T -  

PROCEOURE 
1. OPERATOR LOAO: CASSETTE INTO CAC~IRE. 
2 .  WAFERS 4 U T C M 4 T l C A L L Y  F E D  TO TEST EQCIPMENT. 
3. WAFERS SORTE) I h T C  CAGbZIhES.  

INVESTMENTS 
I NVESTPENT N I U E  MAX*  TVRUPUT U N I T S  1 I N P U T  U N I l S  PROCESSED F I R S T  CCST AVAIL .  I R E A * F T * * 2  
S I L T E C  WAFER SO1TER-PPCBE 1450.00 S k / H R  . 100 .01  S LSOOOO. 80.01 200. 

LA8CP 
(CL=OIRECV LABOR PER SONS;TL=TCTAL LABOR PERSCLS) 

YAM€ LA0CR REOUIRECENTS @ A S €  I P E Q S C h S / S H I F T / e A S E  U N I T  TtiRUPUT/HR/PERS,ON I I N P U T  UNl TS PRCCESSEO 
I - C U Q L I  CPEPATCR S I  L T  €C WAFER SaRTER-PROBE 2.5CCE-01 
MA I NTE NANCE S I L T E C  WAFER SCRlER-PRO@€ 2-OCCE-01  
FOREMllN D L  1 .OOOE-01 

EXPENSE NAZE 
EL ECTR I C  I T Y  

AHJUAL S U P P L I E S / E X P E N S E S  
F I X E O  PART V 4 R I b e L E  PART U N I T S  BASE 

0.0 5. CCCE+OC K h W ,  PER A V A I  L A B L E  I N V E S T  MENT-HOUR O F  S I L T E C  WAFER SORTER-PROBE 

Figure 46.  Process parameters - inspection.  



' ESTIMATE OATE:08/Cl /77  BV:hERNER KERN* t 2 0 5 * .  RCb L b B S *  0 3 - 0 7 6 '  CLASS:METALL I Z A T l O W  
CATEGORYrPROCESS O E F I h I T I C N  TECHNCLCCY LEVEL  8hEAR FUTURE R A T E R I M  FORMr 3-40. WAFER 
INPUT UN I T t S H E f T S  OUTPUT U N I  l: 2 H E f l  S T RAASPCRT 1#:500 S H E W  CASSETTE TRANSPORT OUT: SO0 SHEET C ASSETT E 
PRCCESS YIELD:  38.0t .#€LC CPOYTP PPCFILE: 0 
SUIPROCESS USFDCSCREEN P R I N l  YAFER REYCRK 21.30t C F  l h F U T  PROCESSEC 
I h W T  U N I T  S A L V I E E F A C J d R :  0.0 FACTOR 6PI: 0 SALVAGE OPTION: W L U E  I L S  

I N P U T  UNITS: 0- 0- 00 
FLCOR SP.ACEr FT-2: 0. CI C* 

OESCRIPT 1Ch:SCWEh PP I hT ING. .bNO S I N T E R I N 6  COYCUCTIVE NETWORK-FRONT 

. . bSSUCPT IONS: 
1. 3.40. C I A M E E P  YAFER,( lac,' 0RIENTATIObi.P-TIP€. 1-5 CHH-CP. 
2. BACK C E T A L L I Z A T I C L  FbTTEPFi MUST BE S C R E E I  PRINTEC FIRST. 
3. AG PASTE: S L 4 2 / 1 R O t  02. a St.l143/GC. 86%: AG* MHEh LC CCSTS S4.4OfTROI CZ. 

0EKS'I.TY ' O F  W3 PASTE=.3.7SG/CMD*3. (31. LGmL TROY 01.) 

. - 2':l R A T 1 0  F a  I N K  1HICKFiESS TO PCST F l P l h C  bG ThlCUMESS. 

... . NOTE: 5 MILS THINNES~ LINE POSSIBLE. LIOTH GREATER THAN OR ECUAL TC 4 TIPES THICINES~. 
4. FRCNr bG  F I N E  GPIC: .b,¶ C O V E R ~ G E ~  2 3  MICRONS THICM AFTER FIRING.  
5. FRONT BUS 6.m: It CCYERASE* 2 0 0  C1CP-S n I C K  A F l E R  F I R I L G o  
L . .SCPEE#.PRINT t CRY SISTEU: 

. . ITEC CCST P O Y ~ R  c c r ~ ~ ~ ~ r s  
LOACER . l:Y INSERTS UJFER I R T C  P P l h T E P  

, . 
1C.7K 

P P I k T E P  2 4  .CK 1 P R I H l E R  . I IPPLIES PATTERN 
COLLATOR 10.3K 1 < Y  FOECS P*PLLLEC l C Y S  FOR CPVER. 
DRYER 25oOK I l U Y  D R I E S  IF(W TO PREbELT SCEAPILG. 
RELCAOER 14.17K 1 I Y  - R E L M C S  HAFERS INTO CASSETTE. 
CASSET TES 4.CK .- HCLOS . Y f f  ERS FCE PQILTEP. 

T C T U S  8 8 . B K  15<Y  
I .  SCREE& F R I A l  G F I R E  S ISTEP:  

IT,EM C D ~ T  P O W E R .  C C P ~ E ~ ~ ~ S  
. LCbCER , 1 0 9 K  b<Y INSERTS Y.LFER 1k10 PRINTER 

PRINTER 24.6K 1 I Y  PRINTER APPL IES  PATTERN 
COLLATOR 1 O a K  It<Y FORMS P Y I A L L E L  ECbS FOR -DRYER. 
DRYER - 25.31. 11<Y  ' DRIES INK  TO PRFYEMT SMEARING. 

, FURNACE SC.CK 17KY  S I h l E R S  P L I I E P L  bT 5 5 0  C. 
RELCACER 14.7K 1XY RELOADS LLFERS l hTC CASSETTE. 
CASSETTES 4 9 K  - I-CLCS YdFEUS FOB PRINTER. 

TOTALS 1 3 B A K  3 S Y  
8. BELT->CbSSRTE L O l C W  C I Y  OC 6 0 0 0  ' W ~ F E R S ~ ~ S .  
9. SCREEN AT =3* R E P L X E O  3 TIMES PER C@Y RCP F I N E  ~ ~ 1 0 .  . 

SCREEN IS RTPLACEO z TICES PER D A Y  FO!P BLS, BAR S V S T E ~ .  
SQLEEGES b f  S.40, REPLbCEt  M C E  PER W U I .  

'Figure 47'. Process patameters.- Ag front metallization.. 



. . PROCECURE 
1. OPERATOR LOADS C A S Z E T I E  FROM BACM C E I A L L I Z A T I C L  STEF I N T C  LCbCER. 
2. SCREEN P R I N T  & CRY SVSTEM A P P L I E S  F I N E  GRID. 

O P I l C b L  SCANNER V A L I O A T E S  PATTERL. 2 0 1  PEJECT E S T I M b T E i  
3. OPFRATOR-LOAOS CASSETTE FOR X R E E R  P R I N T  & F I R E  51SlEW. 
C z  SVSTEC A P P L I E S  FRChT BUS BAR C FIRES.  (SEPbRAFE P R l N l  STEP NEEDEO SINCE PATTERN I S  THICKER T k A h  F I N E  GRID.) 

O P T I C A L  SCANNER V A L I D A T E S  P A I T E P L  BEFCPE F I P I C G .  L I  PUS ECR REJECTS ESTIMATED. % .  

REJECTS A R E  LOACEC INTO CASSETTE ev BELT-XAS:EITE STACKEP FCC REICRK. 
\ . . 

INVESTMENT S 
IhVESTMENN NAME MAX. IHRUPET UNITS . 1 ILPUT ULITS PROCESSEC FIRST COST AVAIL. AREAIFI**Z 
SCREEL P R I N T  t ORY SVSTEM 1625.00 SH/HR - . 121.01 S 8 8 8 0 0 .  0 0 - 0 1  800. 
OP T I C A L  SCANNER-EXCELLCN 1625.00 S k / L P  121.01  $ ' 15000.  80.01 16. 
f!ELT->CASSETTE STACKER 162S.C.C SHIHR 121.01  S 15000. 80.01 0. 
SCREEN ,PRIRT t F I R E  SYSTEM 1625.00 S k / P R  101-01 S 1 3 8 8 0 0 1  80.01 1600. 
O P T I C A L  SCANNER-€ XCELCCN 1625.00 SE/kR 101-01 S . 15000- 80.01 16.' 
PELT->CASSETTE STACKER lCZ5.CC SH/HR 101-01 S 1 5 0 0 0 .  8 0 - 0 1  0. 

LABCR 
I C L = D I P E C T  L b 0 C P  PERSONS;TL=TOT b L  LABOR PERSONS1 

NbCE LABOR REQUIREMENTS BASE 0 P E P S O N S / W I F  T /BASE U N I T  THRUPUT/HP/PERSCN 1 INPUT U N I T S  PROCESSEO 
HOURLV OPERAIOR SCREEN P R I h r  & C P I  SVSTEC 3.33OE-01 
HOURLY OPERATOR SCREEN P R I N T  & F I R E  SYSTEM. 3.330E-01 ' 

EhGR. SUPCCRT SCREE.N P P I h T  & CPV SVSTEM 2.5COE-C2 
ENGR. SUPPORT E R E E l  P R I N T  t F I R E  S V S I E C  2.500E-02 
C b  I N T E L I N C E  SCREEN P R I N T  t O R 1  SVSTEM 2.OCEE-01 
MA. lNTEhbhCE SCREEN P R I N T  & F I R E  SYSTEM 2.OCOE-61 
MA 1NTENANCE O P I I C A L  SCANNER-EXCELLCL 1 -0OOE-02 

. C b I N T E h A N C E  PELT->CASSETTE .STACKER 2.0COE-Cl 
FCREMAN CL 1.JOOE-01 

, .  . . . . 
ANNUAL S U P P L I  ES/EXPELSES- 

E ~ P E N S E  N ~ W E  FIXEC P ~ R T  V ~ R I ~ B L E  PART UNITS BASE 
E L E C T R I C  I T V  ' -  0.0 1 . 5 O O E a l  KYH. PER A V A I L A B L E  INVESTMENT-HOUR OF SCREEN P R I N T  & O R 1  SVSTEC 
E L E C T P I C I W  0.0 3.ZOCE+O1 K PER A V A I L A B L E  INVESTCENT-CCUR CF SCREEN P R I N T  t f . IRE SYSTEM 
E L E C T R I C I T V  0.0 1.000E-01 KWH. PER A V A I L A B L E  INVESTCENT-HCUR CF C P T I C b L  SCAh6ER-EXCELLCh 
SCREENS . 0.0 ~ . . ~ ~ c F * o o  s PER A V I I L I B L E  INVESTMENT-HOUR OF SCREEN P R I N T  S O R V '  SVSTEC 
SCREENS 0 .O 1.920E+OC S PER A V A I L A B L E  INVESTCENT-HOUR CF SCREEN P R I N T  t F l P E  SYSTEM 
SQUEEGEE S 0.0 4,OOOFOl S PER A V A I L A B L E  INVESTMENT-HOUR OF SCREEN P R I N T  & OR* SVSTEC 
SQUEEGEES C. 0 4.CCCE-01 S PER A V A I L A B L E  INVESTMENT-HOUR O F  SCREEN P R I N T  S F I R E  SVSTEM 
S O L V E I T - 1  h K  0.0 ' 1.580E-01 CM**? PER INPL 'T  UNIT. 1 U N I T S =  121.01 
SOLVEN 1- I N K  0.0 1.580E-01 CM**3 PER INPUT U N I T .  1 U N I I f i  101.01 
T k E R M C C W P L E *  ETC. C.0 t w C 6 O E - C 4  S PER I N P U T  U h l T .  1 U N I T S =  1 2 l . O I  
T h E R M D C O U P I E * E l t .  C. 0 6.060E-04 S PER INPUT UNIT- ¶ UNITS= 101.~1 
I b U  AG-FRCNT F I N E  G R I C  0 -0 C.140E-03 S PER I N P L T  UNIT, 1 U N I T S =  100.01 
I N K  AG-FRONT F I N E  G R I D  L C S T  0.0 2.BZOE-03 S PER I N P U I  UNIT. 1 U N I T *  21.01 
IRK AG-FRONT BUS BAR c.0 1 . 4 6 0 e o 2  s PER IRPUT UNIT. t U N ~ S =  100.~1 
I L K  A G F R C W  BUS e b R  LCST 0.0 t . 1 5 0 E - 0 3  S PER I N P U T  UhtT ,  1 U N I T S =  1-01 

.. ... 

Figure 47.  Continued. 



E S T 1  MATE OAT€:  0 8 / 0 1 / 7 7  BY:YERNER KERN. XZmD92. RCA L b 0 S v  03-016 C L A S S : F E T A L L I I A T I C K  
, CA1EGORY:PRDCESS D E F I N I T I O N  T E C H I J L C G V  LEVEL:hEIP W T U R E  MATERIAL FORM:3.4O9 YAFER 

I h P U T  UNlT:SbF€IS. ' OUfPUT UNIT:SHE:ETS TRANSPORT IN:500  SMEET CASSETTE' TRAUSPCRT OUT :SO0 SFEET CASSETTE 
PROCESS V I E L O r  9tP.01 Y I E L D  CROYTH P P C F I L E :  0 
:SUBPROCESS USED:SC'REEN PRINT .'WAFER, c.5~1 OF .I~~FUT PRPCESSEC 
I R P U T  ' U N I T  SBLVAQE FACTOR: 0.0 FTCTOP &I: 0 S'rLVAGE O"VTLON:'%~I% ' I~S 

I N P U T  U Y l T S :  C. 0. 0. 
FLCOR SPACE*  FT**2: C- C. C. 

0 E S C R I P T I C K : S C R E E N  P P t O T l N t  ANG S I R T E R L N G  (XNOUCT'IYE 'NETYoRK-BACK 

bSSUCPT ncns: 
1. 3.+On t I A ~ ~ E T E F  ' Y A F E O ~ (  l d 0  I ERIENTAT I0N.P-[YPE. 3-5 OHICCM. 
2. BACK METAL;IZPTIC'N 'PATTERN * U S 1  B E  SSREEk PRINTEC'F~RST. 
3, AG PASTE: ¶ S . ~ Z / T R D T  02 .  *, J. 1 7 4 3 f C R .  eCK A 6 9  MBEh AS CGSTS S4.40r'TPCY C2- 

O E h S l T Y  OF bC PbST Ea3.TSGlCM**3., 131-1G-1  TROY 02.)  
2: 1 R A T 1 0  FOR I N K  - T H I C K N E S S  TO ' P O S T - F I R l h G  AC THICKhcSS.  
NOTE: 5 M I L S  l H l N N e S T  L I N E  POSSIBLE.  Y I C T H  GREATER l H A N  OR EQUAL TO 4 T I M E S  rHICKKESS. 

. . k' 'BACK A t  GR10: 2 5 2  a V E R A C E i  12. C lCRCLC B P l C U  J F T E P  F I R I N G .  
' 5. SCREEN P Q I N T  C F I R E  SYSTEM: 

[ r € r  CCST PWER CCMENIS 
, . C ~ O E R  ' ~ e . 7 ~  .rrw I~VEPJS ~ B F E ~  INTO PRINTER 

P R I N T E R  .24.4i( I U Y  'PRINTER A P P L I E S  PATTERR 
' ' 'CCLLATCR 1C.OK , IKY FOWS ~ * R A L L +  I(YS FOR DRVER. 

9RYER 2?.CK U l K Y  O R  BES :LL TC PPEUEhT . S P E b P  IKC-. 
FVR#ACE 50.OK l l K Y  SIATE.RS PATTERN AT 5 5 0  C. 
RELCAOER Ic.7K I K Y  "PEkCACS h * F € R S  I N T C  CASSETTE. 
c AS S'$T 14s 'r. CK - HCCDS G ~ F E R S  FCR PPI~T'EP.  

. 'TCTBL; 13C.;8K 3 2 K Y  
. &. ' B E L l - X A S ! a E T T f  LCADER ,CAW.'DC 6000 YlsFERSl+P. 
I. SCPEEN 0 1  623. REPLACED. 2 l:lHES PER.D'AI. 

SQbeEGES A 1  S.4C. 8 E P L M E C  CACE FER ~ C U P .  
'U. 0.58  B'IICK . 4 E W P K  ES1.ICIhTED.. 
9. F I R I N G  CF EACM hEECEC SG THAT P 1 S T E  I S .  4 0 7  REMOVED I N  CASE P F  FRONT G R I D  REhORC. 

PPCCENPE 
L UPERATCR LCAQS CAS';ET T E P R E V I O I S  f l € ~  f N T C  LCAOER. 
2. SCREER PRi 'hT  ; d , F I n I  SYSTEP A 9 P L 1 E S  C A U  GRID. 

~ P T  ICAL SCJLWER ~ 1 -  IOAIES PATTER!. a,= ~ E j E c i s  PEYCPKEC, 
PEJECTS ' W E  LQIbeEC ' IYTC a CASSCTTE 01 B E L ~ - X A S S E I T E  S U C K E R  FOR R E W R K -  

3. C,ASSETTE BRALSFERPEC TC FRCW. M E T B L F . I Z h T I C h  CPC'CESS. 
6. R E J E C T S  ARE D F Y O ~ K E D  C REC'lCLEO. 

IN \ESTMENTS 
I Y b F  STMENI  Nd*€ MAX. I I R U P U I  ' U h l T S  8 INPUT U N I T S  PROCESSED F I R S T  C o n  AVAIL .  A R E A t F T r * 2  
5CRFEY P R I N T  C F I R E  S Y S T E I  l I25 . 'OC S.(/HR r00.51 s l 3 r 8 0 0 .  .80.0t 1600 o 

C F T l C l L  SCANP.ER-EXCELPCh 1 6 2 5 i O C  Sb(bR 10C.52 S 1 4 0 0 0 .  8O.OI 16. 
S E L T - X A S S E T l E  STACKFR 16254.0'0 L b / P R  100.51  S 1400C. 80.01 CI 

Figure -48. . Prztceas parameters .- Ag back metallizatnlon . 
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. . L A e c P  

. i s  
(OL=OIRFC~ LABCR PERSCLS;TL=TCTAL ~ b e c a  PERSONS) 

NAPE . ' ~ i e c a  RECUIREMENTS USE n PEPSONSISHIF T / B A S E  UNIT THRUPUT/HR /PERSOL 0 I LPUT UNITS PRCCESSEC ' 

H C U R L Y O P E R A ~ O F :  SCREEN PRINT& FIRE S Y S T E C ,  3 . 3 3 0 E - 0 1  
ECCR. SUPPORT SCREEN'  PR l N T  t F I R E  SYSTEM 2. 5COE-02  
M A l N T E N A N C E  SCREEN PRINT'& F I R E  S Y S T E P  2 .OOOF-01 
Y b I N T E N A N C E  ' O P I I C A L  SCANNER-ELCELLCC 1 .000E-02  
C 6  I N T E h A N C E  BELT->CASS E T T E  ST  4CKER 2 - O C C F - 0 1  
F O R E U ~ N . :  OL 1 . o o o E - 0 1  

. . AMNUAL S U P F L I E S / E X P E h S E S  
E XPELSE-  ACE F I X E O ' P I S T  VdR I A B L E  P A R T  U N I T S  BA.SE 
E L E C T R I C I T Y  c - 0  , . ' 3 . 2 0 0 € + 0 1  KWH. PER A V A I L A B L E  INVESTMENT-HOUR. OF SCREEN P R l N T  & F I R E  S V S T E C  
E L E C T R I C  l l Y  0 .C* 

. , 
1.CCOE-01 K W .  PER A V A I L A B L E  I N V E S T C E N T - h C U R  C F  C P T I C L L  SCPNNER-EXCELLON 

SCREENS.. , , o . . ~  1 . 9 2 0 ~ + 0 0  s PER AVAILABLE INVESTMENT-HOUR OF SCPEEN PRINT t FIRE SYSTEC 
S Q U F F S E E S  . . . % C. 0 4.CCCE-01 S . PER A V A l L P B L F  INVESTMENT-kOUR O F  SCREEN P R I N T  t F I R E  SVSTEC 
SOLVENT- ' I  h.K 0.0 1 .980E-C1  CM**3 PER I & P U T  U h l T .  g U N I T S =  101.00 
T h E R W f l C O U ~ L E  .EK. 0- c' 6 .060E-04  $ PER I N P U T  U N I T .  X U N I T S =  1 C l - C t  
I h K  AG-BACK C R I O  0.C 2.22CF-02 S ' PER l k P L l  U C I T .  X U N I T S =  100.01 
I h K  PC-BACK G e l 0  LCSJ  . . . 0.0 9 . 3 2 0 E - 0 3  S ' PER I N P U 1 , U N I T . .  % U N I T S =  0 . 5 1  

.. . < . " 

. . . . . . . . 

. . 
Figure 48: Continued. 



E S T 1  MATE OATE:08/01/77 W:W WNER KERN. XZO(E4. RCL CABS. 0 3 0 7 C  CLASS:AR C O A T I h 6  
CATE60RY:PROCESS O E F I N I T  I O N  IECHh'OLCbY LEVEL ILEAR RJTURE MATER lAL  -MRM:3.40m WAFER 
IIPUT u ~ r ~ : s n ~ n s  WTPCT UNII:SMEETS TRALSPORT IN:SOO SHEET CASSETTE IRJNSPCRT ~ : S D O  SHEET CASSETTE 
PROCESS W E L O :  99.0% Y I E L C  CRCUTH PPCFILE: 0 
INPUT W I T  SALVAGE H C I O R :  C.0 FACTCR G P I :  0 SALVb6E O P T I C l l r F R b C T I C h  OF INPUT U N I T  V I L U E  

I N P U T  UNITS: 0. 0. 0. 
FLOOR SPACEWF ~ r * 2  : 0. a. 0. 

CESCR I P T  1ON:SPRAY-CN ANT 1REFU.ECTPON C O A T I N G 4 8 I  

LSSUMPT IONS: 
1. 3 . 4 P  O IkWEIER MAFER.(ICOI OR[EhTATICh.F-TVPE. 1-5 CHeLCC. 
2 1  5 0 0  YAFERS/CASSETTE 
3. NOTE: IN-HOUSE AB C C 6 T I h G  NEE'OS TC e E  CEVELCPLC- 

L I Q U I O  SPRAV-ON S 3 U R C E l T l 1 1 2 ~ S l 0 2 )  AT  S I C f L I T E R .  C.1 C R * 3  Y I L L  CCVER 1 S I D E  Y I T H  0.07 RIClONS.  
APPL IEC  AFTER F 1 W L  CETIL1- I Z A T  ICIY- 

4. ROOM REPUIREMENT5: CRVICLEAI F ILTEPEO # I # .  2830 LlTERS/PR/SYSTEM. 
5. 0.5 F r + * 3 / W I N  OF N I T R 0 6 W  NEEDEO(= P.5CE*C5 CW+*l/HR.b 
6. Z I C C N  PCOEL 1 l C C Q  P L T C C C U E P  SYSTEM ( Y l 8 5 K I  IMLUOES:  

1. C A S S E I I E  UNLOAOEII ( S l 5 K t  
2, V~IFER COLLITCR (SIOK) 
3. SPRAY CACHIhE; 41R F I A S H  CRE-DAY STbTlCN;  1.P. P R e C R V ;  

n I c R o c o n P u T m  FEEOBAU COBTPCLLER; 
ZOO DEG. C. CCLYECTICH 0UE)C; 4 C O  CE6. C. C C l b E C T I O N  OVEL. 
TOTAL S a S Y S T E C  PRICE: SLEOK. 

4 .  CASSETTE LO*CER J15K) 
, 5. AUTCWATIC S e P L E  EJECT (NEEDS CEVELCPLEhTa PeOUT b10KB 

6. THICKNESS M m l l O R  t S l O K I  
7. CASSETTE IELOACER I K R  SANPLEf I  ( S l 5 K I  

TOTAL SVSIEC PRICE: 1 1 8 5 E  
7. NEED SPECS FOR bE COATING S T R I P  FOR REhCIK.???1?7?? , 

PROCEOURE 
1. WAFERS ARE LllAOED FPCC CASSETTE TC CGhVEVCP CELT I N  R I B S  OF 5. 
2. WAFERS BRE SPRPYEC M I T H  1OOOd OF T I I A N I A - S I L I C A  P R O O l t I N G  L I Q U I D  

SOURCE C I T E P I L L  h I T b  FRECSUPIZEO CRY L ITPCCEN bS  CARRIER GbS. 
3 .  WAFERS ARE A IR -FLAWED TO RErOVE BUBBLES b h D  UC SETTLE C C A T I h t  PbTERIAL.  
4. AFTER O E P O S l T t O Y  WAFER TRANOPORTEO V I A  B E L T  TO INFRl lREO ORVING Z M E  TO PERPIT  CASSEBTE HAICLING.  
5, AFTER PRE-ORY. Y F e R S  L04OEO I h T C  CLSSETTE. 
6. EVERY I O T h  OR 15TH WAFER I S  EJEC7EO AUTOLAlLClbCLI  FCF  T H I C I L E S S  

T E S r I N G  BY ELL1FSCPETER; CaTb  I S  FEC TO M f C l b a O M P U T t 3  I Z E D  SERVO 
MECH$NISll AT SPRAY BOCIH: 

7. WAFERS W~THIN S P E C  ARE RELOYDEO IN A SEPARAIE C A s s E I r E ;  FAILED 
WAFERS * I L L  BE ?TRIPPEO E N  OLLUTE ACMCLIUP F W D R I C E  SOLUTICN ANC 
COLLECTED FOR REPROCESSING. 

8. WAITRS I R E  BAKED FCR 1 5  PIN. AT 2 0 0  C. I N  PIP.  
9. WAFHIS ARE BAKFD FOR 15 WIN. AT 4 0 0  C. I h  # IF .  

CASSETTES TRANSFERRE0 TO NEXT PROCESS STEP. 

INVESTMENTS 
IN,VESTWEYT NAME MAX. THRUPUI U N I T S  1 1hPUT UNITS  PROCESSEC F I R S T  COST AVAIL.  AREA.FT+*Z 
Z l C C k  MOOEL 11000 lUTOCOAT W 3385.00 S H m I  100.01 S 185000.  90.01 360- 

Figure 49. Process parameters.- AR spray coat. 



NAME 
. H O U R L I .  OPEPATOR' 

MAINTENANCE 
ENGR. SUPPORT 

. i 
. . 

LABOR 
' - l C L = C l * E C T  L I B O R  PERSONS;TL=TOTA& LABOR PERSONS) 

'LABOR REQUIREMENTS B I S E  P E R S O K S / S H I F T / B I S E  U R I T '  T U R U R I T I H R / P E R S O N  t I N P U T  U N I T S  PROCESSED 
ZECCK COOEL 11000 aUTOCOATER " : - . 5.OCCE-01 
Z I C C N  CCOEL l l O O C  A C I C C C I I E R  - 1.000E-01 
Z I C C N  MOOEL 1 l C O C  A T l O C O A I E P  . . ' 2.5COE-01 

I N N U A L  SUPPL I E S / E X P E N S E S  
EXPENSE NAME. 

. . F I X E D  PART V A R I A B L E  F I R T .  U h l T S  E b S E  
E L E C T R I C I T Y  ,: 0 00 3 - 0 0 C E + O I  K PER A V A f  L A B L E  INVEST*ENT-HOUR C F  Z I C O N  M O O U  11000 AUTOCOATER 
N I TROGEN ' 0.0 8 . 5 0 0 ~ t 0 5  C M * * ~  PHI AVAILABLE INVESTMENT-HOUR OF ZICON MOOEL 11000 IUTCCCITE(~ 
~h;-HOUSE SPRAY--ON AR.'COATING. C.O I . ~ ~ C E - O L  C-+J PER INFUT UNIT. t UNITS= 105.01 

. .  . 
3 ' . . 

. . . . 

Figure 49. Continued. 
\ 



ESTIMhTE  OATE:09/20/77 BV:DAVE RICWMAh* X 3 2 0 7 ,  F C I   LA^; S 3 2 1 A  C L A S S t T E S T  
CbTEG0RY:PROCESS O E F I R I T I O M  ~ E C H ~ C L C G Y  LEVEL:NEAR FUTURE M A T E R ~ M  FORR:~.~O" WAFER 
INPUT UNIT:SWEETS OUTJUT UNIT: SCLAR CELLS TRANSPORT IN:SOQ WEET C A S S ~ T E  TRANSPCPT OUT~SOO SCEET CASSETTE 
PROCESS VIELO:  90 .a  Y I E U )  GIDWTH PPCFILE: 0 
INPUT 4JN I T  SALVAGE FACTOR: 0.0 FACTOR G P I :  0 SALVAGE 0PTICN:FRACTICh OF INPUT U(119 Y M U E  

INPUT. UNITS: 0. 0. 0 .. 
FLOOR SPACE. F Te.2: 0. 0. 9. 

OESCPCPT 1CN:WAFER CLECTR I C M  TEST AND SORT. 
. . 

ASSUWPT IONS: 
1. 3 . 4 P  DI'AMEIER UAFERI(LCCJ O S I E h T A T I C h * P - T Y P E , ,  '1-5 M F C M .  
2. T EST FCP: OPEN C I R C U I T  VULTAGE:SMIRT C I R C U I T  CIRRENT;REYERSE B I A S  LEAKAGE; F I L L  FA'CTOR. 
3. MINICOMPUTER-CCLTRCLLED -CEASUAEWEhT OF 1 2  P ~ O I h T S  ALCNG KNEE OF  I-V CURVE FOR KNOWN L!IQHVINt. 
4. WAFERS BELOW 1 C I  E F F I C I E N C Y - L R E  REJECTED. J tD  VIELO ESTCRATEO. 

. . 
PROCEDURE 

1. OPERATCR'LCAOS CASSETTE I N T C  LLCHIhE. 
2. WAFERS AJTOMATICALLY FEO TO TEST EQUEPMENT ANC REASkSEWENTS CAOE. 
3. WAFERS SOPTED' I L T C  CAGbZlhES.  U S l K 6  C R I T E P I A  ' S C  ,eE OBFINlEC. 
4. OPERATOR R E Y V E  5 CAZSETTES AS rHEV ARE FILLED.  

INVESTMENTS 
INVESIWENT NAME PAX. THRUFUT U K I T 5  I I M U T  U N I T S  PPOCESSEO F I R S T  COST AV.41L. AREAIFT*+Z 
S I LTEC WAFER SORTER-W+E.T. 12OO.CC SH/HR 100,Ot J 1 7 5 0 0 0 .  BDoOX 200. 

LABOR 
(DL=9  IRECT LdeCP PFPSOKS ;TL=TQTAL LABOR PERSONS 1 

YACE LA8OR R E W  IREqENTS BASE I P€RSOM/SHIF  T/BASE U N I  T CHRUPUT/HR# PERSON t INPUT U N I T S  PROCESSLO 
HOURLY OPERATOR SIL IEC Y ~ F E A  SCRTEP-~.E.T. 2 . ~ 0 0 ~ - 0 1  
MAINTENANCE I - SILIEC ~ A F E R  SORTER-~.E.T. 2.000E-01 
FCPFCLN t L 1. OCCE-01 

* .  AhhUAL W P P L  I E S /  EXPBYSES 
EXPEhSE NLME F IXFO P A R 1  b A R I A I U E  P A R T  . U h I T S  .BASE 
E L E C T P I C I T Y  0.0 - 5-0OOE+00 - KWH. PER A V A I L A B L E  INVESTPEYI-HOUR OF S I L T E C  WAFER SCPTEP-W.E.T. 

~ i g u r e  50. Process parameters - test. 



E S T I M A T E  0 A T E : 0 7 / 2 8 / 1 7  BY:OICK SCa:TT1 P C 4 9 7 1 1  CAMOEh*  BLOG. 1 0 - 8  CLASS:ARRAY F A B R I C l T I O N  
CbTEG0RY:PQrJCESS D E F I N I T I O N  TECHNOLOG\ L E b E L  :hEAR FUTURE CATER1 b L  FCRC:3.4OW WAFER 
[ N F U T  UN1T:SCLAR CELLS OUTPUT UN 1T:SOLbR C E L L S  TRANSPORT I N :  5 0 0  SHEET C A S S E T T E  TRANSPCRT 0UT:PICKUP T A e L E  
PROCESS YIELD: 9e.cg YIELO GROWTH DRCFILE: o 
I N F U T  U N I T  5 b L V A C E  FACTOR: 0.0 FACTCR GPI :  0 SALVAGE OPT10N:VALUE I h S  

I N P U T  G h l T S :  0. 0.. 0 .  . , . . ., . 
FLCOR S P A C E r F T * * 2 :  0. C. . '  ' C 

DESCR1PTICh:PEFLCY SCLCEP INTEPCCNYECT ION(€!) 

I S S U M P 1  IONS: 
1. 3.40" O I P M E T E R  Y b f  ER* ( 1CO) 0RIE:qTAT lOh.P-T IPE.  1-5 CHM-CCr 

. . 2. 1 1 3  Q E ~ C ~ K  O P E P ~ T C R  PER SYSTEM REYORKS S T P I ~ G  TEST..,REJECTS OF !NPUT)..+, . . , - .  
-- ARRAY P A N E L  RFWCRK OPERATOI$S REUORK 11 EF P b K E L S  bT R A T E  OF 2 PER !PR. 

3. E b C H  P d N E L  C O h T A I N S  15 S T R I N G S  3 F . 1 2  C E L L S  EACH. 

PRECEOURE, 
1. F' IPST I h l T E R U l N N E C T I C N  STATICN:RBTAR> I N C E X  TABLE 
b. CASSETTE LCAOEC WI 'Tk -  e4CK OF .CELL FbCE-UP.  
9; C E L L  F E D  TC S T A T I C N  - # I 1  WHERE I T  I S  RCTbTEC U h T l L  S I L V E R  P b C  IS ,  CETECTEC BY SENSOR. VACUUM P A D  SECURES C E L L  I h  P O S I T I C C .  
C. AT S T A T I J N  a 2 1  S I L V E R  PAD I S  BURNISHED B O T H , c I D E S  6 SL1,GHT P C S I T I V E . A I P  PRESSURE USE0 T O  REMOVE R E S I O U E  FROM e U R N I S k E 0  PAC. 
0.  AT S T A T l C h  13, SCLCEP P b S T E  COT I S  b P P L I E C  TC S I L V E R E C  AREA (BOTTOM F A C E 1  
E. AT S T A T I O N  I4. I N S L L A T E O  TAB I S  B U R h l S H E O 1  F C S I T I C N E O  ANC SCLCEREC ON SCLCER TAB. 

CKCE SCLOEREOI 1 4 8  I S  T k E N  CUT !rO LENGTH. . 
F. AT S T A T I 3 N  15.  C E L L  I S  F L I P P E D  C V E R - . V b C U U M  S T L L  VOLOS CELL I N  P O S I T I O N .  

SOLDER P P S T E  COT I S  A P P L I E D  TO TOP FACE OF C E L L -  
G. ~ T . S T A T I O ~  16, ~ O T T C F  VACUUM R B E A S E S  t TOP VACCUM PICK-UP ARM PICKS UP CELL t SYINGS CELL OVER TO STRING TRAY eELT. 
2. SECOND I Y T E K C H N E C T  S T A T I O N  C CCCPLETF S T P I L G  E L E C T P I C b L  C k E c K -  
b'. VACUUM L I N E  I S :  L T T b C k E O  TO S T R I N G  T R A \ * . H O L O I N G  C E L L S  I H  P C S I T I C h .  
8 .  AT SECCND Ih lTEPCChh'ECT S T A T I C N w  b R  SLl lhC-S T C  W I P E  TAB.OVER SOLDER DOT- 
: ~ A B  IS-.TIEN SOLOEREO CN TOP FACE CF CELL. 
C. AT NEXT S T A T I C N *  b U T C L A T l C  TEST P R O L E  PERFGRMS CbRK I / V  S T R I N G  TEST. 

I F  S T R I G  I S  C K 1  I T  C C h T I N U E S  TC STCRACE PACK- 
I F - S T R I M C  F A I L S .  S T R I N G  T R A Y . I S  R E J E C T E D  AKO RECCbEO FRCC BELT. 

F A I L E O  S T P I N G S  bRE CANUALLY RELWRKEC AN0 T b E N  ? L A C E 0  I N  STORAGE RACK. , .. , . 

3. SOLAR P A N E L  INTERCONYECT TECHNIQLE. 
A. PPEINST~LLEC eus , e b ~ .  WITH EXTEWAL TABS PLACEO ch BELT. 
8. " S T R I I V I  P I C K  UP TRAYa INTERFACES l h T O  HCLCCP ANC VACUUM P I C K S  U P  

COMPLETE S T R I N G  O F  CELLS. STRIMG P I C K  UP T R A I  T b E N  L I T H C R A L S  OUT 
OF HOLDER b h O  P C S I T  IChS.  CVEP APRbY TRbY. 
VACUUM f S  R E L E A S E 0  AN0 C E L L S  AOE OEFOSITEC I h T C  bRRbY TRAY. 

C. ARRAY T R A Y  INDEXED I N T O  P O S I T I O N  FOR EACH S T R I N G  CF CELLS. 
0. TAB I S  L I P E O  CVEP C h T C  INTERCChNECT BUS. 
E. INTERCOhNECT TABS ARE SOLOEREDCZ PLACES FCR E b C H  S T P I h ' G  C F  C E L L S )  
F a  CARK I / Y  E L E C T R I C A L  T E S T  PERFORMED FOR COMPLETE ARRAY PANEL-  

I F  PANEL FASSES TEST. ECLOER W I T H  P b N E L  P L J C E C  I h  STORAEE RACK-  
I F  PANEL F A I L S  TEST, P A N E L  I S  P A N U A L L Y  PEYCRKEC L h D  T H E h  P L b C E O  I N  STCRbGE RACK. , , 

. . - . I  
I .  

INVESTMENTS 
INVESTWEIT NAME PAX. THRUFUT' UNITS 8 I ~ P U T  UNITS PROCESSEO FIRST COST AVAIL. AREA.FT**Z 
ROTARY I N D E X  T A B L E  SYSTEM 1200.OC C E L L S / H R  100001 S 2 7 5 0 0 -  90.0t 24. 
R S  STRING INTERCCNhECT E Q U I P  2 4 0 0 - 0 0  C E L L S I M I  1 0 0 o O t  S l I 9 0 0 0 .  9O.Ot 3 6- 
P A N E L  INTERCONNECT S T A T I O N  3600 .00  ,CELLS/HR 100.0t S 180000. 9O.Ot 1 2 0 -  

Figure 51. process parameters - reflow solder interconnect. 



NAPE 
H O r n L Y  OPERATOR 
P E Y C P L  O P E P 1 T C R  
M A I N T E N A M C E  
POURLV OPERATOR 
P A  I L T E L A N C E  
M A I N T E N A N C E '  
PEWCRK OPEPATOP 
F CREVA'L , 

L b E C R  
- 

( O L = D I R E C l  L A B O P  P E P S C h S : T L = l C T b L  C A e O P  PERSONS1 
LAIOP ~ E O U I C E M E Y T S  ~ C S E  I P E P S O N S / S H I F I / B A S E  U N I T  THRUPUT/HR/PEESON X I N P U T  U N I T S  PRCCESSEC 
R 0 7 6 R I  I N D E X  I A B L E  S Y S T E Y  1 - 6 7 0 E - C I  
A O T b R V  I N D E X  T A B L E  SYSTEM 3 . 3 3 0 E - C l  
R C l d R Y  I N D E X  T A E L E  S V S T E C  1.000F-CI 
R S  S I R I N G  I N T E R C C h N E C T  E C L I P  1 - 0 0 0 E  t C O  
PS STR I ~ C  INT ERCCNN ICT EOU IP 1 . 0 0 0 ~ - c  I 
P A L E L  I N T E R C C N M C T  S T A T I C h  I .OOOE-C 1 
T H U I P U T  3CO -0 1. c 
C L  1.OCOE-Cl - 

A I V i U b L -  S U P P L  IES /EXF 'ENSES 
E X F E ~ S E . ~ A M E  - " .. ,FIXEC+PART' VARIAB'LE P A R T  UNITS BASE 
E L E C T R I C I T *  . '  . 

. . 
0.0 . . .  0.0 KWH..  PER L .VAILA0 l .E  INVESTWENT-HOUR OF R O T A R Y  I N O E X  T A B L E  S Y S T E C  

E L  ECTR l C  1 T V  . . C. a . . C. C " Khn. PER L V A K L f l B L E  I N V E S T  M E N l - + O J R  O F  R S  S T R I M G  I N T E R C O N N E C T  E Q b l P  
E L E C T P I C I T Y  . . , 0.0 , C.C KhH. PER C.VA1L I IBLE I N V E S T P E L ? - h C U R  C F  P A L E L  I L T E R C C L L E C T  S T 6 T I C N  . 
AG-PLATED C U  h I R E  0.0 ' 1 - 4 3 0 E - t 3  . S PER I N P U T  U N I T .  8 U N I T S =  LOO-CX 

Figure 51: Continued. 



FST I P b T E  CAT E : 0 1 / 2 9 / 7 T  0Y:OICK SZOTT. PC4971.  CAMDEN* BLOC. I C - 8  CLASS: ARRAY F ABR I C A T  I O N  
C41EGORY:PRflCESS O E F I h l T l C h  TECHPCLCGY LEVEL:NEAR FUTURE WATER I A L  FCRM:3.4On WAFER 
INPUT UN1T:SOLAR C E L L S  OUTPUT UN1T:ARRAY COOOLES TRANSPCRT 1h:PICKUP T A B L E  TRANSPORT OUT :CURING RACK 
P a c c E s s  YIELD: 99.5% Y I E L O - G P W ~  -PROFILE: o 
I N P L T  U N I T  SALVaGE FAC-TCR2 0.0 .FbCTCR EP4: 0 SALVAGE CPT1ON:VALUE I N S  

" 
INPUT U N I T S :  0. 0. C. 

t-LCOR SPACE*F T**?: 0. -<O. 0. 

CESCP [PT ION: CLASS /PVOICFLL '  ARRAY ASSEPB1-t 

:A,SSkMPTIONS: 
1. 3.40" OtA'PE E'R hAFE(l t ( l C O 1  ' C R I I E h l A Q - I C h r  F-TYPE*  1 - 5  CHC-CC. 
2 .  EACk..PAFSEL .CONTAINS - 1 5  STRINGSTOF 1 2  C E L L S  'EACH. 
3. MA'1ER.I-A'L FECUIFEPELTS:  

1. FRAME: S6.80 /180  = S3.82E-O2/CELL 
2 .  GLeSS: S7..0W L8C = -iS3.S.lF-O2/CELL 
3. PVB: S6.401.180 = S3.56E-OZ/C.ELL 
4. PANEL COYYECTOR: SS.CC/lCC = S2.78E-02/CELL 
5. GASUETrPVC C AL F C I L  T8PES: Sl .OC/ lCC = 15.56E-O3/CELL 

.'FRCCE CURE 
. 1. CLASS U L S t E C  dNC CR IEC. THEN SPORE0 I N  C L E A h  STCSAGE ARE#. 

2. GLASS I S  PLACEC C h  A I R  TACLE. PVC I S  T k E h  PLACEO CN GLASS. 
SCLLER ,TRANSVERSES. P V B  A D H E R I  hG TC GLASS. 
GLPSS Y : I T ~  pime P L ~ C E D  I N  CLEAN STORAGE AREA. 

3. GLASS FROC STCRAG€ RACU PLACED PVB S I D E  UP. 
ARRAY TRAV F L  I P P E O  OVER* VACUUM H O L O I N G  C E L L  , S T P I I G  ASSECCLY U N T I L  PLACED C h  PVB. w 

Cn : P R R A Y  TRAY IS ALICLEC YITH e c T T c P  C L A S S  PLATE. ' '  ' 4RRAV TRAY I S  F L I F P E O  CVER C N T 3  PVB. . -. . . .  _ , -.. . . - ;4. SECONO SFEET OF OOTH P V 8  & G L A S S  A L I G N E D  ~ I T H  BOTTOC GLASS CVER S T R l h G  bSSECBLY GF C E L L S -  
. ". 

I .  ' . . ARPAY .ASSEPBLY EhCLCSED I N  VbCUUM P A 6  t SENT TO STORAGE OR AUTOCLAVEo I .  . . . .  

, - ' 5 .  FRAWE.'PIECES CLT. ASSEMBLED. ANC SFCT LELCEC-  . 
FRAMES SENT 1 C  6 L b S S  ASSEMBLY L I N E  V I A  CGhbEYCR." 

O. G L A S S  PINEL ASSECBLY REPCVEO F R c r  AUTCCLAVE VACUUM BAG t POSITIONEO ON ROTATING rAnLE.  
A L U M I N I L E C  TAPE I S  A P P L I E D  A U T O P A T I C A L L Y  CVER EOCES ANC W T t  S I C E S  OF CLASS. 
T b P E  I S  Y I P E O  CVER AN0 bCAT S E A L E D  TO GLASS. 

7. RUBBER 6 4 S K E T  PLACE0 ARCUKO GLASS ASSEPELY t bSSEMBLY PLACEC I N  FRAME. 
GLASS R E T A I N I N G  FRAME INSERTED AN0 MODULE CCMPLETEO US1 NG PRESS. 

8. AFTER F I N b L  IPSPECT I t h  ANC T E S T *  ARPAV MOObLE SENT TO PACKAGING AREA- 

INVESTMENTS 
IhVESTWEYT NAME. . MAX. THRUPUT L N l l S  S I h P U T  U h I T S  PRCCESSEC F I R S T  COST AVAIL .  b R E A * F T * * 2  

GLASS/PVB/PAIEL ~ S C .  S T A T  ICN 7200.00 CELLS/HR 100.0% S 5 8 2 0 0 0 .  90 .OI  900. 
F I N A L  ASS E I B L Y  E Q E I P M E k I ( 8 I  7200.00 CELLS/HR 1OO.OI .S ' 2 7 5 0 0 .  90.01 275.  
FRIME ASSEMBLY ECUIPMENT 2 1600.00 C E L L  S/HR 100.C1 S 75200.  90.0I 225.  

LABOR 
l O L = O I R E C T  LABOR FERSCIS;TL=TCTAL LABOR PERSONS I 

NAPE LABCR PEQUIREMENTS eASE I PERSONS/SHIFT/BASE U N I T  THRUPUT/HR/PERSON I I I P U T  U h l l S  PRCCESSEC 
HOURLY OPERATOR GLASS/PVB/PANEL ASH.  STATIC^ 4 . 0 0 0 E t 0 0  
 CURLY CPEPATOR F R b n  E A s s E n e L r  EQUIPMENT l.OCCEtCO 
H O U t L Y  OPERATOR F I h A L  ASSECBLY E Q U I P P E h T t e )  4 . 3 0 0 E t 0 0  
MA INTENANCE . GLASS/PVB/PANEL ASP. S T A T I O N  1.000E-01 

F i g u r e  52. P r o c e s s  -  glass-^^^ panel. 



,.. . 
. . , , , S T  . ' , ? L  

. .  LABCR 
. I .  , (OL=D:IRECT LABOR PER SONS;TL=TOT.&~~~ABOR PERSCM SJ  

MA ME t A B C R  REOUIREMENrS e b S E  I P E R S G L S / S H I F l / e A S E  U N I T  lhRUPUT/HICPERSON I INPUT U N I T S  PRCtESSEO 
C L I N T  ENANCE FRlUlE A S S E M M I  EQUIPMENT 1.OCOE-01 ' .: 
C A I  N T 6 M N C E .  F l h d L  bSSEClA!Y E 1 U I P M E N T t L b  . ~ 

1-OOOE-C1 
FOREMAN O L  . 1.000E-01 

6RNUAL SUPPLIES/EXPENSES 
EBPENSE NAME F I X E D  PART V b R l b e h E  PART U N l I S -  BASE 
EL ECTR It I T Y  ' ' : C. • G O  KW. , PER A V A I L A B L E  INVESTMEW-M)UR.OF U A S S / P V B / P A N E L  ASM. STATION 
E L E C T R I C I T Y  .. 0 .O C.0 t i  PER A V d I L A B L E  INVESTCENT-HG'JR CF FRAYE ASSEYBLY EQUIPMENT 
E L E C I R I C I T Y  8 0. J KWH. . PER A V A I L B B L E  INVESTllEWT-HOUR OF F I N A L  ASSEPBLV E O U I P C E L T ( 0 J  
FRAME 0.a 3.EiCE-02 L PER I ~ F L T  U~IT .  1 UNITS= 100.02 
GLASS . . 0.0 . 3.9lOE-02 J PER INPUT UNIT. t U N I T S =  130.0$ 
PV I! C. @ 3.56C€-02 S PER INPUT UPilT. t U N I T S =  130.Ct 
P d h E L  CChhECTOR - ' . 0 .m 2.710E-02 S PER I N P L 7  UHIT. O U N I T S =  100.01 
GASKET.PVC & A L  F C ' I L  TAPES a.d . 5.5606-03 S . PER - INPUT UNIT.  O U N I T +  100. C 1  

Figure 5 2 .  Continued. 



ESTIMATE 0 ~ ~ ~ : 0 7 / 2 8 / 7 7  BY:DlCK SCOTT* P C 4 9 7 1 ~  C A M D E h t  BLDG. 10-8 CLASS: PACKAGING 
CbTEG0RV:PPOCESS CEF I k I T  I O N  TECkKOLOGY LEVEL:EXIST I N G  M A T E R I A L  FORM:3.40. bAFER 
I N P U T  U N I  T:dARAV MODULES O k l P U I  U N I  T:APRAY CCDULES TRANSPCRT IN: CURING RACK . TRANSPORT 0UT:BOX 
FRCCESS YlELC: lOO.Ot Y I E L D  aSOWTH P R O F I L E :  C 
1 h F U T  U N I T  SILWACE F4CTCR: 0 d 0  F I C T C R  GPY: 0 SALVAGE OPTION:  VALUE I N S .  

I N P U T  U N I T S :  C. C. C. 
FLCGR S P I C E * F T * * Z :  0 -  0. C. 

D E K R I P T I O N : A R R 4 Y  CCOULES P L A U C  I h  LCCC € P I T € ,  

A S S W P T l C h S . :  
1. lL.O F T * * 2  PALEL, 
2. 1t.O F T * * L  OF YO00 CRATE NEEOEO AT 1 - 0 6  PEP F T * * Z  CF PANEL. 
3. I CFERITOR CAN P I C K A C E  50 MDDULES/HR U S I N G  PACKAGING EQUIPMENT. 
4. N v  THE NUCBER CF P A h E L S  PER YOCC C P b T E v  I S  TC e E  CETERMINEC. 

PRCCEOUPE 
1. OPFRATCR PLACES h PLNELS FRCM S T O R I E E  R I C K  I N T O  A BOX. 
2. ROX STAPLED. 

, . 
3. eox .=LACEC CN STICK FOR REMOVAL 10 ~AREHOLSE.  

. . 
INVESTMENTS ' 

. '.. INVESTMENT NAME MAX. THPUPUT U N I T S  % I h P U T  U N I T S  PPOCESSEO F I R S T  COST- AVAIL .  A R E A r F T * * Z '  
PACKAGING EQUIPMENT 50.OC A.M./HR 1 0 0 . 0 t  S 2 5 0 0 0 .  100.0X LOO. 

. .. , . 
LABOR 

. . I O L = O I P E C T  L I B O R  PERSCNS;TL=TOTIL LABOR PERSONS) 
- .-NAPE. LABOR REQUIREMENTS BASE I PERSONS/SHIFT/BASE U N I T  THRUPUTIHRIPERSCN t I N P U T  U N I T S  PROCESSED 
.- H O l R L V  OPERATOR P A C K A G I L G  ,EQUIPCEhT L.300E+00 

FCPEMAN .DL .: . t . _  1 - 0 0 0 E - 0 1  
it<. .". ,.. . ' .  

ANNUAL . SUP'PLIE S;EXPFNSE:S * : . 
EXPENSE NAPE F I X E O  P 4 R l  WAPIABLE P I R T  U N I T S  eASE 
BCX FCR M C I U L F  f .O 1.2BCE+CC S PER I N P U T  UA'IT. t U N I T S =  100.01 

Figure 53 .  Process parameters - packaging. 



assembly. The process s t ep  t h a t  was changed was. junction formation and back 

d i f fus ion .  A l l  ca ses  were analyzed a t  1, 3, 10, 30, 50, and 100 MW/year. 

Case I was ion-implantation on both s ides ,  Case I1 was spin-on source on the  

backside and POC1) i n  f r o n t ,  Case I I I w a s  spin-on source on both s ides ,  and 

Case I V  was print-on source on both 'sides. The processing t r e e s f o r  these  

sequences i s  shown i n  Fig. 5 4 .  The matr ix  was run ignoring wafer. c o s t s  s i n c e  

a l l  process sequences s a t u r a t e  i n  c o s t  a t  a 30 MW/yr production l e v e l ,  a 30-MW 

fac to ry  design is our goal. The spread i n  cos t  was about 20%.with the  lowest 

cos t  being print-on source on b o t h ' s t d e s  (Case IV) c lose ly  followed by ion 

implantat ion on both s i d e s  (Case I) while the  highest  was spin-on.back and 

POClg f r o n t  (Case 11). We chose t h e  POCl j u r~c t ion  formation duc t o  proven 3 
c e l l  e f f i c i ency  and r e j e c t e d d o n  implantation f o r  the .nea r  term because pre- 

sen t  machine throughput i s ' inadequate ,  and incrsaued. Lliroughputs t o  the  re- 

quired l e v e l  a r e  not  an t i c ipa ted  by 1982. - ---. ' 

SAW/ETCH 
WAFERS 

i 
I 

- - - 1 
PRINT OR 
SPIN-ON 

SPIN-ON. 

1 I r SPIN-oN I I ION .IMPLANT I 

JUNCTION 
P O C i  3 N+ DRIVE- I N  

JUNCTION FORM AND ANNEAL 

, , 

T E S T  

Figure 54. C e l l  processing sequence. 
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C. . IMPACT OF MANUFACTURING VOLUME AND POLYSILICON COST 

It is important t o  determine t h e  l e v e l  o f  production. f o r  which volume 

c o s t  r educ t ions  s a t u r a t e  f o r  each of  t h e  s h e e t  p repa ra t ion  cases .cons idered .  

The results o f  such a c a l c u l a t i o n  are given h e r e  assuming t h a t  t h e  processes  

which fo l low t h e - v a r i o u s  shee t  p repa ra t ions  are t h e  same a s  shown i n  Table 6 .  

We have considered product ion l e v e l s  ranging  from 3 t o  100 MW/yr and have 

shown t h e  impact o f  . . s i ng le  ve r sus  m u l t i p l e  p u l l i n g  of  c.rysta1, i.d. sawing 

ve r sus  wire sawing, arid have a l s o  considered t h e  l i m i t i n g  c a s e  o f  $O/kg 

p o l y c r y s t a l l i n e  c o s t .  The results- of  t h e s e  c a l c u l a t i o n s  a r e  shown i n  Fig.  55. 

The c o s t  r educ t ion  wi th . inc reased  volume r e f l e c t s  more e f f i c i e n t  u se  o f  

c a p i t a l  and kabor,  whi le  t h e  c o s t  r educ t ion  ,as(a,, func t ion  of  shee t  p repa ra t ion  

r e f l e c t s  c o s t  r educ t ion  i n  materials and expense items. 

MANUFACTURING COST 

L SPIN -ON BACK DIFFUSION SOURCE - 
2. #)CIS FRONT DIFFUSION 
3. SILK- SCREEN A9 METALLIZATION 
4. SPRAY -ON AR COATING 
5. 0OUBLE:'GLASS- PVB PANEL ASSEMBLY - 

. , 
SINGLE INGOT PULL 

- _ . -  ._ - - 
4 

Figure  55. Cost a s  a  £unct,ion of manufacturing volume wi th  wafer 
prepara t ion '  and p o l y s i l i c o n  c o s t ,  a s  parameters.  

Since volume c o s t  r educ t ions  a r e  s a t u r a t e d  f o r  product ion l e v e l s  beyond 

30 MWIyr, we have based our pre l iminary  f a c t o r y  des ign  a t  t h a t  product ion 

l e v e l .  



D. FACTORY LAYOUT 

The f i n a l  fac tory  layout  is  'shown ' in'  Fig. 56. The fac to ry  a rea  i s  
2 

100,000 f t  with p r o v i s i o n . f o r  o f f i c e  space, , ca fe te r i a ,  s torage,  receiving,  

and warehousing. There a l s o  i s , ' p rov i s ion  f o r  buffer ing  between c r i t i c a l  pro- 

cess ing  s teps .  The equipment required for .  t h i s , f a c t o r y  is l i s t e d  i n  Table 7 .  
. .  . 

E. SELLING PRICE 

WC have used t h e  c r i t e r i a  described i n  Section . . ,I1 , i n  order  t o  a r r i v e  a t  

the  f i n a l  s e l l i n g  p r i c e .  The procedure r equ i res  an es t imate  of f ac to ry  

overhead, such a s  p l a n t ,  land,  equipment (other  than manufacturing equipment), 

support  personnel,  ma te r i a l s  i n  s torage  o r  i n  process,  and an es t imate  of the  

d i f f e r e n c e  between receivables  'and payables . The itemi,zed l ist  of these  

components is given i n  ~ a b l e s  8 and 9. The manufacturing c o s t s  a r e  $2.011/W 
. . L . .  so  t h a t  t o t a l  cos t  is  $2.145/W1 . . 

We have assumed t h a t  ti& e n t i r e  f &tory  and. c a p i t a l  equipunll  a r e  financed 

by debt .  I n  order  t o  remove considera t ion  of deb i t  r a t i o .  (% of a s s e t s  financed 

by debt)  from an es t ima te  of p ro f i t ' ,  we w i l l  assume the  following re la t ionsh ip .  
. . 

Net p r o f i t  a f t e r  t.axes + a f t e r - t a x  i n t e r e s t  - - 0.15 
FLLSL c ~ s c  of a s s e t s .  

The before-tax interest on the  f ac to ry  i s  $ 0 . 0 3 9 1 ~  ( fac to ry  investment) 

and t h e  before-tax i n t e r e s t  on manufacturing equipment Investment i o  $0.074/W. 

Equipment a s s e t s  a r e  $0.824/W'and fac to ry  a s s e t s  a r e  $0.430/W. The before- 

t a x  p r o f i t  is $0.263/W. Thus, : the t o t a l  p r i c e  is  $2.41/W. 

F. CONCLUSIONS - ANALYSIS AND FACTORY DESIGN FOR'1982 

From t h e  cos t  production analyses conducted here, ,  i t  can b e  .concluded t h a t  

t h a t  t h e  in te r im 1982 goal  of $ 2 1 ~  a r r a y . c o s t  can b e  achieved i n .  a large-  

s c a l e  (i30 MW/yr) factory.  The ana lys i s  c l e a r l y  shows t h a t  t h e  l a r g e s t  c o s t  

cen te r s  and the re fo re  t h e  a reas  needing t h e  g r e a t e s t  a t t e n t i o n  a r e  t h e  crys- 

t a l  p u l l i n g  and wafer sawing operatkons. Conventional.Czochralski s ingle-  . . 

ingot  p u l l i n g  and i.d. wafer sawing a r e  too: wasteful  of ma te r i a l s  and res .u l t  

i n  a t o t a l  c o s t  of about $2.50/W. .. By. considering multiple-ingot p u l l i n g  and 

high-yield w i r e  sawing of wafers , .we have shown t h a t  t h e  c o s t  i s  reduced t o  





TABLE 7.  FACTORY EQUIPMENT LIST 

INVESTMENT 
I Y V E  STMENT UNITS 
ALUM INUM BLOCK 3t3. 
bNNEALING FURhbCE 16. 
ARGOY G A S  INS TACLATI Ck 13. 
BELT->CASSETTE STACKER 16. 
CASSETTE STACKER 4, 
CENTER GRINDER 7. 
CEhT ERLESS GR IUDEO 7. 
CLAH-SHELL UhLCACER 4. 
CRYSTAL MOUNTIWG BLOCK 363. 
CRYSTAL PULLER SPbRE PARTS 61. 
CUTOFF S A Y  16. 
DISk ING GAUGE 5 2. 
FINAL ASSECBLY ECUIPCELT(E1 1. 
FRAME ASSEMBLI EQUIPMENT 1. 
GRAPHITE PLUG 363. 
GRAPHITE STICK CPVSlbL CCUNi 363. 
k E A C W A Y  CONTOUP GR INOER 3. 
I 1 1  MODEL 3 SPINLEP-3 TRACKS 36. 
111 MODEL 3 CVEN-3 T R A C K S  IN 36. 
L IFETIME TEST SET 7. 
MECHANICAL STbCKER 1, 
MISCELLANEOUS CP 7. 
hIKPN CCMPbRbTOR 7. 
OPTICAL SCANNER-EXCELLCN 16- 
ClPTlCAL SCANNER-EXCELLCN R & D  1. 
OXIDE STRIP STLTlCh(BJ 2. 
PACKAGING EQUI PMEN1 1. 
ELASS/PVB/PANEL ASH. STATIUN 1. 
PANEL INTERCChhECT STbT ICN 2 I 
POCL 3 01 FFUSICtY FURNACE( B l  4- 
POCL3 FURNACE LINERS (I I 4. 
POCL 3 FURNACE LOIL S (  B 1 4. 
POCL3 FURNACE PAUOLES(B1 4. 
PCLVSlLICCh IhYEhTCRV ( e l  61. 
POT REFILLER 61- 
R E  ICFERT CICRCSCGPE 7. 
RCTf iRY  INDEX TABLE SYSlEM 5. 
45 STRING INIWCONNECl EQUIP 3- 
SCREEN PRINT E ORY SYSTEM1 6 0 

SCREEN PRINT E FIRE SYSTEM 10- 
s ILT EC CRYSTAL PULLER- e60 6 1. 
SILTEC WAFER S C R f  ER-FRCeE 6. 
SILTEC WAFER SORTER-L.E. 1. 7. 
ULTRASCNIC WbF ER CLEANER 1. 
V A R I  AN MULTI BLADE SAh 363 
Y A F  ER ETCb ING STAT ION( BJ 2. 
WATER RE-C IRCULATOR 11- 

SUMMARY 
STCTAC 

2SC4- 
12000- 

19500C. 
24CCCC- 
60000. 

L26000o 
168CCO- 
12000. 
3ce55. 

35075C. 
38400. 

7ecc. 
27500. 
75200. 

726. 
130680 
162CCC. 

U44COOO. 
720000. 

35CCC. 
15000. 

126000. 
455CC. 

~240000 
35CCC. 

16CCCC. 
25COOo 

~ e z c c c .  
360000 
266400. 

224CC. 
32000- 
32CCC. 

102175C- 
. , 305000- 

63CCC- 
137500 - 
357C00, 
5328CC- 

1388000. 
488CCCC- 

900000. 
1225000.. 

60CCC * 
7260000 

SCCCC.. 
132CCC- 

S/YbTT 
C. oco 
0.CCi 
0.006 
CICC8 
0.005 
0.004 
0, CC t 
0.000 
COCC1 
0-C li 
0.001 
C-GCC 
0.00 1 
0.003 
0. OOC 
0.004 
C. OCS 
0.C48 
0.024 
c.cc1 
0.000 
0.004 
0.CCi 
0.008 
0,CCl 
O.GCf 
0.001 
0. 019 
0.012 
0.009 
0. CC 1 
0.001 
O.CC1 
C.034 
0,010 
c.0cz 
0.005 
O.Cl2 
0.C 1E 
0.046 
C. 163 
0.030 
0.041 
o.cc2 
0.242 

JCEPR 
415. 

1C266. 
27857. 
34286, 

8571. 
18000. 
24tCC. 

1714. 
30855 

C. 
5486. 
11 14. 
39 29 

10743 
lC4- 

18669. 
23 143, 

2C57 1.4- 
102857 

5000. 
2 143- 

18000- 
t5CC- 

342e6. 
5000. 

.22857. 
3571 

83143. 
51429. 
38057 

5tCC. 
8000. 
4571 0 

01 
. 43571. 
. . .  9CCC. 

'19643. 
.. 51000. 

761 14. 
198286 
697143- 
128571- 
175000. 

e571. 
1037143. 

12857. 
18857. 

J/WATT 
0.000 
0.000 
0.001 
0.001 
C. 000 
0.001 
0.0C1 
0.000 
0 000 1 
0.0 
0.000 
0.000 
C. 000 
0.000 
c.000 
0.001 
0.001 
C.007 
0.003 
0.000 
0.000 
0.001 
0.000 
O.OC1 
0.000 
0.001 
0.000 
0- 003 
0. oc2 
0.001 
C. OCO 
0.000 
0,000 
0.0 
0,001 
0.000 
C.001 
0,002 
0.003 
0.007 
0.023 
0- OC4 
0.006 
0.000 
0.035 
0-000 
0.001 

SINTEREST J/YATT 
2 6  0.000 

6480. 0,000 
17550. 0,001 
21600. 0.001 

54CO. 0.000 
11340, 0.000 
lSl20o 0.001 

1080. 0.000 
2777- 0,000 

31567. 0.001 
3456. 0.000 

702. 0.000 
2475. 0.000 
6768, 0,000 

65. 0.000 
11761. 0.000 
14580. 0.000 

129600. 0. 004 
64800. 00002 
3150. 0.000 
1350. 0.000 

11340. 0.000 
4095. 0-000 

21600. 0.001 
3150. 0.000 

14400. 0.000 
2250. C.000 

52380. 0.002 
32400. 0.001 
23976. 0.001 
2016. 0.000 
2880. a 0 0 0  
2880. 0.000 

91957. 0.003 
27450- 0.001 
5670. 0.000 

12375. 0.000 
32130, 0.001 
47952. 0.002 

124920. 0. 004 
439200. 0.015 

8100C. 0.003 
110250~ 0.004 

5400. 0.600 
,653400. 0. 022 

8100- 0.000 
11880. 01000 



TABLE 8. FACTORY .OVERHEAD DETAILS 

INVESTMENT 

PLANT : 
Process 
Off ices 
Cafeteria 
Array Storage 
Wafer Storage 
Ingot Storage 
Chem. Storage 
Maint Shops 
Receiving 

~otal' Plant 

LAND 160,000 
Parking 6 Rece.iving 60,00'0 
Office Equipment 
'purchased Material for Inspection t 

and Quality Control 
Minicomputers for Payroll and MIS (2) 

. Cassettes, (2100) 

S,UPPORT PERSONNEL 
PLANT. ADMINISTRATION 

Factory Mgr 
Asst Mgr 
Secretaries . ' , . 
Receptionist ' . 

Number 

.. Industrial Relations 
Secretaries 

: : ~inanciai services . .. , 

Secretaries , , . 

~ccount ing Services 
Secretaries/Clerks 

' ' Computer Service ' 

a Computer Operators 

Purchasing 
Secretaries 

FACILITIES 
. -  , . , Guards . 

Maintenance 
.Janitors' ' 

Warehouse , ' . 1  2 5K 
, Material Hand1e.r~ . . .  3/shiL~ 144K 

. .  . 
': : Dispensary . . llshift , 6,OK 

. .  % 

' ~ndustrlal ~ n ~ i n e k r i n ~  ' . .  . . . , .  &.,lo . 250K . . . . 
. ,  . . . .  

Quality Control 6 Purchased 
Material Inspection.. 5/shifk . . 360K 

. . 
Support People (~otal) 107 1719K 



quan t i ty  ' Cost ($) Annual Cost ($1 $ /w 
Support Personnel 107 1719K' 1719K 0.057 

Casse t t e  (4-yr l i f e )  2100 210K 52.5K 0.002 

.-- 
Heating, Lighting, and AC 188K 0.006 

. ,  - Insurance , 
115K 0.004 

F 

, .-- 
Local Taxes 

', , 
T ' ,  , : 

y .'. 'Factory ' ~ e p r e c i a t i o n  
(20-yr l i f e )  

Factory Interest (9%) 

Support Equipment 
Depreciation (7-yr l i f e )  

Support Equipment 
I n t e r e s t  (9%) 

. Receivables (30 days) .(9%) 

Payables (30 'days) (9%) 

Tota l  ' Oil34 

$2..01/W, which po in t s  ou t  t h e  need. f o r . t h e  f u l l  development of these  tech- 

niques by 1982. . But even i n  th is .  case,  the. cos t  of wafer. preparat ion comprises 

213 of t h e  t o t a l  panel  cost., s o  thac add i t tona l  cos t  reductions w i l l  have 

g rea t  impact on achieving t h e  $2/W goal by 1982. 

An o p t i m i s t i c  vlew can be taka11 for  t h e  cos t s  of t h e  remaindng process 

seqli.ences of junction formation, me ta l l i za t ion ,  AR coating, and patiex assembly 

m t h e i r  c o s t s  temain wi th in  acceptable.. limits a f t e r  repeated analys is  and 

some redesign of t h e  panel. 



SECTION IV 

.EXPERIMENTAL PRODUCTION STUDY OF SILICON 
. . . . .  SOLAR CELL ARRAY MODULES 

A. INTRODUCTION 

As reported in Section 11, conceptual studies were made of manufacturing 

process sequences for the large-scale production silicon solar array modules 

which could be sold for $0.50/peak W in 1986. As a result of that study, the 

major elements of the most cost-effectdve manufacturing sequence were identi- 

fied and described in detail. Those results are summarized in Figs. 57, 58, 

and 59 for three such sequences which differ only in the junction-formation 

process. The purpose of the work conducted over a 6-month period and re- 

ported here was to evaluate the sensitivity of these processes to changes in 

the,primary variables and to identify the critical variables relating to cost 

and performance. 

The work consisted of three phases: a experimental production study; , 

screen-printed metallization development; and panel design and assembly. The 

purpose of the experimental production is to produce a statistically signifi- 

cant quantity of solar cells in order to assess the process parameters which . 

affect cell performance. Subsection B of this report describes the results of 

operating that experimental line for the three junction-formation processes 

of Figs. 57, 58, and 59. Screen printing of the contact patterns onto the 

solar cells is an essential element of the low-cost manufacturing; however, it 

is not now a highly reproducible process. Subsection C describes the develop- 

ment conducted in assessing Ag and A1 inks. and experimental results obtained 

in screen printing these inks on test structures and solar cells. Subsection 

D discusses a double-glass panel designed to meet presently expected electrical 

and environmental ,conditions. Preliminary results of a lamination technique 

used to construct such a panel are also described. .- 

B. EXPERIMENTAL PRODUCTION STUDY 

1. Basic Processes and Equipment I 

The three manufacturing sequences of Figs. 57, 58, and 59 were simulated 
. . 

in an experimental produc t'ion line located at the RCA Solid State Division, 



COST LNALY S1S:'CASE I I:sPI~'ON +POCL3 DIFFUSIONlBJ 

PROCESS COST OYERVIEY-$/WATT 
ASSUMPTIONS: 0.717 M A T T S  PER SOLU CELL ANO I 0-0 FOR 7 , ~ .  CI (3-1 OIAUETER wAFEa 

-STEP VIELO ,:PROCESS HlT"L. 0. Lo EXPO P o  OH. INTO 
.I .99.01' SYSTEU. -2- WAFER CLEANING 18) 0.0 o.aot 0.002 0.000 0.000 

' 2 95.01 SPIN-~N S0URCE:l SIDE 481 0.007 0.ClO 0.000 0.005 0.002 
'.3 99-08. POCL.3 DEPOSITION AND OIFFUSION L A )  0-0 O.Cl7 0.028 0.021 0.003 
4 95 -01  EOGE POL IS^ . {BE 0.0 o.aoz 0.004 0.001 o.ooo 

.s 99-01 'GLASS REMOYAL 0.0. o.aoz 0.001 0.001 o.000 
6 99-01 POST DIFFUSION .INSPECTICN .18) 0.0 0.003 0.000 0.003 0-003 
7 98.01 THlCK AG. UETAL-FR0Ml:AUTO 40) 0.025 0.009 0.011 0.012 0.006 
8 98-01 THICK AG METAL-BACK:AUTC 18) 0.024 o-a04 . o.005 0.005 0.003 
9 99-01 AR COAT1NG:SPRAY-ON 18) 0.002 0.004 0.002 0.001 0.001 

1 0  80.0t TEST (8 )  0.0 0.004 0.000 0.003 0.004 
11 98.08 ~INTERCONNECTZGAP YLLOIKi 18) 0.002 0.006 0.002 0.002 0.002 
12 100.01 WIUBLE GLA'jS PANEL ASSWBLY (8 )  , 0.072 O.CO2 0.002 0.001 0.001 
13 100.08 ARRAY MOOULE PACKAGENG . [ A #  0.007 0.001 0.0 0,000 0.000 

64 -61  TOTALS 0.938 0.066- 0.057 0.054 0-024 
8 3 6 + 7  17.M 15.11 16-37 6.41 

NOTE: (A#-EXISTING TECWdOLOGY: ( 8 J a E d R  FUTURE: (CbmFUTURE ANNUAL PROOUCTIODCl 50.0 )IE6AYPTlSm 

02/03/77 13:09:18 PAGE 1 

'TOTALS 
0.005 
0.026 
0.073 
0,008 
0.00s 
0.013 
0,071 
0.044 
0.011 
0.018 
0.016 
0.08a 
0- 009 
0.378 

I NVEST 
0.003 

.0.018 
.0.031 
0.005 
0.005 
0.030 
0.062 
0-031 
0.008 
0.042 
0.019 
0.014 
0,000 
O.26F 

.- . .. . 
Figure 57. Cost summary - spin-on + POC13 diffusion 



ASSUMPT'IONS: 0.717 WATTS PER SOLAR CELL 
STEP VIELO PROCESS 

1 99.01 SYSTEM -2- WAFER CLEANING 
2 95.01 SPIFON SOURCEIP SIDES 
3 98.01' DIFFUSION 
4 95.OI EU6E POLISH 
5 99-01 GLASS REmVAL 
6 99.01 POST OlFFlJSlON IISPECTIOY 

. 7. 98.01 THICK AG METAL-8ACK:AUTO 
8 98.Ot'THICI AG METAL-FR0NT:AUTO 
9 .  99.01 AR COAT1MG:SPRAY-Oh 

10 8U.m TEST 
11 98.01 INTERCONNECT1GAP bELOlNG 
12 100.Ot OWBLE GLASS PANEL ASSEMBLV 
13 100.01 A R R I I  MOOYLE PACKACING 

64-01 TOTALS 

PROCESS COST OVERVIEY-S/UAfT . 
AN0 S 0.0 FOR 7.8 CM (3.) DIAMETER 

MAT8Lo 0. Lo EXPO Po OH* 
l e i  0.0 0.002 0.002 0.000 
(8) 0.014 0.030 0-001 0.012 
(8) 0.0 0.009 0.002 0.002 
(88 0.0 0.002 0.004 0.001 
(8) 0.0 0.002 0.001 0.001 
(8) 0.0 0.003 0.000 0.003 
48) 0.024 0.004 0-005 0.005. 
(8)  0.024 0.009 0.011 0.012. 
18) 0.002 0.004 0.002 0.001 
( 8 )  0.0.. 0.004 0.000 0.003 
(8) 0.002 0.006 0.002 0.002 
(8) 0.072 0.002 OiOO2 0.001 

.(A) 0.007 . 0.001' 0.0 01000 
. 0.145 0.078 0.031 0.043 

1 39.87 21-52 8.63 11-81 

NOTE: (A)-EXISTIN6 TECHNOLOGVI (Bl=NEAR FUTURE; (CB-FUTURE ANNUAL PROOWTIW: 50.0 )(E6AUTlS. 

02/03177 13t09:18 PAGE 1 

TOTAL S 
0.005 
0.068 
0.016 
0.008 
0. 005 
0 00 13 
0.045 
0.070. 
0.011 
0.018' 
0.016 
0.080 
0.009 
0.363 

1 INVEST 
1.3 0.003 

18.6 0.046 
4.5 0.012 
2.1 0.005 
1.3 0.005 
3.7 0;030 

12.3 0.031 
19.4. 0.062 
3.0. 0.008 
4.8 0.042 
4.5 0.019 

22.0 0.014 
2.5 01000 

100.0 0.278 

Figure 58. Cost summary - spin-on 2 s i d e s .  



0 2 / 0 3 / 1 1  13:09:18 PAGE 1 

ASSUMPT ICNS: 0.117 YArTS PER i O L L R  CELL 
STEP YIELD PROCESS ,- 

1 99.01 SYSIEM -2' YAFER C t I b N I N C  . 
2 98.01 ION IMPLANTATION:2 5IOES ' 

3 98.01 OIFFUSION 
4 e99.01 POST OIFFUSIO~. INSPECTIC& 
5 98.OI THICK AC IETIL-8AC)C:AUTC 
6 98.01 THICK AG METAL-FR0HT:AUTO -- 
7 99.01 AR COAT1NC:SPPAY-Oh 
8 80.08 TEST 
9 98.OI INTERCOF(NECT:C~P Y a O I h G  

10 100108 OOUBLE GLASS PANEL ASSEMBL1 
11 100.0S ARRAV MCULE PACKAGING 

70.2s r c r r r s  

[EM-S/YATT 
4 3') 0 1  AWE TER 

EXPo.P. OH. 
0.001 0.000 
0.010 - 0.009 
0 -002  0.002 
0 1 0 0 0  0.003 
0.005 Om005 
0.011 0.012 
0.002 0.001 
0,000 0,003 
0.002 0.002 
0.002 0.001 
0.0 . 0.000 
0,035 0.038 
10.31 LL-09 

INVEST 
0.002 
0.160 
0.012 
0.030 
0.031 
0.062 
0.008 
0.042 
0.019 
0.014 
0.000 
0 - 3 6 1  

NOTE: lA)=EXIST I N 6  TEOnNOLObY:' (B)=NEAC: FUTURE: (CI=FUTURE ANNUAL PROOUTIOk: 50.0 LECAYATTS. 

. Figure 59. ;Cost s k r y  ,- A n  'implantation. 
- 5 

' _ _  
. - 



- .  
~omerville, N J .  A process flow char t  showing t h e  sequence of s t e p s  used i n  

the  f a b r i c a t i o n  of  3-in.-.diameter s o l a r  c e l l s  is given i n  Fig. 60. The bas ic  

processes and' equipment a r e  described below. 

a. SiZidon Wafers - The s o l a r  cell  s u b s t i a t e s  ?sed i n  t h i s  p ro jec t  are 

obtained from RCA, .Mountaintop, PA, and from S i l t e c .  Corp., Menlo Park, CA. 

The s o l a r  cel l  subs t ra tes  a r e  3-in., p-type s i l i c o n  wafers with <loo> 
c r y s t a l  o r i en ta t ion .  Those wafers prepared by RCA Mountaintop from a boule 

.purchased from Monsanto are front-surface polished and have a saw/etched 

back surface .  Wafer thickness is  0.020 in . ,  nominal, and the  bulk r e s i s t i v i t y  

ranges from 5 t o  10 ohm-cm. The wafers supplied by ~ i l t e c  Corp. are f ront-  

su r face  polished and back-surface etched. Wafer thickness is  0.015 i n . ,  nominal; 

bulk r e s i s t i v i t y '  ranges from 1 t o  2 ohm-cm. 

b. Process'~escbiptwns 

(1 )  Junction Fornation - Three methods were tes ted:  ion-implantation of 

phosphorus and a r sen ic ,  a spin-on phosphorus source, and gaseous d i f fus ion  

from phosphorus oxychloride. I n  a l l  cases t h e  back contact  is made through 

a high-concentration boron d i f fus ion .  . 

Ion Implantation - The Somerville Extrion 200-1000 implant machine uses . 

a gaseous source ,of  phosphine o r  a r s i n e  f o r  the  n-type implant and boron 

t r i c h l o r i d e  f o r  the  p-type implant-.  he machine is capable of del iver ing up. 

t o  3 4  beam cur ren t  i n  the  range of 5 t o  200 keV. 

The implant& can accommodate. 26 3-in.-diameter wafers a t  a time. Junc- 

t i o n  implant t i m e s  a r e  on t h e  order of 1 0  minutes depending on species  and 

experimantal requirements. Holders have bee11 desimed which are capable of 

masking t h e  su r face  per iphera l ly  s o  t h a t  a planar s t r u c t u r e  r e s u l t s  which does 

not r equ i re  f u r t h e r  etching t o  def ine  t h e  junction. 

Typical doses were 1 x 1015 and 1 .5  x 1615 a r sen ic  atoms per  

cm2. ~ d r o n  was implanted i n t o  t h e  back of t h e  wafers a t  a dos'e of *.1 x 1015 
2 

atoms per  Em and simultaneously driven-in i n  t h e  junction anneal Btep. . * 

$4 
Spin-on Diffusion Source - A Headway EC 100 spinner i s  used t o  apply 

spin-on d i f fus ion . source ,  dispensed from a hypodermic syringe. A v a r i e t y  of 

propr ie tary  so lu t ions  made by Emulsitone Co., Whippany, N J ,  has  been used t o  - 
, ' ,  

*neadway, Corp, Garland, TX. 



WAFER SELECTION 

I JUNCTION FORMATION ' 1 . '  

IMPLANT. 
SIDES 

BACK Sl DES 

1 I 
I . JUNCTION DEPTH AND 1 I SHEETRHOMEASUREMENT 1 

1 . . . ' 

I . .  CLEANING I 
I 

EDGE GRINDING 
(EXCEPT ION IMPLANT) 

I . ,  

I 

I SPIN-ON AR COAT. 

' TilAg METALLIZATION 
AND DEFINITION . . 

., ..: EL.ECT. TEST 

. . 

Figure 60. Experimental production process flow chart. 

I 



obta in  phosphorus and boron films. Care is  taken t o  erisure proper v e n t i l a t i o n  

and s a f e t y  precautions i n  handling t h e  tox ic  solut ions.  

~hosphorus  ~ x y c h l o r i d e  Deposition and Diffusion - A Thermco* SPARTAN 

furnace is  used, f i t t e d  wi th  flowmeters, bubbler, and' exhaust,. Dgpoq$t$on and . 

di f fus ion  occur simultaneously. A t y p i c a l  cycle  is 1 0  minutes preheat  i n  ' 

ni t rogen t o  reach thermal equilibrium, 45 minutes a t  temperature wi th  oxychlo- 

r i d e  flowing, 10  minutes i n  nitrogen-10%' oxygen while t h e  wafers are elowly 

withdrawn a t  .about 50 mm per  minute by a programmed pul ler .  
' A l l  furnaces a r e  monitored weekly, and t h e  da ta  a r e r e c o r d e d  together 

wi th  information on any adjustments . The absolute  c a l i b r a t i o n  is maintained 

by t h e  in-house standards department, which c a r r i e s  o u t  pe r iod ic  checks on a l l  

instruments and r e f e r s  these  t o  National Bureau of  s tandards t raceable  8tandards. 

(2) , CZeaning, Etching, and PhotoZithography - ~ h e s e  operat ions a r e  performed i n  

laminar flow s t a t i o n s  using procedures which a r e  standardized f o r  eem&onductor . . .  

device fabr ica t ion.  A l l  reagents a r e  " ~ l e c t r o n i c  Grade"; t h e  rinse water is 

deionized, f i l t e r e d ,  and monitored t o  ensure t h a t  i ts  r e s i s t i v i t y  i s  over 1 8  

Mohm-cm. 

Wafers a r e  "Standard. Cleaned" first i n  SC-1, a .  1:l: 5 mixture- of ammonia, 

hydrogen peroxide, and water, then i n  hydrof luor ic  ac id ,  and f i n a l l y  i n  SG2 

which is  hydrochloric ac id ,  hydrogen peroxide, and water again i n  s $,:I15 mix- 

t u r e  a t  85 t o  9S°C f o r  over 1 5  minutes. This cleaning technique is  spec ia l ly  

designed t o  remove f i lms t h a t  i n h i b i t  wett ing,  and t o  remove t h e  thin n a t i v e  

oxide; f i n a l l y ;  SC-2 removes v i r t u a l l y  A11 m e t a l l i c  contaminant* t h a t  reduce 
. . 

the  carrier l i f e t i m e  i n  t h e  f inished.  device. 'Bor preimplant cleankrg, en 

equally good a l t e r n a t i v e  method has been used, based on a mixture of equal 

volumes of sulphuric Acid and hydrogen .peroxide a t  ove= 80°C. A standard 

photoli thographic technique i s  used, based on Shipley A213505, t o  produce the  

f ine-l ine metal p a t t e r n s  used i n  the  experimental stage. Wafers are. s tored 

and transported i n  fluorocarb6n c a r r i e r s '  with dust- t ight  l i d s  and t ransferred  

t o  quar tz  boats  wherever required, Oxides. and g lasses . such  ae t h e  spin-on 

dopant source a r e  removed by e tching i n  hydrofluoric ac id ,  followed by r i n s i n g  

i n  deionized water an'd drying. 
. . 

*Thermco Instrument Co., Laporte, TN. 



(3) Edge Contouring - When a spin-on source . o r  . phosphorus oxychloride .. _ _ i s  used 

t o  produce the  junct ion, ,  and i n  the  case of ion implants when. the  edge mask ., 

wafer h o l d e r e i s  not  used, it is necessary t o  e i t h e r  . l a p ,  . gr ind, .Fr  e t c h t h e  c .. . , 

junc t ion  on the  wafer periphery t o  separa te  t h e  heavFly doped n- and p-type 

reg ions  from each other.  This can be done conveniently by e i t h e r  an edge o r  

contour grinder o r  by lapping t h e  edge with a s l u r r y  of garnet* i n  water and 

then' cleaning. 

( 4 )  MetaZZiaation - During the  i n i t i a l  phase of t h i s  work while the  d e t a i l s  

of screen-print ing meta l l i za t ion  a r e  being inves t igated ,  t h e  metal p a t t e r n  is 

e i t h e r  evaporated through a metal mask o r  photoll thographicolly defined. 

The p a t t e r n  is shown i n  Fig. 61. The back contact  metal is  not  pat terned.  

The metal i s  evaporated i n  a Veeco 775 equipped with an Airco-Temescal e lec t ron 

gun and planetary  mechanism t h a t  pernits uniform evaporation of 21 wafers a t  a 

x, 
'3" WAFER 

' I .  , :  

Figure 61. Meta l l iza t ion p a t t e r n  

*The garnet used w a s  Corundum 11600 (9.5 ilm) , Bendix Abrasives 'Div'. , 
Westfield, MA. 
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time. The.'us'ual metallization is .0.2 pm of titanium £011-ed by 3 pm' of silver, 

imd it is monitored ' by an ~irco-~emescal XMS-3 thickness gage. ' '  A f taction of. 

cells.'~will contfnue 'to be metallized in this fashion for control purposes. 
, . I _  . . 

(5) ~ n t i r e f ~ e c t i o n  (AR) Coating - Emulsion titaniumsilica film* i,s applied , 
. . .  . . .  

using a Headway, spinner to obtain. a layer of. about 70 to 80 nm. This is . , . . 

baked at an average temperature of 450'~ in- a Watkins-Johnson variable-speed 

belt'furnace bving six-heat-zone controls, in air. The wafers pass through 

the hot zone, which peiks at 500°c, % 10 minutes.  he metallization is 
. . . .  , .  

sintered at .the same time. 
. . . . 

2. Documentation and ~easurements , 

. . 0 -  

a .  Process Measurements and TraveZog - Incoming wafers are inspected and 
. .  . 

measured at the receiving station and the data entered into the record 

(Fig. 62) together with the ordering details, vendor, lot numbers, and.re- 

ceiving dates. When wafers are drawn from the idventory, they are marked 

with the solar cell lot n ~ b e r  by diamond scribing in small figures near the 

reference flat, and an entry is made into.the solar,cell travelog (Fig. 63). 

A process.lot number is assigned and subs'equent measurements and observations 

are entered onto the travelog. A copy of the shipped cell travelog is then 

filed. Individual measurements on each wafer are recorded at the various 

checkpoints on log sheets like those shown in Figs. 64 and 65. New experi- 

mental runs or changes in scheduling are recorded on the form shown in . 
. . . . 

Fig. 66. < .  

( I )  Res i s t i v i t y  and Sheet Resistance - A collinear Fells probe head in conjunc- 
tion with a Keithley** "Type-All'' instrument is used for both measurements. 

Bulk resistivity is measured'with tungsten carbide, 40-pm radius probe tips, 

loaded with 50 g, while the sheet resistance of the very thin junction layers 

is measured with "blunt" probe tips having 100-pm radius, loaded with 40 g. The 

procedures outlined in ASTM F-84-73 and FF 374-74 are followed, Uniformity ir; 

checked by reading the sheet resistance in five places on each selected.wafer. . 

*Titaniumsilica film Type-C, ptirchasecl from Emulsitone Co., Whippany, N.J. 
**Keithley Instrumenfs, . . Cleveland, OH. . . 

. '  . ' 



Solm Calls - lnwminp Inspation 

Vmdw Vendor Lot rn Rec. Rep. = 

sc Lot. SClVsndn T v p  ltsm 

. . . . . - .*I. _ -. - - .- . . . .. - 
(lun. Rcr 'd  Sample Size l m p n w  D.1e 

Figure 62.  Incoming wafer inspection sheet. 

, . _ Solar Call Trevalop 

SC Lot No. Qua. Proms Lot No. 

Figure 63. Solar c e l l  travelog. 



1 .  

solar' Cells 

Bulk Resistivity Measurements 

SC Lot = Date Oper. Process Lot 7 

Figure 64. Solar cell bulk resistivity measurement chart. 

Solar Calls 

Shest Rmi~tivlty Mssrummnn . 
Lot No. Omr. Date Shea of 

\ .  

Figure 65. Solar cell sheet resistivity measurement chart. 



Date 

Figure 66. Chart f o r  recording chauges. 

(2) Junction Depth - To obta in  a junction depth measurement a Ph i l t ec  Instrument 

 urna ace 
Number 

Co .* 2015 D groover i s  used, followed by s t a i n i n g  the  p-n junction with the  

Furnace 
Releare 

. . 

s i l v e r  s t a i n  described i n  ASTM F 110-72, reagent 6.6. Since t h i s  i s  a destruc- 

Comments . . 

t i v e  measurement, only one wafer per  l o t  of 25 is  checked f o r  junction depth 

Profile Temprature ' 

Requested 

routinely.  However, some batches a r e  sampled i n  more d e t a i l  t o  obta in  s t a t i s -  

~iquested by 

------ 

t i c a l  data. 
. . 

, (3 )  Wafer Thickness - Thickness is measured on each incoming wafer i n  f i v e  - 
p3aces 'with a Bausch and Lomb** Microline DR Optical  Gage 25 B.  he ins t ru -  

ment i s  ca l ib ra ted  p ,er iodicai iy  agains t  National Bureau ul: Stai~darda thickness 

gages. 

(4) Antireflection Coating and Metallization Thickness - After  the  an t i r e f l ec -  

t i o n  coat ing is baked, a wafer is coated with an e tch  mask such a s  wax o r  etch- 

r e s i s t a n t  tape i n  a way t h a t  permits a s t r a i g h t  edge t o  be defirred. mi.8 i e  

done by etching i n  hydrofluoric ac id ;  then t h e  mask is removed* The s t e p  

height  o r  metal thickness is determined by a su r face  profi lometer  such a s  a 

Talysurf made by Engis Equkpment Gorp.*** A set of wafers with a known AR coat- 

ing  thickness has been col lec ted  and i s  used f o r  v i s u a l  comparison, a s  r o u t i n e '  

process control .  

*Phi l tec  Instrument Co., Philadelphia,  PA. 
**Bausch and Lomb , New York, NY'. 

***Engis Engineering Corp., Mortongrove, I L .  



b. Solar Cell Electrical Tests - All completed cells are electrically 
characterized by a simulated AM-1 illuminated I-V and power output measurement. 

This measurement is accomplished using an ELH photoflood lamp and dynamic 
+ "  - 

electronic load. The calibration and measurement procedure followed that 

specified by NASA-Lewis in their publication NASA TM X-71771. 

A set of cells from the extremes of the performance distribution were 

selected for detailed diagnostic measurements. These measurements included 

spectral response, junction I-V characterization, and lifetime (diffusion 

length). 

3. Summary and Correlation of Solar Cell Results , 

I 

a. Comparison of CeZZ Performance 

(1) Junction Formation - A summary of the average AM-1 parameters for solar 
cells fabricated by the three junction-formation processes is given in Table 10. 

The data are divided into high and low resistivity categories, with nine lots 

(25 wafersllot) run with 7 to 8 ohm-cm (20-mil-thick) wafers and eleven lots 

run with 1 to 2 ohkcm (15-mil-thick) wafers. The illuminated solar cell 

parameters listed are average values for each set of lots. 

TABLE 10. SUMMARY OF AM-1 CELL PERFORMANCE FOR THREE 
JUNCTION-FORMATION PROCESSES 

7 to 8 ohm-cm 
- - - - - - .  

Junction Is, 'Voc rl No. Isc voc '1 No. 
Formtion (A) V (%) Lots (A) (V) (%) Lots 

Gaseous (POC13) 1.37 0.56'0 11.9 3 1.'20 0.560 10.2 2 

Spin-On (P) 1.25 0.530 10.6 4 0.97 0.52 7.8 3. 

Ion Implantation, (P) 1.20 0.520 9.9 2 1.11 0.535 9.5 2 

Ion Implantation (As) = - - 0 , . 1.01 0.500 9.1 , 4' 

Some conclusions which can be drawn from these data are: 

(a) The gaseous (POC13) diffusion junction-f ormation process yielded the 

best cells overall. 



(b) C e l l s  made from 1- t o  2 - o M m  wafers had considerably lower short- 

c i r c u i t  current  than those made from t h e  7- t o  8-ohm-em wafers. This 

conclusion should not be taken a s  a general r e s u l t  s ince  t h e  s i l i c o n  

vendor was d i f f e r e n t  f o r  each of t h e  two r e s i s t i v i t y  ranges, and ex- 

amination of the  wafers by p r e f e r e n t i a l  chemical etching (Wright etch) 

revealed t h a t  the  lower r e s i s t i v i t y  wafers had a considerably higher 

de fec t  densi ty  than t h e  7- t o  8-ohm-cm wafers. This does, however, 

point  out t h e  importance of s t a r t i n g  wafer q u a l i t y  i n  obtaining good 

s o l a r  cel l  petforrnance. 

(c) The ion-implantation process y ie lded lower values of ohort-circui.t and 

open-circuit vol tage  than t h e  o the r  two junctiuti-formation prooeseas. 

The arsenic-implanted junctions were general ly s l i g h t l y  poorer than 

phosphorus-implanted junctions. Spect ra l  response d a t a  and pulsed 

recovery measurements show t h a t  t h e  minority c a r r i e r  l i f e t i m e s  f o r  
I 

cells wi th  ion-implanted junctions a r e  low ( ~ 1  us), r e s u l t i n g  i n  

diminished quantum eff ic iency a t  long wavelengths. 

(d) The r e s u l t s  f o r  t h e  spin-on phosphorus d i f fus ion  a r e  encouraging; 

however, more work is  needed t o  assure  s t a b i l i t y  of t h e  l i q u i d  spin- 

on soufce and reproducibility o f  thds  process, 

(2, Vcrri-nh?:nns i n  Cell Characteristics and Junction Parameters - In most 

ca tegor ies  an i n s u f f i c i e n t  nrunber of c e l l s  were cotnpletr i  Cu determino tho 

na tu re  of t h e  s t a t i s  t i c a l  d i s t r i b u t i o n  of cell  e f f i c ienc ies .  However, assess- 

ments were made of t h e  spread i n  c e l l  parameters f o r  each junction-formation 

technology. The mean and clLal~dard clcviatisns i n  measured c e l l  parameters and 

s h e e t  r e s i s t a n c e  of t h e  junccion l a y e r  for t y p i c a l  sets nf cells a r e  given i n  

Table 11. 

. Although these  d a t a  include t h e  e f f e c t s  of a "learning curve" associated 

with the atart-up nf - t h e  experimental l i n e ,  some preliminary c o x i c l ~ l ~ n s  aud 

obserirations can be  made. 

(a) The t i g h t e s t  d i s t r i b u t i o n  , t n  cel l  parameters (except f i l l  f ac to r )  

wee obtained from c e l l s  f abr ica ted  using POC13 gaseous d i f fus ion  

f o r  junct ion formation. , 

(b) The devia t ion (;16%) i n  shee t  resistance f b r  t h e  e p i l r o n  phosphorus 

, 
source i s  l a r g e r  than a l l  o thers ,  bu t  does  no t  result i n  'abnormally 

l&s v a r i a t i o n s  i n  c e l l ,  

118 .. . 



TABLE 11. STATISTICAL VARIATIONS IN CELL PARAMETERS 

Junction 
Formation 

AM-1 Cell Parameters 
Sheet 

Resistance 

P0Cl3 11.86 0.68 1.41 0.028 0.640 0.04 0.560 0.012 50.6 4.2 

s p i n e  (p) 9.46 0.71 1.26 0.042 0.610 0.03 0.530 0.012 97.9 15.6 

Ion Implantation (P) 8.04 1.02 1.09 0.056 0.590 0.04 0.540 0.020 218.1 11.1 

Ion Implantation (As) 7.81 1.09 0.938 0.098 0.701 0.02 0.510 0.020 89.4 4.1 

*Si - standard deviation for i th variable. 
(c), The large deviations in cell parameters (primarily-I ) for the ion- 

s c 
implanted cells do not correlate with the very small variations in 

sheet resistance obtained with this process. This is consistent - 

with the earlier observation of low minority carrier lifetime in the 

base of ion-implanted cells. Low lifetime also relates to the low 

value (0.510 V) of average open-circuit voltage (Voc) in the case of 

arsenic-implanted cells. 

Another observation not shown by the above data is that low values of 

fill-factor and Voc were traced in some cases to poor ohmic contacts on the 

back of the cells. This was especially true for processes using diffusion 

temperatures less than 900°C, because it was found.that very little boron 

diffuses into the back at these temperatures making it more difficult to form 

a good low-resistance back contact. 

Also of importance is the junction quality as reflected in the I-V 

characteristics ,and related shunt-leakage resistance. Typical I-V charac- 

teristics for each junction process measured under illuminated conditions are 

shown in Figs. 67, 68, 69, and 70. In these figures, the junction or diode 

n-factors, saturation current density (J,), and shunt resistance (RsH) typical 

of each process are listed. 

Examination of the completed cells revealed that the shunt leakage is due 

mostly to physical damage on the front surface of the cells incurred in handling 

the wafers. This problem would be reduced considerably in an automated line. 

where wafers are moved in cassetf es or by air tracks. 



Figure 67.  Typical I-V characteristic,  POC13 process. 

AVERAGE VALUES 
SPIN - ON PHOSPHORUS 

0.1 

v,, (V) 

Figure 68. Typical I-V characteristic,  . . spin-on phosphorus. 



AVERAGE VAWES 
ION IMPLANTATION ( P )  

e n >  = 1.16 

Jo > * 6.0 x I O - I I A / ~ ~ ~  
'US"> 172 ohm 1 

Figure 69. Typical I-V characteristic, ion implantation (P). 

AVERAGE VA- 
--i..-_,. 

ION IMPLANTATION (As ) 1 
< n > = 1.09 
d o >  = 1.8 X 10-lo &/cm2 

<Rgn> = 133 ohm 

vo, (V)  

Figure 7.0. Typical I-V characteristic, ion implantation (AS). 



(3)  iffu us ion Temperature - Diffusion temperatures ranging from 800 t o  1000°C 

w e r e  used - i n  t h e  j unction-ormmat ion processes. Examination of the  average 

shor t -c i rcu i t  current  f o r  l o t s  d i f fused a t  d i f f e r e n t  temperatures revealed a 

general  t rend toward lower shor t -c i rcu i t  current  f o r  higher d i f fus ion  tempera- 

ture. .  Data i l l u s t r a t i n g  t h i s  t rend a r e  shown i n  Fig. 71. This r e s u l t  is i n  

agreement wi th  o the r  work i n  t h i s  f i e l d  ind ica t ing  t h a t  lower d i f fus ion  tempera- 

t u r e s  a r e  preferred  f o r  s o l a r  c e l l  processing.. 

I . .- J 
800 850 800 S O  000 

HIGHEST, TEMPERATURE IN PROCESS ('C ) 

Figure 71. Short-circuit  current  a s  a function of temperature. 

[e l  Performance and Characteristics of Spin-on Ah' Coatings - The t i t a n i a a i l i c a  

f i lm,  type-C has a reported index of r e f r a c t i o n  of 1.96. The refPecLlon and 

absorption p roper t i e s  of t h i s  pruduct when applied t o  a polished s i l i c o n  wafer 

i n  accordance wi th  t h e  procedures oucllned i n  subscctlou 1V.B.l.b above were 

measured and a r e  shown i n  Fig. 72.  The low r e f l e c t i o n  and absorption proper- 

ties combined with t h e - e a s e  of app l i ca t ion  (non-vacuum process) make t h i s  spin- 

on f i l m  technique an  aLt rac t ive  candidate f o r  a low-cost a n t i r e f l e c t i o n  process. 



WAVELENGTH ( p m )  

Figure 72.  Reflect ion and absorption p roper t i e s  of spin-on 
t f t an iumsi l i ca  f i l m  a s  a funct ion of wavelength. 

Some of the  proper t ies  and problems encountered i n  i t s  use on metal l ized,  3-in.- 

diameter s o l a r  c e l l s  are :  

. (a) From experience with small  (2 by 2 cm) c e l l s ,  an  increase  i n  short-  

c i r c u i t  current  of 42% i s  normally achieved when spin-nn titaxaim . 

s i l i c a  f i l m  is applied t o  t h e  polished.surface.  For t h e  3-in.- 

diameter c e l l s  t h i s  f a c t o r  averaged 36%. This reduction i s  d u e .  

mostly t o  nonuniformities caused by i n t e r a c t i o n  of t h e  spin-on l i q u i d  

with t h e  metal p a t t e r n  a s  discussed below. 

(b) Nonuniform f i lm thickness was encountered when ch i s  l i q u i d  is spun 

onto c e l l s  having meta l l i za t ion  th icker  than y4 urn. Thia becomma 

extr'emely severe- ' for  'thick-f i l m  (> lo  pm) screen-printed metal. 
. . .. . .-- 

6. ' ~ w l ~ n ~  of ~ < ~ i d  Analysis - A y i e l d  survey was made. The survey included 
<, ..'. ' . . < .  . . .  . 

mater ia l  handl ing ffom t h e  incoming inspect ion s t a t i o n  up t o  f i n a l  electrical 

t e s t i n g .  No y i e l d  da ta  a r e  included f o r  e l e c t r i c a l  t e s t i n g . o f  completed c a l l a  



- 
s i n c e  t h e r e  w e r e  no specif icaioris  on c e l l  perforuiance. .Deviations from 

standard processing requested f o r  engineering purposes a r e  not included. The 

y i e l d  d a t a  w e r e  co l l ec ted  from 22 l o t s  and spanned approkmately  500 s o l a r  

c e l l s .  Every process v a r i a t i o n  is included i n  t h e  summary of y i e l d  d a t a  given 

i n  Table 12. 

TABLE 12 . SUMARY .OF YIELD DATA 

Process 

Wafer Cleaning 

Spin-On Process 

Yield % 

98 

POC13 Diffusion 9 6 

Ion Implantation 95 

Junction Depth and Sheet 
Resistance Test 

95 (Junction depth measure- 
ment is des t ruct ive)  

Meta l l iza t ion and Pho tores i s t  90 (Evaporated only) 

9.2 Contour Edging 

Overall Yield (Typical) 67 

These process yield f igures  a r e  f o r  a small ( th ree  hourly workers and one 

foreman) experimental production lSne. Also, t h e  y i e l d  l o s e  i n  most cases w a s  

due t o  breakage i n  handling s i n c e  manual t r a n s f e r s  were used throughout. 

Cassette o r  a i r - t r ack  automated handling systems ahould increase  these  yie ld  

f i g u ~ c a .  

C. SCREEN-PRINTED METALLIZATION 

.1. Impurity Analysis of commercid Thick-Film Inks 

Four commercial silver-based inks  were purchased from two vendors* and 

analyzed by spark source emission spectrography. The r e q u l t s  of t h a t  a n a l y s i s  

are given in Table 13. The high phosphorus content  i n  t h e  01-6105 and A-3441 
I 

' *Engelhard Indus t r i e s ,  East Newark, N J .  
Owend-Illinois, Inc., Toledo, OH. 



TABLE 13.  EMISSION SPECTROGRAPHIC ANALYSIS . OF FOUR THICK-FILM .-.. 

, SILVER INKS (ppm by wt) 

OWENS ILLINOIS 
FORMULATIONS 

ENGELHARD 
FORMULATIONS 

Element 01-6103 01-6105 A-3233 A-344 1 

*S = element concen t r a t ion  i s  l a r g e .  
**ND = n o t  de t ec t ed .  



inks  arises because o f  t h e  in ten t iona l  add i t ion  of  phosphated g r i t  f o r  a re- 

duct ion of  contact  r e s i s t a n c e  i n  t h e  case  of  n-type s i l i c o n  surfaces,  but t h e  

high aluminum content  in A-3441 is undesirable from t h i s  point  o f  view. 

2. Spec i f i c  Contact Resistance 

Dot pa t t e rns  s u i t a b l e  f o r  the  determination of  contact  r e s i s t a n c e  w e r e  

screen-printed on 0.01 ohm-cm, bulk n and p s i l i c o n ,  and f i r e d  a t  temperatures 

ranging from 600 t o  700°c. F i r ing  was done i n  a b e l t  furnace, with furnace 

p r o f i l e  and belt-feed adjus ted  so  t h a t .  t h e  wafers a r e  at temperature f o r  1 0  

mlnt~tes.  

The e p ~ c i f l c  contact r e s i s t i v i t i e e  determined by t h i s  method are l i s t e d  

i n  Table 14. From these  da ta ,  i t  appears t h a t  (except f o r  A-3233) a f i r i n g  

.temperature of  g rea te r  than 650°C is required t o  achieve a s u f f i c i e n t l y  low . 

contact  res is tance .  

Physical  (angle pol i sh  and s t a i n )  examinations were conducted t o  deter -  

mine subsurface pene t ra t ion  of s i l v e r .  No evidence of  s i l v e r  "spikingtt w a s  

found; however, tests on a c t u a l  s o l a r  ce l l  s t r u c t u r e s  d i d  revea l  d i f fe rences  

i n  t h e  amount o f  junct ion shunting f o r  t h e  d i f f e r e n t  inks. These r e s u l t s  are 

described below. 

3.  Screen Pr in t ing  of Solar  C e l l  Test Pa t t e rns  

Tes ts  o f  t h e  f o u r  Ag inks  described above were col~ducted by p r in t ing  the 

s o l a r  cell p a t t e r n  shown in Fig. 73 on wafers containing a t y p i c a l  junction 

formed by the  POC13 process. 
2 

This test p a t t e r n  ' cons i s t s  of one 2.1- by 2.1-crn c e l l ,  two 0.4-cm c e l l o ,  

t e n  diodes, and s t r u c t u r e s  A and B f o r  'ueasuremeilt 'of thu contact and' ahcct  

r e s i s t a n c e  of t h e  p r i n t e d  meta l l iza t ion.  

Solar  c a l l  were se lec ted  f o r  screen p r i n t i n g  from t h e  experimental 

production line! thus r  wafer. had jmutions formed by POClg gaseous d i f fus ion  

wi th  sheet  r e s i s t a n c e  of 40 t o  50 ohm/square and junction depth of %0.25 pm. 

Af te r  t h e  wafers were cleaned, the  four inks  (Owens I l l i n o i s  01-6103, 01-6105, 

Englehard A-3233, and A-3441) were pr in ted  onto t h e  junction s i d e  of  t h e  wafers. 

The p r i n t i n g  was done wi th  an Aremco Accu-Coat Model 3100 screen p r i n t e r  and a l l  

inks were pr in ted  through a 20&line/in.  mesh with t h e  p a t t e r n  of  Fig. 73 

defined i n  the emulsion. The samples were f i r e d  in a b e l t  furnace in a i r  a t  



TABLE 14.  SPECIFIC CONTACT RESISTANCE, SCREEN-PRINTED 
THICK FILMS 

- .  . . 

n-type p-type 

0.01 ohm-cm . , 0.01 ohm-cm 

Ink 
2 2 - . . (ohm-cm ) (ohm-cm ) 

temperatures. ranging from 675 t o  7 2 5 " ~  fof 1 0  min a t  peak temperature. Only 

the  f r o n t  s ide .  g r i d  was screen-printed; t h e .  back con tac t  was made a f t e r  f i r i n g  

by evaporated and s i n t e r e d  ' (.5flt1° C) aluminum.' The - individual  devices ' of 

Fig. 73 were then defined by mesa e tching using wax a s  a mask.' After e tching,  

the  a r e a  of t h e  l a r g e  c e l l  i s  4.4 cm2, 
. . . . 



A l l  dimensions I n  m i l  

Figure 73. Solar  c e l l  mask desgign including diagnost ic  cells. . . 

From measuremelits of s o l a r  cel l  performance and the  j,unction I-V charac- 

t e r i s t i c s ,  t h e  following observations were made concerning the  proper t ies  of 

t h e  screen-prfnred inks: 

(1) For a l l  inks, f i r i n g  temperatures of 7 0 0 ' ~  or  g rea te r  caused excessive 

metal penet ra t ion  r e s u l t i n g  i n  extensive shor t ing  of the  junction. 

(2) The bes t  r e s u l t s  were obtained a t  a t i r i n g  temperaeiire of 675"C, with 

01-6105 ink. This ink and f i r i n g  temperature resu l t ed  i n  low contact  
2 

r e s i s t i v i t y  (0.05 t o  0.08 ohm-cm ) and l i t t l e  o r  no evidence of 

shunting (see Fig. 74). #The major l imi ta t lu l l  was 111 p i h C i n g  t h e  . 

5-mil-wide line over a 2-cm length.  ,The l i n e  obtained had a repell- 

t i v e  "hour-glass" shape with some d i s c o n t i n u i t i e s  i n  the  "necked- 

down" regions  (Fig. 75).  Line widths of 1 0  m i l  or  g rea te r  pr in ted  

w e l l  and had a height  of ~ 2 0  pm. The measured l a t e r a l  r e s i s t i v i t y  

of these  l i n e s  is  4 t o  6 pohm-cm. The d i s c 0 n t i n u i t i . e ~  in t h e  5-mil- 

wide l i n e s  caused excessive series res i s t ance  in  t h e  2- by 2-cm cells, 



VOLTAGE 

w i t h  Figure Junction I-V characteristic for solar c e l l  printed 
01-6105 An ink and fired a t  675OC. 

Figure 75.  Photomicrograph of 5-mil l i n e  printed wAth 01-6105 
ink using 200-line/in. mesh. 



l imiting the f i l l  factor t o  0.45 a t  one sun illumination. The small 
2 c e l l s  (0.4 cm ) performed w e l l ,  having a 7.8% efficiency (no AR coating) 

with a f i l l  factor of 0.77. 

(3) A t  6 7 5 ' ~  f i r i n g  temperature, the  three remaining ink samples had high 
> 2 

contact r e s i s t i v i t i e s ,  W.2 ohm-cm , and a l l  showed evidence of junction 

shunting i n  the e l e c t r i c a l  I-V measurements. The ef fec t  of shunting 

on the junction charac ter i s t ics  is i l l u s t r a t ed  in Fig. 76. 

(4) The Englehard inks printed the best geometric 5-mil l i n e  width a t  a 

thickness of Q13 Vm. 

(5) Spin-on Afl coating could not be successfully applied t o  the screen- 

printed s&les, The metal sca t te rs  the l iquid upon spinntng, causing 

a very nonuniform coating. 

Figure 76. Junction I-V character is t ic  fo r  solar  c e l l  printed with 
A-3441 Ag ink and f i red  a t  675OC i f lus t r a t ing  shunting. 



D. PANEL DESIGN AN11 ASSEMBLY 

1. Comparfson of Glass Panel Designs Evaluated During Phase I1 

a. Introduction - RCA is convinced tha t  a glass /cel l /glass  sandwich construc- 

t i on  is required t o  achieve the JPL l i f e  and cost  goals. During t h i s  period 

we evaluated, by process analysis and experimental fabrication of panels, 

several  ways t o  achieve double-glass construction. Basically, there  w e r e  

. three  classes of designs considered: adhesive bonding between c e l l s ,  adhesive 

bonding on cells, and safety  glass  lamination. 

The rece ip t  of the  JPL proposed specification 5101-16 "Silicon Solar C e l l  

Module Design, Performance, and Acceptance T e s t  Requirementst' had a s ignif icant  

impact on the panel design. The primary e f f ec t  was due to  the provision of a 

two-edge ra ther  than the previously assumed four-edge support substructure, 

requiring the incorporation of an aluminum U-channel frame t o  resist the wind 

loads. The safe ty  g lass  lamination technique housed in  an alumium frame appears 

t o  meet a l l  JPL specif icat ions  and is cost  effective.  A comparison matrix of 

the  various panel techniques evaluated during t h i s  phase is shown in Table 15. 

Photographs of ful l -s ize  panels containing dummy c e l l s  a r e  shown i n  Figs. 77 and 

78. 

b.  Adhesive Bonding Bekcleen CeZZs - This panel design used 165 3.6-in.- 

diameter c e l l s  i n  an 11 by 15 array.  The space between cells is used t o  hold 

a matrix of epoxy dots with spacer d i scs  t o  form a honeycomb-like s t ructure .  

To function e f fec t ive ly  a s  a honeycomb s t ruc ture  the  two cover sheets  should 

be of equal thickness. Under these conditions the  shear stress on the epoxy 

dote can be determined from the beam equations on the neutral  axis.  The shear 

stress a t  50-psf loading f o r  two 118-in. sheets is 50 p s i  a t  the  center and 

100 p s i  a t  t h e  outer  edges. Assuming a 5% area coverage f o r  the  dots,  we 

have a 2000-psi bond s t r e s s .  Typical epoxies can provide a bond s t rength 

o f  3000 p ~ i .  

There a r e  several  options avai lable  on the op t i ca l  coupling method. The 

two-surface f ron t  g lass  panel re f lec t ion  can be reduced from approximately 

8 t o  3% by an etching process which se lec t ive ly  leaches material  out of the 

glass surface. The porous surface layer  created has an e f fec t ive  index less 
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Figure 7 7 .  F irs t  4- by 4-f t  laminated panel with aluminum frame 
having extensive breakage and bubbles. 



Figure 78. Second 4- by 4-ft laminated panel with aluminum frame 
having l imi ted  breakage and one httbble. 



than so l id  glass. This porous layer ,  however, is susceptible t o  body o i l s  

and other  environmental impurities which tend t o  destroy the  an t i r e f l ec t i on  

(AR) character of the  surface. With t h i s  etch-formed AR coating i n  mind, the 

adhesive band between c e l l s  approach can be implemented op t ica l ly  through the 

following options: 

The performance of the  various choices is summarized on l i n e  1 of Table 15. 

I n  addi t ion t o  the  var ia t ion  of op t i ca l  coupling, the  a i r  f i lm adds a thermal 

res i s tance  which causes an addi t ional  2.9% power l o s s  due t o  higher cell temper- 

ature.  

I n  l i g h t  of t he  JPL specif icat ion fo r  10,000 wind load cycles t h i s  

panel w a s  judged as very l i k e l y  t o  f a i l  a t  the  bond dots. A 2- by 2-ft mechan- 

i c a l  panel model was constructed using t h i s  technique and is shown i n  Fig. 79. 

The a rea  required f o r  epoxy do t s  decreases panel packing density par t i cu la r ly  

when sheet-grown rectangular c e l l s  become available.  Therefore, t h i s  tech- 

nique would not have long-term appl icabi l i ty .  
4 

Figure 79. Photograph of mechanical panel model, 



c. Adhesive Bonding on CeZZs - The technique of putt ing epoxy dots  on each c e l l  

so  t h a t  the  dots spread over the cell by displaceraent w a s  considered. This tech- 

nique would leave a i r  spaces between cells i f  the  epoxy quantity and f i n a l  gap 

were closely controlled. The major advantage of t h i s  technique is t h a t  the  bond 

area could be increased 15 t o  20 times, thus largely solving the laminate 

fa t ique  problem. However, there  is nonuniform rad ia l  flow caused by finger 

geometry and wet tab i l i ty  variations.. These e f f ec t s  always c a u s e a i r  bubble 

entrapment, and a s  t he  bond thickness is decreased t o  its f i n a l  value around 

0.010 in, ,  the percentage of voide i n  f ron t  of the c e l l s  can eas i ly  approach 50%. 

The fabr icat ion process Tor t h i e  teohnique muld  be the  implacement of 

multiple do t s  of premeasured epoxy uu t he  glaos sheet nn the c e l l c e n t e r s .  Then 

t he  g lass  sheet would be lowered on the  c e l l  a r ray  causing the  r a d i a l  outflow 

of a l l  do t s  simultaneously. The subassembly would be turned over, and the 

same process would be repeated on the other side. A few preliminary tests 

with t h i s  technique using s ingle  cells were performed. The resu l t ing  bubble 

pa t te rns  and t h e i r  optical/ thermal e f f e c t s  caused t h i e  technique t o  be abandoned. 

d. Safety G k s a  Lamination - This is  the preferred panel technique, and a l l  

r e s u l t s  t o  date  have been qui te  encouraging. The basic approach is  t o  encapou- 

l a t e  the  c e l l s  i n  t he  same polyvinyl butyral  (PVB) resfn t h a L  is  used f o r  

sa fe ty  glass.  The technology of laminating two sheets of untempered glass  with 

a 0.015-in. sheet of PVB is widely used f o r  automotive and a rch i tec tura l  appli- 

cations. Current production r a t e s  of PVB a r e  equivalent t o  more than 1000 mW/yr; 

thus the  midterm requirements f o r  PVB would not have an impact on cost  and supply. 

The re f rac t ive  index of PVB is  1.48 which d R an eaccellent match t o  the  

index of soda lime of 1.5U. There are various grades of PVB with W absorbing 

compounds added to  prorect IaLrice from yellnwing. However, above 0.40 W 

transmission tests indicate  no detectable interface reflectance between F'VB 

and glaeu. In thc  PVB compoixnds without W absorbing materials there  has 

never been a report  o f  W yellowing. Since PVB has been in service fo r  more 

than 20 years, it appears t ha t  t h i s  mater ia l  w i l l  d e f in i t e ly  achieve the  JPL 

l i f e  goals. 



The PVB is supplied as sheet  s tock a t  0.015-in. thickness with a c a r e f u l l y  

cont ro l led  moisture content  t h a t  a f f e c t s  s t r e t c h a b i l i t y .  To c o n t r o l  the  mois- 

t u r e  content  the  PVB must be s tored  a t  50°F o r  below a t  a l l  t imes i n  a  pro- 

t e c t i v e  bag. The blanking and layup room must be con t ro l l ed  a t  65OF and 18  t o  

22% r e l a t i v e  humidity. The assembly layup is from top t o  bottom: 

(1) Glass sheet  

(2) 0.015-in. PVB sheet  

(3) Interconnected c e l l  a r r a y  

(4) 0.015-in. PVB sheet  

(5) Glass sheet.. 

Then the  assembly is placed in a rubber bag and the  bag is  placed i n  an 

autoclave (pressure/temperature chamber). Then t h e  bag is evacuated t o  with- 

draw most of the  a i r  from the  i n t e r f a c e  region. The temperature i s  then increased 

t o  a  maximum of 140°C and the ' au toc lave  pressurized t o  50 t o  100 p s i g  t o  cause 

the  PVB t o  flow in t ima te ly  around a l l  t he  c e l l s  and in terconnects  (Fig. 80).  

~ h e ' h y d r o s t a t i c  pressure  i n  the  PVB (which is  equal  t o  the  autoclave pressure)  

causes a l l  the  t i n y  a i r  bubbles t o  d i s so lve  i n  t h e  bulk o f  the  PVB. Thus when 

the  process is properly adjus ted ,  a  void-free, o p t i c a l l y  pe r fec t  i n t e r f a c e  is 

crea ted  . 

Figure 80. Solar  panel configt i tat ion.  



A 6- by 6-in. laminate wi th  four a c t i v e  series-connected s o l a r  c e l l s  was 

fabr ica ted .  Over t h e  cel l  a r e a  the re  were no bubbles, but severa l  small ones 

were v i s i b l e  between c e l l s .  A dark I-V curve was taken before and a f t e r  lami- 

na t ing  with no change. Then t h e  lamination was cycled through 50 cyc les  from 

-45 t o  95OC with no change in the  dark  P-V curve'. The laminating indust ry  

states t h a t  any v i s i b l e  bubble w i l l  grow through peeling caused by temperature- 

induced pressure changes within t h e  bubble. This f a c t  was seen t o  occur with 

the f om-cell lamlnate where most bubbles approximately doubled in diame ker . 
Thue, it is  important  t h a t  any lapinate be e n t i r e l y  bubble-free. 

A cross-sect ional  view of the  s o l a r  panel frame 'is shown i n  Fig. 81. The 

two frame sec t ions  w i l l  be a custom-designed aluminum extrusion.  Two rubber 

gaskets  are used t o  cushion t h e  g lass  aga ins t  d i f f e r e n t i a l  thermal expansion 

and wind-load damping. A f o i l  s e a l  is  used on t h e  v e r t i c a l  edge of the  laminate 

t o  prevent  l i q u i d  water from contact ing t h e  PVB, which swells upon contact  with 

water. Figures 82 and 83 show t h e  d e t a i l s  f o r  on-si te  mounting and panel elec- 
' r 

t r i c a l  interconnects .  

r GASKET CELLSILAMINATE- r GLASS 

Figure 81. Solar  panel framing. 



Figure 82,. Front/ 
. . 

'rear &unting. 

Figure 83. Panel interconnect d e t a i l .  
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' . A t  the  end of t h i s  phase two ful.1-size panels containing'interconnected \ 
. .  . 

dummy c e l l s  were laminated and assembled in to  frames. The' f i r s t  laminating 

procedure used too. much pressure and broke around every c e l l  'and had numerous 

i n t e rna l  air bubbles (Fig. 77). The second panel l&nixiated has .only one a i r  

bubble (1 mm) and- i n i t i a l l y  two short  cracks. .Several  addi t ional  cracks were 

caused i n  handling f o r  assembly i n t o  the frame (Flg. 78). 

'2. Cel l  Matching Analysis 
. . 

,?is analyvis is  being condwted t o  datermine whether any c e l l  measuring 

and sor t ing  s t ra tegy can increase, assembled panel generation capabi l i ty  compared 

with .random c e l l  eelec'tian for  t h e  ycsi~cl. It i e  'expeoted that 100% acceptance 

t e s t i n g  of c e l l s  vill be required t o  avoid t he  possible use of inact ive  ce l l s .  

This e f f o r t  i s  directed t o  the  issue of whether there ehould be sor t ing  of good 

cells int.0 performance categories.  

It is s t i l l  not possible t o  character ize  the product d i s t r ibu t ion  of a 

lo+cost  so la r  c e l l  production l l ne .  This study is based on ce r t a in  simplifying 

assumptions concerning c e l l  property va r i ab i l i t y  produced by such a l ine .  '  here- 
fore ,  the  r e s u l t s  of t h i s  study should not be regarded as def ini t ive .  The com- 

puter models and techniques used i n  t h i s '  study c w  be used f o r  more exacting 

s tud ies  as product. v a r i a b i l i t y  becomes b e t t e r  defined. 

a. Assumptions - It i s  assumed tha t  the  only c e l l  t e s t  t o  bc performed w i l l  be 

a measurement of a test current (1 ) a t  AM-1 f l ux  and a t  a preselected t e s t  t e s t  
voltage (Vtest). The selected t e s t  voltage is i n  the middle of the  range of 

voltages where P w i l l  occur; typical ly  th isoiu  460 mV. s ince the  AM-1 flux max 
is known, then t h i s  t e s t  ac tua l ly  measures efficiency ( r l  ) at VteBc. test 

In order t o  compute the  panel ourput power with varioua ce l l  combinations, 

a closed form function describing the  c e l l  I-V cha rac t e r i s t i c  ie required. 

~ a ~ i c ~ l l y ,  there  is a choice between two d i f f e r en t  expressions. The simplest . 

function uses one exponential '  term t o  represent junction current leakage while 
. . 

the  more complicated function uses brio exponential terme. The one-term f metgon 

requires  knowledge of shor t -c i rcui t  current (Isc), open-circuit voltage (Voc), 

and one point near the Pmax point, i.e., ('test ) at (Vtest) t o  solve f o r  the  

constants (A, Io) tha t  w i l l  pass the  cha rac t e r i s t i c  equation through' .al l  three  



points .  I n  con t ras t ,  the  two-term I-V c h a r a c t e r i s t i c  r equ i res .one  add i t iona l  

point  ( I ,  V) t o  f ind  t h r e e  constants  (A, Iol, IO2) t h a t  w i l l  pass t h e  charac- 
( _ .  

t e r i s i c  curve through a l l  four points.  In  order  t o  use the  one-term charac- . . 

t e r i s t i c ,  t h e  following assumptions have been made. 

. . . (1) A l l  usable c e l l s  have the  same open-circuit voltage,  
"OC' * 

(2) The r a t i o  of shor t -c i rcui t  cu r ren t  I t o  test current  (Itest) 
S C  

i s  the'same f o r  a l l  cells a t  a value of  I 
r a t  lo '  

Some assumptions must a l s o  be made about the  d i s t r i b u t i o n  of c e l l s  pro- 

duced. The most l o g i c a l  assumption is t h a t  t h e  measured test e f f i c i e n c i e s  

'test ' f i t  a ' n o r d l  ( ~ a u s s i a n )  p robab i l i ty  d i s t r i b u t i o n ;  t h a t  is, t h a t  t h e  

p robab i l i ty  of a c e l l  having a given e f f i c iency  f i t s  t h e  curve i n  Fig. 84. 

I 
PROBABILITY P(7)test) 

Ffgura 8 4 .  Couoaian p robab i l i ty  d i s t r i b u t i o n  of t e s t  
effscie-y of c e l l s .  

The requiremLnt of  t h i s  curve is t h a t  the  i n t e g r a l  under a normalized 
. .  . 

curve over a l l  values of  X i s  equal t o  1.  his simply s t a t e s  . t h a t  a l l  c e l l s  
1 .  . 

measured havc a measurable t e s t  e f f i c i e ~ ~ c y .  It is  assumed ehat a l l  c e l l s  
. .  . .. 

between - +3 a (standard dev'iations) w i l l  be accepted f o r  panel f abr ica t ion ,  

which would consume.99.8Z of a l l  c e i l  pkxluction. The f i n a l  r e s u l t s  w i l l  

show t h a t  even i f '  t h i s  "window" w e r e  narrowed, t h e  conclusions would be un- 
7 

affec ted .  
. . .  .. *. 



. . 

I t  is assumed t h a t  a l l  test e f  f i c ienc ies  f a l l i n g  in arb i t ra r . i ly  defined 

ranges of test e f f i c i enc i e s  w i l l  be separated i n t o  d i f f e r en t  bins. Thus any . . 

c e l l  ' f a l l i n g  within the  eff ic iency ? a g e  defined by region I i n  Fig. 84 would 

be put 'in box I and so forth.  For t he  purpose of t h i s  analysis, it is assr?med 

t h a t  a l l  c e l l s  i n  box I can be represented by the  eff ic iency a t  the middle of 

the  range I and so  for th .  For the purpose of t h i s  analysis ,  it 48 assumed de- 

v i a t  ions  defining . the var ious ranges have been pi cked; the  Bnalyt i c a l  re la t ion-  

ship  of t he  Gaussian d i s t r i bu t ion  can be used t o  f ind the  c e l l  populations' of 

each box. 

b. Anat~tical Model - The basic  ana ly t ica l  re la t ionship used i n  th is ,  c i r c u i t  

model is  the  well-known s ing le  exponential re la t ionship between c e l l  voltage 

and current.  The key c i r c u i t  -relat ionships data  procesa&nb s teps  used w i l l  

be described i n  t he  l og i ca l  sequence used i n  the  model.  bith he par t icu la r  

case analyzed, t he  t e s t  eff ic iency points were,: 

n- = 18% +3 u 

'avg = 15% mean 

"min = 12% -3 a 

Five s o r t  regions were'chosen with the  average eff ic iency in each bin 

being : 

i![l] - 12.G2X . . 

"121 = 13.87% 

r1[3] 9 15.0% . .  

nr41 = 16.12X 
n[5] = 17.38% . . 

= 0.545 open-circuit voltage 

' rat io = 0.75. r a t i o  of shor t -c i rcu i t  t o  test current. . 

' , .  

Thc value of Iratio ueed i e  reproetant;atfw o'f ' t ;ekreetrial . c e l l s  in  uee 

today. Further invest igat ions  can accommodate value iil the  range of  0.55 t o  
d 

0.85, probably' due t o  var ia t ions  i n  s e r i e s  resistance.  

1 = 0.097 w/cm2 (AM-1 f lux) , I (27) 



1 

The character  is t i c  I-V expression r e f  er red  t o  e a r l i e r  i s  

. . 
. . 

where X = e/kT - 38.647, a known constant.  For reference,  t h e  I-V charac- 

teristics f o r  the  f i v e  regions are shown in Fig. 85. By placing t h e  points  

(Itest, Vtest), (0 ,  Voc) along with IsC - Itest/Iratio i n  Eq. (28), two 'simul- 
taneous equations a r e  generated t h a t  de f ine  t h e  A and I. f o r  t h e  p a r t i c u l a r  

c e l l ' s  c h a r a c t e r i s t i c  curve. 

Figure 85. I-V c h a r a c t e r i s t i c s  of f i v e  s o r t  regions. 

f * 

A and I. a r e  found by a Newton-Rapheson technique. I n  t h i s  manner, the  

constants  f o r  a l l  c e l l  b ins  are found A[J], Io [ J ]  f o r  J = 1 t o  5. 

The f r a c t i o n  of production (Frac) t h a t  f a l l s  i n  equal regions found by 

numerical f i t  t o  the  Gaussian d i s t r i b u t i o n  is 
; . . '  . . . . 



The. ca lcu la t ion  which must be made is .  t o  compare t h e  maximum performance 

of a circuit with the  d i s t r i b u t i o n  of c e l l s  shown above, a l l  operat ing a t  maxi- 

mum:efficiency with the  same c i r c u i t  opera t ing a t  the  design terminal  voltage 

and each ce l l  a t  t h e  same current .  

(11 Operation at M a x i m u m  Circuit Efficiency - The power producad by a 

PL is  given by 

where (VL) i s  given by iq. (28). To f ind  the  moxlmum power, the  de r iva t ive  

d(P 
2 of E ~ .  (29) be fnnnd read i ly  i n  clo(led form. Then by ueiag t h e  
d (V, 

Ad 

Newton-Rapheson method, the  value of  vol tage  V . [ J ]  in Eq. ('29), t h e  values of 
2 P-x 

Pmax 
[ J ]  per  c m  o f  c e l l  f o r  a l l  regions can be found. Each of  the  values of . 

power must be mul t ip l ied  by t h e  appropr ia te  a r e a  Frac[J]  t o  ge t  t h e  a c t u a l  . 

power. Therefore, t h e  maximum t o t a l  produced is given -by 

I n  o t h e r  words, Pmi is t h e  maximum power t h a t  could be produced i f  the  

cel ls  were sor ted  and assembled I n t o  f i v e  dgfferent .  panel types. , 

(21 S t r ing  Operation - When power is produced by a s t r i n g  of c e l l s ,  they 

muat a l l  have t h e  same c u r r e n t  densi ty.  However, t h e  t o  t h e  p a n e l  is 

contr ibuted i n  proport ion t o  t h e  areas Frac[J]. Thua, t h e  expreesinn . . f o r  t h e  

a t r i n g  peer as a kuncitlon of c u r r e i t  5 i s  givmn by 
. , 

Here t h e  power as a .  fun&ion of cur ren t  5 ia needed. kliieh can be fouiid 

by 801ving Eq. (28) f o r  VL ( 5 )  , and, theref  o re ,  PL ( 5 ) .  - IL * VL (IL). Here 
8 ' . . 

again the d e r i v a t i v e  of s t r i n g  povet wi th  respect  t o  current  d(Pstring 1 /d (59 



can be found i n  closed form. Then t h e  value  o f  I f o r  maximum s t r i n g  power L 
is fpund,, I 

pms" I n  t h i s  manner, the  maximum s t r i n g  power found is 

Thus, the  value of Pms corresponds t o  the  panel power produced i f  the  

panel were composed of  the  appropr ia te  f r a c t i o n s  of  production Frac[J]  f o r  the  

normal d i s t r i b u t i o n .  That is, Pms represents  t h e  t y p i c a l  panel with no sor t ing .  

(3) Results - The r e s u l t  of a l l  t hese  ca lcu la t ions  i s  t h a t  

pmi = 16.4 mw/cm2 - independeng. optimized opera t ion  

Pms 
= 15.9 mw/cm2 - s t r i n g  optimized opera t ion  

Thus t h e r e  is only a 2.95% gain i n  t h e  power produced due t o  the  s o r t i n g  

and s e l e c t i v e  assembly,postulated i n  t h i s  analys is .  For 100% test of  wafers 

i n  a n  automated f a c i l i t y ,  we have shown, t h a t  the  t d s t  cos t  i s  $0.012/W. 

I f  the  i n s t a l l e d  power supply c o s t s  $1/W, t h i s  ~ 3 %  i nc rease  i n  output  power 

saves 1.8q/W, and, the re fo re ,  the  implementation.of t h i s  procedure is  cost- 

e f fec t ive .  It is  recognized t h a t  many assumptions had t o  be made t o  conduct 

t h i s  ana lys i s .  It is poss ib le  t h a t  o the r  d i s t r i b u t i o n s  of  c e l l s  o r  a d is -  

t r i b u t i o n  of d i f f e r e n t  c e l l  c h a r a c t e r i s t i c s  could change t h e  conclusions some- 

what. It w i l l  probably not be worthwhile t o  p u r s u e ' t h i s  i s sue  f u r t h e r  u n t i l  

the  low-cost parameters ,are  more completely characterized.  

E. CONCLUSIONS - EXPERIMENTAL PRODUCTION STUDY 
, . . . 

... ' . -  . 
The work reported here  r ep resen t s  a 6-month experimental production study 

of the  elements of low-cost manufacturing sequences previously i d e n t i f i e d  . In  

s t a r t i n g  any production l i n e ,  a "learning-curve", process is  inev i t ab ly  experi- 

enced, so  t h a t  the  conclusions drawn a r e  t o  be considered preliminary, and should 

be weAghted accordingly. I , 

, . " .  

. . 



1. Solar C e l l  Experimental Production Study . 
The major process var iable  studied, that  of junction formation, Included 

POC13 p s e o u s  diffusion,  spin-on source (P) diffueion, and ion implantation 

(P and As). The major conclusions concerning these are: . . 

a POC13 gaseous diffusion resulted in the best c e l l  performance.' - !  ' 

" ' . ~p in -on  phosphorus sources resulted in reasonably good junctions . 

and c e l l  performance.' Reproducibility, s t a b i l i t y  of the source, and 

uniformity a l l  need fur ther  verification.  

The ion-implanted junction-formation process for  both arsenic  and 

phosphorus generally resulted i n  poor c e l l  performance. The ehort- 

c l r c u i t  currents  ebtainod from cello made by ion implantation were 

lowest of the three junctions proceeses and exhibited the l a rges t  In-Sot 

and lot-to-lot variatione.  Generally poorer junction qual i ty  and low 

values of l i fe t ime characterized t h i s  process. 

a Individual process s tep yields  exceeded 90% even though &ual 

handling was used. Wa'fer,breakage was the major factor  in  yield loss.  

a High temperature processing (>900°C) resul ted i n  lower ehort '+ircuit 

current. 

a L i t t l e  cor re la t ion  was noted between qaeasured junction eheet res is tance 

and c e l l  performance i n  tha t  wide var ia t ions  of sheet res is tance did 

not r e su l t  i n  s imilar  var ia t ions  i n  e l e c t r i c a l  c e l l  parametere. 
< ' 

2. Screen-Printed Thick-Film Metallization 

a Of the four commercial inks studied, the  Owens-Illinois 6105 phosphated 

ink exhibited the best  e l e c t r i c a l  character ie t ics .  

a Inks which do not concaln phosphatelr were fouqd t o  yield unacceptably ' 

high values of contact res is tance alid generally resulted i n  rhunted : 

j lmc t ions. 

A f i r i n g  t t q e t n t t l r e  of 675OC was found adequate t o  obtain a contact 
+ 

r e s i s t i v i t y  of %0.05 to. 0.08.,ohm-cm t o  n junction layers  having 30- 

, 
t o  50-ohmlaquare 'sheet res is tance and junction depth of 0.25 pm: 

a Screen meshes of 200 lInes/ , in.  . . and emulsion thickness of 1 lil were 

fomd t o  r e su l t  in.poor dimensional control  in the  pr in t ing  of 

5 4 - w i d e  l ines .  . . 



The thickness of  the  f i r e d  l i n e s  ranged from 15  t o  20 pm and had sheet  
P 

r e s i s t i v i t y  of  4 t o  6 pohm-cm. These values  were found adequate f o r  

the  f r o n t  g r id  of  so la r '  c e l l s .  
. i . . .  . . . . . . "....'. . . :  ' .> 

3. Panel Assembly . . . . 

. - 
A prefer red  ;anel design and assembly technique has been determined. This 

design incorpora tes  f e a t u r e s  d i rec ted  towards s a t i s f y i n g  JPL s p e c i f i c a t i o n s  on 

electrical performance and acceptance t e s t  requirements. The'panel is a double- 

g l a s s  laminate s t r u c t u r e ,  4 by 4 f t  in s i z e ,  conta in ing 11 x 15 a r r a y  o f  3.641.- 

d i a m e t e r . c e l l s . .  The const ruct ion  makes use o f  a wel l -es tabl i shed.safe ty  g lass  

lamination, technique by laminating two, 118-in.-thick sheets  of untempered g lass  

with two 0.015-in.-thick shee t s  of polyvinyl  butyra l  (PVB) which encapulate 

the  cells and.bond t h e  g lass .  Some preliminary conclusions derived from 

i n i t i a l  t e s t s  of  t h i s  laminating procedure are :  

It is important t h a t  t h e  laminate be e n t i r e l y  bubble-free s ince  even 

small bubbles w i l l  eventual ly  cause delamination during thermal cycling. 

Small, 6- by 6-in. panels  were successful ly  constructed containing 

. a c t i v e  c e l l s .  No change i n  c e l l  c h a r a c t e r i s t i c s  was noted . a f t &  50 

cycles  of  -45 t o  ~ 9 5 %  thermal t e s t i n g .  
. ,  

The lamination procedures required f o r  f u l l - s i z e  .(4 by 4 f t )  panels  , ,  . 

have not  been determined. I n  i n i t i a l  tests, lamination o f  4- by 4-ft 

r e s u l t e d  i n  cracking o f  the  g lass .  

F . RECOMMENDATIONS 

I n  order  t o  more f u f l y  v e r i f y  those ,  prnc,ess steps which a r e  cu r ren t ly  

acceptable a n d . t o  develop and br ing  t o  a s t a t e  o f  readiness  t h e  processes 

needed..for a complete cos t -e f fec t ive  manufacturing sequence, the  following 
b 

. . 
recolmnendations a r e  made: 

(1) Economic a n a l y s i s  and'experimental  production d a t a  a r e  requi red  

on s i l i c o n  wafers having sawletched. ' surfaces.  

(2) The d e t a i l s  of che l i m i t s  on input/output  requirements of t h e  POCl 
3 

gaseous d i f fus ion  junction-format ion  ' technique i n  conjunction with 

t h e  requirements f o r  screen-printed con tac t s  should be determined 

by experimental production of a s u f f i c i e n t  quan t i ty  of c e l l s .  



. . .  
. . . . 

. . . . 

. . 

'While . spin-on source  dopants seem econonically v iab le ,  fu r the r  

work is  required on .  . . .  t h e  re la t ionsh ip  of t h e  l i q u i d  source 

composition t o " i t s  s t a b i l i t y  and t h e  r e s u l t a n t  junction. .pro- 

pe r t i e s .  .Spec i f i ca l ly ,  water-based dopant sources should be 

, evaluated . 
The ion implantation and thermal a c t i v a t i o n  and anneal  process 

. ' require a thorough 'evaluation t o  determine t h e  processing s t e p s  

necessary t o  achieve higher e f f i c i e n c i e s  i n  c e l l s  fabricated,  . . by 

t h i s  method. 

A complete procedure fo r  front-grid and back surface  screen- 

pr in ted  meta l l i za t ion  requires  development. Speci f ic  a t t e n t i o n  

should be d i rec ted  toward compat ib i l i ty  of the  meta l l i za t ion  

with interconnect  technology ( so lde rab i l i ty ) ,  back surface ohmic 

contacting, '  wafer breakage, and development of performance and 

cos t -e f fec t ive  inks. 
. . 



APPENDIX A 

A, COST ANALYSIS PROCEDURE 

For purposes of cost analysis, the manufacture of solar array modules has 

been represented by a series of technological process. (See Appendix B for 

definition of terms.) Each technological process must be described in terms 

of the following: 
a 

(1) Incoming material requirements. 

(2) Value added - material, labor, overhead. 
(3) Equipment requirements as a function of production levels. 

( 4 )  Process yield - ratio of output units to input units. (Note that 

this is a measure of physicaZ flow, not product quality.) 

After these parameters have been provided, alternative manufacturing 

processes can be defined in terms of a subset of these technological processes. 

For a specified level of output (measured in megawatts), cost data will be 

provided for each technological process and the total manufacturing process. 

The following problems arise even in this simple cost model: 

(1) The electrical characteristics of the output of two alternative 

technolog,tcal processes may differ. 

(2) The quality of'two alternative processes may differ. 

(3) Synergistic effects of combining various processes may 

need consideration. 

In the initial model implementation, the material input to any technolog- 

ical process i will be Mi units. If yi is the process yield and ri is the 

number of input units constituting nne output unit (e.g., 7.35 g per wafer), 

then the output Mi of this process will be ( ~ ~ / r ~ ) y ~ .  The number of input units 

scrapped in the process will be Mi-MLr = M (1-y ) i i *  , . 
Figure A-1 depicts a technological process used in the manufacture of solar 

array modules. M incoming units valued at $X per unit are processed. Direct i i 
material, direct labor, and overhead increase the value of each unit to $xi1. 

Mi' units leave the proceee and enter tho next step; the rrhaining input units 

are scrapped, with the salvage value being used to reduce process overhead. 

The average output unit cost X ' is determined from process cost information. i 



Figure A-1. 'Technological procees representatioa. 

Mi INCOMING UNITS @ $Xi PER UNIT 

. . ) 1  ! . . .  . . . . .. . . > . _ . I '  . '  . " ? .  

It is important to note'that the number 'of units entering a process nor- 

mally will be greater than the number leaving the process. Hence, tho capacity 

SCRAPS 
Mi(l-yi) UNITS L - 

requirements of various processes niay differ. This simple model assumes that 

flow is from one process to the' next; no feedbadk of units to an earlier stage 

is currently permitted . . Theref ore,, for. a given megawatt requirement, the .proc- 

9 

PROCESS i 
Pi(yi! 

I 

essing requirements of each technological process can be determined and then 

VALUE ADDED 
DIRECT MATERIAL 
DIRECT LABOR 
OVERHEAD 

( 

the cost of processing a unit computed. 

b 

Once a description of each technological process has been made, the user 

of the model 'must specify the output requirements (megawatts), the techn010gb- 

cal processes to be used, and the electrical characteristics.of the f lnal  solar 
. .. 

cells (electrical characteristics will be dependent upon. the processes used). 

The model will then compute ,the cost of butput requiretnents and provide detailed 

'I . . 

M ~ '  OUTGOING UNITS @ $Xi' PER UNlT 

cost estimates on a process basis. Alternative strategies can be oxplorod. 

A l ~ o  sensitivity ol: cost to variauo paramotors can be ati~clied by varying the 

individual parameters. 

Oncc a omall number of f e a s j h l e  alternatives have been selected, a detailed 

financial analysis could be made of each alternative. This analysis could use 

a simulation approach in order to incorporate uncertainty rather than the de- 

terministic approach utilized in the initial screening process in order to es- 

timate the risk involved in each alternative scheme. 

. , .  . 
 his model' facilitates the analysis ' of alternative manufacturing approaches. 

1 It is only a first approximation, however, whose primary purpose is to systematize 



the financial analysis and permit comparisons with current state-of-the-art 

cost estimates. This initial model wil1,need enhancements to incorporate some 

os all of the following items: 

(1) Multi-year analysis capability utilizing discounted cash flow 

techniques. 

(2) ~istribution of electricai characteristics to represent the "quality" 

of individual processes. This would be based upon the performance 

approach described in Quarterly Report No. 1 [A-11. 

(3) Synergistic effects of combining certain processes. 

The selection of those features to be implemented will depend upon the 

number of different prqcess combinations to be analyzed and the accuracy to 

which process parameters can be estimated. 

The cost estimates provided by the model include: 

(1) Processing cost,, .expressed in $/W 

(2) Floor area requirements for manufacturing area 

(3) Direct and' indirect labor personnel required 
. . . . 

( 4 )  Material and. direct expens; ymmary 

In order to estimate selling price, wafer cost, factory investment, in- 
. , 

terest and,depreciation on this investment, and salaries of support personnel 

must be determined. (Support personnel includes administration, warehouse per- '. 
sonnel, finance, quality control, etc.) 

That is, 

. . 
Wafer cost, $,W 

+ Processing cost, $/W 
+ Heating, cooling, lighting, $/W . 

+ Insurance, $/W 
+ Factory interest & depreciation, $/W 

. + Administrative & support salaries, $/W 

. +-Profit, $/W . .  . 

. = Selling .price, . $/W 

x, B. F. '~illiams, Automated Array AssembZg, ~uarteLl~ Report No. 1, 
ERDAIJPL-95435211, prepared under Contract No. 954352 for Jet Pro- 
pulsions Laboratory, March 1976. 

. :., 



APPENDIX B - GLOSSARY OF TERMS 
. . 

A. GENERAL INPUT PARAMETERS 
. : ,  . . 

1. Growth profile - not used currently 
2. .Shift premium - 2nd or 3rd shift bonus rate 
3. Depreciation method : SL = straightline; SYD = sum-of -the-year-digits 

4 .  Interest rate on debt - interest rate on borrowed funds 
5 .  Debt ratio - % of fixed assets financed by debt 

6. Sheet - 7.8-cm (3.01)-diameter wafer 

7. Solar cell - a "oheet" after e8,ectrical test . 
,. . 

2 8. Array module - a 14.6 ft. panel containing 224 solar celle 
9. Purchased silicon cost; $/W - not used currently 

B. GENERAL INPUTS: INVESTMENT TYPE DEFINITIONS 

1. Name - investment name . . 

2 .  Type - process or factory 
3.  Availability - % of time investment is available for use. Remainder of 

time consists of preventive maintenance, unscheduled maintenance,'or 
idle time due to lack of availability of related investments 

4 .  Cost - first cost + delivery charges + taxes,+ installation costs 
5 .  Book life - estimated life for depreciation purposes 
6.  Area - area, in ftZ, occupied by investment and associated operators 

C. GENERAL INPUTS: LABOR TYPE DEFINITIONS 

1. Labor name - labor category 
2. Labor type - direct : labor which varies directly with the level of 

production; indirect: labor which is constant over a range of .produetion 

3.  Wage rate = $/ILL- base pay 

4. GPW -not used 
5. Fringe benefits - cost of employee fringe benefits expressed as a % of 

wage rate 

6 .  Efficiency - ratio of labor required to actual labor (allows for rest 
periods, lunch periods, absences, etc.) 



D. GENERAL INPUTS: EXPENSE TYPE DEFINITIONS 
I 

1. Expense name - material or direct expense name I 
2. Type -,material: items which become an integral 'part of sblar cell or 

array module; direct expense: items consumed in cell or array manufac- 
ture which do not become an integral part of assembly 

3 ' ' 3 .  cost - (a) cost of item, in'$/cm , $/gram, $/&h (process expenses wili 
.be expressed in &ts ~specified) ; (b3 "specified in: $" if process ex- 
pense will be expressed in $ 1 .,, : . . 

4. Salvage value - not used currently. . .  

. . .  

E. PROCESS PARAMETERS . . . . .  

1. Process - group of operations .associated with a specific technology step 
Subprocess - a group of'operations shared by one or more processes 
Input unit, output unit - "sheet, " "solar cell, " or "array module" 
Transport In, Transport Out - method of transferring units into 
and out of the process area 

Process yield ("YIELD") - ratio of output units to input units. This 
is a measure of physical flow, not process quality 

\ .  

Input unit salvage value ("SALVAGE VALUE") - estimated recovery value 
of a scrapped input unit. At this moment, all values are zero 

Production area floor space requirements - estimate of floor area 
needed, excluding area occupied by investments.  l lo or space" is 
calculated using the."AREA (SQ.FT.)" value associated with the la,rgest 
"INPUT UNITS" volume less than or equal to current production volume. 
The area associated with investments is added to this base area amount 
to determine the "estimated floor area" of the process 

Description - brief process description 
Assumptions - list of assumptions made in preparing estimate 

10. Procedure - description of process major steps 
Investments. - (a) name : investment name, defined in B above; 
(b) maximum throughput units: throughput 'of investment (sheetslh, 
solar cell/h, or array modulelh. Effective rate = maximum throughput 
x availability. (If both sides of an input wafer are to be processed 
separately, either adjust.the throughput rate or adjust the "fraction 
of input units. processed" parameter .) ,.(c) % .  input units processed : 
used to adjust input volume for rework and for processing both sides of 
a wafer oepararelf. It may also be used for "rework only" investments 
to specify fraction of input units requiring rework. NOTE: If two 
or more different investments are part. of a set, the effective through- 
put -rates .must-be the.s.ame. 



12. Labor - . (a) name: defined in C above; (b) 1abor.requirements base: 
(1) investment name or (2) "fixed" - I/ persons/shift fixed (3) "DL" - 
base is // of direct labor .persons; (4)' "TLW.,- base is I fo.labor persons 
associated with process (c) #:of persons/&hii.t/base unit - ratio of per- 
sons of specified labor type to ,// units of specified base or (d) through- 
put/h/person - # of input . . units per hour handled by specified labor type 

% input units processed - %'.of Snput units for which this type of 
labor is required. If an input unit is processed more than once (both 
sides and/or rework), this factor may be greater than 100%. If only 
reworked units or units passing some internal test are processed, this 
factor.may be less than 100%. - .  

// input unitslyr x % input units proceseed/100 
Operatorslshiff throughput/h x # hours/yeir x efficiency . ,  

13. Supplies/expe~aes - (a) name - see D above; (b) annual fixed patt - 
f iked part of expense (multiplied by labor persons or investment units 

. . for labor or investment bales). Must be speoi f ied .  in same wits as, 
* .  espense name. .(c) variable'part - units - variable part of expense; 

(d) base - (1) per input unit, % input units processed (2) per 
available investmentlhr of specified investment 

. . 
$ Cost 3 (Annual fixed part + variable part' x base units) x 

($/unit) 

1. Material - material cost, $IN 
2 .  D.L. - direct' labor coot, including fringe benefits, $/w 
3. E D .  - direct expense cost, $/W 
4 .  P .OH. - process overhead cost, $/W (indirect. labor cost) 
5, INT. - interest cost, $/w 
6 .  DEPR. - depreciation cost, $/W 
7. TOTALS - total of . items . 1-6, above 

8. INVEST - i,nvestment required, $/W 

G. COST ANALYSIS: MANUFACTURING SEQUENCE NAME 

,-. Mntagial, etc. - as in F above 
2. SALVG. - estimated recovery value of scrap, $/W 




