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SECTION I

SUMMARY

This report contains three main sections which describe a general tech-
nology assessment and manufacturing cost analysis; a near-term (1982) factory
design; and the results of an experimental production study for the large-
scale production of flat-panel silicon solar-cell arrays.

Section 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/W selling price in 1986. We have
found a minimum manufacturing cost in a highly automated line of $0.30/W
assuming the silicon is free. The panels are of a double-glass consiruction
and are based on round wafers. Screen-printed silver has been used as the
metallization with a spray-coated antireflection (AR) layer. The least
expensive junction-formation technology appears to be 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/M2, 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. ¥or a production level of 500 MW/yr, the price above is derived. For
comparison, a factory processing 50 MW/yr using the same technology would sell
modules for $0.54/W to $0.70/W. An analysis of the impact of wafer size
indicates that with traditioral 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 iikely sheet

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

Our approach was to first consider a panel design wshich could be expected
to have a 20-year life and would also meet the JPL specification on mechan-
ical, electrical, and envirommental 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 sequence 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 POCL3 gaseous diffusion for junction formation, thick-film Ag
screen-printed metallization, spray~on AR coating, and solder reflow intercon-
nect technology.

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

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 and, 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 manufaciuring sequences and is an outgrowth
of our cost and manufacturing studies. This program consisted of three parts:
aﬁ experimental production line study of the major variables associlated 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 conditions. No automation or advanced
handling techniques were used; manual handling by hourly workers with the
supervisién of one foreman and one engineer was used throughout this produc-—

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

R
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using the three junction-formation technologies of POCl3 gaseous diffusion,
spin-on source and diffusion, and ion implantation. The problems encountered,
some production yileld statistics, and summaries of the performance character-
istics of the soclar 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.

A panel design consisting of a double-glass laminate which is expected
to meet JPL specifications on mechanical, electrieal, 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.
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SECTION 1L

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

A, TINTRODUGCTION

The purpose of this study was toc assess manuifacturing process sequences
for silicon solar array modules which could be sold for $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-
conductox manufactu;ing art have been analyzed in detail. The basic philosophy
of this study was to identify those manufacturing processes which had the small~
est cost of cqnsumed materials and expense items (defined later) based on this
comprehensive analysis. It was assumed that the automation of these low mate-
rial cost processes would result in the lowest ecost array module. This philos-

ophy has not changed,
4 There have been three levels of cost estimation applisd to this task.
Estimates of the present day costs for each of the potentially relevant
processes were made as described above. TFor the class of processes which:
seened the mogst attractive from a manufacturing‘cost point of view, the near
term (approximately 5 years for full. implementation) costs were developed.
Finally, for the most cost—~effective sequences, the manufacturing cests in a
heavily automated facility were projected. A summary of this work is presented
in Fig. 1.

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

In subséction D we discuss the effect of wafer size on manufacturing cost.
In most bf the cost analysis in this report, 3-in. wafers were used as the

sheet material, Factory level overhead costs are developed in subsection E.

B. ARRAY MODULE MANUFACTURING COST

The lowest cost manufacturing proczss sequence which we have.identified is
ghown in Fig. 2. As can be seen in the figure, the cost for this sequence is

$0.264/peak W with 587 of the cost associated with material and expense items.
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TT9TTe%.0% QIFFUSIOR T T ¢ FUTURE 0.0 D.003 0,002 0.0p1 03001 W,.603 0.009 UeD10
aa 99,0% POCLZ DEPCSITION AND DIFFUSION  EXISTING Ba0 04016 0,028 04020 04003 0,004 0.072 0031
"99,0% POCL3 DEPESITION AND DIFFUSION  FUTURE [ 1] 0,005 D0.028 0Q.001 0JGB1 B.000 O0.0%53 T.006 i)
22 99.0% DIPED OXIDE BEPOSTTIONGP TYPE EXISTING LI ) 0a028 (e840 04015 04005 0.000 04300 0057 .
T 2% $3.0¥ DOPED T EXTSTING 0«0 04020 0 ,F40 “TFJUIT B Y . . A
24 98,0% DOPEY OXIDE DEPOSITION:2 SIDES  EXISTING (Y] 095" 0¢.9% 04039 0,011 Qu017 0205 0120
T 25 85.0% CLOSE SPACE EFTTARY — NEAR FUTURE (Y] 0,68 D.258 (CuD20 0,028 Tabh2 04 . \
26 99.0% ION IMPLAMTATION-FRONT EXISTING 0.0 L4245 0.025 04082 0,033 0.053 0,197 De370
YT 99.0% ION IMPLANTATIDON=BACR "~ EXISTING tal o085 0a024 04042 {037 02053 DI v R
28  96,0% ION IMFLANTATIONSZ SIDES NEAR FUTURE fe0 Dalll Oe011 0e009 04013 04021 0a.065 Dsl150 o
TTEF YT, I TON INRIA FOTURE Gelt 0.004 0a607 D007 To . ST .
30 99.0% POST DIFFUSION INSPECTION EXISTING 0+8 04015 0.000 £.005 0.003 04005 04028 D.033
T T30 59.0% POST DIFFUSION TNSPECTION NEAR FUTURE 0.0 0,004 04000 0,003 ULO0F " Da0 . U
32 99.0% onST DIFFUSICN INSPECTION:I10X FUTURE 0a0 Ca001 0,008 04061 0.8601 0.001 0.003 Dafi06
T X3 53.0% FRONT SINE RESTSY AFPLITATION EXISTING fad D:806 D871 0018 T¥T0Z D.00F .
34 95.0% RESIST REMOVAL EXISTING D0 04005 04002 04005 0,001 04001 0aD21 D007
35 9%.0% GLASS REMOVALC EXISTING 1.0 D.007 D001 0eT . v . . {
36 99.0% GLASS REMGVAL NEAR FUTURE Ca0 0002 9,001 04001 0,000 C.001 04,005 02008 ]
TTTIT 9,08 RIM LTCH T e E¥ISTING Bell Daf12 D034 013 02002 04 Y .
38 95.p% EDGE PJILISH KWEAR FUTURE 040 0.002 (0004 04001 084,000 QedPI 0.008 84005
TTITIENL0% VACUUM FVAPORATIOW WEYALLTZATEON EXISTING G0 0173 0.011 0.078°0, . + .
40 98,04 TI/AG METALLIZATION-FRONT EXISTING D.019 0.177 04,011 0.072 £.024 0,039 0.362 04271
0% TIZAS METAL EXTSTING 0,022 04177 0,017 05 s - . 3
42  98.0% AL "ETALLIMTIDN-F‘RONT EXTSTING 04004 Bal77 0e011 Ca072 04021 0e033 D.318 04232
TTRYT9h,0% AL METALLIZA EXISTING D.004 0177 04011 04077 T,02 . . s
44 Ga.0% MAGNFTAROM spunpnus TIZAGIFRONT EXISTING 0.019% 0.037 0,009 04013 0,018 0.028 o.xza 1195
TIT THE. 0% MAGMETRCK § i ABIBACK EXISTING 1,022 0,037 D.009 O0.DI3 'ﬂ‘HE"rtr .
46 9B.0% HAGNETAON SeUTTERING AL 2FRONT EXISTING 0.007 De037 0009 04013 04020 0831 D-J.l& 04217
“TX HAGNETRUN™ YBATK EXISTING 0,007 "N.037 0.BDF LTI 0 . A
___ %8 180.0% SCREEN PRINT YAFER REWORK B NEAR FUTUPRE 00 04001 0,000 04001 0,000 0.G00 9,002 0,001
749 100.0% SCRE . ORINT WAFER RLHORK FUTURE 040 0a00% 04000 04001 0.000 Qe000 00002 D001
50 9B.0% THICK .. KETAL-BACK!AUTO _  NEAR FUTURE 0.026 D.004 04005 84006 0,003 0,005 0.049 8035 -
51 99.0% THIEK "AG WETAL-DACK: AUTD FUTURE 04026 04002 04005 Ga003 0,008 04007 04087 0.048
52 95.0% THICK AG METAL=-FRONT ;AUTO NEAR FUTURE 04027 0,014 0,012 0,813 0.006 0.030 0.078 0.069
53 99.0% (HICK AG PEFTAL=FRONTSAUTO FUTORE §eD28 0uD0E CeD12 UeDGE 0+008 04012 04070 0087
54  98.0% THICK AL/AG METAL~BACKIAUTO _ NEAR FUTURE £eD15 04008 D010 D805 02008 §.007 0053 04050
T 55 9H,6% THICK AL METAL-BACK:AUTO NEAR FUTURE 0011 D+004% Q405 D0.006 0003 0,005 O0.034 04035
56 98.0% THICK AL BETAL-FRONT:AuTO NEAR FUTURE 0012 D.D10 04012 0,013 D.D0& _0.810 0.063 0.06%
67 95.0% AR CHATING:SFIN=ON EXISTING fall21 0.049 0,001 0,018 0.001 0.001 @.091 04008
58 95,0% AR COATING:SPIH-ON NEAR FUTURE 04021 04019 04001 0,007 $.002 0,008 0.853 0035
59 98.0% AR COATING :SPIN=ON FUTURE 0.020° " 8.010 0a001 0.00% 0#003 04005 Oe0%2 T+034%
60 99.0% AR COATING:SPRAY-OK o NEAR FUTURE 0.002 0,00% G0e000 0,001 0.68° 0.001 0,005 D.008
1 99,0% AR COATING {FLAPORATE EXISTING 0e010 D070 D06 02035 Q461 0,018 0s150 0.128
62 A0.0% TEST = o EXISTING [ 0aB22 DaDOO_ 84007 0u005 04008 Da042 0.056
63  B0.0% TEST 7 - NEAR FUTURE (] 04005 («000 04005 0,005 0,008 0023 04056 -
64 90.0% TEST _FUTURE Gad  DaCB3 04600 08.002 0,004 0.007 0.017 DaDAY
5 GEe0% ARHAY FAGwiHSTACRYLIC PANELSCH  EXISTING ~ 7" 04359 04158 D056 Da088 04010 UDe016 0OeB57 04109
66 Fh.0%X ARRAY FALeIRSIGLASS SUPERSTRATE EXISTING Pe152 04123 0s056. D088 Do0If  0eD)6  D.450 tatng
67 OGs0% ARRAY FAC4:GWSACRYLIC PANEL 4GB  EXTSTING Pe2B2 04125 #4008 04055 04009 BaD1& (4575 G096
68 55.0% ARRAY FAB.16WIGLASS SUPERSTRATE EXISTING 0s152 0.123 04009 04085 04003 0.013 04353 0096
59 9640% AARAY FAC tULSIACRYLIC PANFLeCR EXISTING N.37T8 04125 0.000 0,005 0«00 0,015 04578 D207
70 9€.0% ARRAY FAB,jULS:GLASS SUPERSTRATE EXISTING . .balS6 D125 D0.00D  Ge045 04010 0.018 D352  Delg7
7T 98.0% LNTERCCNNECTIHEFLOY SOLDER NEAR FUTURE ~ ~ 04003 0.008 0«00 Js0C2 Ua002 De0C& 0aQ1F Ds025
72 98.0% INTERCOKNECTIGAP WELDING __NEAR FUTURE _  0+C03 D0.008  0.003 0.002 0.002 0,004 0.022 0.025
73 98,0% INTLRCONNECTIULTRASONIC REAR FUTURE = 0,003 @.813 0.000 D003 0.002 0.004 0.02°F 0.025
74 _100.0% DOUBLE GLASS PANEL ASSEHBLY NEAR _FUTURE 02103 0.005 0,003 0001 04002 8,003 8,174 0.018
75 100.0% GLASS SUPE RSTRATE PANEL ASSEMBLY NEAR FUTURE 00150 04003 GeD00 Us001 04002 De003 05159 D018
76 _100.0% RIBEON IN YUSES PANEL ASSEMBLY  NEAR FUTURE 0el40 04003 0,000 0,003 0.002 0.003 0.148 0018
77 100.0% ARRAY HO[ULE PACKAGING EXISTING FeD10 0+0035 D0 04000 0.000 0000 G.014 0,001
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 (cy 0.0 0.005 0.004 0.020 0.029  0.084
3 99,0 DIFFUSION {c) 0.0 0.002 0.Gd4 0.003 0.008  0.u¢
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 () 0.021 0.004 0.004 0.008  0.04] 0,137
6  99.0 THICK AG METAL-FRONT:AUTO () 0.021 0.009 0.010 G6.016 0.060 0.069
7 80,0 TEST () 0.0 0.000 0.004 ©0.008 0.012  0.035
8  99.0 AR COATINGS:SPRAY-ON (c) -0.002 0.002 0,005 0,002 0,01 0.008
9 98,0 INTERCONNECT:GAP WELDING (8 0.002 0.002 0,008 0.005 0.016 0,019
10 100.0 DOOUBLE 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. Ton implantation cost analysis.

This procass sequence is identified as Ion Implantation . (C) where the (C) de-
notes a heavily automated extrapolation of a near-future version, Ion Implanta-
tion (B), which will be. evaluated later. 7

In the three class (C) cases which will be described,.all of the machinery
is fully automated.and only the interfaces between each step.involve people.
The sheets, in this case. 3-in. wafers, are transported between each step in 500-
wafer cassettes. As will be shown below,.additional people are involved in

maintenance, support, and administrative functdions.

As can be seen in Fig. 3, the factory on which these cost estimates are
based produces 50 MW/year and operates 345 days/year. At this level of pro-
duction, there is only a slight projectable advantage in increasing the factory
size (subsection E). Ten such factories will produce 500 MW/year.

For understanding Fig. 2, Fig. 4 is a listing of all the material and ex-

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




GENERAL INPUTS 01/20/77 16315343 PAGE 2
# YEARS OF STUDY: 1 RUN TYPE:PRO=-FORHA BASE YEAR OF RUNI 1
'ANNUAL” PRODUCTION EN WATTST "S.00000E+07 PRODUCTION GROWTH PROFILE #2 0

aND SHIFT PREMIUMIlE.00X 3RD SHIFT PREMIUHI10.00%
# WORKING DAYS/YRI345 # HOURS/SHIFT:12.00 ¥ SHIFTSSDAY: 2

_BOOK DEPRECIATION HETHODISL _ TAX_DEPRECIATION HETHODISYD

FACTORY CONSTRUCTION COSTyS$/FT#%2: 0.8 FACTORY DEPRECIATION LIFE~BOOK: 20 TAX: 20 INVESTHMENT TAX CREDIT:IYES
LAND COSTeS/FTe+2 OF FACTORY: 00 (NOT A DEPRECIABLE INVESTMENT) . FACTORY EXCEST SPACE-1ST YR: 0.0%

INVESTNENT TAX CREDIT RATE: 10.00% INTEREST RATE ON DEBT:  9400% INTEREST RATE GROWTH PROFILE #: 0
DEBT RATIO-INITIAL YEAR: 100.00%

PURCHASED SILICON COST: Oe S/SHEET. SILICON COST GROWTH PROFILE #3 0
# SOLAR CELLS/SHEET: 1 # SOLAR CELLS/ARRAY MODULE: 224 AREA OF ARRAY MODULEI13564»0CHw»2
HATTS PER SOLAR CELLCDEFAULTY: 0.50 WATTS PER SOLAR CELL GROWTH PROFILE H: o

HT, OF SHEET! 3.960 GRANSe AREA OF SHEET: AT.800CH+*2 FORMII™ WAFER.

DEF{NITION OF SHEET$7.8 CH (37) DIAKETER WAFER

GENERAL INPUTSILABOR TYPE DEFINITINNS 01/20/77 16315243 PAGE 5
LABOR NAME LABOR TYPE MAGE RATE GP# FRINGE BENEFITS GP# EFFICIENCY
HOURLY OPERATOR DIRECT Se.00%/HR 1] 35.0% 4 85.0%
REWOAK OPERATOR DIRECT 5003 /7HR i 35.0% 0 85,0
" HOURLY INSPECTYDR™ UDIRETT 7 Ba00$/HR 0 3540% 0 85.0%
HACHe ATTENDANY INDIRECT 5e605/HR ] 35.0% o 85.0%
FOREMAN INDIRECT Te&58$/HR ] 35,0% 0 100.0%
ENGRs SUPPORT INDIRECT 11.75%/HR 4 35.0% 0 100.0%
TECHNICI.N INDIRECY Te15%/HR ] 35.0X 1] 100.0%
CLERICAL INDIRECT 5108 /HR 0 35.0% 0 100.0%
TRUALITY TONYROL ~ INOIRECT ~ ~ 5.6057HR ¢ 35.0% 0 100.0X
HAINTENANCE INDIRECT Gel0S/HR 0 35.0% ¢ 100.0%
HANDLER INDIRECT S«105/HR 0 3540% 0 100.0%

Figure 3, Factory production analysis,




GENERAL INPUTSIEXPENSE TYPE DEFINITIONS

EXPENSE NAHE
AG-PLATED CU WIRE
AL CHANNEL _
ALUHINUH
ALUMINUM RIBBON
AL FOIL SUBSTRATE
BOX FOR HODULE
CELL ADHESIVE

CONFORKAL COAT+3 HIL METAL

EDGE SEAL

END CAPS

EPOXY SPACER

EXTENDED HEAT SINK

FINAL ASSEHBLY MATERIAL
GLASS TUBING .
INDEX MATCHING MATERIAL
IN-HOUSE SPIN-ON AR COATING
IN-HOUSE PASTE SOURCE
IN-HOUSE SPIN-ON SOURCE
INK AG=FRONT FINE GRID
INK AG=-FRONT FINE GRID LOST
INK AG-FRONT BUS BAR

INK AG-FRONT BUS BAR LOST
INK AG=-BACK GRIO

INK AG-BACK GRID LOST

INK AG-BACK PAD

INK AG-~BACK PAD LOST

INK AL=FRONT FINE GRID
INK AL-FRONT FINE GRID LOST
INK AL-FRONT BUS BAR

INK AL~FRONT BUS BAR LOST
INK AL-BACK GRID

INK AL=-BACK GRID LOST
INTERCONNECT MATERIAL
INTERCONNECT METAL

PANEL ASSEHBLY MATERIAL
PANEL CONNECTOR

SILVER

SUBSTRATE

TANTALUH PENTOXIDE
TITANIUM

WINDOW

ACETIC ACID

AMHONIA GAS

AHMONIUM HYDROXIDE
AOATSeLINERSHETC.
DEVELGPER

DETERGENT

DE-IONIZED WATER
DIAMOND BLADESSETC.
DIBORANE 5% IN HYDROGEN
ELECTRICITY
ELECTRODES
FILAHENTS/INSULATORS
FILTERS

RESTRICTION TYPE

NONE HATERIAL
NONE MATERIAL
"NONE RATER IAL
NONE MATERTIAL
NONE MATERIAL
NONE HATERIAL
HONE HATERIAL
NONE KATERTAL
"NONE HATERIAL
NONE HATERIAL
NONE MATERIAL
NONE MATERIAL
NONE MATERIAL
NONE HATERIAL
NONE MATERIAL
NONE HMATERIAL
NONE MATERIAL
NONE MATERIAL
NONE MATERIAL
NONE MATERTAL
NONE MATERIAL
NONE MATERIAL
NONE MATERIAL
NONE RATERTAL
NONE MATERIAL
NONE MATERIAL
NONE BMATERIAL
NONE MATERIAL
NONE MATERIAL
NONE MATERIAL
NONE MATERIAL
LONE HATERIAL
NONE MATERIAL
NONE MATERIAL
NONE MATERIAL
NOGNE MATERIAL
NONE MATERIAL
NONE MATERIAL
NONE KATERIAL
NONE MATERIAL
NONE MATERIAL
NONE DIRECT EXPe
NONE DIRECT EXPe
NONE DIRECT EXPe
NONE DIRECT EXPe
NOKE DIRECT EXPa
NONE DIRECT EXPe
MONE DIRECT EXPa
NONE PIRECT EXPe
NONE DIRECT EXPa
NONE DIRECT EXP»
NONE DIRECT EXP.
NONE DIRECT EXPe
MONE BIRECT EXP.
Figure 4. Material

COST
SPECIFIED
SPECIFIED
SPECIFIED
SPECIFIED
SPECIFIED
SPECIFIED
SPECIFIED
SPECIFIED
SPECIFIED
SPECIFIED
SPECIFIED
SPECIFIED
SPECIFIED
SPECIFIED
SPECIFIED
1aDDOGDE~D2S/CHr*3
4 aBODODE=035/CHA*3
4.000D0E=-035/CHs =3
SPECIFIED IN

SPECIFIED
SPECIFIED
SPECIFIED
SPECIFIED
SPECIFIED
SPECIFIED
SPECIFIED
SPECIFIED
SPECIFIED
SPECIFIED
SPECIFIED
SPECIFIEG
SPECIFIED
SPECIFIED
SPECIFIED
SPECIFIED
SPECIFIED
SPECIFIED
SPECIFIED
SPECIFIED
SPECIFIED
SPECIFIED

=
=
L N L I I R R T )

—
=
L R L R R R R R N T T

1.7220DE~-035/GHe
Se50000E~DES/CHe*3
8.F0000E«045/CHx=3
SPECIFIED IN s
SPECIFIED IN $
DeD $/GHe
1o 06B00E~DES/CH* %3
SPECIFIED IN §
2.82700E-053/CH**3
3.00000E-D28 /K HH
SPECIFIED IN §
SPECIFIED IN &
SPECIFIED IN s

GP8

e OO OO OO RO DU D OO EN POl DO O DD DO

RN = - =~ ]

SALVAGE
Be0%
Be0X%
DeDX%
0eD%
D+0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
DalX%
O.D%
DeD%
0.0%
D.0%
0.0%
De0%
0.,0%
De.0%
0e0%
D.0%
0,.,0%
0.0%
D.0X%
DaDX
D.0%
0.0%
0.0%
DeD%
00X
0.0%
N.0%
De0X
00X
0.0%
0«0%
0.0%
0.0%

and expense definition,

.

01720777 163215343 PAGE 6
SALVAGE VALUE GP#
Da0 0
G0
De0
0s0
De0
0.0
0.0
B-n
Dad
n.n
D«0
Qa0
0.0
IRy
u-n
Oall
0D
U0
00
Q00
0.0
n.o
De0
Be1
a0
[ ]
Dall
0.0
0.0
Da0
D0
Oe0
0.0
Qa0
G0
0.0
0.0
0«0
Dal
Da0

PAALVLARD RS

$7/CH*»3
S/CH*#3
S/CH#%3

GO=ﬁﬂﬂﬂQﬂEQﬂnaa:cﬁDG&Q@OOGQOQDQQQ@QDO@aa
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GENERAL INPUTSIEXPENSE TYPE DEFINITIONS

EXPENSE NAME

HYDRAZINE

HYDROCHLORIC ACID
HYDROFLUDRIC ACID
HYDROGEN

HYDROGEN CHLORIDE
HYDROGEN PEROXIDE

ION SOURCE GAS

LIME

LIGUID NITROGEN

NITRIC ACID
NITROCELLULOSE LACQUER
NITROGEN

NITROGEN AMBIENT
NITROGEN CURTAINS
0~RINGS & FILTERS
OUTSIDE ENGR. SERVICES
OXYGEN

PHOSPHINE 5% IN HYDRODGEN
PHOSPHORUS OXYCHLORIDE
PHOTORESIST

QUARTZ

SCREENS

SILANE 100%

SILICON TETRACHLORIDE
SODIUM HYDROXIDE
SOLVENT

SOLVENT=-INK
SOLVENT-PASTE
SPRAY=ON SOURCE
SQUEEGEES

SULFURIC ACID
THERMOCOUPLESETC.
SUSCEPTORS

TRANSDUCERS & TUBES
TRICHLORQSILANE
WATER-COOLING

RESTRICTION
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NORE
NONE
NONE
NONE
NONE
NONE
NDNE

“NORE

NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE

TYPE

DIRECT
DIRECT
DIRECT
DIRECT
DIRECT
DIRECT
DIRECT
DIRECT
DIRECT
PIRECT
DIRECT
DIRECT
DIRECT
DIRECT
DIRECT
DIRECT
DIRECY
DIRECT
DIRECT
DIRECT
DIRECT
DIRECT
DIRECT
DIRECT
DIRECT
OIRECT
DIRECT

- DIRECT

DIRECT
DIRECT
DIRECT
DIRECT
DIRECT
DIRECT
DIRECT
DIRECT

EXP.
EXPe
EXPe
EXP.
EXPe
EXPe
EXPe
EXP.
EXP.
EXP e
EXPe
EXPa
EXPo
EXPe
EXPe
EXPe
EXPa
EXPe
EXPa
EXPe
EXPs
EXPa
EXPe
EXPe
EXPa
EXPe
EXPe
EXPe.
EXPe
EXPe
EXPa
EXPa
EXPa
EXPe
EXPs

Figure

cosT
1423000E~018/GH.
8436000E-~D457GHa
1.23000E=-038/CHx*3
24B85000E-07$/CH¥»3
6eB000DE~03S/CHx»3
114000E=038/CHe»3
SPECIFIED IN s
4eB5000E=-058/GMe
T«50000E~D58/CHx 3
103400E=033/GHe
1+5D000E=Q3$/CMu*3
4e7T000E=-08S/CH*23
44 7TDO0E~DBS/CHwAZ
4e77DODE-QAS/CH# 23
SPECIFIED IN %
SPECIFIED IN %
1484000E-075/CHn=3
2«BBODOE~OSE/CHa»3
2004080E~025/GHa
SPECIFIED IN $
SPECIFIED IN $
SPECIFIED IN $
4e04000E=D1%/6Ha
S5472000E~035/GM.
32 770D0E-055/GMs
SPECIFIED IN ¢
5427700E~D4S/CH%=3
54277T00E~D4S/CH¥*3
SPECIFIED IN s
SPECIFIED IN §

6o 82000E~045/GHa
SPECIFIED IN $
SPECIFIED IN $
SPECIFIED IN $
1.98000E~-035/CGHe
2«00000E-0TS/CHan3

4, Continued.

GP#
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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 cosi: summaries for the eclass B and
class C process. sequences which are considered the most cost~effective.

Figure 11 is a comparison of the three class (C) process sequences; lon
Implantation (C), Spin-On + POClgy Diffusion {C}), and Screen Print 2 Sides (C).
All of the prbcesses in these three cases are‘the same except for the junection-
formation technique. In Spin-On -+ POCly 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
gide of the wafer and the wafer doped in a subsequent diffusion step. The pur-
pose of this figure is to emphasize that several cost-effective junction-forma-
tion processes are available. Performance pemalties which may 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 whieh tech-
nologies should be developed; it suggests ion implantation and screened-on
doping sources are. technologies worthy of further investigation.

Figure 12 is a cost comparison of 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 657 to 80%Z. 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. DETATLED 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 seyuence is identical to the other two recommended class (C)

process sequences.

1. Solar Panel Design

The single largest cost component. in fthe assembly of a solar cell panel

is the material required to provide structural and environmental projection

10
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COST ANALYSIS:CASE IT:SPIN-ON +PUCL3 DIFFUSION(C)

STEP

)L AT L e

i

i1
12
13

i

ASSUMPT JONS:

YIELD
99.0%
95.0%
9%.0%

‘95.0%

99.0%

99.0%

99.02%

9%.0%

99.0%

SU.03

98.0%

100,0%

100.0%
T4e2%

PROCESS

SYSTEM ™2* YAFER CLEANING
SPIN-ON SOURCE:} SIDE
POCL3 DEPOSITION AND UBIFFUSION

EDGE POULISH
GLASS REMOVAL

POST DIFFUSION INSPECTICN:1D%
THICK AG METAL~FRONY2AUTO
THILK AG METAL-BACK®AUTOD

AR COATENG:SPRAY-ON

TEST

INTERCONNECT :GAP WELDING

DDUBLE GLASS PANEL

ASSEHBLY

ARRAY NOOULE PACKAGING

TOTALS

PROCESS COST OVERVIEW-5/HATT

(8)
i8)
{9
(B
11:1)
1]
ic)
L)
(8)
ic)
{8}
{B)
(A}

%

HAT 'L,
Q.0
0.0806
0.0
0.0
Q.0
0.0
0-021
D021
0.002
0.0

* 0.002
0.072
0.007
0.130
45.18

HOTE: (A}=EXISTING TECHNOLOGY; {BI=NEAR FUTURE; (C}=FUTURE

Do Le
0.001
0.009
0.003
0.002
G001
0.000
0.005
0.002
0.004
0.003
0.006
0.602
D001
0039
13.52

EXP.
0.00L
0.000
0.024
0.00%
0.001
0.000
0.00%9
0.00%
0.002
0. D00
0.002
0.002
Q.0
0.049
17.12

P» DHa
t.0to
0.004
.001
0a001
0. 000
0.000
3,005
0.002
0.001
0.002
0.001
0,000
0.019

Gab%

ANNUAL PRODUCTION:

0,717 WATTS PER SOLAR CELL AND % 0,0 FOR T.B CH {3Y) DIAMETER WAFER

INTa
¢.000
c.001
0.001
0.000
¢.000
0.000
0.006
G.003
0.001
0.003
0.002
0.001
02000
0.020

6aT78
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DEPR». SUBTDY SALVG. TOTALS

0.000
0.002
0.001
0.001
0.000
0,000
0.010
0.005
0,001
U.005
0,003
0.002
8.000
0.031
10.T758

0.003
0.022
0.030
0.007
0.003
0.001
0058
0.037
Ga0LL
0.012
1.016
0.080
0.009
0.289
100.00

50.0 HEGAWATTS.

ﬁlo
0.0
0.0
0.0
G-D
e
0.0
0.0
ﬂ.o
4.0
0.0
0.0
0.0
0.0

Figure 5, Cost summary —~ spin-on +~POCl3 diffusion (C).

COST ANALYSIS:CASE IV:iSCREEN PRINT 2 SIDES(C)

ASSUMPTICNS:

STEP

Do~

10
11
1z

YIELQ
99. 0%
9%.0%
99.0%
99.40%
99.0%
99.0%
99.0%
99.0%
90.0%
98.0%

100.0%

100.0%
8le4%

0,717 WATTS PER SOLAR CELL AND $ 0.0 FOR

PROCESS

SYSTEH "Z® WAFER CLEANING

SCREEN PRINT SCURCE
DIFFUSION
GLASS REHOVAL

+2 SIDES

POST DIFFUSION INSPECTICN:10%

THICK AG HETAL-BACK

$ALTO

THICK AG METAL~FREONT:AUTO

AR COATING:SPRAY-ON
TEST
INTERCONNECTsGAP HE

LDING

OQUBLE GLASS PANEL ASSEMBLY

ARRAY HODULE PACKAG
TaTALS

NOTEz [AJ=EXISTING TECHNDLUGY;:

iNG

1B =NEAR FUTURE: [CI=FUTURE

Figure 6.

PROCESS COST OVERVIEW-S/HATT
T+8 CH [3%) DIAMETER WAFER
EXPe Pu OHe

igl)
iC)
(e}
(B)
{cl
iC)
cl
15:1]
(C}
18}
(8}
(A}

-4

HATLS
0.0
0.011
00
0.0
0.0
0.021
0,021
0.002
0.0
G.002
0,072
0.007
0,135
4958

Bs Lo
0.001
0004
0.003
0.001
¢.000
0.002
0.005
0.004
0.003
D085
0.002
0.001
¢.033
12.11

0.001
0.006
0.002
0,001
D.000
0.004
0. 009
0,002
0. 000
0.002
a.002
0.0

0.029
1De &8

0.000
0. 004
04001
0. 000
.000
0.002
0.005
0.001
0z00L
0.D02
0.001
0.000
0.018
&4 68

ANNUAL PRODUCT ION=

INTe
0.000
0.004
0.001
0.000
0.900
¢.003
0.006
0,001
G003
0.002
0.001
0.000
0.022

T«95

DEPR.
0.000
0.006
0.002
0.000
0,000
0.005
0.0L0
0.001
0005
D.003
0.002
0.0D0
0,035
1200

SUBTOV
0.003
0.035
0.009
0003
D.0GL
f.038
0.056
0011
0.012
0.016
0.080
0. 008
0.273

100.00

50.0 MEGAWATTS»

Cost swmmary — screen print % sides {(C).

S

SALYG.

n-a
0.9
0.0
0.0
11914
ﬂ‘o
0‘0
6.0
4.0
Ve O
0.0
Gal
4.0

0.003
0.022
0-030
0.007
9.003
Ge 001
0.056
0.037
0.01%
0.012
Os 016
0.080
0.009
(.289

T INVEST

1a2
7.8
10.3
2a5
1.1
0.5
19.4
12.9
3.6
4e2
Se&
el
100.0

0.002
D015
B.005
0. 00%
0.003
0.003
0.089
0.037
0.008
04035

0e019.

0. 034
0.000
0.218

X
0a8
Ta0
2.7
2.5
1-5
lak

31e7
17.1
3.9
16a1
Ded
6.3
0.2
100.0
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TOTALS
0,003
0.025
0.009
0.003
0.001%
0.038
0.056
0,011
0,012
0.016
0.G80
0.009
0.273

¥ INVEST

1.2
12.8
3.2
" le2
0.5
13.8
2045
3.9
a5
59
29.2
3.3
100.4

0.002
G040
0.010
0.003
0.003
04037
0069
0.008
0,035
0019
Q. G5
B.0B0
Qs 241

b4
Qa7
i6eh
41
1.3
la2
I5.%
286
3.5
Lhe5:
Bel
5‘7
D2
100.0
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COST ANALYSIS:CASE I:ICN IMPLANTATION{BI

PROCESS COST OVERVIEW-$/HATY

Pe OHs
0.000
0.009
0,002
0.002
G.005
g.012
0.001
0.003
G. 002
0.001
0.000
0.038
1169

ANNUAL PRODUCTION?

INT.
G.000
0.013
0.001
0.003
0.003
0.006
0.001
0.004
0.002
0.001
0.000
0.032

.48

ASSUHPTICNS: 04717 WATTS PER SOLAR CELL AND $ 0.0 FOR 7.8 €CH (39) DIAMETER WAFER
STEP YIELD PROCESS - MAT'L, Ds La EXPo
1 99.0% SYSTEM "Z® WAFER CLEANING (8) 0.0 0.00L 0.001
2 9B.0%Z [ON IMPLANTATION:Z SIDES (8] 0.0 0.010 0.010
3 98.0% DIFFUSION (B} 0.0 0.009 0.002
4 99,0% POST DIFFUSION INSPECTION {B) 0.0 0.003 0.000
5 98.0% THICK AG METAL-BACK:AUTO {B) 0.024 0.004 0.005
& 98.0% THICK AG METAL—-FRONT:AUTO [¥:3] 0.024 0,009 0.011
7 99.0%T AR COATING:SPRAY-ON {82  0.002 0.004 0.002
8 B80.0% TEST (B) 0.0 0.004 0.0CD
9 98.0% INTERCONNECT:GAP WELDING [§:}] 0.002 0.00&8 0,002
10 100.0% DDUBLE GLASS PANEL ASSEMBLY {B) 0.072 0.002 0,002
11 100.0% ARRAY MODULE PACKAGING (A) 0.0D07 0.001 Q.8
70422 TGTALS 0.131 0.053 0.035
2 38021 15.54 10431
NOTE: [A)J=EXISTING TECHNOLOGY: {EH)=NEAR FUTURE: (CI=FUTURE
Figure 7.

DEPRe
0,000
0,020
G.003
0.00%
0.004
0.009
0.001
D.006
0.0032
0.002
0.000
0.053
15.36

SUBTOT SALVG.

0.002
0. 061
0.016
0.013
0.045
0.0T0
0.011
g.018
0016
0.080
0.009
D0.343
160.00

50e0 NEGAWATTS.

Cost summary - ion implantation.

COST ANALYSIS:CASE II:SPIN-ON +POCLI DIFFUSIGNIB)

ASSUNPTIONS:

STEP

YIELD
SG.0%
95.0%
95.0%1
99.0%
99.0%
98.0%
98.0%
S%.0%
80.0%
S98.02

100.02

100.02
64.6%

PROCESS

SYSTEM %29 WAFER CLEANING

SPIN-DN SOQURCES
PRCL3 DEPOSITION AND DIFFUSION

EDGE POL1SH
GLASS REMOVAL
POST DIFFUSION

1 SIDE

INSPECTICN

THICK AG METAL-FRONT:ZAUTO
THICK AG METAL-BACK:AUTC
AR COATING:SPRAY-ON

TEST

INTERCONNECT :GAP WELDING
DOUBLE GLASS PANEL ASSEMBLY
ARRAY MODULE PACKAGING

TOTALS

PROCESS COST OVERVIEH-S/HATT

1:1
1:2)
{A)
(B)
{6}
(B}
{8}
(B)
(B}
185
{8)
(8)
(A)

k4

NOTE: (A)I=EXISTING TECHNOLOGY: {BJ=NEAR FUTURE;

Figure 8.

HAT'L.
0.0
0.007
G.0
0.0
0.0
0.0
0,025
D.024
0.002
0.0
0.002
0.072
0.007
0138
3647

{C)=FUTURE

D. L.
0.002
0.010
0.017
0.002
0.002
0,003
0.009
0.004
0.004
0.004%
0.006
0.002
0.001
000686
1746

EXPa
0.002
0.000
0.028
0.004
¢.001
0,000
0.0L1
0.005
0.002
0.000
0.002
0.002
0.0
G057
15.11

P. DH.
0.000
0.005
0.021
0.001
0.001
0.003
Qe012
¢.005
g.00l
0.003
0.002
¢.001
D.000
0.054
1437

ANNUAL PROBUCTION:

0.717 WATTS PER SOLAR CELL AND $ 0.0 FOR 7.8 CM (3"} DIAMETER WAFER

INT.
0.000
0.002
0.003
0.000
0.000
0.003
0.006
0.703
0,40z
0.004
0.002
0.001
0.000

0.024

Cost summary - spin-on + POCl3

DEPR.
0.000
0003
0. 004
0.001
0.001
0004
0.009
D.004
0.001
C.006
0.003
0,002
0.000
0.038
10.18

SUBTOT SAL VGe

0,005
0.026
0.073
0,008
0. 005
0.G13
0+071
0. 044
0.011
0.018
0,016
0.080
0.009
0.378
100.00

5020 HEGAWATTS.

diffusion.

0.0
0.0
0.0
0.0
0.0
.0
C.0
0.0
Ou0
0.0
0.0
0-0

0.0
G0
0.0
0.0
0.0
a.a
0.0
0.0
0.0
0.0
a.o
0.0
0.0
0.0
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TOTALS
0.003
0.061
0.01&
0.013
0e 045
0.070
0.3811
0.018
0.016
¢. 080
0.009
D.343

b4
1.0
17.9
448
3.9
130
2045

Jel’

Sal
47
23.3
206
100.0

INVEST
0.002
te140
0.012
0.030
0.031
0.062
¢.008
0. 042
0.013
0.014
0.000
Da361

k.
0.5
38.8
3.3
8.3
Ba.b
17.2
243
11.6
Sat
3.8
0.1
100.0
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TDTALS
0.005
Q026
0073
0.008
0.005
0.013
0,071
0.04%
0.011
0.018
0,016
0,080
0.009
0.378

k4
Lla3
649
193
20
la3
3.6
187
1l.6
2.8
57
4e3
21ls1
284
100.0

INVEST
0.003
0.018
0.031
0.005
0.005
0.030
0.082
0a031
0. 068
0.042
0.019
0.01%
0.000
0. 26%

1106
240
1.8

11.1

23.1

1145
3‘1

15.6
Ta2
Sel
Oe2

l100.0




COST AKALYSIS:CASE III:SPIN-ON 2 SIDES{3)

ASSUKPTICONS:
YIELD

STER

I
DOy uU b B

I
P

12
13

NOTE: {AY=EXISTING TECHNOLOGYS (BI=NEAR FUTURE: (C)=FUTURE

ET

ASSUKPTICNS:

"STEP

W30S e O8N GF R

i .10
: 11
12

NOTE:

09.0%
95.0%
98.0%
F5.0%
99.0%
99,03
96.0%
98.0%
99,0%
a0.qax
98.0%

100.0%
100.0%

64.40%

YIELD
99,0%
98.0%
98.0%
99.0%
99.0%
98.0%
98.0%
959.0%
aD.0%
98a0%

100.0%

100.0%
69.5%

[A)=EXISTING TECHHOLOGY:Z

PROCESS

S5YSTEHR “Z®™ WAFER CLEANING
5PIN-ON SDURCE:z2 SIDES
DIFFUSION

EDGE POLISH

GLASS REMOVAL

POST DIFFUSION INSPECTION
THICK AG METAL-BACK:AUTD
THICK AG HETAL-FRONT:AUTO
AR COATING:SPRAY~Ch

TEST

INTERCONRECTGAP WELOING
BOUBLE GLASS PANEL ASSEMBLY
ARRAY MODULE PACRAGING
TOTALS

Figure 9,

PRACESS

SYSYEM %IW HAFER CLEARING
SCREEN PRINT 5SOURCE:2 SIDES
DIFFUSION

GLASS REHOVAL

POST DIFFUSION INSPECTICN
THICK AG HETAL—BACK:AUTO
THICK AG HETAL~FAC*T:AUTO
AR COATING :SPRAY-DM

TEST

INTERCONNECT 26AP WELDING
DOUBLE GLASS PANEL ASSEMBLY
ARRAY HOOULE PACKAGING
TOTALS

PROCESS COST OVERVIEW-S/HATT
0717 WATTS PER SOLAR CELL AND % D.,0 FOR 7.8 CM {3%) DIAMETER WAFER

ig)
(8
{8}
2:3)
5}
iB)
iB)
(ol
(8l
(B}
(8}
18:3
(A}

-
~

COST ANALYSIS=CASE IVISCREEN PRINT 2 SIDESIR)

HAT'L.
0.0
0.014%
0.0
0.0
0.0
0.0
0.624
D024
0.002
0.0
0.002
0.072
0.007
0.145
3G.87

0.030
0.009
0,002
D.002
0.003
G.004
0.00%3
0.004
0.004
0.006
D002
0.001
0.078
21l.52

EXPe
J.002
0.001
g.002
8,004
0,001
0. D000
0.005
0.011
0.002
G.000
0.002
0.002
0.0
U031

.63

Pa DHe
0. 000
0.012
0.002
0. 001
0,601
D.003
0.005
0.012
0= 001
0.003
0.002
e.om
0040
0.043
11.87

ANNUAL PRODUCTIDN:

PROCESS COST OVERVIEW—$/WATT

{8}
18)
{8]
(B}
(8)

-1t

11:1)
(B}
11:3)
182
111}
(€3}

H

(B)=NEAR FUTURE;

Figure 10.

HAT'L.
0.0
0.013
0.4
0.0
0.0
0.024
De024
0.002
0.0
0.c02
0.072
¢.007
Dolhh
%3.78

(Ci=FUTURE

Do L«
0.001
0.008
04009
0. 002
0.003
8.004
0.009
0004
D.004%
D.0048
0.002
0.001
Qe054
lba. 44

EXPa
0.001
0.007
g.qo2
0. 001
Q.000
0005
G.011
0.002
0.000
D.002
a.002
0.0
0.023
10.09

Pa OHa
. 060
0.007
D.002
0.001
0003
0.005
0.012
0.001
0003
0.002
0.001
0.44006
04037
ilalb

ANNUAL PRODUCTION:

INT.
0.000
Q. 004
0.001
0.000
0,000
0,002
0.0032
a.005
0.001
0. 004
0.002
0.001)
D.0a00
0,025

&89

02717 WATYS PER SOLAR CELL AND % 0.0 FOR 7.8 CH (3"]) DIANETER WAFER

IRT.
0.000
D003
Ga001
O«000
0.003
0003
0. 006
DaDO1
De004
0.002
0.001
0. 000
0.023

T.04

DEPR.
0,000
0.007
0.003
0.001
0.001
0,004
0.004
0.009
0«001
0.006
(.003
0.002
0.000
Cu D41
11.22

DEPRS
0.000
0.00%
D003
0.001
0.004
0.004
D D09
0.001
0008
0.003
g.002
0.000
0,038
11.49

SUBTOT 5ALVG.

0.005
0088
0.016
0.008
0,005
04,013
Ga 045
0.070
D.011
0.016
0.018
0.080
0. 009
Ga363
10a.00

50.0 MEGAMATTS.

Cost summary -~ spin-on 2 sides,

Ge0
G0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
nto
D- n

G2/03/777 13:09218 PAGE 1

TOTALS
0.005
D.0&68
a.016
0.008
0. 005
0.013
Oa 045
0.070
0.011
0.G18
D.D16
0.080
0.009
0.363

X IRVEST

1.3
18+6
4.5
2.1
1.3
3.T
12.3
19. 4
3.0
4.8
Ae5
22.0
245
100.0

0,003
0. 0%a
g.a12
0.005
0.00%
0.030
0u031
0.062
a.an8
0.042
D.019
0. 014
0.000

T
1.0
164
4.3
1.9
1.7
10.8
11.2
22.%
3.0
15.1
Ts0
%e 8
o.z

0.278 100.0
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SUBTOT SALWG. TOTALS

0,083
0042
0.016
0.005
0,013
0.045
0.070
O.0011
0.018
0. 018
0. 080
0009
0,328
1o0.00

50.0 MEGAMATTS.

Cost summary -~ screen print 2 sides,

0.0
0.0
0.0
ﬂ.u
L1}
0.0
0.0
0.0
0.0
0.0
Q.0
0.0
UID

0,003
0.042
0.016
0005
0,013
G.0%5
0.070
D. 012
D.0lB
0.016
0.080
0.009
0,328

T INVEST

1.0
127
5-0
le5
4a1
12.6
2la%
Je3
5%
%%
24.3
2a7
100.0

D.002
0.031
0.012
0.805
G.030

" 0.031

0.062
D.00R
Ga 42
0.019
0. 014
a.0040

4
De7
12.0
Aol
1.9
11.7
12.1
24 -3
33
164
Tab
5.3
0.2

0257 10040




Ion Spin-on + Screen Print

Tmplant (C) POCL4(C) 2 sides{(C)
(¢/w) - (e/w) (¢/W)

Junction Formation 4,2 6.6 5.1
Metallization 9.4 9.4 ' 9.4
AR Coating 1.1 1.1 1.1
Test and Sort 1.2 1.2 1.2
Intercounect,
Encapsulation &
Packaging 10.5 10.5 10.5

26.4 29,0 27.4
Labor & Frocess ‘
Overhead Content 4,6 5.8 5.1

Figure 1l. Cdmparison of three eclass (C) (advanced) process sequences.

Ion Spin-on + Screen Print. Spin-~on
Implant POC13 2 Bides 2 Sides
(e/W) (/W) (e/W) (e/W)
Junction Formation 9.3 13.0 7.9 11.5
Metallization 11.5 11,5 11.5 11.5
AR Coating 1.1 1.1 1.1 1.1
Test and Sort 1.8 1.8 1.8 1.8
Interconnect,
Encapsulation y
& Packaging 10,5 10.5 10.5 10.5
34.3 37.8 32.8 36.3
Labor & Process
Overhead Content 9.1 12.0 9.1 12,1

Figure 12, Comparison of four class (B) (near future) process séquences.
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for the voltaic 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 several features '

which are worthy of comwment.
“-1

o 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 subsirate to be bonded together
structurally so that 1/8-in., sheet can be used in both places gnd the
total assembly is structurally equivalent to a 1/4-in. or greater
panel,

# %The circuit is configured in a series-parallel arrangement in which
four cells are connected in parallel to preserve panel performance
if point failures ocecur 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 permiis ease of packaging for shipment and
ease of system intercomnection as will be discussed in a later para-
graph. The intercomnector design utilizes threaded terminals which
are ruggedly imbedded into the panel to assure easy system assembly
and maintenance (Fig. 14),.

e Round cells are utilized since they are awvailable in large quantity.
As shown in Fig, 15, the cells are bonded to the substrate using a low-
cost compliant bond. Compliant optical filler materisl is applied be~
tween the window and the cells to reduce optical losses in the photon
path. By reducing the structural requirements on this material, lower
cost compornds can be used. Table 1, originally shown in Quarterly
feport 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
doeg not contain potting compound.

The panel shown in Fig. 13 uses a nonstandard cell size of 4.45-in.
diameter in order to meet simultaneously the constraints of 4~ x 4-ft panel
size, four-parallel-cell circunit, and diagonzlly 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 encugh production volume to create

1. B, F. Williams, Automated Arvay Asgembly, Quarterly Report No, 3, ERDA/JPL~
954352~76/3, prepared under Comntract No. 954352 for Jet Propulsion Laboratory,
September 1976.
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Figure 13. Solar panel design.

Figure 14, Interconnector design.
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Figure 15. Round cell configuration.

as standard any size which meets the need of its products, A different cell
size will change the panel dimensions to maintain high panel area efficiency.
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 panel itself are
cell size independent, the one exception being interconnection and assembly
capital equipment 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 showz that the 3= to 5-in,
cell size range, panel and assembly costs are almost independent of cell size

(10.5¢/W compared with 9.9¢/W for 5-in, cell; see Fig. 36).

2. Panel Installation

The proposed panel design is configured for simple and low cost installa-
tion. Figure 16 shows a system configuration of solar cell panels which is
six panels wide and five panels high (24 x 20 ft). The configuration shows
that the panels are installed using standard window glazing techniques. Each

17




i TABLE 1. COST COMPARTISON OF PACKAGING MATERIALS
| Ttem 1 I IIT A 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 .
. ; RTVL15/Primer 0.41 0.41
RTV 102 0.10 0.10 _ 0.10  0.10 0,10
“ Window
1/16 glass sheet 0.19
1/8 glass sheet 0,22 0.22
1/4 glass sheet 0.44
l-in.~dizm R6 tubing W45
i 1-in.-diam N51 tubing 0.60
| ~ 2-in.~diam R6 tubing 1.07
: s Assembly Closure
Conformal coating + 3-mil metal 0.11 0.11
-Edge seal 0.04 0.06
End caps 0.06 0.06 0.03
Panel Connector 0.09 0.0% 0.18 0.36 0.36 0,18 0.13
Aluminum Stxuctural Channel . c.10 0.10 0,10
Total . 1.05 0.67 0.94 1.10 0.90 1,09 1,48

Column Identification:
I - 1/4 glass with conformal coating 4 x 4 £t module

IT - 1/8 glass window and substrate bonded together 4 x 4 £t module

III - l-din.~diam R6 tubing with aluminum for sihstrate (48 tubes in module)

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

V - 1/16 glass window and substrate bonded together into four 2 x 2 ft panels in a & x 4 £t module
VI - l-in.—-diam N51 tubing with aluminum foil substrate (48 tubes in module)
VII - 2-in.—diam R6 tubing with aluminum 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 retaining clip. The spaces between the 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 adjacent panels meet. These con-
nections are made at every other intersection point in the panel array. Pro-
tection of the interconnection is accomplished using 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 rear view of interconnection.

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 symmetry between positive and negative
panel terminals., This same symmetry could, of course, cause assembly errors

unless adequate coding is used.

3. Solar Cell Panel Assembly

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 assembly of solar cells. 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 lime shown in the figure

is approximately 40,000 W per day or 15 MW per year (345 working days per year).
Ag indicated on the figure the production floor space is 16 x 50 £, and the
associated storage and aisle space is 16 x 30 ft, The numbers of the drawing
correspond to pieces 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. BSorting - The input into the panel assembly area is cartridges of sorted |
cells, The exact nature of this sort will not be determined until the dig-
tribution of electrical properties versus yield 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 crucial importance, Several sorting strategies
are noy being 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- P

handling equipment. It is this equipment which will determine the speed and
throughpuﬁ of the line and be responsible for most of the physical breakage
which oceunrs dering 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 incrementally, cartridge cell handling
has been built around each process. It appears that 500-cell cartridges are :
feasible so that at 1000 cells per hour reasonable amounts of operator atten-— be
tion are possible, _

The cell-handling sequence during assembly takes the cell from the car- |

tridge to a rotary table and then to a linear assembly table. Cireuit strings
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TABLE 2. SOLAR-CELL PANEL ASSEMBLY EQUIPMENT

Equipment Description

Wafzr Unloader

Linear Index Table

Rotary Index Table

Pick & Place Assembly
Parallel Gap Bonder

Wafer Turner

Interconnect Formation Tool
Microprocessor Control
Sensors & Assembly Wiring
Linear Index Table

Robot Arm & Vacuum Hand
Pulse Xenon I-V Tester
String Reject Position
Asgembly Fixiure

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 Commector Dispenser

Linear Index Table
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Qty Req'd Unit Cost $K
4
10
25
10
18
2 4
15
15
Lot 20
2 7.5
1 25
1/2 30
1 2
1 15
1 10
2 10
1 10
Lot 15
5
17.5
i 5
20
Lot 50
1 3
1
2
1 10
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are created on this table and combined into parallel arrangements in subse-
quent steps. The handling of strings from this point to final 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 tramsport to a. 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 industry. and would become more. highly
recommended as cell size increases, Handling rates of 1200 cells/hour are
feasible with minor extrapolation from present equipment. A circular cell
format is most compatible with this transport technique 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:

s position the cell

s orient the cell with regard to angular position
e form and place interconnects

s make two fromt side welds

e turn over cells '

e prepare contact areas for interconnection (if necessary)

s pick up position for string assembly table

(3) Series Conmection 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 celis. 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 is 4 £t long and
four circuit strings wide, This vacuum hand will be mounted on the end of a
robot arm which has 5 degrees of freedom, namely, X translation; Y translation,
Z translation, rotation about the arm axis at the carrlage, and rotation

about 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.

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 pansl 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 cyclé

rate is 50 s, The timing sequence for this position is shown in Table 3.
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TABLE 3. PANEL.ASSEMBQY TIMING SEQUENCE

Time Sequence (s) -

Arm 1 Arm 2
Step —_—
Four-string pickup 0-2 50~52
Transfer to test 2—4 5254
Test sequence 4-6 54-56
Transfer to rejects 6-10 56~60
Drop defective part 10-12 60-52
{if any)

Pick up replacement 12-14 62-64
string (if required)
Index to final bonding 14-16 64-66
station
Dwell at bonding station 16-46 6696
Index to panel placement 46-66 06-16
Dwell at panel placement 66-96 1646
Return to pickup 96~100 4£6~50

e. Panel Materiqls Handling - The other panel materials are glass (substrate
and window) , adhesives and sealants, and electrical components. Glass and
final panel handling will be accomplished using a simplified robot arm with
vacuum pickup hand, Adhesive and sealant will be dispensed in dots and beads
from an automatic pneumatic dispensing machine. Electriecal parts will be

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

d. Panel Assembly Processes - In addition to material handling, panel assembly
involves five other significant processes, namely, electrical interconnect
bonding, physical bonding of cells to substrate and window, electriczl test-

ing of circuit strings, final panel wiring, and protective envelope closure.

(1) Solar Cell Interconnection - 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, is low because consumed material

is minimum and process yield is maximum,.
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since more technology input.is required.with regard to application of the
candidate processes applied 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.

(8) Elecirical Test - Testing of assembled solar cell strings will be accom~ |,
plished using a2 pulsed Xenon I-V tester. Existing equipment is available to
generate a detailed I~V curve in less than 1 s. Since the illuminated aper-
ture of this tester can be large and testing time is only a fraction of string
dwell at the test sgite, it will.be possible to share a tester for two assembly
lines, )

Testing ecriteria can. be established. on the strings based on the input
cell characteristics. Cell.changes. induced. by intercomnect bonding or poor
quality bonds can be identified using this technique and the involved circuit

strings rejected,

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

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

lower cost compounds for this purpose. It will be necessary to use a trans-
parent material between the cells and the panel window 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 ve used.

The proposed design calls for a structural epoxy bond between substrate
and window. This hond will allow the load incident on the panel to be shared
by both panel and substrate. This 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
connector bonded between the substrate and window to.make electrical penetra—
tion from the protsctive envelope. The positive and negative connectors and
associated power bus will be bonded to the appropriate string interconnectors
after the cells ave bonded to the. substrate., Placement of these components

is done automatically with. pick and. place equipment.

.
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(5) Proteetive 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,

L e e

optical mateching 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 is kept at elevated temperature during a short cure

cyele, The closure is visually examined at this point along with other physical

e e

properties of the assembly. TFinal packaging in a shock-isolated crate prepares

the products for delivery from the plant,

e. Panel Assembly Summary - The dssembly procedures and associated equipment

can be divided into four groupings: string interconnection, testing, panel

assembly, and final assembly. The following summary description lists the

I T

=4

steps on the assembly procedure and by reference to Fig. 18 identifies the

equipment required to perform each function.

e e

Assembly Step Station :
No. 1
1. TUnload cells from cartridge 1 §

2. Form and place series intercomnects 4
= 3. Bond interconnect to cell (2 places) 5 ;
=
3 4, Turn over cell 6 ;
= ¥
2 5. Lift and place on linear table 7 ; %
§- 6. Make cell series connection 5 ;L j
=] . v Co
= 7. Form and place parallel interconnects 4 ;
= :
8. Make cell parallel connection 5 %
9. Advance double string to assembly pickup point 10 3

Ed 10, Lift two double strings and index.to test position 11
m B
& 1l1. Generate illuminated I-V curve for each of twec double strings 13 |
12, Index string to reject position and leave any rejected ”¢§

string : : 13

e 13. Index to repaired string pickup position and 1lift

E replacement strings 25
“ 14, Return to parallel bonding station and combine double 10 o
<< strings L
1 ‘
% 15. Eject panel substrate to panel prep area ' 21 - %
~ L . '
16, Dispense closure bead onto substrate 16 %
:
28




Assembly Step - Sta;ifn
e 17. Dispense structural epoxy onto. substrate 16
% 18. Dispense cell adhesive onto substrate 16
b 19. Advance prepared substrate to assembly position 15
’g 20, Place quadruple string on.a prepared panel substrate 14
& 21, Place and bond panel cemnectors and bus 26,5
by 22, Dispense 6ptical‘matching.matarial,cnto panel window 19
é 23, Lift and place window onto. completed circuit assembly 20
§ 24, Lift and place complete assembly in:a.curimg vack 20
< 25, Place curing rack in.curing oven 22
g 26, Ramove_finished agsembly for final inspectien and
fu packaging

String repair takes place at station 24, Repaired strings are placed at

station 25 for automatic pickup.
The process parameters for the intercommect 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 mieroprocessor—

controlled and consista 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 £ill factor., The open~circuit voltage and short-circuit

current are determined by the preset test.program, and Ffrom 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 PARAMETERS: INTERCONNECT:GAP WELDING . 08/18777 ©9:51:52% PAGE 72

ESTIMATE DATE$12727/76  BYIBEN SHELPUKs PC4971y CAMDEN, BLDG. 10=-R~1P T CLASSTARRAY FABRIGCATION
CATEGORY:PROCESS DEFINITION TECHNOLOGY LEVELINEAR FUTUR® HATERIAL FORM:3" VAFER.
INPUT UNITSSOLAR CELLS ~ ODIPGT UNITISALAR CELLS TRAMSPORT IN:500 SHEET CASSETIE TRANSPORT OQUTSPICKUP TABLE
HROCESS YIELLC: 9840 YIELD GROWTH PROFILE: 0 . .
INPOT UNIT SALVAGE FACTOR:T 0.0  FACTOR GPH! 0 SALVAGE OPTIONIVALUE INS ’
PERFORMANCE FACTORS~T(R)/ILSC): 1.00C0GO0E+DD Y(R)/V(OC): 1.000000E+00 F{R}/F: 1.0C0C00E+DD
INPUT UNITS: G 0 De
T FLOOR SPACEyFT»#3% " D« be . B

DESCRIPTIONSINTERCONNETTTIONIGAP WELDGING(E)

1+ 3% DIAMETER UAFERs 12-14 MILS THICKs(100) DRIENTATIONsP-TYPEs 1-5 NHH-CH.
RATUR RERORRS STRING TEST

2. (3

ASSUMPTIONS:

REJECTS (=3¥ OF INPUT)

PROCEDUPE

1« WAFER FROM CASSETTE TN AIR TRACK TO ROTARY TABLE FrR P~COMTACT BOND.

Ze AUTUMATIC FICKUP AND PLATE FROM ROTARY TABLE TO LINEAR TABLE F9R SERIES BONDa

3. INDIVIDUAL S¥RINGS ARE PRESENTED TC THE TEST STATION USING PICK AND PLACE HANDLING.
LCURTRATED WITH & POL

SED XKENGN LAMP AND A COMPLETE I-V CURVE TS GENEFATEL.

5- ACCEPTANCE CRITERIA WILL BE PROGRAMMED INTD TEST LDGIC.

INVESTMENTS
T INVESTRENT NAME T T TREX. THRUPUT UNITS % INPUT UNITS PROCESSED FIRST COST AVAIL. AREAsFT**2
¥ INTERCONNECT EQUIP, (B} 3800.00 CELLS/HA 100.0% % 271000. B5.2% 130.
STRING TEST EQUTPHRENTTE} TEe0.00 CELLS/HR 100.0% % BOGOOW  H5e0% TI0.
. T LABOR ’
(DL=PIRECT LABOR PERSONSITL=TOVAL LABOR PERSONS)
T NARE T T LABOR REUUIRERENTS BASE # PERSONS/SHIFT/BASE UNIT THRUPUT/HR/JPERSON % INPUT UNITS PROCESSED
HOURLY OPERATOR  5W INTERCOMNECT EQUIP.(B) 3+330E~01
REWORK OPERATOR  GW INTERCONNECT EDUIPStB) 1.0007+00
HOURLY OPERATOR  STRINE TEST EQUIPHENT(8) 2.0C0E-01
T HAINTENANCE cH INTERTONNECT EQUIP.LB) 1.000E-01 TorTTTr
HAINTENANCE STRING TEST EQUIPKENT(B) 14000E~-01
- DL 1.000E=01 T T
T e RNUAL™ SUPPLIES/EXPENSES -
EXPENSE NAME FIXED PART  VARIABLE PART  UNITS  BASE
T ELECTRICITY T T oabT Ba00OF+00C  KWHe PER AVAILABLE INVESTHENT<HOUR OF GW IRTERCONRECT CQUIP.(BY
ELECTRICITY 0l 3.000F+0NE  KWHa PER AVAILABLE INVESTMEVT~HOUR OF STRING TEST EQUIPKENT(B)
T AG-PLATED CU YIRF 0 1.430E~07 $ PER INPUT UNIT, ¥ URITSS —100.0%
ELECTRODES Do D 14430E-03 8 DER INPUT UNIT. % URITS® 100.0%

Figure 20. Process parameters — interconnect step.




FROCESS PARAHNETERS:DOLGBLE GLASS PANEL ASSEMBLY 05/1B£77 09351324 PAGE 74

: '
ESTINATE DATESIDL/25/77 BYIBEN SAELFUKy PC4J71y CAMDENy BLOGe L10-8-12 CLASSSARRAY FABRICATION
CATEGORY:PROCESS DEFINITION TECHNOLOGY LEVEL3INEAR FUTURE MATERTAL FORHI3" WAFER.
IRPUT UNITISOLAR CELLS OUTPUT UNITIARRRY #0 : +CURING R
PROCESS YIELDR100.0%  YIELD GROWTH PROFILE: © . :
PUT UNIT SALY TOR: el BHI 0 SALYAGE OPTIDONIVALUE INS
PERFORHANCE FACTORS-I{RIJI(SC): 1.00CO000E+DD VEIRI/ZVIOC): 1.000000E+00 F{R)/F: 1.000000E+00

INPUT UNITS: Ge . 0a De
FLOOR SPACESFT2%273 [ [ [

'“UE3tKTFTTUﬁ?PﬁﬁEC“IEﬁEHBIYT—FINWt_KSSEHEEY?‘E—TESTTBT_'“"'_'“”’—— T

T T T KSSUHPTIONSY
1. 3" DIAMETVER WAFERs 12~14 MILS THICK.{100)} ORIENTATION4P~TYPEy 1-5 OHH=CM.

. (1

A 3. DOUBLE GLASS PANELy 14,5FT##2, SEE OUARTERLY REPORT #3y PAGE 38y TABLE 5y COLUMN 2.

o “F. HOTE: T DETERWTINE WMATERIAL S/FT=xx2s HUOLTIFEY BATERTAL COST SHOWNEE/CELL) ¥ 53% CELLS/IG.BET+%2s
- 5. 5 CURING RACKS NEEDED FOR EACH PIECE OF PANEL ASSEWPLY EQUIPMENT.

PROCEDURE
1+ AUTOMATIC FICK UF & PLACEWNENT OF RULTIPLE STRINGS ONTO $UBSTRATE FOSITIGHNED DN X-Y ROTION TABLEa
2. STRINGS COMPLIANTLY BONDED ¥0 GLASS SUBSTRATE.

3. PRRALLEL ELECYRICAL CONNECTION OF STRIRGS. ~— e
% SERIES CONNECTION TO POWER TERMINATIONS BY PARALLEL GAP WELDING
G FINAL ASSEWBLYIWINUOW IS ABPLIED 70 THE ASSEHBLY USYNG PICK AND PLACE.

6« WINDOW IS BONDED TO THE SUBSTRATE USIMG A HULTIPLICITY OF EPOXY BONDED SPACERS.
DTSPATE "T5 SEALED FRUN RUISTURE PERETRATIUN BY A SERIXETER 'BUNU UF POLCYISOBUTYLERE.

ﬁﬂ a. FINAL ASSEMBLY IS TRANSFERRED 70 CURING RACKS USING PICK AND PLACE.
. INVESTMENTS
“TTHVESTRENT NAME © T TTTTTTHERS THRUPUT UNITS %X INPUT UNITS PROCESSED FIRST CUST AVEILs AHERsFT++2
PANEL ASSEHBLY EQUIPMENTI(B} 3724.00 CELLS/HR 10040% 5 103000 B5.0% 300
LY EQUIPRENTIEY - 3T2%.00 CELLS/HR ; 100.0% € "TZNOO0. B5.0% 280
CURING RACK 744,80 CELLS/HR 100.0% = 50. 100.0% 20.
LABOR
e LT (OL=DIRECT LABOR PERSOGNSITL=TOTAL LABOR PEHSOWEY
: NAME LABOR REQUIREMENTS BASE # PERSONS/SHIFT/BASE UWIT THRUPUT/HR/PERSON % INFUT UNITS PRDCESS;D
! T HUORLY UFPERATOR PANEL ASSEFBLY EQUIFMENTIBI 2.500E~0]
: HOURLY OFERATCR  FINAL ASSEMBLY EQUIPBENT(R) 2.500E~01
T @AINTENAMCE PAKEL "ASSEHBLY EGUIPPENT (R) 1.000E=01 B
MAINTENANCE FINAL ASSEMBLY EOQUIPHENT(B) 1.000E~D1
AN oL 1.090E~01 -
mmr o T T ARNNUALC T SUPPLIES/EXPTNSEY ™
EXPENSE NAME FIXED PART  VARIABLE PART  UNITS  BASE
T ELECTRITCITY [ | Y | B B.D00E~-D] KWHe PER AVAILABLE INVE =
ELECTRICITY 0.0 4,00DE+00  KiHa PER AYAILABLE INVESTMENT-HOUR OF FINAL ASSEHELY EuUIPHENTtSJ
T SUBSTRATE Y 1.430E-02 % PER INPUT UNIT, X UNTTS= 1D00.0%
. CELL ADHESIVE 0.0 A.S20E-0%  § BER INPUT UNITs % UNITSS 100.0%
H | T AINTOY T Ga0 T 1+430E=-02 E PER INPUT 'ORITS ¥ ONIT5= 10D«0%
PANEL CONNECTOR 0.0 5eA7THE-DX S PER INPUT UNIT. ¥ UNITS= 100.0%
£ SEac R (Y I 3+910E-D3 $ PER INPUT UNIT. ¥ URITSE 10B0.0X
: EPOXY SPACER (] 2.810E-03 % PER IMPUT UNIT. X UNITSS 100.0%
; ) T gLt T T 1.300E~63 S PER INPUT UNIT. ¥ UNITSE T000%

Figure 21, - Process parameters - double glass panel assembly.
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FROCESS PARAMETERS: ARRAY MODULE PACKAGING v 04718777 09351324 PAGE 77

TTESTINMATE OATE$12/728776 6Y:BEN SHELPUKy PL&J71s CAMDENy BLDG. 10-8-i2 ~~ ~ 77 7 CLASSIPACKAGING

CATEGCRY:IPROCESS DEFINITION TECHNOLOBY LEVELIEXISTING MATERIAL FORM33" WAFER.

TARRAY MOOUCES™ — OUYPUT UNITTARRAY MOpULES™ ™ TRANSPORT IN:CURING  HACK — TRANSPORT OUT:80X
2ROCESS YIELD:10040%  YIELD GROWTH PROFILE: D .

¥ SALVAGE FACTORT 0.0  FACTOR GP#! 0 SALVAGE OPTIONSVALUZ INS
PERFORHANCE FACTORS-I(R)/I(SCI: 1.0CC00UE+DD V(R}/VIOC): 1.000000E+00 FtRY/F: 1,000000E+00
INPUT UNITS: - 0. s 0.

;m*z:—.'. Be T T (119 -

WESCRIFTICN:XRRAY MODULES -PCACED IN WOOD CRATE.
- ASSUMPTIONS:

le 1445 FT#%2 PANEL.

7e 10+6 FT%20 OF WOOD CRATE NEEDED AT $«08 PER Fi**Z OF PANEL. -7~ 77
3, 1 OPERATOR CAN PACKAGE 50 HODULES/HR USING PACKAGING EQUIPHENT.

T %. Ny THE NUMBER OF PANELS PER WOOD CRATEs 18 TO BE GETERMINEDS

- PROCEDURE T
1. OPERATOR REHMOVES M PANELS FROH CURING RACK & PLACES THEM IN BOX.

2» BOX STAPLED. [T
3« BOX PLACED ON STACK FOR REMOVAL TO WAREHOUSE.

INVESTHENTS
T INVESTHMENT NAHE MAX. THRUPUT UNITS % INPUT ONITS PRUCESSED FIRST COST A&VAILe AREAsFrT#*%2
PACKAGING EQUIPMENT 50400 A.Me/HR 100s0% $ 25000« 100.0% 1004
LABOR
- N T OLSDTREET LAEOR FERSONSTILETOTAL CABOW PERSUNSY
NAHE LABQR REQUIREMENTS BASE # PERSONS/SHIFT/BASE UNIT THRUPUT/HR/PERSON X INPUT UNITS PRUCESSED
AUURLY OFERATOR — PACKAGING EQUIPRENT TUDOEFIT
FOREMAN DL 1.000E~01
ANNUAL SUPPLIES/EXPENSES
T T FIXED PART  VARIABLETPEART T URITS BASE

BOX FOR MBDULE 0o 0 . 1+170E+00 $ ___PER INPUT UNIT. % UNITS= 100.0X

Figure 22. Process parameters -~ array module packing.
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PROCESS PARAMETERSITEST o . ' 04/1B777 09351524 PAGE 63
ESTIMATE DATEI12/27/76 BYSDAVE RICHMANy X3207¢ RCA LABSy E-321A ' CLASSITEST
CATEGORY:PROCESS DEFINITION TECHNOLOGY LEVELSNEAR FUTURE HATERIAL FORMI3* WAFERa

PU NITISHEETS UTPUT. UNITISOLAR CELLS . TRANSPORT IN:500 SHEET CASSETTE  TRANSPORT QUT:500 SHEET CASSETTE

PROCESS YIELD: B0.0%¥ YIELD GROWTH PROFILE: O . - .
INPUT UNIT SALVAGE .FACTORI 0.0 FACTOR GPH: 0 SALVAGE OPTIONIFRACTION OF INPUT UNIT VALUE

PERFORMANCE FACTORS-I(RI/IC(SC): 1.000B00E+DD VIR /VIOC) S 1.000000E+0D F{R}/F: 1.000000E+00
INPUT UNITS? De 0. Oe
FLOOR SPACEsFT»+23 . De [ [

DESCRIPTIONSWAFER ELECIRICAL TEST AND SORTs.

T KSSUMBTIONS:
1. 3" DIAHETER WAFERy 12-14 MILT VHICKs(100) ORIENTATIONsP=TYPEy 1-5 OHM-CH.
Ze IEST FORS OPEN CIRCULT VOLTACE:SHORT CIRCUIT CURRFNTIREVERSE BIAS LEAKAGES FILL FACTOR.
3. HINICOMPUTER-CONTRCLLED MEASUREWSNT OF 12 POINTS ALONG KNEE DF I-Y CURVE FOR KNOWN LIGHTIHGa
4. WAFERS BELDY 10% EFFICIENCY ARE REJECTED. B0% YIELD ESTIHATED.

PROCEDURE

1. OPERATOR _LOADS CASSETTE INTO MACHINE. _ ] . B
2. WAFERS AUTOMATICALLY FED 710 TESV EGUIPAENT AND HBEASUREMENTS MADE.
3. WAFERS SORTED INTG MAGAZINES USING CRITERIA TO BE DEFINED.

4. OFERATOR REMDVES "CASSETTES AS THEY ARE FILLED.

: INVESTMENTS
INVESTHENT NAHE HAX. THRUPUT UNITS % INPUT UNITS PROCESSED FIRST COST AVAIL. AREAsFTw*s2
T WMAFER SORTER-G.ELT« 120000 SH/HR 160.0% %7 175000. B0.0% "~ 200
B o o LA&BOR
L _ (DL=DIRECT LABOR PERSONSITL=TOTAL LABOR PERSONS)

~NANE " LABOR REUUIREMENTS BASE # PERSONS/SHIFT/BASE UNIT THRURUTZHR/PERSON % INPUT UNIiTS PROCESSED

HOURLY OPERATOR  SILTEC WAFER SORTER-WE.T. Z«500E-D1 . R

HAINTENANCE SILTEC WAFER SORTER~WaEaTe 2.000E~01

FOREHAN oL . 1.900E~01 =

. ANNUAL SUPPLIES/EXPENSES

~EXPENSE NAME FIXED PART  VARIABLE PART UNITS  BASE

ELECTRICITY L 0.0 X 5.000E+60  KWH. PER AVAILABLE INVESTHENT-HOUR OF SILTEC HAFER SORTER-¥oEaT.

Figure 23. Process parameters - test. ‘ )

ke S a0, b

R R




6. Antireflection Coating, Spray-On

Use of conventional spin-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 solutionm.

We have examined the technical and economic feasibility of spray coating
techniques as an alternmative, and we are entirely convinced that spray coating
is indeed the technique of choice for this particular application.

Commercial equipment,{designed primarily for the semiconductor industry,
offers excellent control and performance of higﬁ—quality film deﬁosits, and
remarkable economy.

The heart of the machine is the vapor carrier system which uses a super-
heated chemically inert hydrocarbon 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
minimizes the problems encountered with systems based on pressurized gases as
the carrier. The solar cells are transported in a2 6-wafer-wide stream by a
conveyor belt from the load station inte the spray station. The coating is
applied by a fully automated and adjustable spray gun which traverses the six
3~in.~diam wafers 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 cells per year.

The thickness of the 8i0, + TiO

2 2
baking is specified to be 700 2. The control of coating thickness is within

containing AR film after drying and

+54. Figure 24 shows the performance of such an AR coating which was spun-on

compared with thermally oxidized TaZOS. 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 min

_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 parallel.
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Figure 24, Reflection spectra: spin-on titania-silica £ilm and Ta205
formed by thermal oxidation of evaporated Ta.

The AR coating process parameters are shown in Fig. 25.

7. Metallizations

a. Thick-Film Screen Printing — We believe that a metallization technology
based on screen~printed contacts is the most cost effective. The principal
problem with this technology is to combine low contact resistance with low
penetration and high adhesion.

In Quarterly Report No, 3 [1l] 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 Ffound it
possible to produce this low a contact resistance without producing excessive
penetration.

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.
A.gPO3 was selected because of its low melting point, i.e., 485°C. Similar

Ap-P compounds are under study, A small amount of the material was prepared
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PROCESS PARAMETERS:AR COATING:SPRAY-ON o 04718777 DI:151:2% PAGE &0

ESTIMATE DATESD2/28/77 BYIRCA STINATES T CLASSZAR COATING

CATEGORY:PROCESS DEFINITION TECHNOLOGY LEVELINEAR FUTURE WATERIAL FORMS3" WAFER.
TINPUT UNIT:SHEETS OUTPUT UNITISHEETS TRAMSPORT IN:S00 SHEET CASSETTE  ITRANSPORT OUT:500 SHEET CASSETIE
PROCESS YIELD? $5.0%  YIELD GROWTH PROFILE: 0 .

TNPUT UNIT SALVAGE FACTORT Ge.C  FACTOR GP#: D SALVAGE OPTIONIFRACTION OF INPUT UNIT VALUE
PERFORMANCE FACTORS-ICR)/I(SC)? 1.000000E+00 VCR)IZV(OC): 1.000000E+00 F(R}/#F: 1.000000E+0D
INPUT UNITS: 0. Da 0.
TFLOCOR SPACEFT*s2: ~ Us Ue Oe T
TOESTRIPTION:SPRAY-0ON ANTIREFLECTIUN COATING(E)
) ASSUMPTIOGNS: R

1. 3" DIAMETER WAFERy 1214 HILS THICKy{100) ORIENTATIONsP=TYPEy 1~5 OHH~CHa.
Z. 500 WAFERS/CASSETTE T ) ’
‘ 3. NOTE: IN-HOUSE AR COATING NEEDS TO Bf DEVELOPED. i
%e LIGUIC SPRAY-ON SOURCE(TI02+5102) AT $10/LITER. 0.1 CM*#3 WILL COVER 1 SIDE WITH .07 HICRONS.
’ 7. APPLIED AFTER FINAL METALLIZATIOM.
_ TH. OVEN BAKE REQUTRED AT 400 C. FOR 1/2 HR. IN AIR,
5. RUOM REGUIREMENTS: ORY4CLEAN FILTERED AIR, 2830 LITERS/HR/SYSTEH.

PROCEZDURE

T« WAFERS ARE LOADNED FROM CASSETTE 10 DEPOSITION ZOME.
2. INERT HYDROCARBON CARRIER GAS TRANSPORTS CCATING MATERIAL.

(¥3)
o 3. AFTER CEPOSITION, WAFER TRANSPORTED VIA BELT TO INFRARED DRYING ZONE.
4. WAFERS ARE BAKED FOR 1/2 HRe AT 400 Ce IN AIR,
5. WAFERS LOADED TMTO CASSE . T T . LT
il B T INVESTHENTS T
INVESTMENT NAME MAX« THRUPUT UNITS % INPUT UNITS PROCESSED FIRST COST AVAILe AREA9FTes2
JOEL 11000 AUTOCUATER ™™ " BEUN. 00 "SH/HR 100.0% & 120000~ B85.0% 100,
GPTICAL REFLECTOMETER 5400408 SH/HR ) 10040% $ 20000, B5.0X 16
O™ g LABOR
k= a - - "7 {DL=DIRECT LABOR PERSONSITL=TOTAL LABUR FERSONZ]
oo o NANE LARGR REQUIREMENTS BASE # PERSONS/SHIFT/BASE UNIT THRUPUT/HR/PTRSON % INPUT UNITS PROCESSED
') ) THOURLY OFPERATOR ZITOW ACDEC 11000 AUTOCOATER ’ 1.000E+00
; O E ) E HATINTENANCE ZICON MODEL 11000 AUTOCOATER 2+50BE~01
=% E g ! E " TUOPTICAL REFLECTUMETER b T ‘HWNTIE=02™
) o ’ T T ANNTAL R SUPPLIES/EXPENSES ~ "
! i o EXPENSE NAME FIXED PART  VARIABLE PART  UNITS  BASE
ﬁ o T T 1PY:] TTOUTTILDOOF+01 KWHe 7 PERTAVAILA = EL 110
= p 3 VAPOR CARRIER 0.0 3.000E~B1 S PER AVAILABLE INVESTHENT~HOUR OF ZICON MODEL 11000 AUTOCOATER
';:]‘ = = 0.0 T.000E=01 TH*¥3 ~ PER IRPUT UNIT. % UNITST fUGa0%
- g =
£y N ggfﬁgﬁ —

Figure 25. Process parameters - antireflection coating, spray-on.
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by reacting AgN03 with NaPOS—stabilized metaphosphoric acid (HP03). The pre-~
cipitate was dried, crushed, and ground to pass through a 325-mesh sieve, An
"off-the—-shelf" silver powdar was mechanically blended with the AgPO3 powder
to yield 95 wt pct Ag-5 wt pct AgPOB. This mixture was suspended in a
cellulosie~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), 5 x 1019/cm3, as that used for
the evaluation of the commercial inks. The lowest test firing temperature

was 500°C, since the AgPO, melting point is 485°C and a contact angle of 8°

3
was found for AgP03 on silicon when fired for 2 min at this temperature. A
summary of the results for 5-min firings at 500°, 600°, and 700°C is slhown

in Table 4,

TABLE 4, SPECIFIC CONTACT RESISTANCE OF Ag—AgP03 METALLIZATION®*
Firing Specific Contact

Temperature Least Square Fit, 2 Resilstance
B i) y=b + mx = f-cm?
500 v = 39.88 + 122,56 x 0.49 0.65
600 v = 6.55+ 32,54 x 0.29 0.11
650 y = 17.44 + 6.9 x 0.17 0.28
700 y = 24,15 - 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, p,, = 1/2 b times dot avea.

Determination of the least square fit is based on at least four test
points. The lowest specific contact resistance was found to be 0.11 ﬂ~cm2 at
600°C. However, the poor correlation in each case suggested that the metal-
to~gsilicon 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 im the
metal. The gap does, however, decrease with increasing temperature, and, most
important at the highest temperature, there is no evidence of metallization

penetration into the silicon. The high density of voids present in the
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metallization alsc contributes to an apparently high specific contact resis-
tance, Closing of the silicon-to-matal gap and reduction of voids in the
fired f1lm will result when changes are made in the silver and AgPO3 particle
size distribution and relative amounts of each.

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

In our cost estimates we have assumed this technology has been developed,
and we use ink costs ag they exist today. For this metallizing step, cassettes
with silicon wafers arrive on carts from the preceding test statilon (d.e., that
following n~p junction formation) and the cassettes are manually placed into
the loader adjacent to the screen—printing machine. The loader automatically
feeds sillicon wafers into the screen printer which applies the particular
metallization pattern. This sequence requires three printing and drying opera-
tions prior te firing: first the back, then the collecting grid, and then the
bus bar on the fromt.

Detalled evaluation of the technique using printing pastes based on
silver, aluminum, and nickel have been ecarried out from technical and cost
viewpoints. The minimum cost of typical Al and Ni pastes ($1.90/t£;y punce)
is lower than that of Ag paste ($5.42/troy ounce based on the December 1976
market price for Ag). All three pastes shrink close to 50% on drying and
firing. The electrical conductivity of a fired coating depends on the paste
composition and the firing conditions, and has been assumed in all calcula-
tions to be one-half of the bulk rconductivity 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 optimum 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
=F = Ag_ 3
pattern Sem o /2
thickness -3
Sem 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 is 6.63 times as thick. The actual thickness of the optimum
Ag pattern is derived helow. |

As can be seen in the cost summary (Fig. 2), the total cost for the
metallization step 1s on the ordexr of 1l0¢/W. The process parameters for the

front and back metallization are shown in Figs, 26 and 27.

b. Metallizing by Nickel/Solder Deposition

(1) Basic Process — 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.
Essentially, a thin layer of electroless nickel ig selectively deposited on
both sides of the cell, followed by sintering to create a nickel siliclde with
good ohmic contact, electroless plating of one additional nickel layer, and,
finally, deposition of molten tin-lead solder to provide an ample thickness

of metal for good conductance. The entire process is an almost fully automated
batch operation where unit lots of 1000 wafers are processed automatically on

a continuous basis requiring a minimal amount of labor.

(2) Outline of Processing Sequence

1 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 materizl from the masking material.

2 Surface Cleaning

s TImmerse the wafers in mild oxidizing solution to remove
organic impurities from the exposed suriace without
affecting the mask coating.

# Rinse in deionized water,
s Dry mechanically.
3 Sensitization and Complexing
# Sensitize in bath of Pd012 (activator)—HF—-CHBCOZH.

s Rinse in deionized water.
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PROCESS PARAMETERS:THICK AG METAL-FRONT:AUTO

ESTIMATE DATE:01/12/77 BY:IWERNER KERNs X2094y RCA LABSy 03=076
CATEGORY :PROCESS DEFINITION TECHNOLOGY LEVEL:FUTURE MATERIAL FORM:3* WAFERe
NIT: OUTPUT UNIT:SHEETS TRANSPORT IN:500 WAFER CASSETTE  TRANSPORT OUT:500 WAFER CASSETTE

PROCESS YIELD: 99.0% YIELD GROWTH PROFILE: 0
SUBPROCESS USED:SCREEN PRINT WAFER REWORK

01/720/77 1615143 PAGE 53

INPUT UNIT SALVAGE FACTOR: 0.0 FACTOR GP#: © SALVAGE OPTIONIVALUE INS

PERFORMANCE FACTORS-ICR)/ZI(SC): 1,000000E+00 VCR)/V(OC)! 1.000000E400  FCR)I/F: 1.000000E+00
T —INPUT UNITS: 0. 0. s - s

FLOOR SPACE.FTws2: Oe. 0. 0e

DESCRIPTION:SCREEN PRINTING AND SINTERING CONDUCTIVE NETWORK=FRONT
ASSUMPTIONS:

" 1. 3% DIAMETER WAFEmrs 12-14 MILS THICKs(100) ORIENTATIONyP=TYPEs 1-5 OHM=CM.

2. BACK METALLIZATION PATTERN MUST BE SCREEN PRINTED FIRST.
3. AG PASTE: $5.42/TROY 0Ze = $.1743/GMy B0X AGy WHEN AG COSTS $4.40/TROY 0Z.
DENSITY OF AG PASTE=3.756/CM##3. (31.16=1 TROY 0Z.)
2:1 RATIO FOR INK THICKNESS TO POST FIRING AG THICKNESS.
4. FRONT AG FINE GRID: 5% COVERAGEy 17 MICRONS THICK AFTER FIRING.
S. FRONT BUS BAR: 1% COVERAGEs 170 MICRONS THICK AFTER FIRING.
6+ SCREEN PRINT & DRY SYSTEM:

ITEM cosT POMER COMMENTS

LOADER 107K 1KW INSERTS WAFER INTO PRINTER
PRINTER 24 44K 1KMW PRINTER APPLIES PATTERN
COLLATOR 100K 1KW FORMS PARALLEL ROWS FOR DRYER.
‘DRYER™ ~— — T 20.0K 10KW DRIES INK TO PREVENT SHEARING.
RELOADER 14,.7K 1Kk RELOADS WAFERS INTO CASSETTE.
CASSETTES 40K - HOLDS WAFERS FOR PRINTER.

TOTALS  B3.8K  14KW
swesasssNOTE? $125K ESTIMATED FOR ADVANCED SYSTEM.
7. SCREEN PRINT & FIRE SYSTEM:

ITEM “COST POWER ~ COMMENTS

LOADER 107K 1KMW  INSERTS WAFER INTO PRINTER
PRINTER 24 o 4K 1KMW  PRINTER APPLIES PATTERN
COLLATOR 100K 1KMW  FORMS PARALLEL ROMS FOR DRYER.
DRYER 20.0K  10K¥ DRIES INK TO PREVENT SHEARING.
FURNACE ~ 45.0K _ 15KW  SINTERS PATTERN AT 550 C.
RELOADER 14 47K 1KW RELOADS WAFERS INTO CASSETTE.
CASSETTES 440K - HOLDS WAFERS FOR PRINTER.

TOTALS 128 .8K 29KW
awssansanaNOTEZ $200K ESTIMATED FOR ADVANCED SYSTEM.
8. BELT=>CASSETTE LOADER CAN DO 6000 WAFERS/HR.
9. SCREEN AT $23, REPLACED 3 TIMES PER DAY FOR FINE GRID.
SCREEN IS REPLACED 2 TIMES PER DAY FOR BUS BAR SYSTEM.
SQUEEGES AT $.40y REPLACED ONCE PER HOURe

Figure 26. Process parameters - front metallization.
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PROCESS PARAPETERSITHICK ARG METAL-FRONT AUTG 77~ S - 04718777 09351527 FAGE 531

T TTT Tt T T PROCEDURE
1+« OPERATOR LOADS CASSETTE FROM BACK METALLIZATION STEP INTO LGADER.
2. SCREEN PRINT DRY SYSTEM APPLIES FINE GRIDs -
OPTICAL SCANNER VALIDATES PATTERN 10% REJECT ESTIMATE.

3+ GPERATOR LOADS CASSETIE FOR SCREEN PRINT & FIRE SYSTEM.

4. SYSTEW APPLIES FRONT BUS BAR & FIRES. {SEPARATE PRINT STEP NEEDED SINCE PATTERN IS THICKER THAN FINE GRID.)
OPTICAL SCANNER VALTDATES PATTERN BEFORE FIRING 1% BUS BAR REJECTS ESTIMATEDS'
REJECTS ARE LOADED INTO A CASSETTE BY BELT—)CASSETTE _STACKER FOR REWORK.

INVESTMENTS
TINVESTRENT NAME - TTTTTHAX. THRUPUT UNITS % INPUT UNITS PROCESSED FIRST COST AVAILs AREASFT*%3
SCREEN PRINT & DRY SYSTEM=2 ~~ 18B0C.0D0 SH/HR 111.0% $ 125000. 80.0X 1500,
TOPTICAL SCANNER TT1HDO.9D0 SHAHR 111.0% $ 50000.  80.0% 16
BELT->CASSETTE STACKER 1500.00 SH/HR 112,0% S 15000« 80.40% O
SCREEN PRINT & FIRE SYSTER=-2 1800. 00 SH/HR 10i.0% & 200000 B0.0% 1600«
APTICAL SCANNER 1800.00 SH/HR 101,05 S 5000D. B0.0% ' 16
TBELT-5CASSETTE STACKER ~~~ 777 1B0p.00 SH/HR 101.0% $ 15000 RO.0% [
_ T : LABOR
tDL=DIRECT LABOR PERSONSITL=TOTAL LABOR PERSONS)
TWAME T 7T LABOR REUUIHERENTS BASE #f PERSONS/SHIFT/BASE UNMIT THRUPUT7AR/PERSON % INPUT UNITS PROCESSED
HOURLY OPERATOR  SCREEN PRINT ® PRY SYSTEM-2 2.000E~01
" HOURLY OPERATOR SCREEN PRINT R FIRE SYSTEH-2 2.000E-01 T o7 '
MATINTENANCE SCREEN PRINT & DRY SYSTEM-2 2.000E=~02
o~ THAINTENANCE SCREEN PRINY § FIRE SYSTEM-2 2.000%~-01 0 -
= MAINTENANCE QPTICAL SCANNER 1.000E-02
TFORERRN oL "/ /7 1.000E~01 -~
. THANRUAL SUPPLIES/EXENSES Tt T
EXPENSE NAME CIXED PART  VARTABLE PARY UNITS  BASE
TELECTRICITY TS T 1.400E+D1 KWH. PER AVAILABLE INVESTHENT=HOUR OF SCUREEN PRINT & DRY SYSIEF=2
SLECTRICITY 0.0 2.9005+01  KWH, PER AVAILABLE INVESTHMENT-HOUR OF SCREEN PRINT & FIRE SYSTEM=-2
TELECTRICITY TR 1.000E~01 'KWHe RPER AVAILABLE IMVESTHENT-RHUUR OF GPITCAL SCARNER
SCREENS felt 2.880F+90 % PER AVAILABLE INVESTHENT-HOUR OF SCREEN PRIKT & BRY SYSTEM-2
“SCREENS Y 1.920E+60  § PER AVAILABLE INVESTPENT=WUUR UF SCREER PHIRT ¥ FIRE SYSTEY-2
v 7 SGUEEGEES Lol 4s000E-D1 % PER AVAILABLE INVESTMENT-HOUR OF SCREEN PRINT & DRY SYSTEM-2
g TSUUEEGEES B Y 4.000E~01 $ PER AVAILABLE INVESTMENT=HLDUK OF SCREEN PRIAT ¥ FIRE SYSTER=2
SOLVENT~INK Oef 14440FE-01  CH**T  DIR IYPUT UNIT. ¥ UNITSS 111.0%
=2 TSULVENT-INK TR YT 1.4408E-01  CH*+3  PER INPUT UNIT. Y UNITST I01.0%
Q THERMOCOUPLE +ETC » gul B.DGRE=08 % PER INPUT UNIT, % UNITS= 111.0%
O TTHERMOCOUPLESETC . B 1 6sNGOE~D4 3 PER INPUT UNIT. % UNITSS T0I.0% ~
~ INK AG-FRCNT FINE GRID Oeb 3.320E-02 3 DIR INPUT UNIT. ¥ UNITSS 100«0%
D ; "WK‘A‘B' FRONT FINE GRID LDST'—'U“'U : 1+600E-03 8 PZR INPUT UNIT. ¥ UNITSS ~I1.0¥
] NK AG-FROWT BUS BAR R,9505-0% § PER INPUT UNIT. % UNITS= 100.0%
= _"’im-'-'FRONT BUS BAR Lt‘S'T'_—ﬂ—U—' 3.TROE=DZ  $ PTR INPUT UNIT. ¥ ORITSE T0%
L

LT
mOV

r

Figure 26. Continued,.
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PROCESS PARAMETERSITHICK AG METAL-~-BACKIAUTO

BY SWERNER KERNjy X20944y RCA LABSy 03-~076
TECHNOLDGY LEVEL:FUTURE

ESTIMATE DATED2/D3/77
__CATEGORYIPROCESS CTEFINITION

04718777 09151224 PAGE 51

_MATERIAL_FORM23" WAFER.

C'ASSIHETALLIZATION

INPUT UNITISHEETS QUTPUT UNTTEISHEETS
PROCESS YIELD: 99.0% YIELD GROWTH PROFILE: £
INPUT UNIT SALVAGE FACTOR! 0«0 FACTOR GPR? 0

PERFORHANCE FACTORS-ICRIJICSCIY 1.0080000E+00

VIRY/W(DC): 1.000600E+0D

INPUT UNITS? O. 0a bs
FLODR SPACEsFT»x2% D« Oe Oa

DESCRIPTION:SCREEN PRINTING AND SINIERING CONDUCTIVE NETWORK-BACK

ASSUMPTIONS?

1. 3" DIAMETER WAFERe 22-14 MILS THICKe (1003 ORIENTATIONeP-TYPEy 1-5 OHH~CH.

2, BACK METALLIZATION PATTERN MUST BE SCREEN PRINTED FIRST.
3. AG PASTE:
DENSITY OF AG PASTE=5.75G/CP**3,. (511621 TROY 0Z4)
2:1 RATID FOR INK THICKNESS TO POST FIRING AG THICKNESS.

SALVAGE OPTIONSIVALME INS ~

35.42/TROY 02+ = 5.1T743/GMs BOX AGy WHEN AG COSTS 54.40/T30Y 02.

TRANSPORT 183500 SHEET CASSETTE T

RANSPORT OUT:508 SHEET éASSETTE

FCRI/F: _1.0000

DOE+0D

NOTE: 5 MILS THINNEST LINE FOSSIBLE. WIDTH GREATER THAN OR EQUAL 7O 4 TIHES THICXNESS..

4e BACK AG GRID: 25X% COVERAGEs
5. SCREEW PRINT & FIRE SYSTEM:

8+5 MICRONS THICK AFTER FIRIVG.

__ETEM COST _ POMER _COMHENTS
LOADER 10.7K TKW  INSERTS WAFER INTO PRIMTFR
o PRINTER 244K 1KM _ PRINTER APPLIES PATTERN

COLLATOR 10.0K iKW ~'FORMS PARALLEL ROWS FOR DRYER.
£ DRYER 20.0K  10KYW  DRIFS_INK TO PREVENT SMEARING.
] FURNACE G87DK  15KW  SINTERS PATTERN AT 550 €.

RELOADER 1447k ____1KW_ RELOADS WAFERS INTO CASSETTE.

CASSETTES 5, 0K < 7 HOLOS WAFERS FOR PRINTER.

TOTALS 128.8K 25K

TRwxwexx0TE? 3200K ESTIPATED FOR ADVANCED SYSTEM.
5 BELT->CASSETTE LOADER CAN DO 6000 HAFERS/HR,.
7+ SCREEN AT 323, REFLACED 2 TIMES PER DAY.
SQUEEGES AT $.404 REPLACED ONCE PER HOUR:
B« CUOST CT 9.5% BACK REWORA IGNORED.
.9 t__E_I_RI‘\'S

—s e SROCEDURE
~1. OFERATOR LOADS CASSETTE FROF PREVIOUS STEP INTO LOADER.
2s_ SCREEMN PRINT & FIRE SYSTEM_APPLIES BACK GRID.
OPTICAL SCANNER VALIDATES PATTEANs 0.5% PEJECTS REWORKED.

_REJECTS ARE LOADED INTOG A CASSETTE BY BELT->CASSETTE STACKER FNOR REWORK.

5. CASSETTE TRANSFERRED TO FRONT METALLIZATION PROCESS.
Ga REJECTS ARE REWORKED % RECYLLED.

e e . INVESTHENTS
TRVESTHENT NAME AEX . THRUPUT UNITS % INPUT UNITS PROCESSED
SCREEN PRINT & FIRE SYSTEM-=2 __ _ 1B00.00 SH/HR 100.5%

. JPTICAL SCANKER 1800.00 SH/HR 100.5%
BELT=3CASSETTE STACKEP _ 1800.00 SH/HR 100.5%

Figure 27.

OF BACK NEEDED $0 THAT_PASTE IS NDT REMDVED IN CASE OF FRONT GRID REUORK.

FIRST COST “AVAIL. AREAyFT¥w2
S 200000, _80.0% 160G,
3 50000. BD.0X 16,
$  15000. __RD.0Y Ds

Process parameters — back metallization.




PROCESS PARAMETERSITHICK AG PETAL-BACKIAUTO T

BEFIB/TT 093151320 PAGE S5le1

LABOR o
(DL=DIRECT LABOR PFRSONSSTL=TOTAL LABOR PERSONS)
WARE T LAEGE "REQUIREPENTS BASE g PERSONS/SHIFT/BASE UNIT THRUPUT/HR7PERSON % INPUT UNITS PROCESSED
HOURLY OPERATOR  SCREEN PRINT % FIRE SYSTEM-2 24008E-01
MAINTENANCE SCREEN PRINT % FIRE SYSTEH-2 2.000E=-01
MAINTENASCE OPTICAL SCANNFR 1.000E=p2
“FOREHAN DL T 1.60BE-01 -
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Figure 27. Continued.
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s Complex in bath of H U—GSH70H (wetting agent)~NH4OH
Cnautralizer)-NH4Cl %complexant). '

%4 Fivst Plating and Mask Removal

¢ Tmmerse in bath containing NiClz, NaHzPOZ, Na336H507, NHQGI,

NHAOH’ and HZO'

e Plate at 80°C for 45 s to deposit a P~containing Ni £ilm
of 500 to 750 & thickness. -

# Rinse in delonized water.

@ Remove orxganic mask coating by solvent extraction,
5 Sintering
s Transfer the wafers onhto conveyor belt and into furnace.

s Expose to 550° to 600°C in an atmosphere of N,~H, to
ereate nickel silicide.

6 Nickel Stripping

e Immerse in HNOB. i

R ——
PO DTV P -

» Rinse in deionized water. i
s Apply light oxide eitch in HF—NﬂéF—Hzo solution.
o Rinse in deionized water.

7  Second Plating

» Re-immerse in nickel plating bath to deposit 0.3 to 0.5 um
of Ni (®). _ : j

¢ Rinse in deionized water.

8 Fluxing and Solder Deposition
® TImmerse in flux solutdion.
® Drain, dry, and preheat the wafers,
® Introduce into 5% Sn-95% Pb solder bath at 350°C.
¢ Hold in bath for an optimal residence time.
o Withdraw at a controlled velocity.
9  Final Cleaning

¢ Remove flux residue by immersion iIn ultrasonic cleaning
bath.

¢ Rinse in deionized water,
e Dry mechanically.

(3) Cost Estimation — BEstimates of production cost were based on the assumption

4

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

24~hour operation of 345 days per vear. 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 requilred,

each line producing 2 x 107 wafers per year. Mot considering the yield factor,

cost per wafer hags been computed as approximately $0.30, of which 64%Z accounts
for materials, 197 for equipment, and 1772 for labor. The product yield is
estimated to be no better than 957 due to the large number of process steps.
It is quite obvious from these figures that this method 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 im
module fabrication. The attainment of that goal requires the simultaneous
winimization of cost and maximization of power delivered within the con-
straints that may be Imposed by the technologies used. The analytic procedure
described here provides a general, quantitative framework for such optimiza-
tions. This procedure begins by the careful characterizations of the two
contributing factors to the $/W cost (a) the cost per unit area for every
“step" and (b) the power loss associated with each step. It turms out that
'tha different characters of these two factors have a profound impact on the
optimization. The notion of a succession of independent "steps'" forming a
complete module is vital; experience shows that many fabrication process

steps are independent to the first order and that those processes which inter-
act strongly can be grouped into a single "step" that can be analyzed as a
whole. 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 ig dramatic, It is extremely
important to maximize the performance of the gystem, and additional costs such
as adding considerable Ag to recover a few percent of system performance can
be cost effective. Below we will derive the criterionm.

These applications provide instructive design specifications and indi-

cate the generality of the basic approach. Among the ather "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 is the
total cost per watt

S K (1)
W G
0

where K 2 total cost per unit of module area and GO £ output power per unit
of module area. We first treat the cost factor znd show the nontrivial result

that it may be expressed as

n
K=3 C (2)

where there are n of the independent "steps" in the entire fabrication process
ineluding the silicon cost, and the Cj are a 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 medules that have cell coverage fraction ¢ so
that ¢Ap = total cell area. Then we separate the steps intoc two groups, those

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

k k__l k.i
D=A e g es p——= | for module steps
P Yi

Y Y Y Y ..
n n wn-1 n
k k
+ 94 —dmk L for cell steps
p |Y¥ ... X, ¥ ... %Y
‘n i-1 n 1

where ki = actual cost/unit area of performing step i and Yi s yield of step 1.
This shows the well-known impact that each yield factor has on all preceding

steps. Now we define

Ik
[ i;—*JL—:;v for all module steps

jul

for all cell steps (3)
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Since K = D!Ap, these definitions lead to Egq. {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

T = - .
K' =K -C (4)

Next we treat the output power density of the module G0 by rellating it
to G, the power density potentilally available,

Go = FG (5)

where F 15 a fraction that may exceed one, depending on the cholce that is
made for Gj that choice 1s quite arbitrary and might correspond to a 107
module efficiency or any other convenient value, The feature of major ime
portance here is that F 1ls generally the cummlative product (not sum) of the
individual step factors

T ®

where each fj mugt "be gelf-consistently defined as the fraction of potentially
avallable 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 @t we now must separate it by dividing by its performance contribution

FI

11

F
= (7
n

Now using these relations in Eq. (1)

T T
£=_IS_=_I_(__=1 K+Cm =K' l+Cm/K
W G FG joide] £ i F'G £
o m m
) x! 1+ Km @)
F'@ fm

where k= Cm/K' is the cost fraction of step m.

Equation (8) shows a result of first importance: every step-efficiency
factor fm has its fractional impact on the TOTAL cost per watt. This is a

47

s i



direct consequence of the multiplicative rolea 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
follows then that no step can be optimized properly by considering only its
own cost and performénce; rather an equation of the form of Eq. (8) must be
minimized,

Next we develop the approprilate optimization conditions for Eg. (8). To
aid in this we introduce the fractional power logs associated wixh.any step

Aj 21 - fj. Using this in Eq. (8) gives

$_ K 1+ K )
W F'G |1~ Am

This is the form in which we minimize the $/W contribution of step m by dif-

ferentiating with respect to any relevant variable of step m. It i3 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) need be minimized. It is trivial to show

that the condition for minimization is

L de 1 dkm

1+ k_dx  1-aA dx
m m

(10)

where X represents any appropriate variable for step m. In nearly all cases
that will be acceptable we will find that Ky << 1 (i.e., Cm << K') and
Am << 1, Then we obtain the simplified approximate relation

m m (11)

We note also that in this approximation
£ K 12
W F'G [1+Km+;\'m] (12)
and we can set K' VK and F' & F,

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

step for which there ie information enough to evaluate both k and A.
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(2) Application to Front Metallizations - 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:
9, the cell coverage fraction of the module, v 0.83 and the product of the
estimated yields for all steps following metallization is v 0.87 so that in
Eq. (3) we find that Cm Eikmf Furthermore, the matallization,process‘to be
evaluated, screen-printed Ag, has a cost that can be expressed as‘_Cm ¥ h+ va
where the contribution h is independent of the amount of metal (it is basically
machinery and handling costs) and v 1s the volume of wmetal used, with 8 an
appropriate coefficlient. So differentiating as in Eq., (11) with amount of
metal as the variable, causes the term h to drop out and only the metal cost

need be evaluated in Gm, hence Koe

The metal cost/cm2 = pvm/A where p = pricn_a/cm3 of metal in its fipal con~

il

dition (i.e., after firing) and A = cell area., But v, = ta = tSA where

a = area of metal, & = metal thickness, and § = shadow fraction of metal on
cell., ©So

C_ = pSt (13)

= p8t/K' (14)

s
i

Before proceeding to specific power loss evaluations we note that our
calculations have been revised to optimize the $/W for performance averaged
over a day rather than just at solar noon., This reduces all resistive losses
by a factor of w/4.

First this optimization procedure is applied to the bus bar; we limit
consideration to a single, central bar for simplicity. It has already been
shown in Quarterly Report No. 3 [1] that when the fine grid line length ? is

determined (by cell gize, 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 metals it can be ghown that there
is no way of simultaneously optimizing both the metal thickness and the shadow
fraction of the bug bar. This can be seen physically by the recognition that

minimum loss for any metal volume would lead to zero shadow fraction (i.e.,
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bar width) and infinite thickness. Therefore, one additional constraint must
be imposed on the problem. We choose this constraint as a condition that will
give the thickest line that seems printable. (The bus bar will have to be
printed sepafately from the fine grid although they can be fired together.)
One way of achieving this thick-bar condition is to require that its thickness
2 always be 1/4 of the line width W. (Since the thickness shrinks roughly in
half during firing, this represents a thickness/width ratio of n1/2 at the

t

printing, a reasonable upper limit on tz,)

The shadow fraction of the bur bar is 32 = W/ﬂeff = A/L, with L = bus bar

length. Thus, since W = étz
S,y = 4t,/% o | (15)

and from Egs. (13) and (14)

_ _ 2
Cm = p52t2 = 4pt2/£eff (16)
k.= 4ptZ/R'R (17)
m PLalt Porg
di 8pt
m _ 2 .
so that & - 7 (18)
eff

The fractionsl loss is the sum of shadow and line drop

A =8 +3 ..&l_ﬁ = 4t2 + I piﬁ 3 (19)
m 2 v Szt2 3 geff v 4t§ 3 eff
where Py = metal resistivity. Then
dA c ‘
el — -4 7R Vg (20)
eff t
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Now invoking the optimization condition (1l), we obtain an equation for the

optimum bar thickness t

20pt
[
&___ PR S — -'I-—mL22.)=O (21)
T
K zeff 20pt Eeff t3 Vv 6 eff |

2opt

which must be solved mmerieally. For a 7.6~cm (3-in.) wafer, L = 7.6, geff =
6 cm. We take also J/V = 0.05 (ﬂucm?)—l, p = $l.30/cm; and p = 3.2 x 10-6
Q-cm for screen—printed Ag and K' = $0.0125/cm? (m$l/W).. This leads to t
150 pm so that W~ 0.60 mm and 82
the bar is evaluated now by Eq. (19) giving Am = 0.03 while Eq. (1l7) gives
k= 0.015.

Next we treat the fine grid pattern using the same basic approach, but we

20pt =
= 0,010, The total fractional loss due to

find the problem significantly more complicated because there are four power-
loss terms aside from the cost term. First we note that Cm and Kk are given
by the same relatiomns 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_%
wend 3 Fw e
sy T 17 171

where w = the fine line width, Py = 8i gheet resistivity (ﬂ/[D,.ﬁc = metal-8i
specific contact resistance (chmz). (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 requires that we optimize both tl and Sl
simultaneously. (In contrast to the bus bar case, this is possible here.) To
do this we use the form of $/W given by Eq. (12) and minimize (Km + Am) with
respect to both variables ty and S,. Partial differentiation of CKm + Am)

1
with respect to tl gives, when set equal to zero, the first condition

1

tlopt 5 3 pv

(23)
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This has the important consequence, when substituted into (Km + hm), that

pap
= i = —a
Km(cost fraction) line loss fraction 2 TRY

They are thus independent of S1 and t, so now differentiation of (Km + Am) with

respect to Sl gives the surprisingly simple equation for S

lopt

2
3 J J Y _
Slopt (V pc) Slopt - (V 6 =0 (24)

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

of the metal resistivity, length, price, and the module cost. In fact, when
Pe is small (510_3 R—cmz)

Jpswz\ /3

Slopt T O\EY 25)

80 S1 varies as the cube root of S

The metal thickness, given by Eq. (23) omnce S1 1s found, is the only place

where the costs and other parameters of the metal are found. Other useful
consequences of these results are that varying the cell size has no effect on

51 and a simple linear effect on t

opt: lopt through £.

Taking again the example of the 7.6-cm wafer, with & = 3 em, J/V = 0.05
(ﬂ-cmz)hl and p_ = 50 Q/00 for the 8i, P = 1073
find Sl = 0.040. Then using the other parameter values given after Eq. (21),
Ky = 0.007 and tlopt = 16 uym, With these optimized values of t, and S; we can
readily calculate Am = 0,068. (This entire optimization and evaluation is

performed numerically with a straightforward computer program.)

9~cmz and using w = 125 um, we

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

o
i3
>
+
e
n

0.068 + 0.030 0.098

1l

Tot 1 2 (25)

5
i
)
+
7
h

0,007 + 0,015 0.022

L

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 these results appears in Fig, 28 for 7.6-cm

wafers with total module cost per W as the independent variable. The lowest

curve shows the cost of the optimum amount of Ag to be used as the module or

system cest changes. Lt ¢an be seen that for more expensive systems, it is

worthwhile to increase greatly the amount of Ag to cobtain a gain in performance.

15 ~ ;
FRACTIONAL §/W
- PENALTY {(h+x) ;
13 !
™ E
20 = HpTIMUM FINE GRID
£ s THIGKNESS
ol
170
OPTIMUM BUS BAR
m THICKNESS
140 -
1ok

S ['METAL COST/WATT
czzrrrs2

' ! ] )
0.5 1.0 2.0
MODULE COST ($/wW)

Figure 28. Effect of total module cost in $/W (plotted logarithmically)
on.several frount metallization parameters of 7.6-cm-diam cells
with screen-printed Ag lines having straight, parallel sides.

The curve (A + k) is obtained from totals like those in Eq.
(26).
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Another use of these calculations is in connection with the question of
how large should the individual cells bej this will become an important question
as large-area sheets become available, Apart from any other considerations, it
1s clear gualitatively that as cell size increases, resistance losses will in-
crease and the amount of Ag needed per cm2 will increase. It is necessary
therefore to determine quantitatively what impact those increases wilill have on
the $/W because they will have to be offset by potential benefits in handling
fewer cells (e.g., fewer interconnections in the module). We have calculated
the variation in optimum $/W as a function of cell size, using as reference a
$1/W module with 7,6-cm (3-in.) 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 alonej the back contact metals
will undoubtedly add a few percent more penalty, but there is not sufficient
information available now for the quantitative evaluation. In our cost

summary we have used the same amount of metal on the back as on the front.

See subsection D below for a discussion of cell size implications.

B L | T 1 | T ]
- $/W PENALTY DUE TO FRONT CONTACT -
olor- RELATIVE TO 3" (7.6cm) CELL .
- (MODULE COST $t/W) i
0.05F N
= B N
\ B -4
.ﬂ. -
[¢] /

~0.05+ ]

N { ] | I 1 1 I

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

Ton implantation is now a well-established process in the semiconductor

industry. Its application to the fabrication of. solar cells has been success~

fully demonstrated with reported AM-1 efficiencies in the 10 to 137 range

with higher efficiency expected in the near future. The major advantages of
ion iﬁplantation applied to high-volume production of solar cells are control,
reproducibility, and the elimimation 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 that advances in the development of ion implanters
will result in implant machines capable. of. producing 10-mA beams of both n and
p~type dopants in a sequential.operaition. This is not an unreasonable assump-
tion since production machines. are now. avallable which can deliver more than
2 mA of phosphorus. A 10-mA machine could.process approximately 100 em? 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 a1 x ll'.}lsn::m“2 of phosphorus

on the top side and 5 x 1014Cm—2 boron on the back.

Since material consumpticn.is low using an ion-implantation process, major
cost reductions can be achieved by maximum use of automation. The system
deseribed here processes 2000 3-in. wafers/h, a reduction from the 3600/h,
allowing -time for beam scanning.and beam loss at edges. A. schematic block
diagram of one possible embodiment of such a system is shown in Fig, 30.

In this system wafers are manually moved to the implant statiom in two
500-wafer cartridges, 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 designed. 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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——— 500 WAFER

- j CARTRIDGE
AIR~LOCK ¥ ¥~ TRANSFER TO
AND PLATEN L— 1 eeell]  25-50 WAFER
A CASSETTE
HAMBER o o o
T 1 CAS?ETFE
[J---- PLATENS
—" [ 0 e
1 u ]
10N BEAM
10N BEAM e IMPLANT
TY CHAMBER
A 4 1
QuTRUT - _'__{PLAIENS
CHAMBE| TTERRET ] CASSETTE
TRANSFER
. Ab.-1A To
¥ FURNACE
SILICON .
BOAT :

Figure 30. Schematic block diagram - ion dmplantation and
Jjunction formation. (Transfer to silicom boat
must include £lipping wafers so that like sidas
face.)

Wafer feed ¢an.proceed in either.direction, so that when. the Ffirst 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 eassettes and. then to silicon boats.

After implantation, junction.annealing and drive—-in .are required. The
silicon boats ride on a continuous belt through a multizome diffusion. furnace.
The time and temperature requirements for annealing and drive-in will vary
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 is 15 min at 1000°C
with temperature gradients before and after the 1000°C hot-zone to allow for
slow warm—up, cooling, and annealing of the junction.

The process parameters for the ion-implantation step, diffusion step, and

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

9. Process: Z 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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“"PROCESS PARAMETERS:ION IPPLANTATIOMS2 SIDES 04718/77 09351324 PAGE 29

ESTINATE DATE:QL/12/77 EVIRCA ESTIMATES CLASSZION INPLANTATION

CATEGORY:PROCESS DEFINITION TECHNOLDGY LEVEL:FUTURE YATERTAL FORMS3" WAFER.
INPUT UNITISHEETS OUTPUT UNITISHEETS TRANSPORT IN:500 SHEET CASSETTE  TRANSPORT QUT:SILICON BOAT
PROCESS YIELDS 99,.0% _ _YIELD GROWTH PRCOFILES 0 L
INPUT UNIT SALVAGE FACTCR: 0+C  FACTOR GP#: 0 SALYVAGE OPTIQH!FRACTION OF INPUT UNIT VALUE
PERFORMANCE FACTORS-T{R)/E{SC)% I.0CGCOQE+DD VCR/V(OCI? 1.00C0C0DF+00 F(R)}/F: 1.000000E+00D

f

i INPUT UNITSS D Oe Ce

: FLOOR SPACEyFT#%23 Be Ua 0.

) T - ASSUMPTIONE:
le PROCESS FOLLOWED EFY DIFFUSICN STEP .
2, DOUBLE IMPLANTER. ONE IWPLANTER FOR EACH SIDE NF WAFEP.
3. FRONT SIDE OF ONE wAFER IMPLANTED SIMULTANEOUSLY WITH BACK SIDE OF A SECOND WAFER.
T, 10 GAL/MIN OF COOLING WATER AT 20 DEG. C. NEEDED PER IMPLANTER.

oo PROCEDURE

1« CARTRIDGE FEED SYSTEM FEEDINS IMPLANTER.

2. FIRST IWPLANTER FEEDS SECOND IMPLANTER FOR BACK SIDE IHPLAMTATION

3. SECOND IMPLANTER UNLOADS DIRECTLY INTO SILICON DIFFUSIION POAT. o
ALTERNATE WAFERS ARE FLIPPED DURIMG LCAD SO THAT LIKE SIDES FACE.

un
i ~ T T T ' INVESTHMENTS T
| INVESTMERT NAME MAX. THRUPUT UNTTS % INPUT UNITS PROCESSED FIRST £OST AVAIL. AREAsFT»e2
i TERICY T : Z0G0+00 SHMHR 100.0% s~ 700000, BE.0% B50e
- - LAEOR -
tDL=DIRECT LABOR PERSONSITL=TOTAL LABOR PERSONS)
(ol e 14 A LABOR REQUIREWENTS BASE # PERSONS/SHIFT/BASE UNIT THRUFUT/HR/PERSON % INPUT UNITS PROCESSED
= HOURLY OPERATOR _ IOh IMPLANTER(C) L , 4,000E-D1
E MAINTEHNANCE I0N IMPLANTERIC) 1.200E~03
s~ B8] FOREMAN oL _ 1.000E~01 o
8 E AMNUAL SUPPLIES/EXPENSES
Es g TTLXPENSE WAME ST FINED PARY S VARIABLE PART  UNITS  BASE :
o ELECTRICITY Gafl L 4+DODE+01 _ KHH,. PER AVAILABLE INVESTHENT-HOUR OF ION IMPLANTER(C)
S LTGUI0 NITROGEN 0.0 T I DOOF+0a T CHrw3 PTR AVATLAHUE INVESTHENT-HOUR OF ION IRPLANTERCC)
" o FILAMENTS/INSULATORS 8.000E+03 0.0 s PER AVAILABLE INVESTMENT=-HOUR OF ION IMPLANTERCC)
= aQ T WATER=COOLING n u 2.40DE+D6 cuu3 PER AVAILABLE TINVESTHENT-HOUR OF ION INFLANTER(C)
- I0N SOURCE GAS 2,2BDE+00 PER AVATLABLE INVESTMENT~HOUR OF I0N IHPLANTER(C)
-2 —t T FOR INVESTHMENT OR LABOR Eii E AFIYED PART" IS MULTIPLIED BY NO. OF BASE UNITS PRESENTs

Figure 31. Process parameters — ion implantation.
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DESCRIPTIONIDOPANTS ARE ORIVEN INTO SILICCN BY HEAT TREATMENT IN FURNACE

2, DIFFUSION VIA ION THPLANTAGiON OR DOPED OXIDE.
3. COIN STACK APPROACE (NOT CONSIGERED) NEEDED FOR MORE VOLATILE SOURCES.

8, P~SIDE AND N-SIDE OF WAFER MUSt BE EASILY UIFFERENTIABLE.
9« 100 WAFERS IN EACH_INCOMING SILICON BOAT.
1. INCOMING WAFERS WITH DIFFUSION SOURCE APPLIED TO BOTH SURFACES.
T2+ BOATS PLACEU GNTG HEVING BELT FURNACEs . T

%e FORCE AIR COOL OF WAFERS 70 RUOM TENPERATURE.
5. LOADER~FLIPPER TRANSFER OF WAFERS IANTO 500 WAFER CASSETTE.

PROCESS PARAMETERS:DIFFUSTGN - - 04718777 093151124 PAGE 19

ESTIMATE DATE:01/12/77 BYIFRED MAYTERy ¥633%» SOMERVILLEs Z20NE B CLASS:IDIFFUSION
CATEGORY:PROCESS DEFINITION TECHNOLOGY LEVEL:FUTURE MATERIAL FORM33" WAFER.
T INPUT UNIT:SHEETS DUTPUT UNIT:SHEETS TRAMSPORT IN:SILICON BOAT TRANSPORT OUT:500 SHEET CASSETTE
PROCESS YIELD: 9%.0%  YIELD GROWTH PROFILE} © oo
INPUT UNIT SALVAGE FACTOR! (0.0 FACTOR GP#: 0 SALYAGE OPTIOMIFRACTION OF IRPUT UNIT VALUE
PERFLHMANCE FACTORS~ICR)ZICSC): 1.080000E+00 VIR)/VCOC)S 1.000000E+DD F¢RI/FS 1.000000E+00
INPUT UNITS: 0. O. B .
T FLDOR SPACEgFT**21 . e 0.

ASSUHPTIONS:
1, 3" DIAMETER WAFERy 12-184 MILS THICK:{180) ORIENTATION4P~TYPEy 1~5 OHH=-CH.

4, 40 MINUTE DIFFUSION TINE AT 1000 Ce. AND 90 MINUTE PREPROGRAHMED COOLING TO 750 C. + 10 MIN. HOLD AT 600C. + AIR OUENCH.

Se 250 SILICON BOATSs EACH 12" LONG AMND 4" WIDE AT 3550 EACH NEEDED. 190 VAFERS/BNAT. 3 YRs LIFE.

6+ FURNAZE HAS 120 BELTy 157 HEAT ZONEy 55' COOLING SECTION, 20' LOAD/UNLOAD SECTION. 30 FTnIHR BELT RATE«
7» ALTERNATE WAFERS MUST BE FLIPPED SO THAT LIKE SIDES FACE.

PROCEDURE

VAFERS HAVE BEEN LOADED INTO A SILICON BOAT BY PRECEDING STER,

3. DIFFUSION FOR 40 MIN. AT 1000 Ce.

INVESTMENTS
“TINVESTMENT NAKE™ ~ 7 MAXs THRUFUT UNITS % "INPUT UNITS PROCESSEQD ™ FIRST COST AVAILs AREAgFTH¥D
LINDBERG FURNACE-12% BELT 9000400 SH/HR ] 100.0% S _72000. 95.0% 800
250 12"=SiLICGN BGATS 90i0.00 SH/HR 100.0% ¢~ 137500. 95.0% 0.
CASSETTE LOADER-FLIPPER 300000 SHIHR o " 10040% 3 _ 20000  95.0% D
) LABOR
- {DLEDIRECT LADOR PERSGNSITLSTOTAL LABUR PERSONS)
NAHE .. .. LABOR REQUIREMENTS BASE  # PERSONS/SHIFT/BASE UMIT __THRUPUT/HR/PERSON % INPUT UNITS PROCESSED
HOURLY OPERATOR  LINDBERG FURNACE-12% BELT 1.000E¥0D
MAINTENANCE LINDBERG_FURNACE-12" BELT = 1.000E-08
MAINTENANCE " "CASSETIE LOADER-FLIPPER 1.UOﬁE~UI
FOREHMAN DL e, _. __5sDDOE=~D2
ANNUAL _ SUPPLIES/EXPENSES
EXPENSE NAHME FIXKED PART  VARIABLE PART ™ TUNITS ~~BASE
ELECTRICITY 0a 0 1,000E+02  KWH. _ PER AVAILABLE INVESTHENT-HOUR OF LINDBERG FURNACE=-12% BELT
WATER=COOL ING ; T«0 8.00DE+05 ~~ CHw#3 ~PER AVAILABLE INVESTHMENT-HOUR OF LINDBERG FURNACE-12" BELT
HITROGEN 0.0 44500E+07  CMx*3  PER AYAILABLE INVESTHMENT-HOUR OF LINDBERG FURNACE~-12® BELY

—_———
Figure 32. Process parameters - diffusion.
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PROCESS PARAMETERS!PCST BIFFUSIOY INSPECTION:10% ' 04718777 09351125 PAGE 32

T ESTIMATE DATEY13/22/%¢  BYIDAVE RICHMAN, %3207y RCA LABSy E-3214 CLASSSTEST
CATEGORY:PROCESS DEFINITION TECHNOLOGY LEVEL$FUTURE MATERIAL FORM:3% WYAFER.
TINPFUT UNETISHEETS &~ TOUTPUT UNIT:SHEETS TRANSPORT IN:S00 SHEET CASSETTE  TRANSPORT OUT:500 SHEET CASSETTE
PROCESS YIELD? 99.06X%  YIELD GROWTH PROFILE: 0 )
T INPUT UNIT SALVAGF FACTORY 0.0  FACTOR GPE: B SALVAGE OPTION:IVALUEZ INS T
PERFORMANCE FACTORS~IC(R)/I(SCI: 1.00000DE+00 VIR)/Y(OC): 1.000000E+QD F(R)IF;_l.uDunnnE+OB
INPUT UNITS: e O 0.
T FLOOR SPACESFTwegs ™ — (3 ([P : b T

DESCRIPTION:POST DIFFUSION #-PDINT PROBE RESISTIVITY MEASURZMENT210X SAMPLE.

ASSUMPTIONSS
1= 3" DIAMETER WAFERy 12-14 MILS THICK+(100) ORIENTATIONeP-TYPEs 1-5 OHM=CHe
Ze 100% WAFER SHEET RESISTIVITY TESTe

T PROCEDURE
1. OPERATOR LOADS CASSETTE INTO MACHINE.
2. WAFERS AUTOMATIEALLY FED 710 TEST EQUTPHENT » -
3. WAFERS SORTED INTC MAGAZINES o .
u o o ~_ INVESTHENTS .
TTINVESTHENT NAME WA TARUPUT UNITS % INPUT UNITS PROCESSED FIRST COSV AVAIL, AREAsFTH#AZ
SILTEC WAFER SORTER-PROBE 1450400 SH/HR B 1040% 5 150000. B0.0% 200,
LABOR
3 TOLSDIRECT “LABUK PERSONSTTLETOTAL CABUN PERSONST
NAKE LABOR REQUIREMENTS BASE # PERSONS/SHIFT/BASE UNIT THRUPUT/HR/PERSON % INPUT UNITS PROCESSED
= HOURLY GPERATOR ~ FILTEC WAFER SORVER-FROBE T BGBOOESDIT T T
o . MAINTENANCE SILTEC WAFER SORTER-PROBE 2.000E-01
Q f] —FOREMAN —~ ~~ " ~TDL S 4 1T 1
5 o) — ANNUAL SUPPLIES/EXPENSES
EXPENSE NAME FIXED PART  VARIABLE PART  UNITS  BASE
5 .E? TELECTRICIFY - — [y 5.000E+00 ~ KWHL ~° “PER” AVATCABLE YNVESTHENT=RUUR UF SILTEC WAFER SURTER-PROBE
o b
£5
N 4
%3
'Q?@; Figure 33. Process parameters - inspection.
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hot Caro's acid immersion followed by three cascade rinses in deionized water
and spin drying.

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. FEFFECT OF SHEET SIZE ON MANUFACTURING COST

All of the analyses have considered 3-in. wafers since the most real-
istiec 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 unreélistic) case, we will assume that there
will be no iIncrease in labor or capital cost per unit handled so that each of
the processes produces 25/9 W where it produced 1 W 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 require—
ments. We have calculated the optimum metallization pattern based on an over-
all system of $1/W. 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 case, than the
3-in. cells, and, therefcre, 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 ddentical.

A somewhat more detailed estimate is given in Fig. 36. In this case, we
assume that the cassettes handling the larger waféers have larger spacing
between cells and the wafers must be handled more alowly. 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 liave estimated the re-

duction in labor capital, materials, and expense. Again we must add $0.023/W
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PROCESS PARAMETERSISYSTEM "Z® WAFER CLEANING 04718777 09:51:24 PAGE 2

ESTIMATE DATE:01/12777 BYSFRED MAYERy K6334y SOMERVILLEs ZONE O CLASSICLEANING
CATEGORY:PROCESS DEFINITION TECHNOLOG6Y LEVELINEAR FUTURE HBATERIAL FORME3" WAFER,
INPUT UNITSSHEETS GUTPUT UNITSSHEETS TRANSPORT IN$SB0 SHEET CASSETTE  TRANSPORT OUT:500 SHEET CASSETTE
PROCESS YIELD: 99,0% YIELD GROWTH PROFILE: 0 . _ .. . ____ __.__
TNPUT UNIT SALVAGE FACTOR: 0.0 FACTOR GP#: O SALVAGE OPTIONSFRACTION OF INPUT UNIT VALUE
PERFORMANCE FACTORS=1(RIZI(SC}: 1.006000E+00  VERISVCOC): 1.000000E+00 FLR)}/F: 1.000000E+00

INPUT UNITS: 0. Da 0. L -
FLOOR SPACEsFT##23 e 0. Ta

DESCRIPTION:WAFERS ARE CLEANED TN SULFURIC/HYOROGEN PEROXIDE MIXTURE

ASSUMPTIONS?
1. 3" PIAMETER WAFERy 12-14 MILS THICKs(10D) onig_t~1;ggla TYPEs 1-5 OHHM=CMa _
3. NO. ¢ DOES NOT REMOVE PARTICLES (DUST4STLICON CHIPSyETCa)

3« 500 WAFERS/TEFLON CASSETTE

Se 7e5 CYCLES/HR X 2 BOATS/CYCLE X 500 WAFERS/BOAT=7500 WAFERS/HR.

T 1. TEFLON CASSETTE MANUALLY INSERTED IN TANK €1 MING}Y

4, 1 TEFLON BOAT PER TANKY 2 TANKS PER HO0OD.

(8 MIN. DRYING CYCLE IS LIMITING FACTDR.)
6+ 1 OPERATOR REGUIRED FOR 2 HOODS, L .
7+« NOTE: SYSTEH COST ESTIMATED TO BE $30+080. $15400C FOR BACKUP.
_TOTAL SYSTEM COST=$45,000 WITH BACKUP.

PROCEDURE

2« 7 MINUTES IN HOT CAROS ACIDa

Se AUTOHATIC TRANMSFER 710 HCT AIR TUMNEL. DRY FOR 8 MINUTES.

3. AUTORMATIC TRANSFER 7O 157 CASCADE RINSEs 8 MINUTE RINSE.
4. AUTOMATIC TRANSFER TO 2NN B 3RD RINSESs EACH ABOUT 3 MINUTES.

INVESTHENTS
INVESTHENT NAWE HAX. THRUPUT UNITS % INPUT UNITS PROCESSED FIRST COST AVAILe AREA,FTss2
SYSTEA "Zu STATION(E) 7500400 SH/HR 100.0% 3 4%000. BS.BX 200
— - LABOR “ ]
. N _____ . TOL=DIRECT LABOR PERSONSITLSTOTAL LABOR PERSONS)
NARE LAEOH REGUIREMENTS BASE 8 PERSONS/SHIFT/BASE UNIT THRUPUT/HR/7PERSON % INPUT UNITS PROCESSED
HOURLY OPERATOR  SYSTEH "2% STATTON(E} 54000E-01 ———
YATRTENANCE SYSTEW nZP STATION(E) 5.00DE-02
FOREMAN oL _ — 5.7005-02
ANNUAL SUPPLIES/EYPENSES L
EXPENSE NANE ’ FIXKED PERT  VARIABLE PART  UNITS  BASE
ELECTRICITY . 0a0 __ ... . 34500E+01  KWHe PER AVAILABLE INVESTHENT-HOUR OF SYSTEH "2" STATIOHCB)
SULFURIC AEID 0.0 2.310E-01  GH. PER IVPUT UNIT, ¥ UNITSS 100.0%
HYDROGEN PEROXIDE . 0.0 | 2+100E~01  CHM+¥3  PER INPUT UNIT, % UNITS= 100.0%
DE-TONIZED WATER 0.0 1.,000E+06  CH~+3  PER AVAILABLE INVESTMENT-HOUR OF SYSTEM "Z® STATION(B)

Figure 34. Process parameters - 7 wafer cleaning.




3"‘i1'l.- 5"'i1'l..
Gell Cell
($/w) (§/w)
Materials & Expense 0.152 0.198
Labor Overhead
Interest Depreciation 0.112 0.040
System Ferformance
Degradation Cost T 0.023

Final Comparison 0.264 0.261!

29

Figure 35. "Best case" array module menufacturing
' cogt 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 these panels, the
cells are interconnected with one contact at the rim of the cell. In the
event that numerous contact poinis 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 performance
of these contacts to crossing the face of the cell. However, because of the
enormous cost of the metallization step in the present configuration, such an

analysis is surely appropriate.

E. TFACTORY LEVEL OVERHEAD COSTS

In none of the manufacturing cost analyses presented above are factory
overhead, distribution, advertising, or profit considered. Tox the process
sequence, Ton Tmplantation (C) factory level overhead costs will now be esti-

nated.
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£9

Cleaning

lon Implantation
Diffusion
Metallization
AR Coating

Test
Interconnect

Panel Assembly
& Packaging

Penalty due to
System Perfor-
mance Degradation

TOTAL

3~in. S5-in.
Cell Cell
($/W) ($/W) Notes
0.003 0.002 Down linearly with radius
0.029 0.026 Labor down linearly, resi same
0.009 0.005 All linear decreases
0.094 0.132 Labor down linearly, metal up by 4.6¢/W, machines same
0.011 0.007 Material same, rest linear decrease
0,012 0.004 Squared reduction in all costs
0.016 0.010 Linear reducticn in all costs
0.089 0,089 Unchanged
0.264 0.275

0.023
0.264 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 evaluations, which
appear as Fig. 37, 1s given below.

50 M &0 500 MW
Support Personnel 0.035 0.010
{assette 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 0.004
Factory Depreciation 0.008 0.066
Factory Interest 0.014 0.012
Support Equipment Depreciation 0.002 0.000
Support Equipment Interest 0.001 0.000

0.072 0.039

The manufacturing cost as a function of factory size is shown in Fig. 38,

50 MW 500 MW
These costs are 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 by debt) from an estimate of profit, we will assume the fol-
lowing relatiomnship:

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

= 157

For this manufactivring facility, the before~tax profit in the first year of
operations is then $0.05/W.

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

RCA's estimate of the cost, not RCA's cost.
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. I0N IHPLANTATION (C)

Assumptionss
(1) 3~in, vafers
{2) 15% cell efficiency, 0,717 W/wafer,
(3) Overall process yicld: 82.2%
(4) cCafeterin run by outside firm using company feeilitdes, but food company personnel, No cost to
factory other than cost of facilivies {deprecintion, alluceted interest, and taxss),
(5) 345 working daya per year.
(6) Two 12-h ghifts per day. 10% shift premiuvm for night shift.

Hork Schedule

Four groups of personncl; two for night shift and two for day shift. Schedule is 4 working days,
3 days off, 3 working days, 4 days off.
Other schedules could also be inplemented. Salaried people work a 5~-day, 40-h week.

50 MH-YR . 500 M9/YR
INVESTHENT ¢ $ s/ # S/w__~ s NOTES
PLANT: _ 2 2 -
Process 54K £t 5400K 0.108 4E4K fE 4L6400K 0.093 @ $100/ft
0Efices 10k £t2 600K 0.012 158 £t2 900K 0.002
Cafeteria 5% £c2 300K 0.005 25K £62 1500K 0.003 2
Array Storage 0.5% ft2 1):4 0.001 4% £e2 240% 0.000 @ $60/fc
Wefer Storage 1% 2 600K 0.012 100K £¢2 000K 0.012
Cherdcal Storage 1ox 2 600K 0,012 100K £r2 6000K 0,012
Mrint. Shops 5K Er2 30K 0.00L 50K g2 3000K 0.126
TOTAL 958 fr2 7560K 0,151 758K £r® 64 ,040K 0.128
LAND 160K Etz 40K G.00l 1200 £2 300K 0,001
Parking & Recelving 60K £t2 G0K 0,001 HO0K £¢2 400K 0,001
Office Equipment 20K 0.000 SOKR 0.000 4
Furchased Material 500K ¢.010 1000K 0.002° o
Ingpection & Q/C
Equipment
Hinicomputers for 2 250K 0,005 3 375K 0,001
Payroll & HIS 1 weok
Casgettes . 3500 350K 0.007 35000 3500K 0.007 production
GRAND TOTAL - 72,B77K 0.458 - 133,705k 0,388
PERSONNEL
PLANT ADMINISTRATION
Factory Mgr 1 SOK 0.00L 1 80K 0.000
Ass't, Mgr 1 40K 0.apL 3 180K 0.000
Secretarics 1 10K 0.160 3 30K 0.000
BReceptionist i 10K 000 b3 1ok 0.000
Industrial Relations 1 h1:1:4 0.000 5 75K 0.000
Sccrecari 3 )3 10K 0.000 3 0K 0.000
Financial Scrvices 2 60K 0.001 3 1134 0.000
Sacretaries 1 10K 0.000 2 20K 0,000
Aceounting Services 2 45K 0.001 k! 65K 0.000
Secretaries/Cletks 4 40K 0.001 8 80K 0.000
Camputer Service 2 40K 0,001 3 60K 0.000
Computer Operators 1/shift 48K n.0o1 2/shift 96K 0.000
Purchasing 2 45K 0.001 3 65K 0.000
Secretarics i 10K 0.000 3 30K 0.000
FACILITIES -
Guazds 3/shifc 144K 0.003 15/phift 720K 0,001 5
Haintenance 3/shift - 200K 0.004 15/shift 1000 0,002 :
Janitors 3/shift 100K 0.002 10/shift 80x 0,000
Warchaouge 1 25K 0.001 1 K 0.000
Material Handlers 3/stift L44K 0.003 15/ahife 7208 0.002 ‘
Dispensary 1/shift 60K 0.001  2/ehifr 1208 0.000 g
Iodustrial Engincering 10 250K 0.005 20 500K 0.00L ‘
Quality Control & Pur- S5/shift I60R 0.007 15/shift LOBOK D.002 b
chased Moterial Inspection _—
Suppost People 107 1719K 0.034 s 5146K 0.010 1
BiFedt iabor Frodess T B T TEE OO T e DR T oam T T T |
Indirect Labor Process 46 726K 0.014 408 63288 0,013 :
TOTAL PEOPLE 259 3976K 0.080 1634 24,B58K 0.030
EXPENSES .‘
Cassettea, Depr. 87.5K 0.002 875K 0.002 4=yt 1life ;
Heating & A/C 13K 0.002 1065K 0.002 -
Lighting 75K 0.002 600K 0.00L w/ee?
Insurance 115K 0.002 1018K 0.002 0.5% of agset value
Local Taxes 23018 0.005 1942K 0.004 3% of plant and land
FPactory Pepr. 381K 0.008 3222K 0.006 20~yr 1ife
Factory Interest [1:151:4 0.014 SB00K 0.012 ¥4
Support Equipmeat Depreciation 110K ¢.002 2048 0.000 7=yr life
Sonpport Equipment Interest 69K 0.001 128K 0.000 4%

Figure 37. Factory cost evaluations.
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Figure 38, Manufacturing cost as a function of factory size.

For purposes of illustration it is 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 $20 to $40/M2,

500 MM/yr
Silicon cost $20[M2 $40/M2
£ i t
Hanufacturing cos $0.292/W $0.292/W
Factory level overhead
Yielded silicon cost 0.162/W 0.324/W
Profit 0.0s5/w 0.05/W
0.504/w ~ 0.666/W

We would like to assure the reader that the similarity between the goals
of the LSSA program 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 heen 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 siliecon -
sheet at this time leads¥to the same conclusions as we have found previously.
Only wafers cut from {‘zochralski-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 abové, the wafers
are assumed to cost $0.16 to $0.32/W and the resulting solar cells are 15%
efficient., The effect of lower 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 system cost. At a

gystem cost of $0.50/W, such free material will result in a cost saving compared i
with the higher assumed price of wafers, Tt seems that 15% efficiency is a

useful goal. Only Czochralski-pulled material and epitaxially grown layers of 3

¥
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 inecluded particle count
must be reduced or the location at which the particles appear must be controlled
so that 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 or seribed to be
divided into sections of a given length,

It is the higher efficiency requiremert which will be the most restrictive
for any silicon sheet forming technique., Such a high efficiency will require
that the silicon be prepared from a very high purity SiOz_container 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 propertieé. Even the recently reported high effi-

ciency cells prepared in polycrystalline gilicon used a high purity grade of &

poly to achieve their 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 "eontainerless," i.e., ribbon~to-ribbon

zone rafining, 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 arid 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 semdiconductor manufacturing we conclude that:

(1)

(2)
(3)

(4)

(5)

(6)

7

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

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

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

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

Application of antireflection coating using automated spray-on equip-
ment is cost effective.

Screen-printed Ag metallization is cost effective although a serious
cost component.

Several junction-formation technologies are cost effective. Ion im~

plantation has a slight advantage.

Principal problem areas are:

(1)

(2)

(3)

(4)

Maintenance of high cell efficiency at high yield. 15% with 82%
yield was assumed in oui analysis.

Achievement of high mechanical yield with automated handling equip-
ment,

Development of low-cost screening inks which reliably provide low
contact resistance, stable metallization.

Demonstration of reliable automated interconnect technology.
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(5

(6)

Demonstration of glass encapsulation techniques sultable for 20~year
life.

Minimizing factory level overhead. Marketing, sales, distribution,

sexvice, 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 1s apparent that the polycrystalline silicon
cost (myielded) is $0.01/W/mil thickness based on $25/kg, it is important
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 is 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 various approaches is shown in Table 5 for a 30-MW
factory. A 0.010-in.~thick etched wafer at 12% efficiency is assumed. All
dollar values ($/W) are yielded to the processes that follow,

Note that the significant sawvings 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 0.00S—in. kerf only requiring a 0,001-in. etch shows
its most significant saving in material cost. Reducing the kerf further,
howaver, increases the cost rather than decreasing it because the necessary
saw is much slower and the wires do not last 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 offset by slicing costs.

The desired process is quite apparent based on the studies discussed

above, It is multiple pull, 0.008~in. wire sawing, POCl, diffusion, and

3
double-glass panel assembly, The cost details of these processes are out-

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 follows. All processes were constant with respect to screen-

printed silver metallization, spray-on AR coating, and double-glass panel

70
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TABLE 5.

Material
Expense
Labor and Overhead

Interest and
Depreciation

Subtotal

TOTAL

I.D. V5 WIRE SAWING OF INGOTS

Single Pull

Multiple Pull

1.D. Saw, 0.010-in. Kerf, 0.003-in. Etch

Pull Slice
/W)

Pull Slice
(s/w

0.522 0
0.457 0.105
0.268 0.253

0,071 0.10
1.317 0,458

0.503 0
0.208 0.105
0.237 0.253

0.066 0.10
1.012 0.458

1.775

1.467

e

COMPARISON OF COST ITEMS FOR SINGLE VS MULTIPLE PULL AND

Mupltiple Pull and Wire Saw 0.001-in, Etch
0.004~in. Kerf

0.008~in. Kerf

Pull Slice
(/1)
0.390 0
0,161 0.231
0.185 0.261
0.053 0.058
0,789 0.550
1.339

Pull Slice
(/W)
0.308 0
0.127 0.366
0.146 0.559
0.041 0.186
0.621 1.111
1.732
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98
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99
90
88
99.5
100

TABLE 6.

Process

Czochralski Multiple Pull
Wire Saw, 0.008~in, Kerf
Etch & Clean

Spin-0On Source

POCl3 D ffusion

Edge Polish

Glass Removal

Inspection

Ag Front Metal.

Ag Back Metal.

AR Spray Coat

Test

Reflow Solder Interconnect
Glass~PVB Panel

Packaging

Totals

COST DETATLS FOR COMPLETE PROCESS
(Assume 127 efficiency, 3.4-in.-diam,

0.010-in.~thick wafer)

s/
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 0.628
0.037 0.011 0.021 0.013 0.083 0.055
0.002 0 0.005 0.003 0.01¢ 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 0.4002 0 0,013 C.001
0.7 0.498 0.625 0.187 2.011 0.824

.
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ESTIHAYE CATE:07/28/77 BYZDAVE RICHMAN, X3207, RCA LABS, E-32]1A CLASS=CRYSTAL GROWTH

CATEGDRYZPROCESS DEFINITICON TECHNOLCGY LEVELIEXISTING MATERIAL FOBRHM:3.40" WAFER
INPUT UNIT:=KG. OUTPUT UNIT=KG. TRANSPCRT THzBOX TRANSPORT QUT:BOX
PROCESS YIELD: 83.0% YIELD GROMTH PROFILE: €
INPUT UNIT SALVAGE FACTOR: 0.0 FACTCR GPR: O SALYAGE OPTION:zFRACTION OF INPUT UNIT VALUE
INPUT UNITS: [+ Gd. 0.
FLODR SPACE.F T#%2: 0. O. 0.

DESCRIPT IONzCZOCHRALSKI CRYSTAL GROWTH OF 234" CRYSTAL, 3.40% DIAMETER.

ASSUMPTIOGNS:
1. 2.40" DIARETER WAFER,{100} ORIENTATICNSF-TYPE, 1-5 CHE-CF.
2. PCLYSILICON AT $.025/CRAM.
3. POT SIZE % AN BE INCREASED TO ACCCMCCATE A I5 KG. CHARGE.
%e 3445" DIAMETER INGOT GROYN, THEN GRCUMD YO 3.4C".
5. ARGON FARFM COST NCT INCLUEEE.
fa POLYSILICCN TNVERTCRY OF 1 HONTH PER PULLER REQUIREL:
=1.000 KG/HR X D.85 AVATIL. X 24 X 20 HRS/MONTH
=600 KG IMVENTCRY PER PULLER AT $25/KG
=4$15,CC0 PER PULLER.
7. PROCESS YIELD CFEFINED AS MATERIAL YIELD FOR PROCESS.
GROWTH TIMING ESTIPATE:

MELT DOWN 1.0 HRS.
SEED SET l.U MRS .
PULL TIME @ 4"/HR 8.5 HRS.
COoaL OODWN 1.C HRSa.
TURN ARCUAC 1.0 FRS.
TATAL 12.5 HRS.

MATERTAL USED(EASEDR UPON 3.45" CIAMETER BEFORE GRINDING):
LET F=1/4 * PI % (2.54 CH/™)*¥3 = (2.33Gr/CH¥*3)

30" CENTER PART: (345" )*#%2 * (30"} * F = 1078 G.
4" TAPER: 0.8 * (4") * {3.45)%%2 * F = 1142 G.
POT LOSS (ESTIHATE) 625 G.

TOTAL MATERIAL USED PER INGOT 12475 Ga

GOOD MATERIAL AFTER GRINDING TC 3.4C*" TIAMETER & REMOVING TAPERSS
30" CENTER SECTION: (3.4C*)w%2 » 2C* ¢ F = 1C4CC G.
PATERIAL YIELR =10400/12475 = Q.83
AVG. GROWTH RATE = 12475 KGe/12+%5 HRS, = 1,000 KG/HR.
Bs QUARTZ LINERs1 LINER NEEDED EVERY 12+5 HRS5.(=8,06—-02 UNITS/HR.]

PROCEDURE
l. PRE-HEIGHEL CHARGE OF STILICCN AND DCPANT PLACED IN QUARTZ CRUCIRBLE.
2. SILICCN CHARGE & DOFANT HEATED TC PROPER GROWTH TEHPERATLRE. :
3. ROD WITYH SEED PLACEL IN CCNTACT wWITH MELT.
4, PCC ROTATER UNTIL WELT COMES TO EQUILIBRIUM.
5. RGTATIAG RCD SLCWLY WITFCRAWN, CAUSING STLICEN TC FREEZE ONTO SEED.
€. INGOT TS REMOVED FRCHM CRYSTAL GRCHER WHEM GRCRTH STCPS.
7. INGCT ENDS 2RE CUT OFF YIELDING A 30" CRYSTAL.
B. INGDY IS GROUMD TC PRCPER DIAMETER.

-ORIGmAL PAGE TS

LTI U ]"'?‘kv

Figure 39. Process parameters - Czochralski multiple pull.
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INVESTHENT NAME

SILTEC CRYSTAL PULLFR-860
CRYSTAL PLLLER SPARE PARTS
ARGCN GAS INSTALLATICN
4—FOINT PRCBE

CENTER GRINDER

CEATERLESS GRINDER

CUTOFF SAh

WATER RE-CIRCULATOR
LIFETIME TEST SET

ANNEAL ING FURNACE
REICHERT FMICRLSCEPE
NIKON COMPARATCOR
MISCELLANECUS CP
PCLYSTLICCN TAVENTCRY

MAX.

THRUFUT
1.00
1.00
.0¢

10.00
10.0¢
10.0C
4.00
£.CC
18.0¢
4,00
10.00
10.00
10.CC
1.00

INVESTHENTS
UNITS I INPUT UKITS PROCESSED FIRST COST  AVAIL.
KG/HR 100.02 $ 80000, B5.0%
KG/PR 10¢.0x $ 5150, 85.0%
KG JHR 100.02 $ 15000. 65.0%
KG/FR 100.02 $ 5000. 65.0%
KG/HR 100.03 $ 180004 85.0%
KG/HR 100.92 3% 24000. 85.0%
KG/HR 160.0% S 2400. 85.0%
KG /HR L00.0% 3 12000. 85.0%
KG /KR 10c.02 ¢ 5000. 85.0%
NG JHR 1L00.0% S 4500. B5.0%
KG/HR 100.0% s 9000. 65.0%
KG/HR 100.0% § 6500. 85.0%
KG FHR 100.0% $ 18000 85.0%
KG/FR 100.02 $ 15600. 25.0%

(DL=DIRECT LABCR PERSCAS;YL=TCTAL
A PERSONS/SHIFT/AASE UNIT

NAME LABCR PEQUIREPENTS EASE

HOURLY OPERATOR SILTEC CRYSTAL PLLLER-860
MAINTEMANCE SILTEC CRYSTAL PULLER-E&C
ENGR. SUPPORT SILTEC CRYSTAL PULLER-860
TECHY ICTAN SILTEC CRYSTAL PULLER-&6C
QUALITY CCATREOL SILTEC CRYSTAL PULLER-360Q
MACH. ATTENDANT SILTEC CRYSTAL PULLER~BS0

VARIATLE PARY
1.,000€403
5. 08CE-02
3,270F-03
6.000E¢01
6. QCRESGC
6.000E+00
3. CCCE+0G
4.CCCE+OC
1.000€400
1.5C0E+01
1.000E+00
5.000€+00
8. 0CCE~02
4.900E-03
2,2TCE+ Q6
E.500E-01

CLERICAL SILTEC CRYSTAL PULLER-B60
FOREHAN EL

ANKUAL
EXPENSE NAME FIXED PART
POLYSILICON 0.0
EOPE CELL C.0
SEED 20
ELECTRICITY Cel
ELECTRICITY C.0
ELECTRICITY 0.0
ELECTRICITY 0.0
ELECTRICITY 0.0
ELECTRICITY 0.0
ELECTRICITY C.0
ELECTRICITY 0.0
ELECTRICITY .0
QUARY Z L INER 0.0
GRAPHITE CRUCI®HLE FELDER 0.0
ARGON 0.0
SHOP SUPPLIES 0.0
MISCELLANEQUS SUPPLIES 0.0

MISCELLANECUS CRYSTAL GROMWTHF Q.0

6.5008-01
1.39CE+00

Figure 39.
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LABOR PERSCNS]
THRUPUY/HR /PERSCN € INPUT UNETS PRCCESSEL

AREAyFT#42

4 +000E~01

1. 5CCE-CL

6-000E-D2

1. 800E-01

€. 0GCO0E-02

2.5006-01

d.30CE~Q2

1.0006-01

SUPPLIES/EXPENSES

UNTTS  BASE
GMa PER INPYT UNIT. T UNIYS~ LOD, 0%
UNITS  PER AVAILABLE INVESTMENT--HOUR OF
UNITS  PER AVAILABLE INVESTMENT-HOUR CF
KHH, PER AVAILABLE iNVESTMENT-HOUR OF
Kyals PER AVAELABLE INVESTRENT-HOUR £F
Kt PER AVAILABLE INVESTMENT-HOUR IF
HhH., PER AVAILABLE INVESTMENT-HOUX OF
KWHae PER AVAILABLE INVESTHMENT-HCUR CF
KNH, PER AVAILABLE I[NVESTMENT-HOUR OF
K. PER AVAILABLE INVESTMENT~HOUR OF
KWH PER AVAILABLE IRVESTMENT-HOUR OF
KWH. PER AVATLABLE INVESTMENT-HGUR OF
UM TS  PER AVAILABLE INVESTMENT—HOUR COF
UNITS  PER AVAILABLE INVESTMENT-HOUR UF
Cps*3  PER AVAILABLE INVESTHENT-HOUR OF
3 PER AVAILABLE INVESTHENT-HOUR OF
$ PER AVAILABLE INVESTMENT-HOUR OF
$ PER AVAILABLE INVESTHENT—HOUR CF
Continued.

450
0.
G.
0.
Ca
O
Q.
0.
D.
Oa
Q.
[+
G
0.

SILYEC CRYSTAL PULLER—-86C
SILTEC CRYSTAL PULLER-B40Q
SILVEC CkYSTAL PULLER—B&C
CENTER CRINDER

CENTERLESS GRINCER

CUTOFF SAW

WATER RE-CIRCULATCR
LIFETIHE TEST S5ET

ANNEAL ING FURNACE

4—POINT PRCBE
HISCELLANEOUS CP

SILTEC CRYSTAL PULLER-86C
SILTEC CRYSTAL PULLER-B60
SILTEC CRYSTAL PULLER-8&C
SILTEC CRYSTAL PULLER-B&D
SILTEC CRYSTAL PULLER-860
SILTEC CRYSTAL PULLER-86C
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ESTIMATE DATEz07/28/77 BY:DAVE RICHMAN, X3207, RCA LABSs E-321A7

CATEGORY:PROCESS DEFINITION TECFAOLCGY LEVELSNEAR FUTURS MATERIAL FORM:3.40% MAFER

INPUT UNIT3KG. OUTPUT UNIT:KG. TRANSPORT IN2BOX

PRCCESS YIELL: 86.0%  YIELD GROWTH PROFILE: C

INPUT UNIT SALVAGE FACTOR: DO FACTCR GPH#: O SALVAGE OPTIONZFRACTION OF INPUT UNIT
INPUT UNITS: 0. Co 0.

FLCOR SPACE,FT#*x2: 0. 0. 0.

DESCRIPTION:CZOCHRALSKI CRYSTAL GROWTH: 34" CAYSTAL, 3.40" DIAMETER, 4 PULLS.

ASSUMPTIONS:

l. 3.40" DIAMETER WAFER,(100F ERIEATATICAF-TYPEy 1~5 CHM-CH.
2. QUARTZ LINER: L LINER NEEDED EVERY 44 HRS. [=2,27E-02 UNITS/HR.}
3. PELYSILICCA AT $.025/CGRAM.
4. POT SIZE CAN BE INCREASED TC ACCCMOELATE A 15 KGa CHARGE.

POT CAN BE REFILLEC WITHOUT COOQL ING DOWN.

4 34" PULLS FRCP FOT PEFCARE COOLING DCHA.
S. 3.45" CIAMETER INGOT GROWN, THEM GRCUMD TC 3.40%.
6. ARGCN FARM COST NOT [NCLUDEDS
T« FOLYSILICON IAVENTCRY OF I PONTH FER FULLER REQUIREL:

=1.090 KG/HR X .85 AVAIL. X 24 X 30 HRS/MONTH

=670 KG INVEAT/RY FER FULLER AT $2%/KG

=$16+750 PER PLULLER,.
8. PROCESS YIELD EEFINED AS HATERIAL YIELD FOR PROCESS.

GROWTH TIMING ESTIMATE:

MELT DOHN 1-.C HRS.
SEED SET 1.0 HRS.
PULL TIHE @ aY“/HR 8.5 HRS.
TURN AROUND 1« @ HRS.
SEED SET 1.} HRS.
PULL TIME @ 4%/HR 8.5 HRS.
TURN AROUND 1. @ HR3a
SEED SET l.0 HRS.
PULL TIME a@ 4"/HR 8.5 HRS.
TURN ARQUND 1.0 HRS.
SEED SET 1.0 FRS.
PULE TIME @ 4%/HR BeS HRS.
CCCL DCWN L+0 HRS.
TURN ARQOLUND 1.0 FRS.
TCTAL 44 bRSW

MATERIAL LSED{BASEL UPON 3.45" CIAMETER BEFORE GRINLINGI:
LET F=1/4 % PI 3 (2.54 CHIMI*%3 % [ 2,.336G/0Mk%3]
30n CENTEFR PARY: (3.45M)%%2 # {30%") % F =1C7C8 Ge3i ¥ 4= 428320

4% TAPER: CuB * [4Y) % {3.45)%%2 * F = 1142 Gu5 X 4= 4568,
POT LOSS (EST IMATE) €25 Ge3 X 1= 625.
TOTAL HATERITAL LSED PER 4 JNGOTS 48025. G.

GCOD MATERIAL AFTER GRINDING TO 3.40" DIAHETER & REMOVING TAPERS:

CLASS: CRYSTAL GROWTH
TRANSPORT DUTIBOX
VALUE

30% CENTER SECTICNS: 4%(3.40%)#£2 % 307 * £ = 41600 G. UKIGINAD PAGE 0

HATERTAL YIELD = 41600/48025 = (.E€

AVG. GROWTH RATE = 48.025 KG./4%4.0 HRS. = 1.090 KG/HR. OF POQR QFlars

Figure 39. Continued.
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PROCEDURE
1. PRE-WEIGHED CHARGE OF SILICON AND DCPANT PLACED IN CUARTZ CRUCIELE.
2. SILICCN CHARGE & DOPANT FEATED TO PROPER GROWTH TEMPERATURE.
3. ROD WITH SEED PLACEC IN CONTACT WITF MELT.
4. ROD ROTATED UNTIL HMELT COMES TO EQUILIBRIUPF.
5. RCTATING RCC SLCWLY WITHCRAWN, CAUSING SILICON TO FREEZE ONYOD SEED.
€. INGOT IS REMOVED FRCM CRYSTAL GRCWER WHEN GRCRTH STOPS.
7. INGOT ENDS ARE CUT OFF YIELDING A 3C™ CRYSTAL.
8- INCLT IS GRCUNC TC PRCPER DIAMETER.

| INVESTMENTS

[AVESTMENT NAME MAX . THRUPUT UNITS T INPUT UNITS PROCESSED FIRST CCST AVAIL. AREA,FT**2
SILTEC CRYSTAL PULLER-860 1.09 KG/HR 100.0%x 80000. 85.0% 450.
POT REFILLER 1.CS KG/HR 100.0% s 5000. 85.0% 0.
CRYSTAL PULLER SFAFE PARTS 1.09 KCG/FR 10C.Cx $ 5750. B5.0% 0.
ARGON GAS INSTALLATICN 5.45 KG/HR 100.0% $ 15000. 85.0% 0.
4—-FOINT PRCBE 1C.SC KG/HR 100.0x $ 5000. 85.0% 0.
CENTER GRINDER 10.90 KC/FR 100.0% $ 18000. 85.0% 0.
CENTERLESS GRINDER 10.90 KG/HR 100.0% % 24000. 85.0% 0.
CUTOFF S AW 4.36 KG/KHR 100.0% ¢ 2400. 85.0% 0.
WATER RE-CIRCULATCR 6.54 KG/HR 100.0% $ 12000. 85.0% 0.
L IFETIME TEST SEVY 1C.SC KG/HR 100.0% § 5000. 85.0% 0.

;‘: AKMEALING FURNACE 4.36 KG/HR 10C.0% $ 4500. 85.0% 0.
REICHERT MICRCSCCPE 10.90 KG/HR 100.0% s 5000. B5.0% 0.
NIKCh CCHMPARATCR 1C.9C KG/HR 100.0% 3 6500. 85.0% 0.
MISCELLANECUS CP 10.90 KG/HR 100.02 s 18000. 85.0% 0.
POLYSILICON INVENTORY(B) 1.09 KG/HR 100.07 § 16750. 85.0% C.

LABCOR
{DL=DIRECT LABOR PERSONS;TL=TOTAL LABOR PERSONS)

NAME LABOR REQUIREMENTS BASE # PERSONS/SHIFT/BASE UNIT THRUPUT/HR/PERSON X INPUT UNITS PROCESSED
HOURLY OPERATCR SILTEC CRYSTAL PULLER-8&0 4.000E-01
MAINTENANCE SILTEC CRYSTAL PULLER-860 1.500€£-01
ENCR . SUPPORT SILTEC CRYSTAL PULLER-E&C 6. 0CO0E-02
TECHNICIAN SILTEC CRYSTAL PULLER-G660 1.800E-01
QUALITY CONTROL SILTEC CRYSTAL PULLER-86C 6.000E-02
MACH. ATTENDANT SILTEC CRYSTAL PULLFR-86&0 2.500E-01
CLERICAL SILTEC CRYSTAL PULLER-B60 8.300E-02
FOREMAN DL 1.000E-01

Figure 39. Continued.

_FEESE——



LL

ANNLAL
EXPENSE MAME FIXED FART VARTABLE PARY
POLYSILICON €.0 1. CLOE+03
COPE CELL 6.0 5,.P80F~03
SEED 8.0 3,2705-03
ELECTF ICETY 0.0 €.COCE+OL
CLECTRICITY 0.0 6. 000E+00
SLECTRICITY "D 6. 0006400
ELFEYPICETY «0 3.00CE+0C
SLECTPICETY «0 4. 000E400
FLECTAICITY «0 1. 0CCE+0OC
FLECTRICITY ] 1. 6CCE+QL
SLECTRICE 1Y «0 1.000E+00
ELECTRICITY .0 5. COCE+QO
QUARTZ LINER o0 2.270E-02
GRAPHITE CRUCTBLE MCLDER .0 4. 900€~03
ARGCN Ry 2 2T0F+0¢
SHOP SUPPLIES .0 65.5006-01
M1SCELLANEGUS SUPPLIES .0 &. 500801
MISCELLANEGUS CRYSTAL GRCWTE 0.0 1.35CE+0C
Figurs 39.
-
4%Z;E§ﬁ§f
. 5 .
WIM%% ..' . .
%a;._mm

SUPPLIES/EXPENSES

INAUT UKIT L % UNITS=

UNITS  BASE
GH. FER

UNITS  PER AVAILABLE
UNITS PER AVAILABLE
KkHa PER AVAILABLE
KhHe PER AVAILABLE
KiHa PER AVAILABLE
KiH. PER AVAILABLE
KHH. PER AVATLABLE
Kht. PER AVAILABLE
KhHae PER AVAILABLE
KHH. PER AVAILABLE
KH.. PER AVAILABLE
UNETS PER AVAILABLE
UNITS PER AVATILABLE
CPx%3  PER AVAILABLE
$ PER AVAILABLE
s PER AVAILABLE
3 PER AVAILABLE

Continued.

IRVESTHRERT~HOUR
INVYESTHENT~HOUR
1INV EST MENT~HOUR
INVE STHENT~HOUR
INVESTMFNT~HOUR
INVESTMEAT=KLUR
INVE STRENT~HOUR
INVESTMENT~OUR
INVESTHENT-HCUR
INVESTMENT-HOUR
[NV ESTMENT ~HOUR
INVE STFENT~HOUR
INVESTMENT-HOUR
INVESTBENT-HOUR
INYESTHENT~HOUR
IWVESTHMENT~HOUR
INYESTMENT~HUUR

100.02

CF
aF
0OF
CF
aF
CF
CF
aF
CF
oF
af
F
aF
CF
cF
CF
CF

SILTEC CRYSTAL PULLER~B60
SILTEC CRYSTAL PULLER-84&0
SILTEC CRYSTAL PULLER-B&C
CENTER GRINDER
CENTERLESS GRINDER

CUTOFF SéW

WATER RE~CIRCULATCR
LIFETIME YEST SET

ANNEAL ING FURNACE

4—-POINY PROBE
HISCELLANEQUS LP

SILYEC CAYSTAL PULLER-BGO
SILTEC CRYSTAL PULLER-B86C
SILTEC CRYSTAL PULLER-86C
SILTEC CRYSTAL PULLER-860
SILTEC CRYSYAL PULLER-BE&C
SILTEC CRYSTAL PULLER-B&O



ESTIMATE DATE:09/2C/17 BY:DAVE RICHMANs X3207, RCA LABS,
CATEGCRY : PROCESS DEFINIT JON

E-32184

TECHNDLOGY LEVEL SNEAR FUTURE MATERIAL FCRHz23.40" HAFER
INPUT UNITIKG. CUTPUT UNIT:SHEETS TRANSPORT IN:BDX

PROCESS YIELD: 98.0% YIELD GROWTH PRCFELE: C
INPUT UNIT SAEYACE FACTCR: 0.0 FACTCR cP#: 0

CLASSIKAFER SAWENG

TRANSPORT QUT2500 SHEET CASSETTE
SALVAGE OPTIONSFRACTICA OF INPUT UNIT VALUE

CELL THICKNESS:z1C.C MILS. CELL EYCH LCSS: 1.0 PILS. CELL KERF LOSS: 8.0 MILS.
INPUT UNITS: C. Ce 0a
FLCOR SPALCE  Fi=e2: 0. Da 0.
DESCRIPTION:SLICING OF 15% CRYSTAL INTC 3.4C" DIAMETER WAFERS
ASSUMPTIDNS:
la 3.40" DIAPETER WAFER,(100) CRIEMTATICH,F-TYPE, 1-5 OFM—CM.
2. 15" LONG CRYSTAL, 19 MILS PER SLICE.
130" CRYSTAL I» ASSUMED TC BE SAWED INYD TWO 15" CRYSTALS.)
16 MILS= 10 MILS FINAL WAFER + 1 MILS ETCH LCSS + 08 MILS KERF.
3. WAFERS PLACED INTO CASSETTE AUTOMATICALLY AFTER SAWING.
4. OTHER IMYESTMEANTS:
GRAPHITE STICK CRYSTAL MOUNBTING FEATUREIS36Gs 7 YR. LIFE.
CRYSTAL MCUNTING BLOCK: $85, 1 YR, LIFE.
— GRAPHITE PLLG:$24 1 YRe LIFE.
ALUMINUM BLOCK: 58, 7 ¥R. LIFE.
5. EXPENSE [TENS:
-3 CRYSTAL HOUNTING COST AT $.08/7IN. FOR STYCAST=$Z.00E~3/WAFER: ($.08 X 30")/140 WAFERS/IN. X 3J0O"/CRYSTEALS
o BLADE COST=$10.51/M%22 X {IM/1COCMInR2 % [ S8, 5ECH*=2/WAFER) X 23.6 WAFERS/HR =$1.46/HR.

SLURRY COSY:$7.48/B%%2 X [1H/100CH)*32 X (S58.SOCHI%2/WAFER] X 272.6 WAFERS/HR = $1.04/HR.
IANVESTMERTS
INVESTMENT NAME HAX « TFRUPUT UNITS 2 INPUT UNITS PROCESSED FIRST CCST  AVAIL. AREA,FTH%2
VARTAN HMULTIBLADE SAWw 23.60 SH/ER 100.0% & 20000, 85.0% 60.
i CIS+ING GAUCGE 168, 2C SH/MHR 100.028 § 150, 85.0% Ow
| GRAPHITE STICK CRYSTAL MCUNT 23460 Sk/+R 100.9% $ 360, 85,02 Q.
I CRYSTAL MOUNTING BLOCK 23,60 SH/HR 100.G% $ B854 85.0% Oe
: GRAPHITF PLUC 23,60 SH/HR 100,08 % 2. 85.0% 0.
ALUMINUMN BLOCK 23.60 SH/BR 100.L3 § 8. 85.0% 0a
LAECR

(OL=DIRECT LABOR PERSONSSTL=YOTAL

LABOR PERSONS)

NAME LABCR REQUIREMENTS BASE 4 PERSONS/SHIFF/BASE UNIT  THRUPUT/HR/PERSON % INPUT UNIES PRCCESSED
HOURLY OPERATOR  VARIAN MULTIBLADE SA% 1.000E-01
NAINTENANGE VARLAN NULTIELADE SAHW 1. 5C0E-01
MACH, ATTENDANT  VARIAN MULTIBLADE SAh 6.30DE-02
FCREMAN ol 1.0COE-0L
ANRUAL SUPPL 1£S/EXPENSES

EXPFNSE NAME FIXED PART  VARIABLE PART UNITS  BASE
SAH BLADES—VARIAA 0.0 1.460E400 PER AVAILABLE INVESTMENT-HOUR OF VARIAN MULTTELADE 58M
SLURRY 0.0 1.040E+00 $ PER AVAILABLE INVESTMENT-HOUR OF VARIAN HULTIBLADE SA%
FCUNT ING MATERIAL 0.0 €.SE0E~02 8 PER AVAILABLE INVESTMENT—HCUR CF VARIAN HULT IELACE SAw
ELECTRICETY 0.0 4,400E400 KWH.  PER AVAILABLE INVESTHENT-HOUR CF VARIAN MULTIPLAQE SAN
W ATER~COOL ING .0 3,80CE+04  Cr*#3  PER AVAILABLE INVESTHENT—HOUR OF YARIAN HULTIBLADE SAM
SLLDGE REMDVAL 0.0 7.000E-03 PER INPLT UNIT. T UNITS:= 100.0%

Figure 40. Process paramete:s — wire sawing.
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! ESTINATE DATF:09/720/77 BY:DAVE RICHKAN, X3Z07, RCA LABS, E-321A CLASSZWAFER SANIRG

CATFGORYSPROCESS DEFINITICH TECHMOLOGY LEVEL:NEAR FUTURE MATERTAL FDORM:3.40™ WAFER
INPUT UNITIKG.S QUTPUT UNITISHEETS TRAASPCRT [N2BCX TRANSPORT QUT=500 SHEET CASSETVE
PROCESS YIFLD: 98.0% Y IELD CGHOWTE PROFILE: O
INPUT UNTT SALVAGE FACTCR: 0.0 FACTCR GP#:1 O SALVAGE CPTICNIFRACTION OF INPUT UNIT VALUE
CELL THICKNESS:10.0 MILS. CELL ETCH EDS5% 1.0 MILS. CELL KERF LLS5: 4.0 HILS.
INPUT UMITSS 0. D 0.
FLODR SPACE,FT¥%x2: C. C. C.

NESCRIPTICNISLICIAG CF L5% CRYSTAL INTO 3.40% DIAMETER HAFERS

ASSUHPTIONS:
1. 3.40" CIAMEYER WAFERs1100] ORIENTATION,P—TYPE, 1-5 CHF-LH,
2. 15" LONG CRYSTAL, 1S5 MILS PER SLICE.
(30" CRYSTAL IS ASSuMED 70 BE SAMED TRIL ThE IS® CRYSTALS.)
15 HILS= 10 HILS FINAL WAFER + L MIL5 E€TCH LOSS + 04 HILS KERF.
3. WAFERS PLACED INTC CASSBTTE AUTCNMATICALLY AFTER SAMING.
4. OTHER INVESTHENTS:
GRAPHETE STICK CRYSTAL MDUNTIAG FEATURE:S$3&C, 7 YR. LIFE.
CRYSTAL HCLATING BLCCK:$85. 1 YR. LIFE.
CRAPHITE PLUG:z$2y, ] YR. LIFE,
ALUNINMI# BLCCK:=$8y T YR. LIFE.
5. EXPENSE TTEMS:
CRYSTAL MOUNTING COST AT $.08/IN, FOR STYCAST=$2.00E-3/hAFERZ ($.08 X 307 /(40 WAFERS/IN. X 30"/CRYSTAL)
BLADE £05T: 5260/2000 HAFERS = §.13/WAFER.
$-L3/HAFER X 11 WAFERS/HR = $1.43/FR.
SLURRY CLST=S57.48/Mex2 X [1N/100CH)»*2 X (S5.S58CMa%2/HAFER} X 11.0 WAFERS/HR = $D.4B/HR.

~l
w
INVESTHENTS
IKVESTHENT NAME HAX. THRUPUT CNETS 2 INPUT UNITS PRUCESSED FERST CCST  AVAIL.  AREA,FT342
Y43SLNAGT WIRE SAk 1100 SHAER 100.0% $ 30000. 85.0% 60.
DISHING GAUGE T7.00 SH/HR 100.0% § 150. 85.0% Ca
GRAPHITE STICK CRYSTAL HOUNT 11.0Q0 SH/HR 100,02 $ 350. 85.0% Oa
CRYSTAL MOUNTING BLOCK 11.00 SH/ER 100.0% ¢ 85. 85. 0% 0.
GRAPHITE PLUG 11.00 SH/HR 100.0% 5 2. B5.0% 0.
ALUMINUM BLOCK L1.00 SHE/eR 100.0% § Ba 85.0% O
LABCH
{BL=DIRECT LABOR PERSONS;TL=TOTAL LABOR PERSENS)
NAME LABOA REQUIREWENTS BASE # PEASGRS/SHIFT/EASE UNIT THRUPUT/HR /PERSON T INPUT UNITS PROCESSED
HOURLY OPERATCR YASUNAGT WIRE SAM la OCCE~CL
MATNTERANCE YASUMAGT WIRE SAN 1.5C08-Q1
MACH. ATTENDANT YASUNAGI WIRE SAW 6.300F-02
FOREMAN CL 1.0C0E~Q1
ARRKUAL SUPPL TES/EXPENSES
EXPENSE NAME FIXED PART VARIABLE PARTY UNITS BASE
SAH BLADES-YASUNAGI 0.0 1.430€+400C 5 PER AVAILABLE I[NVESTNENT-HOUR OF VASUNAGI MIRE SAW
SLURRY 0.0 4.B00E~D1 5 PER AVAILABLE INVESTRENT-HAQUR OF YASUNAGT WIRE SAH
HMCUNT [NG MATERIAL 0.0 €6.960E~02 5 PER AVAILABLE INVESTMENT—HOUR OF YASUNAGE WIRE SAY
ELECTRICITY 0.0 6.000E-01 KWH. PER AVAJLABLE INVESYMENT-HDUR CF YASUNAGI BIRE SAW
WATER-COOL ING 0.0 3.800E0% CH¥*3 PER AVAJLABLE INVESTHENT-HOUR OF YASUNAGI WIRE SAY
SLUDGE RENOVAL 2.0 1.000E-03 5 PER INPLUT UNIT. X UNITS= 100.0%
pAGE 18 Figure 40. Continued.
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ESTIMATE CATE:08/02/77 8Y:DAVE RICHMAN, X3207. RCA LABS, E~321A

CATEGORY tPROCESS DEFINIYION TECHMOLCGY LEVEL:SNEAR FUTURE MATERIAL FORM:3.40" WAFER
INPUT UNIT:SHEETS AQUTPUT UMIT:2SHEETE TRANSPCRT IN:=500 SHEET CASSETTE  TRANSPORT OUTs5Q0 SHEET CASSETTE
PRECCESS YIELLS 99.0% YIELD GRONTH PRCFILE: D
INPUT UNTT SALVAGE FACTGR: (.0 FACTCR GP#: O SALVAGE CPTION:FRACTION OF INPUT UNIT VALLE
INPUT UNITS: O« Ca C.
FLCOR SPACE.FT#%23: 0 . 0. [+ %

DESCRIPTION:HAFERS ARE ETCHED l.5 MILS PER SIDE TG REMEVE SAW CAMAGE.

ASSUMPTIDONS:

1. 3.40" DIAFETER hAFEF.{100) CRIEATATICA+F-TYPE, 1—-5 CHM-CHa

2. 500 HAFERS/TEFLON CASSETTE

3. 1 TEFLCh BCAT PER TANK; 2 TANKS PER SYSTEM.

4a 7.5 CYCLES/HR X 2 BDATS/CYCLE X S00 WAFERS/EBCAT=7500 HAFERS/+R.
(8 FIN. RINSE CYCLE IS LIMITING FACTOR.)

5. 1 GPERATOR RECUIREC FCR 2 SYSTEMS.

6. NOTE: S“STEM COST ESTIMATED TO BE $30,000. $15,000 FDOR BACKUP.

T{TAL SYSTEM CQST=345,000 WITH BACKUP.

7. ACID MIXTURE CCSTz $5/GAL. X 1GAL./50 WAFERS = $.10/HAFER

RECYCLE OF ACID SAVES 30%5. THEREFORE, $.C7/HWAFER,

PROCEDURE
1. TEFLON CASSETIE MANLALLY INSERTEL IM TARK {1 WIN,}
2. 3 FINUTES IN ROT HFZACETIC/NITRIC ACID MIXTURE, WITH AGITATICN.
3. AUTOHATIC TRANSFER TO 1ST CASCADE RINSEs 8 KIAUTE RINSE.
4. AUTCMATIC TRANSFER TO 2ND & 3RD RINSESy EACH ABDLT 3 MINUTES.
S« AUTOMATIC TRANSFER TC HCOT ATR TUNNEL. CRY FCR 8 MINUTES.

CLASS:ETEH

INVESTHENTS
IAVESTHENT NAME MAX « THRUPUT UNITS T INPUT UNTTS PROCESSED FIRSY COST  AYAIL. AREAFT%%2
HAFER ETCHING STATICAMIB) 7500.0G0 SH/KR 100.0% 3 55000« 85.62 200.

LABCR

(CL=DIRECT LABDR PERSONS;TL=TOTAL LABGQR PERSONS)
NAHE LABER REQUTREMENTS BASE # PERSCAS/SHIFT/BASE UNIT THRUPUT/HR /PERSON % INPUT UNITS PRCCESSED
HOURLY OPERATOR WAFER ETCHING STATION{B) 5. QOCE-Q1
MATNTENANCE HAFER ETCRFING STATIOR(E) %.000E-02
FOREHAN oL 5 JU00E-D2
ANNUAL SUPPLIES/EXPENSES

EXPENSE NAME FIXED PART VARTABLE PART UNITS BASE
ELECTRICITY 0.0 3.5CCE+0L KkH. PER AVAILABLE INVESTHMENT—HOUR OF WAFER ETCHING STATIGRIB)
HE/ACETIC/NITRIC MIXTURE 0.0 7.000E-02 $ PER INPUT UANIT. T UNITS> 100.0%
OE-IONIZED HATER 0.0 L.230E206 CH*23 PER AVAILABLE INVESTHMENT-HOUR OF WAFER ETCHING STATICMIB}

Figure 41. Process parameters - etch and clean.
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ESTIMATE DATE:Q08/01/77 BY:FRED MAYER, X&334, SOHERVILLE, ZICNE 8 CLASSIDIFFUSION

CATECORY: PROCESS CEFINITICN TECHNOLOGY LEVEL:NEAR FUTURE MATERIAL FCRM:I3.40% WAFER
INPUT UNIT:=SHEETS CUTPUT UNITISHEETS TRANSPCRT IN:500 SHEET CASSETTE TRANSPORT OUT:SILICCA BCAT
PRCLESS YIELD: 95.C% YI1ELD GROWTH PROFILE: €
INFLT UNIT SALVAGE FACTCR: 0.0 FACTCR CGP&: O SALVAGE OPTION:=FRACTION DF INPUT UNIT VALUE
INPUT UNITS: i Q. <.
CLOCR SPACE,FT*&2: 1% 0. Ce

DESCRIPTICN:LIQUID DIFFUSICN SCURCE £ SILI{CA SFUN CAYD BACK SIDE OF WAFER

ASSUKPTICAS =

L. 3.40" CIAMETEF WAFEE, (100} CRIENTATICN,P-TYPZ, 1-5 OHM-CH.
2+ 500 WAFERS/CASSETTE
3. FEACH MACHINE FAS 3 TRACKS: EACH TRACK HANDLES 24C WAFER/HR.
4. CNE OPERATOR PER 3 SPINNERS
5S¢ NITEZUNTFORMITY DF DIFFUSION FRCM SPIN-EN NEEDS STYULCY.
f. NOTE? IN~-HCUSE SCURCE NEEDS TO Bf DEVFLOPED.
T« SPIN-CN SQURCE AT $6.00/LITER. 0.8CW*#%3 NEECED FOR BACK SICEa

SILICA AT $6.CO/LTITER. l.&CM*%x3 NEEDED FCR BACK SIDE,.
A. BAKF OVEN LCNG €nCUGH, TACLUDES MICROPROCESSOR-CONTROLLED BUFFER STORAGE TO BALANCE LCAD.
9. ROOK REQUIREMENTS: DRY.CLEAN FILTERED AlR, 2830 LIVERS/HR/SYSTEM. EXHAUST WITH FUME SCRUBBER TO REWOVE TOXIC (A5} VCLATILES.

PRCCEDLRFE

1. WAFERS ARE LOADEC FRCM CASSETYE YC TRACK TC SPINCLE.
2. CAPILLARY DISPENSES C.7-0.8 CM**3 OF SCURCE(+0.2 CM+33 SPILLAGE). 15 SECONDG SPIN CYCLE. -
3. WAFERS UNLOADEC INTO BAKE OVEN CONNECTED YO SPINNER.
4, WAFERS MOVED ¥C SECCAD SPINMER.
S5« CAPILLARY DISPENSES 0.7-0.8 CM¥*x3 CF SILICA{+0.2 CM#%3 SPILLAGE). LS5 SECCND SPIN CYCLE.
6. WAFERS UNLCADED INTC EAKE GVEN CCNNECTEC TO SPINNER.
T. WAFER S MOVED TC THIRD SPIMAER. .
d, CAPILLARY CISPENSES 0.7-0.8 CMe*¥3 OF SILICA(+#3.2 CM%*3 SPILLAGE). 15 SECOND SPIN CYCLE.
9. WAFERS UNLOADED IATL{ BAKE OVEN CCRAECTEE TC SPINNER.

WAFEQS UNLDADED INTO SILICON B8NAT,

INVESTHENTS
INVESTHENT NAME MAX. THRUPLT ULNITS % IMPUT UNITS PROCESSED FIRST COST AvAIL. AREAFTR#%?2
IIT MCDEL 3 SPINAER-3 TRACKS 720.0C SH/HR t0g.CcT ¢ 40000. 85.02 60.
[T1 MCDEL 3 CVEN-3 TRACKS Ik 720.00 SKE/FR 1oc.Ccy 3 20000, B85.02 60.
111 MODEL 3 SPINNER-3 TRACKS 72C.0C SH/HR 100.02 ¢ 40000. 85.0% 6C.
111 MCDEL 3 CVEN-3 TRACKS IN 720.00 SH/FR 100.02 s 20c00. 895.0% 60.
101 MODEL 3 SPINNER—3 THACKS - 720.00 SH/n® 100.0% s 400040. 85.0% 60.
III MODEL 3 DVEN-3 TRACKS IN 72C.CC SH/HR 100.0% % 20000. 85.02 60.

LABOR

(OL=DIRECT LABOR PERSONS3TL=TOTAL LABOR PERSONS)

NANE LABOR REQUIREMENTS BASE # PERSONS/SHIFT/BASE UNET THRUPUT/HR/PERSCON T INPUT UNITS PROCESSEC
HOURLY DPERATOR IfT MODEL 3 SPIMNER-3 TRACKS 3.3308-01
FOURLY OPERATOR {1l MDDEL 3 CVEN-3 TRACKS [N 3,.,330E-01
EAGR. SUPPCRY I1f WIDEL 3 SPINNER-3 TRACKS 5.00CE-03
MAINTENANCE III MCDEL 3 SPINNER-3 TRACKS 1.500E-01
MAINT ENANCE I1I HODEL 3 CVENM-3 TRACKS IN 5« 0COE-~02
FOREMAM [H €. 00002

Figure 42. Process parameters - spin-on source




ESTIXATE [ATE=08/01/77 BY:UHL ROUNCTREE, X7022, SOMERVILLE, ZONE 8 CLASS:DIFFUSEIDA

CATEGORY:PROCESS OEFINITICN TECHMCLOGY LEVELZNEAR FUTURE MATERIAL FORM:3.407 HAFER
INPUT UNITVISHEETS OUTPUT UNIT:SHEETS TRANSPCRT IheSYLEICCN ROAT TRANSPORT DUT:500 SHEET CASSETTE
PRCCESS YIELD: 39.0%  YIELD GROMTE PRCFILE: O
INPUT UNIY SALVAGE FACTOR: 0.0 FACTCR GP¥: 0O SALVAGE OFTICN: FRACTION OF INPUT UNIT VALUE
INPUT UNITS: 0. 0. Q.
FLCOR SPALE,FY4%2: 0. 0. 0.

DESCRIPT IDNzDOPANT SOURCE 8Y DECOMPDSITICN OF POCLY IN A DIFFUSICH FURNACE

ASSUMPTIONSS
L. 2.40% DTAMETER WAFER,({1CC) ORIEATATION+P-TYPE, 1-5 CHM-CH,
2. BACK ST1DE OF WAFER PROTECTED WITH SILICA.
3. 4-TUBE POCL3 FURKRACE CDSTS $70K, IACLUDING FURMACE LINERS & COILS
PADTH.ES NEEDED 10 LOAD & UNLDAD FURNALE.
135FT#%2 FCR FURNACE & L4OFT#%2 FOR OPERATOR NEECED PER SYSTEM.
4, 25 30"-SILICON BOATS NEEDEOD FOR EACH 4 TUBE POCL3I FURMACE.
BLATS CCST 145 PER INCh.

PROCEDURE
1. INCOMING WAFERS LOADED IN SILICCN BCATS COCAYAIMING 500 WAFERS.
2. BOATS LOADEB INTO FURNACE VIA PADDLES.
3. 1 HR CYCLE.
4. BOATS UNLOADED FROM FURNACE VIA PADDLES.

™ 5. WAFERS LOADED INTO 500 WAFER CASSETTE FOR TRANSFER TD NEXT STEP.
™ USING CLAM~SHELL UNLCADER AND CASSETTE STALKER,
INVESTMENTS
INVESTMENT NAME MAK. THRUPUT UNITS 2 [NPUT UNITS PROCESSED FIRST COST AVAIL. AREA(FT#*32
PCCLA DIFFUSION FURNACE!DY 2000.00 SH/HR 100.02 % 66600. B5.0% 275.
PCCL3 FURMNACE LINERS(B} 2CCC.0C SH/HR 100.C2 $ 5600. B5.0% 0.
PCCL3 FURMACE PATDLES(B) 200000 SK/FR 100,02 % B0G0.  8%5.0% 0.
POCL3 FURNACE COILS(8) 2GC0.00 SHAHR 100.0% § 8000. B85.0% 0.
CLAM-SHELL UNLCACER 2000.00 SH/HR 100,02 % 3000. 65.0% 0.
CASSETTE STACKER 2000.00 SH/KR 100.0T $ 15000. 65.0% 0.
25 30%-SILICON BODATS Z0CC.CC SH/HR 100.02 $ 33750. 85.07 0.
LABCR
{EL=CIRECT LABOR PERSOGNS:TL=TOTAL LABOR PERSONS)

, NAME LABOR REQUIREMENTS BASE # PERSONS/SHIFT/BASE UNET THRUPUT /HR/PERSON % INPUT UNITS PROCESSED

i HOLRLY OPERATCP  PCCL3 DIEFUSION FURNACE(E} 2.5C08~01 :

‘ ENGR. SUPPDRT POCL3 PIFFUSION FURKACE (B} 2.500E-02

: HAINT ENANCE POCL3 DIFFUSION FURNACELB] 1. 5006-01

: MACH. ATTENDANT  FSCL3 DIFFUSTON FURRACE{E) 1.000E-01

i FOREMAN oL 5.000E-02

| ANNUAL SUPPLIE $/EXPENSES

! EXPENSE NAME FIXED PART  VARIMBLE PART  UNITS  BASE

i ELECTR ICITY 0.0 5.CCCES01  KWH. PER AVAILABLE INVESTHENT-HOUR OF POCL3 DIFFUSTON FURNACE(BI]

; PHCSPHORUS OXYCHLCRIDE 0.0 2.940E-01 GH. PER INPUT UNIT. % UNITS= 10C.0%

: NITROGEN 0.0 1.900E+03  CH*¢3  PER INPUT UNIT. % UNITS= L00.0%T

: OXYGEN 0.0 4.68CE$01 CM#*3  PER INPUT UNIT. % UNITS= 100.0%

‘ Figure 43. Process parameters - POCly diffusion.
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ESTIMATE DATE:0B/C1/77T BY:FRED MAYER, X6334, SCHERVILLE, ZCNE 8 CLASS:GRINDE NG

CATEGORY =PROCESS DEFINITION TECHNOLQGY LEVELSKEAR FUTURE HATER]AL FCRH23.40% WAFER
INFUT UNIT:SHEETS QUTPUT UNIT:SHEETS TRANSPORT IN:S00 SHEET CASSETTE TRANSPCRT OUT:500 SHEEY CASSEYTE
PROCESS YIELD: 95.0% YIELD GROWTH PRLCFILE: O
IMNFUT UNTT SALVACE FACTOR: 0.0 FACTOR GP#: O SALVAGE OPTIONIVALUE Ihs
INPUT UNITS: Qa 0. 0.
FLODR SPACE.FT¥»2: Ce C. Ca

DESCRIPTICh:HAFER EDCE 1S PCLISHEDC TO MOVE P-N JUNCTION OFF EDGE.

l.
2.

3.
G
5.
[
Te
8.

le
2.
3.
%

ASSUMPT IONS:
3.40" DIAMETER WAFER. {100} ORIENTATION,P~TYPE,s 1-%5 CHH-CM.
500 WAFERS/CASSETTE,. MACHINE HOLDS 1 CASSETTE.
NOTE: HEADWAY CONTOUR GRINDER HOLDS 10 CASSETTES, 25 WAFERS PER CASSETTE. SIMILAR LOST ASSUMED FOR ABDVE SYSTEM.
1 CPERATOR REQUIRELC FOR & MALHINES.
NOTE:z TIME FOR GRINDING MEEDS TC BE VERIFIEC.
NOTE: CLEANLINESS HAS TO BE VERIFIED.
WAFERS ARE ROUND (KL FLATS).
3CCO WAFERS/HR, ASSLMING S MICRCMS REVMCVEC PER WAFER CUT.
WATER COENTAINS RUST INHTBITOR AND [$ CONTINUOLSLY FILTERED WITH DIATOMACICLS EARTF FILVER.

PROCEDURE
OPERATOR LOADS MACHINE WITH 1 CASSETITE.
({5 TRACK) MACHINE EXTRAKYS 5 WAFERS FROM CASSETTE.
L WAFER PLACED CON EACH TRACK (PARALLEL., Ih WATER)
WAFER HELL AGAINST FLEX1BLE PLASTIC DISK HEAVILY LOADED Wi TH DIA#OND DUST. RIM POLISHED CFF.

5. HAFFRS RIMSED ANC SPUKN CRY.
6. MACHINE LCADS WAFERS INTO CASSETTE.
T. SEQUENCE REPEATEE 100 ACUIT ICNAL TIMES PER CASSETTE.

INVESTHENTS
INVESTHENT NAME MAX. THRUPLT LNITS % INPUT UANITS PRCCESSED FIRST COST AVAIL. AREASFT#*#2
HEADWAY CONTCUR GRINDER 2700.00 Sk/HR 10C0. 02 54000. 85.0% 60.

LAECR

{OL=DIRECT LABCR PERSCAS;TL=TCTAL LABOR PERSGONSI
NAME LABCR REQUIREMENTS BASE # PERSONS/SHIFT/BASE UNIT THRUPUT/HR /PERSON 2 IHPUT UNITS PRCCESSEC
HOURLY OGPERATOR HEADWAY CONTOUR GRIMDER 2.500E-01
EMGR. SUPPCRT FEACWAY CONTOUR GRINDER l. CCOE=-02
HACH. ATTENDANT FFADKWAY CCATCUR GRIMEER 5.000E-02
FOREMAN DL 5 .O000E=-02
ANNU AL SUPPLIES/EXPENSES

EXFZHSE NAME FIXEC PARY VARTABLE PART UNITS BASE
ELECTRICITY a0 3.CCCE-01 KhHe PER AVAILABLE INVESTMENT-+OUR CF HEADHAY CONTOUR GRINDER
DIAMCAD BLADESLETC. Q.0 2.220E-03 § PER INPUT UNIT. % UNITS= L100.0%

Figure 44. PYrocess parameters -~ edge polish.
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ESTIFATE CATEz08/01/7T7 BY:FRED MAYER, XE&334, SOMERVILLE, ZONE B CLASS2 ETCH

CATEGORY:PROCESS DEFINITION TECHAOLCGY LEVEL:NEAR FUTURE MATERTAL FORM:3.40" WAFER
INPUT UNITzSHEETS QUTPUT uNITZSHEETS TRANSPCRT EN=500 SHEET CASSETTYE  TRANSPORT OUT:500 SHEEY CASSEVTE
PRCCESS YIELD: 99.0% Y IELD CGROWTE PRCFILE: C
INPLT UNITY SALVAGE FACTOR: 0.0 FACTCR CP#: O SALVAGE DOPTICN:FRACYION OF INPUT UNIT VALLUE
INPUT UNTTSS: B. Ca Ce
FLCCR SPACE FT#%2: 0. Na [+ P

DESCREIPTION:OXIDE IS REMOVED IN HF

ASSUMPTICNS:
le 32407 DIANMETER WAFER,(100) CRIENTATICAh,F-TYPEy 1-5 CHM-CM,
2. 500 WAFERS/BOAT X 1 BOAT/CYLLE X 12 CYCLES/HR= 6CC0 WAFERS/HR
3. 2 STATICNS PER CPERATCR
4. NEED 1000 LITERS/HR OF WAVER.
S. NFED 98 HL HF PER 1000 WAFERS. COST=51.CESE-3 $/6G X L. 13G/CHER3= |, 23E~36/CHun3,

PROCEDURE
1. 1 TEFLCN CASSETTE LOADED INTO ETCH TAMK CORTAERING HFa
2. 5 MINUTE ETCH PERIE.
3. AUTOMATIC TRANSFER VIA "WAFER CARTRIOGE TRAMSFER 2RM™ TO THE FIRST RINSE TANK {SHAMBELAN DESIGNI.
“. 5 MINUTE RINSE IN 1ST, ZNOy L 3RD RINSE TANKE {ALTO TRANSFER).
S. BAFERS HOT AIR CRIEL.

INVESTMENTS
INVESTMENT NAME MAX. THRUPLT UNITS 2 INPUT UNITS PRCCESSED FIRST COST AVAIL. AREA(FT#32
OXIDE SYRI? STATVICANED) 6000.00 S+/HR 1006.0% $ 80000. 85.0% 9b6.

LABCR

{DL=DIRECT LABOR PERSCRS; TL=TOTAL LABOR PERSCNS)
NA BE LABCR REQUIREMENTS BASE ¥ PERSONS/SHIFT/BASE UNTTY THRUPUT/HR /PERSON 3 INPUT UNITS PRCCESSED
HOURLY OPERATOR OXIDE SYRIP SYATICA(B) 5.000E~01
HAINTENANCE CHICE STREP STATICN{B) 1.SCCE-CL
FOREMAN o 5«000E-02
ANNUAL SUPPLIES/EXPENSES

EXPENSE NAKE FIXED PART VARIABLE PARY  UNITS BASE
ELECTRICITY 0.0 3.000E+D1 KlHa PER AVAILABLE INVESTHENT-HIUR OF OXIDE STRIP STATIOH(B)
HYDRCFLUCRIC ACIC C.0 9. 800E~-02  CWN4¥3 PER IHPLT UKIT. $ UNITS= 100.0% .
DE-IONIZED WATER 0.0 1.230E+0& CHEd2 PER AYAILABLE INVESTHERT-HOUR CF GAIDE STRIP STATION{R}

Figure 45. Process parameters - glass removal.




ESTIMATE DATEzQ7/28/77 BY:DAVE RICHMAN, X2207, RCA LABSy E=321A CLASS:TEST

CATEGDRYZPROCESS DEFINITION TECHAILOGY LEVEL:ZREAR FUTURE HATERIAL FORMS 3.40" MAFER
INPUT UNIT3SHEETS OUTPUT UNET=SHEETS TRANSPCRT IN2500 SHEET CASSETTE TRANSPORT OUT:=500 SHEET CASSETTE
PROCESS YIELLD: 99.0% YIELD GROWTF PROFILE: ©
INPLTY UNIT SALVAGE FACTOR: 0.0 FACTCR GP#: O SALVAGE OPTION:VALUE INS
INPUT QNITS: 0. C. Ge
FLCOR SPACE,Fiex2: 0. a. O

DESCRIPY ION:POST DIFFLSION 4-POINT PRCBE RESISTIVITY WEASUREMENT

ASSLMPTIDCNS:
l. 3.4C" DIAMEIER bLAFER.{L00) CRIEMNTATICH,F-TYPE, 1-5 CHHM-CM,
2. 100% WAFER SHEET RESISTIVITY TEST.

PROCEDURE
© 1. OPERATOR LOADS CASSETTE INTQ PACHINE.
o 2. WAFERS AUTCMATICALLY FED ¥O TEST EQUIPMENT.
3. WAFERS SORTED TNTC MAGAZIAES.
INVESTHENTS
INVESTMENT NAME MAX. THRUPUT UNITS T {NPUT UNITS PROCESSED FIRST CCST AVAIL. AREA,FT#=2
SILTEC WAFER SURTER-PRCBE 1450.00 Sh/KR 100.02 3 150000. B0O.0% 200.
LABCR
(CL=DIRECT LABOR PERSONS;TL=TCTAL LABOR PERSCNS)
NAME LABCR RECUTREMENTS BASE # PERSCAS/SHIFT/BASE UNIT THRUPUT/HR/PERSON % INPUY UNITS PRCCESSED
? FCURLY CPERATCR  SILTEC WAFER SORTER-PROBE 2.5CCE-01
i MAITNTENANCE SILTEC WAFER SORTER-PRCRE 2.0CCE-C1
/ Ef FOREMAN oL 1.000F-01
é? 2 ANNUAL SUPPLIES/EXPENSES
®] £ XPENSE NAME FIXED PART  VARIARLE PART  UNITS  BASE
&u g: ELECTRICITY .0 5.CCCE40C  KWH. PER AVAILABLE INVESTMENT—HOUR OF SILTEC WAFER SORTER-PROBE
o
A
"hﬁ.a
é? Figure 46. Process parameters - imspection.
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ESTIMATE DATE:08/C1/77 BY:%ERNER KERN, X20S4, RCA LABS, 03-076 CLASSsHMETALLIZATION

CATEGDRY:=PROCESS DEFINITICN TECHNCLCEY LEVELIMEAR FUTURE MATERIAL FORM: 3.40" WAFER
INPUT DNIT:=SHEETS CUTPUT UNITISHEETS TRAMSPCRT IN2500 SHEET CASSETYE TRANSPORT OUT:500 SHEET CASSETTE
PRCCESS YIELD: 98.0% YIELD GRCWTY PRCFILE: O
SUBPROCESS USED:SCREEN PRINT HWAFER REWCRK 21.00% CF INFUT PRDCESSEL
INPUT UNIT SALVACGE FACTDR: 0.0 FAC™CR GP#: 0 SALVAGE OPTIONZVALLE [A$
INPUT UNITS: 0. Oa (1Y
FLCOR SPACE, FT2¥23 C. Ce C.

DESCRIPTICASSCREEN PRIATING AND S INTERING CONCUCTIVE NETHWORK-FRONT

ASSUMPT IONS:

1o 340" TIAMETER WAFER, (100} ORIENTATIONGP-TYPE, 1«5 CHN-CH,
2. BACK METALLIZATICM FATTERN MUST BE SCREEM PRINTED FIRST.
3. AG PASTE: $5.42/TROY OZ, = $.1T43/GFy 80% AG- WHEM A6 CCSTS $4.40/TROY CZ.

DEMNSITY OF AG PASTE=3.75G/CM#*3, (21.1G=1 TRuY D1.)

231 RATIO FCR INK THICKNESS TO PLST FIRInG a4C THITKNESS.

NOTE: 5 MILS THINNEST LINE POSSIBLE. wWIDTH GREATER THAN OR EQUAL TO 4 TIMES THICKNESS.
4e FRCNT AG FINE GRIL: 4% COVERAGE, 23 MILRONS THICK AFTER FIRING.
5« FRONT BUS BAR3: 1T CCVERAGE, 200 WMICACKS THICK AFTER FIRIAG.
6. SCREEKN PRINT & CRY SYSTEM:

ITE® CesT PORER CCEMENTS
LOAEER 1C. 7K 1K INSERTS WAFER IMNTC PRIAGER
PRINTER 2% 44K 1KMW PRINTER APPLEIES PATTERN
LOLLAYOR 10.0K 1K¥W FORES PERALLEL PCWS FOR CRYER.
DRY ER 25.0K L1KM DRIES INK 17 PREVEAT SPEARING.
RELCADER L4 .TK IKRW RELOALS WAFERS INTQ CASSETTYE.
CASSETTES 4.CK - HCLOS kAFERS FCF PPIATER.
TCTALS 28 8K LEKW

T« SCREEN FRIAT & FIRE SYSTEM:
ITEM COST POWER CEMMENTS
LCACER 10.7¥ IKW INSERTS WAFER INTD PRINTER
PRINTER 294K LKW PRINTER APPLIES PATTERN
COLLATOR 10.0K KW FORMS PARALLEL FCHE FOR DRYER.
DRYER 25.0K 13KW BRIES INK TO PREVENT SMEARTNG.
FURNACE 5C.CK LTKH SIATERS PATTERM 2T 550 C.
RELCACER 147K KR RELDADE WAFERS IMTC CASSETTE.
CASSETTES 4 «0K - FCLDS HWAFERS FCRA PRINTER.

TOTALS 133.8K 32KM
B« BELT->CASSEYTE LOACER CAN DC 6000 HWAFERS/ER,
9. SCREEN AT $23, REPLACED 3 YIMES PER LAY FCR FINE GRID.
SCREEN IS REPLACED Z TIMES PER DAY FNDR BLS BAR SYSTEM.
SQLEEGES AT $.40s REPLACEL CNCE PER FOUR, .

Tigure 47. Process parameters - Ag front metallization.




PROCECURE
1, OPERATQR LOADS CASSETTE FROM BACK MPETALLIZATICAN STEF INTC LCHCER.
2« SCREEN PRINT & LRY SYSTEM APPLIES FINE GRID.
OPTICAL SCANNER VALIDATES PATTERA. 20% REJECT ESTIMATE,
3. OPFRATOR LOADS CASSETTE FOR SCREEAN PRINT &€ FIRE SYSTEM.
“e SYSTEM APPLIES FRCAT BUS BAR & FIRES. {SEPARAYE PRINT STEP NEENED SINCE PATTERN IS THICKER THAN FINE GRID.)
OPTICAL SCANNER VALIDATES PATTERN BEFCRE FIRING. 1% BUS EAR HEJECTS ESTIMATED.
REJECTS ARE LOACEC INTO A CASSETTE BY BELT-2CASSETTE STACKER FCF REWCRK.

INVESTHENTS
INVESTHENT NAME MAX., THRUPLT UNITS 2 IAPUT OUNITS PROCESSELC FIRST COST AVAIL. ARFEASFTSx2
SCREEN PRINT £ DRY SYSTEM 1625.0C SH/HR 121.0% § B8BO0. B0.0% B800.
OPTICAL SCANNER-EXCELLCN 1625.00 S+/ER 121,.0% $ 15000. 80.0% L6a
BELT->CASSEYTE STACKER 1625.CC SH/HR 121.0% &% 15000. 80.0% Q.
SCREEN PRINT & FIRE SYSTEM 1625.00 SK/FR 1¢1.0% & 138800. 80.0% L6004
OPTICAL SCANNER-EXCELLEN 1625.00 SKH/FR 101,05 s 15000. 80.0% 16
BELT->CASSETTE STACKER LE25.CC SH/HR 101.0% § 15000. BO.0Z 0.

LABCR

[CL=DIRECT LABCR PERSONS;TL=TOTAL LABOR PERSOGNS)

NAME LABOR REQUIREMENTS BASE # PERSONS/SHIET/BASE UNIT  THRUPUT/HR/PERSCK £ INPUY UNIVS PROCESSED
HMOURLY OPERATOR SCREEN PRINY & ERY SYSTENM 3.330E-01
HOURLY OPERATOR  SCREEN PRINT £ FIRE SYSTEM 3.330E-01
ENGR. SUPPRCRY SCREEN PRINT § CRY SYSTEM 2.5C06-C2
o ENGR. SUPPORTY SCREEN PRINT £ FIRE SYSTEN 2.500E-02
-~ FAINTEMANCE SCREEN PRINT & DRY SYSTEM 2.0CCF-Q1
MAINTEMNANCE SCREEN PRINT & FIRE SYSTEN Z-0COE=-C1
HAINTENANCE OPTICAL SCANNFR=EXCELLCA 1.000E-Q2
HAINTEMANCE BELT~>CASSETTE STACKER 2.0CO0E-C1
FCHREHMAN CE 1.2006=01
]
‘@2 Q ANRUAL SUPPLIES/EXPENSES
! E EXPENSE NAKE FIXEL PART VARTAHLE PART UNITS BASE
%d (:) ELECTRICITY 0.0 1.5008401 KHH. PER AVAILABLE INVESTHENT-HOUR OF SCREEN PRINY £ DRY SYSTEM
Fay ELECTRICITY 0.0 3. 200E+01% KWH e PER AVAILASLE INVESTNENT—FCUR CF SCREEN PRINT € FIRE SYSVER
E 2 ELECTRICITY 0.0 1.0008-01 KHH. PER AVAILABLE INVESTMENT-HCUR CF CPTICAL SCAANMER-EXCELLCH
v E SCREENS 0.0 2.B88CE+00 s PER AVAILABLE INVESTHENT—HOUR OF SCREEN PRINT & ORY SYSTE¥
P SCREENS 0.0 1.920E+0C s PER AVAILABLE INVESTMENT-HOUR CF SCREEN PRINT & FIRE SYSTEM
‘o o SQUEEGEES 0.0 4.0006-01 $ PEQ AVAILABLE INVESTHENT-HOUR OF SCREEN PRINTY & DRY SYSTEM
LS SQUEEGEES .0 4.CCCE—0L % PER AVAILABLE INVESTMENT—HOUR OF SCREEN PRINT £ FIRE SYSTEM
> = SOLVENT-IMK 0.0 1.580E-0L CHM#%3  PER IHPLT UNIT. £ UNTTS= 121.0%
e.., =1 SOLVENT-INK 0.0 1.580E-01 CHae] PER INPUT UNIT. ¥ UNITS= 101.0%
& THERNCCOUPLE, ETC. -0 £.CE0E~C4 & PER ENPLT UAIT. T UNITS= 121.0%
I THERMOCOUPLE yETC. £.0 6.060E~04 § PER INPUT UNIT. T UNITS= 10t.C%
IMK AG-FRCNT FINE GRID 0.0 6. TAQOF—02 13 PER INPLT UNIT. T UNITS= 100.0%
INK AG-FRONT FINE GRID LCST 0.0 2.820E-03  § PER INPUT UNIT. % UNITS= 2l.0%
INK ACG—-FRONT BAUS BAR C.0 le #6GE-D2 $ PER IAPUT UNIT. X UNITS= 100.C3
IAK AG-FRCNT BUS PAR t.CST 0.0 €4 1506-02 s PER INPUY UMNIT. £ UNITS= 1.0%

Figure 47. Continued.
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ESTIMATE DATE:=08/01/77T GY:2WERNER KERN, X209%, RCA LABS, 03-076 CLASSEKETALEIZATICK
CATEGORY:PROCESS DEFINITION TECHMOLOGY LEVEL:MNEAR FUTURE HATERIAL FORH:=3.40" WAFER
TNPUT UNITISHEETS QUTPUT UNIT2SHEETS TRANSPORY IN:500 SHEEY CASSETTE TRANSPCRT QUT:500 SFEET CASSETTE
PROCESS YIELD: 98.0T YIELD GROWTH PRCFILE: O
SUBRROCESS USED:zSCREEN PRINT WAFER REWORK C.5C% OF INFUT PROCESSELC
INPUT UNIT SALVAGE FACTOR: 0.0 FACTOR CPR¥: O SALVAGE ORTEONSVALUE INS
INPUT UNITS: 0w Oa 0.
FLCOR SPACE, FT*%2: Ca Ca C.

DESCRIPTICN: SCREEN PRINTING ANC SIANTERING CCNDUCTIVE NETWORK-BACK

ASSUMPTICAS:

1. 3.40" CIAMETER WAFER,{100) CRIENTAY IONP-TYPE, 1-% OHM-CH.
2. BACK METALLIZATICN PATTERN MUST BE SCREEN PRINTEE FIRST.
3. AG PASTE: $£5.42/TROY DZ. = $£.1743/GHy ECT AGs WHEh AG CCSTS $4.40/TRCY Ci.

DENSITY OF AG PASTE=3.75G/CH**3, (31.1G=1 TROY OZ.)

2:1 RATIO FOR INK THICKNESS TO POST FIRTAG AG THICKMESS.

NOTE: 5 MILS THINNEST LINE POSSIBLE. WIDTH GREATER THAN DR EQUAL T0 4 TIHES THICKNESS.
4. BACK AG GRID: 25% CCVERAGE, 12. MICRCAS THICK AFTER FIRING.
5. SCREEN PRINT & FIRE SYSTEM:

[TEP cCsY POMER CCHMENTS

LOADER 10.7K 1KH IASERTS WAFER INTO PRINTER
PRINTER 24 4K 1KW PRINTER APPLIES PATYERM
CCLLATCR 10.0K IKH FORYS PARALLEL ROHS FOR DRYER.
ORYER 25.CK 11KH NRIES IMK TC FREVEAT SMEARING.
FURNACE 50.0K L7KHW SINTERS PATITERR AT 550 C.
RELCADER L4.7K LKHW RELCAES WAFERS INTC CASSETTE.
CASSETTES faCK HELDS wAFERS FLR PRINTER.

TOTALS 138.8K 32KW
6. BELT->CASSETTE LCADER CAN DC 6000 WAFERS/FHR,
7. SCREEN AT %23, REPLACED 2 TIMES PER DAY.
SGUEEGES AT $.4Cy REPLACEDC CNCE FER KCUR.
8. 0.5% BACK REWORK ESTIMATED.
9. FIRING CF BACK HhEECED SO THAT PASTE IS NOT REMOVED IN CASE OF FRONT GRID REWORK.

PRCCECURE
L. OPERATCR LCADS CASSETTE FROM PREVIOLS STEP INTO LCADER.
2. SCREEN PRINT & FIRE SYSTEM APPLIES BACK GRID.
NPTICAL SCANNER VALINATES PATTERN. J.5% REJECTS RFEHORKEL.
REJECTS AFE LOACEE INTG A CASSETTE BY BELT-CASSETTE STACKER FOR REWORK,
3. CASSETTE TRANSFERREC TC FROAT METALLIZATICh FRCCESS.
4. REJECTS ARE RFWORKED & RECYCLED.

INVESTHENTS
INVFSTMENT NAHE MAX. THRRUFUT UNITS 2 INPUT UNITS PROCESSED FIRSY COST AVAIL. AREA,FT%¥2
SCREEN PRINT & FIRE SYSTEM 1625.0C SH/HR 100.5% $ 138600. 80.0% 1600.
CFTICAL SCANNER-EXCELLCA 1625.0C SF/FR 10C. 5% 3 15000. 80.0% l6.
AELT->CASSETTE STACKER L625.00 SH/BR 100.52 5 150400. 80.03 Ce

Figure 48. Process parameters — Ag back metallization.




LAEGR
{DL=DIRTCT LABCR PERSCASITL=TCTAL LABCR PERSONS)

NAME LABCH RECUIREHENTS BASE # PERSCONS/SHIET/AASE UNIT THRUPUT/HR /PERSON S [APUT UNITS PRCCESSEC
HCURLY OPERATOR  SCREEN PRINT & FIRE SYSYEW 3.330E-01
ENGR. SUPPCRT SCREEN PRINT £ FIRE SYSTEM 2.5C0E—~02
MAINTENANCE SCREEN PRINT & FIRE SYSTEM 2.0C0E-01
HAINTENANCE OPTICAL SCANNER—EXCELLEN 1.000E-02
NATNTEMNCE BELT~>CASSETTE STACKER 2. 0CCE-01
Sg FOREMAN DL 1.000E-01
ANNUAL SUFFLIES/EXPENSES
EXPENSE NAME FIXED PART  VARIABLE PART  UNETS  BASE
£LECTRICITY C.0 3.200F401  KWHa PER AVAILABLE INVESTHMENT-HOUR OF SCREEN PRINT & FIRE SYSTEW
E. ECTRICITY 0.0 1. CCOF-D!  KhH. PER AVAILABLE INVESTHENT-HCUR CF CPT ILAL SCANNER-EXCELLON
SLREENS 0.0 1.920E+00 § PER AVAILABLE INVESTMENT-HOUR OF SCRESN PRINT & FIRE SYSTEM
SQUEFGEES C.0 4.C0CE-0L % PER AVAILABLE INVESTHENT-+OUP OOF SCREEN PRINT E FIRE SYSTEM
SOLVENT—INK 0.0 -S80E=-G1 CH#*#3  PER INPUT UNIT. % UNITS= 101.0%
THERMOCOUPLELETC. 0.0 6.0606-04 % PER INPUT UNIT. 3 UNITS= 1Cl.C%
IhK AG-BACK CGRID 0.0 2.22C6-02 s PER INPLT URIT. % UNITS= 100,02
INK AG-BACK GRID LCST 0.0 9.320E-03 ¢ PER INPUT UNIT. % UNJTS= 0.5%

Figure 48, Continued.
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ESTIMATE DATE:08/01/7F BYSWERNER KERNs X2094, RCA- LABSy 03-07¢
CATEGORY:PROCESS DEFINITION TECHAOLCGY LEVEL:AEAR FUTURE HMATERIAL FORM:3.40" WAFER

INPUT UNITSSHEEYS

OUTPUT UNITISHEETS

PROCESS YIELD: 99.0% YIELC GROWTH PRCFILE: 0

INPUT UNIT SALVAGE FACIOR: (.0  FACTCR GP#: O SALYAGE QPYIEN:FRACTICH OF INPUT UNIT VALUE
INPUT UNITS: 0. Q. 0.
FLOOR SPACEsFTH23 0a 0. 0.

CESCR IPT ION:SPRAY—-CN ANTIREFLECTION COATING(B)

1.
2a
3.

“e
S5e
6.

Te

la
2.

4

]
-

ba

B.

9. WAFERS ARE BAKED FOR 15 MIN. AT 400 C. IN AIR.
CASSETTES TRANSFERRED TO NEXT PROCESS STEP.
- INVESTHENRTS
INVESTHENT NAME MAX, THRUPUT LNITS X IAPUT UNITS PROEESSEC FIRSY COST AVAIL. AREA,FTH#2
ZTCCN MODEL LLOOO AUTOCOATER 3385.00 SH/HR 1G0.0%8 & 185000. 20.0% 3&0.

ASSUMPTIONS:?
3.40% DEAMETER WAFER,(L1C0) ORIENTATICANF-TYPE, 1~5 CHF~-CH.
50D WAFERS/CASSETTE
NOTE: IN-HOUSE AR CCA"ANG NEEDS TC BE LEVELCPEC.
L IQUID SPRAY-ON SOURCELTI02.5102) AT S1C/LITER. C.l CHM#%3 HILL CCVER ) SIDE WITH 0.07 MICAONS.
APPLIEC AFTER FINAL METALLIZATICHh.
RODM REQUIREMENTS: CRY,CLEAM FILTEPED AIR, 2830 LITERS/HR/SYSTEM.
0.5 FT##3/MIN OF NITROGEN NEEDED(= E.SCE+(S CH**I/HR.}
ZICCN MCDEL L1GCO ALTCCCATER SYSTEM (3$185K) INCELUDES:
1. CASSETYE UNLOADER (515K)
2+ HAFER COLLATOR {SLOK}
3. SPRAY PACHIME; AIR FLASH PRE-DRY SYATICN; f.R. PRE~CRY;
MICROCOHPUTER FEEDBACK CONTRCLLER;
200 DEG. C. CCAVECTICN QVENT 4C0 CEC. Co. CONVECTION OVENS
TOTAL SUBSYSTEM PRICE: $110K.
4+ CASSETTE LOACER (915K}
5. AUTCMATIC SAMFLE EJECT INEEDS CEVELCPMENT, AEQUT $10K)
Ge THICKNESS MCNITOR (310K}
7. CASSETYE PELOAEER (FOR SAMPLESI ($1S5K)
TOTAL SYSTENM PRICE: $185K
NEED SPECS FOR AR COATING STREP FOR RERCRK. 77?7727

PROCEDURE
WAFER S ARE LDADED FRCM CASSEYTE TC CChVEYCR BELT IN RCHS OF 5.
WAFERS ARE SPRAYEE WITH 3000A 0F TITANIA-SILICA PRODUCING LIQUID
SOURCE PMATERIAL wITH FRESSURIZED CRY MITRCGEN AS CARRIER GAS.
HAFERS ARE AIR-FLASHED 10 REMOVE BUBBLES AMD TC SETTLE CCATING WATERIAL.
AFTER DEPOSIT ICN, WAFER TRANSPORTED VIA BELT TO INFRARED DRYING Z(NE TO PERMIT CASSETTE HAALCLING.
AFTER PRE-DRY,; HAFERS LOADED IAVC CASSETTE.
EVERY LOTF OR 15TH WAFER IS EJECTED AUTOMATICALLY FCR YHICKAMESS
TESTING BY ELLIPSCMETER; DATA IS FEC TO MICROCOMPUTERIZED SERVG
HECHANISM AT SPRAY DOCTH.
HAFERS WITHIN SPEC ARE RELGADED IN A SEPARATE CASSETTE; FAILILED
HAFERS wILL BE STRIPPED IN DILUTE AFMCAMIUM FLUDRILE SCLUTICN ANC
COLLECTED FOR REPROCESSING.
WAFERS ARE BAKEC FCR 15 MIN. AT 200 C. IN AIR.

Figure 489. Process parameters - AR spray coat.

CLASSZAR CDATING
TRANSFORT TN:500 SHEET CASSETTE TRANSPCRT OUT 2500 SHEET CASSETTE
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LABDR

{CL=CIRECT LABOR PERSONS;:TL=TOTAL LABOR PERSONS)

NAME LABOR REQUIREHMENTS BASE ¢ PERECNS/SHIFT/BASFE UNIT

HOLRLY DPERATEOR ZICCh VMODEL 11000 AUTOCOATER

MAINTENANCE ZICCK MCDEL 110CC AGVCCCATER
ENGR. SUPPART ZICCN MODEL 11C0T ALTOCOATER

ANNUAL
EXPENSE NAME FIXED PART VAREABLE FART
ELECTRICITY 0.0 3. 00CE+01L
NI TROGEN 0.0 8.500E+05
IN—HOUSE SPRAY-ON AR COATING C€.0 1.23CE~DL

THRUPUT/HR/PERSON 3 INPUT UNITS PROCESSED
5.0CCE-C1
1.0006-01
2.5CCE~0)

SUPPLIES/EXPENSES
URITS EASE
KkH, PER AVALILABLE INVESTMENT-HCUR €F ZICON MODEL 11000 AUTOCDATER
CH*»3 PER AVAILABLE INVESTMENT-HOUR OF ZICDN MCDEL 1L000 AUTCCCATER
CNx%k3 PER INPUT UNIT. % UNITS= 105.0%

Figure 49. Continued.
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ESTIMATE DATE:69/20/77 BY:DAVE RICHNAN, X3207, RCA LABSs E-321A CLASS:TEST

CATEGORY:PROCESS DEFINITION TECHAGLCGY LEVEL:NEAR FUTURE MATERIAL FORM:3.40" MAFER
TAPUT UNTTZSHEETS QUTPUT UNIVISOLAR CELLS TRANSPORT IN2500 SHEET CASSETYE TRANS PCRY QUT:500 SHEET CASSETTE
PROCESS YIELD= 90.08  YIELD GROWTH PREFILE: O
INPUT UNIT SALVAGE FACTOR: 0.0 FACTOR GP#¥: @ SALVAGE CGPTICN:FRACTIChA OF INPUT URIT VALUE
INPUY UNITS: O Qa Q.
FLOOR SPACE.FT#*%2: [/ Oa Oa

DESCRIPT IONsWAFER ELECTYRICAL TEST AND SORT.

ASSUMPTIONS:
1. 3.40" DIAMETER WAFER.(10C) CQRIENTATICH,F-TYPE, 1-5 CHM-CHN.
2. TEST FCR: OPEN CIRCUIT VOLTAGE;SHORT CIRCUIT CURRENT;REVERSE BI1AS LEAKAGE: FILL FACTOR.
3, MINICDOMPUTER-CCATRCLLED MEASURERENT OF 12 PUINTS ALCNG KNEE DF I-V CURVE FOR KNDWN LIGHTING.
4, WAFERS BELOW 10% EFFICIENCY ARE REJECTED. <% YIELD ESTIMATED.

PROCEDURE
1. OPERATOR LOADS CASSETTE INTC MACHINE.
2. HAFERS AMITCHATTCALLY FED TO TEST EQUIPMENT AND MEASUREMEANTS MADE.
3. WAFERS SORTED IATC PAGAZIRES USING CRITERIA TC BE DEFINEE.
4. DPERATOR REMOVES CASSETTES AS THEY ARE FILLE(.

INVESTHENTS
INVESTHENT NAME #AX. THRUFUT UNITS S INPUT UNITS PROCESSED FIRST COST AVAIL. AREAFT%#2
SILTEC WAFER SORTER~H.E.T. 1200.CC SH/HR 100.0% s 175000. 80.0% 200.

LABOR

(OL=DIRECT LABCR PERSONSITL=TOTAL LABOR PERSONSI
NAVE LABDR REQUIREMENTS BASFE # PERSONS/SHIFT/BASE UNIT THRUPUT/HR/PERSON 2 INPUT UNITS PROCESSED
HOURLY DPERATOR SILTEC HAFER SCRTER-h.E.Ta 2.5008-01
MAINTENANCE SILTEC “AFER SORTER—heEsTe 2.000E-01
FCREMPAN EL 1. 0CCE~01
ANNUAL SUPPLIES/EXPENSES

EXPENSE NAME FIXED PAR1 VARIABLE PARTY URITS BASE
ELECTRICETY 0.0 5.000E400  KuH. PER AVAILABLE INVESTHMENT-HOUR OF SILTEC KAFER SCRTER-NH.E.T.

Figure 50. Process parameters - test.
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ESTIMATE DATE=Q7/28/17 BY:DILK SCCTT+ PCa971. CAMDEN, BLDG. 10-A CLASS:ARRAY FABRICATION

CATEGORY:PROCESS CEFINIVION TECHNOLOGY LEVELSMEAR FUTURE #HATERIAL FCRM:I3.40"™ WAFER
: [NFUT UNITSSCLAR CELLS DUTPUT UNIT:SOLAR CELLS TRANSPORY IN®500 SHEET CASSETTE TRANSPCRT CUT:PICKUP TABLE
i PROCESS YIELD: 9&.(% YIELD GROMTH PRLFILE: Q
' INFUT UNIT SALVACE FACTOR: Q.0 FACTCR GP#: O SALVAGE OPTIONZIVALLE Ehs
INPUT LANITS: O. 0. C.
FLCOR SPACE,FT#%2: 0. L. Ca

DESCRIPTICANZREFLCW SCLLCER INT ERCCNNECT IONLR}

la
2e

3.

l.
A.
B
C.
D.
Eu

Fa

Ga
2.
A.
Ba

£6

C.

ASSUMPY 10NS:
3.40% DIAMETER WAFER,{1CO)} ORIENTATION,P-TYPE, 1-% CHM-CHN.
173 REXCRK OPERATCR PER SYSTEM REWORKS STHRING TESY REJECTS (=1Z OF INPUJ)
ARRAY PANEL REWCRK OPERATORS REWORK 1Z CF PANELS AT RATE OF 2 PER .
EACH PANEL COATAINS L5 STRINGS OF 12 CELLS EACH.

PRCCECURE
FIPST INTERCONNECTION STATICN:ROTARY INDEX TABLE
CASSETTE LCADED WITH EACK OF CELL FACE UPa.
CELL FED TC STATICN #1, WHFRE IT IS RCTYATEC UMNTIL SILVER PAC IS CETECTED BY SENSODR. VACUUH PAD SECURES CELL IA PFOSITICh.
AT STATION #2, SILVER PAD IS BURNISHED BOTH SIDES & SLIGHT PCSITIVE AIR PRESSURE USED TO REKOVE RESYTDUE FROM BURNTSH+ED PAC.
AT STATICM #3, SCLCER PASTE COT IS APPLIEC TC STLVEREL AREA (BOTTOM FACE)
AT STATION #4, INSULLATED TAB IS BURNISHED. FCSTITICNED ANC SCLEEREC ON SCLDER TAB.
CACE SCLOERED, TAE IS THEN CUT TO LENGTH.
AT STATION #5, CELL IS FLIPPED CVER. VACUUM STLL HOLDS CELL IN POSEITIONS
SOLOER PASTE COT (S APPLIED TD TOP FACE OF CELL.
AT STATIOMN #&, BOTTECH VACUUM RELEASES & TOP VACULM PICK~LP ARH PICKS UP CELL £ SHINGS CELL OVER 7O STRINKG TRAY BELT.
SECOND INTERCCKNNECT STATION £ CCHPLETE STRING ELECTRICAL CHECK.
VACUUK LINE [S ATTACHED TG STRING TRAY, HOLDING CELLS I[N PCSITICH.
AT SECCHND TINTERCCAKECT STATICN, ARM SWIMNCS TC WIPE TAB OVER SOLDER 0OT.
TAB IS5 THEN SOLDERED CN TOP FACE CF LELL.
AT NEXT STATIEN, AUTCKATIC TEST PROBE PERFGRHS BARK I/V STRING TEST.
IF STRING IS CKe [T CCATINUES TC STCRACE RACK.
IF STRING FAILS, STRING TRAY IS REJECTED AND REMCAED FRCM BELT.
FAILED STRINGS ARE FANUALLY REWORKEC AND THEN PLACED IN STORAGE RACK.

3. SOLAR PANEL INTERCONNECT TECHNIQLE.
A. PREINSTALLELC BUS BAR WITH EXTERNAL TABS PLACED CAh BELT.
B. ®STRING PICK UP TRAY® INTERFACES IATO HCLEER ANI VACUUM PICKS UP
COMPLETE STRING OF CELLS. STRING PICK UP TRAY THEN WITHCRARKS OUT
OF HOLDER AND PUSITICHRS CVER ARRAY TRAY.
VACUUM [5 RELEASED AND CELLS ARE DEPOSITEC INTC ARRAY TRAY.
C. ARRAY TRAY INDEXED INTO POSITION FOR EACH STRING CF CELLS.
D. TAB !5 WIPED CVER CKTC INTERCONNECT BUS.
E. INTERCCNMECT TABS ARE SOLDERED(2 PLACES FCR EACH STRIKG CF CELLS)
F« DARK I/V ELECTRICAL TEST PERFORHED FOR COQMPLETE ARRAY PANEL.
IF PANEL PASSES TEST, FCLDER WITH PANEL PLACEC Ih STORAGE RACK.
IF PANEL FAILS TEST, PANEL I5 MANUALLY REWCRKET ZND TREN PLACED IN STCRAGE RACK.
INVESTHENTS
INVESTHENT NHAHME HAX. THRUFUT UNITS T IhPUT UNITS PROCESSED FIRST COST AWAIL. AREALFT*%2
; ROTARY INDEX TABLE SYSTEM 1200.06 CELLS/HR 100.0% % 27500. 90.0% 28a
: RS STRING INTERCCNMECT EQUIR 2400400 CELLS/HR 100.0% § 119000. 90.0% 3&.

! PANEL INTERCONNECT STATIDN 3600.00 CELLS/HR 100.0x $ 180000 90.0% 120.

Figure 51. Process parameters -~ reflow solder interconnect.
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NA ME

HOURLY CPERATOR
REWCRK. DPERATCR
MAINTENANCE
HOURLY OPERATOR
*AINTENANCE

Mz INTENANCE
REWCRK CPERATOR
FCRE#AN

EXFENSE NAME
ELECTRICTITY
ELECTRICITY
ELECTRICITY
AG-PLATED CU wIRE

LABC

R

(DL=DIRECT LABOR PERSCNS:TL=TCTAL LABGR PERSUNS)

LABOR REQUIREMENTS E#SE ¥ PERSONS/SHIFT/BASE UNIT  THRUPUT/HR/PERSON £ [NPUT UNITS PRCCESSEC
ROTARY INDEX TABLE SYSYEF 1.670E-01
ROTARY INDEX TABLE SYSTEM 3,3306~CL
RCTARY INDEX TABLE SYSTEVM 1.000F~-01
RS STRING INTERCECANECT EGQUIP 1 .000E +00
RS STRING INTERCCNNECT EQUIP 1.00GE~C1
PANEL INTERCCNNECT STATICA 1.000E-01
THRUPUT 360.0 1.C
cL 1.0C0E-01
ANNUAL SUPPLIES/EXPENSES
FIXED PART  VARIABLE PART  UNITS  BASE
0.0 0.0 KWH.  PER AVAILABLE INVESTMENT-HOUR CF ROTARY INDEX TABLE SYSTEW
C.0 €. KkH.  PER AVAILABLE INVESTMENT-FOUR OF RS STRING TNTERCONNECT EQLIP
0.0 c.C KWH.  PER AVATLABLE [NVESTWENT-HCUR CF PANEL INTERCCANECT STATICH
0.0 1.430E-03 ¢ PER INPUT UNIT. % UNITS= 1D0.C3
Figure 51l. Continued.




; FSTINMATE CATE:zO7/29/77 BY:DICK SCOTT, PC4971, CAMDEN, BLDG. 1C-8 CLASSS ARRAY FABRICATION

; CATEGORYIPROLCESS DEFIMITICH TECHMCLLGY LEVEL:NEAR FUTURE MATERIAL FCRM:3,40" MAFER

! INPUT UNTT:2SGLAR CELLS QGUTPUT UNI TzARRAY PODULES TRANSPCRT [h2aPICKUP TABLE TRANSPORT QUT :CURING RACK
PRCCESS YIELD: 99.53 YIELD GACWT+ PROFILE: O

: INPLT UNIT SALVAGE FACTCR: 0.0 FACTCR GPH: OQ SALVAGE CPTIDON:VALUE 1IN

I

; INPUT UNITS: Ca 0. Ce
FLECOR SPACE.FT#e2: O« O. 0.

CESCRIPTION:CLASS/PYB/CELL ARRAY ASSEWBLY

ASSLMPTIONSS
1. 3.40% DIAMETER WAFER,(LLCO) CRIENTATICA F-TYFE, 1-5 EHN-=CP.
2. EACH PANEL CONTAINS 15 STRINGS OF 12 CFLLS EACH.
3. MATERLIAL REQUIREMENTS:

1. FRAME: $6.88/180 = $3.02€-02/CELL
2. GLASS: $7.04/18C = $3,.51F-02/CFLL
3. PYB: $5.40/180 = $3.56E-02/CELL
4. PANFL CONNECTDR: $E.LC/LEC = $2.78E-02/CELL

S. GASKET.PVC E AL FCIL TAPES: $1.0C/1EC $5.56F-03 /CELL
PRECECURE
1. GLASS WASKFEC ANT LCRIEE, THEN STORED IN CLEAR STCRAGE AREA.
2. GLASS 1S PLACEC Ch AIR TABLE. PVE IS THEN PLACED CN GLASS.
QCLLER TRANSVERSES, PVB ADHERING YE GLASS.
GLASS WITF PYB PLACED IN CLEAN STORAGE AREa.
j. GLASS FROP STCRAGE RACK PLACED PVB SIOE uUP.
ARRAY TRAY FLIPPED GVER, VACLUF HOLDING CELL STRING ASSEVMELY UNTIL PLACED Ch PVB.
ARRAY TRAY IS ALTIGKREC WITH BCTVCHY GLASS PLATE.
ARRAY TRAY IS FLIFPED LVER CNYD PYB.
4, SECOND SFEET OF BOTH PVB & GLASS ALIGNED wITH BOYIONM GLASS CVER STRING ASSEMBLY CF CELLS.
ARRAY ASSEMBLY EACLCSED IN VACUUR BAG & SENT TO STORAGE OR AUTOCLAVE.
5. FRAME PIECES CLT, ASSEMBLED, AND SFLT WELCEC.
ERAMES SENT TC CLASS ASSEMBLY LINE VIA COMVEYCR.
6. GLASS PANEL ASSENBLY RENCVED FRCH AUTCCLAVE VACUUM BAG £ POSITIONED ON ROTATING TARLE.
ALUMINIZEC TAPE IS APPLIED AUTOPATICALLY CVER EDGES ANC ECTH SILES OF GLASS.
TAPE IS WIPED OVER AND FEAT SEALED TO GLASS.
1. RUBBER GASKET PLACED ARCUND GRLASS ASSENELY & ASSEMBLY PLACEC IN FRAME.
GLASS RETAINING FRAME (NSERTED AND MODULE CCMPLETED USTNG PRESS.
8. AFTER FINAL IRSPECTICA AND TEST. ARPAY HODULE SENT TO PACKAGING AREA.

g6

INVESTHENTS
IMVESTHENT NAME NAXe THRUPUT LNITS 2 1APUT UAMITS PRCCESSEC FIRST COST  AVAIL. AREA,FT332
GLASS/PVR/PANEL ASK. STATICN 7200.0Q0 CELLS/HR 100.02 $ 582000. 90.0% 900.
FINAL ASSEMBLY EQLIPMENTI(B) T200.00 CELLS/HR 100,02 £ 27500. 90.0% 275.
FRAME ASSEMBLY ECQUIPMENT 21600.00 CELLS/HR L00.CT S 75200. 90.0% 225.
LABOR
{CL=DIRECT LASCR PERSCNS;TL=TCTAL LAHOR PERSONS}
NANE LABCH REQUIREMENTS BASE # PERSONS/SHIFT/BASE UNIT THRUPUT/ZHR /PERSON % I[APUT UMBITS PRCCESSEE
; HEURLY OPERATOR GLASS/PVYB/PANEL ASM. STATICAH 4.000E+00
| HEURLY CPERATOR FRAME ASSEMBLY EQUIPMENRY 1. QCCE+CO
HOURLY OPERATOR FINAL ASSEMBLY EQUIPFEMYIE) 44J00E+00
HA INTENANCE GLASS/PVB/PANEL ASM. STATION 1.000E-01

Figure 52. Process parameters -~ glass-PVBE panel.
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LABER

{OL=DIRECT LABOR PERSONS3TL=TOTAL LABOR PERSCNS)

# PERSGAS/SHIFT/BASE UNIT

“IAME LABCR REQUIREMENTS BASE

#A INTENANCE FRAME ASSEMBLY EQUIPHENT
MATNTENANCE FINAL ASSEMPLY EQUIPMENTIE)
FOREMAN BL

EXPENSE NAME

EL ECTRICITY

ELECTRICITY

ELECTRICITY

FRAME

GLASS

PyeR

PANEL CCNANECTOR

GASKET.PVLC & AL FCIL TAPES

ANNUAL
FIXED PART

.0
0.0
.0
a.0
0.0
.0
0.0
0.0

VARIRELE FART
Ca O
.0
0.0
3.8ZCE-02
3.910E-02
3.56CE-02
2. TRCGE-02
5.560E-03

Figure 52,

1. 0CCE-01

1. 00Q0E-
1.000E-

SUPPLIES/EX
UNITS BASE
Kl o PER
KhHa PER
KWH. PER
PER
PER
PER
PER
PER

[P R VR

cl
ol

PENSES

AVAILABLE INVESTMENT—+DUR OF GLASS/PVB/PANEL ASH.
AVAILABLE INVESTMENT~HGUR CF FRAME ASSEMBLY EQUIPMENT

THRRUPUT/HR /PERSON % INPUT UNITS PROCESSED

STATION

AVAILABLE INVESTMENT-HOUR DF FINAL ASSEMBLY EQUIPFENTIB}

INFLT UAIT.
INPUT UNIT.
INPUT UNIT.
INPLT UNIT.
INPUT UNIT.

Continued.

4

E
H
z
4

UNITS=
UNITS=
UNITS=
UNITS=
UNITS=

100.0%
100. 0%
100,03
100.0%
100.C2




ESTIMATE DATE:QT7/28/77 BY:DICK SCOTV, PCASTl, CANDEN, BLDG. 10-8 CLASS:PACKAGING

CATEGORY sPROCESS DEFINITION TECHNOLOGY LEVEL :EXISTING HATERIAL FORM:3. 40" WAFER
INPUT UNIT:ARRAY MDDULES OQUTPUTY LNITZARRAY NEDULES TRANSPCRY IN: CURING RACK TRANSPORT DUT:=BOX
FRCCESS YTELT:100.0%2 YIELD GRDOWTR PRAOFILE: C
IAFUY UNTY SALVAGE FACTOR: 0.0 FACTCR GPH2 D SALVAGE OPTION:VALUE INS
INPUT UNITS: Ca C. Ca
FLCOR SPACE,FTx%2: Oo Q. Ca

DESCRIPTIONZARRAY MCDULES PLACED IM HWCCD CRATE.

ASSUFPTICAS:
1. 1¢.0 FT##2 PANEEL.
2. 1&.0 FT¥+2 OF WODD CRATE NEEDED AT $.08 PER FT#%2 CF PANEL.
3. | CPERATOR CAN PACKAGE 50 HODULES/HR USING PACKAGING EQUIPHENT.
4. Ny THE NUFBER CF PAMELS PER HOCC CRATE, I5 TC EE CETERMINEL.

PRCCEDURE
l. OPFRATCR PLACES ® PANELS FRCM STORAGE RACK INTO A BOX.
2. BOX STAPLED.
3. BOX PLACET CM STACK FOR REMOVAL 10 RAREHOLSE.
o INVESTHENTS
-~ INVESTHENT NAME HAX. THRUPUT UNITS 2 IMNPUT UNITS PROCESSED FIRST COST  AVAIL. AREASFT*%2
PACKAGING EQUIFMENT 50.0C A Mo /HR 100.0%5 $ 25000. 100.0% 100.
LABOR
{DL=DIRECT LABOR PERSCNS;TL=TOTAL LABCR PERSONS)
NAVME LABOR REQUIREMENTYS BASE # PERSONS/SHIFT/BASE UNIT THRUPUT/HR/PERSCN 3 INPUT UNITS PROCESSED
HOURLY OPERATOR PACKAGING EQUIPHNEAT L.J00E+00
FCREMAN DL 1.000E-0OL
ANNU AL SUPPLIES/EXPENSES
EXPENSE NAFE FIXED PARY VARIABLE PART  UNITS BASE
BEX FCR MCDULF C.0 1. 2BCE+CC H PER INPUT UNIT. T UNITS= 100.0%

Tigure 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 is 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 des’gn 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
POCl3 front (Case II). We chose the POCl3 junction formation due to proven
cell efficiency and rejected ion implantation for the near term because pre-
sent machine throughput is inadequate, and increased throughputs to the re-
quired level are not anticipated by 1982.

SAW/ETCH
WAFERS
[ - |
PRINT OR SPIN-ON ION IMPLANT
SPIN-ON P+ BACK FRONT N+ (MASK)
N+ FRONT 1 __BACK P+
I DRIVE -IN i
PRINT OR R4 JUNCTION
* SPIN-ON POCI3 N* DRIVE - IN
P+‘?ACK JUNCTION FORM AND ANNEAL
DRIVE-IN +— INSPECTION

JUNCTION A
L \N/ [ EDGE GRIND |

PLANAR 2 \,

[_sTriP GLASS ]
[_crean ]
1

SCREEN PRINT
AND FIRE
METALIZATION

1

SPRAY -ON
|_AR COATING

—_

TEST

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

It is important to determine the level of production for which volume
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 preparations 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. sawing
versus wire sawing, and have alsc considered the limiting case of $0/kg
polycrystalline cost. The results of these calculations are shown in Fig. 55,
The cost reduction with increased volume reflects more =fficient use of
capital and labor, while the cost reduction as a function of sheet preparation

reflects cost reduction in materials and expense items,

7 T r

MANUFACTURING COST

s SPIN -ON BACK DIFFUSION SOURCE 7
. POGlz FRONT DIFFUSION

. SILK=-SCREEN Ag METALLIZATION

. SPRAY -ON AR COATING

. DQUELE GLASS-PVB PANEL ASSEMBLY ]

ar SINGLE INGOT PULL -

4{//// 1.D. SAW ‘
-
- ~ o3
3 $25/kg POLY {\ —_— WIRE SAW 4 .
.-"-..._ \-—-_____.__. —_— ] :

$0/kg POLY _—— —
\-._. — — —— — — —]

abup

§7 WATT COST

MULTI-INGOT PULL

o ' 1 | 1 ]
t 2 5 1o 20 50 160

MW/ yr

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

Since volume cosgt reuuctions are saturated for production levels beyond

30 MW/yr, we have based our preliminary factory design at that production

S i

level.
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D. FACTORY LAYQUT

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

cessing steps. The equipment required for this factory is listed in Table 7,

E. SELLING PRICE

We have used the criteria described in Section IT 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 estimate of the
difference between receivables and 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 entire factory and capital equipment arve financed
by debt, 1In order to remove consideration of debit ratic (% of assets financed

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

Net proiit after taxes + after-tax interest
First cost of assets

= 0.15

The before-tax interest on the factory is $0.039/W (factory investment)
and the before-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 $2/W array cost can be achieved in a large-~
scale (";:30 MW/yr) factory. The analysis clearly shows that the largest cost
centers and therefore the areas needing the greatest attention are the crys-
tal pulling and wafer sawing operations. Conventional Czochralski single-
ingot pulling and i.d. wafer 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, we have shown that the cost is reduced to
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Figure 56.

Factory layout.




¢0T

INYESTHENT

ALUMINUM BLOCK

ANNEALING FURKNACE

ARGON GAS INSTALLATICM
BELT—>CASSETTE STACKER
CASSETTE STACKER

CENTER GRINCER

CENTERLESS GRINDER
CLAM—SHELL UKLCOADER

CRYSTAL MOUNTING BLOCK
CRYSTAL PULLER SFARE PARTS
CUTOFF SAW

DISHING GAUGE

FINAL ASSENBLY ECUIPMENT (B)
FRAME ASSEMBLY EQUIPHENT
GRAPHITE PLUG

GRAPHITE STICK CRYSTAL MCUNT
FEACWAY CONTOUR GRINDER

IIT MODEL 3 SPINKER-3 TRACKS
III MODEL 3 CVEN-3 TRACKS IN
LIFETIME TEST SET

MECHANTCAL STACKER
MISCELLANEQUS CP

NIKCN COMPARATOR

OPTICAL SCANNER-EXCELLCN
OPTICAL SCANNER-EXCELLCN RED
GXIDE STRIP STATICA({B)
PACKAGING EQUIPMENT
CLASS/PVYB/PANEL ASM. STATION
PANEL INTERCCWNECT STATICN
POCL3 DIFFUSION FURNACE(B)
POCL3 FURNACE LINERS({E)
POCL 3 FURNACE COILS(B)

POCL3 FURNACE PADDLES(B}

PCLYSTLICCA INVENTCRY (B}
POT REFILLER

REICFERT WICRCSCGPE

ROTARY INDEX TABLE SYSTEM
RS STRING TNTERCONNECT EQUIP
SCREEN PRINT & DRY SYSTEM
SCREEM PRINT & FIRE SYSTEM
SILTEC CRYSTAL PULLER—E60
SILTEC HAFER SCRTER-FRCBE
SILTEC WAFER SORTER—%.E.T.
ULTRASONIC WAFER CLEANER
VARTAN MULTIBLADE SAN
WAFER ETCHING STATION(B}

TABLE 7.
INVESTMENT SUMMARY

UNITS $TCTAL
J&3. 2504
16 72000.
13. 19500C.
léa 240C0C.
b - 60000.
Te 126C00.
Te l&£8000.
4. 12000.
263. 3C855.
6l. 35075C.
16. 38400.
2. 78CC.
l. 27500.
l. 752004
363. 126w
363. 130680.
3a 162€LCa
36. 1440000.
36. 7200004
Ta 35CCC.
la 15000.
Ta 126000«
Ta 4550C.
164 240000 .
1. 35CCC.
24 160CCC.
le 25000.
l. SE2CCCa
2e 360000.
e 2664004
4a 224CC.
4 32000.
4a 3acce.
6la 102175C.
6la 305000.
Te €3C(C.
Se 137500.
3. 357000,
be 5228CCa
10. 1388000.
6l. 4£88CCCL.
6 900000 .
Ta 1225000,
la &60GGCC.
363. 7260000.
2a ko o of
il. 1320CC.

WATER RE-CIRCULATOR

S/HATT
0.00G0
0.0CZ
0.005
c.CC8
0.002
0.004%
0.0C¢t
0.000
C.CCl
0.Clz
0.001
C.GCC
0.001
0.003
. 008
0.004
C.CC5
0.G48
0.02%
C-.CCl
0.000
0.004
0.CCz2
0.008
C.ccl
0.0C%
0.001
0019
0.012
0.009
c.cCl
0.001
g.CC1
C.034
0.010
0.0CZ
0.005
0.Cl2
OuC1E
G046
C.1&3
0.030
0.041
g.0cC2
0.242
C.CC3
Ca0C4

FACTORY EQUIPMENT

$fCEPR.
415a
1C286.
27857
34286.
8571.
18000.
24GCCa
1714,
30855 .
C.
5486«
1114
3929.
10743 .
1C4.
18669.
23143«
2C5714.
102857.
5000.
2143.
18000.
€£5CC.
24286
5000.
228517.
3571.
83143.
5142%a
38057
SeCL.
8000.
4571 .
0.
43571
SCCC.
19€43.
51000.
76114.
198286.
697143
128571.
175000.
B571a
1037143.
12857.
18857,

LIST

$/WATT
0.000
0.000
¢.001
0.001
. 000
0.001
g.Qct
0.0C0
0.001
Ca O

0.000
0.000
0. 000
0.000
C. 000
0.001
0.001
0.007
0.003
0.000
0. 000
Owcil
0.000
0.0G"
0.07.0
C. 001
0.000
0.003
0.002
0.00t
C.0CO
0.000
0.000
g.0

0.001
0.000
C.001
0.002
0.003
0.007
0.023
0.00C4%
0.006
0.000
0.035
0.000
C. 00!

$INTEREST
261a
6480.
17550.
21600.
5400
11340.
151204
1080.
2777
31567.
3456.
TO2 -
24754
67684
65-
11761.
14580.
129500,
64800
3150.
1350.
11340a
4095,
21600.
3150.
14400.
2250.
52380
32400.
23976.
2016.
2880.
2880«
91957,
27450
3570a
12375
32130
47952
L24920.
43%200.
81000
1:10250.
5400a
653400.
8100
11880.

S/RATT
0.000
0. 000
0. 001
0.001
0.000
0.000
0.001
0. 000
0000
0.001
0. 000
0.000
0,000
0.000
0.000
0. 0G0
0.C00
0.004
0.002
0.000
0. 000
0.060
0.000
0.001
0.000
0. 000
¢.000
0.002
0.001
0.001
0.000
0. 000
0000
0.003
0.001
0.000
0.000
0.201
0.002
0. 004
0015
0.003
0.004
0.000
0. 022
0.000
0. 000

0w
120.
~108.
4800.
16000«
27450
1200
14004
64a
21780.
400
0.




TABLE 8.

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 Ceatrol

Minicomputers for Payroll and MIS

Cassettes

SUPPORT FERSONNEL
PLANT ADMINISTRATION
Factory Mgr
Asst Mgr
Secretaries
Receptionist

Industrial Relations
Secretaries

Financial Services
Secretaries

Accounting Services
Secretaries/Clerks

Computer Service
Computer Operators

Purchasing
Secretaries

FACILITIES
Guards
Maintenance
Janitors

Warehouse
Material Handlers

Dispensary
Industrial Engineering

Quality Control & Purchased
Material Inspection

Support People (Total)

FACTORY OVERHEAD DETAILS

Ft

72,800
9,460
2,300
4,000
3,300

800
3,000
2,000
2,300

99,900

160,000

103

60,000

(2)
(2100)

Number

N TS

2
1/shift

2
1

3/shift -

3/shift
3/shift

1
3/shifc

1/shift
10

5/shifr
107

7.28M
0.56M
0,14
0.24M
0.2

0.05M
0.18M
0.12¢
0.14M

8.9IM

0.04M
0.06M
0.02M

0.5M
0.25M
0,21M

$/Year

SOK
40K
10K
10K

18K
16K

60K
10K

43K
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

L24iA

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
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TABLE 9. FACTORY OVERHMEAD SUMMARY

Ttem Quantity Cost (8) Annual Cost (§) $/W
Support Personnel 107 1719K 1719K 0.057
Cassette (4~yr life) 2100 210K 52.5K 0.002
Heating, Lighting, and AC 188K 0.006
Insurance 115K 0.004
Local Taxes 230K 0.008
Factory Depreciation
(20~yx life) v 8970K 448K 0.015
Factory Interest (9%) 9010K 811K 0.027
Support Equipment
Depreciation (7-yr life) 770K 110K 0.003
Suppoxrt Equipment
Interest (9%) 770K 69K 0.002
Receivables (30 days) (9%) 5000K 450K 0.015
Payables (30 days) (9%) (1750K) (158K) (0.005)
Total 0.134

$2.01/W, which points out the need for the full development of thése tech~
niques by 1982. But even in this case, the cost of wafer preparation couprises
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 acceptable limits after repeated analysis and

gome redesign of the panel.
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SECTION 1V

EXPERIMENTAL, PRCDUCTION STUDY OF SILICON
SOLAR CELL ARRAY MODULES

A, TINTRODUCTION

As reported in Section II, conceptual studiés weré made of manufacturing
process sequences for the large-scale producticn silicon solar array modules
which could be sold for $0.50/peak W in 1986. As a result of that study, the
major elements of the most cost-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 semsitivity of these processes to changes in
the primary variables and to identify the critical variables relating to cost
and performance.

The work consisted of three phases: a experimental production study;
screen-printed metallization development; and panel design and assembly, The
purpose of the experimental production is to produce a statistically signifi-
cant quantity of solar cells in order to assess the process parameters which
affect cell performance. Subsection B of this report describes the results of
operating that experimental line for the three junction-formation processes
of Figs. 57, 58, and 59. Screen printing of the contact patterns onto the :
solar cells is an essential element of the low-cost manufacturing; however, it
is not now a highly reproducible process., Subsection C describes the develop-
ment conducted in assessing Ag and Al inks and experimental results obtained
in screen printing these inks on test structures and solar cells. Subsection
D discusses a double-glass panel designed to meet presently expected electrieal
and envirommental conditions. Preliminary results of a lamination technique

used to construct such a panel are also described.

B. EXPERIMENTAIL PRODUCTION STUDY

1. Basic Processes and Equipment

The three manufacturing sequences of Figs. 57, 58, and 59 were simulated

in an experimental production line located at the RCA Solid State Division,
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COST ANALYSIS:CASE II:SPIN-ON +POCLZ DIFFUSION{B) 02/03/77 13:09218 PAGE 1

PROCESS COST OVERVIEW-S/HATT
ASSUMPT IONS: 0.717 WATTS PER SOLAR CELL AND $ 0.0 FOR 7.8 CH {2") DIAHETER WAFER

STEP YIELD PROCESS HAT*L. Do L. EXP= Pae DHa INT. DEPR. SUBTOT SALVG. TOTALS 2 INVEST E

1 99.0% SYSTEM “Z® WAFER CLEANING (B) 0.0 0002 0.002 0.000 0.23 0.000 0.005 0.0 0.005 l.3 0.003 1.0

2 95.0% SPIN~ON SOURCE:=l SIDE {B) 04007 0.010 0.000 0.005 04002 0.003 0.026 0.0 0026 6.9 0.0138 6e S

3 99.0% POCL3 DEPGSITION AND DIFFUSION (4) 0.0 0.017 0.028 0.021 0.003 0.004 0.073 0.0 0.073 19,3 0.031 11.6

4 95.0% EDGE POLISH {B} 0.0 0.002 0.004 ©0.001 0.000 0.G0F 0.008 0.0 0.008 20 0.005 2e0

5 99.0% GLASS REHOVAL {8) 0.0 0.002 0.001 0.001 0.000 0.001 0.005 0.0 0.005 le3d 0005 1.8

6 99.0% POST DIFFUSION INSPECTICN (8] ] 0.0 0.003 0,000 0.003 0003 0.004 0.013 0.0 0.013 3.6 0.030 11.1

7 98.0% THICK AG METAL—FRONT:AUTQ (¥:3] 0.025 0009 0a0il 0.012 04006 04009 007 0.0 0.071 1847 04062 2341

B 9B8.0% THICK AG METAL-BACK:AUTC (8) 0.024 0.00% 0.005 04005 0.003 0.004 0.045% 0.0 0. 04% 1l.6 0.031 11,5

9 99.0% AR COATINGISPRAY-ON 18} D.002 0.004 0.002 0.001 0.001 0.00L 0.011 0.0 0.011 2.8 0.008 3.1

10 BO0.0% TEST {8} 0.0 0.004 0.000 0.003 0004 0.006 0.018 0.0 0.018 4«7 0.042 15.6

11 98.0T INTERCONNECT 2GAP WELDIKG {8} 0.002 0.006 0,002 0,002 0.002 0.003 0,016 0.0 Qe 016 4.3 0.019 Te2

| e 12 100.0% DOUBLE GLASS PANEL ASSEMBLY (B} 0.072 D0.002 0.002 0.00F 0.001 0.002 0.080 0.0 0,080 21le1 0.014% Sel
: o 13 100.0% ARRAY MODULE PACKAGING {A) 0.007 0.001 0.0 0.000 0.000 0.000 0.009 0.0 0.009 2e4 D000 0.2
] N 64,67 TOTALS 0,138 0s066 04057 04054 0.024 0.038 0.378 0.0 0.378 100.0 0.269 100.0

A 3647 17046 15.11 14437 Ge41 10418 100.0D

NOTE: {A)=EXISTING TECHNOLOGY: {(B)=NEAR FUTURE: {CJ=FUTURE ANNUAL PRODUCTION: 5040 MEGAHATTS.

Figure 57. Cost summary - spin—on -+ POClq diffusion
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COST ANALYSIS:CASE III:SPIN-ON 2 SIDESI(B) : 02703777 13:09:18 PAGE 1

PROCESS COST OVERVIEW-$/WATT
ASSUMPTIONS: 04717 WATTS PER SOLAR CELL AND $ 0.0 FOR 7.8 CM (3™) DIAMETER WAFER

STEP YIELD PROCESS MAT'L. D. L. EXPes P. OHe INT. DEPR. SUBTOT SALVG. TOTALS T INVEST T

1 99.0% SYSTEM "ZI™ WAFER CLEANING (8 0.0 0.002 0.002 0,000 0.000 0.000 0.005 0.0 0.005 1.3 0.003 1.0

2 95.0% SPIN-ON SOURCE:2 SIDES (8) 0.014 0.030 0.001 0.012 0.004 0.007 0.068 0.0 0.068 18.6 0.046 16.4

3 98.0% DIFFUSION (B) 0.0 0.009 0.002 0.002 0.001 0.003 0.016 0.0 0.016 4.5 0.012 4.3

4 95.0% EDGE POLISH (8} 0.0 0.002 0.004 0.001 0.000 0.001 0.008 0.0 0.008 2.1 0.005 1.9

5 99.0% GLASS REMOVAL (B) 0.0 0.002 0.001 0,001 0.000 0.001 0.005 0.0 0.005 1.3 0.005 1.7

6 99.0% POST DIFFUSION INSPECTION (B) 0.0 0.003 0.000 0.003 0.003 0.004 0.013 0.0 0.013 3.7 0.030 10.8

7 98.0% THICK AG METAL-BACK:AUTO (el 0.024 0.004 0.005 0.005 0.003 0.004 0.045 0.0 0.045 12.3 0.031 11.2

B 98.0% THICK AG METAL-FRONT:AUTO (8) 0.024 0.009 0.011 0.012 0.006 0.009 0.070 0.0 0.070 19.4 0.062 22.4

% 99.0% AR COATING:SPRAY-CM (81 0.002 0.004 0.002 0.001 0.001 0.001 0.011 0.0 0.011 3.0 0.008 3.0

10 80.0% TEST (8) 0.0 0.004 0.000 0.003 0.004 0.006 0.018 0.0 0.018 4.8 0,042 15.1

11 98.0% INTERCONNECT:GAP WELDING (8) 0.002 0.006 0.002 0.002 0.002 0.003 0.01&6 0.0 0.016 4«5 0.019 T«0

= 12 100.0% DOUBLE GLASS PANEL ASSEMBLY (8 0.072 0.002 0.002 0.001 0.001 0.002 0.080 0.0 0.080 22.0 0.014 4.9
53 13 100.0% ARRAY MODULE PACKAGING (Al 0.007 0.001 0.0 0.000 0.000 0.000 0.009 0.0 0.009 2.5 0.000 0.2
64.0% TOTALS 0.145 04078 04031 0.043 0.025 0,041 0.363 0.0 0.363 100.0 0,278 100,0

z 35.87 21.52 B8.63 11.87 6.89 11.22 100.00

NOTE: (A)=EXISTING TECHNOLOGY: (B)=NEAR FUTURE: (Cl=FUTURE ANNUAL PRODUCTION: 50.0 MEGAWATTS.

Figure 58. Cost summary - spin-on 2 sides.




i COSY ANALYSIS:CASE [2ICN IPLANTATION(B] Q2703717 13:09218 PAGE 1

PROCESS COST OVERVIEW-$/MATT
ASSUMPTICNS: - Qe717 WATTS PER SOLAR CELL AND $ 0.0 FOR 7.8 CH {3") DIAMETER WAFER

SYEP YIELD PROUOCESS HAT'Le De Le EXPs P OHae INT. DEPRa. SUBTOT SALYG. TOTALS % IHVEST £

1 99.0% SYSTEH "Z® WAFER CLEANING t8) 0.0 0.00F 0.001 0.000 0.000 0.000 0.003 0.0 0.003 1.0 @.002 0.5

2 96.0% ION IMPLANTATION:=2 SIDES (8 0.0 0.010 0.010 0.009 0.013 0.020 0.061 0.0 0061 17.9 0.140 38.8

3 98.,0% DIFFUSION {B) 0.0 0.009 0,002 0.002 0.00%@ 0.003 0,015 0.0 0.016 4.8 0.012 3.3

& 99,0% POST DIFFUSION INSPECTICN (8) 0.0 04003 0.000 0.003 O0.003 0.00%4 0.013 0.0 0.013 3.9 0.030 8.3

5 98.0% THICK AG KRETAL-BACKIAUTG {B) 0.02% 04005 0.005% 0005 0.003 0.004 0045 Qo0 0. 045 13,0 0.031 8.6

& 98.0% THICK AG METAL—FRONTZAUTE 181 G.024 0.009 0.011 0,012 0.006 0.009 0.070 0.0 0070 2045 0.062 17.2

7 99.0% AR COATING:SPRAY-ON {8) 0.002 0.004 0.002 0.00! 0.001 0.001 0.011 0.0 0.Q11 3.1 0,008 243

! 8 B0.0% TESY [¢:3) 0.0 0.004 0.000 0.003 0.004 0.006 O0.016 0.0 Q.018 5.1 0.042 11.6
! 9 9B.0X INTERCONNECT2GAP WELDING B} 0002 0.006 0002 04002 0002 0.003 0.016 0.0 0.016 4.7 0.019 5.4
j = 10 100.0% DOUBLE GLASS PANEL ASSEHBLY [3:3) 0.072 04002 0.002 0Q.001 0.00! 0.002 0,080 0.0 0. Q080 23.3 0C.01% 3.3
] [ 11 100.0% ARRAY MODULE PACKAGING {4} 0.007 0Q.001 0©.0 - 0.000 0.000 0.006 0.009 0.0 Q.009 2«86 0.000 a1
! o] 70+2% TGTALS ’ 0.131 04053 0.035 0.038 0.032 0.053 0.343 0.0 0.343 10040 0.361 100.0

T 38.21 15.54 10431 11.09 9:48 15,36 100.00

NOTE: (A)=EXISTINE TECHNOLOGY; (Bl=NEAR FUTURE: (C)=FUTURE  ANNUAL PRUDUCTION: 50.0 NEGAWATTS.

Figure 59, Cost summary - ion implantation.
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Somerville, NJ. A process flow chart showing the sequence of steps used in.
the fabrication of 3-in.-diameter solar cells is given in Fig. 60. The basic
processes and eqguipment 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 reéistivity
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 vanges from 1 to 2 chm-cm.

b. Process Deseriptions

(1) Junction Formation -~ Three methods were tested: ion-implantation of
phosphorus and arsenic, a spin-on phosphorus source, and gaseous diffusion

from phosphorus oxychloride. TIn all cases the back contact is made through
a high~concentration boron diffusicn.

Ton 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 delivering 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. June-
tion implant times are on the order of 10 minutes depending on species and
experimental requirements. Holders have been designed which are capable of
masking the surface peripherally so that 4 planar structure results which does
not require further etching to define the junection.

Typical doses were 1 x 1043 phosphorus and 1.5 x 1615 arsenic atoms per -
cm?.  Boron was implanted into the back of the wafers at a dose of ~l x 1013

atoms per cmg and simultaneously driven—in in the jﬁnction anneal step,

: &

Spin-on Diffusion Source ~ A Headway EC 100 spimner is used to apply
spin-on diffusion source, disﬁensedvfrom a hypodermic syringe. A variety of
proprietary solutions made by Emulsitome Go., Whippany, NJ, has been used to

*Headway, Corp, Garland, TX.
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Figure 60.

WAFER SELECTION

5-10 Q-em 1-2 2-cm

CLEANING

JUNCTION FORMATION

SPIN-ON , 10N
BOTH POCIz | |mpPLANT.
SIDES SPIN-ON | BOTH

BACK SIDES

JUNCTION DEPTH AND
SHEET RHO MEASUREMENT

CLEANING

B

v

Ti/Ag METALLIZATION
AND DEFINITION

EDGE GRINDING
(EXCEPT ION IMPLANT)

SPIN-ON AR COAT.

ELECT. TEST

Experimental production process flow chart.

110

e




obtain phosphorus and boron £ilms., Care is taken to emsure proper ventilation

and safety precautions in handling the toxic solutions.

Phosphorus Oxychloride Deposition and Diffusion - A Thermco* SPARTAN

furnace is used, fitted with flowmeters, bubbler, and exhaust, Deposition and
diffusion occur simulﬁaneously. A typical cyecle is 10 minutes preheat in
nitrogen to reach thermal equilibrium, 45 minutes at temperature with oxychlo-
ride flowing, 10 minutes in nitrogen~10% oxygen while the wafers are glowly
withdravn 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, which carries out periodic checks on all

instruments and refers these to National Bureau of Standards traceable standards.

(2) Cleaning, Etching, and Fhotolithography - These operations are performed in
laminar flow stations using procedures which are standardized for semiconductor
device fabrication. All reagents are "Electronic Grade'; the ringe water is
deionized, filtered, and monitored to ensure that its resistivity is over 138
Mohm—cm.

Wafers ave "Standard Cleaned" first in SC-1, a 1:1:5 mixture of ammonia,
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, 5C-2 removes virtually zll metallic contaminants that may reduce
the carrier lifetime in the finished device. Tor preimplant cleaning, an
equally good alternative method has been used, based on a mixture of equal
volumes of sulphuric acid and hydrogen peroxide at over 80°C. A standard
photolithographic technique is used, based on Shipley A21350J,_t0 produce the
fine-line metal patterns used in the experimental stage. Wafers are stored
and transported in fluorocarbon carriers with dust—tight 1lids and transferred
to quartz boats'whareﬁer 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) Edpe Contouring - When a spin-on source or phosphorus oxychloride is used
to produce the junction, and in the case of ion implants when the edge mask
wafer holder is not used, 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 £rom each other. This can be done conveniently by either an edge or
contour grinder or by lapping the edge with a slurry of garnet® in water and

then cleaning.
() Merallization - During the initial phase of this work while the details
of screen~printing metallization are being investigated, the metal pattern is
eithér evaporated through a metal mask or photolithographically defined,

The pattern is shown in Fig. 61, The back contact metal is not patterned.
The metal is evaporated in a Veeco 775 equipped with an Airco-Temescal electron
gun and planetary mechanism that permits uniform evaporation of 21 wafers at a
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Figure 61. Metallization pattern

#The garnet used was Corundum #1600 (9.5 pm), 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 ¥MS—3 thickness gage, A fraction of
cells will continue to be metallized in this fashion for control purposes,

(6) Antireflection (AR) Coating - Emulsion titaniumsilica film* is applied
using a Headway spinmer to obtain a layer of about 70 to 80 mm. This is
baked at an average temperature of 450°C in a Watkins-Johnson variable-speed
belt furpace having six-heat—zone controls, in air. The wafers pass through
the hot zone, which peaks at 500°C, in 10 minutes. The metalliization is
sintered at the same time.

2. Documentation and Measurements

a. Process Measurements 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 wafers are drawn from the inventory., they are marked
with the solar cell lot number by diamond scribing in small figures near the
reference flat, and an entry is made into the solar cell travelog (Fig. 63).
A process lot number is assigned and subsequent measurements and observations
are entered onto the travelog. A copy of the shipped cell travelog is then
filed. Individual measurements on each wafer are recorded at the various
checkpoints on log sheets like those shown in Figs. 64 and 65. New experi-
mental runs or changes in scheduling are recorded on the form ghown 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 carbide, 40-um radius probe tips,
loaded with 50 g, while the sheet resistance of the very thin junction layers

is measured with "blunt' probe tips having 100—ﬁm 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 film Type-C, purchased f£rom Emulsitone Co., Whippany, N.J.
#%Keithley Instruments, Cleveland, OH.
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Solir Cells == Intaming Inipestion

Vendor Vengar Lot = Hee, Rep. =
SC Lot & ScVendar Tyne Itzm
Ousn. Aecv'd Samnls Stze t Dara
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Figure 62. Incoming wafer inspection shezt.
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Figure 63. Solar cell travelog.
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Solar Cells
Bulk Resistivity Measurements

SC Lot = Date QOper, Process Lot =

Thickness ] Factar | Vewp | Veou Factor | Bulk P

SN {mil) 0,00254 {raV}) {mV) 4583  |{chm-cm}

Figure 64. Solar cell bulk resistivity measurement chart.

Salar Cells
Sheat Resistivity Measuraments

Lot Yo, Oper. Date Sheet ol

measuremant chart.
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Date
Furnace Temparature Profile Furnzce
Number Requested Requested by | ppook Release Comments

Figvre 66. Chart for recording changes.

(2) Junction Depth — To obtain a junction depth measurement a Philteec 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 destruec-
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,

:(3) 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) Antiveflection Coating and Metallization Thickness — After the antireflec-
tion coating is baked, a wafer is coated with an etch mask such as wax or eteh-
resistant tape in a way that permits a straight edge to be defined. This is
done by etching in hydrofluoric acid; then the mask is removed. The step

hHeight or metal thickness is determined by a surface profilometer such as a
Talysurf made by Engis Equipment Corp.*%** A set 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 Coxp., Mortomgrove, IL.
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b. Solar Cell Electrical Tests - ALl completed cells are eleetrically
characterized by a simulated AM-1 illuminated I-V and power output measurement.
This measurement is accomplished using an ELH photofloocd lamp and dynamic
electronic load. The calibration and measurement procedure followed that
specified by NASA-Lewis in their publication NASA TM X-71771,

A set of cells from the extremes of the performance distribution were
selected for detailed diagnostic measurements. These measurements included

spectral resgponse, junction I-V characterization, and lifetime (diffusion
length)}.

3. Summary and Corvelation of Selar Cell Results
a. Comparison of Cell Performance

(1) Junetion Formation - A summary of the average AM~l parameters for solar
cells fabricated by tie three junction~formation processes is given in Table 10.
The data are divided into high and low resistivity categories, with nine lots
(25 wafers/lot) run with 7 to 8 ohm-cm (20-mil-thick) wafers and eleven lots

run with 1 to 2 ohm~em (15-mil-~thick) wafers. The illuminated solar cell

parameters listed are average values for sach 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
Junetion Téc VZE n No. Egc Voe n Ho.
Formation (A) (v (%) TLots (A) (V) (%) ILots
Gaseous (POClB) 1.37 0.560 11.9 3 1.20 0.560 10.2 2
Spin~On (F) 1.25 0,530 10.6 4 0.97 G.52 7.8 3
Ton 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 &

o

Some conclusions which can be drawn from these data are:

{a) The gaseous (POClS) diffusion junction-formation process yielded the

best cells overall,
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(b) Cells made from 1- to 2-ohm-cm wafers ﬁad considerébly lower shori-
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 fbr each of the two resistivity ranges, and ex~
amination of the wafers by preferential chemical etching (Wright etch)
revealed that the lower resiétivity wafers had z considerzably higher
defect density than the 7- to 8~ohm-cm wafers. This does, however,
point out the importance of starting wafer guality in obtaining good
solar cell performance.

(¢) The ion-implantation process yislded lower values of short-cireuit and
open~cireuit voltsge than the other two junction-formation processes.
The arsenic-implanted junctions were generally slightly poorexr than
phosphorus—implanted junctions. Spectral response data and pulsed
recovery measurements show thai the minority carrier lifetimes for
cells with lon~implanted junctions are low (ﬂl ps), resulting in
diminished quantum efficiency at long wavelengths.

(d) The results for the spin—on phosphorus diffusion are encouraging;

- however, more work is needed to assure stability of the liquid spin-

on source and reproducibility of this process.

(2) Variations in Cell Characteristies and Juneition Parameters — In most
categories an insufficient number of cells were completed to determine the
nature of the statisiical 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 of cells are given in
Table 11.

Although these data include the effects of a "learning curve" associated
with the start—up of the experimental line, some preliminary conclusions and

observations can be made.

(2) The tightest distribution in cell parameters (except £ill factox)

o was obtained from cells fabricated using POCl3 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 abﬁormally

large variations in eell parameters,
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TABLE 11. STATISTICAL VARTATIONS IN CELL PARAMETERS

Sheet
AM-1 Cell Parameters Resistance
Tomstin & % T St B Sm Y fwe o
POCL4 11.86 0.68 1.41 0.028 0.640 0,04 0,560 0.012 50.6 4,2
Spin-On () 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 0.036 0.590 0.04 0.540 0,020 218.1 11l.1

Ion Implantation (As) 7.81 1,09 0.938 0,098 0.700 0.02 0,510 0.020 89.4 4,1

*Si = standard deviation for 1 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 ion-implanted cells, Low lifetime also relates to the low
value (0.510 V) of average open—cirvcuit voltage (Vgc) in the case of

arsenic-implanted cells.

Ancother 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 wvery little boromn
diffuses into the back at these temperatures making it more difficult to form
a good low-resistance back contact.

Also of importamce 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 demsity (J,), and shunt resistance (Rgg) typical
of each process are listed.

Examination of the completed cells revealed that the shunt leakage is due

mostly to physical damage on the front surface of the cells incurred im handling

the wafers. This problem would be reduced considerably n an automated line

where wafers are moved in cassettes or by air tracks,

119




logo

g
] ] LD 1 )
{ade ) o B
°
-
T o :
":_‘ Rs“u"-‘- # 220 ohm
'-? L ]
THIS SAMPLE
n=l0
. dg » 2.2 xi0azcm?
AVERAGE_VALUES
i . POCls N
<n> =0
<dg> » 1.8 x10"MA/m?
“Rgyy> =97 ohm
°.| i | S — L} 1
bR} 02 03 04 0.5 06

Figure 67. Typical I-V characteristiec, POCl3 process,

VoelV)

1000 T T —T T L
100} -
[ ]
< »
E
[+
H“ -
THIS SAMPLE
= L
ioF Repynr = 330 okm ns i3 N
. do= 2.3 x 1070 em?
4
AVERAGE VALUES
SPIN -GN PHOSPHORUS
<n> =106
L 3
<dy> =87 xi07! Azem?
SRgy> = 922 ohm
) 1 1 A }
0 ol 0.2 0.3 04 0.5 06
Veg (V)

Figure 68,

Typical I-V characteristic, spin-on phosphorus.
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Figure 69.

Figure 70.
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(3) Diffusion Temperature - Diffusion temperatures ranging from 800 to 1000°C
were used in the junction-formation processes. Examinétion of the average
short-eircuit 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 im
agreement with other work in this field indicating that lower diffusion tempera-

tures are preferred for solar cell processing.

!
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Figure 71. Short~eircuit current as a function of temperature,

(4) Performance and Characteristics of Spin-on AR Coatings - The titaniumsilica
film, type~C has a reported index of refraction of 1.96. The reflection and
absorption properties of this product when applied to a polished silicon wafer
in accordance with the procedures outlined in subsection 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. TFor the 3-in.-
diameter cells this factor averaged 36%Z., This reduction is due
mostly to nonuniformities caused by interaction of the spin—-on liquid
with the metal pattern as discussed below,

(b) Nonuniform film thickness was encountered when this liquid is spun
onto cells having metallization thicker than 4 um. This becomes

extremely severe for thick-film (>10 um) screen-printed metal.

b, Summary of Yield Analysis — A yield survey was made. The survey included
material handling from the incoming inspection station up to f£imal electrical

testing., No yield data are included for electrical testing of completed cells

123

.

e ke

Rl 1 ckiim aomnn e



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 approximately 500 solar

cells. Every process variation is included in the summary of yield data given
in Table 1.2. ‘

TABLE 12. SUMMARY OF YIELD. DATA

Process Yield 2
Wafer Cleaning g8
Spin~On Process 95
P0013 Diffusion " 98
Ion Implantation Q5
Junction Depth and Sheet 95 (Junction depth measure-
Resistance Test A ment is destructive)
Metallization and Photoresist 90 (Evaporated Ti/Ag only)
Contour Edging .92
Overall Yield (Typical) 67

These processg 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 w.cve used throughout.
Cassette or air-track automated handling systems should increase these yield

figures.

C. SCREEN-PRINTED METATLIZATTION .

1. Impurity 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 din Table 13. The high phosphorus content in the 0I-6105 and A-344l

*Engelhard Industries, East Newark, NJ.

Oyens-Illineis, Inc., Toledo, OH,
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TABLE 13.

EMTSSION SPECTROGRAPHIC ANALYSIS OF FOUR THICK-FILM

SILVER INKS (ppm

OWENS ILLINOL

by wt)

s

FORMULATIONS

Element 0I-6103 0I-6105

Cu 300-3300 50~500

AL 15-150 30-300

Fe 3-30 10-100

Mg 1-10 3-30

8i 500--5000 60-600

Pb 2000-20, 000 1-10

Bg ND##% ND

B 600-6000 ND

Sb ND ND

Bi D ND

Ti ND ND

Zn ND ND

Na 50-500 100-1000

Ni ND -

Mn ND 0.6~6

Ga ND =

Ag 8 S

P ND 1000-10,000

Au 10-100 ND

Pd 3-30 ND

Ca ND ND

Cr ND ND

%5
#%ND

i

element concentration is large.

not detected,
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ENGELHARD
FORMULATTONS
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
g% S
1-10 30-300
S 1000, 10,000
300-3000 100~1000
330 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
ND ND
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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, GSpecifiec Contact Resistance

Dot patterns suitable for the determination of contact resistance were
screen-printed on 0.0l 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 specific 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 resiétance.

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 junctinn shunting for the different inks. These results are
deseribed below.

3. Screen Printing of Solar Cell Test Patterns

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.

2

This test pattern consists of one 2,1- by 2.1-cm cell, two O.,4—cm” cells,

ten diodes, and structures A and B for measurement of the contact and sheet
resistance of the printed metallization,

Solar cell wafers were selected for screen printing from the experimental
production line; these wafers had junctions formed by POCl3 gaseous diffusion
with sheet resistance of 40 to 50 ohm/square and junction depth of 0,25 ym.
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 printer and all
inks were printed through a 200-1ine/in, mesh with the pattern of Fig., 73

defined in the emulsion. The samples were fired in a belt furnace in air at
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TABLE 14, SPECIFIC CONTACT RESISTANCE, SCREEN-PRINTED
THICK FILMS

Ink

A-3441
10m at 700°C
650°C
600°C

A~3233
10m at 700°C
650°C
600°C

0T-6103
10m at 700°C
650°C
600°C

0I-6105
10m at 700°C
650°C
600°C

n-type
(111)-plane
19
1.0 x 107" fee
0.01 ohm—-cm
(ohmrcmz)

0.08
1.64
3.54

0.01
0.4
0.76

l.21
1.0
1-95

0.27
2,19
5.01

by evaporated and sintszred (500°C) aluminum.

the area of the large cell is 4.4 cm?,
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p~type
(100)-plane
19
1.1 x 1077 /ee
0.01 ohm~cm
(ohm—cmz)

0.12
1.08
1.57

0.11
0.15
0.28

0.12
0.38
2.47

0.44
0.39
7.20

temperaturas 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
The individuval devices of

Fig. 73 were then defined by mesa etching using wax as a mask. After etching,
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A1l dimensions in mil

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:

(1) For all inks, firing temperatures of 700°C or greater caused excessive
metal penetration resulting in extensive shorting of the junction.

(2) The best results were obtained at a firing temperature of 675°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 Fig. 74). The major limitation was in printing the
5-mil-wide line over a 2-cm length. The line obtained had a repeti-
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 pohm-cm. The discontinuities in the 5-mil-

wide lines caused excessive series resistance in the 2- by 2-cm cells,
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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 £fi11 factor of 0.77.

(3) At 675°C firing temperature, the three remaining ink samples had high

contact resistivities, aO.Z ohmrcm?, 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.
{4) The Englehard inks printed the best geometric 5-mil line width at a

thickness of "13 um.

(5} 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.

Figure 76.
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(v)

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 DESICN AND ASSEMBLY

1. Comparison of Glasg 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 achleve double-glass construction. Basically, there were
three classes of designs considered: adhesive bonding between cells, adhesive
bonding on cells, and safety glass laminatiomn.

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 fuur-edge support substructure,
requiring the incorporation of an aluminum U-chamnel 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
78,

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 iz used to hold
a matrix of epoxy dots with spacer discs to form a honsycomb-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 equations 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/CELIL/GLASS
PANELS EVALUATED DURING PHASE II

Fabricaticn Qptical Total Clange in Effect of Edgo Ceitlical Stress Pancl/Panel Total Cell/Circuit Corzent
Technique Coupling Optical Thermal Senl Failure Under 50 paf Interconnect Encapoulation Spee
Sequence Coupling Coupling X an Long~Term 10,000 cycles Haterinls Cost
Prior to Cell Loos {10% Power Logs Performance (Interconnect +
Gloss Anti- Cell) % Lamination +
Reflection Power Loas (Frame} ¢/W
Etch =AR
Adhesive ARfHo AR/OLL 10.0 0.5 Mpipture penc= 2000 pai Requires B.O 165 3.6-in.- 1. Area for
Bending AR/AR/AdT 12.4 2.9 trartion caugpes Fatigue life ficld dinn zells adhesive doto
Betwacn Ho AR/No AR cventual panel poor wiring 1Ix13 array coppetes with
Cells fadr 17.2 2.9 failure due to (33 in serdes) a high packing
voltage & 15 ¥ @ 20°C density.
corrosion cell texp 2. Adhesive dot
fatigue life
unoatisfactory.
3. Cannot meet
LSSA two-cdge
wounting spee.,
Adhesive AR/Ro AR/Ad 19.9 0.5 Moisture penc= 500 psi Reguires 8.0 165 3.6=in.= 1. Adr bubbles
Bonding cn Ho ARSNo AR traticn causes Fatigue life field ddnm cells in adhegive
Cells falr 154.1 0.5 eyentual panel better wiring 11x15 array cannot be re-
failuxe due to (33 in sories) moved.
voltage & 15 v @ 20“C 2, Cannot meer
corrosion cell teop LSSA two-cdpe
nounting gpec
Polyvinylf AR/No AR/PVD 10.0 Q.5 Llonger time Glass/glago JPL des. 21,1 180 3,.6-in.- 1. Autoclave
Butyral (PVB) HNo AR/No AR required but laminatea connect with ding cells pracess diasolved
Safety Glass  /FVA 4.1 0.5 plates will he of this size pigetail lend 12 x 15 arroy  air bubbles.

Lamiaction

TPy 1)

pried apart by
swelling PVB

in wide regular
use

(36 in series)
15 V @ NCCY
(37°¢)

2. Meects all
LSSA spez,




Figure 77.
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First 4- by 4~ft laminated panel with aluminum frame
tensive breakage and bubbles.

having ex




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/oil
(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 2.97 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 f£inal gap
were closely controlled. The major advantage of this technique is that the bond
area could be increased 15 to 20 times, thus largely solwving 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 fromt of the cells can easily approach 50%.
The fabrieation process for this technique would be the implacement of
multipie dots of premeasured epoxy on the glass sheet on the cell centers. Then
the glass sheet would be lowared on the cell array causing the radilal 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 bu*ble

patterns and their optical/thermal effects caused this technique to be ~bandoned.

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 that 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 ﬁhich 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 without UV abgorbing 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
1ife goals,
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The PVB 1is 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 assembly is placed in a rubber bag and the bag is placed in an
autoclave (pressure/temperature chamber), Then the bag is 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 intimately 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 is properly adjusted, a void-free, optically perfect interface is

created.
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Figure 80. Solar panel configuration.

137



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.
Thus, it is important that any layinate be entirely bubble-free.

A cross-sectional view of the solar panel frame is shown in Fig. 81. The
two frame sections will be a custom~designed aluminum extrusion. Two rubber
gaskets are used to cushion the glass against differential thermal expansion
and wind-load damping. A foil seal is used on the vertical edge of the laminate
to prevent liquid water from contacting the PVB, which swells upon contact with
water. Figures 82 and 83 show the details for on-site mounting and panel elec-
trical interconnects.
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Figure 81. Solar panel framing.
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Figure 82. Front/rear mounting.
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Figure 83. Panel interconnect detail.
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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 determine whether any cell measuring
and sorting strategy can increase assembled panel generation capability compared
with random cell selection for the panel. It is expected that 100% acceptance
testing of cells will be required to avoid the possible usa 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 technigues used in this study can be used for more exacting

studies as product variabhility becomes better defined.

a. Assumptions -~ It is assumed that the only cell test to be performed will be
a measurement of a tesit current (Itest) at AM-1 flux and at a preselected test

voltage (V ). The selected test voltage is in the middle of the range of

test
voltages where Pmax will occur; typically this is 460 mV. Since the AM-1 flux
is known, then this test actually measures efficiency (ntest) at Vtest'

In order to compute the panel output power with various cell combinatious,
a closed form function describing the cell I-V characteristic is required.
Basically, there is a choice between two different expressions. The simplest
function uses one exponential term to represent junction current lezkage while
the more complicated function uses two exponential terms. The on -term function
requires knowledge of short-circuit current (ISC), open—cireuit voltage (Voc),

and one point near the Pmax point, i.e., (I ) at,(vtest) to solve for the

test
constants (A, Ib) that will pass the characteristic equation through all three
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points, In contrast, the two=term 1-V characteristic requires one additional
point (I, V) to find three constants (A, Iol’ IOZ) that will pass the charac-
terisic curve through all four points. In order to use the one-term charac-

teristic, the following assumptions have been made.

(1) A1l usable cells have the same open-circult voltage, Voc'

(2) The ratio of short-circuit current ISc to test current (I

test)

is the same for all cells at a value of Iratio'
Some assumptions must also be made about the distribution of cells pro-

duced. The most logilcal assumption is that the measured test efficienciles

Neest fit a normal (Gaussian) probability distribution; that is, that the

probability of a cell having a given efficiency fits the curve in Fig. 84,
PROBABILITY P{7est)

TN

i I ! i 1 {
-3 2 | | 2 +3c

Tmin Tavg Tmax
Test

Figure 84, Gaussian probability distribution of test
efficiency of cells,

The requirement of this curve is that the integral under a normalized
curve over all values of X is equal to 1., This simply states that all cells
measured have a measurable test efficiency. It is assumed that all cells
between +3 ¢ (standard deviations) will be accepted for pamel fabrication,
which would consume 99.8% of all cell production, The final results will
show that even if this "window" were narrowed, the conclusions would be un-

affected,

141




It is assumed that all test efficiencies falling in arbitrarily defined
ranges of test efficiencies will be separated into different bins. Thus any
cell falling within the efficiency range 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 all cells in box I can be represented by thé efficiency at the middle of
the range I and sgo forth. For the purpose of this analysis, it is assumed de-
viations defining the various ranges have been picked; the analytical relation-
ship of the Gaussian distribution can be used to find the cell populations of

each box.

b. Analytical Model - The basic analytical relationship used in this eircuit
model is the well-known single exponential relationship between cell voltage
and current., The key circuit relationships data processing steps used will
be described in the logical sequence used in the model. TFor the particular

case analyzed, the test efficiency points were:

Moo = 18% +3 ¢
navg = 157 mean
Noin = 12% -3 o

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%
n[4] = 16.12%
n[5] = 17.38%

Ve = 0.545 open—-circuit voltage

.. = 0,75 ratio of short-circuit to test current.
ratio ;

The wvalue of Iratio used is representative of terrestrial cells In use

today. Further investigations can accommodate value in the range of 0.I5 to

0.85, probably due to variations in series resistance.

AM-1 = 0.097 W/em® (AM-1 flux) 27)
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The characteristic I-V expression referred to earlier is

A/AVL
L, = Ige ~ I, o - =1, ) (28)
where A = e/kT - 38,647, a known constant. For reference, the I~V charac~
teristics for the five regions are shown in ¥Fig. 85. By placing the points
(Itest’ Vtest)’ o, voc) along with I.*= Itest/Iratio in Eq. (28), two simul-
taneous equations are generated that define the A and Io for the particular
cell's characteristic curve. |

80 v

40 i

CURRENT {ina)
8
T

n
[
I

3 1 1 i
0 100 200 300 400 500 500
| VOLTAGE {mV}

Figure 85. I-V characteristics of five sort regions.

A and IO are found by a Newton-Rapheson technique, In this manner, the
congtants 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

nunerical fit to the Gaussian distribution is

Frac]l] = 0.047
Fracl[2] = 0.264
Frac[3] = 0.378
Fraci4] = 0.264
Frac[5] = 0.047
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'again the derivative of string power with respect to current d(P

The calculation which must be made is 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 Maximem Civeuit Efficiency - The power produced by a

PL is given by

=V, T ) | 29) -

where IL CVL) is given by Eq. (28), To find the maximum power, the derivative
d(PL)
dG&)
Newton~Rapheson method, the value of voltage meax[J] in Eg. (29), the values of

of Eq. (29) can be found readily in closed form, Then by using the

Pmax[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

:E: Fracf[J] P x[ i - {(30)
J=1

In other words, Pmi is the maximum power that could be produced if the

cells were sorted and assembled into five different panel types.

(8) String Operation — When power is produced by a string of cells, they
must all have the same current density., However, the power to the panel is
contributed in proportion to the areas Frac[J]. Thus, the expression for the

string power as a function of current-IL is given by

Pstring (1) = ZF‘:&C[J] P (1) | (31)

Here the power as a function of current IL is needed whlch can be found
by solving Eq. (28) for V. (IL)’ and, therefore, P (IL) = I % V (I ). Here
)/a(L,)

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

P =V (T ) (32)

S string ““pms

Thus, the value of Pms corresponds to the panel power produced if the
panel were composed of the appropriate fractions of production Frac[J] for the

normal distribution., That is, Pms represents the typilcal panel with no sorting.

{3) Results - The result of all these calculations is that

Pmi = 16.4 m.W'/cm2 - independent optimized operation

s 15.9 mW/cm? - gtring optimized operaticn

It

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 n37% 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 distributions of cells or a dis-
tribution of different cell characteristicse could change the conclusions some-
what., It will probably not be worthwhile to pursue this issue further until

the low-~cost parameters are more completely characterized.
E. GCONCLUSIONS - EXPERIMENTAL PRODUCTION STUDY

The work reported here represents a 6-month experimental production study
of the elements of low-cost manufacturing sequences previously identified. In
starting any production line, a "learning-curve' process is inevitably experi-
enced, so that the conclusions drawn are to be considered preliminary, and should

be weiphted accordingly.
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1, Selar 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:

POCL

Spin-on phosphorus sources resulted in reasonzbly good junctions

5 Saseous diffusion resulted in the best cell performance.

and cell performance. Reproducibility, stability of the source, and
uniformity all need further verification.

The ion-implanted junction-formation process for both arsenie and
phosphorus generally resulted in poor cell performance., The short-
circuit currents obtained from cells made by ion implantation were
lowest of the three junctions processes and exhibited the largest in-lot
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 menual
handling was used., Wafer breakage was the major factor in yield loss.
High temperature processing (>900°C) resulted in lower short-circuit
current,

Little correlation was noted between measured junction sheet resilstance
and cell performance in that wide variatioms of sheet resistance did

not result in similar variations in electrical cell parameters.

2, Screen~Printed Thick-~Film Metallization

0f 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 vnacceptably
high values of contact resistance and generally resulted in shunted
junctions.

A firing temperature of 675°C was found adequate to obtain a contact
resistivity of n0.05 to 0.08 ohm~cm to n% junction layers having 30~
to'SO-ohm/square sheet resistance and junction depth of 0.25 um,
Screen meshes of 200 lines/in. and émulsion thickness of 1 mil were
found to result in poor dimensional control inm the printing of
5-mil-wide lines.
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e The thickness of the fired lines ranged from 15 to 20 um and had sheet
resistivity of 4 to 6 uchm-cm.

These wvalues were found adequate for
the front grid of solar cells.

3. Panel Assembly

A preferred panel design and assembly technique has been determined. This
design incorporates features directed towards satisfying JPL specifications on
electrical performance and acceptance test requirements. The panel is a double-
glass laminate structure, 4
diameter cells. The constructlon makes use of a well-established 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 laminevi

ving procedure are:

@ It is important that the laminate be entirely bubble~free since even
small bubbles will eventually cause delamination during thermal cyecling.

® Small, 6- by 6~in. panels were successfully constructed containing
active cells. No change in cell characteristics was noted after 50
cycles of -45 to +95°C thermal testing.

Q@

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 requlremants of the POC1L

3
gaseous diffusion junction~formation technique in conjunction with
the requirements for screen-printed contacts should be determined

by experimental production of a sufficient quantity of cells,
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(3)

4)

(5)

While spin-on source dopants seem econonically viable, further
work is required on the relatiomship of the liquid source
composition to its stability and the resultant junction pro-
perties, Specifically, water-based dopant sources should be
evaluated.

The ion implantation and thermal activation and anneal process
require a thorough evaluation to determine the processing steps
necessary to achieve higher efficiencies in cells fabricated by
this 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—affective 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)
(2)
(3)
(4)

Incoming material requirements.,

Value added - material, labor, overhead.

Equipment requirements as a function of production levels.
Process yield - ratio of output units to input umnits. (Note that

this is a measure of physical 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)

(2)
(3)

The electrical characteristics of the output of two altermative
technological processes may differ.

The quality of two alternative processes may differ.
Synergistic effects of combining various processes may

need consideration.

In the initial model implementation, the material input to any technolog-

ical process i will be Mi units. I£f ¥y 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 Mi of this process will be (Mi/ri)yi. The number of input units

scrapped in the process will be M -M!r , = Mi(l—yi).

Figure A-1 depicts a technological process used in the manufacture of solar

i 717 i

array modules. Mi ncoming units wvalued at $Xﬁ 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 scraéped, with the salvage wvalue being used to reduce process overhead.

The average output unit cost Xi' is determined from process cost informatiom.
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M; INCOMING UNITS @ $X; PER UNIT

SCRAP S VALUE ADDED_
M.(1—y;) UNITS PROCESS i DIRECT MATERIAL
1=y B Py e DIRECT LABOR

iad OVERHEAD

M, OUTGOING UNITS @ $X;' PER UNIT

Figure A-1l. Technological process representation.

It is important to note that the number of units entering a process nor-
mally will be greater than the number leaving the process. Hence, the capacity
requirements of various processes may differ. This simple model assumes that
flow is from one process to the next; no feedback of units to an earlier stage
is currently permitted. Therefore, for a given megawatt requirement, the proc-

essing requirements of each technological process 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 requirenants (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 output requirements and provide detailed
cost estimates on a process basis. Alternative strategies can be explored.

Also sensitivity of cost to various parameters can be studied by varying the
individual parameters.

Once a small number of feasible alternatives have been selected, a detailed
financial analysis could be made of each alternative. This analysis could use
a simulation approach in order to incorporate uncertainty rather than the de-
terministic approach utilized in the initial screening process in order to es-
timate the risk involved in each alternative scheme.

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 the following items:
(1) Multi-year analysis capability utilizing discounted cash flow
techniques.

(2)

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].
(3) Synergistic effects of combining certain processes.

The selection of those features to be implemented will depend upon the
number of different process combinations to be analyzed and the accuracy to
which process parameters can be estimated.

The cost egtimates provided by the model include:

(1) Processing cost, expressed in §/W

(2) TFloor area requirements for manufacturing area

(3) Direct and indirect labor personnel required

(4) 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-—

sonnel, finance, quality control, etc.)
That is,

Wafer cost, $/W
+ Processing cost, $/W
4+ Heating, cooling, lighting, $/W
+ Insurance, $/W
+ Factory interest & depreciation, $/W

+ Administrative & support salaries, $/W
+ Profit, $/W

= Selling price, $/W

A-1l., B. F. Williams, Automated Avray Assembly, Quarterly Report No. 1,

ERDA/JPL-954352/1, prepared under Contract No. 954352 for Jet Pro-
pulsions Laboratory, March 1976,
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APPENDIX B - GLOSSARY OF TERMS

GENERAL INPUT PARAMETERS

Growth profile - not used currently

Shift premium -~ 2nd or 3rd shift bonus rate

Depreciation method: SL = straightline; SYD = sum-of-the-year-digits
Interest rate on debt — interest rate on borrowed funds

Debt ratio - % of fixed assets financed by debt

Sheet - 7.8~cm (3.07)-diameter wafer

Solar cell - a "sheet™ after electrical test

Array module - a 14.6 £t2 panel containing 224 solar cells

Purchased silicon cost; $/W - not used currently

GENERAL INPUIS: INVESTMENT TYPE DEFINITIONS

Name - investment name

e - process or factor
y

Availability ~ 7 of time investment ig available for use. Remainder of

time consists of preventive maintenance, unscheduled maintenance, or
idle time due to lack of availability of related investments

Cost = first cost -+ delivery charges + taxes + installation costs
Book life — estimated life for depreciation purposes

. 2 . . .
Area - area, in ft", occupied by investment and associated operators

GENERAL INPUTS: LABOR TYPE DEFINITIONS

Labor name - labor category

Labor type ~ direct: Ilabor which varies directly with the level of

production; indirect: labor which is constant over a range of production

Wage rate = $/hr base pay
GP# - not used

Fringe benefits ~ cost of employee fringe benefits expressed as a % of

~wage rate

Efficiency -~ ratio of labor required to actual labor (allows for rest
periods, lunch periods, absences, etc.)
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D. GENERAL INPUTS: EXPENSE TYPE DEFINLITIONS

1. Expense name - material or direct expense name

2, 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

3. Cost - (a) cost of item, in $/cm3, $/gram, $/kwh (process expenses will
be expressed in units specified); (b) "specified in $" if process ex-
pense will be expressed in $§

4, B8Salvage value - not used currently

E. PROCESS PARAMETERS

1. Process — group of operations .2ssociated with a specific technology step
2. Subprocess - a group of operations shared by one or more processes
3. TInput unit, output unit - "sheet,” "solar cell," or "array module"

4, Transport In, Transport Out - method of transferring units into
and out of the process area

5. Process yield ("YIELD") - ratio of output units to input units. This
is a measure of physical flow, not process quality '

6. Input unit salvage value ("SALVAGE VALUE") - estimated recovery value
of a scrapped imput unit. At this moment, all values are zero

7. 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 is added to this base area amount
to determine the "estimated floor area" of the process

T I S S PO TOUR

8. Description ~ brief process description
9. Assumptions - list of assumptions made in preparing cost estimate
10. Procedure - description of process major steps

11. 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 4
x availability. (If both sides of an input wafer are to be processed )
separately, either adjust the throughput rate or adjust the "fraction f
of input units processed" parameter.) (c) 7% input units processed: 2o
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: 1f 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.
&
5.
6.
7.
8.

Labor - (a) name: defined in C above; (b) labor requirements base:

(1) investment name or (2} "fixed" - # persons/shift fized (3) "DL" -
base is # of direct labor persons; (4) "TIL" ~ base 1s # fo labor persons
associated with process (c) # of persons/shift/base unit - ratio of per-

song of specified lzbor 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 - Z of input units for which this type of

labor is required. If an input unit is processed more than once (both

sides and/or rework), this factor may be greater than 100%. If only

revorked units or units passing some internal test are processed, this
factor may be less than 100%.

: . _ # input units/yr x % input units processed/100
# operatora/shift throughput/h x # hours/year x eff?-iency

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 bases). 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, $/W

D.L. - direct labor cost, including fringe benefits, $/W
EXP, ~ direct expense cost, $/W

P,OH. - process overhead cost, $/W (indirect labor cost)
INT. - interest cost, $/W

DEPR. - depreciation cost, $/W

TOTALS - total of dtems 1-6, above

INVEST ~ investment required, $/W

G. COST ANALYSIS: MANUFACTURING SEQUENCE NAME

i,
2.

Material, etc., - as in F above

SALVG. ~ estimated recovery wvalue of scrap, $/W
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