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SECTION I

SUMMARY

| This report contains three main sections which describe a general tech-
nology assessment and ‘'manufacturing cost ana1y51s, 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 II describes the results of an extensive study and detailed
analysis of technologies which could be related to array module manufacturing
From this study, several manufacturing sequences emerge as candidates for
satisfying the ERDA/JPL cost goal of $0.50/wW 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 double-glass construction
and are based on round wafers. Screen-printed 31lver has been used as the
metallization with a spray-coated antireflection (AR) layer. The least
expensive junction-formation technology appears to:bé ion implantation; how-
ever, several other technologies also may be used with very-little cost.
penalty as described in this report. !

' Based on the required investment a profit of $0.05W appears reasonable.
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. .66/W is projected.

An analysis of the impact of factory size in the 1986 time frame has been
made. For a production level of 500,MW/yr,.the price above is derived. For
~ comparison, a factory processing 50 MW/yr us1ng 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.



In Section III, an interim 1982 factory 'is described for the large-scale
production of silicon solar-cell array modules. The boundary conditions for
this design are the use of Czochralski silicon crystals and $25/kg polycrystal-
line silicon. The objective is a large-scale production facility to meet an
intermediate ERDA cost goal of $2.00/W in 1982. ‘

Our approach was to first consider a panel design -which could be expected
to have a 20-year life and would also meet the JPL specification on mechan-
ical, electrical, and environmental stability. Attention was then directed to
a cost analysis of the production of the elements comprising this panel.

Since it was expected that wafer production would comprise a major fraction of
the cost, several cost reduction schemes were considered for the Czochralski
pulling and sawing of the wafers. A solar-cell processing aeduence was
selected on the basis of our previous cost studies and the projected avail-
ability of production equipment by 1982. These criteria resulted in the

selection of POCL, gaseous diffusion for junction formation, thick-film Ag

screen-printed mezallization, spray-on AR coating, and solder reflow intercon-
nect technology. ‘ A

The economic study was made by computer analysis of the cost elements of
these process sequences at production levels ranging from 3 to 100 MW/yr.

With the results of this study, a 30-MW/yr factory was designed, and a pre-
liminary floor plan layout is given, We have projected a manufacturing cost
of $2.01/W gnd; including factory overhead and profit, a selling price of
$2,.41/W.

Section IV describes a 6-month experimental production study of the
elements of low-cost solar-cell manufacturing sequences and is an outgrowth
of our cost and manufacturing studies. This program consisted of three partsa:
an experimental production line study of the major variables associated with
the fabrication of 3-in.-diameter silicon solar cells; a study of thick-film
screen-printed silver metallization; and panel design and assembly development.

The experimental-production studies were conducted at RCA's Solid State
Division under simulated factory conditioné. No automation'pr advanced
handling techniques were used; manual handling by hourly'wquers with the
supervision of one foreman and one engineer was used throughout this p:odqc-

tion study. Approximately 500 3-in.~diameter solar cells were fabricated



using the three junction-formatipon technologies of POCl3 gaseqQus diffusion,
gpin-on source and diffusion, and ion implantation. The problems encountered
gsome 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 their 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. o - .

A panel design consisting of a double-glass laminate which is expected
to meet JPL specifications on mechanical, electrical, and environmental
stability was completed, . Preliminary studies of the lamination technology
were conducted ‘on small (6 by 6 in.) panels and on two full-size (4,by 4 ft)

panels.



SECTION II

GENERAL TECHNOLOGY AND COST ANALYSIS OF '
LARGE SCALE MANUFACTURING SEQUENCES -~ 1986 PRICE GOAL

“A., INTRODUCTION -

The'putpose of this study was to assess manufacturing process sequences
for silicon solar array modules which could be sold for4$0;50/peak W in 1986
assuming a yearly sales volume of 500 MW. The study has identified such
process sequences. All of the relevant technologies which exist in the semi-
conductor manufacturing art have been analyzed in detail. The basic philosophy
.of this study was to identify those manufacturing processés which had the small-
est cost of consumed matetials and expense~itema (defined later) based on this
comprehensive anelyeis. It was assumed that the automation of these low mate-
rial cost processes would ‘result in the lowest cost array module. This philos-
ophy has not changed. , . »
' There have been threellevels of cost estimation applied to this task.
Estimates of the present day costs for each of the potentially relevant
processes were made as described. above. For the class.of. processes which
seemed the most attractive. from a. manufacturing cost. point of vieo,.the near
term.(approximately 5 yearsAfor full. implementation) ‘costs were developed.
Finelly,'for the most cost-effective sequences, the manufacturing costs in a
heavily automated. facility were projected A summary‘of this work is presented
in Fig. 1. . o o

In this report, the most cost-effective manufacturing sequence and' panel
design are described 1in detail,. Variations. on.this sequence are also costed
out. ' 4 '

" In subsection D we discuss the effect of wafer size on manufacturing cost.

In most of the cost analysis in this report, 3~in, wafers. were ueed as the:

sheet material. Factory levelfove:head costs are developed .in subsection E.

B. ARRAY MODULE MANUFACTURING COST

The lowest cost manufacturing process sequence which we have -1dentified is
shown in Fig, 2, As can be seen in the figure, the cost for this sequence 1is

$0.264 /peak W with 58% of the cost associated with material and. expense items.,
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20 99.0U% POCL3 DEPCSITION AND DIFFUSION  EXISTING 0.0 0.016 0.028 0.020 0.003 0.00& 0.072 0,031
U217 99.0% POCL3 DEPCSITION AND DIFFUSION  FUTURE 040 0.003 04028 0,001 0,001 "d.00i 0°0%35  o©.0066
22 99.0% DOPEO OXIDE DEPOSTYION:P TYPE EXISTING 240 04028 04040 04019 04005 04008 04100 04057
2% 99.0X DOPED TUXTIOE DEPUSTTYONIN TYPL ™ EXTISTING 00 04028 04940 "PSOTT 0. . . .
24 98.0X% DOPED OXIDE GEPOSITION:2 SIDES  EXISTING 0.0 04057 04081 0,039 0.011 06017 04205 04120
7775 "85.0X CLOSE SPACE EPTITAXY ——— 7 NEAR FUTURE 0.0 0.068 0,258 0.020 0,02¢ 3,042 "0, .
26 99.0X ION IMPLANTATION-FRONT EXISTING 0.e 0eC45 0024 04042 0,033 04053 04197 £.370
—"77 99.0Y ION IMPLANTATION=BRCK """~ EXTSTING 0.0 04045 04024 0,042 0303 05053 DI97 —0.570
28 9k.0%x ION IMFLANTATION:2 SIDES NEAR FUTURE 0.0 04010 0011 04009 04013 04021 04066 00150
T 29 99.0% ION IRPLR e © FUTURE Bel 04004 0De007 'DOVZ TLOUID Oo L )
30 99.0% POST ODIFFUSION INSPECTIOMN EXISTING 0.0 04015 040C0 0.005 0.003 0,005 0.028 04033
“T"31° 99.0% PCST DIFFUSTOR TNSPECTION' NEAR FUTURE 0.0 0,006 04000 04003 0.00¥ 0,00 . .
32 93.0% PNST DIFFUSION INSPECTION:10X FUTURE 0.0 0,001 04000 04001 0,001 0.001 0,003 0.006
~TTXY " 93,0%X FRONT SINE RESTST APPTTTATION EXISTING fed 000 04071 04014 VITTZ U003 OLUYE U019
34 99.0X RESIST REMOVAL EXISTING 0e0 04005 04009 04005 04001 04001 04021 04007
35T 95.0% GLASS REWMGVAT T EXISTING 0.0 04007 0001 0 0027V, . ) .
36 99.0X% GLASS REMGVAL NEAR FUTURE 0.0 0,002 04001 04001 04000 04001 0,005 0.005
T 3T 79s,0% RIM CTCH : - EYISTING Ne0 0012 04034 04013 0o0T2 0003 0.0 .
38 95.0% EOGE POLISH NEAR FUTURE 0e0 00002 04004 0s001 04000 04001 04008 04003
XYY I00.0% VACUUM EVAPORATION WETALTTZATION EXISTING 040 0,173 04011 0,070 0, . D .
40 98.0% TI1/AG METALLIZATION-FRONT EXISTING 0.019 04177 04011 04072 0,024 04039 0.342 04271
«O0% TI7AG METRLCTZATIOR=BACK ~ ~~°° EXISTING 04022 04177 0011770 . ) . .
42 98,0% AL METALLIZATION=FRONT EXISTING 0s008 0377 0e011 0e072 0.021 04033 04318 04232
T3 T98.0% AL METALLIZATION-BACR EXISTING 0,004 04177 04011 04072 0,021 V.03 O .
44 98,0% MAGNFTRON SPUTTERING T1/AG:FRONT EXISTING 04019 0,037 0,005 0013 0,018 0,028 0,123 04195
TTTR5 T9BI0% MAGNETRCN SPUTTERING TIZAGIBACK EXISTING 0,022 0,037 0.009 0.D13 T, . . o
46 98.0X MAGNETRON SPUTTERING AL SFRONT EXISTING Ds007 04037 06009 04013 0.020 04031 04116 06217
“TX MAGNETRTN r T ' EXISTING 0007 "0.037 0JDD9 OVTY . . . .
48 100.0X SCREEN_PRINT WAFER REWORK . NEAR FUTURE 040 0.001 0.,000 0,001 0,000 0.000 0,002 0,001
T 495 °1060.,0X SCREEN PRINT WAFER RCWORK FUTURE 040 04001 04000 04001 04000 04000 04002 0.001
50 98.0X TRICK AG METAL-BACKIAUTO _ .~ NEAR FUTURE 04026 0.004 04005 04006 0,003 0,005 0,049 0,035
51 99.0% THICK AG METAL-BACK:AUTO FUTURE 06026 04002 04005 04003 0.008 0007 0.047 0.048
52 98,0X THICK AG METAL=-FRONT:AUTO __NEAR FUTURE = 0,027 0.010 0.012 0,013 0,006 0
§3 99.0% THICK AG METAL-FRONT:AUTC FUTURE 04026 04006 04012 04006 0.008 0s012 0.070 04087
54  98,0% THICK AL/AG METAL-BACK:AUTO _ NEAR FUTURE 04015 04008 04010 0,009 04,006 04007 04053 0050
55 98.0%X THICK AL METAL-BACK:AUTO NEAR FUTURE 0011 04004 04005 0,006 0.003 04005 04034 0035
56  98.0X THICK AL METAL~FRONT:AUTO NEAR FUTURE, 0,012 0e010 0,012 0.033 0.006 0.010 0,063 0,089
57 95.0% AR COATING:SPIN-ON EXISTING 04021 04049 0,001 04018 0.001 0,001 0,091 0.008
58 95.0% AR COATING:SPIN-ON NEAR FUTURE 0,021 0.019 04001 0,067 0,002 0,004 0,093 0,025
59  98.0% AR COATING :SPIN-ON FUTURE 02020 704010 04001 04008 04003 04005 0e082 04034
60 99.,0% AR CUATINGISPRAY-ON ) NEAR FUTURE 0,002 0,004 04000 0,001 0,001 0,001 0,009 0,008
€1 99.0X AR COATINGIEVAPORATE ExisTING 0.010 0.070 0.006 04035 0,011 0.018 0,150 0.128
62 A0D,0X TEST e CXISTING (U} DeC22 0000 04007 06,0068 0.008 0,082 04056
€3 80,0% TSt NEAR FUTURE 0.0 0.005 0.000 0.005 04005 04008 0.023 0.056
64 90,0% TEST _FUTURE 040 0,004 0,000 0,002 0.004 0.007 0,017 0,049
€5 J6+0X ARRAY FAD.:RSIACRYLIC PANELWCB EXTSTING 0359 04158 04066 0e068 0.010 04016 . 0657 04109
66  9£,0%X ARRAY FAE.:RSIGLASS SUPERSTRATE EXISTING 06152 0s158 04066 04048 0,010 0.016 04450 0.109
67 96+0% ARRAY FAE, :GW:ACRYLIC PANEL$CB  EXTSTING Pe3B2 04125 00000 Ne045 04009 06014 04575 0096
68 S6.0X ARRAY FAE,:GWIGLASS SUPERSTRATE EXISTING 04152 0123 04009 ‘0,045 04009 0.614 04353 0096
69 96.0% ARRAY FAE,SULSTACRYLIC PANFLCR EXISTING 0,378 04125 04000 04063 04010 00015 0,574 0.307
70  96.0X ARRAY FAB,:ULS:GLASS SUPERSTRATE CXISTING . be156 04125 04000 0,045 0,010 0.015 0.35 .
T 71 98,0% INTERCCNNECT? [ AR FUTURE 0003 0,008 04000 04002 0+002 040086 04019 04025
72  98.0% INTERCONNECTIGAP WELDING NEAR FUTURE _ 0et03 0008  0.003 0,002 0,002 0.008 0,022 0,025
735 98.0% INTERCONNECTIULTRASONIC NEAR FUTURE 0,003 0,013 0,000 04003 0,002 0.004 0,025 0.025
74 _100.0% DOUBLE GLASS PANEL ASSEMBLY _NEAR _FUTURE_ 04103 0,003 0,003 0,001 0.002 0,003 0.114 04018
75 100.0X GLASS SUPERSTRATE PANEL BSSEMBLY NEAR FUTURE 0150 0.00% 0.000 04001 0e002 04003 0.159 0.018
76 100.0% RIBBON IN TUBES PANEL ASSEMBLY  NEAR FUTURE 0.140 0,008 0,000 0.00) 0,002 0,003 Y]
€010 0,003 0.0 04000 0,000 0s000 0,016 04001

77 100.0X ARRAY MOPULE PACKAGING EXISTING

Figure 1. Cost analysis summary.



ION IMPLANTATION (C)
ASSUMPTIONS: 0.717 WATTS PER SOLAR CELL AND $0.0 FOR 7.8 CM (3") DIAMETER WAFER

STEP YIELD PROCESS MAT'L. EXP. LABOR INT.+  TOTALS INVEST

(%) © +0.H,  DEPR,
1 99.0 SYSTEM "Z" WAFER CLEANING (8) 0.0 0.001  0.001 0.000 0.003 0.002
2 99.0  ION IMPLANTATION:2 SIDES () 0.0  0.005 0.004 0.020 0.029 0.084
3 99.0  DIFFUSION () 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 Y9.0  THICK AG METAL-FRUNT:AUTU () o0.021  0.009 0,010 0.016 0.060 0.069
7 90.0  TEST (c) 0.0 0.000 0.004 0,008 0.012 0.035
8 99.0 AR COATINGS:SPRAY-ON (¢) '0.002 0,002 0.005 0.002 0.011 0.008.
9 98.0  INTERCONNECT1GAP 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 MODULE PACKAGING (A) 0.007 0.0 0.001  0.000  0.009 0.000
82.2  TOTALS ~ - 0.124 . 0.027  0.046 0.066  0.264 0.282

% 47.22 10.35 17.12 25.31

' Figure 2. Ion implantation cost analysis.

This process sequence is identified as Ion Implantation (C) where the (C) de~
notes a heavily. automated extrapolation.of'a near-future version, Ion Implanta-
tion (8), which will be evaluared larer.

In the three class (C) cases. which will be. described, all bf the machinery
i{s fully automated and only the interfaces.between each step inviolve people.
The sheets, in this-case 3-in, wafers, are transported between each step in 500-
wafer cassettes., As will be shown. below, additional pedplé are involved in
maintenance, support, and administrative functiong.

As can be séen.in Fig. 3, the factory on which these cost. estimates are
based produces 50 MW/year ‘and operates 345 days/year, At thié level of pro-
duction, there is only a slightiprojectab;e adiantagé in incrgasing.the factory
size (subsection E). . Ten such féctories will proddce 500 MW/year.

For understanding Fig, 2, Fig. 4 1s a listing of all the material and ex~

pense items which have. appeared during the entire analysis. As a rule,. those



GENERAL INPUTS

,

8 YEARS OF sSTuDY: 1 RJN TYPEIPRO=-FORMA . BASE YEAR OF RUN:

Y

“ANNUAL PRODUCTION IN UATEST 5 00E

2ND SHIFT PREMIUM:10.00% 3RD SHIFT PREMIUM:10+00%
® VORKING! DAYS/YR:345 # HOURS/SHIFT:12.00 # SHIFTS/DAY: 2

BOOK DEPRECIATION METHODISL _ TAX DEPRECIATION METHODISYD

FACTORY CONSTRUCTION COST¢$/FT#e2: 0.0 FACTORY DEPRECIATION LIFE-BOOK:
LAND COSTe$/FTee2 OF FACTORY? 040 (NOT A DEPRECIABLE INVESTMENT)

INVESTHENT TAX CREDIf RATE: 10.00X INTEREST RATE ON DEBT:

__DZBT RATIO-INITIAL YEAR: 100.00%

9.00X

5.00000E+07 PRODUCTION GROWTH PROFILE #:

TAX? 20

01720777 16:15:43 PAGE 2

INVESTMENT TAX CREDITSYES

FACTORY EXCESS SPACE~-1ST YR: 0.0X

INTEREST RATE GROWTH PROFILE #: 0

PURCHASED SILICON COST: 0e $/SHEETe. SILICON COST GROWTH PROFILE #:
# SOLAF. CELLS/SHEET: 1 # SOLAR CELLS/ARRAY MODULE: 224
WATTS PER SOLAR CELL(DEFaULT): £.S50 WATTS PER SOLAR CELL GROWTH PROFILE #: o

- WT. OF SHEET: 3,960 GRAMS, AREA OF SHEET:
DEFINITION OF SHEET:7.8 CM (3") DIAMETER WAFER

GENERAL INPUTSILABOR TYPC DEFINITIONS

LABOR NAME LABOR TYPE WAGE RATE GP#
HOURLY OPERATOR DIRECT 5+008/HR 0
REWORK OPERATOR DIRECT . S<008/HR 0
""HOURLY INSPECTTOR DIRECT S.008/HR 0
MACH. ATTENDANT INDIRLCT Se608/HR . 0
FOREMAN : ° INDIRLCT T+658/HR 0
ENGRs SUPPORT INDIRECTY 11.7S$/HR 0
TECHNICIAN INDIRECTY Te15$/HR 0
CLERICAL INDIRECT 5«108/HR 0
TTQUALYYY CONTROL™ ~ TINDIRECT TTBE.E08/HR 0
MAINTENANCE INDIRECT 5¢108/HR 0
HANDLER INDIRECT Se108/HR 0

0
AREA OF ARRAY MODULES13564¢0CMee2

47.800CHes2 FORMI3" JAFER.

FRINGE BENEFITS
35.0%
35.0%
35.0%

. 35.0%
35.0%
35.0%
35.0%
35.0%
35.0%
35.0%
35.0%

GP#

(- - -~

EFFICIENCY
85.0%
6540%
85.0%
85.0%

100.0%
100.0%
100.0%
100.0%
100.0%
100.0%
100.0%

Figure 3. [Factory production analysis.

e
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GENERAL INPUTSSEXPENSE TYPE DEFINITIONS 01/720/77 16215243 ‘PAGE 6

EXPENSE NAME RESTRICTION TYPE cosT . 6P#  SALVAGE  SALVAGE VALUE cP#
AG=-PLATED CU WIRE NONE MATERIAL SPECIFIED IN $ 0 0.08 S 0.0 )
AL CHANNEL , __ NONE MATERIAL SPECIFIED IN S 0 0.6X $ 0.0 0
ALUMINUM NONE MATERTAL SPECIFTED 'IN' S 0 00X S 040 0
ALUMINUM RIBBON NONE MATERIAL SPECIFIED IN $ 0 040X S 0e0 0
AL FOIL SUBSTRATE NONE MATERIAL SPECIFIED IN § o 0.0 S 0.0 o
BOX FOR MODULE NONE MATERIAL SPECIFIED IN § 0 0.0% $ 0,0 0
CELL ADHESIVE NONE MATERIAL SPECIFIED IN $ 0 0.0 $ 0.0 0
CONFORMAL COATeS MIL METAL  NONE MATERIAL SPECIFIED IN s 0 - 0.0X $ 0.0 0
EDGE SCAL NONE -~ MATERIAL SPECIFIED IN & 0 0.0 $ 0.0 0
END CAPS NONE MATERIAL SPECIFIED IN § 0 0.0% 3 0.0 0
EPOXY 3PACER _NONE MATERIAL SPECIFIED IN $ 0 060X $ 0.0 0
EXTENDED HEAT SINK NONE MATERIAL SPECIFIED IN & 0 00X $ 0.0 0
FINAL 5SSEMBLY MATEFIAL NONE MATERIAL SPECIFIED IN $ 0 0.0% S 0.0 0
GLASS FUBING o ~ NONE MATERIAL SPECIFIED IN & 0 0.0% 8 0.0 0
INDEX MATCHING MATEF.IAL NONE MATERIAL SPECIFIED IN § 0 040X $ 040 0
IN-HOUSE SPIN-ON AR COATING NONE HATERIAL 1.00000E~028/CAs*3 0 0.0% 040 $/CMes3 0
IN=HOUSE PASTE SOURCE NONE MATERIAL 4,0000CE~03$/CAa+3 0 0.0% 0.0 $/CMas3 0
IN-HOUSE SPIN-ON SOURCE NONE MATERIAL 4,000C0E~038/CRee3 O 0.0% 0.0 $/CHes3 0
INK AG-FRONT FINE GRIO NONE MATERIAL SPECIFIED IN $. 0 0.0% $ 0.0 0
INK AG-FRONT FINE GRID LOST ' NONE MATERIAL SPECIFIED IN § 0 060X S 040 0
INK AG-FRONT BUS BAR NONE MATERIAL SPECIFIED IN § 0 0.0 $ 0.0 0
INK AG-FRONT BUS BAR LOST  ~ NONE MATERIAL SPECIFIEQ IN § 0 0.0 $ 0.0 0
INK AG-BACK GRID _ NONE MATERIAL SPECIFIED IN 9 0 0.0% $ 040 0
INK AG-BACK GRID LCST NONE NATERIAL SPECIFIED IN 9 0 000X $ 040 0
INK AG=BACK PAC NONE MATERIAL SPECIFIED IN 4 0 0408 S 0.0 0
INK AG=BACK PAC LOST NONE MATERIAL SPECIFIED IN 9 0 0.0 $ 0,0 0
INK AL=FRONT FINE GRID NONE MATERIAL SPECIFIED IN 9 0 00X 8 00 0
INK AL-FRONT FINE GRID LOST NONE MATERIAL SPECIFIED IN § 0 060X $ 040 ]
INK AL-FRONT BLS BAR NONE MATERIAL SPECIFIED IN ¢ 0 0.0 S 0.0 0
INK AL-FRONT BLS BAR LOST NONE MATERIAL SPECIFIED IN & 0 0.0% 8 0.0 0
INK AL-BACK GR1D NONE MATERIAL SPECIFIED IN 0 0.0% S 0.0 0
INK AL-BACK GRID LOST NONE MATERIAL SPECIFIED IN & 0 0408 $ 040 ')
INTERCONNECT MATER-AL . NONE MATERIAL SPECIFIED IN 0 0.0X $ 0.0 0
INTERCONNECT KETAL NONE MATERIAL SPECIFIED IN $ o 0.0 8 0.0 0
PANEL ASSEMBLY MATELRIAL NONE MATERIAL . SPECIFIED IN S 0 0.0%X § 0.0 0
PANEL CONNECTOR NONE MATERIAL SPECIFIED IN s 0 0.0% 8 0.0 0
SILVEF : NONE "MATERIAL ° SPECIFIED IN $ 0 0.0% $ 0.0 0
SUBSTRATE NONE MATERIAL SPECIFIED IN 5. 0 0.0% $ 0,0 0
TANTALJM PENTOIIDE NONE MATERIAL SPECIFIED IN S 0 0.0% . $ 0.0 0
TITANLUM NONE MATERIAL SPECIFIED IN % 0 0.0 S 0.0 0
.MINDOW NONE . MATERIAL SPECIFIED IN % 0 0.0% $ 0,0 0
ACETIC_ ACID * NONE DIRECT EXP.  1.72200E~03$/5M. 0

AMMONTA GAS . NONE "DIRECT EXPe  5,50000E-063/ M*s3 0

AMMONIUM HYDROXIDE . NONE DIRECT EXPe  B.90000E~04$/Mae3 0

BOATS,LINERS.ETC. NONE DIRECT EXP.  SPECIFIED IN & 0

DEVELOPER NONE DIRECT EXPs  SPECIFIED IN & o .

DETERGENT NONE DIRECT EXPe  0e0 Y. 0

DE-IONIZED WATEIR NONE DIRECT EXPe  1.06000E-068/TMs*3 0

DIAMOND BLADESsETC. NONE DIRECT EXP. SPECIFIED IN 8§ 0

DIBORANE SX IN HYDFOGEN NONE DIRECT EXP.  2.82700E-05$/CHss3 0

ELECTAICITY ) NONE DIRECT EXP.  3.00000E-028/%WH ]

ELECTA0DES NONE DIRECT EXP. SPECIFIED IN 3 0

FILAMENTS/INSULATORS NONE DIRECT EXP. SPECIFIED IN % 0

FILTERS . NONE DIRECT EXPs  SPECIFIED IN % g

Figure 4, Material and expense definition.



GENERAL INPUTSEXPENSE TY?E DEFINITIONS

EXPENSE NAME
HYDRAZ IME

HYDROCHLORIC ACID
HYDROFLUORIC ACID
HYDROGEN

HYDROGEW CHLORIDE
HYDROGEN PEROXIDE

ION SOURCE GAS

LIME

LIQUID RITROGEN

NITRIC ACID
NITROCELLULOSE LACQUER
NITROGEN

NITROGER AMBIENT
NITROGEN CURTAINS
0-3INGS & FILTERS
OUTSIDE ENGR. SERVICES
OXYGEN .
PHOSPHINE SX IN HYDROGEN
PHISPHOFUS OXYCHLORIDE
PHOTORESIST :
QUARTZ

SCREENS

SILANE 100X

SILICON TETRACHLORIDE
SODIUM KYDROXIDE '
- SOLVENT

SOLVENT-INK
SOLVENT-PASTE

SPRAY=ON SOURCE
SQUEEGEES -

SULFURIC ACID
THERMOCCUPLE 4ETC,
SUSCEPTCRS

TRANSDUCERS & TUBES
TRICHLOROSILANE
WATER-CCOLING

RESTRICTION
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
DIRECT
DIRECT
DIRECT
DIRECT
DIRECT
DIRECY
DIRECT
DIRECT
DIRECT
DIRECT
DIRECT
DIRECT
DIRECT
DIRECT
DIRECT
DIRECT
DIRECT
DIRECT
DIRECT
DIRECT
DIRECT
DIRECT
DIRECT
DIRECT
DIRECT
DIRECT
DIRECT
DIRECT
DIRECT
DIRECT
DIRECT
OIRECT

OIRECT

DIRECT
DIRECT

EXPe.
EXPe
EXPo
EXP.
EXPe
EXP.
EXPe
EXPe
EXPe
EXPe
EXPe
EXPeo
EXPe
EXPe
EXPe
EXPe
EXPo
EXPe
EXPe
EXPe
EXPe
EXPe

EXP o

EXPo
EXPe
EXP.
EXPe
EXFe
EXP.
EXP.
EXPe
EXPe.
EXPe
EXPe
EXP.
EXPeo

Figure

4. Continued.

cosT
1423000E-018/6M.
8436000E-048/GMe
1423000E~038/CHaw3
2465000E-078/CHe w3
6e60000E~03$/CHMew3
1.14000E=03$/CHaw3
SPECIFIED IN 8
4.65000E-058/GMe
7.50000E-058/CMas3
1.03400E=03$/GMe
1.50000E~038/CMew3
4,77000E-083/CMee3
4477000E~0B8S/CMas3
44.7T000E=088/CMen3
SPECIFIED IN $
SPECIFIED IN §
1.84000E=07$/CHeed
2.88000E~053/CHee3
2.04000E=0287GMe
SPECIFIED IN 8
SPECIFIED IN $
SPECIFIED IN $
4,04000E-01S/GMe
Se72000E-03$/6M.
3.77000E-05S/GM,
SPECIFIED IN §
5427700E-048/CMen3
5427700E-048/CMae3
SPECIFIED IN §
SPECIFIED IN §
6+82000E=04$/GMe
SPECIFIED IN §
SPECIFIED IN $
SPECIFIED IN $
1.98000E-038/GM,
2400000E~07S/CHe#3

14

GP#

COO0OO0ODO000O0O0OCODDO0DO0O0ODO0COODO0O0CODROOO0OODO0OO

"SALVAGE

01/20/77 16:15:43 PAGE

SALVAGE VALUE

GP3a

6el



materials which become part of the finished array module are.considered
"material" and those which are used up during the process sequence are consid-
ered "expense.". |

Figures 5 through 10 are the remaining cost summaries for the class B and
class C process. sequences which are considered the most cost-effective.

Figute 11 is a comparison of the three cisss ©) ptocess.sequences; Ion
Implantation (C), Spin-On + POCl3 Diffusion (C), and Screen Print 2 Sides ().
All of the processes in these three cases are the same except for the junction-
formation technique. In Spin-On + POCl3 Diffusion . (C), the back of the wafer
is doped with a spin-on source during a POCl3 diffusion of the front junction,
In Screen Print 2 Sides (C), an appropriate source paste is screened onto each
side of the wafer and the wafer doped in a subsequent diffusion step. The pur-
oose of this figure is to emphaaize that<several.costveffecti;e junction-forma-
tion. processes are available. Performance.penalties. wnich ma&*be experienced
with the nonstandard processes such as screened-on doping sources are not
considered in. this. cost analysis, :

It is the.purpose of this analysis to provide. guidance as. to which tech-
nologies should be developed; it suggests ion implantation and screened-on
doping sources are. technologies worthy of further. investigation.

1 Figute 12 is a cost comparisonfof these same technologies as we have
evaluated them in a near-future context. Two factors result in.lower cost in
the automated line. First is a direct reduction in labor and process overhead.
Second, the overall yield has increased from 65% to 80%. A.detailed evaluation
of the capital. costs shows an actual reduction (slight) in the automated case

.. due to substantially higher throughput'for the fully automated equipment.

C. DETAILED COST ESTIMATE FOR ION IMPLANTATION (C)

Because. it. is the lowest cost sequence, a.complete description of Ion
Implantation (C) will be. given.. Recall. that except for the junction-formation

technology, this.sequence is identical to. the other. two recommended class (C)

4

process sequences.

1. 'Solar Panel Design

7The_single largest cost component. in the aoocmblyfof a golar.ccll panel

is'the material required to .provide .structural and environmental projection

10
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COST ANALYSIS3CASE II:SPIN-ON ¢PCCL3I DIFFUSION(C)

PROCESS COST OVERVIEW-$S/WATT

ASSUMPTIONS:

STEP YIELD PROCESS MAT L.

1 99.0% SYSTEM ®Z*® WAFER CLEANIMNG (8) 0.0
2 95.0% SPIN-ON SOURCE:1l SIDE 8) 0.006

3 99.0% POCL3 DEPOSITION AND DIFFUSION (C) . 0.0

‘S 95.07 EDGE POLISH - (B) 0.0

S 99.0% GLASS REMOVAL 8} 0.0

6 99.0% POST DIFFUSION ENSPECTICN:10% (£ ) 0.0
T 99.0% THECK AG NETAL-FRONT:AUT0 {c) 0.021
8 99.0% THICK AG METAL-BACK:AUTU {c) 0.021
9 99.0% AR COATING3ISPRAY-ON (B) . 0.002

10 '90.0% TESTY (C) 0.0
11 98.0% INTERCONNECT:GAP WELOING (8) -0.002
12 100.0% DOUBLE GLASS PANEL ASSENBLY 8 0.072
13 100.0% ARRAY MODULE PACKAGING (A 0.007
74.2% TOTALS 0.130
g 45.18

NOTE: (A)=EX]ISTING TECHNOLOGY3 (B)=MNEAR FUTURE: (CI=FUTURE

Figure 5.

COST ANALYSIS2CASE IV:SCREEN PRINT 2 SIDES(C)

ASSUMPTIGNS: -

STEP

-
=S 0a~NORIWN-

12

-

NOTE: (A)=EXISTING TECHNOLOGY: (B)=NEAR FUTURE; (C)=FUTURE

YIELD
99.0%
99.0%
99.0%
99.0%
99.0%
99.0%
99.0%
99.0%
90.08%
98.0%

100.0%

100.0%
8l.4%

0eT717 WATTS PER SOLAR CELL AND $ 0.0 FOR
PROCESS MAT'L.
SYSTEM ®2% WAFER CLEANING (8) ‘0.0
SCREEN PRINT SOURCE:2 SIDES (C) 0.011
O1FFUSION ’ . (1] 0.0
GLASS REMOVAL (8) 0.0
POST DIFFUSION INSPECTIGN:10% (C) 0.0
THICK AG 'METAL-BACK:ALTO (C) 0.021
THICK AG METAL-FRONT : AUTO (C) 0.021
AR COATINGsSPRAY-ON (8) 0.002
TEST (19 0.0
INTERCINNECT:GAP WELDING (8) 0.002
DOUBLE GLASS PANEL ASSEMBLY (B) 0.072
ARRAY MOOULE PACKAGING (A) 0.007
TOTALS 0.135
4 49.58

o. L.
0.001

. 0.009

0.003
0.002
0.001
0.000
0.005
0.002
0.004
0.003
0.006
0.002
0.001
0.039
13.52

EXPo
0.001
0.000
0.024
0.004
0.001
0.000
0.009
0.004
0.002
0.000
0.002
0.002
0.0
0.049
17.12

Pe OH.
0.000
0.00¢
0.001
0.001
0.000
0.000
0.005
0.002
0.001
0.001
0.002
0.001
0.000
0.019

6.64

ANNUAL PRODUCT ION?

Cost summary - spin-on + POCl

'PROCESS COST OVERVIEW-$/WATT

Te8 CM (3%) DIAMETER
'D. L.

0.001
0.004
0.003
0.001
0.000
0.002
0.005
0.004
0.003
0.006
0.002
0.001
0.033
12.11

EXPe
0.001
0.006
0.002
0.001
0.000
0.004
0.009
0.002
0.000
0.002
0.002
o.o
0.029
10.68

Pe OHe
0.000
0.004
0.001
0. 000
0.000
0.002
0.005
0.001
0.001
0.002
0.001
0.000
0.018

6068

ANNUAL PRODUCTION:

INT.
0.000
0.001
0.001
0.000
0.000
0.000
0.006
0.003
0.001
0.003
0.002
0.001
0.000

0.020 -

6.78

3

WAFER
INT.
0.000

0.004 "

0.001
0.000
0.000
0.003
0.006
0.001L
0.003
0.002
0.001
0.000
0.022

T.95

0.717 WATTS PER SOLAR CELL AND $ 0.0 FOR 7.8 CM (3%) DIANETER WAFER

DEPR.
0,000
0.002

0.001 :

0.001
0.000
0.000
0.010
0.005
0.001
0.003
0.003
0.002
0.000
0.031
10.76

SUBTOT SALVG. TOTALS

0,003
0.022
0.030
0.007
0,003
0.001
0.056
0.037
0.011
0.012
0.016
0.080
0.009
0.289
100,00

50.0 MEGAWATTS.

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
0.0

diffusion (C).

DEPR.
0.000
0.006
0.002
0.000
0.000
0.005
0.010
0.001
0,005
0.003
0.002
0.000
0.035
13.00

sustTOT
0.003
0.035
0.009
0.003
0.001
0.038
0.056
0.011
0.012
0.016
0.080
0.009
0.273
100.00

50.0 MEGAMWATTS,

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

0.003
0.022
0.030
0.007
0.003
0.001
0.056
0.037
0.011
0.012
0.016
0.080
0.009
0.289

4
1.2
T.8

10.3
z.’
lel
0.5

19.4

12.9
3.6
4.2
56

27.7
3.1

100.0

INVEST
0.002
0.013
0.006
0.003

0.003-

0.003
0.069
0.037
0.008
0.03%
0.019
0.014
0.000
0.218

02703777 13:09:18 PAGE 1

4
0.8
T.0
2.7
2.3
1.9
1.4

31.7
17.1
3.9
18.1
8.9
6.3
o.z
100.0

02703777 13309:18 PAGE 1

SALVG. TOTALS

o.o
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
o.o

0.003
0.035
0.009
0.003
0.001
0.038
0.056
0.011
0.012
0.016.
0.080
0.009
0.273

% INVEST

Lle2
12.8
3.2
1.2
0.5
13.8
20.5
3.9
45
S$.9
29.2
3.3
100.0

0.002
0.040
C.010
0.003
0.003
0.037
0.069
0.008
0.035
0.019
0. 014
0.000
0. 241

0.7
16.6
4.1
l.:
1.2
15.4
2B.6
3.5
14.5
8.1
5.7

100.0



COST ANALYSIS:CASE 1:1CN IMPLANTATION(E)

ASSUMPTICNS:
STEP YIELD
99.0%
98.0%
98.0%
- 99.0%
98.0%
98.0%
' 99.0%
80.0%
98.0%
10 190.0%
11 120.0%
70.2%

VO ndWN -

NOTE:

(4

Figure 7.

WATTS PER SOLAR CELL AND $ 0.0 FOR

PROCESS COST OVERVIEW-$/WATT

IA)=EXISTING- TECHNOLOGY ;. (B)=NEAR FUTURE; ICDSFUTURE

Cost summary

COST ANALYSIS:CASE 1I=SPIN-ON ¢POCL3 DIFFUSION(B)

ASSUNPT IONS:
STEP YIELD
99.0%
95.0%
. 99.0%
.95,0%
99,08,
99.0%°
%9.0%
98.0%
99,0%
10 80.0%
11 98.0%
12 100.08%
13 100.0%
64,68

OCB~NF VL WN -

4

NOTE: (A)=EXISTING FECANOLOEY: CB)=NEAR FUTUFE: |CD'FUTUIE

PROCESS NATOL,
SYSTEM 1% WAFER CLEANING :8) 0.0
SPIN-OK SOURCE: L SIOE 1B)  0.007
POCL3 DEPGSITION ANO DIFFUSION [A) 0.0
EOGE POLISH 18) 0.0
GLASS REMOVAL 18) _ 0.0
POST DIFFUSION 'INSPECTICN <B) 0.0
THICK A3 METAL-FRONT:ZAUTO 18)  0.025
THICK &S METAL-BACKEAUTC 18] 0.024
AR COATENGISPRAY-ON " (8} 0.002
TEST 481 0.0
INTERCONNELT 1GAP WELDING 18)  0.002
DOUBLE GLASS PANEL ASSEMBLY 8) 0.072
ARRAY MODULE PACKAGING 1A} 0.007
TOTALS 0,138
T 36.47

Figure 8.

11.09

ANNUAL PRODUCTION:

. PROCESS COST CVERVIEW-S/WATT
0.717 WATTS PER SOLAR CELL AND $ 3.0 FOR 7.8 CN (3") DIAMETER WAFER

D. L.
0.002
0.010
0.017
0.002
0.002
0,003
0.009

0.004 |

0.004
0.004

0.006- 0
0.002°

‘0,002
0.001
0,006
1Te 46

EXPo
0.002
0.000
0.028
0.004
0.001
0.000
0.011
0.005

0.002"

0.000
<002

0.0
0.057
15.11

Pe OH.
0.000
0.005
0.021
0.001
0.001
0.003
0.012
0.005

0.001

0.003
0.002
0.001

0.000"

0.054
14.37

" ANNUAL PRODUCT 10N3

0.727 7.8 CM (3") DIAMETER hAFER
PROCESS MAT'L. O. L. EXPs Po OHT " INT,
SYSTEM ™Z® WAFER CLEANING 8y 0.0 0.001 0.001 0.000 0.00)
ION IMPLANTATION:2 SIDES {8y 0.0 0.010 0.010 0.009 0.012
‘OIFFUSION 18) 0.0 0.009 0.002 0.002 0.001
POST DIFFUSION INSPECTION 8) 0.0 0.003 0.000 0.003 0.003
THICK AG METAL-BACK:AUTO (B) 0.024 0,004 0.005 0.005 0,003
THICK AG METAL—FRONT:AUTO 18) 0.024 0.009 .0.011 0.012 0,005
AR COATING :SPRAY-ON (§:H] 0.002 0.004 0.002 0.001 0.001
TEST 18) 0.07 0.004 0.000 0.003 0.004%
INTERCINNECT:GAP WELOENG 18) 0.002 0.006 0.002 0.002 0.002
DOUBLE GLASS PANEL ASSEMBLY 18} 0.072 0.002. 0.002 0.001 0.001
ARRAY MOODULLE PALKAGENG - IA) 0.007 0.001 0.0 0.000 0.000
TGTALS 0.131° 0.0%3 0.035 0.038 0.032

. - % 38421 15454 10,31 9.43

INT.
0.000

0.,002°

0.003

0.000

0.000
0.003
0.00¢
0.003
0.001

0.004 -

0.00z
0.001

_0.000C

0.024
641

DEPR.
0.000
0.020

-0.003

0.004
0.004

-0.00%

0.001
0.00€
0.003
0.002
0.000
0.053
15.36

DEPR.,
0.000
0.003
0.004
0.001
'0.001
0s004
0.009
0.004
0.001
0.006
0.003
0,002

" 0.000

0.038
io.18

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

SUBTOT SALVG. TOTALS

0.003
0.061
0.016
0.013
0e.C45
0.G70
0.G11
0.018
0.016
0.080
0.009
0.343
100.00

50.0 MEGAWATTS.

- ion implantation.

cuBTOY
0,005
D.026
0.073
0.008
0005
0,013
0.071
‘0. 044
0.011
0.018
"0,080
0.009
D.3T0
100,00

50.0 MEGAMAFTS.

Cost summary - spin-on + POClqdiffusion.

o.o
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
o.o
o.o
0.0

SALVG.

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
0.0

0.003
0,061
0.016
0.013
0.045
0.070
0.011
0.018
0.016
0.080
0.009
0.343

% INVEST

1.0
17.9
4.8
3.9
13,0
20.5
3.1
S.1
4.7
23.3
2.6
100.0

0.002
0.140
0.012
0.030
0.031
0.062
0.008
0.042
0.019
0.014
0.000

-0e361

2
0.5
38.8
3.3
8.3
8.6
17,2
2.3
11.6
5.‘
o.l
100.0

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

TOTALS
0.005
0.026
0.073
0.008

" 0.005

0.013
0.071
0.044
0.011

- 0.018

0.016
0.080
0.009
0.378

T INVEST

1.3
6.9
19.3
2.0
1.3
3.6
8.7
‘1leb
2.8
4.7
4¢3
211
z.‘
100.0

0.003
0.0128
0,031
0.005
0.005
0.030
0.062
0.031
0.008
0.042
0.019
0.014
0.000
0. 26%

]
1.0
6.5

11.6
z.o
l..

11.1

23.1

11.%
3.1

. 15.6

7.2
Se1
0.2
100.0
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COST ANALYSISICASE I1IsSPIN-ON 2 SIDES(B)

ASSUNPTICNS:
STEP YIELD

[
QOBNOVIWN®

-
-

12
13

NOTE: (A)=EXISTING TECHNOLOGY: (B)=NEAR FUTURE: (C)=FUTURE

99.0%
95.0%
98.08
95.0%
99.0%3
99.0%
98.0%
98.0%
99.0%

98.08%
100.0%
100,02

64.0%

Figure 9.

PROCESS COST OVERVIEW-S/WATT

COST ANALYSISICASE IVSSCREEN PRINT 2 SIDES(8)

ASSUNPT ICNS:

STEP

-
N

NOTE: (A)=EXISTING TECHNOLOGY: (B)=NEAR FUTURE: (C)=FUTURE

[ ]
CVBNGNEWN =

YIELOD
99.0%
.. 968,08
98.0%
99.0%
$9.0%
98.0%
98.0%
99.08%
T 80.08%
98.0%
-100.,0%
100.08%
69.5%

PROCESS

SYSTEM ®1I" WAFER CLEANING
SCREEN PRINT SOURCE:2 SICES
DIFFUSION

GLASS REMOVAL

POST DIFFUSION INSPECTICN
THICK AG METAL-BACK:AUTO
THICK AG METAL~FRONT:AUTC
AR COATING tSPRAY-ON

TESY

INTERCONNECT3GAP WELDING
DOUBLE GLASS PANEL ASSEMSLY
ARRAY MODULE PACKAGING
TOTALS

Figure 10.

0.717 WATTS PER SOLAR CELL AND $ 0.0 FOR

PROCESS COST OVERVIEW-$/NATT

) MAT'L. D. L. EXPo Po OHe
(8) 6.0  0.00L 0.001 0.000
(8) 0.013 0.008 0.007 0.007
(8) 0.0 0.009 0.002° 0,002
(8) 0.0 0.002 0.001 0.001
(8) 0.0 0.003 0.000 0.003
8) 0.024 0.004 0.005 0.005
(8) 0.024 0.009 0.0i1 0.012
{(8) 0.002 0,006 0.002 0.001
8) 0.0 0.004¢ 0.000° 0.003
(2.1] 0.002 0.006 0.002 0.002
(8) 0.072 0.002 0.002 0.001
{A) 0.007 0.001 0.0 0.000

0.144 0.054 0.033 0.037

b 3 43.78 16.44 10.09 L1.16

INT,
0.000
0.004
0.001
0.000
0.000
0.003
0.003
0.006
0.001

0,006

ANNUAL PROODUCTION:

Te8 CN (3%) DIANETER

*

0.002
0.001
0.000
0.02%

6.89

0oT17 MATTS PER SOLAR CELL AND $ 0.0 FOR 7.8 CM (3%) DIAMETER WAFER

PROCESS MAT*L. D. Lo EXPe Po OH.
SYSTEM ®"I"™ WAFER CLEANING (8) 0.0 0.002 0.002 0.000
SPIN-ON SOURCE:2 SIDES (8) 0.014 0.030 0.001 0.012
DIFFUSICN (8) 0.0 0.009 0.002 0.002
EDGE POLISH (8) 0.0 0.002 0.004 0.001%
GLASS REMOVAL : (8} 0.0 0.002 0,001 0.001
POST DIFFUSION INSPECTION (8) 0.0 0.003 0,000 0.003
THICK AG METAL-BACK:AUTO i8) 0.024 0.004 0.005 0.005
THICK AG METAL-FRONT:AUTO (8) 0.02¢ 0.009 0.011 0.012
AR COATING:SPRAY-CM (8l 0.002 0.004 0.002 0.00%
TESY o (8) 0.0 0.004 0,000 0,003
_INTERCOMNECTIGAP WELDING (8) 0.002 0.006 0.002 0.002
DOUBLE GLASS PANEL ASSEMBLY 8 0,072 0.002 0.002 0.001
ARRAY MODULE PACKAGING (A} 0.007 0.001 J.0 0.000
TOTALS 0.145 0,078 0.031 0.043

] 36.87 21.52 8.63 11.87

WAFER

INT.
0.000
0.003
0.001
0.000
0.003
0.003
0.006
0.001
0.004
0.002
0.001
0.000
0.023

T7.04

DEPR.
0.000
0,007
0.003
0.001
0.001
0.004
0.004
0.009
0.001
0.006
0.003
0.002
0.000
0.041
11.22

DEPR .
0.000
0.004
0,003
0.001
0.004
0.004
0.009
0.001
0.006
0.003
0.002
0.000
0.038
11.49

suatov
0.005
0.068"
0.016
0.008
0.005
0.013
o. “5
0.070
0.011
0.018
0.016
0.080
0.009
00363
100,00

50.0 MEGAMATTS.

Cost summary - spin-on 2 sides.

SUBTOT SALVG.

0.003
0.062
0.016
0.005%
.0.013
0.045
0.070
0.011
0.018
0. 016

0.000"

0.009
0.328
100.00

ANNUAL PRODUCTION: 50.0 MEGANATTS.

Cost suﬁmary‘- screen print 2 sides.

02703777 13:09:18 PAGE 1

SALVG. TOTALS

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
000
0.0
0.0
0.0
o.o
o. o

6.0
o. o
°o°
0.0
.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.008
0.068
0.016
0.008
0.005
0.013
0. 045
0.070
0.011
0.018
0.016
0.080
0.009
0.363

TOTALS
0.003
0.042
0.016
0.005
0.013
0.064S
0.070
0.011
0.018
0.016
0.080

© 0,009

0.328

% INVESY

1.3
18.6
4.5
2.1
1.3
3.1
12.3
19.4
3.0
4.8
4.5
22.0
2.5
100.0

0.003
0,046
0.012
0.005

0.005

0.030
0.031
0.082
0.008
0.042
0,019
0.014
0.000

k4
1.0
4.3
1.9
1.7
10.8
22.4
3.0
15.1
7.0
4.9
o.z

0,278 100.0

§ INVEST

1.0
12.7
5.0
1.5
.l
13.6
21.4
3.3
5.4
4.9
24.3
2.7
100.0

0.002
0.031}
0.012
0.005
0.030
0.031
0.062

0.008

0.042
0.019
0.014
0.000
0.257

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

0.7
12.0
4.7
1.9
11.7
12.1
24.3
3.3
16.4
T.6
S.3
. 0,-2
00.0



Ion. Spin-on + - Screen Print
Implant (C) POCL4(C) 2 Sides(C)
(e/w): . __(¢/W). (/W)

Junction‘Formation 4.2 h 6.6 ‘ 5.1

P

Metallization 9.4 9.4 9.4

Testfand Sort 1.2 41,2' 1.2
Interconnect, -
Encapsulacioni & C - N
Packaging 10.5 10.5 "+ 105
. N * . . ‘“—' . ' —
25.4 ) 29,0 27.4
Labor & Process , ' S L
Overhead Content 4.6 T 5.8 . . 5.1

Figure 11. Comparieouzog‘thréqmclﬁsa (C) (advanced): process' sequences.

Ion Spin-on + Screen Print. Spin-on
Implant . POC13: ' 2. Sides 2 Sides

W e (W _(e/w

Junction Formﬁ;iqn. 9.3 ' 1}.0"~ ~7.9 e 11.5

Metallization -~ .5 . 11.s 11,5 - 1L.5
AR Co;fing - ' 1,;‘1‘ - -1,1; 1.1 - 1.1
Test and Sort ' 1.8 - 1.8 . 1.8 | 1.8
Interconnect, ‘ |
Encapsulation . : ,

& Packaging 10,5 10.5 . 10.5. '10.5

%.3 T8 .. 2.8 36.3

Labor & Process ‘ T TR :
Overhead Content: 9.1 12.0 91 ' 12.1

Figure 12, Comparison<qf four:clasp'(B)'(neat'futqre) process sequences,
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for the photholeaic circuit, It is, therefore, necessary to clearly define
the panel design considered in the automation. study in order that the assem~
bly processes are consistent with the materials selected.

Figure 13 shows the panel.design which is the basis for the cost analysis
described in this report, - The design is characterized by severai features

which are worthy of comment.

® Glass is used as both substrate and window for the enclosure. We are
not convinced that there is a credible alternative to glass in terms .
of cost and reliable protection for environmental threats. The con-
cept shown calls for the window and.substrate to be bonded together
structurally so that 1/8-in. sheet can be used in both places and the
total assembly is structurally equivalent to.a 1/4-in. or greater
panel._”

e The circuit is. configured in a series-parallel arrangement in which'

" four cells are connected in parallel to preserve panel performance
if point failures occur at the cell level, - The series circuit makes
an odd number of traverses across the panel so that the panel inter-~
connection terminals can occur at opposite corners on the panel
diagonal. This feature permits ease of .packaging for shipment.and
ease of system interconnection as will be discussed.in. a later para-~
graph. The interconnector design utilizes. threaded terminals which

. are ruggedly imbedded into the panel to assure easy system assembly
and maintenance (Fig. 14)

° Round cells are utilized since they are available in large quantity,
‘As shown in Fig. 15, the cells are bonded to the substrate. using a low-
cost compliant bond. Compliant optical filler material is applied be-
tween the window and the cells to reduce optical losses in the photon -
path, By reducing the structural requirements.on. this mateérial,. lower
cost compounds can be used. Table 1, originally shown in Quarterly
Report No. 3.[1], compares the materials cost for various panel designs.
The panel proposed here is column II,. By comparing columns I and '
II, it is easily seen that the elimination of the use of transparent
adhesive is a cost-effective step. Note the region between cells
does not contain potting compound.

The panel shown in Fig. 13 uses .a. nonstandard cell size of 4 45-1n,
diameter in order to meet simultaneously the4constrainte of 4- x 4-ft panel
size, fbut-paxallel-cell circuit, and diagonally opposite circuit termination.
The panel has a packing factor of approximately 83% and will deliver 15 V dc
and a peak current of 13 A. We find no difficulty in specifying an odd cell

size since this solar cell factory will have enough production volume to create

1, B. F, Williams, Automated Amﬂay Assembly, Quarterly Report No. 3, ERDA/JPL-
954352-76/3, prepared under Contract No. 954352 for Jet Propulsion Laboratory,
September 1976.
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" Figure 1l4. Interconnector design.
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Sectlon A-A enlarged

Figure 15. Round cell configuration.

as standard any size which meets the need of its products. A different cell
size will change the pangl dimensions to maintain: high panel area efficienc&.
Detailed baseline cost estimates have been made on the basis of a 3~in, cell

as the basic building block. Almost all of the costs of the pahel itself are
cell size independent, the.one exception being inferconnection and assembly
capital Pquipmpnt cost which decreases linearly as cell size goes up. Since
the cost of this. equipment is a small fraction of the total cost and the influ-
ence of cell size on its value is. small, the analysis shows that the 3- to 5-in.
cell size range, panel.and assemb;y costs are almost independent of cell size

(10.5¢/W compared. with '9.9¢/W for 5-in, cg1¥§ see Fig} 36).

2. Panel Installation

The proposed panel design 1s.configdred for simple and low cost installa-
tion., Figure 16 shows a system configu;ation.of.solar cell panels which is
six panels wide and five panels high (24 x 20 ft). The cbnfiguration shows

that the panels are installed using staindard window glazing technigues, Each

17
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TABLE 1. COST COMPARISON OF PACKAGINC MATERIALS

Item ' I 11 I Iv v VI viI
Substrate

1/16 glass sheet . 0.19
1/8 glass sheet ' 0.22
0.005 alum, foil 0.05 0.05 0.05

Cell Adhesive -
RTV15/Primer ' c.41 0.41 _
RTIV 102 : 0.10 0.10 0.10 0.10 0.10

Window A
1/16 glass sheet : - 0,19
1/8 glass sheet 0.22 0.22
1/4 glass sheet ' 0.44
1-in.~diam R6 tubing , 45
l-in.~diam N51 tubing ‘ 0.60 . _
2-in.~-diam R6 tubing X 1,07

Assembly Closure
Conformal coating + 3-mil metal D.11 : 0.11
Edge seal 0.04 0.06 -
End caps o .06 v 0.06 0.03

Panel Connector ' 0.09 - 0.09 A'0.18 0.36 0.36 0.18 0.13
Aluminum Structural Channel . - 0,10 : 0.10 0.10
Total ' , 1.05 - 0.67 0.9 1.10 ¢.90 1,09 1.48

Column Identification: '

I -~ 1/4 glass with conformal coating 4 x 4 ft module

II - 1/8 glass window and substrate bonded together 4 x 4 ft module
III - 1-in.~diam R6 tubing with aluminum for. substrate (48 tubes in.module)

IV -~ 1/8 glass with conformal coating (four) 2 x 2 ft panels in a 4 x 4 ft module

V - 1/16 glass window and substrate bonded together into four 2 x 2 ft panels in a 4 x 4 ft module .
VI - l-in.~diam N51 tubing with aluminum foil substrate (48 tubes in module)
VII - 2-in.-diam R6 tubing with alumirum foil substrate (24 tubes in module)
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Figure 16. Solar cell panel system configuration.

panel is bedded. in a compliant sealing.compound and is structurally secured at

the corners. using a diamond-shaped retainimg.clip. The spaces.between ﬁhe panels
are caulked with clear compliant sealant which.give the final assembly the
appearance of monolithic glass. The "I" sections. of the supporting superstructure
all project from the back.of the system, All'electrical.interconnections are
made at the point. where.the four corners of. adjdcent panels meet. These con-
nections are made at.every other intersection point in.the panel array. Pro-
tection of the interconnection is. accomplished gsing“waterproof junction boxes

on the back of the structure.as shown. in the detail view. of Fig. 17. Termination

of the.entire assembly can occur.wherever desired by appropriate system layout.
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Figure 17. Detail reatr view of inlerconnection,

In Fig, 16, they are shown at the top.of the assembly, the assumption being
'that a power bus can be safely.brought to this point. It should be obvious
that a range of series~parallel. possibilities can be achieved with the pro-
posed construction because of the syﬁmetry,between positive and negative
panel terminals. This same symmetry could, of course, cause asseitbly errors

unless adequate coding is used.

3. Solar Cell Panel Assembly

7 The floor plan for a production. line to assemble solar. cell panels is
shown in Fig. 18. This diagram indicates the process flow,.equipment.comple-

ment, factory floor space, and operating personnel required to accomplish -
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automated aéeembly of solar cells.j The floor plan is laid out in lines so

that multiples of its design throughput can be achieved by locating parallel
lines side by side. The nominal throughput of the line shown in the figure.

is approximately 40,000 W per day or 15 MW per year (345 working days per yeat).
As indicated on the figure the production floor space is 16 x 50 ft, and theé
assoclated étorage and aisle space is 16 x 30 ft. The numbers of the drawing
correspond to ‘pleces of important capital equipment required as part of this
line, A listing of this equipment and our estimate of its cost is shown in

Table 2. The assembly procedure sequence is described below.

4. Panel Assembly Line Functions

a. ©Sorting - The input into the panel assembly.area 'is ‘cartridges of sorted
cells, The exact nature of this sort will not be determined until the dis-
tribution of electrical properties versus yileld of low-cost solar cells is
"determined., If one can presume that there will be a greater‘variation.in the
properties of a low-cost cell than now exists with space-quality products,
then such sorting will be a crucialiimportance. Several sorting strategies
are now beiﬁg investigated to determine how to configure a panel to most

closely approach the performance inherent in the individual cells,

b. Cell Handling - A key element of a solar module factor will be the cell-
handling equipmégt. It is this eqdipment which will determine the speed and
throughput of the line and be responsible for most of the physical breakage
which occurs during the various processes. Ideally, it would be desirable
to have a continuous process with no operator intervention until the operation
is'complete. For reasons of process flexibility, the need for buffering
between various stations, sorting after various steps, and just the practi-
cality of Building up a production line inérémentally, cartridge cell handling
has beén built around each process. . It appears that 500-cell cartridges are
feésible so that at 1000 cells per hour reasonable amounts of operator atten-
. .tion are possible. ‘

The cell-handling sequence during assembly takes the cell from the car-
t:idge"td;a rotary table and :hén to a linear assembly table, Circuit strings
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TABLE 2., SOLAR-CELL PANEL ASSEMBLY EQUIPMENT

Equipment Description

~ Wafer Unloader

Linear Index Table

Rotary Index Table
‘Pick & Place Assembly -

Parallel Gap Bonder

Wafer Turner |
Interconnect Formation Tool
Microprocessor Control
Sensgors & -Assembly Wiring
Linear.Index Table

Robot Arm & Vacuum Hand
Pulse Xenon I-V Tester
String Reject Position
Assembly'Fixture |
Linear Index Table
Adhesive Dispenser

Sealant Bead Dispenser
Panel Assembly Sensors
Window Supply Fixture

Glass Handling Robot
Substrate Storage/Dispenser
Curing Rack .
System Integration

Repair Bench .

Repaired String Position ; '

Electrical Connector Dispeneer_‘

Linear Index Table
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‘ Qty Req'd

4.

10
18

‘Lot

1/2

N R e e

' Lot

-

=

-Lot

P L

Unit Cost $K

10 -.
25

15
15
20

7.5
25
80

15
10
10
10
15

17.5

20
50
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are created on this table and combined into'pafallel arrangements in subse-
quent steps. The. handling. of strings from thisupoinﬁ'toAfinal.assembly is

controlled by a robot arm which interfaces the circuit.with a.vacuum pickup
hand . - -

(1) Airtrack Cell Transport - Figure 19 shows a cartridge of cells pneumati-
cally unloaded onto.a linear air=-track. cushion. for. transport to & vacuum
chuck position on a rotary index welding table. Air transport of the cells .
helps to reduce physical damage. to the cells during transport; it is being
used increasingly in the semiconductor industty.and would become wore. highly
recommended as cell size increases,.. Handling rates of 1200 cells/hour are
feasible wiﬁh minor extrapolation from preseanequipment. A circﬁlax ceil

‘ format is mogt.compatibleAwith this. transport techniﬁue since edge chipping‘

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

(2) Rotary Index Table - A rotary index table is used at the first intercon-
nect station since it permits all of the preparatory steps for string assembly
to be completed off-line. The table in.Fig. 19 has six positions, but notice

Figure 19. Air-track cell, transport of cells onto rotary.
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that the throughput of the line would not change regardless of how many posi-
" tions were on the table. As presently conceived, the operations completed on
the rotary table are:

‘position the cell

orient the cell with regard to angular position

form and place interconnects
. make two front side welds
turn over cells

prepare-contact areas for interconnection (if. necessary)

pick up position for string assembly table

(3) Serzes Connection Table - Series and parallel interconnections are made on

a linear motion table. In Fig. 18, station 10 represents the interconnection
assembly area. Four bonds are made at this station. Two of these are the series
connections for each of the two strings being assembled'at the station:"The
others are‘the bonds necessary to make. parallel connection between each of

the cells in the two series strings.

When the strings are completed they are. advancing to a combining.posi-
‘tion indicated by the arrows at station 10. Two groups of cells. from ad-
jacent tables are.combined at a pickup point for the assembly robot at '

station 11.

(4) Panel Assembly Robot - After the cells are bonded'together electrically,
they are handled by a multiported.vacuum‘pickup'hand which 1s &4 ft long and
four circuit strings wide. This vacuum hand will be mounted on the end of a
robot arm which has. 5 degrees of.freedoﬁ, namely, X translation; Y translation,
A translation; rotation.about the arm axis at'the carriage, and .rotation

dbout the arm axis at the vacuum head. . The robot arm, under,computer control,
can address five string positions‘.‘string pickup; string test, panel placement,
string reject, and repair pickup. - ' o '

The function at each of these. positions will be discussed in later para-
graphs, The cell handling until. the. cells have been bonded to the panel sub-
strate is by virtue,of‘vacuum_contact at the robot arm pickup hand. The total
cycle time for the robot‘is 100 s’ per. four-string placement. Since each robot
has two arms each acting 180° out of phase with the other, the effective cycle
rate is 50 s. The. timing sequsnce<for this“position is shown.in Table 3,
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TABLE 3. PANEL ASSEMBLY TIMING SEQUENCE

Time Sequence_(s)

Ccen Arm 1 Arm 2
Step — _—

Four—string pickup l o 0-2 ’ 50-52
Transfer to test i 2—4‘ 52-54
Test seuuence ‘ 446' - 54=56
Transfer to rejects 6-10 = . .56-60 A
Drop defective part 1012 . © 60=62
Pick,up replacement - 12wl4>' 6264 |
string'(if required) _ o
Index to’ final bonding 14-16 64-66
station - . ‘ .
Dwell at bonding station 16~-46 o 66d§6f
lndex to panel placement 46-66 T 96-16
Dwell &t panél placement 66-96 . 16-46
Return to pickup 96-100 46-50

e. Panel Materials Haidling - The other panel”materials,are glass (substrate
and window), adhesives and sealants, and electrical components.-.Glass and
"final panel handling will be accomplished usingPa simplified robot  arm with
vacuum pickup hand.: Adhesive and sealant vill be dispensed in dots and beads
from an automatic pneumatic dispensing machine. Electrical parts will be

ilocated and placed using pick and . place equipment fed from a vibrating bowl

d. Panel AsaembLy Proceséeés = in addition to maLeiial handlisig, panel uuuembly
involves -five other significant processes, namely, slechlcal interconncct
bonding, physical bonding of cells to substrate and window, electrical test-
ing of eircuit stringu, final panel wiring, and protective envelope closure..u

(1) Solar Cell Interconnectton - Interconnection of solar cells can be done
‘most quickly and reliably using" parallel.gap<techniques in conjunction with
appropriate automated material-handling equipment. This technique permits
_the metallurgical Operation to. proceed quickly, under close control and
with minimum consumables. The cost, thus, 18 low. because consumed material

1s minimum and process yield is- maximum,
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: There 1s.no. final. conclusion on.whichumetallurgical process.is preferred
tsince more. technology input.is.reqﬁired.with.regard:to appliéation of the
candidate processes.aﬁplied<to thick-film conductors. Our analysis shows
that the cost to create the interconnect.bond will not be significantly dif-
ferent if the bonding. technique. is solder.reflow,. welding, or ultrasonic
bonding. ' ' ' '

(2) EZectricaZ‘Tbst - Testing of assembled solar cell s;r1h334w111 be accom- |,
plished using a pulsed Xenon I-V tester.. Existing equipment is available to
generate a detailed. I-V curve in less than 1.s. Siﬁce'the illuminatea.aperf
ture of this tester can.be large and.testing time is only a fraction of string
dwell at the test.sfte, it will be possible to share a tester for two assembly
lines. . '

Testing criqéria can.be established on the strings based on the input
cell characteristics. : Cell. changes. induced . by. interconnect bondiﬁg or poor
quality bonds can be identified using this technique and the involved ¢ircuit

strings rejected,

(3) Cell Bonding - The preferred technique for bonding solar cells to a struc-
tural substrate is thfough the use of a compliant silicone rubber adhesive

on the backside of the cell. This allows the use of higher strength and

lower cost compdunds for this purpose. It &ill be necessary to use a trans-
parent material between the cells and the panel‘wiﬁdow‘in order to reduce the
- optical losses. caused by refractive index mismatch. By reducing the structural
demand on this material, simpler -and low-cost materials can'be used. |

The proposed design calls for.a structural eﬁoxy bond between. substrate

and window. bThis bond will.allow.the load. incident on the panél to be shared
by both panel and. subsﬁrate; Tﬁis .epoxy will be dispensed at the same time as
the cell .bonding. adhesive and will. be located. in the spaces adjacent to every
fourth cell in the panel.;

(4) Final Panel Wiring - The panel design shown in Fig. 13 utilizes a corner
4 connector'bonded,between'theﬁsﬁbstrate.and.window to make electrical penetra-
tion frbm»the.protective*envelopea The.poéitive and négative connectors and
associated power bus will be bonded. to the appropriate string interconﬁecto:s
after the cells are. bonded to the. substrate. Placeﬁentvof these components'

is done automatically with. pick and. place ~equipment.
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(5) Protecttve Envelope Closure - The ‘final assembly operation calls for place-
ment of the panel window onto a completely assembled circuit substrate. In

this operation previously metered quantities of spacer and connector adhesives,
optical matching material and panel edge sealant are compressed to create
intimate contacts with their related parts. The finished panel is positioned
in a wiring rack. which As kept at elevated temperature during a short cure
cycle, The closure is visually examined at this point along with other phyaical
properties of the assembly. Final packaging in a shock-isolated crate prepares
the products for delivery from the plant.

t

e. Punel Assembly Swimmary - The assembly procedures and associated equipment
can be divided into four groupings: string interconnection, testing, panel
assembly, and final assembly. The following summary description'lists the
steps on the assembly procedure and by reference to Fig. 18 identifies the

equipment required to perform each function.

. Station

| ASsembly Step No.
1, ‘Unload cells from cartridge A | S ;. ip o1
' 2. Form and place series interconnects . 4

z 3. Bond interconnect to cell (2 places) -5
3 4, Turn over cell o ' 6
% { 5. Lift and place.on linear table N
é 6. Make cell series connection,,, ; s
E J 7. Form and place parallel interconnects 4
H.. 8. Make cell parallel connection A 5

9, Advance ‘double string to assembly pickup point _ ) 10
[ 10. ‘Lift two double strings and index to test. position 1 - S 11
& ‘{ll. Generate illuminated I—V curve for each of two double strings 13

12. Index otring to reject position and leave any rejeoted o

‘ string . . 13
2:. 13. ’Index to repaired string pickup position and 1ife . S
g replacement strings . - : : - 25
I 14, Return to parallel bonding atation and combine ‘double 10
< strings
g 15. Eject panel substrate to panel prep area _ 21
2 16. Dispense clbsure bead onto suhstrate . ' 16
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_ Assembly Step o ) | 4 %ta;iep

! 17} Dispense structural epoxy onto. substrate . ' " 16
é ' 13. Dispense cell adhesive onto. substrate ) ‘ S i6
2 19, Advance prepared substrate to assembly position 15
g 20, Place quadruple string on.a. prepared panel substrate ' 14

“m 21, Place and bond panel connectors and bus " : 26,5

‘ N 122, DispeneeAoptical.matching.material.ento panel window © 19
g 23, Lift and place window. onto completed circuit assembly c-20
7] "~ J24,. Lift and_place. complete aeeembly in:a-curing rack ‘ o .. 20
< . 125, . Place curing rack in.curing oven o ‘ 22
é 26, Remove. finished assembly for final inspection and |
[

'packaging - -

String repair takes place at station 24.-'Repaired strings are placed at
station 25 for automatic pickup.
The process parameters for the intercomnect step, the double-glass panel

assembly, and the array module packing are given in Figs. 20, 21, and 22,

5. Process: Test

’ This step automatically tests the completed cells for photovoltaic per-
formance, separates the. acceptable.cells from the rejects,.and sorts the good
cells according. to.efficiency in. 17 increments. The machine is microprocessor-
controlled and consists of a test station and sorter. ‘At the test station the
wafer is contacted by probes and exposed to’a known light source., The shape
of the I-V curve.is.determined in the region of the knee (maximum power point)
to determine. the f£ill'factor. The opehecircuit voltage and short-circuit
current are determined byqthe preset testfprOgram, and from these results the
efficiency is calculated. The'sorter, which is activated by the result of the
test station,. automatically assigns the cell to.a. cassette of. the right class~

ification. Process. parameters are shown. in Fig, 23.
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“PROCESS PARANETERS I INTERCONNEC-SGAP WELDING e 03718777 09:51:24 PAGE 12
TESYINNYE DATE:12727/76 BVIBEN SHELPUKy PC497is CAMDEN. BLOG. 10~8-12 T ' ——CLASSTARRAY FABRICATION

TINPUT UNIT SALVAGE FACTOR: 0.C FACTOR GP#: o SALVAGE OPTIONIVALUE INS

CATEGIRY:PROCESS CEFINITION TECHNOLOGY LEVEL:NEAR FUTURE MATERIAL FORM:3* WAFER.

TSOLAR ELLS ~ DUTPUY UNTYTSOLAR CELLS TRANSPORT IN:500 SHIWEMT'!—TWW
PROCE3SS YIELC: 98,0% YIELD GFONTH PROFILE: 0

PERFORMANCE FACTORS=1(R)/I2SC): 1,0000C0E+00 VAR) /V(0CI: 1.000000E+00 FCRI/ZF: 1.8€000E+00

~ DESCRIPTION? INTERCONNETTYOATGAP. WELGING(B)

2+ ARUTORAYYIC PICKUF AND PUITE FROM ROYARY TABLE TO LINEAR TABLE FIP SERIES BOND.

5. ACCEPTANCE CRITERIA HILE BE PROGRAMMED INTO TEST L2GIC,

INPUT UNITS: 3% 0e 0o
.Fr"é: De : 0. . De

ASSUMPTIONS:
le 3® DIAMETER HAFER. 12=14 MILS THICK9€100) ORTENTATIONGP=TYPE,. 1-5 OHM=-CH.
. RAYDF REVORKS STRING TEST REJECTS (=3¥ OF INPUT)

PROCEDUPRE
le MAFER FROM CASSETTE YO LIR TRACK TO ROTARY TABLE FPR P-CONTACT BOND.

3. INCIVIDUAL STRIWGS ARE PRESENTED TC THE TEST STATION USING PICK AND PLACE HANDLING.
"TUTOAINETED JITH A PUCSER XENGN LAMP AND A COMPLETE I-V CURVE TS GENEPATED.

] INVESTMENTS
mmmn: (T T WaAC, THRUPUT UNLTS X INUT UNITS PROCESSED FIRST COSY™ AVATL. AREAFT#e2
GW. INTERCONNECT EQU1P.(B) 72800400 CELLS’HR 100,0%x 8 27:000. B8%.0% 130,
- PULNTTBY 780 0.U0 CELLSSHR 100.0x § BREOOD. TUY 19,
T - ) LABOR
- (OL=DIRECT LA3OR PERSONSITL=TOTAL LABOR PERSONS)
T LABOR REGUIRENENTS BASE ¢t PERSON3/SHIFT/BASE UNIT THRUPUT/HR/SERSON X INPUY UNTYS PROCESSED
HOURLY OPERATOR  SW INTERCONNECT EQUIP.(B) 3.330E-01 :
OR " “GW INTERCONNEEY EOU1P.(B) . 1.000F 00
HOURLY JPERATCR  STRING TEST ERUIPMENT(B) 2.0C0€~01 L
AnCe’ CG¥ INTERCONNEET EQUIP.tB) -~ : 1.000E-01 L TmTTmE T
MAINTENANCE STRING TEST EQUIPMENT(S) 1.000€-01
TV - oL o 1.000€-01 T
" IRNUAC SUPPLISS/EXPENSES - -~
EXPENSE NAKE FIXED PART  VARIAELE PART  UNITS  PASE.
TECECYRICITY T T GLE T . £<000F+0C KW PER AVATLABLE INVESTHENTSHOUR UF GV '
ELECTRICITY 0dC 1a000F+00.  KkHe PER AVAILASLE IMVESTMINI-HQUR OF snm\c TEST EQUIPMENT(B)
T RG:PLATED CU YIRE’ T Ul 1.430E-0 3 PER" INPUT UNIT. % UNITSZ ~TOD.0%

ELECTRIOES B 0e0  1a830E-03 S " PER INPUT UNIT. X UNITST 100.0%X

. . . . -
-

Figure 20. Process par_am;ter's - intercomnect step.. -
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PROCESS PARAMETERS:DOU SS P L ASS Ly 4 04738777 09:51:24 PAGE 7a

0172577 : T + BLDG. 10-8-12 CUASSTARRAY FABRICATION
CATEGCRY:PROCESS DEF!NITION TECHNOLOGY LEVEL NEAR FUTURE MATERIAL FORM:3® WAFER.
PROCESS YXE-.D:IOO.UX YIELD GROWTH PROFILE 0 ‘ )
TNPUT UNIT SALVAGE FACTOR: 0.0 FACTYOR GP#: 0 SAUVAGEOPTTON:IVALUE INs :
PERFORMANCE FACTORS=I(R)/ICSC): -1.000000E+00 V(R)/VCOC): 1.000000E+00 F(R)/F? 1.000000E+00

INPUT 'UNITS: 0o [ 0. -
it FLOOR SPACE »FTeed T G L j Oe

~~ “DESTRIPTTONTPANEL ASSERBLYs FINAL ASSERBLY, € TEST(ET - -

- B = T T TESSUMPTIONSY C - =
1o 3" OIAMETER WAFERy 12-14 MILS "THICKy(100) ORIENTATIONSP-TYPEs 1-5 OHM-CHM.

—Z. NU SREARKGE KSSUMED.
3, DOUSLE GLASS PANELs 14.6FT++2, SEE QUARTERLY REPORT #3, PAGE 384 TABLE Se COLUMN 2,

%o NOTET YO OETERWINE WATERTAL $/FYss2y WULTIPLY MATERTAL COST SHOMNUSZCELL) X 224 CELLS/T4.6FVev2,
Se 5 CURING RACKS NEEDED FOR EACH PIECE OF PANEL ASSEMPLY EQUIPMENT.

PROCEOURE
STRINGS ONTOD SUBSTRETE™ FD'SITTUMTABLE.
2. STRINGS COMPLIANTLY BONDED TO GLASS SUBSTRATE .

T 3o PAPALLEL ELECTRICAL CONNECTYION OF SYRINGS., ~— "7 ° Coom o T
4s SEFIES CONNECTION TO POWEF TERMINATIONS BY PARALLEL GAP WELDING.
Se FINAU ASSEMBLYIWINDOW IS FPPLTIED 7O THE ASSEMBLY USTHG PICK AND PLACE.

6o WINDOV IS BONDED TO THE SLBSTRATE USTNG A MULTIPLICITY OF EPOXY BOMDED SPACERS.
O, SPATE IS SEALED FROR MUTSTURY PENETRATION BY A cERI“ETER BORD OF POLVISUBUTYLENE.
8. FINAL ASSEMBLY IS TRANSFERRED TO CURING RACKS USING PICK AND PLACE.

INVESTMENTS
TTINVESTFENT N&ME -~ ~ 7 PEX. TRROPUT UNITS X INPUT UNTITS PROCESSED FIRSTY COST AVAIL. AREAGFT+a2
PANEL ASSEMBLY EQUIFMENT(B) 3724,00 CELLS/HR 100.0% 3 103000 8540% 300
T FINAU ASSEWRLY E£QGUIFAENTIBY - 3724.00 CELLS/HR . 100,08 ¢ "TZ%00C, B5.0Y 280,
CURING RACK C 744,80 CELLS/HR 100.0Y S 50e 100.0% 20.
LABOR
T T T (OL=CIRECT LABOR PERSONSSTL=TOTAL LABOR PERSONS)
NAME LABOR REQUIRIMENTS BASE 4 PERSONS/SHIFT/BASE UMIT THRUPUT/HR/PERSON X INPUT UNITS PROCESSED
— HOURLY DFERATOR PERNEL ASSEVPEL.Y. EQUIPMENTIB) 24500£-01 o
HOURLY DJFERATCR FINAL ASSEMBLY EQUIPMENT(R) 2.500E~01
RATNTENARCE PANEL "ASSEVMELY EQUIPMENT(R) 1.000E~01
MAINTENANCE FINAL ASSEMBLY EQUIPMENT(B) 1.000€-01
- - T FOREWAN oL TTT———  ~ 1.090E=-01 )
TemmrommTe ; TNNUEC T ’ SUPPLIES/EXIENSES ™
EXPENSE MAME FIXED PART VARIABLE PART  UNITS  BASE :
- ELECTRITITY T %e0 8.000E-01  KWMe PER AVAILABLE INVE =]
ELECTRICITY te0 44,000E+00 KuH, PER AVAILABLE INVESTMENT=HOUR OF FINAL ASSEMBLY EQUIPMENT(3)
[4 ’ T.0 R 1.430F=-02 s PER INPUT UNIT. % UNITSE= J00.0X
CELL ADHESIVE (el 64520E-0% S PER INPUT UNIT. X UNITSz 100.0%
T I .0 7 1.430E<02 8 PER" INPUT UNIT, V UNTTS= 100.0%
PANEL CONNECTOR Ce0 5.870E-C  $ PER INPUT UNIT, ¥ UNITS= 100.0%
EDGE SEAL - T G.0 T 3.910€-03 8 PER INPUT UNIT, X UNIYST 100.0%
EPOXY SFACER Ce0 2.610E-03 S PER INPUT UNIT. X UNITS= 100.0%
T o s PER INPUT UNIT. ¥ ONITSS 100.0X

T e T 1.300E~C2

Figure 21. Process parameters -~ double glass panel assembly.
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FROCESS FAR'—AT\"E"YE"RS':ATQFIAY FODULE PATKAGING 7 - T 04718777 09:51:24 PAGE 77

~—ESTIWATE DATE:1272677¢  EYIBER SRECPUKy PZRSTis CANDEN, BLOG. 16-8-i2 ~° ~ "~~~ ~ CLASSIPACKACING
CATEGCORYIPROCESS DEFIMITION TECHMNOLOSY LEVELIEXISTING NATIRIAL FORMI3™ UAFER,
“TTRPUY UNTTIAFIAY WOOULES _ UUYPUT UNTTEZARRZY HODGLES ™ TRANSPORT INCURING ACK —— YRANSPORY OUTTROX —
PROCESS YIELDS20D40X  YIELD GROWTH PROFILZZ o _ B
) 1-SALVASE FATTOR: 0.0 FACTIR G322 o SALVAGE OPTIONIVALUE INS B
PERFORMANCE FACTORS-I:R)/I(SCI: 1.0C0030EeDG  V(RI/V(OC): 1.000000€+00  FCRD/F: 1.000000E+00 .
INPUT UNITS: - 0. 0. 0. ‘
S-LLaL S T LU T B
T DESTRIPYICH:ARKAY MODLTES PLATED TN WOBD CRETE. ' TR -
T - - © ASSUPPTIONS: e

Lo 1845 FTee2 PANELS e e

Te 1446 FTes3 OF WOOD CRAVE NEEDED AT S.EETEKTT_T'UFWN'I“ S
5. 1 OPERATOR CAN PACKAGE 506 MODULES/HR USING PACWAGING EQUIPMENT.
%o Ny TAE NUABER "0F PINELS PER UOOD CRATEs 1§ T0 EE GETERMINED.

e e e e - PROCEDURE ~~ ~
1. OPERA'I’OR JEMOVES M PANELS ROM CURING RACK 8 PLACES THE" IN BOXe

TED.
3. BOX PLACEC ON STACK FOF RENOVAL TO WAREMIUSE. e ~ A )
‘ INVESTMENTS '

— INVESTMENT NEWE ~ Hll. TKFESUT‘UiTT"“'““YNFﬁT ‘ONTTS PRACESSED TFIRST COSY AVAIL: AREAeFTee2

PACKAGING EQUIPMENT 50.0C AsMo/HR 100.0X $ 25000« 10040% 100,

LABOR
BN - (DL=DTIRECY LABOR PERSONSYYL=YOTAL LABOR PTRSONSY
NAME LABOR RLQUIREMENTS EASE # PERSONS/SHIFT/BASE UNIT THRUPUT/HR/PERSON X INPUT UNITS PROCESSED
N Y - T.00CE«D0 - i
FOREMAN 7oL ) . ’ . 1.000E-01 - -
v T ANNUAL SUPPLIES/EXPENSES

" EXPERSE WARE — — - -FIRED PANY  WARTABLE PART '~ UNITS ~ BASE

80X ‘FOR MODULE 040 1.:10:.00 t I PER INPUT UNIT. x ‘UNITSZ  100.0X -

E Bl

Figure 22. FProcess parameters - array module packing.
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PROCESS 2ARAMETERS:TEST c R : 04/18/77 09:512:24 PAGE 63

-ESTIMATE DATE:12727776¢ BYIDAVE RICHMANy X3207¢ RCA LABSe E~S21A “‘ i B . CLASSITESTY
CATEGORY:PROCESS DEFINITION TECHNOLOGY LEVELSNEAR FUTURE MATERIAL FORMI3® WAFER. . .
LS . TRANSPORT IN:500- SHEET CASSETTE TRANSPORT OUT: 500 SHEET CASSETTE

U - ]
PROCESS YIELD: 80,0% YIELD GRIVTHPROFILES .
JINPUT UNIT SALVAGE FACTOR: 00 - FACTOR sPa. 0 " SALVAGE OPTION:FRACTION OF INPUT UNIT VALUE
PERF ORMANCE FACTORS I(R)/I(SC). 1.000000E400 V(R)/V(OC): 1,000000E+00- F(R)I/F: 1.000000E+00
INPUT UNITS: 0. 0. 0 . ' s
FLOOR SPACCeFTew2d?: ; 0. ~ O 0.
"ﬁf?fiTFTTﬁﬁ?ii?fi‘ELECTR:CAL TEST AND SORT. TTmorm o orTmTeom o e e —
— ; g o Tt TASSUMPTIONS '

1. 3‘ DIAHETER WAFERy 12-14 MILS THICKy(100) OE!ENTATIQ&JENTVPEo 1-5 OHN cne.

TEST FOR: OPEN CIRCUIT VOLTASESSHCRT CIRCUIT CURRENTEREVERSE BIAS LEAKAGES FILL FACTOR.
3. MINICOMPUTER=CONTRCLLED MEASJYREMENT OF 12 POINTS_ALONG KNEE OF I-V CURVE FOR KNOWN LIGHTING.
LYY HAFERS BELOW 10% EFFICIENCY BRE REJECTED. 80X YIELD ESTIHATED.

PROCEDURE

le« OPERATOR LOADS CASSETTE INTO MACHINE.

~2¢ WAFZRS AUTOMATICALLY FED TO TEST EGUIPHMENT AND™ HEASUREHEVT< MADE. "
3. WAFERS SORTED INTO MAGAZINES USING CRITERIA TO BE DEFINED.

-4- OFERATOR REHOVES "CASSETTES-AS THEY ARE FILLED.

’ : INVESTMENTS ’

INVESTHFNT NAME MAK, THRUPUT UNITS X INPUT UNITS PROCESSED FIRST COST AVAIL. AREA¢FTew2

R SORTER-TTETe = “1200.00 SH/HR 100.0X 'S 175000+ B8040% ©200.

. e —— LABOR -
o . _ (DL=DIRECT LABOR PERSONSITL=TOTAL LABQR PERSONS) . )
TONAWE T .- LABOR REQUIREMENTS BASE # PERSONS/SHIFT/BASE UNIT THRUPUT/HRZPERSON X INPUT UNTTS PROCESSED

HOURLY OPERATOR -~ SILTEC WAFER SORTER-WeEoTs 2.500€-01 o .
MAINTENANCE ~+ SILTEC WJAFER SORTER-WeteTe 2.000E=-01
FOREMAN ..o e ) + 1e0D0E-01 )

o ’ aNNUAL . . " 'SUPPLIES/EXPENSES
EXPENSE NAME T FIKED PART  VARIABLE PART  UNITS BASE
ELECTRICITY o 00 o S.000E+00"  KWH. PER AVAILABLE INVESTMENT-HOUR OF SILTEC WAFER SORTER-WeE.Te

. - * - - N v :

.

Figure 23. Process parameters - test.



6. Antireflection Coating, Spray-0On

Use of conventional spie-on application of solutions for depositing the
AR coating on solar cells is expensive because of the low rate of through-
put and will cause problems of film uniformity because of the metallization
pattern interfering with the uniform spreading of the solution.

We have examined the technical and economic feasibility of spray coating
techniques as an alternative, and we are entirely convinced that spray coating
1s indeed the technique of choice for this particular epplication.

Commercial equipment, designed primarily for the .semiconductor industry, -
offers excellent‘cont;ol and performance of high-quality film deposits, and
remarkable economy. . -

The heart of the machine is the vapor carrier syetem wﬁich uses a super-
heated chemically inert’hyerocarbbn vapor of high molecular weight as the
transporting medium for the coating material. The low velocity and pressure at
which the coating material is conveyed by the vapor to the target surface V
minimizes the problems encountered with systems based on pressurized gases as
the carrier., The solar cells are transported in a 6-wafer-wide stream by a
‘COnveyor'belt from the load station into the spray station. The coating 1is
applied by a fully automated and adjustable spray gun which traverses the six
3-in.-diam waters at a set speed and distance. Work flow.proceeds at a rate of
typically 3/4 in./s. Under these conditions the Autocoater can process 5,400
cells per hour, or 4.4 x 107~ce113 per year.. o _ )

The thickness of the SiO2 + TiO2 containing AR film after &rying and

baking is specified to be 700 2. The control of coating thickness is within
+5%. Figure 24 shows the performance of such an AR coating which was spun-on
compared with thermally oxidized Taz 5 Both layers make a very good AR coating.

An additional part of the system is an infrared-—heated section capable of
attaining 500°C. Since we require only 200° and 400°C for bake out (15 nin
.each, at present), this limit is quite adequate. The rate of throughput may
be a problem, however, and may require either a‘change in processing or the

addition of heaters working in paraliel.
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Figure 24. Reflection spectra: sbin-on titania-silica film and TaéOS
formed by thermal oxidation of evaporated Ta.

The AR’coating process paraneters are shown in Fig. 25.

7. Metallizations

" a. Thick-Film Scfeen Printing - We believe that a metallization technology

based on screen-printed contacts is the most cost effective. The principal
problem with this tecnnology is to combine low contact resistance with low
penetratiOn and high adhesion. _

In Quarterly Report No., 3 [1] we showed that the contact resistance must
be below 0.1 Q-cm2 to not seriously affect device performance. In an experi-
mental evaluation of commercial Al Ni, and Ag inks we have not found 1t
possible to produce thie low a contact resistance without producing excessive
penetration. h ' ' 4

Therefore, we have investigated formulating a silver metallization with
the proper n-type dopant, phosphorus, which would require a low firing tempera-
ture and thereby minimize penetration and contact resistance simultaneously.
AgPO3 was selected because of its low melting point, i.e., 485°C. Similar

Ag-P compounds are under study. A small amount of the material was prepared
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TPROCESS PARAMETERSSAR COATINGISPRAY-ON T ’ 04718777 G9551724 PAGE 60

»

“TSTIMATE DATE:02/28/771  SVIRCA FSTIMATES ToTr T CLAss:An‘fonTan
‘CATEGORY:PROCESS DEFINITION TECHNOLOGY LEVELINEAR FUTURE MATERIAL FORM:I3® VWAFER.
TINPUT UNIT:SHEETS T LUTPUY UNITISHEEYS TRANSPORT IN:500 snsfr cA‘EETT“"‘T?‘N§’UET‘U’TTEEE‘EF!E?‘CIE?!?TI’
PROCESS YIELD: 95.0%  YIELD GROWTH PROFILE: 0 -
TINPUT UNIT SALVAGE FACTORT D.0  FACTOR GP#: ¢ SALVAGE OPTIONSSRACTION OF TNPUT UNIT VALUE S -
PERFORMANCE FACTORS~I(R)*I(SZ): 1,000000E+00 VCR)I/ZVEOC): 1.000000E+D0 F(R)/F: 3.000000E+00 . .
INPUT UNITS: 0. - 0. Co '
TFLOOR SPACEeFTae2: Do 0% ’ Ce ' o
“DESCRIPTION:SPRA -0V ANTTREFLECTION TOATING(3)
o o ASSUMPTIONS? -

1o 3% DIAMETER 4AFERe 12-14 MILS THICK(100) ORIENTATIONsP=TYPE, 1-5 OHN-CM. .
~5.T500 WAFERS/CASSETTE
3. NOTE: IN-HOUSE AR COAVING NEEDS TO BE DEVELOPED.
4o LIGUIC SPRAY-ON SOURCE(TIC245102) AT Si0/LITER. Do CMve3 WILL COVER 1 SIDE WITH 0507 MICRONS.
To APPLIEC AFTER FINAL METALLIZATION.

Be OVEN BAKE REQUIREIO AT %00 €. FOR 1727 ARe IN RIR,

9. RUOM REGUIREMENTS: ORYsCLEAN FILTERED AIRy 2330 LITERS/HR/SYSTEM.

) PROCEDURE . .
1+ WAFERS ARE LOADEC FROM CASSETTE 10 DEFOSITION ZONE. . s -
2, INERT HYDROCARBOM CARRIER GAS TRANSPORTS CCATING MATERIAL. .
3. AFTER DEPOSITELON WAFEX TRANSPORTED VIA BELT TO INFRARED DRYING ZONE.
4. WAFERS ARE BAKED IFOR 172 HR., AT 400 C. IN AIP,

Be WAFERS LOAGED TNTO CASSETTT . o
- T T " INVESTMENTS Tt
INVESTMENT NAME MAX. THRUPUT UNITS X INPUT UNITS PRDCESSED ansr COST AVAILe AREAgFT#s2
YOEL 11000 AUTOCOAER  — 5400.00 SH/4R - ©100.9% “{20000. ~ 85.0% 100,
OPTICAL REFLECTORITER 5400400 SH/4R © . 100.0% s 20000 85.0% 16.
" LABOR ]
o " (DL=DIRECT LA&BOR PERSONSITL=TGTAL LABOR PERSINSTY
NAME " LA26R REQUIREMENTS BASE - # PERSONS/SNIFT/BASE UNIT THRUPUT/HR/PSRSON X INPUT UNITS PROCESSED
THOURLY OPERATOR 2I1TON WCDEL TYOOO AUTOCOATER - "1.000E+00 T )
MATINTENANCE ZIZON MCDEL 11000 AUTOCOATER . 24500£-01
TMEINYENRNCE ~~— OPTITAU REFLICYURETER - B T 1:]:1 2251 -
T e EHNUAL Tttt Tt SUPPLIES/EXPENSES T -
EXPENSE NAME I~ cIXED PART  VARIABLE PAR™  UNITS  BASE )
oo 0.0 TUTTIVIONS03 KWH. T PERTAVAILA =
VAPOR CARRIER . 8.0 2.000F-01 S PER AVAILABLE INVESTMENT-HOUR OF ZICON MODEL 11000 AUYOCOAYER

- el 1 JUOE=0T THe %Y P_ER TNPUT UNIT. X ONYTSs JUU.0X

Figure 5. Process parameters - antireflection coating, spray-on.



by reacting AgNO3 with NaPOa-stabilized metaphosphoric acid (HPO3). The pre-
cipitate was dried, crushed, and ground to pass through a 325-mesh sieve. An
"off-the-sheif" silver powder was .mechanically blended with the AgPO, powder
"to yield 95”Vt pct Ag~-5 wt pct AgP03. This mixture was suspended in a
cellulosic~type organic vehicle and screen printed using a newly designed
pattern containing two rows of 0.2-cm-diam dots. The dots were fired onto

the same silicon material, i.e., n-type, (100); 5x 1019/cm3, as that used for
the evaluation of theccommercial inks. The lowest test firing temperature
was 500°C, since the AgPO

was found for AgPO

3 melting point is 485°C and a contact angle of 8°

3 on silicon when fired for 2 min at this temperature. A

summary of the results;forIS-min firings at 500°, 600°, and 700 C is shown
in Table 4. '
T, -
TABLE 4, SPECIFIC CONTACT RESISTANCE OF Ag-AgPO

3 METALLIZATION*
Firing . - Specific Contact

Temperature Least Square Fit, 2 Resistance
(°c) : y = b + mx s Q-cm?
500 y = 39,88 + 122,56 x - 0.49 0.65
600 y= 6.55+ 32,54 x 0.29 0.11
650 y =17.44 + 6.94 x 0.17 0.28
700 y = 24,13 - 2,12 x 0.34. 0.39.

*Dot-to-dot spacing ranged from 0.6 to 1.9 cm, center-to-center.
Gold wire Kelvin connection was used for resistance measurements.
Specific contact resistance, Pes = 1/2 b times dot area.

4Determination 9f>the least square fit is based on at least four test
points. The lowest specific contact resistance yas,found to be 0.11 Qécmz at
600°C; However, the poor correlation in each case suggested that the metal-
to-silicon contacts are spotty in nature. Angle lapping and metallographic
examination disclosed two contributing causes for the poor correlation: gaps
in the physical contact between metallization and silicon and voids in the
metal., The gap does, however, decrease with increasing temperature, and, most
important at the highest temperature, there,iswno evidence of metallization
_ penetration into the silicon. The high density of voids present in the'
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metallization also contributes to an apparently high specific contact resis-
tance, Closing of the silicon-to-metal gap and reduction of voids in the
fired film will result when changes are made in the silver and AgPO particle
size distribution and relative amounts of each. T

We believe this is an area very worthy of continued attention.

In our cost estimates we have assumed this technology has been developed
and we use ink costs as they exist today. For this metallizing step, cassettes
with silicon wafers arrive on carts from the preceding test station (1.e., that
following n-p junction formation) and the cassettes are manually placed into
the loader adjacent to the screen-printing machine. The loader aotomatically
feeds silicon wafers into the screen printer which applies the petticuler '
metallization pettefn. This sequence requires three printing and drying opera-
tions prior to firing: first the back, then the collecting'grid;jdnd'then the
bus bar on the front. B . ke R

Detailed evaluation of the'technique using printing paeteé based on
silver, aluminum, and nickel have been carried out from technical and cost
viewpoints. The minimum cost of typical Al and Ni pastes ($1'90/troy ounce)
is lower than that of Ag paste ($5. 42/troy ounce based on the December 1976
‘market price for Ag). All three pastes ghrink close to 50% on drying and
firing. The electrical conductivity of a fired coating depende on the paste
composition and the firing conditions, and has been assumed in all calcula-

tions to be one-half of the bulk conductivity for Ag and one-third for both. -
Al and Ni. For comparing various metallizations, it is important to point
out that simply changing metal thickness to provide equal conductivity is not
the appropriate course. The metals all cost different amounts and have dif-
ferent conductivities, and the optimun thickness must be determined from
minimizing the overall system $/W.

The cost optimization factor (F) with respect to Ag is :

Factor for | ' . Py 1/2 .
optimizing p
s Fm A8-3
pattern A Scm M /2
thickness -3
m
. Sc Ag

where M refers to any fired metal paste and Ag refers to the fired Ag paste.
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) Compared with Ag, the optimum Al thickness is 4.22 times as thick and
the optimum Ni 1s 6.63 times 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. Mbtallizing”by Nickel/Solder Deposition

(1) Bagic Procéss - Because of its.seeming cost effectiveness, a cost estimate
has been completed for this alternate metallization process for- ‘the purpose of
comparison with other methods. Several techniques and process combinations of -
metal depositions by plating are possible. The process sequence selected is
based on well—established electroless plating and solder deposition technology.
Esgentially, 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, electroless plating of one additional nickel layer, and,
finally, deposition of molten tin-lead eolder to provide an ample thickness
of metal for good conductance. The entire process is an almost fully automated
batch operation where unit lots. of 1000 wafers are processed automatically on

a continuous basis requiring a minimal amount of labor.

(2) - Outline of Processing Sequence

l' Deposition of Mask Pattern

e Screen print a reverse metallization pattern of organic
"masking material on the cell front side to protect. 95°
.. of area, Leave the cell backside exposed.

e Pass the wafers through a drying oven to evaporate
solvent material from the masking material.

2 Surface Cleaning

e Immerse the wafers in mild oxidizing solution to remove
organic impurities from the exposed surface without
affecting the mask coating.

o Rinse in deionized water.
e Dry mechanically.
3 Sensitization and Complexing
.o Sensitize in bath of Pd_Cl2 (activator)—HF-CH3C023.

e Rinse in deionized water.
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PROCESS PARAMETERSSTHICK A6 METAL=FRONTIAUTO  ~ =~ T . 01720777 16215:43 PAGE 53

ESTINATE DATEY51/713/777 "BYSUERNER KERNe X20949 RCA LABSe 03-076 CLASS INETALLIZATION
CATEGORY sPROCESS DEF INITION TECHNOLOGY LEVEL:FUTURE MATERIAL FORM:I3® WAFERe _
NIT: 5 [ NIT: S TRANSPORT IN:500 WAFER CASSETTE TRANSPORT OUT:S500 WAFER CASSETTE

PROCESS YIELD: 99.0% YIELD GROWTH PROFILE: 0

SUBPROCESS USEIsSCREEN PRINT VAFER REVOEK

INPUT UNIT SALVAGE FACTOR: 0.0 FACTOR GPS: 0 SALVAGE OPTIONSVALUE INS '

PERFORMANCE FATTORS-1(RYZ2I(SC)? 1.00000@E+D0 VCRI/VCOC): 1.000000E400 | FCR)/F: 1.000000E+00
INPUT UNITS? (1% 0. 0. T oTrmmmrr T T

FLOOR SPACE(FTee2: Os B0

DESCRIPTION:SCREEN PRINVING AND SINTERING CONDUCTIVE NETWORK-FRONT
ASSUNPTIONSS

1. 3% DIAMETER WAFERy :2-14 NILS THICK9+100) ORIENTATIONgP-TYPEs 1-5 OHM=CH.
2. BACK METALLIZATION PATTERN NUST BE SEREEN PRINTED FIRST.
3. AG PASTE: S$5.,42/TROT 02« = $.1743/GM. BDX AGe WHEN AG COSTS $4.40/TROY 0Z.
OENSITY OF AG PASTE=3.756/CMe+3. (31.1651 TROY 0Z.)
221 RATIO FOR INX TRICKNESS TO POST FIRING A6 THICKNESS.
4. FRONT AG FINE 6RID: S% COVERAGEe 17 BICRONS THICK AFTER FIRING.

S. FRONT BUS BAR?: 1X COVERAGEe 170 MICRENS THICK AFTER FIRING.
6« SCREEN PRIMT & DRY SYSTEMS

ITEN T cAST  POWER  COMEENTS
LOADER 10.7K_____1K¥  INSERTS WAFER INTO PRINTER
PRINTER . 28.,4K iKW PRINTER APPLIES PATTERN
COLLATOR 100K 1KMW FORMS PARALLEL ROMS FOR DRYER.

" DRYER 20.0K 10K DRITS INK YO PREVENT SREARING. i
RELOADER 14.7K 1K RELWADS WAFERS INTO CASSETTE.
CASSETTES 4.0K = HOLDS WAFERS FOR PRINTER.

TOTALS 83.8K 14Ky
esowneseNOTZS $125K ESTIMATED FOR ADWANTED SYSTEM.
7. SCREEN PRIBY & FIRE SYSTEM: ) o . -
TTEN . —CesST POVER  COmEENYS ~ ~~—~ 7 7 7 .

LOADER 10.7K 1KV INSCRTS WAFER INTO PRINTER '
PRINTER 24..0K IX4  PRIATER APPLIES PATTERN

COLLATOR - 10s0K - 3KW  FORES PARALLEL ROMS FOR DRYER.

DRYER 20.0K  10Kw DRIES INK TO PREVENT SMEARING.

FURNACE  _ 45.0K  15KM  SINTERS PATTERN AT 550 C.

RELOADER 187K IKY " REL#ADS VAFERS INTO CASSETTE.

CASSETTES 4.0K HOLDS UAFERS FOR PRINTER.

TOTALS lZG.BK 29KU .. oo - ’
esescecssaMOTE: $204K ESTIMATED FOR MOVANCED SYSTEH-'
8. BELT=>CASSETTE LOADLCR CAN DO 6000 WAFERS/HR. A ’
9. SCREEN AT $23¢ REPLACED 3 TIMES PER ‘BAY FOR FINE GRIO. —
SCREEN 15 BEPLACED Z TINES PER DAY FeR BUS BAR SYSTEM,
SQUEEGES AT $.409 RTPLACED ONCE PER EOUR.

Figure 26. Process parameters - front metallizatioa.
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PROCESS PARAMETERSITHICK AG WEVAL-FRONTZAUTO : 04718777 09751224 PAGE 53.1
T mm e PROCEDUR' )

1o OPERATOR LCADS. CASSETTE FROM BACK HEYALL%%STION STEP INTO LOADER.

20 “% DRY _SYSTEN XPPLIES FINE G -

OPTICAL SCANNER VALIDATES PATTERN., 10% REJECT SSTIMATE, L
I+ OPERATOR LGADS CASSETIE FOR SCREEN PRINT & FIRE SYSTEM. T
4. SYSTEM APPLIES FRONT BUS BAR 8 FIRES. (SEPARATE PRINT STEP NEEDED SINCE PATTERN IS THICKER THAN FINE GRID.)
T OPTICAL SCANNER VALIDATES PATTERN BEFORE FIRING.. 1% BUS BAR REJECTS ESTIMATED.

REJECTS ARE LOADED INTO A CASSETTE BY BELT->CASSETTE STACKER FOR REWORK. -

‘ INVESTMENTS
TNVESTMENT NAME T WAX. THRUPUT UNITS X INPUT UNITS PROCESSED FIRST COST AVAIL, AREAgFTes2
SCREEN PRINT & DRY SYSTEM-2 180C.,00 SH/NHR 111.0% ¢ 125000. B0.0X © 1600,
OPTICAL SCANNER 1800.00 SH/HR : . 111.0% $ 50000, B80.0X 16.
BELT=DCASSETTE STACKER 1800400 SH/HR 111.0% 8 15000 £040% O
"% FIRE TSYSTER=-2 1800.00 SH/HR : 101.0% s 210000, RO.0X 1600
IPTICAL SCANNER 1800406 SH/HR 101,0%X $  S0000. 80.0% ) 16,
TBELT-SCASSETTE STACKER ~~~ 7 777 1BiD.0C SH/HR 101.0% 8 15000, B0.C% - [
e T T : LABOR
(DL=0DIRECT LABOR PERSONSITL=TOTAL LABOR PERSONS)
TNERET T LAEOR REQUIRENCZNTS BASE # PERSOMS/SHKIFT/BASE UMIT THRUPUTZHR7PERSON X INPUT UNTTS PROCESSED
HOURLY OPERATOR  SCREEN PRINT ¢ NRY SYSTEM=2 24000E-01
“"HOURLY DPERATOR SCREEN PRTNY . 'FIRE SYSTEM-2 . 2.700E-D1 T
MAINTENANCE SCREEN PRINT & DRY SYSTEM=-2 2,000E-01
TMEINTENANZE SCREEN PRINY & FIRE SYSTEM=2 2,0005-01 T T -
MAINTENANCE OPTICAL SCANNER 1.000E~-02
TFORTRAN . o.-"———— T ’ 1.000E-01
o , T UUTTRWNUAL SUPPLIES/EX>ENSES [
EXPENSE NAME - FINCD PART  VARIABLE PART. WUNITS  BASE
“TULETTRICITY oo TS 1.400E+01 KW, PER AVAILABLE INVESTRENT=HUUR OF 5T
ELECTRICITY - . 0.0 2+9005401  KWH, PER AVAILABLE INVESTMENT-HOUR OF SCREEN PRINT & FIRE svsr:n-z
TELECTRICITY R Y 1.000E-01 'KWM, PER AVAILABLE IMVESTHENT-ROUR OF OPTICAL STENNER
SCREENS 0uC 2.8805+00 8 PER AVAILABLE INVESTMENT=HOUR OF SCREEN PRINT & DRY svsrsr-z
“SCREENS TTUWGE T 1.920E+00 s PER AVAILABLE INVESTPENT=HOUR'
SGUEESEES - e 44000E-01 .8 PER AVAILABLE INVESTMENT-HOUR OF SCREEN PRINT & DRY SYSTEM- 2
“SUUSEGEES I Y 44000E=-91 [ PER AVAILABLE INVESTMENT=HUGUR UF SCREEN PRINT ¥ FIRE SYSTEW=2Z
SOLVENT=INK DeC 144405-01 CHMeez PCQ INPUT UNIT., ¥ UNITS= 1131.0%
“SOCVENT-INK TN T 1.4405-01 CMes3  PER INPUT UNIT. Y UNITSZ JUI.UYX
THERMOCOUF.LE 4ETC 0.C 6+060Z-04 § PER INPUT UNIT, ¥ UNITS= 111,0%
TTAERMOCOUFLE+ETC » TR T . 6.N60E=04 s PER INPUT UNIT. X UNTTSETI0T1.0%
INK AG~FHCNT FINE GRID 0.0 3.920E-0% § PER INPUT UNIT, ¥ UNITS= 100.0%
“TNRAG=FRCNT FINE GRID LOST — 0.0 1,600E-03 8 PZR INPUT UNIT. X UNTTSE "~ IT.0¥%
INK AG=FRCNT BUS BAR 8.0 Be950F =02 s PER INPUT UNIT. X UNITS= 100.,0%
TTNR EGSFRONT BUS RAR LOSTY 0.0 '~ 3.760E-02  § PTR’ INPUT UNIT, % ONYTSE T.0Y

Figure 26. Continued.
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PROCESS PARAMETERS:THICK AG METAL-BACK:AUTO LT 04/18/77. 09:51:24 PAGE 51

ESTIMATE DATES02/03/77 BY:WERNER KERNy X2094¢ RCA LABSe 03-076 CLASSIMETALLIZATION
CATEGORY:PROCESS DEFINITION TECHNOLOGY LEVELSFUTURE = MATERIAL FORM:3® WAFIR. . . . .
INPUT UNIT:SHEETS OUTPUY UNITSISHEETS - TRANSPORT INS500 SHEET CASSZTTE  TRANSPORT OUT:500 SHEET CASSETTE
PROCESS YIELD: 95.0% YIELD GROWTH PROFILE: ¢ .
INPUT UNIT SALVAGE FACTOR: 0.0 FACTOR GP8: 0 SALVAGE OPTION:VALUE INS
PERFORMANCE FACTORS-ICR)/ICSC): 1.000000E400 VAR /V(OC): 1.000000E+00 _FCE.)JF2 1.000000E+00
INPUT UNITS? 0. e 0  __ _ . -
FLOOR SPACE,FTee2: 0. 0. 0.

DESCRIPTION:SCREEN FRINTING AND SINTERING CONDUCTIVE NETWORK-BACK

ASSUMPTIONS:
1o 3® DIAMEPER JAFERs 12-18 MILS THICK9(100) ORIENTATIONGP~TYPEy 1-5 OHM-CM,
2. BACK WETALLIZATICN PATTERN MUST BE SCREEN PRINTED FIRST.
3¢ AG PASTE: $5.42/FR0Y 0Z. = $.1743/GM¢ BOX AGe WHEN AG COSTS $4.40/TROY 0Z. . :
T DENSITY OF A6 PASTE=3,756/CMee3, (314161 TROY 0Z.) - - -
. _2%1 RATIO FOR INN THICKNESS TO POST FIRING A6 THICKNESS. o _
~ NOTE: S MILS THIMKEST LINE FOSSIBLE. WIDTH GREATER THAN OR EQUAL TO & TIMES THICKNESS.
3e BACK AG SRID: 253 COVERAGE, 8.5 KICRONS THICK AFTER FIRIVG,

'_5. SCREEN PRINT & FIRE SYSTEM™:

__ITEM COST.. POWER  COMMENTS : .
LOADER 107K 1KY INSERTS WAFER INTO PRINTFR
— _ __PRINTER 2440K . 1XW _ PRINTER APPLIES PATTERN
COLLATOR 100K _ 1KW  FORMS PARALLEL ROVS FOR DRYER. -
ORYER 20.0K 10Kw  DRIFS INK TO PREVENT SMEARING, o
FURNACE T 15KV SINTERS PATTERN AT 550 C.
RELOADER 14.7K ____IKN__ RELCADS WAFERS INTO CASSETTE,
CASSETTES 4 4 0K =~ 7 HOLCS VAFERS FOR PRINTER.
BOTALS 128.8K _ 29Kis

TeaveceeNLTE: $20CK ESTINATED FOR ADVANCED SYSTEM,
4o BELY->CASSETTE LCAGER CAN DO 6000 WAFERS/HR,
7. SCREEN A1 3234 REFLACED 2 TIMES PER CAY,
__SQUEEGES AT $.4Cs KEPLACED ONCE PER HOUR,

3. COST cF a.=x BACK REMORK IGNORED.
9. FIRING BACK NEECEC SO THAT_PASTE 1S NCT REMOVED IN CASE OF FEONT GRID REVORK,

PROCEDU®SE

1. OPERATOR LCADS CASSEYTE FROM PREVIOUS STEP INTO LOADER.
2e SCREEN PRINT & FIRE SYSTEM APPLIES BACK 6RID.

OPTICAL SCANNER WALIDATES PATTERNe ('aS¥ PEVECTS REVORKED.

___ REJECTS ARE LOADED ‘INTO A CASSETTE BY BELT-D>CASSETVTE STACKER FNP REWORK.

3. CASSETTE TRANSFERRED.TO FRONT METALLIZATION PROCESS.
% REJECTS ARE REWCE¥ED § RECYCLEDs

- e INVESTMENTS )
TNVESTRENT MANE #AX .  THRUP®T UNITS X INPUT UNITS PROCESSED FIRST COST AVAIL. AREAsFTee2
SCREEN_PRINT & FIRE SYSTEM=2 1800.8C SM/HR 100.5% $ 280500, _00.0% 160G,
SPTICAL SCANKER 1800.80 SH/HR 100.5X $ S50000. B80.0% 16.
BELT->CASSETTE STACKEP 1800.80 SH/HR 100.5% $  1500G. _RO.CY. 0.

Figure 27. Process parameters - back metallization.
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“"PROCESS PRRAMETERS:THICK AG PETAL-BACK:AUTO 84718777 09551526 PAGE Sle1

LABOR .
. . (OL=DIRECT LASOR PERSONSITL=TITAL LABCR PERSONS)
THWARE LAEGR REGUIREPENTS BASE # PERSONS/SHIFT/BASE UNIT THRUPUT/HAR/PERSON X INPUY UNITYS PROCESSED
HOURLY OPERATOR  SCREEN PRINT & FIRE SYSTEM-2 2.000E-01
TMAINTENANCE SCREEN PRINT & FIRE SYSTEM-2 2.000€~-01
MAINTENANCE OPTICAL SCANNF® ) . 1.000E-02
FOREMAN eL T 7. 1.,000E-01
T R 1.} 11].] S SUPPLIES/EXPENSES -
EXPENSE NAME . FIXED PART  VARIABLE PART  UNITS  BASE
TECETRICITY T 0es 2.900E+01 - KWH. PER AVAILABLE INVESTWNENT-HOUR OF SCREEN PRINT § FIRE SYSTEM=2
ELECTRICITY. D.0 1.000E-01 KWM.-  PER AVAILABLE INVESTMENT-HOUR OF OPTICAL SCANNER
s ] T Ben T 1.920E+00 s PER AVAILABLE ISVESTRENT-H OF SC ) YSTEM=2
SQUEEGEES - Dot 4.000E-01 8 - PER AVAILABLE INVESTMENT=-HOUR OF SCREEN PRINT & FIRE SYSTEM=2
- s e 0.1 TTTTT T T14840E-0T CMee3 oz INPUY URIT. ¥ URITSS 101.0%
THERMOCOUFLE 4ETC, Dol 6.060E-04  $ PER INPUT UNIT, X UNITS= 101.0%
“IRK AG-BACK GRID T et TTTCTC 1.280€£-02 S PER INPUT URIT, ¥ UNITST 100.0X

INK AG-BACK GRID LOST - 0.C | 5¢380E-0X § ®IR INPUT UNIT. ¥ UNITSS  0.5%

Fig‘lre 27 ° continu“ . ’ : -



. Complex in bath of H,0-C H OH (wetting agent)-NHAOH
(neutralizer)-NH Cl %complexent)

4 First Plating and Mask Removal -
e Immerse in-bath containing NiCl 29 NaH,PO,, Na,C H_O NHACI,f

’ ’
NHAOH and H 0 2 2 37675 7

e Plate at 80° C for 45.s to deposit a P—containing Ni film
of 500 to 750 & thickness.

e Rinse in deionized water.
e Remove organiclmask coating'oy solvent ektraction.
5 Sintering '
e Transfer the wafers onto conveyor belt and into furnace.

® Expose to 550° to 600°C in an atmosphere .of N2 5 t
create nickel silicide.

6 Nickel Stripping
e Immerse in HN03.
® Rinse in deionized water. .
e Apply light oxide etch in HF-NHAF-HZO solution.

. e Rinse in deionized water.

‘7 Second Plating

® Re-immerse in nickel plating bath to deposit 0. 3 to 0.5 ym
of Ni (P). .

e Rinse in deionized water.
8 Fluxing.and Solder Deposition
| Immerse in flux.soldtion. ’
Drain, dry, and preheat the wafers.
.Introduce into 5% Sn-95/ b solder bath at 350° C.
Hold in bath for an optimal residence time.'

Withdraw at a controlled velocity.
9 ' Final Cleaning

e Remove flux residue by immersion in ultrasonic cleaning
hath. : . : :

e Rinse in deionized water.

e Dry mechanically.
(3) Cost Estimation - Estimates of production»cost were based on the assumption

that 1 x 108.wafers of 3-in. diameter are to be processed in a three—shift,

24-hour operation of 345 days per year. Unit batches of 1000 wafers would be
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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,
each line producing 2 x 107 wafers per year. Not considering the yield factor,
cost per wafer has been computed as approximately“$0.30,.of'which464% accounts
for materials, 197 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 18 quite obvious from these figures that this nethod of metallization is
considerably more expensive than the screen-printing process, as had been

predicted from preliminary estimates.

e. 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 theé 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 optiniza-
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
"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 tnat 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. For 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 recover a few percent of system performance can
be cost effcctive. Below we will derive the criterion. '

These applications provide instructive'design specifications and indi-
cate the generality of the basic approach. Among tne other "steps'" that may
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be amenable to this type of analysis are the quantity and quality of the Si
itself, ' : -

(1) General Derivation - The quantity to be minimized in all cases 1is the
total cost per watt

i-&- . ‘ : (1)
W G :
o : o
where K = total cost per unit of module area and Go S output power per unit
[ | ) )
of module area. We first treat the cost factor and show the nontrivial result
that it may be expressed as
n .
K= cj o : S - (2)
g1 . . .
where there are n of the independent "steps" in the entire fabrication process
ineluding the silicon cost, and the Cj area set of effective step costs per
unit area that are, in general, not simply the individual step costs.
Equation (2) is proved by the following argument, Let D = total cost of

fabricating A cm2 of complete modules that have cell coverage fraction ¢ so
that ¢A_ = total cell area. Then we separate the steps into two groups, those

involving the full module area and those involving only the cell area

k k -1 ki
D= A BB 4 eve 4 —>——| for module steps

T tYy ¥ Y ...
n n n-1 _ . 'n
k , k . :
+¢Ap [%—-—-+ see +-f-—l—:f———] for cell steps
n L3 3 ial . n o0 1 ‘ - .

where ki = actual cost/unit area of performing step i and Yi = yield of step i.i

This shows the well—knqwn impact that each yield factor has on-all preceding

steps. Now we define
: n

k ,
Y Y for all module stega
- n 3j
c, =.
j K .
¢ 3 3 for all cell steps o o . - (3)
n..‘ j
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Since K -'D/A , these definitions iead to Eq. (2) and show quantitatively what -
the CJ are, To deal with any individual step m, we simply subtract out its

cost contribution per unit module area

1 = _' '
K' =K -C_ o (4)
Next we treat the output power density of the module G by trélating it
to ‘G, the power density potentially available.

Go = FG ’ . ’ . ‘(5)

"where F is a fraction that may exceed one, depending on the choiee that is
made for G; that choice i1s quite arbitrary and might correspond to a 16%
modale:efficiency or any other convenient value. The feature of major im-
portance here is that F is generally the cumulative product (not sum) of the.
individual step factors '
n - . : :
F‘=J£l fj o L o (6)

where each f, must’be self—consistently defined as the fraction of potentially

3

available power that is actually obtained after step J. (These fj are the
same as ''performance .indexes' in our first report.) To deal with an individual

step m we now must separate it by dividing by its performance contribution

- F '

Now using these relations in Eq. (1)

: . ] L
G FG F'G f F G f .
o m m
K' 1 + Km . : (8)
" F6 3 ' '
m i

where Ky = Cm/K' 1s the cost fraction of step m.

= |n

Equation (8) shows a result of first importanee: every step-efficiency

factor fh has ite fractional impact on the TOTAL cost per watt. This is a

47



direct consequence of the multiplicative roles of the fJ in contrast to the
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
«foilows then that no stepAcannbe'optimized properly by considering only its
own cost and performance; rather an equation of the form of Eq. (8) must be ‘
minimized., ' : o . ) o
Next we develop the approp;iateloptimization conditions for Eq. (8). 'To
aid in this we introduce the fractional power loss associlated with any step

Aj 1~ fj‘ Using this in Eq. (8) gives

$ K'il'f‘l(m .o . ) ‘ .
W FC [1-}m o | S I O

This is the form in which we minimize the $/w‘¢ontfibution of step 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 K'/F'G always
drop out since by definition they cannot contain the variable of step m.. Thus
only the term in brackets in Eq. (9)'heed be minimized. It is trivial to show
that the condition for minimization is
1 Y1 Y 109
1+ R dx 1= Am dx
where x represents any appropriate variable for step m. In nearly all cases
that will be acceptable we will find that Ko <<1 (i.e., Cm << K') and
xm1<< 1. Then we obtain the simplified approximate relation '

———— ] o

de é}m' ' ‘ (11)
dx dx :

We note also that in this approximation

<

] ’ : )
Mo [k k2] | a2
and we can set K' ~ K and F' Q_F.

This is the general procedure. It can be applied to every fabficationv

step for which there is information enough to evaluate both k and A.
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(2) ; Application to Front MétaZZizetions -:.The, optimization procedure described
-above is now applied first to.the bus bar and then to the fine grid on the
front. of solar cells by finding the optimum:geometry for each that minimizes
the: cost/W. .We make use of a fortuitous result for these metallization steps:
¢,:the.cell coverage fraction of the module, . .n.0.83 and‘thetproduct of -the.
estimated yields for all steps following metallization is 2_0.87 so that' in
Eq. (3) we find that C ~k = Furthermore; the metallization process to be
evaluated, screen—printed Ag, has,a cost.that can be expressed as C ‘"~ h o+ Bv
where the contribution h 1is independent of the amount of metal (it is basically
machinery and handling costs) and Vo is the volume of metal used, with B an
appropriate coefficient. So differentiating as in Eq. (11) with amount of
metal as the variable, causes the term h to drop out end.only the metal cost

need be evaluated in C hence Km.

' The metal cost/cm2 = pvm[A where. p = price/cms_ofhmetalcin its final con-
) dition,(i.e., after firing) and A = cell area. But Vo T tam = tSA where '
‘ amaE area of metal, t = metal thickness, and S = shadow fraction of metal on

cell. So.

C =pSt - S ' ' 3)

pét/K' o : 14)

=
]

. Before proceeding to specific poweriloss evaluations we'note that our
calculations have heen revised to optimise.the $/W for performance averaged
over a day rather than just at solar noon.' This reduces all resistive losses
by a factor of m/4. ' _

First this optimization procedure is applied to the bus bar; we limit
consideration to a single, central bar for simplicity. Ic has already been
shown in Quarterly Report No. 3 [l]vthat when the fine grid line lengtl. ” is
determined (by cell size, for example), the treatment of the bus bar becomes
“independent of the fine grid design. For the bus bar the only sources of loss
are the shadowing and resistive drop of the metal; it can be shown that there
is no way of simultaneously optimizing both the'metal thickness and the shadow
fraction of the bus bar. This can be seen physically by the recognition that

minimum loss for any metal volume would léad to zero shadow’ fraction (d{.e.,
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bar width) and infinite thickness. Therefore, one additional constraint must
be imposed on the problem. ‘We choose this cénétraint as a conditidn that will
give the thickeét line that seems printable. (The bus bar will have to be
printed separately from the fine grid although they can be fired together.)
One way of achieving thislthick-bar.conditioniis to require that its thickness
t, always be 1/4 of the line width W. (Since the thickness shr;nks roughly in
half during firing, this represents a thickness/width ratio of ~1/2 at the
printing, a reasonable upper limit on t2f)

The shadow fraction of the bus bar is S, = W/R,eff = A/L with L = bus bar

length., Thus; since W -_4t2

s, = 4:2/zeff_ { . Q15)

and from Eqs. (13) and (14)

Y .
C, = PS,t, = 4pty/2 .. : . (16)
k.= 4pt2/K'L a7)

., n 2 eff ‘ 4
o that Yn . P (18)
8 dt  K'%
eff
The fractional loss is the sum of shadow and line drop

\ =5, +3 n L, 35 s 3l L ) (19

m 2.V Szt2.3, . Zaff \ 4t§ 3 eff
where P = metal resistivity. Then

- S S SR A X @20

dt Eeff t3 V. 6 eff
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Now invoking ‘the optimization condition (11), we obtain an equation for the R
optimum bar thickness t )

20pt.
N N o p . -
& ___ ¢ + = 1 I m 2 ) =0 (21
X! _ = v E _ T )
K zeff 20pt 2eff t3 V .6 - 7 .Teff " . -
‘ . 2o0pt 4
which must be solved numerically. For a 7. 6-cm (3-in ) wafer, L = 7, 6 L off =

6 cm, We take also J/V = 0,05 (Q-cm ) s P = $1 30/cm3 and P = 3.2 x 10'§
f~cm for screen-printed Ag and K' = $0.0125/cm2 (N$1/W) . This leads to t20pt =
150 ym so that W~ 0.60 mm and S2 = 0.010. The total fractional loss due to
the bar is evaluated now by Eq. (19) giving lm = 0.03 while Eq. (17) gives

Ky = 0.015.

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 K, 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 [1], the fractional power losses are given by

2
P 2 P p_2
J s W c m 22
m 1 \) 2 12 ’

where w = the fine line width, Pg F = 81 sheet resistivity (Q/ED 6 S metal-Si
specific contact resistance (Q-cm ). (We have transformed the formulas of
Quarterly Report No. 3 to express all the losses in terms of S rather than the
line spacing d.) We fix w = 125 um as the minimum printable width.

Now the minimization of $/W requireg that we optimizé both t and S1
simultaneously. (In contrast to the bus bar case, this is possiblg here.) To
do this we use the form of $/W given by Eq. (12) and minimize (Km + Am) with
respect to both variables ty and Sl' Partial differentiation of (Km + Am)

with respect to t, gives, when set equal to zero; the first condition

1
1
K.me

= 23)
t1opt S 3 pV (
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This has the important consequence, when:substituted into (Km + Am), that

Km(COSt ffaction) = line loss fraction = £ Y —02

They are thus indépendent ofVSl and t, so now differentiation of (Km + Xm) with

respect to Sl gives the surprisingly simple equation for slopt

' : o 2 : . .
3 J J Pg¥
S1opt: (V pc) Slopt - (V 6 ) 0 (24)

This is a remarkable result in that the optimum shadow fraction is independent

of the metal recoistivity; length, price, and the module cost. In fact, when
fe is small (§10-3 Q—cmz)

Jpsz 1/3

Stopt = \&V (25)

so S1 varies as the cube root of Py

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

consequences of these results are that varving the cell size has no effect on
lopt through &.

Taking again the example of the 7.6-cm wafer, with & = 3 cm, J/V = 0.05
(@-cn®)™1 and p, = 50 9/0 for the Si, p_ = 1073
find S1 = 0,040. Then using the other parameter values given after Eq. (21),
Km = 0,007 and tlopt

readily calculate Am ='0.068. (This entire optimization and evaluation is

Sl ~and a simple linear effect on t
opt

s’z-cm2 and using w = 125 um, we
= 16 ym. With these optimized values of t, and S1 we can
performed numerically with a straightforward computer‘program.)

Combining now the optimized contributions of the fine grid and the bus

bar

>
]
)
+
>
fl

' 0.068 + 0,030 0.098 .

0.007 + 0.015 0.022

A
il
=
+
oY
il

“Tot 1 2
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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 thesé 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.

FRACTIONAL $/w
PENALTY (A+x)

[ OPTIMUM FINE GRID
THICKNESS

170 —
OPTIMUM BUS BAR
Hm THICKNESS

140 =

fol

3 METAL COST/WATT
CENTS 2 -

| .
J A 1 !
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-diam cells
with screen-printed Ag lines having straight, parallel sides.

The curve (A + «) is obtained from totals like those in Eq.
(26).
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Another use of these calculdtions 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, it
is clear qualitatively that as cell size increases, resistance losses will in-

" crease and the amount of Ag needed per am2 will increase. It is necessarf
therefore to determine quantitatively what impact those increases will ﬁave 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.) cells. 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 metéls
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.

TTr T rir

$/W PENALTY DUE TO FRONT CONTACT

o.10 RELATIVE TO 3" (7.6em) CELL .

[ (MODULE COST $1/W) ]

- ]

0.05 2

z - )

> ! :
[o] e

-0.05

| [N S B I R B |

il

-
- -
—
-
-

! 2 3 - 4 5 6
CELL SIZE (ind

-~

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 1s shown as a change
from a reference module cost of $1/W for all
cell sizes with the zero arbitrarily set at the
3-in. (7.6-cm) wafer, .
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8. Junction Formation

Ion implantation is now a well-established process in the semiconductor
in&ustry. Its application to the fabrication of. solar cells has been success-
fully demonstrated with reported AM-1 efficiencies in the 10 to 13% range
'with higher efficiency expected in the near future. The major advantages of
ion implantation applied to high-volume production of solar cells are control,
reproducibility, and the elimination or reduction of wet chemicals and gases
required by other junction-formation processes, ‘

In this section, a broad outline is given of a proposed ion-implantation
process capaBle of the high throughput required for large-scale, low-cost
solar cell production.' ‘

First, it is assumed ﬁhat advances in the development of ion implanters
will result in implan; machines capable. of. producing 10-mA beams of both n and
p-type dopants in a sequential. operation.,. This is not an unreasonable assump-
tion since production.maéhines are noviava‘iilable‘w’hich can deliver mbre than.
2 mA of phosphorus, A 10-mA machine'aquld'prdéess approximately 100 cmZ of
silicon area in 1 s, which approximately equals the area of both sides of a
3-in.-diam wafer, so that 3600 wafers could. theoretically be implanted in 1 h,
This calculation assumes dose requirements of Al x 10 5 -2 of phosphorus

-2
on the top side and 5 x 1014 boron on the backn

Since material consumption.is low using an ion-implantation process, major
cost .reductions can be achieved by maximum use of automation. " The system
described herée processes 2000.3-in. Waférs/h, a:reduction from the 3600/h,
allowing -time for beam scanning.and beaﬁ loss at edges. A schematic block
diagram of one possible embodiment of. such a system is shown in Fig. 30.

In this systein wafers are manually moved to the implant station in two
SOO-waferycartridges, and one is. automatically transferred to 50-wafer cas-
settes, The two input chambers are air-locked and operate in "push-pull"
fashion so that no time is lost -during transfer loading from cassettes to the
platens. The platens are-&esigned'to hold several wafers during implant and
to provide for a masked implant. (planar'junction) on the active side of the
cell and a ‘full-area -implant on the reverse side., It is assumed that the
input chamber: pump-down -time is 1 min. The platens then move, belt driven,

from either chamber to.-the beam slit and are implanted from opposite sides.
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AFER
i CARTRIDGE
AIR-LOCK v ¥ «———TRANSFER TO
AN‘? PLATEN ITREYIT gg;gg TvngEFen
AMBERS oy —O [
| - T CASSETTE
00  *Tlevat
. PLATENS
) [ 7o O .
. e I J
ION BEAM
ION BEAM - IMPLANT
_— ]Y CHAMBER:'
3 .
M) O-——q-——-—o O—-‘ ' L
ouTPUT a---- ...._{PLAIE"S .
cmuuﬂ Wl CASSETTE
| L EEE— l O]
TRANSFER
- - ——_M_’ FURNACE
SILICON
BOAT

Figure 30. Schematic block diagram - ion implantation and
junction formation. (Transfer to silicon boat
must include flipping wafers so- that like sides
face.)

Wafer feed can. proceed in.either direction, so.that when,the first 50
wafers are done, the second.air-lock chamber begins to discharge wafers. Im-
planted wafers.then move,.again belt driven, to the output chambers, where
the wafers are transferred. to cassettes and.then to. silicon boats.

After implantation,‘junction.annealing.and,drive-inaare required. The
silicon boats ride.on a continuous. beltAthrough a multizone diffusion. furnace.
The time and temperature requirements for annealing and drive-in will vaty
with the type of dopant used in the junction. formation. A typical sequence for
an n/p/p+ solar cell with phosphorus and. boron dopants isilSjmih at 1000°C
with temperature gradients before and. after the 1000°C hpt—zone to gllow for
slow warm-up, cooling, and_annealing.of the junction, 4

The process parameters for the ion-implantation steﬁ;Adiffuéion step, and

inspection step are.shown in Figs. 31, 32, and 33.

9. Process: "2 Wafer Cleaning ' .

This process is. designed to assure.a.clean surface on the silicon sheet

before it is started through the automated array process, It consists of a '
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DESCRIPTION:ION IMPLANTATION-BOTH SIDES

Pnoccss‘baiimncas':xor. IPPLANTATTON:2 SIDES - 04/18777 09:51:24 PAGE 29

TSTINATE OATE:01/12/77 “EVIRCA ESTINATES _ — CLASSSION IWPLANTATION
CATEGORY:PROCESS DEFINITION - TECHNOLOGY LEVELSFUTURE MATERIAL FORMII® WAFER. :
TTINPUT UNITISHEETS OUTPUT UNIT:ISHEETS TRANSPORT IN:500 SHEET CASSETTE ~ TRANSPORT OUT:SILICON BOAT
PROCESS YIELD: 99.0% - YIELD SROMTH PRCFILES ¢ ) L
INPUT UNIT SALVAGE FACTCK: 0.0  FACTOR GP#: 0 . SALVAGE OPTION:FRACTION OF INPUT UNIT VALUE
PERFORNANCE- FACTORS-I(R) /1 (SCY: 1,0C6C00E+00 - “VC(RI/VCDC): 1.00C000F+00 FER)/F: 1.000000E400
INPUT UNITS: D 0. 0o’ ~

FLOOR SPACEcFTO'Z.V 0o 0e = 0o -

1o PROCESS FOLLOWED PY DIFFUSION STEFP : )
T 2. DOUBLE IMPLANTER, ONE IMBLANTER FOR EACH SIDE OF WAFER, -
3. FRONT SIDE OF ONE WAFER IMPLANTED SIMULTANEOUSLY WITH BACK SIDE OF A SECOND WAFER,
T 3. 10 GAL/MIN OF CDOLING WATEF AT 20 DEG. Co NEEDED PER IMPLANTER.

ASSUMPTIONS:

D o 3ROCEOURS
-1e CARTRIDGE FEED SYSTEM FEZDING IMPLANTER, i
T 2. FIRSY IMPLANTER FEEDS SECOND THPLANTER #OR BACK SIDE IMPLANTATION
3. SECOND IMPLANTER UNLOADS DIRECTLY INTO SILICON DIFFUSIION POAT,
T ALTERNATE WAFERS ARE FUIPPED DURING LCAD SO THMAT LIKE SIDES FAcE.

. - ERR ' INVESTMENTS
INVESTMENT ‘NAME MAX. THRUPUT UNITS X INPUT UNITS PROCESSED FIRST COST AVAIL. AREAgFTee2
TER(CY 7 ; 200000 SH/HR - .100.0% 3 700000, 85.0% 850.
- LABOR
: - (DL=DIRECT LABOR PERSONSITL=TOTAL LABOR PERSONS) : L
B 7Y | S LABOR REQUIFEMENTS BASE . '~ # PERSONS/SHIFT/BASE UNIT ‘I‘HRUPUT/HR/P.RSON X INPUT UNITS PROCESSED
HOURLY OPERATOR  [ON IMPLANTER(C) o . 4.000E-01 _
ANCE "7 T 7TON YMPLANTER(C) 1.000E-01"
FOREMAN oL . o . 1.000E-01
. ANNUAL . SUPPLIES/EXPENSES
TUEXPERSE WAME' | 77T T FINED PART® VARIABLE PART  UNITS  BASE -
" ELECTRICITY ’ 0.0 . 4.000E+401  KWH, PER AVAILABLE INVESTMENT=HOUR OF ION IMPLANTER(C)
TIGUTD NITROGEN Gs0 7T 1 000FEe08 T CMes3  PER AVATLABTE INVESTREVT-HOUR OF 10N IMPLANTER(C)
FILAMENTS/INSULATORS 84000E¢03 0.0 $ PER AVAILABLE INVESTMENT-HOUR OF ION IMPLANTER(C)
~ WATER-COOLING " n.c 2.400E«06 CM+»3  PER AVATLABLE INVESTMENT-HOUR OF TON IMPLANTER(C)
10N SOURCE GAS 2.280E400 $ PER AVAILABLE INVESTMENT=HOUR OF ION IMPLANTER(C)
_’_Fb'rrﬂvtsm}:ﬁ_trwron v "FIXED PART® 1S MULTIPLIED BY NO. OF BASE UNITS PRESENT,

Figure 31. Process parameters - ion implantation.
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ESTIMATE DATE:01/12477 BYIFRED MAYERs ¥6334¢ SOMERVILLE» 20NE & ‘ CLASS:DIFFUSTION
CATEGORY:PROCESS DEFINITION TECHNOLOGY LEVELFUTURE MATERIAL FORM:3® WAFER,

TTINPUT UNITISHEETS OUTPUT UNIT:SHEETS TRAMSPORT INISILICON BOAT TRANSPORT OUT:500 SHEET CASSETTE
PROCESS YIELD: 95.01  YIELD GROWTH PROFILE: 0 o
"INPUT UNIT SALVASE FACTORT 040 FACTOR GPR: 0 SALVAGE OPTIONFRACTION OF INPUT UNIT VALUE
PERFIRMANCE FACTIRS-I(R)/I(SC)? 1.000000E+00 V(R)I/V(OC): 1.000000E+00 FCRY/F3 1.000000E00

— . INPUT UNITS: = 0, 0. = 0. . R
FLOOR SPACEeFTwe2: : O 0. 0. :

" DESCRIPTION:DOPANTS ARE ORIVEN TNTO SILICON BY HEAT TEEATMENT IN FURNACE

ASSUMPTIONS:
le 3" DIAMETER WNFEFy 12-14 MILS THICKy(100) ORIENTATIONsP-TYPEy 1=5 OHN-CM,
2. DIFFUSION VIA 10N TMPLANTATION OR DOPED OXIDE.

3. COIN STACK APPROACK (NOT CONSTIDERED) NEEDED FOR MORE VOLATILE SOURCES.
4, 40 MINUTE OIFFUSION TTWE AT 1000 C. AND 90 MINUTE PREPROGRAMMED COOLING TO 750 C. « 10 MIN. HOLD AT #00C. *+ AIR QUENCH,
5. 250 SILICON BOATS, EACH 12" LONG_AMD 4® WIDE AT $550 EACH NEEDEDs 190 WAFERS/BOAT. 3 YR, LIFE.
e. FURNACE HAS 12% EELT, 15° HEAT ZONEy 55¢ COOLING SECTIONs 209 LOAD/UNLOAD SECTION. 3C FTe/HR BELT RATEs
ALTERNATE WAFLRS MUST BE FLIPPED SO THAT LIKE SIDES FACE.

'7?:‘F=§TEE AND " N-5T0E OF WAFER RUST BE EASILY DIFFERENTIABLE.

9. 180 WAFERS IN EACH_INCOMING SILICON BOAT,

. PRNCEDURE
1. INCONING WAFERS WITH DIFFUSION SOURCE APPLIED TO BOTH SURFACES.
WAFERS HAVE BEEZN LOADED INTO A SILICON BOAT BY PRECEDING STEP.
2. BOATS PLACED GVTG WCVING BELCY FURNACE. o
3. DIFFUSION FOR "0 MIN. AT 1000 C,
-~ 4, FORCE -AIR COOL OF WAFERS TO ROOM TEMPERATURE.
Se LOADER-FLIPPEF TRANSFER OF MAFERS INTO 500 WAFER CASSETTE.

i e e INVESTMENTS _
T INVESTRENT NAKE™ ~— “MAX. THRUPUT UNITS X "INPUT UNITS PROCESSED  FIRST COST AVAIL. AREAgFT##2
LINDBERG FURNACE-12" EELT 9000.00 SH/HR 100.0%X $ 72000 55.0% 800.
250 12"-SILICGN E3ATS 00000 SH/HR ’ . 100.,6% ‘s 137500, <5.0% 0.
CASSETTE LOADER-FLIPAER 3000400 SH/HR ] " 100.0X 3 20000.  S5.0% -0e
) LABOR
- j (OL=DIRECT Lnadﬁ'brksoussTL-ToTAL LABOR PERSORS])
NAME . .. _LA20R REQUIREMENTS BASE 8 PERSONS/SHIFT/BASE UMIT  THRUPUT/HR/PERSON X INPUT UNITS PROCESSED
- HOURLY OPERATOR LINVDBERG FURNACE-12" BELT 1.000E+00
MAINTENANCE LINDBERG FURNACE-12" BELT_ ) -
MATNTENANCE =~~~ CASSETTE LOADER-FLIPPER R 1
FOREMAN . oL .. . _5e000€=-02
ANNUAL SUPPLIES/EXPENSES : - -
EXPENSE NANE . FIXED PART  VARIABLE PART  “UNITS ~BASE .
ELECTRICITY 0.0 1.000E402 . KWHe . PER AVAILABLE INVESTMENT-HOUR OF LINDBERG FURNACE-12*® BELT
T WATER-COOLING 0.0 B.000E+05 CHMwe3 ~PER AVATLABLE INVESTMENT-HOUR OF LINDBERG FURNACE-12" BELTY
NITRAGEN 00 4.500E+07 CMs«3 PER AVAILABLE INVESTMENT=HOUR OF LINDBERG FURNACE=12" BELT

Figure 32. Process parameters — diffusion.



PROCESS ~ARAMETERS:PCST DIFFUSTIV INSPECTIONZ10%X . ' ' ~ O&7IB/TT 09:51:24 PAGE 32

DAVE RICHMANg X32074 -RCA LABSy E-3231A . . A CLAS'S'TEST

ESTIMATE (DATE:12/2277¢ EVT
CATEGORY:PROCESS DEFINITION TECHNOLOGY LEVEL tFUTURE MATERIAL FORMI3® WAFER.
TINPUY UNETISHEETS ™~ 7 = OUTPUT UNITISHEETS TRANSPORT IN:500 SHEEY' cA§‘ETTI“”TIIN§$E§T‘b077?3o'§FEtr CASSETTE
PROCESS TYIELD: 99.CX  YIZLD GROWTH PROFILE: o
"INPUT UNIT SALVAGE FACTORT 0.0 FACTOR GP#: p SALVAGE OPTION:VALUS INS : T
PERFORMANCE FACTORS=ICR)/ICSCI? 1.00000CE+00 VERI/ZVIOC): 1.000000E+00 F(R)/F;_1.oooooo£ooo
__EINPUT UMITS: 8. . 0. 6.
FLOOR SPACEgFies3d? 0. [P 6. T
“DESCRIPTION:PCST DIFFUSTON a-POINT PROBE RESISTIVITY MEASURIMENTI1nX SAMPLE,
— T T ASSUMPTIONS®
1o 3" DIAMETER WAFERs 12-14 MILS THICK+(100) CRIENTATIONGP~TYPEy 1-5 OHM=CMo
2e 100X JAFER SHEEY RESTISYIVITY TEST.
T T o PROCEDURE

1. OPERATOR LOADS CASSETTE INTO MACHINE.
2. WAFERS AUTOMATICALLY FED TO TEST EQUIPHENT.
3. WAFERS SORTED INTO MAGAZINESs

) . INVESTHENTS
T INVESTWERT NAME - WAX. THRUPUT UNITS ~ X INPUT UNITS PROCESSED” FIRST COSY AVAIL. ARCAsFTe#e2
SILTEC WAFER SORTER=-PROBE : 1450.00 SH/HR 10.0%X_$ 150000,  B80.0X 200%.
LABOR
TOC=DIRECY LABOR PERSONSYYL=YOTAL LABOR PERSONSY
NAME LABCR REQUIREMENTS BASE _# PERSONS/SHIFT/BASE UNIT THRUPUT/HR/PERSON X INPUT UNITS PROCESSED
T0R™ "SILTEC VAFER SORTER-PROBE TRJ500E-017 -
MAINTENANCE - SILTEC VAFER SORTER=-PROBE A -2+000E-01
0T ervimm s 2000920
RNNUKT "SUPPLTES7EYPERSES
EXPENSE NAKE FINED PART  VARIABLE PART  UNITS  BASE
o Va0 S5.000E+00 “N:' T UPERT Ammvmmm

Figure 33. Process parameters - inspection.



hot Caro's. acid immersion followed by three. cascade rinses in'deionized water
and spin drying. o
Caro's acid is. especially effective for eliminating any organic or
metallic contamination. but does not.remove particles.such as silicon chips._
This step may not.be{necessary'depending.on the. condition. of the‘incoming
wafers, It is included to show what. the costs.of such a.cleaning or etching
procedure can.be if the. system is automated., Process parameters are shown
in Fig. 34. |

D. EFFECT OF SHEET SIZE ON MANUFACTURING COST

All of the analysesrhave considered. 3«in,. wafers. since the,must.reaI-.
istic projections could be made with equipment which exists to handle this
material. In this section we will estimate the effect of increasing the
wafer size to 5 in. | _

In the most optimistic (and unrealistic) case, we will assume that there
will be no increase in labor or capital cost per unit handled so that each of
the processes produces 25/9 W where it produced 1w before. The material and
expense items in terms of $/W in general will remain the same. However, the
metallization cost will increase due to the increased current-handling.neqdire—
ments; We have calculated the optimum metallization pattern basedlon an over-
all system of.$1/ﬁ, The cost of the metal increases by $0.046/W. ‘Figure 35,
is a summary of this comparison,. It. is important to. emphasize. that the per-
formance of these larger cells is poorer, even in the optimized caseé, than the
3-in. cells, and, therefore, there is a. penalty to. pay at the.system,level.
The performance is 2.3% poorer; Since;the system is assumed to cost $1/W, we
will add this penalty, $0.023/W, to the cost of the array module. In this
"best case' analysis, the costs for array modules based on 3—in.'and 5-in.
‘wafers are almost identical. o '. . ;.n ‘ ;.

A somewhat more detailed_estimate’is given;in Fié. 36. In this case, we
assume that the cassettes handling the larger wafers have larger spacing
~ between cells and the wafers must be handled more slowly. It is clear that in
processes such as ion implantation, the rate of: which is beam limited, there
is no change in the capital expenses. In each case we have estimated the re-

duction in labor capital, materials, and expense. Again we must add $0.023/w
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.- PROCESS PARAMETERSISYSTEM "2® WAFER CLEANING . - I 0;/18/77 09:51324 PAGE 2

ESTIMATE DATE:01/12/77 BYIFRED MAYERs X6334¢ SOMERVILLEs ZONE 8 CLASS:CLEANING
CATEGORY:PROCESS DEFINITION TECHNOLOGY LEVEL:INEAR FUTURE MATERIAL FORM:3® WAFER. : -
“INPUT UNIT:SHEETS .~ OUTPUT UNITISHEETS TRANSPORT INS500 SHEET CASSETYE  TRANSPORT OUT:500 SHEET CASSETTE -
-~ __PROCESS YIELD: 99.0X YIELD GROWTH PROFILE: 0O
INPUT UNIT SALVAGE FACTOR: 0.0 FACTOR GP#: 0 SALVAGE OPTTONIFRACTION OF INPUT "UNTT VALUE
_PERFORMANCE FACTORS=I(R)/I(SCYS 1.00G000E+00 __ V(RI/V(OC): 1,000000€+00 _ _ FC(RI/FS 1.000000E¢00
INPUT UNITS: 0. 0. 0. - o

¢ FLOOR SPACEoFT##22 0» O. ) 0. . B "

-~

DESCRIPTIONTWAFERS ARE CLEANEC TN SULFURIC/HYDROGEN PEROXIDE MixTURE = ™ - ] - - -

“~

) ORIZN NyP=TYPEs 1-5 OHM-CM,
.2+ NOTE: DOES NOT REMOVE PARTICLES (DUST'SIL!CON CHIPS+ETC,)
3. 500 WAFERS/TEFLON CASSETTE -
4o 1 TEFLON BOAT PER TANK3 2 TANKS PER HOOD.
Se Te5 CYCLES/HR X 2 BOATS/CYCLE X S00 WAFERS/BOAT=7500 WAFERS/HR,
(8 NIN, DRYING CYCLE IS LIMITING FACTOR.)
6e 1 OFERATOR REQUIRED FOR 2 HOODS.
7o NOTE: SYSTEM COST ESTIMATEC TO BE $304000, $154600 FOR BACKUP-
_JOTAL SYSYEM COST-SQE'ODD WITH BACKUP.

TASSUMPTIONS: T T T
1. 3" CIAMETER WAFER, 12-14 MILS THICK,(100) ORIENTATIO
H

PROCEOQURE

1. TEFLON CASSETTE MANUALLY INSERTED IN TANK €1 MING)
2o 7 MINUTES IN HOT CAROS ACID. ,
' X, AUTCOMATIC TRANSFER 10 1ST CASCADE RINSE' '8, \INUTE RINSE. 3
4, AUTOMATIC TRANSFER _TO 2ND & 3RD RINSES, EACH ABOUT 3 MINUTES.

5¢ AUTCMATIC TRANSFER 10 HCT EIR TUNNEL. DRY FOR 8 MINUTES.

INVESTMENTS

_INVESTHENT NAME _ MAX. THRUPUT UNITS % INPUT UNITS PROCESSED FIRST COST AVAIL. AREAgFTwe2

SYSTEM "2% STATION(2Y 7500 00 SH/HR 100.0X $  45000. B85.0X . 200.

o ‘LABOR
) 3 . (DL=DIRECT LABOR PERSONSSITL=TOTAL LABOR PERSONS) )

TNAME - LAEOR REQUIREMENTS BASE 8 PERSONS/SHIFT/BASE UNIT THRUPUT/HR/PERSON X INPUT UNITS PROCESSED

HOURLY OPERATOR  SYSTEM *Z" STATION(E) . ) 5¢000E-01 :

“MAINTENANCE SYSTEM “Z™ STATION(B) 540005~02

FOREMAR oL I ) 5¢900E=02 .

ANNUAL SUPPLIES/EYPENSES

T EXPENSE NAME o FIXED PART  VARIABLE PART  UNITS  BASE

ELECTRICITY N . 0e0 3.500E401  KWH. PER AVAILASLE INVESTMENT-HOUR OF SYSTEM -z- STATION(B)
—SULFURiIC ACIC e 0e0 ) 2.310E-01  GM. PER INPUT UNIT. ¥ UNITS= 100.0%

HYOROGEN PEROXIDE 0.0 2.100E-01 _CMw»+3  PER INPUT UNIT, % UNITS= 100.0%

T DE-IONIZED WATER N .0 1.000E+06 CMw»we3 PTR AVAILABLE INVESTMENT-HOUR OF SYSTEM "2* STATION(B).

Figure 34. Process parameters - Z wafer cleaning. o f SRS



3-1in. . 5=1n. -

Cell Cell
L3/ S < 7105)
Materials & Expense 0.152 0.198
. . L. T
Labor Overhead . o
Interest -Depreciation 0.112 } 0.040
System Performance ' o
Degradation Cost | 0.023
Final Comparison’ 0.264 0.261!

Figure 35. "Best case" 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. . |

This result is due to the interconnect technology. In ;heée panels, the
cells are interconnected with one contact at the rim of thé cell, In the
event that numerous contact pointe’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 life, and panel petformance
of these contacts to crossing the face of the cell. However, beceuse of the
enormous cost of the metallization step in the present configuration, such an

analysis is surely appropriate. / :

E. FACTORY LEVEL OVERHEAD COSTS

‘ In none of the manufacturing cost analyses presented above are factory
overhead, distribution, advertising, or profit consioered; For the process
sequence, Ion Implantation. (C) factory IQVelioverhed& costs will now be esti-
mated. ' I '
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Cleaning’

Ion Impléntation.

Diffusion
Metallization -

AR Coating

.Test

Interconnect

Panel Assembly
& Packaging

Penélﬁy due to
System Perfor-

mance Degradation -

TOTAL

E 3_in .

Cell

- ()

© 0.003

0.029

+0.009

0.09

0.011

0.012

0.016

0.264

5-in. ~
Cell
_(8/W) Notes
. 0.002 ‘Déwn lipearlywwithéradius ‘
0,026 .. _‘Labor doﬁnwiinearly, resg same
0.005 All linearmdécrea;es .
0:132'1 ‘ 'Lébor downllingarly;"metal up by 4.6¢/W,.machines.same
6.007 Material samé, rest'lineaf decrease
'0.604 Squared rééﬁction-in all cbsts
0.010 | . ﬁinear redéction in all costs
0.059 , Unchénged.;
6.275 |
-0.023
0.298

Figure 36; Detailed array module manufacturing

cost estimate, 3- and 5-in, cells.



We have evaluated the factory level costs for two factories, one producing
50 MW/year and the other, 500 MW/year. A summary of these evaluatiéns, which
appear as Fig. 37, 1is given below. ’

$/u

somd - 2 500 MW
Support Personnel . . . 0.035 . © 0.010
Cassette Depreciation : 0.002- - - - 0.002
Heating, Lighting, and Air-Conditioning 0.004 . - 0.003
‘Insurance (building & all capital) 0.002 0.002
Local Taxes . 0.005§" :0.00A
Factory Depreciation "0.008 10.006
Factory Interest - 0.014" 0,012
Support Equipment Déﬁreciafion ‘ g 0.002 - ) 0.000
Suﬁport Equipment Interest t 0.001 ;QLQQQ

- 0.072 0.039

The manufactﬁring cost as-a function of factory size is shown in Fig. 38.

_ : 50 MW 500 MW
These costs are ' B . 0,264 0.253
Total : ‘ 0.336 . 0.292,

It will be noticed that this entire factory and the capital equipment
are financed by debt. In order to remove considerations of debt ratio (% of
assets financed bykdebt) from an estimate of profit, we will asgumé_thg fol-
lowing relationship: ‘

Net profit after taxes + after tax interest
Assets less accumulated depreciation

= 15%

For this manufacturing facility, the béfore-tax profit in the first year of
operations is then $0.05/W. ‘ o ’

These estimates of the array module manufacturing cost, .including factory
level overhead, have been done in‘considerableidetail, In every case the finan-
cial assumptions have been made dsing data from a wide variety of sources, and
reasonable values reflecting the general industry have been assumed. This is

RCA's estimate of the cost, not RCA's cost.
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Assumptions:
© (1) 3-tn, wafers”

(2) 152 cell efficiency, 0.7

(3) Overall process yield: 82.2%

(4) Cafeteria run by outside firm using company facilities, but food company personnel.

ION IMPLANTATION (C)

17 H/uafer.

factory other than cost of facilities (depreciation, allocated interest, and taxes).
(5) 345 working days per year.

(6) Twdo 12-h shifts per day.

Work Schedule

Four groups of personnel; two for night shift and two for day shift.

3 days off, 3 working days, 4 days off.
Other schedules could also be inplemented. Salaried people work a 5-day, 40-h week.

10X shift premium for night shift.

No cost to

Schedule 1s 4 working days,’

Figure 37. Factory cost evaluations.
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50 MW-YR 500 MW/YR
INVESTMENT [} . $ $w : $/W $ NOTES
PLANT: _ 2 2
.Process , S4K ft S5400K 0.108 464K £t 46400k - 0.093 Q 3100/ft2
Offices 10K fr2 600K 0.012 15K fe2 900K - 0.002
Cafeteria SK ‘£t2 300K 0.006 25k fe2 1500 0.003 2
Array Storage 0.5K fe2. 30K 0.001 4K £e2 240K 0.000 @ $60/ft -
Wafer Storage 10k fe2 600K 0.012 100K fe2 6000K 0.012
Chemical Storage 10K ft2 600K 0.012 100K ft2 6000K 0.012
Maint. Shops 5K fe2- 30K 0.001 50K £t2 3000K 0.126
TOTAL 95K ft2 7560K 0.151 758K fr2 64 ,040K 0.128
LAND 1608 f£t2 40K 0.001  1200K ft2 300K 0.001
Parking & Receiving 60K f£t2, 60K 0.001 400K f£t2 400K 0.001
Office Equipment 20K 0.000 ' . 50K 0.000
Purchased Material 500K 0.010 1000k 0.002°
Inspection & Q/C 3y
Equipment )
Minicomputers for 2 250K 0.005 3 375K 0.001
Payroll & MIS ) 1 veek
Cassettes 3500 350K 0.007 35000 3500K 0.007 production
GRAND TOTAL - 72,877K 9.65§ - '133,705K - 0,388 ..
PERSONNEL
PLANT ADMINISTRATION
Factory Mgr 1 50K 0.001 1 80K 0.000
Ass't, Mgr 1 40K 0.001 3 180K 0.000
Secretaries 1 10K 0.000 3 30K 0.000
Receptionist 1 10K 0.000 1 10K 0.000
Industrial Relations 1 18K 0.000 5 75K 0.000
Secretaries 1 10K 0.000 3 30K 0.000
Financial Services -2 60K 0.001 3 80K 0.000
Secretaries 1 10K 0.000 2 20K 0.000
Accounting Services 2 45K 0.001 3 65K 0.000
Secretaries/Clerks 4 40K 0.001 8 80K 0.000
Computer Service . L2 40K 0.001 3 60K 0.000 .
Computer Operators 1/ahift 48K 0.001 2/shife 96K 0.000
Purchasing 2 45K 0.001 3 65K 0.000
Secretaries 1 10K 0.000 3 30K 0.000
PACILITLES
Guards 3/ahift 144K 0.003 15/shife. 720K 0.001
Maintenance 3/shift - 200K 0.004 15/shife 1000K 0.002
Janitors ‘3/shift 100K 0.002 ;Olahift 80K 0.000
Warehouse - 1 25K 0.001 1 R 0.000
Ha;erial_ﬂand}era . '?/shlft 144K 0.003 15/ehift 720K 0.001
Dispensary 1/shift 60K 0,001 2/ehift 120K 0.000
Industrial Engineering 10 250K 0.005 20 S00K 0.001
Quality Control & Pur- 5/ahift 360K 0.007 15/sh1ftv 1080K 0.002
chased -Material Inspection - ’ . R
Support People 107 1719k 0.034 314 %166& 0.010
Direct Labor Process. ) 106 T TISHE T T TG T T T el T D T owm T T
Indirect Labor Process . 46 726K 0.014 408 6529K 0.013
TUTAL PEOPLE 259 3976K . N K- - .
EXPENSES i ) . A
" Cassettes, Depr. - e 87.5k 0,002 " 875K 0.002 4=yr 1life
Heating & A/C, 113K 0.002 1065K 0.002
Lighting 75K 0.002 600K 0.001 v/ £e2
Insurance 115K 0.002 1018K 0.002 0.5% of asset value
Local Taxes 230K 0.005 1942k 0.004 3% of plant and land
Pactory Depr. 381K 0.008 32228 -0.006 20~yr life
Factory Interest 686K 0.014 5800K 0.012 9%
Support Equipment Depreciation 110K 0.002 204K 0.000 T-yr life
Support Equipment Interest 69K 0.001 128K 0.000 9%
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Figure 38, Manufacturing cost as a function of factor&“size.

L@

For purposes of.iliustfation it 1s interesting to assume a price for the
silicon material which has not been included in any of this analysis. We
assume silicon wafers are available for $20lto $40/M2.

. 500 MW/yr
2 2
Silicon cost $20/M . $40/M
" Manufacturing cost f - o
pone 30,202/ $U.292/W
Factory level overhead

Yielded silicon cost : .0.162/w . 0.324/W

Profit | o -~ o.05Mm - 0.05W

We would like to assure the reader that the similarity between the goals
of the LSSA prograﬁ and these results is completely coincidental. It perhaps
bespeaks the wisdom of the planners who established the goals.in the first ..
place. A selling price of $0.50/W turns out to have been a very meaningful
goal. As further studies are conducted, this may turn out to be a transitory

coincidence -as even lower costs are achieved!
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F. SHEET ALTERNATIVES

Assessing the state of the technology for preparing single-crystal silicon
sheet at this time leadsrto the same conclusions as we have found previously,
Only wafersccut from Czochralski-pulled. ingots. will be. available in the quan-
tity and with the quality required by the near-term needs of the Automated
Array Processing Task of the Low Cost Silicon Solar Array Project. There is,
however, the ever-present question of cost. In the analysis above, the wafers
are assumed to cost $0.i6 to $0.32/W and the resulting solar cells afe 15%
efficient. 'The_effec; of lcwer efficiency impacts the total system cost. If
we assume that the total system cost is $1/W, a 30% reduction in cell efficiency
increases the system cost by $0.40/W. Even if the material which provided this
performance were free, there is still a net increase in the eyetem cost. At a
system cost of $0 50/W, such free material will result in a cost saving compared
with the higher assumed price of wafers. It seems that 15/ efficiency is a
useful goal. Only Czochralski—pulled material and epitaxially grown layers of .
single-crystal silicon have been able to demonstrate.cells of this efficiency.

Ribbon techniques have made.steady progress during the year...Cells in
the 10 to 12% efficiency range have been. fabricated in ribbon material, - How-
ever, before such material will be.suitable for the Automated Array Assembly
Task, several further advances will be required. The included particle count
must be reduced or the location at which the particles appear must be controlled
80 thet they can be removed from the active cell.area, The .residual strain must
be reduced to the point where the mechanical stability of the.ribbon will be ‘
sufficient to prevent a high yield loss due to cracking. Also, the strain should
be low enough so that the ribbon does not shatter.on being cut of'scribed to be
divided into sections of a given length,

It is the higher efficiency requirement which will be the most ‘restrictive
for any silicon sheet forming technique. Such a high efficiency will require
that the Siliccn“be‘prepered from a very high purity SiOzlcontainer or one
with ‘which it has little interaction.' "Any appeciable solubility of impurities
is going to limit the cell efficiency either through’degradation of lifetime-
or degradation of junction properties. Even the' recently reported high effi-
ciency cells prepared in polycrystalline silicon used a high purity grade of
poly to achieve theilr outstanding result. Therefore, any technique in which

the surface~to-volume ratio of the silicon in contact with a container is high
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must be evaluated very carefully to assure. that:good cystallinity is not -
being acheived at a sacrifice to bulk electronic properties.

:. At  this time, methods which are "containerless," i.e., ribbon-to-ribbon
zone refining, regular float zone refining, or CVD, are either not fully
developed or too expensive in their present form.

Thus, only wafers sliced from ingots are presently available as starting
sheet for array processing. Further, it would appear that with new wafering
methods and cheaper poly, a significant reduction in cost of this material

can be achieved.

G. CONCLUSIONS - GENERAL TECHNOLOGY AND COST ANALYSIS

As a result of an extensive and detailed examination of the present day
art in semiconductor manufacturing we conclude that:

(1) The goal of a selling price of $0.50/W for a volume of 500 MW/yeér'
in 1986 is attainable assuming $20/M2 for silicon sheet.

(2) The most cost-effective panel design is a double-glass panel.

(3) The highest performance (for aging) panel design is a double-glass
panel.

(4) Automated interconnection using gap welding, ultrasonic.bonding, or
spot reflow soldering are all cost effective.

(5) Application of antireflection coating using automated spray-on equip-
ment 1s cost effective.

(6) Screen-printed Ag metallization is cost effective although a serious
cost component. ' S A

(7) Several junction—formatioh technologies are cost effective. Ion im-
plantation has a slight'advaﬁtage.

Principal problem areas are:

(1) Maintenance of high cell efficiency at high yield. 15% with 82%
yicld waa neéumcd in our analysio.

(2) Achievement of high mechanical yield with automated handling equip-
ment, o _ o

- (3) Development of lbw-cost screening inks which reliably provide low

contact resistance, stable metallization. '

(4) Demonstration.of reliable automated interconnect technology.
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(5) Demonstration of glass encapsulation techniques suitable for 20-year
life.

(6) Minimizing factory level overhead. Marketing, sales, distribution,

service, and warranty costs have not been .considered.
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SECTION III

ANALYSIS AND FACTORY DESIGN FOR 1982

A. PROCESS SELECTION

It was fairly obvious before we embarked on the cost analysis that the
cost of preparing the silicon sheet was going to be-a large fraction of the
array costs. First, since it is apparent that the polycrystalline silicon
cost (unyielded) is $0.01/W/mil thickness based on $25/kg, it is imporfent
to increase yield by reducing kerf loss. The second thing that is apparent
is the large expense'item of quartz liners at $190 each, and if each 1s used
to grow a single 10-kg boule and then discarded, it adds $19 to the basic
$25/kg cost of polycrystalline. It is also important therefore to increase

the use of each liner by going to multiple-ingot-pulls.

' The impact of- these varlous approaches is shown in Table 5 for a 30-MW -
factory. A O, 010-in.-thick etched wafer at 127 efficiency 18 assumed. All
dollar values ($/W) are yielded to the processes that follow.

Note that the significant savings of the multiple pull vs the single pull'
is in the "expense' item. This reflects the more efficient use of quartz
liners. Going from an inside diameter with a 0.010-in. kerf and a 0.003-in.
etch to a wire saw with a 0.608-in. kerf only requifing a 0,001-in, etch shows
its most significant saving in material cost, Reducing the kerf further,
however, increases the cost rather than decreasing it because the necessary
saw is much slower and the wires do not iaet as long. Further, more machines
are required, and, as a.result, there is more labor cost., Thus savings in
the cost of the yielded boule are more than bffset by slicing.coets.

The desired process is quite apparent based on the studies discussed
above. It is multiple pull, 0.008-in. wire sawing, POCl3 diffusion, and
double~glass panel assembly. The cost detalls of these processes are out-

i

lined in Table 6. Process parameters are given in Figs. 39 through 53.

.B. PROCESSING SEQUENCE FOR CELL FABRICATION

A matrix of processing sequences and factory production levels has been
cost-analyzed as foliows. All processes were constant with respect to screen-

printed silver.metaliization, spray¥on AR coating, and double-glass panel
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TABLE 5. COMPARISON OF COST ‘ITEMS FOR SINGLE VS MULTIPLE PULL AND \\\\\
. -I.D. VS WIRE SAWING OF INGOTS S

Single Pull Multiple Pull Multiple Pull and Wire Saw 0.00l1-in. Etch

I.D. Saw, 0,010-in. Kerf, 0.003-in. Etch 0.008-in. Kerf 0.004-in. Kerf
 Pull  Slice  Pull Slice . Pull  Slice Pull  Slice

| . ($/w) ‘, /W ($/W) (sIw.
Material 0.522 0. 0.503 VI 0.390 0o -0.308 0o
Expense 0.457 0.105 0.208 ;0.105 0,161 . 0.231 0.127 0.366
" Labor and Overhead 0.268 0.253 0.237 0.253 0.185 0.261 0.146 0.559
Interest and ' '
_Depreciation .0.071 0.10 0.066 0.10 0.053 0.058 0.041 0.186

Subtotal - 1317 0.458 1,012 - 0.458 . 0.789 ' 0.550 - 0.621 1.111

CTOTAL ‘ 1.775° 1467 1.33%9 1.732
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100

TABLE 6.

Prccess

/Czochralski Multiple Pull

Wire Saw, (1.008-in. Kerf
Etch -& Clean

Spin-On Saurce

'POCl3 Diffusion

Edge Polish

Glass Removal

Inspection

"Ag Front Matal,

Ag Back Metal,

AR Spray Coat

Test

Reflow Solder Interconazct
Glass-PV3 Panel

Packaging

 Totals

COST DETAILS FOR COMPLETE PROCE3S
(Assume 12% efficiency, 3.4-in.-diam,

0.010-in.-thick wafer)

/W)
Labor and Interest and
Material Expense Overhead Depreciation Total Investment
0.390 0.161 0.185 0.053 0.789 0.253
0 0.231  0.261 0.058 0.550 0.248
0 0,047 0.002 0 0.050 0.003
0.011 . 0,025 0.073 0.016 0.127 0.072
0 .. 0.012 0.005 0.006 0.023 0.019
0 . 0.004 0.003 0.001 0.008 0.005
0 - 0.001 0.003 0.001 0.006 0.005
0 0.000 0.006 0.007 0.013 0.03
0.038 0.005 0.009 0.007 0.058 0.028
0.037 0.011 0.021 0.013 0.083 0.055
0.002 -0 0.005 0.003 0.010 0.012
0] 0 0.007 0.010 0.017 0.041
~ 0.002 0 0.017 0.007 0.025 0.028
0.209 0 0.024 0.005 0.239 0.023
.0.01 0 0.002 0 0.013 0.001
0.7, 0.4 0.625 0.187 2,011 0.824
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ESTIMATE CATE:O0T/28/77 BY:DAVE RICHMAN, X3207, RCA LABS, £-32]A

CATEGORY:PROCESS DEFINITICN TECHNOLCEY LEVELSEXISTING MATERIAL FORM3:3.40" MAFER

INPUT UNIT:KG. OUTPUT UNIT:XG. TRANSPCRT ENzBOX

PROCESS YIELD: 83.0% YIELD GROWTH PROFILE: O

INPUT UNIT SALVAGE FACTOR: 0.0 FACTCR GPe:z O SALVAGE OPTION:FRACTION OF INPUT UNITY
INPUT UNITS: De . Q.

FLOOR SPACE,F1es2: D. 0. 0.

DESCRIPY ION:CZOCKHRALSK] CRYSTAL GROWTH OF 34" CRYSTAL, 3,40% DIAPETER.

_ ASSUNPTIONS:
L. 3.40% OIAMETER WAFER,(130) ORIENTATICAF~TYPE,:1-5 CHM-CF. |
2. PCLYSILICON AT $.025/GRAM.
3. POY SIZE CAN BE INCREASED TO ACCCMCCATE A 15 KG. CHARGE.
4., 3.45" DIAMETER INGOT GROWN, THEN GRCUND TO 3.4C".
S. ARGON FARV COST NCT INCLUCEC.
6. POLVSILICCN INVENTCRY OF 1 MONTH PER PULLER RECUIREC:
=] ,000 KG/HR X 0.85 AVAIL. X 24 X 20 KRS/MONTH
=600 KG INVENTCRY PER PULLER AT $25/K6
=$15,C00 PER PULLER.
T. FROCESS YIELD CEFINED AS MATERIAL YIELD FOR PROCESS.
GROMTH TIPING. ESTIMATE:

MELT DOWN 1.0 HRS.
SEED SET - . £.0 FRS.
PULL TINE @ 4"/HR 8.5 HRS,
CO0L DOWN L.C HRS.
TURN ARCUNC ’ 1.0 KRS,
FOTAL 12.5 HRS.

MATERI2AL USED(EASEC UPON 3.45" CIAMETER BEFORE GRINDING):
LEY F=1/4 ¢ PI * (2,54 CHM/®)883 & (2.33G/C¥*43)

30% CENTER PART: (2.4CS%)882 & (3(0%) * F = 10708 G.
&% TAPER: 0.8 * (4%) & (3.45)%%2 ¢ F = 1142 G.
POT LOSS, (ESTIMATE) . 625 G.

TOVAL PATERIAL USED PSR INGOT 12475 G.

GOOD MATERIAL AFTER GRINDING TC 3.4C"™ CIAMETER €& REMOVING TAPERS.
30% CENTER SECTION: (3.4C )982 ¢ 3C™ ¢ F = ]1C4CC G.
PATERIAL YIELC =10400/12475 = 0.83
AVG. GROWTH RATE = 12,475 KGe./12.5 HRS. = 1,000 KG/HR,
8. QUARTZ LINER:L LINER NEEDED EVERY 12.5 HRS.(=8,0E—02 UNITS/HR.) ~

PROCECURE
le PFRE-WEIGHEC CHARGE OF SILICCN AND DCPANTY PLACED IN QUARTZ CRUCIBLE.
2. SILICCN CHARGE & COFANT FEATED TC PROPER GROWTH TEMPERATLRE,

3. RCD WITH SEED PLACEL IN CONTACT WITH MELT.

4. RCC ROTATED UNTIL MELY COMES TO EQUILIBRIUM,

5. RCTATING RCD SLCWLY WITHCRAWN, CAUSING SILICCN TC FREEZE ONTO SEED.
€. INGOT 15 REMOVEQD FRCM CRYSTAL GRCWER WHEMN GRCWTH STCPS.

T. INGCT ENDS ARE CUT OFF YIELDING A 30" CRYSTAL.

8. INGOT 15 GROUMD TC PROPER DIAMETER, . '

Figure 39. Process parameters - Czochralski multiple pull.

CLASSICRYSTAL GROMTH
TRANSPORY OUT:80X
VALUE
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INVESTMENT NAME

SILTEC CRYSTAL PULLER-860
CRAYSTAL PLLLER SPARE PARTS
ARGCN CAS INSTALLATICN
4-POINT PROBE

CENTER GRINDER

CENTERLESS GRINDER

CUTOFF SAW -

WATER RE-CIRCULATDR
LIFETIME TEST SET

ANNEAL ING FURMACE
REICHERTY PICRISCCPE
NIKON" COMPARA 1CR
MISCELLANECUS (P .
PLLYSTLICCN INVENTCRY

MAXe

THRUPUT
" le€0
1.900
£4:3C
10.00
.10.35¢C
10.3C
4.90
€.EC
10.3¢C
4.CC
10.30
10.20
10.CC
1.00

UNLTS
KG/HR
KG/¥-R
KG /HR
KG/+R
KG/HR
KG/HR
KG/HR
KG /HR
KG/HR
KG /HR
KG/HR
KG/HR
KG /HR
KG/FR

(OL=DIRECT LABCR PERSCAS;TL=TCTAL
# PIZRSONS/SHIFV/BASE UNIT

NAME . LABCR FEQUIREMENTS EASE
HOURLY OPERATZR SILTEC CRYSTAL PULLLER-86€0
MAINTENANCE SILTEC CRYSTAL PULLER-E6C
ENGR. SUPPORTY- SILTEC CRYSTAL PULLEFR-860
TECHNICIAN SILYEC CRYSTAL PULLER-E6C
QUALLTY CCNTRCL - SILYEC CRYSTAL PULLER-860
MACH. ATTENDANT STLTEC CRYSTAL PULLEF-860
CLERICAL SILTEC CRYSTAL PULLER-860
FOREMAN Co cL

ANKNUAL
EXPENSE NAME ‘FIXED PART VARIABLE PARY
POLYSILICON 0.0 1.000€403
COPE CELL C.0 5. 88CE~-02
SEED 0.0 3.2T0E-03
ELECTRICITY 0.0 6.000E¢01
ELECTRICITY C.0 6. CCCE+OC
ELECTRICITY 0.0 6.000E+00
ELECTRICITY .0 3.CCCE+0Q
ELECTRICITY 0.0 4.CCCE+OC
ELECTRICITY 0.0 1.000€+00
ELECTRICITY C.0 1.5C0E+01
ELECTRICITY . 0.0 - 1.0G0E+00
ELECYRICITY 0.0 5.0C0E+00
QUARTZ LINER : v © o« 00 8. 0CCE-02
GRAPHITE CRUCIBLE HCLDER 0.0 4.9C0E-02
ARGON 0.0 2.27CE2 06
SHOP SUPPLIES 0.0 €.560E-01
MISCELLANEOUS SLPPLIES .. 0.0 6.500€-01
MISCELLANEQUS CFYSTAL GROWY- 0.0 1.39CE+00

Figure 39.

INVESTMENTS
T INPUT UNITS PROCESSED

LAEGC

100. 0%
100.08
100.02
100.0%
100.0%
100.0%
100.0%

100. 0%
100.0%
100. 0%
100.08
100.0%
100.0%

$
$
s
$
$
$
100.0% §
$
$
$
$
$
s

INPUT UNIT. X UNITSs

4 .000€-01
1.5CCE~CL
6.000E-02
1.800E-01
€.0COE-02
2.5005-01
8.3CCE-02
1.0C0e~01

SUPPLIES/EXPENSES

UNTTS  BASE

GM. PER

UNITS  PER AVAILABLE
UNITS  PER AYATLABLE
KWH. PER AVAILABLE
KWH. PER AVAILABLE
KWH. PER AVAILABLE
K%M PER AVAILABLE
KWH. PER AVAILABLE
KHH. PER AVAILASLE
Ko PER AVAILABLE
KWH. PER AVAILABLE
KNH. PER AVAILABLE
UNTS  PER AVAILABLE
UNITS PER AVAILABLE
Cves3  PER AVAILABLE
s PER AVAILABLE
s .PER AVAILABLE
s PER AVAILABLE
Continued.

FIRST COST AvVAIL.
80000. 85.0%
5750. 85.0%
15000. 85.08%
5000. 85.0%
18000. 35.0%
24000. a5.0%
2400, 35.0%
12000. 85.0%
5009, 35.0%
4500. 35.0%
9009. 35.0%
6500. 85.0%
18000. 35.0%
15300. 85.0%

LABOR PERSCNS)
THRUPUR/HR /PERSON & INPUT UNITS PRCCESSEC

INV ESTMENT—HOUR
INVESTMEMT—HOUR
INVESTMENT-HOUR
INVEST PEXT-HCUR
Ih VE STMEMT-HOUR
IMVEST MENT—-HOUR
IMVEST MERT—HCUR
IMVESTMENT-HOUR
INVEST MENT-HOUR
IHVESTHMENT-HOUR
INVESTMERT—-HOUR
THVESTPENT—HOUR
IMVE STME NT-HOUR
THVEST MENT -HOUR
1WVE STMENT-HOUR
INVESTMENT-HOUR
INVESTMENT-HOUR

AREA,FT#92

100. 0%

OFf
OF
OF
CF
OF
OF
CF
OF
OF
OF
OF
CF
OF
OF
OF
OF
CF

450.
o.
o.
0.
Ce

[
SILTEC CRYSTAL PULLER-B6&C
SILTEC CRYSTAL PULLER-860
SILTEC CRYSTAL PULLER-86C
CENTER GR INDER
CENTERLESS GRINCER
CUTOFF SAW
WATER RE-CIRCULATCR
LIFETIME TEST SET
ANNEAL ING FURNACE .
4~POINT PRCBE
MISCELLANEOUS CP
SILTEC CRYSTAL PULL ER—-86C
SILTEC CRYSTAL PULLER-860
SILTEC CRYSTAL PULLER-86C
SILTEC CRYSTAL PULLER-860
SELTEC CRYSTAL PULLER-86C
SILVEC CRYSTAL PULLER-86C
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ESTIMATE CATE:07/28/77 BY:DAVE RICHMAN, X3207, RCA LABS, E-321A

CATEGORY:PROCESS DEFINITION TECHFAOLCGY LEVEL:NEAR FUTURE MATERIAL FORM:3.40" WAFER

INPUT UNIT:KG. OUTPUT UNIT:KG. . TRANSPORY IN:BOX

PRCCESS YIELC: 86.0% YIELD GROMTH PROFILE: €

INPUT UNIY SALVAGE FACTOR: 0.0 FACTCR GP#: O SALVAGE OPTION: FRACTION OF INPUT UNIY
INPUT UNITS: 0. C. 0.

FLCOR SPACE,FTee2: 0. O 0.

DESC“[P‘!ON:CIOCHRALéKi CRYSTAL GROWTH: 364" CRYSTAL, 3.40% DIAREfER' 4 PULLS.
‘ASSUMPTIONS:

le 3.40" DIAVETER WAFER,(100) CRIEANTATVICA,F-TYPE, 1-5 CN‘—CH.
2. QUARTZ LINER: 1 LINER NEEDED EVERY 44 HRS. (S2:27E-02 UNITS/HR.)

"3. PCLYSILICCN AT $.025/GARANM.
‘4o PCY SIZE CAN BE INCREASED TC ACCCMCCATE # 15 KE. CHARGE.

PCT CAN BE REFILLEC WITHCUY COOL ING DOWN. -
4 34" PULLS FRCP POT BEFCRE COOLING OCWA.
Se 3.45" CIAMETER INGDY GROWN, THEN GRCUND TC 3.40%,
6. ARGCN FARM COST NOT INCLUDED.
7. POLYSILICON INVENTCRY OF 1 PONTH FER FULLER REQUIRECL:
=1.090 KG/HR X 0.85 AVALIL. X 24 X 30 HRS/MCNTH
=670 KG INVENTCRY FER PULLER AT $2¢%/KC -
=$164750 PER PLLLER,
8+ PROCESS YIELD CEFINED AS MATERIAL YIELO FOR PROCESS.
GROWTH TINMING ESTIMATE: .

MELT DOWN 1.C HRS.

SEED SEV . 140 HRS.

PULL YIME 3 4"/HR 8.5 HRS.

TURN ARQUND - 1.0 HRS. o
SEED SET " .10 PRS.
PULL TIME @ 4"/HR . .'8.5 HRS, . N
TURN AROUND ~ © *1e0 HRS. - '
SEED SET 1.0 HRS.

PULL  TIME @ 4®"MR . 8.5 MRS,

TURN BROUNC - - . - 1.0 WRS.

SEED SET . . . 1<0. FRS.

PULL TIME 3@ 4"/HR 8.5 HRS.

CCCL DCWN 1.0 HRS.

TURN AROUNC 1.0 FRS. .

YCTAL . - 44.0 HRS.

MATERTAL USED(EBASEC UPGCN 3.45% CIAMETER BEFORE GRINCING):
LET F21/4 ¢ P 0 (2,56 CM/™)%] 2 {2,33G/CP*2]))
30" CENTEF PART: (3.45%)e#2 & (30%) * F 21C7(B8 G.3 X 4= 42032,
4" TAPER: CoB ® {4%) * [3.45)%¢2 & F = 1142 G.3 X 4= 4568.
POT LOSS (ESTIMATE) €25 G X 1= 625.
TOTAL MATERIAL LSED PER 4 INGOVS 48025. G.
GCOD MATERIAL "AFTER GRINDING TO 3.40% DIAMETER & REMOVING TAPERS:
30% CENTER SECTICNS: 4%(3.40%)%92 » 30" & F = 41600 G.
MATERIAL YIELD = 41600/48025 = (.E¢&
AVG. GROWTH RATE = 48.025 KG./44.0 KRS, = 1.090 KG/HR.

Figure 39. Coﬂtinued.

CLASS: CRYSTAL GRONTH

TRANSPORT OUTzBOX
VALUE '
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PROCEDURE
l. PRE-WEIGHED CHARGE OF SlLlCON AND DCFANT PLACED IN CUARTZ CRUCIELE.
2+ SILICCK CHARGE & DOPANT FEATED VO PROPER GRDWTH TEMPERATURE.
3. ROD WETH SEED FLACEC IN CONTACTY WINTE PELT,
4. ROD RATATED UNTIL MELVY COMES TO EQUILIBRIUY.
.5« RCTATIWG RCC SLCWLY WITHCRAWNs CAUSING SILICON YO FREEZE ONTO SEED.
€. INGOY 1S PEMOVED FRCM CRYSTAL GRCWER WHEN GRCWTH STOPS.
7. INGOT ENDS ARE CUT DFF YIELDING A 3C% CRYSTVAL.
8. INGOT 1S GRCUNG TC PRCPER DIANMETER.

INVESEMENTS
INVESTMENT NAME MAX. THRUPUT UNITS ¥ INPUT UNITS PROCESSED FIRST CCST AVAIL. AREA,FT$#2
SILTEC CRYSTAL PUULER—B6O 1.09 KG/HR 100.03 § 80000.  85.0% 450.
POT REF ILLER 1.CS KG/HR 100,03 $  %000. 85.0% 0.
CRYSTAL FULLER SFAFE PARTS 1.09 K€K - - : 10C.C% s %750. 85.0% © 0.
ARGON GAS INSTALLATICN 5.45 KG/HA : 100.03 '$  19000. - 85.0%" 0.
4—FOINT FRCBE : 1C.5C KG/HR - . 100,08 §  5000. 85.0% 0.
CENTER GRINDER 10.90 KG/HR : 160.0% $.- 1£000. 85.0% 0.
CENTERLESS GRINDEFR ‘ 19.90 KG/HR o © 100,03 $ ' 24000. 85.0% ° T 0.
CUTOFF S A ‘ 4.36 KG/HR o 100,08 $  2400. -85.0% 0.
-WATER RE—CIRCULATCR $.54. KG/HR : . 100.03 - $  13000.  85.0% 0.
LIFETIME TEST SEV 18.9C KG/HR . . 100.08 $  €DO0. B85.0% o.
ANAEAL ING FURNACE : 5.36 KG/HR o - 100.08 8§ 4500, ~ 85.0% 0.
"REICHERT RMICRCSCCFE 13.90 KG/HR ' - 100.08 $  S000. '85.0% o.
NIKCN CCMPARATCR v 1£.9C KG/HR - . © 100,08 $° 6500, B5.0% o.
*1SCELLANECUS CP 10.90 KG/HR : 100.08° $ 1£000.  85S.0% 0.
. POLYSILICON INVENTORY(3) 1.09 KG/HR © 100,08 $ 1€750. -85.0% : a.
LABOR - C o
. o (OL=DIRECY LABOR PERSONS;TL=TOVAL LAIOR PERSONS)

NAME LABOR REQUIREMENTS BASE # PERSONS/SHIFT/BASE UNIT  THRUPUT/HR/PERSON X INPUT UNITS PROCESSED
HOURLY OPERATCR  STLTEC CRYSTAL PULLER-8€0 . 4.000E-01

MAINTENANCE SILTEC CRYSTAL PULLES-860 - 1.500€-01

ENGR . SUPPORT SILVEC CRYSTAL PULLER—E6C : 6.0C0E-02

TECHNICIAN SILVEC CRYSTAL PULLER-860 1. 800E-01 .

QUALITY CONTROL  SILTEC CRYSTAL PULLER-86C 6.000€-02

MACH. ATTENDANT  SILTEC CRYSTAL PULLFR—860 2.500€-01

CLERICAL . SILTEC CRYSTAL PULLEA-860 8.300€-02

FORENAN oL 1.000E-01

Figure 39. Continued.
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- : ANNUAL SUPPLIES/EXPENSES
EXPENSE ANAME FIXED FARY VARTABLE PARY UNITS BASE

POLYSILICON - C.0 1.CCCE+03 GM, PER TNPUT UNIT, S UNITS= 100.0% :
CGPE CELL : C.0 5.88CE-02 UNITS PER AVAILABLE INVESTMENT-HOUR CF SILTEC CRYSTAL PULLER-860
SEED CG.0 3.270¢-03 UNITS PFER AVAILABLE INVESTMENT-HOUR OF SILTEC CRYSTAL PULLER-860
ELECTRICITY . G0 €.CCCE+O1 K, PER AVAILABLE INVESTMENT-HOUR OF SILTEC CRYSTAL PULLER-B¢€C
ELECTRICITY C.0 6.000E+00 KWH, PER AVAILABLE INVESTMENT-HOUR CF CENTER GRIANDER
ELECTRICITY G. 0 6.000€+00 KWH. PER AVAILABLE INVESTMENT-HOUR OF CENTERLESS GRINDER
ELECTPICITY - : C.0 3.00CE+OC K, PER AVAILABLE INVESTMENT-ECUR CF CUTQFF Saw
ELECTRICITY : C.0 4.000E+00 KWH. PER AVAILABLE INVESTMENT-HOUR CF WATER RE-CIRCULATCR
ELECTRICITY (.0 - 1. 0CCEeOC Kt PER AVAILABLE INVESTMENT—FHOUR OF LIFETIME TEST SET
ELECTRICITY C.0 1.5CCE+01 KWH. PER AVAILABLE INVESTMENT-HCUR CF-ANNEAL ING FURNACE
FLECTRICITY C.0 1.000€+00 KWH. PER AVAILABLE INVESTMENT-HOUR OF 4—-POINT PROBE
ELECTRICITY .0 5.COCE+00 KW . PER AVAILABLE INVESTMENT-HOUR OF MISCELLANEQUS CP -
QUARTZ LINER g.0 2.,270€-02 UNITS PER AVAITLABLE INVESTMENT-HOUR CF SILTEC CRYSTAL PULLER-860
GRAPHITE .CRUCTBLE HFLDEP C.0 4.900E-03 UNITS PER AVAILABLE INVESTMENT~HOUR OF SILTEC CRYSTAL PULLER-86C
ARGCN C.0 2. 2TCF+0¢ Cree) PER AVAILABLE INVESTPENT-HCUR CF SILTEC CRYSTAL PULLER-86C
SHCP SUPPLIES G.0 6.500E-01 $ PER AVAILABLE INVESTMENT-HOUR CF SILTEC CRYSTAL PULLER-B6O
MISCELLANEQUS SUPPLIES c.0 €.50CE-01 $ PER AVAILABLE INVESTMENT-HOUR CF SILTEC CRYSTAL PULLER-8¢C
0.0 1.39CE+0C $ PER AVAILABLE INVESTMENT-HOUR CF SILVEC CRYSTAL PULLER-860

MISCELLANEQUS CRYSTAL GRCWTH

Figure 39. Continued.
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ESTIMATE DATE:09/2C/17 BY:DAVE RICHMAN, X3207, RCA LABS, E-3214 CLASSIMAFER SAMING

CATEGCRY : PROCESS CEFINIT ION TECHNOLOGY LEVELINEAR FUTURE WATERIAL FCRNI3.40° WAFER -
INPUT UNIT:KG. CUTPUT UNIT:SKEETS TRANSPORT IN2BOX TRANSPORT OUT:500 SHEET CASSETTE
PROCESS YIELD: 98.0% YIELD GROMTH PRCFILE: C
IMPUT UNIY SALVACE FACTCR: 0.0 FACTCOR €P#: 0 SM.VAGE OPTIONIFRACTICA OF INPUT UXKIT VALUE
CELL THICKNESS:1C.C MILS, CELL ETCH LCSS: 1.0 PILS. CELL KERF LOSS: 8.0 MILS.
INPUT UNITST  C. c. 0.
FLCOR SPACE,FTes2: c. o. 0.

DESCRIPT ION: SLICING OF 15% CRYSTAL lNYC' 3.4C" DIAMETER WAFERS

ASSUMPTIONS:
1. 3.40% DIAMETER BAFER.(L00) CRIEATATICNGF-TYPE, 1-5 OMM-CM.
2. 15" LONG CRYSTAL,' 19 MILS PER SLICE.
(30" CRYSTAL ES ASSUMED TO BE SANED INTO TMO 15% CRYSTALS.)
1S MILS= 13 MILS FINAL WAFER ¢ 1 PILS ETCH LCSS ¢ 08 MILS KERF.
3., WAFERS PLACED INTQ :ASSETTE AUTOMATICALLY AFTER SAMING.
4., OTHER IANVESTMENTS:
GRAPHITE STICK CRVSTAL MOUNTING FEATURE:$36C, 7. YR. LIFE.
CRYSTAL MCUNTING ELOCK: $85, 1 YR. LEFE.
VGRA'PHITE PLLG=82, 1 YR, LIFE.
ALUMINUM BLOCK:$8, 7 YR. LIFE.
5. EXPENSE [TEMSZ ) .
CRYSTAL MOUNTING COST AT $.08/INK. FCR STYCAS?2$2.00E~3/WAFER: ($.08 X 30%)/0140 WAFERS/IN. X 30%/CRYSTAL)
BLADE COST=$10.51/M%%¢2 X (1M/1COCM) 992 & {58 SECASS2/KAFER) ¥ 23.6 RAFERS/HR =8$1.46/HR.
SLURRY 7QSV:$7,43/M892 X (1M/100CM)942 X (58.58CP*#2/WAFER) X 23,6 WAFERS/HF. = $1.04/HR.

INVESTPENTS

INVESTPENT NAME MAX . TFRUPUT UNITS t IKPUT UNITS PROCESSED FIRST CCST AVAIL. lREA'FT“Z
VARTIAN MULTIBLADE SAW h 23.50 SHYHR -100.0% 8 20000, 85.0% 60.
CISHING GAUGE 16%..2C SH/HR 100.0% $ 150. 85.08 O.
GIAPHITE STICK. CFYSTAL MCURT 23450 SHIWR 100.0% $ 360. 85.0% 0.
CRYSTAL MOUNTING BLOCK . 23,00 SHIHR 100.0% 85. 85.0% 0.
GRAPHITE PLUC 23.50 SHYHR 100.0% ¢ 2. 85.0% 0.
ALUMINUM BLOCS 2350 SHIKR 100.CT $

(DL=DIREC1 LABOR PERSONS:TL=TOVAL

LAECR

8. 85.0% 0.

LABOR PERSONSI

NAME* LABCR REQUIREMENTS BASE s PFFSONS/SHIFI’IBASE UNIT THRUPUT /MR /PEF.SON T INPUT UNITS PRCCESSED

HIURLY OPERATOR VARTAN" MULTIBLADE SAS ) 1.000€E-01

FAINTENANCE VARLTAN MULT IBLADE SAM ' - 1. 5C0E-01

MACH. ATTENDANT  VARIAN MEBLTIBLADE SAW 6.300€-02

FCREMAN [+ 8 1. 0COE-01

ANAUAL SUPPL IES/EXPENSES

EXPENSE NAME FIXED PARY VARIABLE PART UNITS BASE

SAW BLADES-VAFIAL .00 1.460€+00 $ PER AVAILABLE INYESTMENT-HOUR OF VARIAN MULTIBLADE SAW

SLURRY 0.0 1.040€+00 $ PER AVAILABLE [INVESTMENT-HOUR OF VARIAN MULTIBLADE SAW

MCUNTING MATERIAL 0.0 €.S60E-02 $ PER AVAILABLE INYESTPENT-HCUR CF VARIAN MULTIBLACE SAW

ELECTRICITY 0.0 - 4.400£400 KWH. PER AVAILABLE INWESTMENT-HOUR CF VARIAN MULTIPLACE SAW

WAT ER-COOL ING 0.0 3,8CCE+04 Coee3 PER AVAILABLE INVESTMENT-HOUR OF VAR IAN MULTIBLADE SANM
- SLLDGE REMCVAL 0.0 1.000€-03 $ PER INPLT UNIT. % UNITS= 100.0%

Figure 40. Process parameters - wire sawing. ’ .
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_( ESTINATE CATF:09/20/77 BY:DAVE RICHMAN, X3207, RCA LABS, E-321A CLASS:WAFER. SAMING

CATFGORY :PROCESS DEFINITICN TECHAOLCGY LEVELZNEAR FUTURE MATERIAL FORM:3.40% WAFER
INPUT UNIT:KG. CUTPUT UNTT:SHEETS - TRANSPCRT [K:8BCX TRANSPORT OUTZ500 SHEET CASSETTE
PROCESS YIELD: 98.0% YIELC GRONTH PROFILE: O ‘
INPUT UNTT SALVAGE FACTCR: C.0 FACTCR GP#: O ° SALVAGE CFTICN:FRACTION OF INPUT UNIT vamus
CELL TFICKNESS:10.0 MILS. CELL ETCH LOSS: 1.0 MILS. CELL KERF LCSS: 4.0 MILS. :
INPUT UNITS: T 0. 0. 0. : T
FLOOR SPACE,FTe#2: c. c. T »

DES(iRlPTlCN:SLICIhG CF 15" CRYSTAL INTO 3.40" DIAMEYER WAFERS

i ’ ASSUMPTIONS :
lo 3.40%" CIAMETER WAFER, (100) ORIENTATION(P-TYPE, 1-5 CHM-CP. T
2. 15% LONG CRYSTALy L5 MILS PER SLICE. .
(30" CRYSTAL IS ASSUMED TO BE SARED IANTC TwC 15% CRYSTALS.)
15 #ILS= 10 MILS FINAL WAFER ¢ 1 MILS ETCH LOSS ¢ 04 MILS KERF.
3. WAFERS PLACED INTC CASSETVE AUTCPATICALLY AFTER SAWINC.
4. OTHER INYVESTMENTS:. )
GRAPHITE STICK CRYSTAL MOUNT ING FEATURE: $36Cy 7 YR. LIFE.
CRYSTAL MCUAYING BLCCK:$85, 1 YR. LIFE.
CRAPHITE PLUG:282y 1| YR, LIFE. -
ALUPINUP BLCCK:$84 7 VR. LIFE.
5. EXPENSE [TEMS:
CRYSTAL MOUNTING COST AT $.08/IN. FOR STYCAST=$2.00E—-3/WAFER: (3.08 X 30%)/(40 NAFERSIIN. X 30'/CRVS'ALD
BLADE CCST: $260/2000 WAFERS = $.13/WAFER,
$. 13/WAFER X 11 WAFERS/HR = $1.43/FR.
SLURRY CCST:87.48/M%92 K (1M/100CM)*92 X (58.58CMe*2/MAFER) X 11.0 WAFERS/HR = $0.48/HR,

INVESTMENTS

INVESTMENT "HAME - ’ MAX. THRUPUT UNITS S INPUT UNITS PRCCESSED FIRST CCST AVAIL. AREA,FTe92
YASUNAGT WIRE SAW . 11.00 SE/FR 100.0% § 30000. 85.0% 60.
DISHING GAUGE 77.0C SH/HR 100.0% 150. 85.0% Ce.
GRAPHITE STICK CRYSTAL MOUNT - 11.00 SH/HR 100.02 $ 360.  85.0% : 0.
CRYSTAL MOUNTING BLOCK 11.00 SH/ER © 100,08 $ 85. 85.0% 0.
GRAPHITE PLUG 11.00 SH/HR ' - 100.0% s 2. 85.0% 0.
ALUMINUM 8LOCK " 11.00 SH/HR. : 100.08 $ 8. 85.0% 0.
LABCP
(OL=DIRECT LABOR PERSONS;TL=TOTAL LABOR PERSCNS)
NAME LABOR REQUIREMENTS BASE # PERSCAS/SHIFT/BASE UNIT THRUPUT/HR /PERSON ~ 8 INPUT UNITS -PRCCESSED
HOURLY OPERAYCR YASUNAGI WIRE SAM 1. 0CCE-C1 -
MAINTENANCE YASUNAGI WIRE SAW N 1. 5C0E-01
MACH. ATTENDANT YASUNAGI MIRE SAM 6.300€-02
FOREMAN oL ’ . 1. 0COE-01
: ARNNUAL " SUPPL IES/EXPENSES
EXPENSE NAME FIXED PARY VARIABLE PARY UNITS BASE
SAN BLADES-YASUNAGI 0.0 l.430€¢0C  § "PER AVAILABLE INVESTMENT-HOUR OF YASUNAGI WIRE SAW
SLURRY 0.0 ) 4.800€E-01 $ PER AVAILABLE INVESTMENT-HOUR OF VASUNAGI WIRE SAM
MCUNT ING MATERIAL : 0.0 : 6.960E-02 $ PER AVAILABLE INVESTMENT-HOUR OF YASUNAG! WIRE SAW
ELECTRICITY 0.0 . 6.000E-01 KWH. PER AVAILABLE INVESTMENT—HOUR CF YASUNAGI WIRE SAW
WATER-COOL ING .. 0.0 . 3.800E¢04 CM#%3 ~ PER AVAILABLE INVESTMENT-HOUR OF YASUNAGI WIRE SAW

SLUDGE REMOVAL ) 0.0 ) 7.000e-03 s PER INPUT UNIT. % UNITS= 100.0%

; Figure 40. Continued.
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ESTIMATE CATE:08/02/7T BY:DAVE RICHMAN, 23207, RCA LABS, E-321A ' . CLASS: ETCH

CATEGORY :PROCESS DEFINITION TECHAOLCGY LEVELSNEAR FUTURE MATERIAL FORM:3.40% MWAFER )
INPUT UN IT3SHEETS OUTPUT UNIT:SHEETS TRANSPCRT IN:500 SHEET CASSETTE TRANSPORY OUT:500 SNEET CASSETTE
PRCCESS YIELC: 99.0% VY IELD ‘GROWTH PRCFILE: O :
INPUT UNIT SALVAGE FACTICR: 0.0 FACTCR P8z O SALVAGE CPTION:FRACYION OF INPUT UNIT VALUE

INPUT UNITS: 0. C. C.
FLCOR SPACE FTes2: - 0e . 0. 0.

DESCRIPTION:WAFERS ARE ETCHEO - 1.5 MILS PEX SIDE TG REMCVE SAW CAMAGE.

ASSUMPTIONS:

le 3.40" DIAMETER WAFER,K100) CRIENTATICA,F-TYPE, 1-5 CHM—CH.
2. 500 WAFERS/TEFLON CASSETYE -
3. | TEFLCN BCAT PER TANK; 2 TANKS PER SYSTEM, : :
%e 7.5 CYCLES/HR X 2 BOAES/CYCLE X 500 WAFERS/BCAT=TS00 MWAFERS/KR.

18 PIN. RINSE CYCLE 15 LINITING FACTOR.S
S. L OPERATOR RSCUIREC FLR 2 SYSTENMS,
6. NOTE: SYSVEM COSY ESTVAMATED TD BE $30,00C. $15,000 FOR ElCKUP.

TOTAL SYSTEM COST=$45,000 WITH BACKUP.

T ACID MIXTURE CCST: $5/GAL. X 1GAL./50 MAFERS = $.10/MAFER

RECYCLE OF ACID SAVES 30%. THEREFORE, 3.C1/NWAFER,

.- PROCEDURE
1. TEFLON CASSETTE PANLALLY INSERTEC IN TANE (1 MIN.) .
2. 3 PINUTES IN FOT +F/7ACETIC/NITRIC ACID MIXTURE, WZTH AGITATICN,
3, AUTOMATIC TRANSFER TO L1ST CASCADE RENSE, 8 MIAUTE RINSE.

4. AUTCNAT IC TRANSFER TO 2ND & 3RD RINSES, EACH ABOUT 3 MINUTES.

5, AUTCMATIC TRANSFER 1C KHCT AIR TUNNEL. CRY FCR 8 PINUTES.

' INVESTHMENTS
IAVESTRENT NAME MAX. THRUPUT UNITS ¥ INPUT UNTTS PROCESSED FIRSY COST AVAIL. AREA,FTee2
NAFER ETCHING STATICNI®) 7500.00 SH/KR 100.08 3 45000. 85+ 0% 200.
LABCR
. ’ (CL=DIRECT LABOR PERSCNS;TL=TOVAL LABGOR PERSOHS) :

NAME LABCR REQUIREMENTS BASE # PERSCAS/SHIFT/BASE UNIT THRUPUT/HR/PERSDON 8 INPUT UNITS PRCCESSED
HCURLY OPERATOR WAFE®R ETCKING STATION(D) %.00CE-DL o
MALNTENANCE © WAFER EVCHING STATION(E) S« 000E-02

FOREMNAN oL ‘ . $.000E-02

oo . ANNUAL . SUPPLIE S/EXPERSES

EXPENSE NAME FIXED PARY VARIABLE PARY UNITS BASE
- ELECTRICITY s 0.0 3.5C0E+0} Ko, PER AVAILABLE INVESTMENT-HOUR OF WAFER ETCHING STATIONEB)
HFYACETIC/NITRIC lle’UR*- 0.0 : 1.000€6-02- §. PER INPUT UNIT, T UNITS= 100.0%

DE-IONIZED WATER ’ 0.0 1.230€¢06 CHee3 PER AVAILABLE INVESTMENT-HOUR OF WAFER ETCHING STATICA(8)

Figure 41. . Process parameters .- etch and clean.
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DESCRIPT!FN LIOUID OIFFUSICN SCURCE & SILICA SPUN CK'O EACK SICE OF WAFER

o P : .. - ASSUMPTICAS: .
L. 3.40% CIAMETEE WAFEF, (100) GRIERTAT ICNsP-TYPE, 1-5 OHM=CM.
2. 50C WAFERS/CASSETIE -
3. FACI> MACHINE +AS 3 TRACKS: EACH TRACK HANDLES 24C WAFER/HR.
4. CNE DPERATOR FER 3 SPINNERS
5. NITEzUNTFORMITY OF DIFFUSION FRCP SFIA~CA REEDS STUCY.
. NOTE: [IN-HCUSE SCURCE NEEDS YO BE.DEVELOPED.
7. SPIN-CN SCURCE AT $6.00/LITER. 0.8CW&#3 NEECEC FCR EACK SICE.
SILICA AT $6.CO/LITER. 1.6CM*3 NEEDED FCR BACK <IDE.
8. BAKE (OVEN LCNG EANCUGKH, TACLUDES MICROPROCESSOR-CONTROLLED BUFFER STORAGE TO BALANCE -LCAD.
9. RNOM REQUIREMENTS: DRY,CLEAN FILTERED AIR, 2830 LITERS/HR/SYSTEM. EXHAUST WITH FUME SCRUBBER

. PR(CEDLPE

1. hAFERS BRE lOADEE FFCP CASSETTE TC TRACK TC SPINCLE.
2. CAPILLARY DISPENSES C.7-0.8 CH2*3 (OF SCURCE(+0.2 (NM*x} SPlLlﬁGE). L15-SECONC SPIN CYCLE.
3. WAFERS UNLOAOELC INTO EAKE OVEN CQONNECTED TO SPINNER.
4. WAFERS MOVED TC SECCND SPINMNER,
5+ CAPILLARY DISPZNSES 0.7-0.8 CHe*3 CF- sxucnuc.z CMee3 SPILLAGE)}. 15 SECCND SPIN CYCLE.
6. WAFERS UNLCADED INTC EAKE OVEN CCNNECTEC TO SPINNER.-
Te WAFERS MOVFD: TC THIRD SPINNER, -
3. CAPILLARY CISPENSES 0.7-0.8 CNe%3 OF SILICA{+40.2 CM#93 SPILLAGE). 15 SECGND SPIN CYCLE.
9. WAFERS UNLOADED INT(C BAKE OVEM CCANECTEC TC SPINNER. ,

WAFERS UNLOADED INTO SILICON BDAT.

TO REMOVE TOXIC

-

ESTIMATE CATE:08/01/77 BY:FRED MAYER, X&334, SCMERVILLE, ICNE 8 CLASS:DIFFUSION
CATECORY:PROCESS CEFINITICN TECHFNOLOGY LEVEL:INEAR FUTURE MATERIAL FCRM:3, 40" WAFER
INPUT UNIT:SHEETS CLUTPUT UNIT:SHEETS TRANSPCRT (IN:500 SHEEV CASSETTE TRANSPORT OUT:SILICCM BCAT
PRCCESS YIELD: 95.C2 YIELD GROWTH PROFILE: C
- INFLT UNIT SALVAGE FACTICR: 0.0° ., FACTCR CPa: O - SAUVAGE:--OPTION:FRACTION OF INPUT: UNIT VALUE
INPUT UNITS: C. 0. C.
FLOCR SPACE,FT#a2: 0. 0. C.

(AS) VCLATILES.

) . . INVESTMENTS
INVESTMENT NAME " MAX, THRUPLT UNITS 2 IM’UT UNITS PROCESSED FIRST COST AVAIL. AREA,FT=e2
11T MCDEL 3 SPINNER-3 TRACKS 720.00 SH/HR 100.0% 40000. 85.02 60.
[11 MCDEL 3 TVEN-3 TRACKS I[N . 720.00 SH/FR 10C.c2 s 20000. 85.0% 60.
I11 MODEL 3 5PINNER-3 JRACKS . .72C.0C SH/HR 100.0% ¢ 40000. 85.0% 6C.
111 MCDEL 3 CVEN-2 TRACKS [N - "720.0C SF/FR - " 100.0% s 20C00. 85.0% 60.
[T MODEL .3 SPINNER-3 TRACKS 7120.00 SH/HR 100.0% s 40000. 85.0% 60.
111 MODEL 3 OVEN-2 TRACKS (N 712C.CC SH/HR 100.0% 20000. 85.0% 60.

LABOR .
(OL=DIRECT LABOR PERSCNS; TL‘TOTAL LABOR PERSONS)

NANME . LABOR REQUIREMENTS BASE # PERSONS/SHIFT/BASE UNIY THRUPUT/HR/PERSON % INPUT UNITS PROCESSEC
HOURLY OPERA "OR 111 MCOEL 3 SPINNER-3 TRACKS 3.3306-01
FOURLY OPERATOR 11l MODEL 2 CVEN-2 TRACKS IN 3.330F-01
EMGR. SUPPCRY 111 MCDEL 3 SPINNER-3 TRACKS 5.000E-03
MAINTENANCE I11 MCDEL 3 SPINNER-3 TRACKS . 1.500€E-01 - .
MAINT ENANCE 111 MODEL 3 CVEN-3Z TRACKS 'IN - "+ -5,0C0E-02 T -

FORE PAN CL - €. 000E-C2

Figure 42. Process parameters - spin-on source
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ESTIMATE CATE:08/01/77T BYUKL ROUNLCTREE, X7022, SOMERVILLE, ZICNE @

CATEGORYSPROCESS O
INPUT UNITVISHEETS

PRDCESS VIELD: 99.0%

INPUT UNIT SALVAGE

INPUT UNITS:
FLCOR SPACE,FTee2:

CLASS:DIFFUSICA

EFIALTICA TECHAMCLCGY LEVEL:KEAR FUTURE WMATERTAL FORMZ3,40% WAFER '
OUTPUT UNIT:SHEETS

a. 0a
C. 0.

YIELD GROWTHE PRCFILE: D
FACEIDR: 0.0 FACTCR GP8: O

°Q
O.

SALVAGE OFTICN: FRACTION OF INPUT UNIT YALUE

TRANSPCRY INISILICCN EOAT TRANSPORT OUT:500 SHEET CASSETTE

'.\ .

DESCRIPT ION: OOPANT -SOURCE ' €Y OECOMPOSITION OF POCL3 IN A DIFFUSICN FURNACE.

ASSU

1. 3.40" DIAMETER WAFER,(1(C] CRIEANTATICA,P-TYPE, 1-5 CHP-CP,

2. BACK SIDE OF Wa

FER PROTECTED WITH SILICA.

MPTIONS: s

3. 4-TUBE POCL3 FURNACE COSTS $70K, TANCLUDING FURNACE LINERS & COILS

PADDL ES NEEDED

70 LOAD & UNLOAD FURNALE.

135FTee2 FCR FORNACE & 140FTes2 FOR OPERATOR NEECED PER SYSTENM.
4. 25 30"-SILICOM BOATS NEEDED FOR EACH & TUBE POCL3 FURNACE.

BCATS CCST 345

PER ENCK.'

PROC

EDURE

l. INCOMING WAFERS LOACED IN SILICCGN BCATS CCATAIMING 500 MAFERS.

2. BOATS LOADED 1u
3. 1 HR CYCLE.
4. BOATS UNLOABEO

TO FURNACE VIA PADDLES.

FROM FURMACE VIA PAOOLES.

-

Se WAFERS LOACED INTC 500 WAFER CASSETTE FOR TRANSFER TO NEXT STEP,
USING CLAM-SHELL UNUCADER AND CASSETTE STACKER.

INVESTMENT NAME

PCCL3 DIFFUSICN F U
PCCL3 FURANACE LINE
PCCL3 FURNACE ?2AC)
POCL3 FURNACE COIL
CLAM-SHELL UNLZACE
CASSETTE STACKRER

2% 30%-S IL ICON BOA

" NAME

HOLURLY OPERATCR
ENGR. SUPPORT
MA INT ENANCE .
MACH. ATTENDANY
FOREMAN

EXPENSE NAME
ELECTRICITY -
PHCSPHCRUS OXYCHLC
NITROGEN

OXYGEN

MAX. THRUPUT UNITS

RNACE (B) 2000.30 SHAHR
RSB 2CCC.GC SHAHR

LES(BH) 2000.00 SE/+R
S(B) . 2CC0.CO SHAHR
R 2000.€0 SHAHR

" 2000.00 SH/ER

s 20CC.CC SHHR'

INVE

T INPUT UNITS PROCESSED

LABC

STMENTS
FIRST CDST AVAIL. AREA,FTe22
. 1%0.0% $ 66600. 85.0% 27S.
100.C% S 5600. 85.0% 0.
100.0% s 8a0Q. 85, 0% Q.
100.0% 8000, 85.0% C.
100.08 s 3000. 85.0% Q.
100.0T8 $  15000. as5.0% 0.
100.0% $ 33750. 85.0% 0.

R

(CL=CIRECT LABOR PERSONS ;TL=TOTAL LABOR PERSONS)
# PERSONS/SHIFT/BASE UNIT THRUPUT/HR/PERSON S INPUT UNITS PROCESSED

LABOF. REQUIREMENTS BASE
PCCL3 OIFFUSION FURNACE(R)
POCL] DIFFUSION FURKACE(B)
POCL3 DIFFUSION FURNACELD)
POCLI OLFFYSION FURMACE(R)
oL .

ANNUAL

FIXED PARY VARIABLE PART

o.o
RIDE 0.0
0.0
o.c

4. CCCEQ]
2.940€-01

1.900E«03 .

4.608CE+Q1

SupPP
UNITS
Km.
Gm,
Crsel
CHss3

2.5C0E~-01
2.500€-02
1. 5CCE~OL
1.000E-01
5 .000€-02

LIES/EXPENSES
BASE
PER AVAILABLE INVESTNENT-HOUR CF POCL3 DIFFUSION FURNACE(B)
PER INPUT UNIT, X UNITS= 100.0%
PER INPUT UNIT. % UNITS= 100.C%
PER INPLT UNIT. £ UNITS= 100.0%

Figure 43. Process parameters -— P0C13 diffusion.
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ESTIMATE DlTE:OBIOlI;Y BYIFRED MAYER, X6334, SCMERVILLE, ICNE 8 - CLASS:GRINDING

CATECGORY :PROCESS DEFINITION TECHNOLOGY LEVEL:NEAR FUTURE FATERIAL FCRMZ3.40% WAFER
INPUT UNITVISHEETS OUTPUT UNTT: SHEETS TRANSPORT IN:500 SHEET CASSETTE  TRANSPCRT OUT:500 SHEET CASSETTE
PROCESS YIELD: 95.0%8  YIELD GROWTH PRCFILE: 0
INFUT UNIT SALVACE FACTOR: D.0  FACTOR GP#: 0 SALVAGE OPTIONIVALUE IAS
INPUT UNITS: 0. 0. 0.
FLOOR SPACE,FTee2: c. c. c.

NESCRIPTICh:WAFER EDCE (S PCLISHEC TO MOVE P-N JUNCTION OFF EDGE.

ASSUMPT IONS:

le 3.40% DLAMETER MAFER, (1CC) ORIENTATION,P-1YPE, 1-%5 CHN-CP,
2. 500 WAFERS/CASSETTE. MACHINE HOLDS 1 CASSETTE.

NOTE: HEAOWAY CONTOUR GRINDER HOLOS 10 CASSETTES, 25 WAFERS PER CASSETTE. SINILAR COST -ASSUMED FOR ABOVE SYSTEM,
3. 1 CPERATOR REQUIREC FOR & MACHINES.
4. NOTE: TIME FOR GRINDING NEEDS TC BE VERIFIE(.
5. NOTE: CLEANLINESS HAS TO BE VERIFIFEOD.
6. WAFERS ARE ROUND (AC FLATS).
Te 3CCC WARERS/HR, ASSLMING & PICRC(AS REFCVEC PER WAFER CUT.
8. WATER CCNTAINS RUST INHIBITOR AND IS CONTINUOLSLY FILTERED WITH DIAYOMACICLS EARTHE FILTER.

PRCCEDURE
la OPERATOR LOADS MACHINE WIW 1 CASSETTE.
2. (5 TRACK)Y MACHINE EXTRACTS 5 WAFERS FROM CASSETTE,
3. L WAFER PLACED CN EACH TRACK (PARALLEL, IMN WATER) v
4. WAFER HELC AGAINST FLEXIBLE PLASYIC OISK HEAVILY LOADED wIVH DIAMOND DUST. RIM POLISHED CFF,
S. WAFERS RINSEOD ANC SPUN CRY.
6. MACHINE LCADS WAFERS INTQ CASSEVIE. .
7. SECUENCE REPEATEC 100 ACOIT ICNAL TIMES PER CASSETVE.

INVESTMENTS
INVESTMENT 'NAME MAX, THRUPLY LNITS % INPUT UNITS PRCCESSED FIRST COST AVAIL. AREA,FT#92
HEADWAY CCNTCUR GRINDER 2700.00 SH/HR T .| 100.C2 % 54000. 85.0% 60.

LAECR

(DL=DIRECY LABCR PERSCAS;TL=TCTYAL LABOR PERSONS}
NAWE : LABCR REQUIREMENTS EASE # PERSONS/SHIFT/BASE UNIT THRUPUT/HR/PERSON £ INPUT UNITS PRCCESSEC
HOURLY OPERATOR HEADWAY CONTGUR GRINDER 2.500€E-01
ENGR. SUPPCRT FEACWAY CONTOUR GRINDER 1, CCOE~02
MACH. ATTENDANT FEADMWAY CCATCUR GRINCER . e 5.000E~-02
FORENAN oL 5.000€-02
ANNU AL . SUPPLIES/EXPENSES

EXPENSE NAME FIXEC PARY VARISBLE PaRT UNITS BASE
ELECTRICITY C.0 3.CCCE-01 KhHe PER AVAILABLE INVESTMENT-HOUR CF HEADWAY CONTOUR GRINDER

DIAMCND BLADES,ETC. 0.0 . 2,220€-02 $ PER INPUT UNIT. T UNITS= 100.0%

Figure 44. Process parameters ~ edge polish.
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ESTIMATE CATE:03/01/7T 'BY:FRED MAYER, Xl334p SOMERVILLE, ZONE g ' ' CLASSS EVCH

CATEGORY:PROCESS DEFINIZION .~ TECHNOLCGY LEVEL:NEAR FUTURE - MATERIAL FORM:3.40% WAFER
INPUT UNET:SHEETS -  OUTPUT UNIT:SHEETS TRANSPCRT: [N2500 SHEET CASSETTE TRANSPORT OUT:500 SHEET CASSETTE
PRCCESS YIELD: 39.0% - “ IELD CROMTH PRCFILE: G : T T
INPLT UNIT SALVAGE FACTOR: 0.0 FACTCR GP#: O SALVAGE OPTICN:FRACT ION OF INPUT UNTT. VALUE
INPUT UNITSE © - 0. - c. <. 4 :

FLCCR SPACE,FT®2: 0. 0. - 0.
OESCRIPTIONZOXEDE 1S RE4OVED IN HF

ASSUHPYICNS'
1. 3.40" DIAMETIER WAFER,(100). CRlEk'ﬂTlC\ F—TYPE; 1-5 CHM-CHM, ’ :

2. 500 WAFERS/POAY X 1 BOAT/CYCLE X lZ CVCLE‘IHR’ 6€CO hAFERSINR

3.-2 STATICNS FER CPERAICR . )

4. NEED 1C00 LITEFS/HR DF WATER, : ' '

S. NEED 98 ML MF RER 1000 MAFERS . COST=!1.(E§--3 5IG X l.lBGICF“B' l 23E-3SICH.‘3.

PROCEOURE
l...1 TEFLCN CASSETTE LGADEG INID EYCH llhl C('lllhth KF,
2.5 MINUTE ETCH PERIOC,
3. AUTOMATIC TRANSFER 'VI'A ®WAFER CARIRIDGE TRARSFER ARM® TO THE. FIRSI RlNSE TANK (SHAHBELAN DESIGN).

" 4. 5 MINUTE RINSE IN LST,, 2NDy € 3RD RINSE TAAK‘ (ALTO YRANSFEF).

Se. WAFERS HOV AIR CRIEC.

lNVESYNENYS

INVESTMENT NANE T L MAk. THRUPGT URITS B INPUT UNITS PRCCESSED rxnsr COST  AVAIL. AREA,FT#s2
OXIDE STRIP SYATICN(BY . - . - '6000.00 SH/HR _100.0: s aqonu. 85.08 964
coeo . LAECR ' T
R T IDL=DIRECT LABOR PERSCNS; TL=TOTAL LABOR PERSENS)
NA ME LABCR REQUIREMENTS BASE' . - # PERSONS/SHIFT/BASE UNIT THRUPUT/HR /PERSON % INPUT UNITS PRCCESSED
HOURLY OPERATOR  OXIDE STRIP STATICA(BI 5 .000E-01
-~ MAINTENANCE OX1CE STRIP STAYICN(BI 1.5CCE-01
. FOREMAN oL . , 5.000E-02
: : R ANNUAL SUPPLIES/EXPENSES
EXPENSE NAME 7 7 U FIXED PART  VBRIABLE PART  UNITS  BASE
ELECTRICTTY - St 8.0 - 3.000E401  KWM. PER AVAILABLE INVESTMENT-HOUR OF OXIDE STRIP STATION(S®)
HYDRCFLUCRIC ACIC - - -~ C.0 9.80CE~-02 CPss3  PER INPLT UNIT. T UNITSs 100.0%

DE-TONIZED WAEER .. . 00 . 1.23CE+086 CM#92 PER AVAILABLE INVESTMENT-HOUR CF OXIDE STRIP STATION(R)

j?igure 45. Process parameters - glass removal.



ESTIMPATE CATE:07/28/77 BY:DAVE RICHMAN, X2207, RCA LABS, E-321A

CATEGORY:PROCESS OEFINITION TECHAOLCGY LEVEL:NEAR RUTURE  MATERIAL FORM: 3.40" MAFER
INPUT UNIT:SHEETS OUTPUT UNIT: SHEETS TRANSPCRY IN3500 SHEET CASSETTE
PROCESS YIELC: 99.0% YIELD GROWTF PROFILE: O
INPLT UNIY SALVAGE FACTYOR: 0.0 FACTCR GP#: O SALVAGE OPTION:VALUE INS

INPUT UNITS: 0. C. 0.
FLCOR SPACE,FTe32: 0. 0. [+ 2%

DESCRIPTION:POST DIFFLSION 4—-POINV PRCBE RESISTIVIVY MEASUREMENT

. ASSUMPTIONS:
le 3.4C" DIAMETZR BAFER,(100) CRIENTATICA,F-TYPE, 1-5 CHM—CHM.
2. L1003 MAFER SHEET RESISTIVITY 1EST.

CLASS:VESY

TRANSPORT OUT:500 SHEEY CASSETTE

. PROCEDURE

L. QPERATOR LOAD S CASSETTE INTC PACKHINE.
2. WAFERS AUTCMATICALLY FED TO TEST EQUIPMENT.
3. WAFERS SORTED INTC MAGAZINES.

: . . INVESTMENTS
INVESTMENT NAME MAX . THRUPUT UNITS L INPUT UNITS PROCESSED FIRST CCST AVAIL. AREA,FTss2
SILTEC WAFER SCRTER-PRCBE 1450.00 SH/HR . 100,02 s 150000. 80.0% 200.

LABCR
(CL=DIRECY LABOR PERSONS:;TL=TCTAL LABCR PERSCNS)
NAME LABCR REQUIREMENTS PASE # PERSCAS/SHIFV/BRASE UNIT THRUPUT/HR/PERSON X INPUT UNITS PRCCESSED
FCURLY CPERATCR SILTEC WAFER SORYER—PROBE 2.5CCE-01
MA INTE NANCE SILTEC WAFER SCRTER-PRCEE 2.0CCE-01
FOREMAN oL 1.000€-01
ANNUAL SUPPLIES/EXPENSES

EXPENSE NAME - FIXED PARY VARIAEBLE PART UNITS BASE
ELECTRICITY 0.0 5. CCCE+OC KWH . PER AVAILABLE INVESTMENT-HOUR OF SILTEC WAFER SORTER-PROBE

Figure 46. Process parameters - inspection.
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ESTIMATE DATE:08/C1/77 BY:WERNER KERN, K20S%, RCA LABS, 03-076 CLASSIMETVALLIZATION .

CATEGORY:PROCESS DEFINITICN TECHNCLCGY LEVELZNEAR FUTURE MATERIAL FORM: 3.40" WAFER
- INPUT UNITISHEETS OUTPUT UNIT:SHEETS .. TRANSPCRYT IN2500 SHEET CASSETT: TRANSPORT OUT:500 SHEET CASSETTE
PRCCESS VIELD: 38.0% YIELLC GROWT+ PRCFILE: O
SUBPROCESS USED: SCREEN PRINVY WAFER REWCREK - 21.00% CF INFUT PROCESSEC
IAPUT UNIT SALVAGE FACTBR: 0.0 FACTOR 6P#: © SALVAGE OPTEON:ZVALUE (NS
INPUT UNITS: O« Oe O.
FLCOR SPACE,FTe2: C. Ce Ce

DESCRIPYICA:SCREEN PRINTING -AND SINTERING CONCUCYIVE NETWORK-FRONTV

N ‘ ASSUKPT [ONS 2
1. 3.40% CIAMETER WAFER, (10C) ORIENTATIOK.P-TYPE, 1-% CHM-CH.
2. BACK METALLIZATICA FATTERN MUST BE SCREEM PRINTEC FIRST.
3. AG PASTE: $5.42/TROY OZ. = $.1743/GF, 8CK AG, WHEA 4G CCSTS $4.40/TROY C2Z.
OENSITY OF BG PASTE=3.75C/CM093. (21.1G=1 TROY 02.)
2:1 RATIO FOR INK THICKNESS TO PCST FIRING AC THICKNESS. ,
NOTE: 5 MILS THINNEST LINE POSSIBLE. WICTH GREAVER THAN OR ECUAL TC 4 TIMES THICKNESS.
4. FRCNT AG FINVE GRIC: % COVERBGE, 23 MIECAONS THICK AFTER FIRING.
5. FRONT BUS BMR: 1T CCWERAGE, 200 PICRCNS THICK AFTER FIRING.
6. SCREEN PRINT € CRY SYSTEN:

I1TEP CCsTy POMER CCPMENTS

LOACER - 1C.7K 1<u INSERTS WAFER IRTC PRINTER
PRINTER 26 9K 1M PRINTER APPLIES PATTERN
COLLATOR 10.0K 14w FORMS PARALLEL 9CwWwS FOR CRYER,
DRYER 25.DK 1IKW DRIES INX YO PREVENT SPFEARING.
RELCADER 14.7K 1KW - RELOACS MAFERS INTO CASSETTE.

CASSETTVES 4.CK - HCLOS -WAFERS FCE PRINTER,
TCTAS 88 .8BK 15K .
To SCREEN FRIAT & FIRE SYSTENF:

ITEM " COST  POMER . CCMMEANTS

LCACER . 102K 1<M INSERTS WAFER IRTO PRINTER
PRINTER ) 24.5K L1k PRINTER APPLIES PATTERN
COLLATOR 100K IKW  FORMS PARALLEL BCwS FOR DRYER.
DRYER - 25.2K 11<W - DRIES INK VO PREVENT SMEARING.
FURNACE 5C.CK 1TKN  SINUERS PATTERN AT S50 C.
RELCACER 14.7K 1< RELMADS WAFERS IATC CASSETTE.
CASSEVTES ¢ DK - FCLOS WAFERS FCR PRINTER.

TOTALS 138.8K IAKu
8. BELT-D>CASSETTE LOACER CAN DC 6000 WAFERS/HR,
9. SCREEN AT $23, REPLACED 3 TIMES PER [AY ACR FINE GRIO.
SCREEN 1S REPLACED 2 TIMES PER DAY FOR BLS BAR SYSTEM,
SQULEEGES AT $.40, REPLACEL CNCE PER FHOUR.

'Figure 47. Process parameters. - Ag front metallizatidn.‘
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2. SCREEN PRINT & CRY SYSTEM APPLIES FINE GRIO.

OPTICAL SCANNER VALIDATES PAVYTERNA,
3. OPFRATOR LOADS CASSETTE FOR SCREEN PRINY & FIRE SYSTEM. . ’
{SEPARATE PRINT STEP NEENED SINCE PATYERN

&. SYSTEM APPLIES FRCAT 8US BAR € FIRES.

OPTICAL SCANNER VALIDATES PATTERN BEFCRE FIRING.

PROC

20% REJECT ESTIMATE.

ECURE

l; OPERATOR LOADS CASSETTE FROM BACK PETALLIZATICA STEF INTC LCACER,

REJECTS ARE LOACEC INTO A CASSETTE BY BELT-DCASSETTE STACKER FCF REWCRK.

L2 BUS EAR REJECTS ESTIMATED.

IS THICKER THAN FINE GRID.)

vy

\
. . . INVESTMENTS

INVESTMENT NAME MAX: THRUPLT UNITS - % INPUT UNITS PROCESSEC FIRST COST AVAIL. AREA,FTes2
SCREEN PRINT & DRY SYSTEM 1625.0C SH/HR 121.08 $ 88800. 80.0% 800.
OPTICAL SCANNER-EXCELLCN 1625.00 SH/KR 121.08 $ ° 15000, 80.0% 16.
BELT->CASSETTE STACKER 1625.CC SH/HR 121.08 $ 15000. 80.0% S
SCREEN PRINT & FIRE SYSTEM 1625.00 SH/HR 101.0% $ 138800, 80.0% 1600.
OPTICAL SCANNER-EXCELLCN 1625.00 SK/HR 101,08 $ 15000. 80.0% © 16

1625.CC SH/HR 101.08 s 15000, 80.0% 0.

BELT-DCASSETTE STACKER

NAME

(CL=DIRECT LABCR PERSONS:;TL=TOTAL

LABC

R

LABOR PERSONS)
THRUPUT/HR/PERSCN X INPUT UNITS PROCESSED

LABOR REQUIREMENTS BASE # PERSONS/SHIF T/BASE UNIT
HOURLY OPERATOR SCREEN PRIANY & CRY SYSTEM 3.3306-01
HOURLY OPERATOR SCREEN PRINT & FIRE SYSTEM 3.330€E-01
EANGR. SUPPCRT SCREEN PRINT & DRY SYSTEM 2.5C0E-C2
ENGR. SUPPORT SCREEN PRINT & FIRE SYSTEM 2.500€E-02
PAINTENANCE SCREEN PRINY & DRY SYSTEM 2.0CCE-C1
MAINTENANCE SCREEN PRINT & FIRE SYSTEM 2.0C0E-C1
MA INTENANCE OPTICAL SCANNER—-EXCELLCA 1.000€-02
PAINTENANCE BELT-D>CASSETTE SI’ACKER 2.0C0E-Cl
FCREMAN cL - 1.000€-01
. - ANNUAL . SUPPLIES/EXPENSES.
EXPENSE NANME FIXEB PART VARTABLE PARY UNITS BASE
ELECTRICITY - 0.0 1.500€+01 KWH. PER AVAILABLE INVESTMENT-HOUR OF
- ELECTRICITY 0.0 3.20CE+01 KWH. PER AVAILABLE INVESTMENT-+CUR CF
ELECTRICITY 0.0 1.000€-01 KWH. PER AVAILABLE INVESTMENT-HCUR CF
SCREENS - 0.0 2.88CEeC0 $ PER AVAILABLE INVESTMENT—HOUR OF
SCREENS 0.0 1. 920E+0C $ PER AVAILABLE [INVESTFENT-HOUR CF
SQUEEGEE S 0.0 4.000€-01. $ PER AVAILABLE INVESTMENT-HOUR QF
SQUEEGEES . c.0 4.CCCE-01 $ PER AVAILABLE INVESTMENT-HOUR OF
SOLVENT-INK ' ¢.0 1.580€-01 CHes2 PER INPLY UNIT. % UNITS= 121.0%
SOLVEN T~ INK ' C.0 1.580E-01 CHse} PER INPUT UNIT. % UNITS= 101.0%
THERMCCOUPLE, ETC. C.0 €. C60E-C4 $ PER INPLY UNIT. % UNITS= [121.0%
THERMOCOUPLE,LETC. .0 6.060E-04 $ PER INPUT UNIT. % UNITS= 10l.C%
IAK AG—FRCNT FINE GRIC 0.0 €. TA0E-02 s PER INPLY UNIT. % UNITS= 100.0%
INK AG~FRONT FINE GRID LCSY 0.0 2.820€-03 $ PER INPUT UNIT. % UNITS= 21.0%
INK AG-FRONT BUS BAR C.0 1. 460€-02 $ PER INPUT UNIT. X UNITS= 100.C%
IAK AG-FRCNT BUS EAR LCST 0.0 €.150E-03 $ PER INPUYT UNIT. X UNITS= 1.08

Figure 47. Continued.

-~

SCREEN PRINT € ORY SYSTEP
SCREEN PRINT € FIRE SYSTEM
CPTICAL SCANNER-EXCELLCA
SCREEN PRINT & DRY SYSTEP
SCREEN PRINT € FIRE SYSTEM
SCREEN PRINY & DRY SYSTEP
SCREEN PRINY & FIRE SYSVEM



88

ESTIMATE DATE:ID8/01/77 BY:WERNER KERN, X2094, RCA LABS, 03-076

_CATEGORY:PRDCESS DEFINITION TECHAILOGY LEVELSNEAR FUTURE MATERIAL FORM:3.40% WAFER
TAPUT UNIT:SSHEETS. - QUTPUT UNIT:SHE:STS TRANSPORT IN2S00 SHEET CASSETTE
PROCESS VIELD: 98,08 YIELD GROWTH PRCFILE: O
‘SUBPROCESS USED:SCREEN PRINT WAFER WEWORK €.5C% OF INFUT PROCESSEC
IAPUT UNIT SALVAGE FACTOR: 0.0 FACTOR €P#: O SALVAGE OPVION:VALUE INS

. INPUT UMITS: Ce C. 0.

FLCOR SPACE,FTes2: Ca Ce C.

DESCRIPTICN: SCREEN PRIATING ANC SINTERING CCNDUCTIVE NETWORK-BACK

1.
2.
3.

. ASSUPPT ECAS:
3.40" CIAMETEF WAFER,(100) CRIENTAT BONeP—TYPE, 1-€ OHM-CM.
BACK METALLIZATICN PATVTEAN MUST BE STREEN PRINTEC FIRST.
AG PASTE: 45.42/TROY Ol. = 3.1743/GM, ECX AG, WMEN AG COSTS $4.40/TRCY C2.
DENSITY OF AG PASTE=3.TS5G/CMe*3, (31.1G=1 TROY 01.)
2:1 RATIO FOR INK ‘THICKNESS TO POST FIRENG AG THICKMESS.
NOTE: S MILS VTHINNEST LINE POSSIBLE. WICTH GREATER VTHAN OR EQUAL TO 4 TIMES THIOKNESS.

. ‘BACK AG GRIO: 25% OCVERAGE, 12. MICRCAS THICK AFTER FIRING.

' SCREEN PRINT & FIRE SYSTEM:

CLTEN CCST  POWER  CCMMENTS

LOADER 1€.7K ‘IKW  INSERTS WAFER INTO PRINTER

PR INTER -24..4K IKN  PRINTEF._APPLEES PATTERN
‘CCLLATCR 1€ .0K _IKW  FORMS PARALLEt ROWS FOR DRYER.
DRYER PRI LKW ORIES "MK TC FREVENT .SMEARING.
FURKACE S0.0K 17KW  SIRTER: PATTERN ‘AT S50 C.
RELCADE R 18.7K IKW RELCACS WAFERS INTC CASSETTE.
CASSETTES ‘L, CK - HCLDS WAFERS FCR PRINTER,

-

TCTALS  13&.8K 22k

‘BELV-5>CASYETTZ LCADER CAN DC 6000 WEFERS/HR,
1. SCREEN AT 823, REPLACED 2 TIMES PER DAY,
SCUEBEGES AT $.4Cy REPLACEC CRCE FER KCUR.
8. 0.5% BACK REWIRK ESTIMATED.
9, FIRING CF PACK NEECEC SC THAT PASTE IS NOT REMOVED IN CASE ﬂF FRONYT GRID REWORN,
PPCCECURE
1. OPERATCR LCATS CASSETTE FROM PREVIOLS STEP INTC LCADER.
2. SCREEN PRINT £ FIR: SYSTEM APPLIES BACK GRID.
NPTICAL SCANNER VA_INDATES PATTERN. J.5% REJECTS REWCRKECL.
REJECTS ARE LOACECL INTC A CASSETTE BY BELTY-DCASSETTE STACKER FOR REWCRK.
3. CASSETTE FRANSFERREC TC FRONT METALZIZATICN FRCCESS.
4. REJECTS ARE AFWORKED €& RECYCLED.
INVESTMENTS
INVF STHENT NAME MAX. THRUPUT UNITS % INPUT UNITS PROCESSED FIRST COSY A
SCREEN PRINT £ FIRE SYSTEM 1€2%.0C SH/HR 100.5¢ $ 138800,
CFYICAL SCANPER-EXCELLCN 162%.0C SH/FR 10C.58 s 15000,
RELY-Y>CASSETTE STACKER 1625.00 SH/KHR 100.5% ¢ 1300¢C.

TRANSPCRT OQUT:500 SHEET CASSETTE

VAIL.

‘80.08

80.0%
80.0%

Figure 48. Process parameters - Ag back metallization.

CLASS:=METALLIZATICAN

AREA (F Tx%2
1600.

16.

c.
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NAME -
HCURLY OPERATOFR:
EAGR. SUPPCRY
MATNTENANCE

MA INTENANCE

M8 INTENANCE

FOREMAN "~ oL

. o AMNUAL
EXPENSE NAME FIXED PART
ELECTRICITY c.0 :
ELECTRICITY 0.¢ °
SCREENS. 0.C
SQUEEGEES '~ Le0
SOLVENT-TAK 0.0
THERMOCOUPLE ,ETC, 2.0

IAK AG-BACK CGRID 0.C

‘LABCR REGUIREMENTS BASE

LAEBCR

(OL=DIRECT LABCR PERSCAS;TL=TCTAL LABCR PERSONS)
# PERSONS/SHIFT/BASE UNIET THRUPUT/HR/PERSON T INPUT UNITS PRCCESSEC

SCREEN PRINT €& FIRE SYSTEMV
SCREEN PRINT € FIRE SYSTEM
SCREEN PRINT & FIRE SYSTEM -

[AK AG-BACK GRID (CSY | . 0.0

"OPVTICAL SCANNER-EXCELLCN
BELT->CASSETTE STACKER

3.330€-01
2.5COE-02
2.000€-01
1.000€-02
2.0CCE-01
1.000€-01
SUPFLIES/EXPENSES
_VARIABLE PARTY UNITS BASE
T 3.200€401  KWH. PER AVAILABLE INVESTMENT-HOUR- OF SCREEN PRINT & FIRE SYSTEW
1.CCOE=01 KW, PER AVAILABLE INVESTMENT—HCUR CF CPTICAL SCANNER-EXCELLON
1.920E+00 PER AVATLABLE INVESTMENT-HOUR QOF SCREEN PRINY & FIRE SYSYEM
4.CCCE-0L $§ . PER AVATLABLE INVESTMENT—FOUP OF SCREEN PRINT € FIRE SYSTEW
.SB0E-C1  CM*#3  PER INPUT UNIT. % UNITS= 101.0%
6.060E-04 8 PER INPUT UNIT, T UNITS= 1C1.C%
2.22¢6-02 s PER INPLT UNET. % UNITS= 100.0%
9.120€-03 ¢ PER INPUT UNIT. 3 UNITS=  0.5%
Figure 48. - Continued.
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ESVIMATE DATE:08/01/77 BYIWERNER KERN, X2094, RCA LABS, 03-07¢ CLASS:AR
CATEGORY:PROCESS DEFONITION TECHNOLCGY LEVELINEAR FUTURE NATERIAL -‘FCRM:3.40" MWAFER
IAPUT UNITSSHEETS QUTPLT UNITISHEETS TRANSPORY IN:2500 SHEET CASSETTE FRANS PCRT OUT:500
PROCESS YIELD: 99.0% YIELC GROWTH PRCFILE: O
INPUT UNIIT SALVAGE FACTOR: (.0 FACTCR GPS: O SALVAGE OPTICNIFRACTICA OF INPUT UNIT VALUE

INPUT UNITS: 0. g. 0.
FLOOR SPACE.F18s2: Ge Qe 0.

CESCR IPT ION:SPRAY—CN ANT IREFLECTION COATING(B)

ASSUMPTIONS:
1. 3.40 DIAMETER WAFER,(1CO! ORIEAVATICA.F-TYPE, 1-5 CHF—CM.
2. 500 WAFERS/CASSETTE .
3. NOTE: IN-HOUSE AR CCATING NEEOS TC BE CEVELCPEL.
LIQUID SPRAY-ON SIURCE(T132,S1.02) AT $1C/LIVER, C.l CMse3 NWILL CCVER L SIDE MITH 0.07 NMICRONS.
APPLIEC AFTER FIWAL WETAL. IZAT ICN.
4. ROOM REQUIREMENTS: CRY,CLEAN FILTERED 2ALR, 283D LITERS/HR/SYSTEM.
Se 0.5 FT#83/KIN OF NITROGEN NEELED(= £.S5CE#+CS CMe®2/HR, )
6. LICCN MCOEL 11CCO ALTCCCAFER SYSTEM ($185K) INCLUDES:
1. CASSEVTE UNLOADER {$15K)
2. WAFER COLLATIR ($10K) .
3. SPRAY PACHINE; AIR FLASH PRE-DRY STATICN; [.R. PRE~CRY;
MICROCOMPUTER FEEDBACK COBTRCLLER; .
200 DEG. C. LCAVECTION DVEK; 4C0 CEC. C. CCNVECTION OVEN.
TOTAL SUBSYSTEM PRICE: $LLOK.
4. CASSETTE LOATER ($15K)
. S. AUTCMATIC SAPPLE EJECT  (NZEDS CEVELCPNENT, AEQUT 510K)
" 6o THICKNESS MCMITOR ($10K) .
" 7. CASSETTE RELOACSR (FCR SAMPLES) ($S15K)
YOTAL SYSVEFr PRICE: $185F . '
7. NEED SPECS FOR AR COATING STREP FOR REWNCRK. 271272727

PROCEDURE
1. WAFER S ARE LOADED FRCP CASSETTE TC CONVEYGR BELT IN RCWS OF 5.
2. WAFERS ARE SPRAYEC WITH 3000A OF TITANIA~SILICA PRODUCING LIQUID
SOURCE MATERTAL WITH FREZSURIZED CRY AITRCCEN AS CARRIER GAS.
3, WAFERS ARE AIR-FLASMED TO REMOVE BUBBLES AND JC SETTLE CCAVING FATERIAL.
4. AFTER DEPCSIT IOW, WAFER TRANSPORTED VIA BELT YO INFRRED ORYING ZONE TO PERMIT CASSE‘ITE HANCL ING.
£. AFTER PRE-DRY, WAFERS LOADEOD INTC CASSETYE.
6. EVERY 10Th OR L5TH WAFER IS EJECTED AUYOMATICALLY FCF THICKMESS
TESVING BY ELLIFSCMETER; CATA §S FEC TO MICROCOMPUTER IZED SERVO
MECHANISM AT SPRAY BOCTH,.
7. WAFERS WITHIN SPEC ARE RELOUAOED IN A SEPARATVE CASSETTE; FAILED
MAFERS WILL BE STRIPPED AN QLLUTE APMCAIUM FLUDRICE SOLUTICN ANC
COLLECYED FOR REPROCESSING.
8. WAFERS ARE BAKEL FCR 15 FIN. AT 200 C. IN AR,
9. WAFERS ARE BAKED FOR 15 MIN. AT 400 C. IN AIF.
CASSEVTES TRANSFERRED YO NEXT PROCESS STEP.

INVESTMENTS
INVESTMENT NAME MAX, THRUPUT UNITS € IAPUT UNITS PROCESSEC FIRST COST AVAIL. AREA,FTee2
ZICCNh MODEL 11000 AMTOCOATER 3385.00 SH/HR 100.08 ¢ 185000, 90.0% 360.

Figure 49. Process parameters -~ AR spray coat.

COATING
SHEET CASSETTE
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NAME

HOURLY OPERATOR
MA INTENANCE
ENGR . SUPPORY

EXPENSE NAME
ELECTRICITY -
NITROGEN =
IN=HOUSE SPRAY—ON

el

"LABOR REQUIREMENTS BASE

. LABOR
(CL=CIRECT LABOR PERSONS:;TL=TOTAL LABOR PERSONS)
# PERSONS/SHIFT/BASE UNIT THRUPUT/HR/PERSON X INPUT UNITS PROCESSED

ZECCN PODEL 11000 AUTOCOATER - S.0CCE-01
ZICCN #CDEL 1100C ALVCCCATER - 1.000E-01
ZICCN MOOEL 11C0C ALTOCOATER - : 2.5C0E-01
ANNUAL SUPPLIES/EXPENSES
FIXED PARY VAR[ABLE FART. UNITS EASE .
0.0 3. 00CE+01L K, PER AVAILABLE INVESTMENT-HOUR CF ZICON MODEL 11000 AUTOCOATER -
; 0.0 8.500E¢05 CMee)3 PER AVAILABLE INVESTMENT-HOUR OF ZICON MCDEL 11000 AUTCCCATER

AR COATING C.O 1.23CE-0Ol CHee)l PER INFUT UNIT. % UNITS= 105.0%

Figure 49. Continued.



26

ESTIMATE DATE:(09/20/77 BY:DAVE RICHMAN, X3207, FCA LABS, E-321A .
CATEGORY:PROCESS DEFINITICN TECHACLCGY LEYELINEAR FUTURE RMATERIAL FORNM:3.40" WAFER

INPUT UNIT:SHEETS . QUT?UT UNIT:SCLAR CELLS TRANSPORT IN:500 SHMEET CASSETTE TRANSPCRY OUT:500 SHEET CASSETTE

PROCESS VIELD: 90.0% . VYIELD GBOWTH PRCFILE: O )
INPUT UNIT SALVAGE FACTOR: 0.0  FACTOR GP#: O SALVAGE CPTICN:FRACTICA OF INPUT UNIT VALUE

INPUT- UNITS: 0. 0. 0.
FLOOR SPACE,FTee2: - O Oe [ N

DESCRIPT ICN:WAFER SLECTRICAL TEST AND SORY,

- ASSUMPT IONS:

1. 3.40" DIAMETER WAFER,(10C) QORIENTATICA.F-TYPE, 1-5 CHM-CM.

2. TEST FCR: OPEN CIRCUIT VOLTAGEISHORT CIRCUIT CURRENT;REVERSE BIAS LEAKAGE; FILL FACTOR.

3. MINICOMPUTER-CCATRCLLED -MFEASUREMEAT OF 12 POINTS ALCNG KNEE OF I-V CURVE FOR KNOWN LIGHTING.
4. WAFERS BELOW ICE EFFICIENCY -ARE REJECTED. S(I YIELD ESVIMATED,

. . Co o PROCEDURE
l. OPERATCR LOADS CASSETTE INTC MACHINE.

2. WAFERS AUTQOMAT ICALLY FEO TO TEST EQUEPMENT ANC MEASUREMENTS MADE.
3. WAFERS SORTED IATC PMAGAZINES USING CRAITERIA TC BE DEFIMEC.

4. OPERATOR REMOVES CASSETTES AS THEY ARE FILLED.

, INVESTMENTS
INVESTMENT NAME MAX. THRUFUT UKITS % INPUT UNITS PROCESSEO FIRST COST AVAIL.
SILTEC WAFER SORTER-W.E.T. 1200.CC SH/HR 100.03 § 175000. 89.0%
' ' ' LABOR
(DL=DTRECT LABCR PERSONS;TL=TOTAL LABOR PERSONS)

NAVE ‘ LABOR REQUIREMENTS BASE “# PERSONS/SHIFT/BASE UNIT THRUPUT/HRAPERSON % INPUT UNITS PROCESSED

HOURLY OPERATOR  STILTEC WAFER SCRTER-N.E.T. " 2.500€-01
MAINTENANCE i EILTEC WAFER SORTER-W.E.T. : 2.000€-01
FCREMAN cL . 140CCE~01

: ) . Lo ANNUAL- . SUPPLLES/ EXPENSES
EXPENSE NAME . FIXED PARY VARTABLE PART  UNITS [ BASE

ELECTRICITY . 0.0 - 5. 0005000 < KM, PER AVAILABLE INVESTMENT-HOUR OF SILYEC WAFER SCRTYER-W.E.V.

. . Figure 50. Process parameters - test.

"CLASS:VEST

AREAFTe22
200.
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ESTIMATE DATE:=07/28/17 BY:DICK SCZTV, PC4971, CAMDEN, BLOG. 10-8 ) CLASS:ARRAY FABRICATION

CATEGORY :PROCESS DEFINITION TECHNOLOGY LEVEL:NEAR FUTURE PMATERIAL FCRM:3.40" WAFER
INFUT UNIT:5CLAR CELLS QUTPUT UNIT:ZSOLAR CELLS TRANSPORT IN2500 SHEET CASSEVTE TRANSPCRY QUT:PICKUP TABLE
PROCESS YIELD: 98.(% YIELO GROWIH PRCFILE: O
INFUT UNIT SALVACE FACTOR: 0.0 FACTCR GP#: O SALVAGE OPTYION:IVALUE INS
INPUT UNITS: 0. 0.. Q.
FLCOR SPACE,FT9s2: C. €. Ce’

DESCRIPTICA:REFLCH SCLCER INTERCCNNECT ION(R)

1.
2.

3.

l.
A,
8.
C.
D.
E.

ASSUMPT JONS:
3.,40" OIAMETER WAFER, { 1CO)} ORIENTATION,P-TYPE, 1-5 CHM-CWM.
173 REWCIK OPERATCR PER SYSTEM REWORKS STRING TEST REJECTS (=1% OF INPUT) . . .- . [ .
ARRAY PANEL REWCRK OPERATORS REMWORK 1% CF PANELS AT RATE OF 2 PER JFR. o : ’ - v
EACH PANEL CORTAINS 15 srnlncs OF 12 CELLS EACH. .

. PﬂGCEDUREW

FIRST INFERCONNECTIEGN STATICN:IRDTARY INCEX TABLE .

CASSETTE LCADEC WITF BACK OF ‘CELL FACE-yP.

CELL FED TC STATICN -#1, WHERE IT IS RCTATEC UNTIL SILVER PAC IS CETECTEC BY SENSOR. VACUUM PAD SECURES CELL IN POSITICN.

AT STATIDN #2, SILVER PAD IS BURNISHED BOTH SIDES € SLEIGHT PCSITIVE AIR PRESSURE USED TO REMCVE RESIOUE FROM EURNISHED PAC.
AY STATICMN #3, SCLCER PASTE COT IS APPLIEC TC SILVEREL AREA (BOTTOM FACE)

AT STAYION #4, INSULATED TAB IS BURNISHED, FCSITICNED ANC SCLCEREC ON SCLDER TAB.

- CNCE SCLDERED, TAB IS THEN CUT YO LENGTH.

Feo

Ge
2.
A.
8.
Ce

3.
A.
8.

AT STATION #5, CELL IS FLIPPED CVER. VACUUM STLL +OLOS CELL IN POSITION. . .
SOLDER PASTE COY IS APPLIED TO TOP FACE OF CELL. '
AT STATION #6, BOTTCM VACUUM RELEASES & TOP VACULUM PICK-UP ARM PICKS UP CElL € SWINGS CELL OVER TO STRING TRAY BELT.
SECOND INTERCCNNECT STATION & CCMPLETE STRING ELECTRICAL CHECK.

VACUUM LINE IS ATTACHED TO STRING TRAY, . HOLDING CELLS EN PCSITICA.

AT SECCND INTERCCANECT STATICN, ARM SWINCS TC WIPE TAB.OVER SOLDER DOV.

TAE [S THEN SNLOERED CN TOP FACE CF CELL.

AT NEXY STATICN, AUTCMATIC TEST PROEE PERFGRMS CARK 1/v STRING TEST.

IF STRING [S CKy IT CCATINUES TC STCRAGE RACK,

IF-STRING FAILS, STRING TRAY- 1S REJECYED AND REMCVED FRCM BELT.

FAJLED STRINGS ARE MANUALLY REWORKEC AND THEN °LACFD IN STORAGE RACK.

SOLAR PANEL INTERCONNECT TECHNIQLE. . ’

PREINSTALLEL BUS EBAR WITH EXTERNAL TABS PLACED Ch BELT.

"STRING PICK LP YRAY™ INTERFACES INTO HCLCER ANC VACUUM PICKS UP

COMPLETE STRING OF CELLS. STRING PICK UP TRAY THEN ®ITHCRAWS OUT

OF HOLDER AND PCSIT ICAS. CVER ARRAY TRAY,

VACUUM IS RELZASED AND CELLS ARE DEFOSITEC INTC BARRAY TRAY,

ARRAY TRAY INDEXED INTO POSITION FOR EACH STRING CF CELLS.

TAB IS WIPED CVER CATC INTERCCANECY BUS. .
INTERCONNECT TABS ARE SOLDERED(2 PLACES F(R EACH STRING CF CELLS?

CARK [/V ELECTRICAL TEST PERFORMED FOR COMPLETE ARRAY PANEL.

IF PANEL FASSES TEST, HCLDER WITH PANEL PUACEC IN STORACE RACK.

IF PANEL FAILS IESI. PANEL IS FAAUALLV REUCRKEC AND THEN PLACED IN STCRAGE ﬂACK.

L © INVESTMENTS :
INVESTMENT NANE MAX. THRUFUT UNITS 1 INPUT UNITS PROCESSED FIRST COST AVAIL. AREA.FTss2
ROTARY INDEX TABLE SYSTEM 1200.0C CELLS/HR 100,05 $ 27500. 90.0% 26,
RS STRING INTERCCNMECT EQUIP 2400.00 CELLS/HR 100.08 $ 119000. 90.0% 36.
PANEL INTERCONNECT STATION 3600.00 CELLS/HR 100,08 $ 180000. 90.0% 120.

Figure 51. Process parameters — reflow solder interconnect.
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NA ME

HOURLY OPERATOR
REWCRK OPERATCR
MAINTENAKRCE
HNURLY OPERATOR
FATINTENANCE
MAINTENANCE®
REWCRK CPERATOR
FCREPAN

EXFENSE. NAME
ELECTRICITY
ELECTRICTITY
ELECTRICITY -

AG-PLATED CU WIRE

LAECR

(OL=DIRECT LABOR PERSCAS;TL=TCTAL {ABOR PERSCNSI

LABOR REQUIREMENTS E2SE
ROTARY INDEX TABLE 5YSTEW
ROTARY INDEX TABLE SYSTEM
RCTARY INDEX TABLE 3YSTEP

RS STRING INTERCCNNECT ECLIP
RS STRING INTERCCNN:ICT EQUIP
PAREL INTERCCNNECT STATICA

THRUPUT
[ {
ANMUAL
FIXEL PART VARIABLE PART
0.0 T 0.0 :
c.0 C.C
.0, 7 c€.C
* 0.0 s 1.430E-03

UNITS

[
3
K

# PERSONS/SHIFY/BASE UNIT

1.6T0E-C1
3.3306-C1
1.000F-C1
1-000E+CO
1.000E-C1
" 1.000€-C1

1. 0COE-C1 -

SUPPLIES/EXFENSES
BASE

YHRU?U?/HRIPE?SQN T INPUT UNITS PRCCESSEC

360.0 ' 1.C

WH. - PER AVAILABLE INVESTMENT~-HOUR OF ROTARY INCEX TABLE SYSTEV
wH. PER AVAILLABLE INVESTMENT-+OUR OF RS STRING INTERCONNECT EQUIP
WHo PER AVALLABLE INVESTVMEAT-HCUR CF PANEL INTERCCANNECY STATICN

PER INPUT UNIT. % UNITS=

Figure 51. - Continued.

100.5%

-




c6

ESTINMATE CATE:O7/29/77 BY:DICK SCOTT. PC4971, CAMDEN, BLOG. 1(-8 ’ CLASS: ARRAY FABRICATION

CATEGORY:PROCESS DEFINITICA TECHACLCGY LEVEL:NEAR FUTURE MATERIAL FCRM:3,40" MAFER
INPUT UNIT:SOLAR CELLS OUTPUT UNIT:ARRAY MODULES  JTRANSPCRY IN:PICKUP TABLE TRANSPORT OUT :CUR ING RACK
PRCCESS YIELD: 99.5% Y 1ELD-GRCWTF -PROFILE: 0
INPUT UNIT SALVAGE FAGTCR: 0.0 .FACTCR €P¥: O SALVAGE CPTION:VALUE INS
INPUT UNITS: . 0. C.

FLCOR SPACE,FT*=2: 0. " 0. 0.

CESCRIPT ION: CLASS/PVB/CELL ARRAVV ASSEMBLY

“ASSUMPTIONS:
l. 3.40% OTAMETER WAFER,(1C0) ‘CRIEATATICA,F-TYPE, 1-5 CHF-CP,
2. EACH-PANEL CONTAINS 15 STRINGS'OF 12 CELLS EACH.
3. MATERTAL FECUTREMENTS:
1. FRAME: . $6.86/180 = $3.82E-02/CELL
2. GLASS: $7..04718C =3$3,S.IF-02/CFLL
3. Pva: $6.40/180 = $3.56E-02/CELL
4. PANFL CONHECTOR: $5.CC/18C = $2.78E-02/CELL
S. GASKET,PVC € AL FCIL TAPES: $1.0C/18C = $5.5¢E-02/CELL
~FRCCECURE
L. CLASS WASFEC SNC CRIEC, THEN STORED IN CLEAN STCRAGE AREA.
2. GLASS 1S PLACEC CN AIR TAPLE. PVE IS THEN PLACED CN GLASS.
RCLLER TRANSVERSES, PVB ADHERING TC GLASS.
GLASS WITF PVE PLACEC IN CLEAN STORAGE AREA.
3. GLASS FROV STCRAGE RACK PLACED PVB SIOE UP.
. ARRAY YRAY FLIPPED OVER, VACLUM HOLDING CELL STRING ASSEMELY UNTIL PLACED (A PVB.
* . BRRAY TRAY IS ALICNEC WITH ECTTCM CLASS PLATE.
. ARRAY TRAY IS FLIFPED CVER CNTD PVB. ' )
‘4« 'SECOND SFEET OF BOTH PVB & GLASS ALIGNED WITH BOTVOP GLASS CVER STRING ASSEMBLY GF CELLS.
© - ARRAY ASSEMBLY EACLCSED IN VACUUM BAG & SENT TO STORAGE OR AUTOCLAVE.
'S, FRAME PIECES CLT, ASSEMBLED, ANC SFCT WELTEC. .
FRAMES SENT 1T CLASS ASSEMBLY LINE VIA COAVEYCR,-
€. GLASS PANEL ASSEMBLY REMCVED FRC® AUTCCLAVE VACUUM BAG € POSITIONED ON ROTATING TABLE.
ALUMINTZEC TAPE 1S APPLIED AUVOPATICALLY (VER ECGES ANC ECTH SICES OF GLASS.
TAPE IS WIPED CVER AND +EAT SEALED TO GLASS.
1. RUBBER GASKET PLACED ARCUND GLASS ASSEWELY € ASSEMBLY PLACEC IN FRAME.
GLASS RETAINING FRAME [NSERTED AND MODULE CCMPLETED USING PRESS.
8. AFTER FINAL INSPECTICA ANC TEST, ARRAY MODULE SENT TO PACKAGING AREA.
_ ‘ ' INVESTMENTS '
[NVESTMENT NAME . MAX. THRUPUT LNITS T INPUT UNITS PRCCESSEC FIRST COST AVAIL. AREA,FTee2
GLASS/PVB/PANEL ASP, STATICN 7200.00 CELLS/HR 100.0% $ 582000. 90.0% 900.
FINAL ASSEMBLY EQUIPMERT(B) 7200.00 CELLS/HR - ' 100.0% s °27500. 90.0% 215.
FRAME ASSEMBLY ECUIPMENT © 21600.00 CELLS/HR . 100.C% $ 75200. 90.0% 225.
LABOR
: {CL=DIRECT LABOR FERSCNS;TL=TCTAL LABOR PERSONS)
NAME LABCR REQUIREMENTS BASE # PERSONS/SHIFT/BASE UNIT THRUPUT/HR/PERSON € IAPUT UAITS
HOURLY OPERATOR  GLASS/PVB/PANEL ASM. STATICA 4 .000E+00
#CURLY CPERATOR  FRAME ASSEMBLY EQUIPMENY 1.0CCE+CO
HOURLY DPERATOR  FINAL ASSEFBLY EQUIPPENT(E) 4.)00E+00
M2 INTENANCE - GLASS/PVB/PANEL ASM. STATION 1.000E-01

Figure 52, Process parameteré - glass—?VB panel.

PRCCESSEC



96

u;f::- ok
usta
(DL=0IRECT LABOR PERSONS3TL=TOTAL::ABOR PERSCNS)

NAME LABCR REQUIREMENTIS BASE # PERSGAS/SHIFT/BASE UNIT  THRUPUT/HRPERSON £ INPUT UNITS PRCCESSED
MAINT-ENANCE FRAME ASSEMBLY EQUIPMENT . 1. 0COE-O1 "}
MAINTENANCE FINAL ASSEPH.Y EHUIPRENT(EI X 1.000E-C1
FOREMAN L 1.000€-01

AMNUAL SUPPLIES/EXPENSES
EXPENSE NAME FIXED PART VARIABLE PARY UNIYS-  BASE )
ELECTRICITY =~ c.® co KW,  PER AVAJLABLE INVESTMENT—FHOUR - OF GLASS/PVB/PANEL ASM. STATION
ELECTRICITY' - 0.0 : " CaD - KhWHe PER AVAILABLE INVESTWENT-HGJR CF FRAME ASSEMBLY EQUIPMENT
ELECTRICIYY (-7 ] 0.) KWH, - PER AVAILABLE INVESTMENT-HOUR OF FINAL ASSEMBLY EQUIPPENT(B)
FRAME . 9.0 3.BzCE-02 $ PER INFLY UMIT. % UNITS= 100.02
GLASS . o . 0.0 . 3.910€-02 3 PER INPUT UNIT. X UNIYS= 120.0%
PVE . C.® 3.56C€6-02 $ PER INPUT UNIT. T UNITS= 100.0%2
PANEL CCNAECTOR 0.8 - 20 T80E-02 H PER INPLT UNIT. % UNITS= 100.0%
GASKET,PVC & AL F[lL I'APES 0.9 ’ 5.560¢-03 3 PER .INPUT UNIT. % UNITS= 100.(%

- : Figure 52. Continued.
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ESTIMATE DATE:07/28/77 BY:DICK SCOTT, PC4S71, CAMDEN, BLDG. 10-8 CLASS: PACKAGING

CATEGORY : PROCESS CEFINITION TECHFNOLOGY LEVEL:EXISTING MATERIAL FORM:3,40" WAFER
INPUT UNIT:ZARRAY MODULES OLTPUT UNIT:ARRAY MCDULES TRANSPCRY IN:CURING RACK . TRANSPORY OUT:BOX
FRCCESS YIELC:100.0t  YIELD GROWTH PROFILE: ¢

INFUT UNIT SALVACE FACTOR: 0.0 FACTCR GP#: O SALVAGE OPVION:VALUE INS

. INPUT GNITS: c. c. c.

FLCGR SPACE,FTe#s2: 0. 0. c.

DESCR]PTION:ARRAY PCOULES PLACEC IN wCCC CRATE.

ASSUMPTICNS:
l. 1€.0 FT*®2 PANEL.
2. 16,0 FT**2 OF W0OD CRATE NEEDED AT $.08 PEFR FT“Z CF PANEL.
3, 1 CFERATOR CAN PACKAGE 50 MODULES/HR USING PACKAGING EQUIPMENT.
4. Ny THE NUFBER CF PANELS PER WCCC CRATE, IS TC Bf CETERMINEC.

PRCCEDURE
1. OPERATCR PLACES N PANELS FRCM STORACE RACK INTO A BOX. ’
2. BOX STAPLED. .
3. BOX PLACEC CN STACK FOR REMIVAL TO MAREHOLSE.
. - . INVESTMENTS’ ’ ' o e
" INVESTMENT NAME MAX, THRUPUT UNITS % INPUT UNITS PRNOCESSED FIRST COST AVAIL. AREA,FTee2"
PACKAGING EQU IPMENT - 50.0C AMo/HR ) 100.0¢ $ 25000. 100.0% © 100.
LABOR
. - (OL=DIRECT LABOR PERSCNS:;TL=TOTAL LABOR PERSONS)
L .- NAME LABOR REQUIREMENTS BASE # PERSONS/SHIFT/BASE UNIT THRUPUT/HR/PERSCN X ENPUT UNEITS PROCESSED
HOURLY DPERATOR PACKAGING EQUIPMENT . 1.J00€+00
FCREMAN X ©o : © 1.000€-01
- . - - - PR
) ANNUAL - ) sumxss1sxp‘enses N
EXPENSE NAME FIXED PART  VARIABLE PART  UNITS  BASE

B8CX FCR MCOULF Ce0 1. 28CE+CC $ i PER INPUT UNIT. X UNITS= 100.0%

Figure 53. Process parameters - packaging.
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assembly. The process step that was changed was junction formation and back
diffusion. All cases were analyzed at 1, 3, 10, 30,-50, and 100 MW/year.
Case I was ion-implantation on both sides, Case II was spin-on source on the
backside and POCl3 in front, Case III was spin-on source on both sides, and
Case IV was print-on source on both sides. The processing tree.for these
sequences 1is shown in Fig. 54. - The matrix was run ignoring wafer costs since
all process sequences saturate in cost at a 30 MW/yr~production level, a 30-MW
factory design is our goal. The spread in cost was about 207% with the lowest
cost being print-on source on both sides (Case IV) closely followed by ion
implantation on both sides (Case I) while the highest was spin-on back and
POC:L3 front (Case Il1). We chose the POCls‘junction formation duc to proven
cell efficiency and rejected:ion implantation for the near term because pre-
sent machine throughput is'inadequare, and increased throughputs to the re=
quired level are not anticipated by 1982.

-

SAW/ETCH
_ WAFERS _

[ N ' |
PRINT OR ' ' SPIN-ON ION IMPLANT
SPIN-ON . P+ BACK FRONT N+ (MASK)
N+ FRONT 1 BACK P+

T o " DRIVE-IN ]
PRINT OR B P+ JUNCTION
SPIN-ON | Pocis N+ , DRIVE - IN
P4+ BACK JUNCTION FORM -1+ AND ANNEAL

) — . -
DRIVE-IN . “¢—s= INSPECTION -

JUNCTION A — )
L : N [ EDGE GRIND |
PLANAR? \Y/

[ sTRIP 6LASS ]

T cLEAN |
1

SCREEN PRINT
* '"AND FIRE
METALIZATION

SPRAY-ON
AR COATING

TEST

Figure 54. Cell processing sequence.
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C. . IMPACT OF MANUFACTURING VOLUME AND POLYSILICON COST

It is important to determine the level of production for which Qolume
cost reductions saturate for each of the sheet preparation cases considered.
The results of such a calculation are given here assuming that the processes
which follow the .various sheet prepa:ationq are the same as shown in Table 6.
We have considered production levels ranging from 3 to 100 MW/yr and. have
shown the impact of:single versus multiple pulling of crystal, i.d. sawiﬁg
versus wire sawing, and have also considered the limiting case of $0/kg
polycrystalline cost. The results.of these calculations are shoﬁn in Fig. 55.
The cost reduction with. increased volume reflects more efficient use of
capital and labor, while the cost reduction,asla function of sheet preparation

reflects cost reduction in materials and expense items.

UIEE FIe
7 Y T —T T T

MANUFACTURING COST

€ L SPIN -ON BACK DIFFUS!ON SOURCE n
2. POCly FRONT DIFFUSION
3. SILK-SCREEN Ag METALLIZATION
. » 4. SPRAY-ON AR COATING
. ‘5'§ 5. DOUBLE. GLASS-PVB PANEL ASSEMBLY . B
A o . .
g | . L
o 4 SINGLE INGOT PULL . . -
- . :
c .0.
s : / /
. - .
&3 ,
- —

o
B
B

| 2 . -] 10 20 80 100
' MW/ yr :

Figure 55. Cost as a fgnction of manufacturing volume with wafer
preparation and polysilicon cost as parameters.

Since volume cost reductions are saturated for production levels beyond
30 MW/yr, we have based our preliminary factbry design at that production

level.
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D. FACTORY LAYOUT

The final factory layout is 'shown in Fig. 56. The factory area is
100,000 ft2 with provision for office space, cafeteria, storage, receiving,
and warehousing. There also is provision for buffering between critical pro-

cessing steps. The equipment required foi(th;s,factory is listed in Table 7.

E. SELLING PRICE

We have used the criteria described in SectianII in order to arrive at
the final selling price. The procedure requires an estimate of factory
overhead, such as plant, land, equipment (other than manufacturing equipment),
support personnel, materials in storage or in process, and an estimafe of the
difference between receivablesidhd payables. The itemized list of these
components is given in Tables 8 and 9. The manufacturing costs are $2.011/W
so that total cost is $2. 145/W§"

We have assumed that the entlre féctory and. capital eqUmeenL are financed
by debt. 1In order to remove con81derat10n‘of debit ratlo (% of assets financed

by debt) from an estimate of profit, we will assume the following relationship.

Net profit after taxes + afterftax interest
FlisL coust of assets:

= 0.15

The hefore-tax intexest on the factory is $0.039/W (factory investment)
and the befofe—tax interest on manufacturing equipment.investment is $0.074/W.
Equipment assets are $0.824/W and factory assets are $0.430/W, The before-
tax profit is $0.263/W. Thus, the total price is $2.41/W.

F. CONCLUSIONS - ANALYSIS AND FACTORY DESIGN FOR 1982

From the cost production analyses conducted here, it can be .concluded that
that the interim 1982 goal of éZ/W‘array:gost can be ‘achieved in.a large-
scale (&30 MW/yr) factory. Thé analysis-élearly shows that the largest cost
centers and therefore the areas needing the grea@est attention are the crys-
tal pulling and wafer sawing Qperétioﬁs; 'Conventional‘Czochralski‘single-
ingot pulling and i.d. wafér sawing are too wasteful of materials and result
in a total cost of about $2.50/W. . By considering multiple-ingot pulling and

high-yield wire sawing of wafers,,wé have shown that the cost is reduced to

100



101

cAS FARN . : - :
<3 0 ] 10 12 150 s 20 2% s 30 25 350 315 1) o s s 50 28 550 15 ) 625 50
ECEING 12601 STORACE & OFFICES OFFICES SUPPLIES . | oFrices CAFETERIA OFFICES asst | wanenouse
STORAGE | NAINTENAKCE : STORACE sKop : ston. | ssxas
1 2w v Saws s SA¥S B T el | ruu we XY} wes et '-} " ] STOR. | amniv ass'r
| |comess,” | B roaome D{at = (| 2| ! e S b sear 35145
CuTOeF saas, clo|! - £ Jeoon | reEST
I 1B 8 ' = wirrusion soon | | £ ez | oo
| jAmEu ! | R LSRR s
0 rauces, | B 1 STOR. ) s | frzoom2| 80X
Do : : £, : E : Sikicow ! 8
L) . .
ston. || E0sE REFLOV SOLDER
1 I feansneis @ nonn ”‘ | ; J]
azcon |16 camy stom ® 1 Csstl ) sore] | | _Stonme ] s STOR, son] _ stoe. SToR. [ELIE)
fam H ! WSTE . | | e | == — o —— —— o —————— -——— ——— —
00 I H 1 sm o 10 scaeen swnrine | rowt " o2 Pe3 e res ros o1
= 1 t
I 11 rorenaron - 7 nacmues 1 SouReE |y et | PaTER
(N} (N i - 11 rminee K4 .
X X i ot : :
— il r . f )
1] il . 1= ] A
[N 11 1 1 R 2
- Ll Ll Ll Ll |
. o
TOTAL FACTORT AREA - 99,730 FTZ
ot aione ; ! f
WASTE TREATHENT ’ A
FOVER ST ot . .

Figure 56.

Factory layout.
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TABLE 7.

INVESTMENT SUMMARY

INVESTMENT

ALUM INUM BLOCK
ANNEALING FURNACE
ARGON GAS INSTALLATICN
BELT->CASSETTE STACKER
CASSETVE STACKER
CENTER GRINDER
CENTERLESS GRINDER

CLAM—~SHELL UNLCACER

CRYSTAL MOUNTING BLOCK
CRYSTAL PULLER SPARE PARTS
CUTOFF SAW

DISKEING GAUGE

FINAL ASSENMBLY ECUIPFMENT(E)
FRAME ASSEMBLY EQUIPMENT
GRAPHITE PLUG

GRAPHITE STICK CRYSTAL MCUNT
HEACWAY CONTOUR GR INDER

I11 MCOEL 3 SPINMER-3 TRACKS

111 MODEL 3 CVEN-3 TRACKS I
" LIFETIME TEST SET

MECHANICAL STACKER
MISCELLANEOUS CP

NIKCN CCMPARATOR

OPTICAL SCANNER-EXCELLCN
OPTICAL SCANNBER-EXCELLCN RED
OXIDE STRIP STATICAN(B)
PACKAGING EQUIPMENT
CLASS/PVB/PANEL. ASM. STATION
PANEL INTERCCMNECT STATICN
POCL 3 OIFFUSION FURNACE(ER)
POCL3 FURNACE LINERS(EB)
POCL 3 FURNACE COELS(B)

POCL3 FURNACE PACDLES(8)

PCLYSILICCN ITRVEANTCRY(E)

POY REFILLER

REICHERT MICRCSCCPE

RCTARY INDEX TABLE SYSVEM
RS STRING INVTERCONNECT EQUIP
SCREEN PRINT & DRY SYSTEM -
SCREEN. PRINT & FERE SYSTEM
SILTEC CRYSTAL PULLER-264Q
SILVEC WAFER SCRYER-FRCEBE
SILTEC WAFER SORTER-W.E.T.
ULTRASCNIC WAFER CLEANER
VART AN MULTIBLADE SAM
WAFER ETCHING STATION(B)
WATER RE-CIRCULATOR

UNITS

3¢3.
16.
13.
16.
ba
1.
7.
4.
363.
6‘.
16.
52.
l‘
le
363.
363.
* 3e
36.
36.
. 1.
l.

$TCTAL
25C4.
12000.
19500C.
24CCCC.
60000.
126000.
168CCC.
12000.
3Ce55.
350715¢C.
38400.
T8(C.
27500.
75200.
1264
130680.
L62CCC.
144C000.
720000.
35CCC.
15000.
126000.
455CC.
'240000.
35¢CC.
16CCCC.
25C00.
5€e2CcCcC.
360000.
266400.
224CC.
32000.
32¢cc.
102175C.
305000.
62CCC.
137500.
357€00.
5228CC.
1388000.

- 488CCCC.

900000.
1225000.
66CCC.

7260000. -

scCcC.

122CcCC.

S/MATY
€.0co
0.CCz
0.006
c.CC8
0.00z
0.004
0.0Cé
0.000
c.ccl
0.C1z
0.001
C.GCC
0.001
0.003
0.06C
0.004
€. 0C5
0.C48
0.024
c.cCl
0.000
0.004
0.CCzZ
0.008
c.ccl
0.CC*%
0.001
0.019
0.012
0.009
g.ccl
0.001
0.cC1
€.034
0.010
C.0Cz
0.005
0.C12
0.C1E
0.046
C.163
0.030
0.041

0.CC2

0.242
C.C(3
C.0Cs

FACTORY EQUIPMENT

$CEPR,
415.
1C2€6.
278517.
34286.
8571.
18000.
24CCC.
1714.
30855.
c.
5486.
1114,
392S.
10743,
1C4.
18¢€69.
23143,
2C57 14.
102857.
5000.
2143,
18000«
€5CCa
24286,
5000.

. 22851,
3571.
83143.
51429.
38057.
S¢CC.
8000.
4571.
X
43571.
.. SCCC.
‘19643,
© 51000.
76114,
198286.
697143,
128¢11.
175000.
e571.
1027143,
12857.
188517,

LIST

$/7WATT
0.000
0.000
0.001
0.001
- €. 000
0.001
0.0Cl
0.000
0.001
0.0
0.000
0.000
C.0C0
0.000
€. 000

0.001

0.001
€.007
0.003
0.000
0. 0G0
0.001
0.000
0.0C1
0.000
6. 001
0.000
0.003
0.0C2
0.001
C.0CO
0.000
0.000
0.0

0.001
0.000
€.001
02002
0.003
0.007
0.023
0.0Cé
0.006
0.000
0.035
0.000
0. 001

SINTEREST
261.
6480.
17550.
21600,
54C0.
11340.
15120.
1080.
2777.
31567.
3456.
702.
24175,
6768,
65.
11761.
14580.
129600.
64800,
3150.
1350.
11340.
4095.
21600,
3150.
14400.
2250.
52380.
32400,
23976.
2016.
2880.
2880.
91957.
27450.
5670.
12375.
32130.
47952.
124920.
© 439200.
8100C.
110250,
5400.
.$53400.
8100.
11880.

$S/MATY
0.000
0. 000
0.001
0.001
0.000
0.000
0.001
0. 000
0.000
0. 001
0.000
0.000
0. 000
0.000
0.000
0. 000
0.000
- 0,004
0.002
0.000
0. 000
0.000
0.000
0. 001
0.000
0. 000
€. 000
0.002
0.001
0.001
0.000
0. 000
0.000
0.003
0.001
0.000
0. 000
0.001
0.002
0. 004
0.015
0. 003
0.004

0.000

0. 022
0.000
0. 000




TABLE 8. ‘FACTORYAOVERHEAD DETAILS

" INVESTMENT "~ |
PLANT: '
Process
Offices
Cafeteria
Array Storage
Wafer Storage
Ingot Storage
" Chem. Storage
Maint Shops
Receiving

Total'Plant

LAND

Parking & Receiving

Office Equipment

‘Purchased Material for Inspection
and Quality Control

Minicomputers for Payroll and MIS

. Cassettes . ! :

SUPPORT PERSONNEL -
PLANT ADMINISTRATION
Factory Mgr
Asst Mgr
Secretaries
Receptionist

Industrial Relafionﬁ‘
Secretaries

'fFinan;iél Services
-Secretaries '

Accounting Services
Secretaries/Clerks

" Computer Service
" Computer Operatois

Purchasing
Secretaries

FACILITIES

-, - Guards

 Maintenance
.Janitors’

Warehouse :
Material Handlers

" : Dispensary

' Industrial Engineering

-Quality Control & Purchased
Material Inspection ..

Support People (Totél)

th

72,800
9,400
2,300
4,000
3,300

800
3,000
2,000
2,300

99,900

160,000

" 5/shift -

103

60,000

(2)
(2100)

Number

BN N e

L2
1/shifc
2
1

3/shift
3/shift
3/shift

1
3/shift

1/shift
w10

107

7.28M
0.56M
0.14M
0.24"
0.2M
0.05M
0.18M
0.12M
0.14M

8.91M
0.04M

0.06M
0.02M

OCSM
0.25M
0.21M

$/Year

50K
40K
10K
10K

18K
10K

60K
10K

45K
40K

40K
48K

45K
10K

144K
200K
100K

25K
144K

60K
250K
360K
1719K

0.242
0.018
0.005
0.008
°0.007
0.002
0.006 .
0.004
0.005 -

0.297

-0.001
0.002
0.001

0.017
0,008
0.007

3/

0.002
0.001
0.000
0.000

0.000
0.000

0.002
0.000

0.002 -
0.001

0.001
0.002

0.002
0.000

0.005
0.007
0.003

"0.001

0.005
0.002
0.008 -

- 0.012

0.057




TABLE 9. FACTORY OVERHEAD SUMMARY

Item | Quantity = Cost (é) Anriual Cost ($) _$/W_
Support Personnel 107 1719K A 1719K 0.057
Cassette (4-yr life) 2100 210K 52.5K © 0,002
Heating, Lighting, and AC ' B 188K 0.006
Insurance =~ | 115K ~ 0.004
", _Local Taxes . 230K ; 0.008
'%aéééry'ﬁépreciation | E :
(20-yr life) 8970K : 448K 0.015 .
Eactofy Interest (9%) 9010K 811K 0.027
Support Equipment | . |
Depreciation (7-yr life) : 770K 110Kk - 0.003
Support Eqﬁipment , | u
Interest (9%) . 770K | : - 69K 0.002
Receivables (30 days) (9%) . u 5000K 450K 0.015
 Payables (30 days) (9%) ‘ | (1750K) ‘ (iséx) '(o.oos)
- Total "0.134

$2,01/W, which points out the need for. the full development of thesée tech-
niques by 1982. . But even in this case, the cost of wafer preparation comprises
2/3 of the total panel cost, so that additional cost reductions will have
great impact on achieving the $2/W goal by 1982.
An optimistic view can be taken for the costs of the remaining process
sequences of junction formation, metallization, AR coating, and panel assembly
~as their costs remain within acceptaﬁle:limi;s after repeated analysis and

some redesign of the panel.
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SECTION IV

. EXPERIMENTAL PRODUCTION STUDY OF SILICON
SOLAR CELL ARRAY MODULES

PR
vl

A. INTRODUCTION

As reported in Section II, conceptual studiés weré made of_manuf;cturing“
process sequences for the large-scale production silicon solar array ﬁodules
which cbuld be sold for $0.50/peak W in 1986. As a result of that study, tﬁe
major elements of the most cost-effective 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 Qariables and to identify the critical variables relating to cost
and performance. ‘

The work consisted of three phéses: a experimental production study;
screen-printed metallization development; and panel design and assembly. The
purpose of the experimental production is to produceAa statistically signifi-
cant quﬁntity of solar cells in order to assess the process parameteré which
affect cell performance. Subsection B of this report describes the results of
opetating‘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 Al inks. and experimental results obtained
in screen printing these inks on test structures and solar cells. Subsgection
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 1

The three manufacturing sequences of Figs. 57, 58, and 59 were simulatgd

in an experimental production line located at the RCA Solid State Division,
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COST ANALYSISICASE II:SPIN-ON +POCL3 DIFFUSIONLB)

ASSUMPT IONS:
"STEP YIELD .
.99.08"
95.0%
3 99.0K.
4 95,0%
5 99,0%
6 99.0%
7

8

9

"N -

98.0%
98.0%
9 99.0%
10 80.0%
11 9s8.08%
12 100.0K%
13 100.08
64,68

NOTE: (A)=EXISTING TECI‘NOLﬁGVS (B) =NEAR FUTURE; (CI}=FUTURE

PROCESS COST OVERVIEW-S/WATT

0.717 WATTS PER SOLAR CELL AND 8 0.0 FOR
PROCESS - . - MAT*L.
SYSTEM. "2Z® WAFER CLEANING (8 0.0
SPIN-ON SQURCE:1 SIDE {8)  Q.007
POCL3 DEPOSITION. AND DIFFUSION (A) 0.0
EOGE POLISH .{8) 0.0
‘GLASS REMOWAL {8) 0.0
POST DIFFUSION -INSPECTICN 180 0.0
THICK AG. METAL—FRONT :AUTO {8) Q.025
THICK AG METAL-BACK:AUTC (8) 0.024
AR COATING =SPRAY-ON (8 0.002
TEST {8} 0.0
INTERCONNECT :GAP WELDING 18y 0.D02
DOUBLE GLASS PANEL ASSEMBLY {8} 0.072
ARRAY MODOULE PACKAGING . (A  0.DO7
TOTALS a.138

T 364417

T-€ CH (3%) DIAMETER

D‘ L.
0.002
0.Cl0
0.C17
0.002
0.002
0.003
0.G09
0.004
0.004
0.004
0.006
0.C02
0.001

0.066 -

17.46

EXP.
0.002
0.000
0.028
0.004
0.001
0.000
0.011

. 0.005

0.002
0.000
0.002
0.002
0.0

0.057
15.11

P. OH.
0.000
0,005
0.021
0.001
0.001
0.003
0.012
0.005
0.001
0.003
0.002
0.001
0.000
0.054
14.37

ANNUAL PRODUCT ION3

WAFER

INT.
0.000
0.002
0.003
0.000
0.000
0.002
0.006
0.003
0.001
0.004
0.002
0.001
0.000
0.024

6. ‘1

DEPR.
0.000
0.003
0.004
0.001
0.001
0.004
0.009
0.004
0.001
0.006
0.003
0.002
0.000
0.038
10.18

SUBTAT
0.005
0.026
0.073
0.028
0. 025
0.013
0.071
Qe 054
0.011
0.018
0.016
0.0B0
0.009
0.378
100.00

50.0 MEGANATTS.

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

SALVG. TOTALS

0.0
0.0
C.0
0.0
0.0
0.0
0.0
.0
0.0
0.0
0.0
0.0
0.0
0.0

Figure 57. Cost éumﬁéry - spin-on + POCl4 diffusion

0.005
0.026
0.073
0.008
0.005
0.013
0.071
0.044
0.011
0.018
0.016
0.080
0.009
0.378

% INVEST -

103
6.9
19.3
20
1.3
3.6
18.7
11.6
2.8
‘.1
“3
21.1
z.‘
100.0

0.003

.0.018
- 0,031

- 0,005

0.030
0.062
0.031
0.008
0.042
0.019
0.014
0.000
0. 269

1.0
6.5
1146
z.o
1.8
11.1
23.1
11.5
3.1
15.6
7.2
S.1
0.2
100.0
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COST ANALYSISSCASE ILIsSPIN-ON 2 SIDESI8)

ASSUMPTICNS:

STEP

-
N -

13

NOTE: (A)=EXISTING TECHNOLOGY: (B)=NEAR FUTURE: (C)=FUTURE

, .
QeOurVEWN -

YIELD
" 99.0%
95.0%_
98.0%
95.0%
99.0%2
99.0%
98.0%
98.0%°
99.0%
80.0%
98.0%
100,08
100.0%
64.0%

0.717 WATTS PER SOLAR CELL AND $ 0.0 FOR
PROCESS  MAT'L.
SYSTEM 2% WAFER CLEANING (8) 0.0
SPIN-ON SOURCE:2 SIDES (8) 0.014
DIFFUSION 8) 0.0
EDGE POLISH (83 0.0
GLASS REMOVAL (8) 0.0
POST DIFFUSION INSPECTION 8) 0.0
TRICK AG METAL-BACK:AUTO (8) 0.02%
THICK AG WETAL-FRONT: AUTO (8)  0.02¢
AR_COAT ING :5PRAY~=CN (8)  0.002
TESY - 8) 0.0
INTERCONNECT 1GAP WELDING (8) 0.002
DOUBLE GLASS PANEL ASSEMBLY 8) 0,072
ARRAY NODULE PACKAGING (A} 0.007
TOTALS ' 0145
. £ 39.87

PROCESS COST OVERVIEW-S/WATT

7.8 CH (3") DIAMETER

De Lo
0.002
0.030
0.009
0.002
0.002
0.003
0.004
0.009
0.004
0.004
0.006
0.002

- 0.001°

0.078
21.52

EXPs Pe CH.

0.002
0.001
0.002
0.004

0.001

0.000
0.005
0.011
0.002
0.000
0.002
0.002
0.0
0.031
8.63

0.000
0.012
0.002
0.001
0.001
o. 003

0.005
0.012.

0.001
0.003
0.002
0.001
0.000
0.043
11.87

ANNUAL PRODUCTION:

WAFER

INT,
0.000
0.004
0.001
0.000
0.000
0.003
0.003

0.006,

0.001
0.004
0.002
0.001
0,000
0.025%

6.09

DEPR. SUBTOT

0.000
0.007
0.003
0.001
0.001

0.004 .

0.004
0.009
0.001
0,006
0.003
0.002
0.000
0,041

0.005%
0.068
0.016
0,008
0.005
0.013
0. 045
0.070
0.011
0,018
0.016
0.080
0.009
0.363

11.22 100.00

50.0 MEGAMATTS.

Figure 58. Cost summary - spin-on 2 sides.

02703777 13:09:18 PAGE 1

SALVG. TOTALS

0.0
0.0
0.0
0.0
0.0
0.0
o.o
0.0
0.0
0.0
0.0
0.0
0.0
%0

0.005
0.068
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

1.3
18.6
4.5
2.1
1.3
3.7
12.3

19.4
3.0

‘.a
45
22.0
2.5
100.0

0.003
0.046
0.012
0.005
0.005
04030
0.031
0.062
0.008
0,042
0.019
0.014
0.000
0.278

1.0
16.4
4.3
1.9

10.8
11,2
22.4
3.0
15.1
T.0
4.9

100.0
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Ccost ANALYSISICASE 1s1CN IFPLANTATION(R)

ASSUMPTICNS: -

STEP YIELD
.99.08%
'98.0%
98.03
'99.0%
98.03
96.0%
$9.0t
80.0¢
98.0%
10 100.08
11 100.0%

70.23%

OONPRMIWN-

NOTE: (AJ=EXISTING TECHNOLOGY ; (B)=NEAK FUTURES (C)=FUTURE

PROCESS

SYSTEM 2= HAFER CL:

o

ANING .

ION IMPLANTATION:2 5IDES

ODIFFUSION

POST DIFFUSION- INSPECT[GN
THICK AG NCTAL-BACK:AUTC

THICK AG MEITAL—FRONT:AUTO _
AR COATING:SPRAY-CN

TEST

INIERCONNE(I GAP WELDING .
OOUBLE GLASS PANEL ASSEMBLY (8}
ARRAY MOCULE PACKAGING

TCTALS

\

Figure 59.

PROCESS COST OVERVIEW-$/WATT

NAT'L,
8) 0.0
(8) 0.0
() 0.0
(8) .0.0

(8)  0.024

(8) @.024

(8)  0.002
8 0.0

(8) 0,002

0.a72

(A)  9.60?

0.131

g 33,21

Oe Lo
0.001
0.010
0.009
0.003
0.004
0.909
0.204
0.204
0.J06
0.202
0.001
0.05%3
15454

EXPao-
0.001

0.010 "

0.002

0.000

0.005
0.011
0.002
0.000
0.002
0.002
0.0

0.033
10.31

0. 717 WATTS PER 50LAR CELL ANO $ 0.0 FOR 7.8 CH (3*) DIANEYER

. o".
0.000
0.009
0.002
0.003
0.005
0.012
0.001
0.003
0.002
0.001

© 0.000

0.038
11.09

ANNUAL PRODUCTION:

Cost summary -~ ion

WAFER
INT,.
0.000
.0.013
0.001
0.003
0.003
0.006
0.001
‘0.004
0.002
0.001
0.000
0.032
9.48

DEPR.

0.000°

0.020
0.003
0.004
0.004
0.009.
0.001
0.006
0.003
0.002
0.000
0.053
15.38

SUBTOT SALVG.

3.003
Ce061
0.016
C.013
0,245

0.070°

g.J11
0.718
0.J16
0.280
0.J09
0.343

50.0 MEGAMATTS.

‘implantation.

o.o
0.0
0.0
0.0
0.0

0.0
0.0
0.0

0.0
6.0
0.0

0.0

02703777 13:09:18 PAGE 1

TOTALS
0.003
0.081

0.018

0.013
0. 045
0.070
0.011

0.018

0.016
0.080
0.009
0.343

€ INVEST

1.0
17.9
4.8
3.9
13.0
205
3.1
S.1
4.7
.23.3
2.6
100.0

0.002
0.140
0.012
0.030
0.031
0.062
0,008
0.042
0.019
0.014
0.000
0.361

100.0

<4



Somerville, NJ. A process flow chart showing the sequence of oteps used in
the fabrication of 3-in.-diameter solar cells is given in Fig. 60. The basic
processes and equipment are described below.

a. Silicon Wafers - The solar cell substrates used in this project are
obtained from RCA, Mountaintop, PA, and from Siltec- Corp., Menlo Park, CA.

The solar cell substrates are 3-in., p-type silicon wafers with <100>
crystal orientation. 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 resistivity
- ranges from 5 to 10 ohm-cm. The wafers supplied by Siltec Corp. are front-
surface polished and back-surface etched. Wafer thickness is 0.015 in., nominal;
bulk resistivity ranges from 1 to 2 ohm-cm.

'b. Process Deecrtptzons

(1) Junction Formation - Three methods were tested: ion-implantation of
phosphorus and arsenic, a spin-on phosphorus source, and gaseous diffusion
from phosphorus oxychloride. In all cases the back contact is made through
a high—concentration boron diffusion.

Ion Implantation - The Somerville Extrion 200-1000 implant machine uses

a gaseous source of phosphine or arsine for the n-type implant and boron
trichloride for the p-type implant. The machine is capable of delivéring up.
to 3-mA beam current in the range of 5 to 200 keV.

The implanter can accommodate 26 3-in.-diameter wafers at a time. Junc-
tion implant times are on the ordér of 10 minutes depending on species and
experimental requirements. Holders have been désigned which are capable of
masking the surface peripherallf so that ; planar structure results which does
not require further etching to define the junction. |

Typical doses were 1 x 1015 phosphorus and 1.5 x 1015 arsenic atoms per
cm?2. Boron was implanted into the back of the wafers at a dose of ~1 x 1015

- atoms per om2 and simultaneously driven-in in the junction anneal étep.

. . . *
Spin-on Diffueion Source - A Headway EC 100 spinner is used to apply
spin-on diffusion-sodrce, dispensed from a hypodermic syringe. A variety of
proprietary solutions made by Emulsitone Co., Whippany, NJ, has been used to

*Headway, Corp, Garland, TX.
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WAFER SELECTION

5-10 Q-cm . 1-2 Q-cm

. CLEANING

JUNCTION FORMATION"

SPINON | ¢ T

BOTH .L__"2o% | impLANT.

SIDES SPIN-ON | BOTH
BACK SIDES

- JUNCTION DEPTH AND
SHEET RHO MEASUREMENT

. CLEANING

Ti/Ag METALLIZATION
AND DEFINITION

EDGE GRINDING
(EXCEPT ION IMPLANT)

SPIN-ON AR COAT.

. . ELECT. TEST

~ Figure 60. Experimental production process flow chart.
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obtain phosphorus and boron films., Care is taken to ensure proper ventilation
and safety precautions in handling the toxic solutions. .

~

Phosphorus Oxychloride Deposition and Diffusion - A Therﬁco* SPARTAN
furnace is used, fitted with flowmeters, bubbler, and'exhaust, Deposition and .

diffusion occur simultaneously. A typical cycle is 10 minutes preheat in
nitrogen to reach thermal equilibrium, 45 minutes at temperature with oxycﬁlo-‘
ride flowing, 10 minutes in nitrogen-10% oxygen while the wafers are slowly
withdrawn at about 50 mm per minute by a programmed puller.,

All furnaces are monitored weekly, and the data are recorded together
with information on any adjustments. The absolute calibration is maintained
by the in~house standards department, ﬁhiéh carries out periodic checks on all

instruments and refers these to National Bureau of Standards traceable dtandards.

(2) - Cleaning, Etching, and Photolithography - Thgée oper#fions are performed in
laminar flow stations using procedures which are étandardized for aemiconductox
device fabrication. All reagents are “Electronic Grade"; the rinse water is
deionized, filtered, and monitored to ensure that its resistivity is over 18
Mohm~cm. ‘

'Wafers are "Standard.Cleaned" first in SC-1, a.1l:1:5 mixture of ammoqié,
hydrogen peroxide, and water, then in hydrofluoric acid, and finally in SC-2
which is hydrochloric acid, hydrogen peroxide, and water again in a 1;1;5 mix=-
ture at 85 to 95°C for over 15 minutes. This cleaning technique is specially
-designed to remove films that inhibit wetting, and to remove the thin native
oxide; finally, SC-2 removés virtually all metallic'contamihan:é'that méy reduce
the carrier lifetime in thé finished device. 'fér_preimplant cleaning, an
equally good alternative method has been used, based on a mixture of equal
volumes of sulphuric acid and hydrbgen,perokide at over 80°C. A standard
photolithographic technique.is used, based on Shipley A21350J, to produce the
fine-line metal patterns used in the experiﬁental stage. Wafefs are. gtored
and transported in fluorocarbon carriers'with'dﬁst-tight lids and transferred
to quartz boats'whereQer required, Oxides and glasses. such as the spin-~on
dopant source are removed by etching in hydrofluoric acid, followed by rinsing

in deionized water and drying.
*Thermco Instrument Co., Laporte, IN.
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(3) Edge Contouring - When a spin-on source or phosphorus oxychlq;ide is used
to produce the junction,. and in the case of ion implants when. the que mask
wafer holder is not usgd, it is necessary to either lap, grind, or etch.the
junction on the wafer periphery to separate the heavily doped n-~ and p-type
regions frém each other. This can be done conveniently by either an edgeﬂor
contour grinder or by lapping the.edge with a‘slurry of garnet* in watér and

. then cleaning.

(4) Metallization - During the ;gitial phase of this Qork while the details
of screen~printing metallization ére peing investigated, the metal pattern is
either evaporated through a metal mask or photolithographically defined,

ATﬁe pattern is shown in Fig. 61. The back contact metal is not patterned.
The metal is evaporated'in a Veeco 7?5 equippeq with an Airco-Temescal electron

gun and planetary mechanism that perﬁits uniform evaporation'of 21 wafers at a
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. 6mil WIDE
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Y = J | ==
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/ j \
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\ ! /
\ ) /
\
S /<\
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S ——— — — e
o

he— 30mil

Figure 61. Metallization pattern

*The garnet used was Corundum #1600 (9.5 um), Bendix Abrasives ‘Div.,
Westfield, MA,
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time, The usual metallization is 0.2 um of titanium followed by 3 um of silver,
and it is monitored by an Airco-Temescal XMS-3 thickness gage. A fraction of

cells will continue to be metallized in this fashion for control purposes.

(5) Antzrefiectton (AR) Coatzng - Emulsion titaniumsilica film* 1s applied
using a Headway spinner to obtain a 1ayer of about 70 to 80 nm, This is
baked at an average temperature of 450°C in a Watkins-Johnson variable-speed
belt furnace having six-heat-zone controls, in air. The wafers pass through
the hot zone, which peaks at 500°C in 10 minutes. 'The metallizstion is

sintered at’ the same time.

2. Documentation and Measurements

a. Process Mbasurements and Travelog - 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 ﬁafers are drawn from the inventory, they are marked
with the solar cell lot number by diamond scrihing 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 subsequent measurements and observations
are entered onto the travelog. A copy of the shipped cell travelog is then
filed. Individual measurements on each wafet 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.

(1) Resistivity 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 catbide, 40~um radius probe tips,
loaded with 50 g, while the sheet resistance of the nery thin junction layers

is measured with "blunt" probe tips having 100-um radius, loaded with 40 g, The
procedures outlined in ASTM F-84-73 and FF 374-74 are followed, Uniformity is

checked by reading the sheet resistance in five places on each selected wafer.

*Titaniumsilica f£ilm Type—C, purchased from Emulsitone Co , Whippany, N.J.
**Keithley Instruments, Cleveland, OH.
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Solar Calls — Incoming tnspection

Vendor Vender Lot = Rec, Rep. =

SC Lot # SC/Vendor Type . itam

e e = e W

Quan. Reev'd Sample Size - Inspector Date

Instructions:

| - - Tolal
. trem Total Itams
Criteria 1 2 3 45 6 7 8 9 10 111213141516817 1818 20&1112_‘ Defects _ Rej.

Cracks

Chip oun

Dimples/Pimples : .

Figure 62. Incoming wafer inspection sheet.

L Solsr Cell Travalog
SC Lot No, ‘ Quan, Process Lot No.
Process Description Materis! Operator Date |Gross | Nat Specis! instructions
tncoming Inspection
Serialization
SCC a1 Bulk P M
Clean Code Z ’ .
+
o BpinOn ’
Gaeous h
Clean .
N Tee . ) Puth t {min}
Drive Ny {CFH) Zong t (min)
+ Qg IGFHY Putt t {min) .
Sheat » ’
SCC=2
June. Depth . .
Clean b
E Gun
Mata! Screen On
Filament
Clean
AR Coating
Electrical Test
Ship

Figure 63. Solar cell travelog.
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T .
Sofar Cells
Bulk Resistivity Measuraments

SC Lot = Date Oper. Process Lot =

Thickness | Factor Vewp Vgeu Factor Bulk P

" SN (mit) | 0.00254 | (mv) | (mv) 453 |(ohm-cm)

Figure 64. Solar cell bulk resistivity measurement chart.

Solar Celis
Sheet Resistivity Maasurements

Lot No. Oper. Dats of

i

Figure 65. Solar cell sheet resistivity measurement chart.
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Date

Profile Furnace
Check Release

Furnace Temperatdre :

Number Requested Comments

Rt;quasted by

Figure 66. Chart for recéording chauges.

(2) Junction Depth - To obtain a junction depth measurement a Philtec Instrument
Co.* 2015 D groover is used, followed by staining the p-n junction with the
silver stain described in ASTM F 110-72, reagent 6. 6. Since this is a destruc-
tive measurement, only one wafer per lot of 25 is checked for junction depth
routinely. However, some batches are sampled in more detail to obtain statis-
tical data. ' |

.(8) Wafer Thickness - Thickness is measured on each incoming wafer in five
places with a Bausch and Lomb** Microline DR Optical Gage 25 B. The instru-
ment is calibrated periodically against National Bureau of Standards thickness

gages.

(4) Antireflection Coating and Metallization Thickness - After the antireflec-
tion coating is baked, a wafer is coated with an etch mask such as wax or etch-
resistant tape in a way that permits a straight edge to be deflued. Thia is
done by etching in hydrofluoric acid; then the mask is removed. The step
Height or metal thickness is determined by a surface profilometer such as a
Talysurf made by Engis Equlpment Corp.*** A gset of wafers with a known AR coat-
ing thickness has been collected and is used for visual comparison, as routine

~ process control.

*Philtec Instrument Co., Philadelphia, PA.
**Bausch and Lomb, New York, NY.
***Engis Engineering Corp., Mortongrove, IL.
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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 usingwan ELH photoflood lamp anﬁ dynamic
electronic load. The calibration. and measurégént ﬁfocedure followed that
specified by NASA-Lewis in their publication NASA ™ 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

4

a. Comparison of Cell Performance

(1) Junetion Fofmqtion - A summary of the average AM-1 parameters for solar
cells fabricatéd by the three junction-formation processes is given in Table 16.
The data are divided into high and low resistivity categories, with nine lots
(25 wafers/lot) run with 7 to 8 ohmcm (ZO-ﬁil—thick) wafers and eleven lots
run with 1 to 2 ohmcm (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 - 1 to 2 ohm—cm

Junction Tse  Voe n Ne. TIge Voc n  No.

Formation @) Syl_ (%) Lots  (A) (V) (%) Lots
Gaseous (POCL,) 1.37 0.560 11.9 3 1.20 0.560 10.2 2
Spin-bn (P) .1.25 0.530 10.6‘ 4 10,97 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 (POCl3) diffusion junction-formation process yielded the

best cells overall.
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(b) Cells made from 1l- to 2-ohmcm wafers had considerably lower short-
| circuit current than those made from the 7- to 8-ohm-cm wafers. This
conclusion should not be taken as a general result since the silicon.
vendor was different for each of the two resistivity ranges, and ex-
amination of the wafers by preferential chemical etching (Wright etch)
revealed that the lower resistivity wafers had a considerably higher
defect density than the 7- to 8-ohm-cm wafers. This does, however,
point out the importance of starting wafer quality in obtaining good
solar cell performance. '
(c) The ion~implantation process yielded lower values of short=circuit and
open-circuit voltage than the other two junctivu=formation processes.
. The arsenic-implanted junctions were generally slightly poorer than
. phosphorus-implanted junctions., Spectral response data and pulsed
recovery measurements show that the minority carrier lifetimes for.
cells with ion-implanted juncttons are low (&1 us)’ resuiting in
diminished quantum efficiency at long wavelengths.
(d) The results for the spin-on phosphorus difquion are encouraging;
however, more work is needed to assure stability of the liquid spin-
on source and reprodueibility of this process._

(2) Variations in Cell Characteristics and Junction PUrameters - In most
categories an insufficient nuuber of cells were completed tv determine the
nature of the statistical distribution of cell efficiencies. However, assess—
ments were made of the spread in cell parameters for each junction-formation
technology. The mean and standard deviations in measured cell parameters and
sheet resistance of the junction layer for typical sets nf'cells are given in
Table 11. o ‘
.Although these data include the effects of a "learning curve" associated
with the start-up of-the experimental line, some preliminary conclus;ons aud

observations can be made,

(a) The tightest distribution in cell parameters (except fill factor)
was obtained from cells fabricated using P0C13 gaseous diffusion
for junction formation. ‘ : '

(b) The deviation (~16%) in sheet resistance for the spin—on phosphorus
source is larger than all others, but does not result in abnormslly

large variations in cell parameters. 9
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TABLE 11. STATISTICAL VARIATIONS IN CELL PARAMETERS

Sheet
AM-1 Cell Parameters Resistance
Pormeion 5 %l S B Sm Je Swe o %o
POCl3 11.86 0.68 1.41 0.028 0.640 0.04. 0.560 0,012 50.6 4,2
Spin-On (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 = gtandard deviation for { th variable.

(c) The large deviations in cell parameters (primarily‘Isc) for the ion~
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 ilon-implanted cells, Low lifetime also relates to the low

Avalue (0.510 V) of average open—circuit'voltage (Vﬁc) in the case of

arsenic~implanted cells.

Another observation not shown by the'above data is that low values of
fill-factor and V,. 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 lqw-resistance back cantact.

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 (Rgy) typical
of each process are ligted.

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 cassettes or by air tracks.
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Figure 67. Typical I-V characteristic, POCl3 process,
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Figure 68. Typical I-V characteristic, spin-on phosphorus.
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Figure 70. Typical I-V characteristic, ion implantation (As).
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(3) Diffusion Temperature - Diffusion temperatures fanging from 800 to 1000°C
were used -in the junction-~formation proéesses. Examination of the average
short-circuit current for lots diffused at different temperatures revealed a
general trend toward lower short-circuit current for higher diffusion tempera-
ture, Data illustrating this trend are shown in Fig. 71. This result is in
agreement with other work in this field indicating that lower diffusion tempera-

tures are preferred for solar cell processing.

T L] L] T ‘U
— "
1.2 \ ﬁé
=
a
£
%t z
= 2
& 184
& £
3 1.0 ‘&,
£ g
3 3
[ =4
3
o o9r 3
' 5
E 40
o “‘g
X
& o8f &
w w
2 2
a
g 5
3 2
L_ - i

- L . 1__ i
800 ©50 i 800 ] 850 1000
HIGHEST. TEMPERATURE IN PROCESS (°C)

Figure 71. Short-circuit current as a function of temperature.

(4) Performance and Characteristics of Spin-on AR Coatings - The titaniumeilica
film, type-C has a reported index of refraction of 1.96. The refieciLion and
absorption properties of thias prouduct when applied to a polished silicon wafer

in accordance with the procedures outlined in subscctlon IV.B.l.b above were

measured and are shown in Fig. 72. The low reflection and absorption proper-
ties combined with the- ease of application (non-vacuum process) make this spin-

on film technique an attractive candidate for a low-cost antireflection process.
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Figure 72. Reflection and absorption properties.of spin-on
titaniumsilica film as a function of wavelength,

Some of the properties and problems encountered in its use on metallized, 3-in.-

diameter solar cells are:

(a) From experience with small (2 by 2 cm) cells, an increase in short-
circuit current of 42% is normally achieved when spin-on titanium-
silica film is applied to the polished. surface. For the 3-in,-
diameter cells this factor averaged 36%. This reduction is due-
mostly to nonuniformities caused by interaction of the spin-on liquid
with the metal pattern as discussed below. S

(b) Nonuniform film thickness was encountered when this liquid is spun
onto ‘cells having ﬁetailizétion thicker than v% um. This becomes
extremely severe for thick-film (>10 um) screen-printed metal. '

b. 'Summary of Yieid Andzysis - é yield survey was made. The survey included
material Handiinglf;quthe inéoﬁing inspectibn station ﬁp to final electrical
testing. No yield data are included for electrical testing of completed cells
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since there were no specificaions on cell performance. Deviations from
standard processing requested for engineering purposes are not included. The
yield data were collected from 22 lots and spanned approkimately 500 solar

cells. Every process variation is included in the summary of yield data given
in Table 12. '

TABLE 12. SUMMARY OF YIELD DATA

Process ' Yield Z
Wafer Cleaning 98
Spin-On Process - 95
POCl3 Diffusion , 96
Ion Implantation 95
Junction Depth and Sheet ‘ 95 (Junction depth measure-
Resistance Test ment is destructive)
Mefallization and Photoresist 90 (Evaporated Ti/Ag only)
Contour Edging ' 92

Overall Yield (Typical) 67

These process yield figures are for a small (three hourly workers and one
foreman) experimental production line. Also, the yield loss in most cases was
due to breakage in handling since manual transfers were used throughout.
Cassette or air-track automated handling systems should increase these yield
figurea,.

C. SCREEN-PRINTED METALLIZATION .

1. Iﬁpurity Analysis of Commercial Thick-Film Inks

Four commercial silver-based inks were purchased from two vendors* and
analyzed by spark source emission spectrography. The results of that analysis
‘are given in Table 13. The high phosphorus content in the OI-6105 and A-3441

|
*Engelhard Industries, East Newark, NJ,

Owens-Illinois, Inc., Toledo, OH.
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TABLE 13. EMISSION SPECTROGRAPHIC ANALYSIS OF FOUR THICK-FILM *°
SILVER INKS (ppm by wt)

OWENS ILLINOIS

FORMULATIONS
Element 01-6103 0I-6105
Cu 300-3000 50-500
Al 15-150 30~300
Fe 3-30 .10-100
Mg 1-10 3-30
si 500-5000 . .60-600
Pb 2000~20, 000 1-10
Bg ND** ND
B 600~-6000 ND
Sb ND ND
Bi ND ND
Ti ND ND
Zn ND ND
Na 50-500 100-1000

Ni ND -
Mn ND 0.6-6
A Ga AND -
Ag S S
P ND © 1000-10, 000
Au 10-100 ND
Pd 3-30 ND
Ca ND ND
Cr ND ND
*S element concentration is large.

*%ND

not detected.
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ENGELHARD
FORMULATIONS
A-3233 A-3441
20-200 10-100
100-1000 1000-10,000
~.10-100 10-100
1-10 50-500
100-1000 600-6000
Sk S
- 1-10 30-300
S 1000, 10,000
300-3000. 100-1000
3-30 ND
3-30 30-300
300~3000 150-1500
30-3000 30-300
ND 10-100
ND 1-10
ND ND
S s
ND - 600-6000
ND 10-100
ND 15-150
ND 3-30
D o



inks arises because of the intentional addition of phosphated grit for a re-
duction of contact resistance in the case of n-type silicon surfaces, but the
high aluminum content in A-3441 is undesirable from this point of view.

2, Specific Contact Resistance

Dot patterns suitable for the determination of contact resistance were
screen-printed on 0.01 ohm-cm, bulk n and p silicon, and fired at temperatures
ranging from 600 to 700°C. Firing was done in a belt furnace, with furnace
profile and belt-feed adjusted so that the wafers are at temperature for 10
minutes.

The gpenific contact resistivities determined by this method are listed
in Table 14. From these data, it appears that (except for A-3233) a firing
. temperature of greater than 650°C is required to achieve a sufficiently low
contact resistance,

Physical (angle polish and stain) examinations were conducted to deter-
mine subsurface penetration of silver. No evidence of silver "spiking" was
found; however, tests on actual solar cell structures did reveal differences
in the amount of junction shunting for the different inks., These results are
described below.

3. Screen Printing of Solar Cell Test Patternms

Tests of the four Ag inks described above were conducted by printing the
solar cell pattern shown in Fig. 73 on wafers containing a typical junction
formed by the POCl3 process,

This test pattern consists of one 2.1- by 2.1-¢m cell, two 0.4-cm2

cells,
ten diodes, and structures A and B for umeasurement of the coatact andlahcbt
resistance of the printed metallization. |

Solar cell wafers were selected for screen printing from the experimental
production linej these wafers had junctions formed by POCl3 gaseous diffusion
with sheet resistance of 40 to 50 ohm/square and junction depth of ~0.25 um,
After the wafers were cleaned, the four inks (Owens Illinois 0I-6103, 0I-6105,
Englehard A-3233, and A-3441) were printed onto the junction side of the wafers.
The printing was done with an Aremco Accu-Coat Model 3100 screen ﬁrinter and all
inks were printed through a 200-line/in. mesh with the pattern of Fig. 73

defined in the emulsion. The samples were fired in a belt furnace in air at

126



TABLE 14. SPECIFIC CONTACT RESISTANCE, SCREEN-PRINTED

THICK FILMS
n-{:zge . . E-t zge
(111)-plane (100)-plane
.- 19 19
;.0 x 1077 /ee, . 1.1 x 107" /ce
0.01 ohm-em =~ 0,01 ohm-cm
Ink ' : (ohmicmz) . (ohm—cmz)
A-3441 ,
10m at 700°C . 0.08 : " 0.12
. 650°C 1.64 - _ 1.08
600°C 3.54 . 1.57
A-3233 ,
10m at 700°C 0.01 ‘ 1 0.11
650°C 0.4 0.15
600°C - 0.76 0.28
0I-6103
10m at 700°C © 1,21 0.12
650°C 1.0 ' 0.38
600°C 1.95 S 2,47
0I-6105
"~ 10m at 700°C 0027 : C0.44
650°C - 2.19 | 0.39

600°C- - 5,01 - 7.20

temperatures ranging from 675 to 725°C for 10 min at peak temperature. Only
the front side grid was screen-printed; the back contact was made after firing
by evaporated and sintered (500°C) aluminum. The individual devices of

Fig. 73 were then defined by mesa etching using wax as a mask.: After etching,
the area of the large cell is 4.4 cm?, '
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Figure 73. Solar cell mask design including diagnostic cells.

From measurements of solar cell performance and the junction I-V charac-

teristics, the following observations were made concerning the properties of

the screen-printed inks:

@

(2)

For all inks, firing temperatures of 700°C or greater caused excessive
metal penetration resulting in extensive shorting of the junction.

The best results were obtained at a tiring temperatiire of 8753°C, with
0I-6105 ink. This ink and firing temperature resulted in low contact
resistivity (0.05 to 0.08 ohm-cmz) and little or no evidence of
shunting (see ¥ig. 74). The major limitatlou was lu prliating the
5-mil-wide line over a 2-cm length. ''he line obtrained had a repeli-
tive."hour-glass" shape with some discontinuities in the "necked-

down" regions (Fig. 75). Line widths of 10 mil or greater printed

~well and had a height of 20 um. The measured lateral resistivity

of these lines is 4 to 6 uohmcm. The discontinuities in the 5-mil-

wide lines caused excessive series resistance in the 2- by 2-cm cells,
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Figure 74. Junction I-V characteristic for solar cell printed with
0I-6105 Ag ink and fired at 675°C.

Figure 75. Photomicrograph of 5-mil line printed with OI-6105
ink using 200-line/in. mesh.
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3)

(4)

©))

limiting the fill factor to 0.45 at one sun illumination. The small
cells (0.4 cmz) performed well, having a 7.8% efficiency (no AR coating)
with a fill factor of 0.77.

At 675°C firing temperature, the three remaining ink samples had high
contact resistivities, %0.2 ohm—cm?, and all showed evidence of junction
shunting in the electrical I-V measurements. The effect of shunting

on the junction characteristics is illustrated in Fig. 76.

The Englehard inks printed the best geometric 5-mil line width at a
thickness of "13 um,

Spin-on AR coating could not be successfully applied to the screen-
printed samples, The metal scatters the liquid upon spinning, causing

a very nonuniform coating.
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102 -
o~
§
~
<
. n=12l = 5
- 7 =

3L Jo = 7.5 %100 /cm?|

'
|°-4 1 1 ¥

0.3 0.4 0.5
(v)

Figure 76. Junction I-V characteristic for solar cell printed with

A-3441 Ag ink and fired at 675°C illustrating shunting.
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D. PANEL DESIGN AND ASSEMBLY

1. Comparison of Glass Panel Designs Evaluated During Phase II

a. Introduction - RCA is convinced that a glass/cell/glass sandwich construc-
tion is required to achieve the JPL life and cost goals. During this period
we evaluated, by process analysis and experimental fabrication of panels,
several ways to achieve double-glass construction. Basically, there were
.three classes of designs considered: adhesive bonding between cells, adhesive
bonding on cells, and safety glass lamination.
The receipt of the JPL proposed specification 5101-16 "Silicon Solar Cell
Module Design, Performance, and Acceptance Test Requirements" had a significant
impact on the panel design. The primary effect was due to the provision of a
two-edge rather than the previously assumed four-edge support substructure,
requiring the incorporation of an aluminum U-channel frame to resist the wind
loads. The safety glass lamination technique housed in an alumium frame appears
to meet all JPL specifications and is cost effective. A comparison matrix of
the various panel techniques evaluated during this phase is shown in Table 15.

Photographs of full-size panels containing dummy cells are shown in Figs. 77 and
784

b. Adhesive Bonding Between Cells - This panel design used 165 3.6-in.-
diameter cells in an 11 by 15 array. The space between cells is used to hold

a matrix of epoxy dots with spacer discs to form a honeycomb-like structure.

To function effectively as a honeycomb structure the two cover sheets should
be of equal thickness. Under these conditions the shear stress on the epoxy
dots can be determined from the beam equalLions on the neutral axis. The shear
stress at 50-psf loading for two 1/8-in. sheets is 50 psi at the center and
100 psi at the outer edges. Assuming a 5% area coverage for the dots, we
have a 2000-psi bond stress. Typical epoxies can provide a bond strength
of 3000 psi.
There are several options available on the optical coupling method. The
two-surface front glass panel reflection can be reduced from approximately
8 to 3% by an etching process which selectively leaches material out of the

glass surface. The porous surface layer created has an effective index less
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TABLE 15. PERFORMANCE COMPARISON MATRIX FOR VARIOUS GLASS/CELL/GLASS
PANELS EVALUATED DURING PHASE II
Fabrication Optical Total Change in Effect of Ldge Critical Stress Panel Panel /Panel Total Cell/Circuit Comment
Technique Coupling Optical Thermal Seal Failure Under 50 psf Frame Interconnect Encapsulation Spec
Sequence Coupling Coupling 7% on Long~Term 10,000 cycles Materials Cost
Prior to Cell Less (10& Power Loss Performance (Interconnect +
Glass Anti- Call) 2 Lamination +
Reflection Power Loss (Frame) ¢/W
Etch =AR
Adhesive AR/No AR/0il 10.0 (e%-] Moisture pana- 200) psi None Requires 8.0 165 3.6-in.- 1. Area for
Bonding AR/AR/Air 12.4 Z.9 tration causas Fatigue life field diam cells adhesive dots
Between No AR/No AR eventual panel poor wiring 11x15 array competes with
Cells /air 172 .9 failure due to (33 in series) a high packing
vcltage « 15 vV @ 20°C deneity.
ccrrosion cell temp 2. Adhesive dot
fatigue life
unsatisfactory.
3. Cannot meet
LSSA two-edge
mounting spec.
Adhesive AR/No AR/Ad 10.0 b Moisture pene- 500 psi None Recuires 8.0 165 3.6-in.~ 1. Air bubbles
Bonding on No AR/No AR tration causes Fatigue life fielc diam cells in adhesive
Cells /Air 14.1 3.5 eventual -anel better wirirg 11x15 array cannot be re-
failure dae to (33 in series) moved.
voltage & 15 v @ 20“c 2. Cannot meet
corrosicn cell temp LSSA two-edge
mounting spec
Polyvinyl/ AR/No AR/PVEB 10.0 0.5 Longer time Glass/glass Aluminum  JPL des. 2153 180 3.6-in.- 1. Autoclave
Butyral (PVB) No AR/No AR required but laminates U- connzct with diam cells process dissolved
Safety Glass /PVB 14.1 0.5 plates will be of this size Channel pigtail lead 12 x 15 array air bubbles.
Laminatior pried a»art by in wide regular (36 in series) 2. Meets all

swelling PVB

use

15 V @ NocT
(37°C)

LSSA spec.




Figure 77. First 4- by 4-ft laminated panel with aluminum frame
having extensive breakage and bubbles.
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Figure 78.

Second 4- by 4-ft laminated panel with aluminum frame
having limited breakage and one bubble.
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than solid glass. This porous layer, however, is susceptible to body oils
and other environmental impurities which tend to destroy the antireflection
(AR) character of the surface. With this etch-formed AR coating in mind, the
adhesive band between cells approach can be implemented optically through the
following options:

(1) AR/No AR/o0il
(2) AR/AR/Air
(3) No AR/No AR/Air

The performance of the various choices is summarized on line 1 of Table 15.
In addition to the variation of optical coupling, the air film adds a thermal
resistance which causes an additional 2.9% power loss due to higher cell temper-
ature.

In light of the JPL specification for 10,000 wind load cycles this
panel was judged as very likely to fail at the bond dots. A 2— by 2-ft mechan-
ical panel model was constructed using this technique and is shown in Fig. 79.
The area required for epoxy dots decreases panel packing density particularly
when sheet-grown rectangular cells become available. Therefore, this tech-

nique would not have long-term applicability.
<

Figure 79. Photograph of mechanical panel model.
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e. Adhesive Bonding on Cells - The technique of putting epoxy dots on each cell
so that the dots spread over the cell by displacement was considered. This tech-
nique would leave air spaces between cells if the epoxy quantity and final gap
were closely controlled. The major advantage of this technique is that the bond
area could be increased 15 to 20 times, thus largely solving the laminate
fatique problem. However, there is nonuniform radial flow caused by finger
geometry and wettability variations. These effects always cause: air bubble
entrapment, and as the bond thickness is decreased to its final value around
0.010 in., the percentage of voids in front of the cells can easily approach 50%.
The fabrication process [or this technique would be the implacement of
multiple dots of premeasured epoxy un the glacs sheet on the cell centers. Then
the glass sheet would be lowered on the cell array causing the radial outflow
of all dots simultaneously. The subassembly would be turned over, and the
same process would be repeated on the other side. A few preliminary tests
with this technique using single cells were performed. The resulting bubble
patterns and their optical/thermal effects caused this technique to be abandoned.

d. Safety Glass Lamination - This is the preferred panel technique, and all
results to date have been quite encouraging. The basic approach is to encapsu-~
late the cells in the same polyvinyl butyral (PVB) resin thal is used for
safety glass. The technology of laminating two sheets of untempered glass with
a 0.015-in. sheet of PVB is widely used for automotive and architectural appli-
cations. Current production rates of PVB are equivalent to more than 1000 mW/yr;
thus the midterm requirements for PVB would not have an impact on cost and supply.
The refractive index of PVB is 1.48 which is an excellent match to the
index of soda lime of 1.50. There are various grades of PVB with UV absorbing
compounds added to protect fabrics from yellowing. However, above 0.40 UV
transmission tests indicate no detectable interface reflectance between PVB
and glass. In the PVB compounds withodt UV absorbing materials there has
never been a report of UV yellowing. Since PVB has been in service for more
than 20 years, it appears that this material will definitely achieve the JPL
life goals.,
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The PVB is supplied as sheet stock at 0.015-in. thickness with a carefully
controlled moisture content that affects stretchability. To control the mois-
ture content the PVB must be stored at 50°F or below at all times in a pro-
tective bag. The blanking and layup room must be controlled at 65°F and 18 to
22% relative humidity. The assembly layup is from top to bottom:

(1) Glass sheet

(2) 0.015~in. PVB sheet

(3) Interconnected cell array
(4) 0.015-in., PVB sheet

(5) Glass sheet.

Then the assehbly is placed in a rubber bag and the bag is placed in an
autoclave (pressure/temperature chamber). Then the bag 1s evacuated to with-
draw most of the air from the interface region. The temperature is then increased
to a maximum of 140°C and the autoclave pressurized to 50 to 100 psig to cause
the PVB to flow iﬁtimately around all the cells and interconnects (Fig. 80).
The hydrostatic pressure in the PVB (which is equal to the autoclave pressure)
causes all the tiny air bubbles to dissolve in the bulk of the PVB, Thus when
the process 1s properly adjusted, a void-free, optically perfect interface is

created.
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Figure 80. Solar panel configuration.
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A 6~ by 6-in. laminate with four active series-connected solar cells was
fabricated. Over the cell area there were no bubbles, but several small ones
were visible between cells. A dark I-V curve was taken before and after lami-
nating with no change. Then the lamination was cycled through 50 cycles from
=45 to 95°C with no change in the dark I-V curve. The laminating industry |
states that any visible bubble will grow through peeling caused by temperature-
induced pressure changes within the bubble. This fact was seen to occur with
the four—cell laminate where most bubbles approximately doubled in diameter.
Thue, it is important that any laminate be entirely bubble-free.

A cross-sectional view of the solar panel fraﬁevis shown in Fig. 81. The
two frame sections will be a Eustom—designed aluminum extrusion, Two-rubber
gaskets are used to cushion the glasé agaiﬂst differential thermal expansion
and wind—load damping. A foil seal is qséd on the vertical edge of the laminate
to prevent liquid water from‘cqptacting thé PVB, which éwells upon'contact with
water, Figures 82 and 83 shoy the details fof onfs%te mounting and pgnel‘elgé—

trical interconnects.

FOIL
SEAL

CLAMP
STRIP

*,

2777577777

WELD

AT A=~ —— — [ER——

Figure 81. Solar panel framing.
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‘ At the end of this phase two full-size panels containing interconnected \
dummy cells were laminated and assembled into frames. The first laminating
procedure used too much pressure and broke around every cell and had numerous
internal air bubbles (Fig. 77). The second panel laminated has only one air
bubble (1 mm) and. initially two short cracks. . Several additional cracks were
caused in handling for assembly into the frame (Fig. 78).

2. Cell Matching Analysis

This analysis is being conducted to determinelwhgther any cell measuring
and sorting strategy can increase assembled panel géneration capability compared
withlrandom cell selection for the panel., It is expeoted that 100Z acceptance

testing of cells will be required to avoid the possible use of inactive cells.
This effort is directed to the issue‘of whether there should be sorting of'good
cells into performance categories,

It is still not possible to characterize the product distribution of a
low-cost solar cell production line. This study is based on certain simplifying
assumptions concerning cell property variability produced by such a line. There-
fore, the results of this study should not be regarded as definitive. The com~
puter models and techniques used in this'study can be used for more exacting

studies as product variability becomes better defined.

a. Assumptions = 1t is assumed that the only cell test to be performed will be

a measurement of a test current (I ) at AM-1 flux'and at a preselected test

test

voltage (V ). The selected test voltage is in the middle of the range of

voltages w;:iz Pmax.will occur; typically this-is 460 mV., Since the'AMrl flux
is known, then this test aCtnally measures efficiency (”test) at vtest'
In order to compute the panel output power with various cell combinations,
a closed form function describing the cell I~V characteristfc is required.
Basically, there is a choicc bctween two different expressions. The simplest A
function uses one exponential term to represent junction current leakage while
- the more complicated function uses tvo exponential terms. The one-term function
requires knowledge of short-circuit current (I ), open-circuit voltage 07 ),

test) at (vte t
constants (A, Io) that will pass the characteristic equation through all three

and one point near the Pmax point, i.e., (I ) to solve for the
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points, In contrast, the two-terﬁ I-V characteristic requires one additional
'poinq“(I, V) to find three constants (A, Iol’ Ioz) that will pass the chgraq;
terisic curve through all four points, In order to use the one-term charac-

teristic, thé following assumptions have been made.

(1) All usable cells have the same open-circuit voltage, Voc'
)

(2) The ratio of short-circuit current IBc to test current (Itést

is the same for all cells at a vglue of Iratio'
Some assumptions must also be made about the distribution of cells pro-
duced. The most logical assumption is that the measured test efficilencies
“test'fit a normal ﬁGéussian) probability distribution; that is, that the
probability of a cell having a given efficiency fits the curve in Fig. 84,

PROBABILITY P(7test)

-3¢ 2 I [ 2 +30
Tmin o Tavg Tmax
‘ MNtest

Figure 84. Gaussian probability distributiovn of test
efficiency of cells.

The requiremént of this cufvé is that the integral under a normalized
curve over all values of X is equal to 1. This gimply states that all cells
measured havc a mecasurable test éfficieuui; ‘It 1is assumed that all cells
between +3 o (standard de#iationé) williﬁe'éééepted for panel fabricationm,
wﬁich would consume 99.8% of all celi pioduétion. The final results will

show that even if this "window" were narrowed, the conclusions would be un-

?

affected.
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It'is assumed that allftest efficiencies falling in arﬁitfa:ily defined
ranges of test efficiencies will be separated into different bins. Thus any
ceil'falling within the efficiency fanée defined by region I in Fig, 84 would
be put in box I and so forth. For the purpose of this analysis, it is assumed
that ail cells in box I can be represented by the efficiency at the‘middle of
the rénge I and so forth. For the purpose of this analysis, it is aséumed de-
viations defining,theivarious rahges have been picked; tﬁe analytical rélation-
ship of the Gaussian distribution can.be used to find the cell pophlq:ions'of

each box.

b. Analytical Model - The basic analytical relationship used. in this circuit
model is the well-known single exponential relationship between cell voltage
and current. The key circuit relationships data processing steps used wiil
be described in the logical sequenée used in the model. féfvthe particular

case analyzed, the test efficiency points were:

Npax = 18% +3 ¢
n = 15% mean
avg .

Noin = 12% =30

Five sort regions were chosen with the average efficiency in each bin
being:

n(l] = 12,62%

n(2] = 13.87%

n[3] = 15.0%

nl4] = 16,12%

n(5] = 17.38% '
véc = 0.545 open—circuit voltage

I = 0,75 ratio of short-circuit to test current.
ratio : - ; :

The value of I__ . ~used is reﬁreééhtativu vf tecrrestrial cells in use

today. Further investigations can accommodate value in the range gf 0.55 to

0.85, pfobably'due to variations in series resistance.

AM-1 = 0.097 W/cm® (AM-1 flux) A 27
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The characteristic I-V expression referred to earlier is

,X/AVL —_— . , o
L =I_ -1 (¢ ~-=1)=1 (V) S @

where A = e/kT - 38.647, a known constant. For reference, the I-V charac- o
teriaticé for the five regions are shown in Fig. 85. By placing the points
(Itest’ Vtest)’ (O, voc) alpng with Isc n.Itest/Iratio in Eq. (28), two simulf |
taneous equations are generated that define the A and Io for the particular

cell's characteristic curve,

50 \Y]

40 |

30

CURRENT (mA)

1 | 1 1 ] J
o 100 200 300 400. 500 600
| VOLTAGE (mV).

Figure 85. I-V characteristics of five sort regions.
A and Io are fbdﬁd by a Newton-Rapheson technique. In this manner, the

constants for all cell bins are found A[J], Io[J] for J =1 to 5.
The fraction of production (Frac) that falls in equal regions found by
numerical fit to the Gaussian distribution is

Frac[l] = 0.047

Frac[2] = 0.264
Frac[3] = 0.378
 Frac[4] = 0.264
Frac[5] = 0.047
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The calculation which must be made 1is.to compare the maximum performance
of a circuit with the distribution of cells shown above, all operating at maxi~
mum efficiency with the same circuit operating at the design terminal voltage

and each cell at the same current,

(1) Operation at Maximum Circuit Eff%czency = The power produced by a
P is given by

PL=Vp o () | | | (29)

where iL (VL) is given by Eq. (28). To find the maximum power, the derivative
d(P ) o

d(V ) of Eq. (29) can be found readily in closed formf Then by using the
Newton—Rapheaon method, the value of voltage V [J] in Eq. (29), the values of
max[J] per cm2 of cell for all regions can be found Each of the values of
power must be multiplied by the appropriate area Frac[J] to get the actual

power., Therefore, the maximum total produced is given by

J=5

:E: Frac[J] P [‘] S o (30)
=1 ' S o

In other words, Pmi is the maximum power that could be produced 1if the
cells were sorted and assembled into five different panel types.

(2) String Operation - When power is produced by a striﬁg of cells, they
must all have the same current density. However, the powér to.the‘panel‘is
COntributeﬂ in proportion to the areas Frac[J] Thus, the axpresnion for the
stting power as a function of cu;rent LL is givan by

Pstring () = }E:FfSCIJ] P (IL) e

Here the power as a. function of current IL is needed which can pve fouild
by solving Eq. (28) for V (IL), and, therefore, P (IL) = I V (IL) Here

"again the derivative of string power with respect to current d(P )/d(IL)

string
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can be found in closed form. Then the value of IL for maximum string power
is found, Ipms‘ In this manner, the maximum string power found is
=YV (

Pms string Ipms) . ,AV (32)

Thus, the value of Pms corresponds to the panel power produced 1f the
panel were composed of the appropriate fractions of production Frac[J] for the

normal distribution., That is, Pms represents the typical panel with no éortihg.

(3) Results - The result of all these calculations is that

Pmi'= 16.4 mW/cm2 - independent optimized operation

Pms = 15.9 mW/cm2 - string optimized operation

Thus there is only a 2.95% gain in the power produced due to the sorting
and selective assembly postulated in this analysis. For 100% test of wafers
in an automated facility, we have shown:that the test cost is $0.012/W.

If the installed power supply costs $1/W, this-®3% increase in output power
saves 1.8¢/W, and, therefore, the implementation of this procedure is cost-
effective. It is recognized that many assumptions had to be made to conduct
this analysis. It is possible that other distfibutions of cells or a dis-
tribution of different cell characteristics could change the conclusioﬁs some-
what, It willlprobably not be worthwhile to pursue this issue further until

the low-cost parameters are more completely characterized.
E. CONCLUSIONS - EXPERIMENTAL PRODUCTION STUDY

The work reﬁorted here represents a 6—mbhth.experimental-productidn study
of the elements of low-cost manufacturing seduences previously identified. 1In
starting any production line, a "learning-gurve“‘process is inevitably experi-
enced, so that the éonclusions drawn are to be considered prelimihary, and should

be weighted accordingly.
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1. Solar Cell Experimental Production Study

The major process variable studied, that of junction formation, included
POCl3 gaseous diffusion, spin-on source (P) diffusion, and ion implantation

(P and As). The major conclusions concerning these are:

POCl3 gaseous diffusion resulted in the best cell perforﬁance.“'

‘Spin-on phosphorus sources resulted in reasonably good junctions -

and cell performance. Reproducibility, stability of the source. and
uniformity all need further verification.

The ion-implanted junction-formation process for both arsenic and
phosphorus generally resulted. in poor cell performance. The short-
clrcult currents obtainod from cells made by ion implantation were
lowest of the three junctions processes and exhibited the largest in-Jot
and lot-to-lot variations. Generally poorer junction quality and low
values of lifetime characterized this process.

Individual process step yields exceeded 90% even though manual

handling was used. Wafer breakage was the hajor'factor in yield loss.
High temperature processing (>900°C) resulted in lower short-circuit
current.

Little correlation was noted between measured junction sheet resistance
and cell performance in that wide variations of sheet resistance did

not result in similar variations in electrical cell parameters.

2. Screen-Printed Thick-Film Metallizatioen

Of the four commercial inks studied, the Owens-Illinois 6105 phosphated
ink exhibited the best electrical characteristics.

Inks which do not contain phosphates were found to yield unncceptably ’
high values of contact resistance and generally resulted in shunted
junctions.

A f[ixing tempsrature of 675°C was found adequate to obtain a contact
resistivity of 0,05 to. 0. 08 ohm-cm to n+ junction layers having 30~
to 50-ohm/square sheet resistance and junction depth of 0.25 Hm,

'Screen meshes of 200 lines/in. and emulsion thickness of 1 mil were

found to result in poor dimensional control in the printing of
S5-mil-wide lines.
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e The thickness of the fired lines ranged from 15 to 20 um and had sheet
. L] !
resistivity of 4 to 6 uohm-cm. These values were found adequate for

the front grid of solar cells,

3. Panel Assembly

A preferred ﬁanel design and assembly technique has been determined. This
design Incorporates features directed towards satisfying JPL specifications on
electrical performance and acceptance test reﬁuirements{ The”ﬁanel is a double-
glass laminate structure, 4 by 4 ft in sizé, containing 11 x 15 array of 3.6~in,.-
diameterhcella.. The construction makes use of a well—establishe&,safety'glass
lamination technique by laminating two 1/8-in.-thick sheets of untempered glass
with two 0.015-in.-thick sheets of polyvinyl butyral (PVB) which encapulate
the cells and bond the glass. Some preliminary conclusions derived from |

initial tests of this laminating procedure are:

e It is important that the laminate be entirely bubble-free since even
- small bubbles will eventually cause delamination during thermal cycling.
. Smali, 6- by 6-in. panels wereishcceSSfully constructed éontaining
‘active cells. No change in cell characteristics was noted after 50
cycles of ~45 to +95°C thermal testing.
e The lamination procedures required for full-size (4 by 4 ft) panels
have not been determined. In initial tests, lamination of 4- by 4-ft

panels resulted in cracking of the glass.
'F. RECOMMENDATIONS

In order to more fully verify those process steps which are currently
acceptable and to develop and bring to a state of readiness the processes
needed .for a complete cost-effective manufacturing sequence, the following

recommendations are made:

(1) Economic analysis and experimental production data are required
on silicon wafers having saw/etched surfaces.
(2) The details of the limits on input/output requirements of the POC1,
- gaseous diffusion junction-formation technique in conjunction with
the requirements for écreen-printed contacts should be determined

by expefimental production of a sufficient quantity of cells.
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(3)

'While spin—on 'source dopants seem econonically viable, further

work is required on the relationship of the liquid source
composition to'its stability and the resultant junction pro-

perties. ~Specificaily, water-based dopant sources should be

~ evaluated.

%)

)

- "

The ion implantation and thermal activation and anneal process

'5féquire a thorough evaluation to deterﬁine the processing steps

ﬁecessgry to achieve higher efficiencies in cells fabricated by

Athis method.

A complete procedure for front-grid and back surface screen=-
printed metallization requires development. Specific attention
should be directed toward compatibility of the metallization
with interconnect technology (solderability); back surface ohmic
contacting; wafer breakage, and development of performance and

cost-effective inks,
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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: -

(1) Incoming ﬁate;ial requireﬁents.

(2) Value added - material, labor, overhead.

(3) Equipment requirements as a function of pfoduction levels.

(4) Process yield - ratio of output units to input units. (Note that

this is a measure of physfcal 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

technological processes may differ. '

(2) The quality of two alternative processes may differ.

(3) Synergistic effeets 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 Yy is the process yield and r, is the
number of input units constituting one output unit (e.g., 7.35 g per wafer),

then the output M, of this process will be (Mi/ri)yi' The number of input units

i
scrapped in the process will be Mi-Mir 1= Mi(l-yi)'
Figure A-l depicts a technological process used in the manufacture of solar

array modules. Mi incoming units valued at $Xi per unit are processed. Direct

material, direct labor, and overhead increase the value of each unit to $Xi'.
Mi' units leave the process and enter the next step; the remaining input units
are scraﬁped, with the salvage value being used to reduce process overhead.

The average output unit cost Xi' is determined from process cost information.
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M, INCOMING UNITS @ $X; PER UNIT

SCRAP S VALUE ADDED
M (1—y;) UNITS ‘ PROCESS i DIRECT MATERIAL
.i( v;) gfn—— P.ly:) *_ DIRECT LABOR
: | U OVERHEAD

M;' OUTGOING UNITS @ $X;' PER UNIT

Figure A-1. ‘Technological nrocess representation.

It is important to note that the nnmber'of units entering a process nor-
mally will be greater than the number leaving the process. Hence, the caﬁacity
requirements of various processes may differ. This simple model assumes that
flow is from one process to the next; no feedback of units tb'an.earlier stage
is currently permitted. Therefore, for a given megawatt requirement, the -proc-
essing requirements of each technological prccess can be determined and then
the cost of processing a unit computed. |

Once a description of each technological process has been made, the user
of the model must specify the output requirements (megawatts), the technologi-
cal processes to be used, and the electrical characteristics -of the final solar
cells (electrical characteristics will be dependent upon the processes used).
The model will then compute the cost of cutput requirements and provide detailed
cost estimates on a process basis. Altermative strategies can be_explored.

Also sensitivity of cost to various parameters can be studied by varying the
individual parameters. _ o ‘

Once a omall number of feasihle alternatives have been selected, a detailed
financial analysis could be made of eacn 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 gcheme.

‘This model facilitates the analysis of alternative manufacturing approaches.

It is only a first approximation, however, whose primary purpose is to systematize
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the financial analysis and permit comparisons with current state-of-the-art

cost estimates. This initial model will need enhancements to incorporate some

os all of
1)

(2)

(3)

the following items:

Multi—year analysis capabilitybutilizing discounted cash flow
techniques. ‘

Distribution of electrical characteristics to represent the quality"
of‘individual processes. This would be based upon the performance
approach described in Quarterly Report No. 1 [A-1].

Synergistic effects of combining certain processes.

The selection of those features to be implemented will depend upoo the

number of

different process combinations to be analyzed and the accuracy to

which process parameters can be estimated.

The cost estimates provided By'the model include:

(1
(2)
(3)
(4)

Processing cost, expressed in $/W
Floor area requirements for manufacturing area
Direct and indirect labor personnel required

Material and direct expense summary

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-

~N
sonnel, finance, quality control, etc.)

That
+
Al
+

+
+

+

is,

Wafer cost, $/W

Processing.cost, S/

Heating, cooling, lighting, $/W .
Insurance, $/W

Factory interest & depreciation, $/W
Administrative & support salaries, $/w
Profit, $/W

Selling price, $/W

A-1. B. F. AWiiliams Automated Array Assembly, Quarterly Report No. 1,
ERDA/JPL-954352/1, prepared under Contract No. 954352 for Jet Pro-
pulsions Laboratory, March 1976. .

151



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 (3.07)-diameter wafer

7. Solar cell - a "sheet'" after electrical test

8. Array module - a 14.6 ftz panel containing 224 solar ceélls

9

. Purchased silicon cost, $/W - not used currently .

B. GENERAL INPUTS: INVESTMENT TYPE DEFINITIONS

1. Name - investment name
Type - process or faetory

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 avallability of related investments

Cost - first cost + delivery charges + taxes + instellatinn costs
Book life - estimated life for depreclation purposes '

6. Area - area, in ftz, occupied by investment and associated operators

C. GENERAL INPUTS: LABOR TYPE DEFINITIONS

1. Labor name - labor category

Labor type - direct: 1labor whieh varies directly with the level of
production; indirect: 1labor which.is constant over a range of production

3. Wage rate = $/hr base pay
4. GP# - not used _
5. Fringe benefit§ ~ cost of employee fringe benefits expressed as a % of

wage rate

6. hfficiency - ratio of labor required to actual labor (allowa for rest
periods, lunch periods, absences, etc.)
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D. GENERAL INPUTS: EXPENSE TYPE DEFINITIONS

8.
9.
10.
11.

Expense name - material or direct expense name

Type - material: items which become an integral part of solar cell or
array module; direct expense: items consumed in cell or array manufac-
ture which do not become an integral part of assembly

Cost - (a) cost of item, in $/cm3, $/gram, $/kwh (process ekpenses will

be expressed in units-specified); (b) "specified in' $" 1if process ex-

pense will be expressed in $ -

Salvage value - not used currently

PROCESS PARAMETERS

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
1s 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. '"Floor space' is .
calculated using the "AREA (SQ.FT.)" value associated with the largest
"INPUT UNITS" volume less than or equal to current production volume.
The area associated with investments i3 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 cost estimate
Procedure - description of process major>steps

Investments - (a) name: investment name, defined in B above;

(b) maximum throughput units: throughput of investment (sheets/h,

solar cell/h, or array module/h., 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 separately. 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 same.
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12.

13.

F.

1.
2.
3.
4.

s,
6.
7.

Labor - - (a) name: defined in C above; (b) labor requirements base:

(1) investment name or (2) "fixed" - { persons/shift fixed (3) "DL" -
base is # of direct labor persons; (4) "TL" - base is # fo.labor persons

_ associated with process (c) #: of persons/shift/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 input units for which this type of
labor 1s 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 units/yr x % input units processed/100
throughput/h x # hours/year x efficiency

# operators/shift .=

'Supplies/expenses - (a) name - see D above; (b) annual fixed part -

fixed part of expense (multiplied by # labor persons or investment units
for labor or investment bages). Must be specified in same units as
espense name. . (c) variable part - units - variable part of expense;

(d) base - (1) per input unit, % input units processed (2) per
available investment/hr of specified investment

$ Cost = (Annual fixed part + variable part’ x base units) x
($/unit)

COST ANALYSIS: PROCESS AND OTHER COST ESTIMATES

Material - material cost, $/vW .

D.L. - direct labor cost, including fringe benefits, $/w
EXP. - direct expense cost, $/W

P.OH. - process overhead cost, $/W (imndirect labor cost)
INT. - interest cost, $/W

DEPR. - depreciation cost, $/W

TOTALS -.total of items lf6, above

INVEST - investment required, $/W

COST ANALYSIS: MANUFACTURING SEQUENCE NAME

Material, etc. - as in F above .
SALVG. - estimated recovery value of scrap, $/W
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