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Summaxoy 

The solar cell metallization processes show a w~de range 

of technical limitations, which influence solar cell 'per­

formance. These limitations interact with the metallization 

pattern design. A detailed analysis carried out over the 

last rear has led to the following conclusions: 

l~ Attention to the metallization structure becomes particu­

larly important, as the solar cell size increases. The voltage 

drop in a conducting element, such as a gl:"id lin~, and conse­

quently the power loss, is proportional ;0 the square of the 

length of the current path in the el~ent. Consequently, 

grid line lengths significantly above 2.5 em should be avoided. 

As a result, large area - square or round - cells will need 

a periodic grid line stl:"ucture with multiple bus lines • 

2. The sheet resistance for each level in the hierarchy 

of elen'tents for the current paths (fl:"ont layer, grid line, 

bus line) needs to be considerably below that of the preceding 

level, in order to be effective. Thus, the bus lines in 

large area cells have to be of substantially greater thick­

ness than obtaj,nable by metal deposition pl:"ocesses, if 

shading is to be kept within reasonable bounds. Thus, the 

reinforcement of the bus lines by interconnectorsor wil:"es 

is a logical answel:". 

3. The power output losses due both to the voltage drop­

from se~ies resistance and to the shadowing by the front 

metallization, can be held to acceptably low levels. This 
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level c~n be 5' of the maximum power output for all of these 

losses combined for a 10 em x 10 cm cell. This requires a 

relat~vely fine grid line system of, for instance, 1.54 rom 

spacing (,65 grid lines) and 25 urn line width. This. is well 

within the capabilities of sevGral types of currant metalli~a­

tion processes. 

4. When i.t is not possible to apply bus lines of substan­

tially lower sheet resistance than the grid lines, a pattern 

with grid lines only (no bus lines) will give a better per­

formance (less shading for equal voltage drop. However, 

the total series resistance connected losses are then at 

least 11.5% for a 10 em x 10 em cell. 

5. The end point voltage drop$ on metallization line$ of 

constant width and on tapered lines ending in zero width are 

identical, if the total area shaded by these lines is equal. 

However, the effective voltage drop for the power dissipation, 

is 2/3 of 'the end point voltage drop for the constant width grid 

lines, and only 1/2 for the tapered grid lines. 

6. Grid lines arranged normal to the bus lines give better 

performance than obliquely arranged grid lines. 

7. The energy dissipated in the series resist.ance element.s 

themselves is by far the dominant energy loss re!;;ul tingfrom 

series resistance. A rematching of the load 'to reduce the 

current from that giving maximum power in the "ideal" cell 

without series resistance, can result. in a slightly greater 

power output than would correspond to the maximum power out'put 
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of the ideal cell minus the energy dissipated in the series 

resistanoe. 

8. While in general an optimwn value exists only for the 

grid line and bus line shading ratios, with monot.onously 

decreasing losses as grid and. bus line spacings tend 

towards zero (with the shading ratios maintained at their 

optimwn values), this rule does not hold, when the bus line 

is a round or square wire, or the choice of grid line width 

is limited by technological requirements. In these cases, 

optimwn values can be found for the bus line spacing and 

wire diameter separately, or for the grid line spacing 

in dependence on the minimwn practical line width. 

9. The analysis of t.he solar cell performance implications 

of the front metallization design for large area solar cells 

has led to a set of definitive Design Rules, contained in 

this report.. 

10. Some of the metallization processes used in solar cell 

production are not capable of yielding low losses. Worst 

seem to be the print-on thick film processes, which are limited 

to li'ne widths of 127 )Jm or greater, and which yiel¢! only a 

fraction of the bulk cohductanceof the deposited metal. 

11. Several metallization process ~equences will lead to 

adequate metallization for large area, high performance 

solar cells at a metallization add-on pric;:e in the range 0,£ 

6.- to l2.-/m2, or 4 to 8¢/W(peak) , assuming 15% efficiency. 

12. Conduct.ion layer formation by thick film silver or by 
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tin or tin/lead solder leads to metallization add-on prices 

significantly above the $6.- to 12.-/rn2 range. 

.... :;p 

13. The wet chemical processes of electroless and electrolytic 

plating for strike/barrier layer and conduction larer for­

maticn, respectively, seem to be most cOlJt-effective. 

14 • Vacuum deposi tion,jf the strike/bal:rier layer may be 

competitive with electroless plating. 

15. The final selection of a process sequence may hing~ on 

small, but important effects connected with !3asking, such 

as underspray under shadow masks, overplating of the ed,ges 

of the barrier layer, registration problems, etc. 

16. The use of the AR coating as the metallization mask 

may be even more attractive as it may avoid some of the pro­

blems mentioned in point 15). 

17. Some further development effort should be expected to 

be needed after carefully observed pilot line operations may 

reveal problems of process controllability, yield, or like 

those mentioned in point 15 Which may influence initial 

solar cell performance or cause long ter.m degradation. 
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,I. INTRODUCTION 

The m~nufacturing methods for photoV'oltaic solar energy 

utiU>~l4tion systems consist, in complete generality, of a 

sequence of individual processes. This process sequence has 

been, for convenience, logically se':)'1nented {.;nto fiv!!l major 

"work areaa": xeduction and purification of tbe semiconductor 

material, sbeet or film 9~neration, device generation, module 

assembly and encapsulation, and system completion, including 

installation of the array and the other subsystems. For . 
silicon solar arrays, each work area has been di.vided into 10 

generalized "processes" in which certain required modifications 

of the work··in-process are performed. In general, more than 

one method is known by Which such modifications can be carried 

out. The various methods for each individual process are 

identified as process "options". This system of processes 

and options forms a two-dimensional array, which is here called 

the, "process matrix ". 

In the search to achieve improved process sequences 'for 

produci,ng siliconsolC\~cell modules, nUmerous options have 

been proposed and/or developed, and wil3r sti,ll be proposed and 

developed in the future. It is a near necessity to be abl~ 

to evaluate such proposals for the technical merits relative 

to other known approaches, for their econoxnicbenefit.s,and 

for other techno-economic attributes such as. e'nergy consump­

tion, generation and disposal of waste by-products, etc. 

Such evaluations have to be as objective as possible in light 
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of the available information, or the lack thereof, and have 

to be periodically updated aa development progr ••••• and'new 

information become. available. Since each indiv1.dual proce •• 

option has to fit into a process sequence, technical inter­

faces between consecutive proccassea must be QQmpati,))le. Thi. 

places emphasis on the specifications for the work-in-process 

entering into and emanating f~om a particular process option. 

The objective of thill project is to accumulate the 

neceslary informAtion as input for such. evaluation., to 

develop appropriate methodologies for tbe performance of 

.uch techno-economic analyses, and to perfor.m such evaluations 

at various levels. 

The reduction of quartzite to metallur~iQal grade sili­

con was examined first, followed by comparative evaluations 

of advanced Czochralski techniques for growing single crystal, 

cylindrical ingots, and of various slicing process options 

to produce single crystal silicon wafers. The next "work 

area" for producing solar arrays is the fabrication of the 

.ilicon wafers to solar cells. This process involves many 

steps, one of Which is the front junction formation. Of the 

major junction forming proces$8s currently employ-ed, diffusion 

from gaseous sources was examined in Qetail a~ a baseline 

process. It '"as then compared to alternate options, in­

cludingmod,ified diffusion processes and ion implantation, 

to determine their potential for mass prod'uction processes 

of lower cost. 
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After juncti.on formation, the next major ate}? in cell 

fabrication is metallization. The metal pattern i~ needed 

to collect and deliver the current from the photOyolt~ically 

active parts of the solar cell to a terminal w.herethe load 

can be conveniently connected. To facilitate the techno­

economic evaluation, the input work-in-process speci:.fica­

tions, procedures, attributes, technical readiness, and costs 

for current and proposed major metallization processes., as 

well as the .t'equirements for ancillary processes., such. as 

masking, sintering, etc., were examined. The basic processes 

applicable to metallization are: wet cnamical plating which 

includes immersion, electroles's, and electrolytic j?lating; 
. 

physical vapor deposition where the metal is vaporized b~ 

thermal energy, b~r an electron beam, or by s,Puttering with 

Argon ions; and thick film screen printing of noble and base 

metals wi til and without the presence of frits. An example 

of their 'application is the formation of strike and sensi­

'l:.:Lzing layers by irmnersion or electroless plating, or al­

ternately by vacuwn evaporation. A variation of vacuUIll 

~vaporation is ion plating, where the va,porized metal atoms 

are ionized either by an Argon plasma or by an RF fieJ.d. 

Variations to tile state-of-the-art thick film screen print­

ing process are also under development, such as. the Midfilm 

process which combines some aspects of the photoresist pro-

cess wi.th. the thick film methods. 

It is not only necessary to establish low resistance 
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contacts and an adequate conduction layer I but :.t;t is impor­

tant to define a metal pattern on ~he front of the solar 

cell which combines minimum series resistance losses and 

area coverage. 

Consequently, a part of this report deals with the 

metallization pattern design, oft'en called "qrid line design". 

It is more readil~ open for analysis than other aspects of 

the metallization process/performance relationship. Never­

theless, a lot of misunderstandinq of the metallization 

pattern/performance relationship seems to have existed. 

Tbe various processes applicable to metal deposition 

and pattern generation impose differing limits to the design 

options available, and consequently to the solar cell per­

formance achievable. Thus, the limitations of the various 

processes with respect to pattern design enter critically 

into the techno-economic evaluations. It is also to be ob­

served that, in general, the metallization pattern de,sign 

is much more sensitive in larqe area solar' cells than ,in 

small cells. While small cells are quite ,forgiving to mis­

takes in grid structure design - very $ID~ll cells do not 

even,need any grid-patterned contact system - careless design 

of the contact geometry in large cells can lead to serious 

perform~nce loss. 

The later part of this report concentrates on the pro­

cess options for applyinq the metal to the silicon surface. 

The ancillary processes for pattern definition have not yet 
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been examined equally intensively. In some cases, theae 

processes are connected with AR-coating formation, in others, 

they are an integral part of the metallization procedure, as 

in thick film screen printing. 

As in the preceding studies of processes, the evaluations 

were started with the current methods of metallization for 

which. a large amount of the needed i'nformation is normally 

available. Nevertheless, isubstantial gaps or uncertainties 

we;-e found in important. information required for both techni­

cal and economic evalua~iol'l of, the currently practiced pro­

cesses. In proceeding to the eva1uation of processes which 

are still in the developmental or even conceptual stage, the 

gaps in needed info~ation become even larger. In these cases, 

it is necessary to fill the gaps more extensively with esti­

mates baaed on extrapolations or analogies • 
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II. The Impacts of Metallization Pattern Design in 10 em 10 em 
Solar Cells: Illustrative Examples. 

To illustrate the impacts of metallization design on effi­

ciency and process cost-effectiv~ness, seven metallization 

systems, including four different patterns, were evaluated for 

the resistive voltage drop and the area coverage. In the 

remaining three variants, the influence of the metal sheet 

resistance, as it would result from different process-parameters 

or process' options, was considered • For this purpos'e, the 

thickness of the metallization, ass'umed, to be copper of bulk 

conductivity, was varied from 5 ~m thickness to 10 ~m, simulta­

neously for both the front and the back metallization. In 

the final variant, the most favorable pattern geometry has also 

been evaluated with, a metal layeir as it would result from screen 

printing and sintering a sil"er paste, resulting i,n 10 llm 

thickness after firing. The study was based on the 10 cm x 

10 em cell size which seems to emerge as a standard size for 

large area cells. The differences in the 4 types of grid line 

patterns are illustrated in Fig. 1. 

Pattern Type 1 uses 4 busses with equal spacing (2.5 em 

centerline spacing}, placed normal to the grid pattern of par­

allel lines, and parallel to one of the sides of the 10 em. x 

10 cm square cells. The width of the bus lines is 1 rom (,40 mil). 

Each pair of adjacent busses is joined near one edge of the 

cell to form two attachment ponts for interconnectors to an 

adjacent cell in the module. The busses are assumed to be formed 

simultaneously with the grid line metallization, and consequently 
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Table I. 

The Physical Parameters of the Seven Metallization Cases Used as Illustrative Examples. 

CASE JCOLUMN t) 1 2 
PATTERN TYPE (Fig. 1) 1 2 

I BASE: BULK: 

RESISTIVITY (Oem) 3 .. -
THICKNESS (pm) 300 ... .. 

CONTACT: 
METAL THICKNESS (~m) 5 .. ... 
PICK-UP POINTS 1 .. .. 

to 
FRO~'T: DIFFUSED LAYER 

SHEET RESISTANCE (n) 35 

METAL: Cu 

THICKNESS (pm) 5 ... ... 
GRID LINE 

SPACING hmn) 4 

I WIDTH (pm) 127 .. ... 
BUS LINES 

NUMBER 4 1 

WIDTH (mm) 1 
PICK-UP WIRES 

NUMBER -
GAUGE -
DIAMETER (mn) -
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3 4 5 
2 3 3 
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po 26 -... . .... .. 0.405 .... 

" 

6 
4 

4 

.. 
...... .... 

... 
Jill"'" 

0.64 

I .( i 
I 

22 I 
0.644 I 

I 

-
7 
4 

... .... ... .. 
... 
y . .... ,... 

... .. 
PRINTED.Ag 

10fFIRED} 

.. ., .... 
127 

~ 
r 

~ ... .. 
~ . 

I~ 

'" 

.. 

! 

i • 

.l!' 

~ 
1 

---__ "''''_ml~~~~;oi l::!~~~"W4W"" I aWttt7' tim. WMes:r# r i.1'I11 A 
_.J1II .... ' to . ...,. a1 t' 



i 

t 
I 

,. i , . 

to be of the same material and the same thi'ck'ness' as' these 

(S ~m). The center-to-center spacing of the grid lines is 

4 rom (160 mil)., their width 127 11m (S mil) (Irable i). The back 
of the cell has been assumed to be fully metallized, with one 

attachment point for an interconnector to the next cell located 

in the center of the cell. This general cell configuration is 

similar to some now on the market. 

Once the geometry is defined, the voltage drops can be 

determined which result from the various series-resistance 

components in the cell. The first concerns the base region it­

self. Its resistance is given by: 

~=p ; (fl] 

With a seI!)iaonductor resistivity ~ of 3 flcm, and a base region 
,.,:,p •• 1 -2 L"'I 2 th1cknes's, dB,\'C';" 30.011m, th,e real.stance, .,l.S 9 ~ a '., cm 

for the unit cell area. For the entire cell of area A = 100 cm2, 

~is 9 • 10-4 fl. The corresponding voltage drop at a maximum 

power point current of3 A for the whole device will then be 

2.7 mV, or approximately 0.5 percent of the expected maximum 

power point voltage. 
. 

For the back surface metallization with copper of bulk 

resisti"'/ity and 5 lJm thickness, the sheet re~istance Rsh is 

3.2 mfl. with uni.form injection of the current over the entire 

back surface, the effective curre~t flow wienin the metal layer 

is only one half of the total current extracted from the back 

contact. This could also be expressed as an effective resistance 

of the back contact metallization of 1.7 mfl. However, the current 

is usually extracted from a small area to which an interconnector 
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Curr.nt 
Flow Paths 

a.) Single Point Interconnector 

• 

Attachment in Center of Cell 
l ~ I 

FIG. 2 

Approx. 
Curr.nt 
Flow Paths ~-+-oej 

10 em 

b.) Two Interconnector Attach­
ments near Edge of Cell. 

Two Backside Metallization Patterns considered. 
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to the adjacent cell is attached, rather than from a strip pick 

up uniformly attached along the entire length of one of the aides 

of the cell. The effective resistance value discussed woUld be 

appropriate for this latter arrangement. For the small area 

pick-up ~ntioned first, the spreading resistance has to be 

taken into account. Its value i$ given by: 

, (3) 
11' 

Assuming th$ interconnector to be attached in the center of the 

wafer with a circular joint of radius a-1 .• 5 nun, the spreading 

resistance would be 3.3 mn (Fig. 2a). This spreading resistance 

value leads to a voltage drop Qf approximately 5 mV. 

The sheet resistance of the front layer 'Rsh,FL is assumed 

to be 3S n, the value generally used in modern silicon solar 

cells. With the current path to the nearest grid line ex­

tending over half the spacing S between adjacent grid lines, 

and with uniform current injection into the layer occurxng 

over this distance resulting in another factor of 2, the 

effective resistance ~L of the front layer itself attains the 

value given by: 

~L= 
Rsh,FL 

4 

s 
(4 ) 

In this relationship, W is th~ total length of the grid line to 

the nearest bus line, or half the clear spacing between adjacent 

bus lines. The voltage drop in the front sheet is then given 

by the product of the resistance value given by equation (4) 

11 
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and the ourrent contributed from half of the spaoe between 

adjaoent grid lines, that is the area ~ • W: 

(5) 

~, It may be noted that the voltage drop is proportional to the 
f~ 
~f' square of the total length of the current path in. the given sheet. 

t 
I 

\ i , 
I 

This is characteristic for all current flow in sheet structures 

in the Qell, and it emphasizes the need to keep the length of 

each of the current paths adequately small. 

Designating the width of the grid lines as TGL , the effec­

tive resistan,ce RGL of the grid line itself is s;i.milarly given by: 

1 _ 
~; (6 ) 

and the voltage drop in the grid line due to the current collected 

from an area equal to s· ~'l is given by: 

= j · R h s , 
1 S 2 

GL 2' r- N 
GL 

(7) 

The 4 mm line spacing of the Type 1 grid pattern thus results 

in a voltage drop of 21. mV within the diffused layer. Using 

bulk resistivity of copper, SlJm grid line thickness, and 127 llm 

line width, a 2.5 mV drop is found for the grid line~ themselves. 

RelatiQnships corresponding to those for the gr;i.d lines 

(eq. (6) and (7» apply for the bus lines, with the effective 

bus line resistance RBL given by (~BL = width of the bus lines): 

RaL • Rsh,BL • 
L 1 • (8) - . 

TBL 2 
, 
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and the voltit.ge drop in the bus line, with current co.llected 

from an area equal to 2W.L, being expressed by: 

W 
AVSL • j Rsh,BL -T

BL 
(9 ) 

In equations (8) and (9), L expresses the length of the side of. 

the solit.r cell, which is parallel to the bus line, assuming the 

bus line length to equal the length of this side. with the 5 pm 

thickness of the bus lines and their 1 mm width, the resistance of 

the bus lines is considerable, resulting in a vol·tage drop of 

129 mV for the cu,rrent flow of O. 7SA per bus line of pattern 

Type 1. 

The voltage drops discusses here for the frent layer- and 

the metallization are the maximum voltages, appearing, for a 

grid line as an example, between 'the connection point to the bus 

line and the farthest point of the given grid line. The "effective 

voltage drop" which constitutes a weighted average, depends on the 

shape of the grid line, as will be discussed in section IV. For 

lines of uniform width, as well as the front layer itself and the 

back metalliZation, in the case of full coverage, t;h~ factor of 

2/3 is to be appl.ied to the maximum voltage drop. For unii,:ormly 

tapered lines reaching zero width at the farthest point, the 

factor is 1/2. For pattern type I with unif.orm width grid and 

bus lines, the sum of: all effective voltage drops, including those 

in the base region and the back contact, is 108 mV, or appro~imately 

21' of the maximum power point voltage of the ideal cell with zero 

resistance. 
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Table II. 

The Vo1:tage Drops and .Front Area Shading !>y Metal. for the Seven Cases of Table :I. 

CASE (COLUMN~t~)~~-----'---I~--~-----2------~-------3--~----4--~----5--~---6--~--~-~7~ 

nal iKN TYPE 1 2 2 3 ~ 44 

VOLTAGE DROP (mV) 

BASE: CONTACT 5 ~ 2.9 ... 
~ 

. ~ ~ BULK 2.,7 _ 0.6-1----+---+-----1-.. ... --------------.... --------. -------- -----~--------- ------------ ------~. ~--""---."'1~------.... ' ~-----
FRONiI: DIFFUSED LAYER 21 11,,1 4.9 :-

GRID LINES 2.5 106.9 61 1.0 ~ 1.65 

BUS LINES 129' 15.1 15.1 15.6: 0.97 0.96 0.95 

WIRE O! __:.. 8.6 2.8 0 : 
'. ..------------I-----f-------~~----_+_---_+---_+_---_I_--__i 

rorAL EFFECTIVE: (mV) 108 95 56.5 22.1 8.9 7.1 7.5 

AS % OF VMAX , t[DEAL 21 18.3 10.9 4.3 1.7 1.4 1.5 

AREA COVERAGE (~2 ::: ~') 
q ( • 

GRID LINES 3.18 4.02 3.6 ~ 6.1 

BUS LINES 4.0 0.97 - 0.98 -'2.5 2.5 

WIRES 0 ~ 0.7 2.8 0 

TOTAL 7.2 5.0 4.6 5 .. 3 7.4 6.1 S.t; 

~ lor' • iii ~ ltl 

.""~~r"'·t$I)'.'7_t~~.~~1$'·~~....\::~~t.~w'¢~tl_r"""4:_t~~·",...~r~"':_lI~\·'1'-...,· .. ~~:~'¢..,.7'~-- -, • .... _ .... ~i·#~.;,o;>~t.~~~~~~~~~A,l::;;:.~t~~:;.."i~"::!tt'~~~;~''":·:m::::::::'~.t~~~~*t:"t~'M~u:. 
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'!'hi. value i. clearly untolerably high. In addition, the grid 

lin ... and the bua linea cover 3.2 and 4.0 percent, re.pectively, 

of the frontal area of the cell. For the cell with metallization 

de.1gn Type I, t.he combined .eries re.iatQnce related power 10 •• , 

including the front area coverage, tn,us amou~ta to approximately 

28' of the potential power output ('l'able II). 

As equations (6) and (8) show, the maxJ.ruum vo 1 tag8 dr.op is 

proportional to the square of the path-length of the current 

in the %;espective conductor. In order to lindt a given voltaqe 

drop, it i. therefore important to lind.t the path length for 

the current. Si,nce in the ,first metall,ization pattern,'l'ype 1, 

the main vol tage cirop ocourred in the bus linea, the romedy 

would be,shor.tening their lenqth. This consideration leads to 

~le pattern desiqn 'l'ype 2, where there is only one bus line, 

running alonq one edge of the eell (Fiq. 1,). The nwnbe.r of 

piok-up , points, -t.wo, . on ·the f·ronthas be,en ·ma1.ntained I from Type I, so 

that the aver~ge path length in this main bus line is now 

reduoed f~om 10 om to 2~ em, with a resultihq decrease of the 

voltage dJ.·op in this element from 129 mV to 15 mV. Simultaneously, 

the grid line spacing haa been {~educed from 4 mmto 3 rom (Table I). 

The baok metallization ha. been maintained aBbefore. As 

a consequerlce of the reduced grid line spacing, thevoltaqe drop 

in the, front layer itself has been reduced from 21 mV to 11 m'!. 

Because of ehe increase of the length of the qridlines, however, 

and in spite of the reduced current flow in each one of them, 

their voJ.ta9'~ drop has grown from 2.5 mV to 107 mV. 

15 

..: ,_: ~ '_. 



, 

J 
J 

\ 

; 
I 

r I 
. ! 

J 

I 
.:1 

K 
:1 
1\ 
~ 

Ira con.equence, the total effective voltage drop for the cell 

1. 95 mV. Simultaneously, the increase in the humber ot. gr14 

line. ha. inc~ea.ed their area coverage from 3.2 to 4', while 

the coverage by bu. lines has been reducea to 1', yielding 

a total area coverage of 5'. (Column 2 of ~able It). 

While the change in metallization pattern from Type 1. to Type 2 

brought significant reductions in both voltage drop and area 

coverage, the series resistance power loss is still much higher 

than acceptable. In the next step, the Type 2 pattern ha. been 

maintained, but a number of refinements have been assumed, 

in order to reduce the voltage drop. All metallization has 

been increased in thickness from 5 to 10 }.1m, whichi$ about 

the maximum thickness reliably obtainable by various deposition 

methods. The resistivity of the base material has bften decreased 

from 3 to 1 ncm, and the thickness of the base region from 300 to 

200 ~m, in order to reduce the base voltage drop (Table, I~. 

For the same reason, the number of pick-up points on the base 

contact has been increased to 2. This number also corresponds 

to epe number of pick-up po',ts on the front of the cell, and 

it provides redund~ncy. Also, the base pick-up points hav~ been 

moved from the center of the cell to one edge of the cell (nearest 

to the adjacent cell), and they have been snaped as semicircles 

of 4 mm diameter. Their effective spreading resistance is 

1.1 mO. Outside of! the spreading resistance region, t:he metalli­

zation sheet is effectively two times 5 cm wide and 8 em long, 

each half leading to one of the contact points (Fig. 2&). 
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The additional resistance of this metallization sheet is 2.7 mO, 

so that the total resistance is 3. 9 m~l for each half of the 

back metal layer. necause of the uniformly distributed injection 
. 

into the metal layer, only one half of this total resistance is 

effective. Since each p:i.ck-up point carries only one half of 

the total cell currant, the back metallization voltage drop 

is 2 ~ 9 mV, for a total base region voltage drop of 3. 5 mV. 

In addition to these base region refinements, the grid 

line spacing has been further decreased from 3 to 2 nun, with a 

simul taneous decrease in the width of the grid lines from 127 

to 75 llm, so as not to increase the area covered by grid lines 

(Table I). This reduced gridline spac1ng gives a voltage drop 

of 4.9 mVin the front layer itself. Simultaneously, tne re­

duced current flow in each grid li,ne, together with their 

increased thickness, yields a grid line voltage drop of .61 mV. 

Taking also account of the voltage drop in the main bps line 

(15 mV), a total effective voltage drop for the entire cell 

of 56.5 mV is now obtained, for a power loss of approximately 

11%. At the same time, a small reduction of the metal coverage 

in front (4.6%) has been achieved as a result of the slightly 

decreased grid line width {Column 3 of Table II~ ~ 

Since the major voltage drop is now incurred in the grid 

lines, the logical next step is to decrease their length. A 

way of accomplishing this is by distributing the bus line again 

to four lines, directed normal to the grid lines (Type 3 in Fig. ;I.),. 

The average center-to-center spacing' of ... these busses is 2.5 em. 
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The interconnectors to the a~jacent cell are now running over 

the tOP of the cell for most of its length, serving simultaneously 

aa pick-ups from the 4 bus lines, as shown by the op_n and solid 

wide lines, respectively, in the Type 3 pattern illustra-

tion. Al,l other metallization features have been kep1: constant. 

The grid line voltage drop has been reduced to 1 mV without 

additional area coverage, but an additional 8.6 mV drop is now 

incurred in the interconnect wires, which are assumed to be 

of 26 gauge (8 & S) which corresponds to 0.4 nun dialneter. The 

total effective voltage drop now is 22.7 mV, or 4.3% of the 

ideal maximum power point voltage. Because an additional 

area is covered (0.7%) by the 2 interconnect wires, the total 

area coverage by metal has increased to S.3~ (Column 4 of 

'rables I and II). 

Since the largest voltage drop in the ~lpe 3 pattern is 
I 

in the bus lines ,the number of pick up wires bas, for a trial, 

been increased from 2 to 8, mindful of the L2 rule for the bus 

lines. The other features of the Type 3 patt~rn have been 

maintained. This change resulted in a decrease of the bus 

line voltage drop from 16 mV to 1 mV, and that in the pick-

up wires trom 8.6 mV to 2. 6mV, with a consequent total 

~". effecti ve voltage drop of now 8.9 mV, :for a 1.7% total series 

re.istance power loss. While this could be consi~ered as a 

tolerable level, the increased ,number of pick-up wires now 
" 

:{ 
11\ shade 2.8' of the frontal area, for a total shaded area of 

l.t 
II 
!~ 

:1. 7.4', a value si9'nificantly larger than considered acceptable. 
, 
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As the number of pick-up wires used in the previous trial 

seemaexcessive,their number has subsequently been again 

reduced t04 • Also, since there occurs some Ur'ftfeCessary shading 

by both bus lines and pick-up wires, the pattern has been rotated 

by 90°, sot:hat the pick-up wires run now on top of the bus lines 

(Ty,pe4 in Fig'i 1)._. This, in ef£ect,constitutes a reduction 

of the sheet resistance of the bus lines through a thickness 

increase. In fact, by slightly increasing the diameter of the 

pj.ck-up wires to 22 g.uge (0.64 nun diameter) ,the bus line 

voltage drop could be maintained at the same value as in the 

prior arrangement, although only half the number of pick-up wires 

is used. Simultaneously, the additional voltage drop in the 

pick-up wires is eliminated (Column 6 of Table II) • Conse-

Gfuently, the total effective volta~e drop is 7.1 lftV, corresponding . 
to 1.4% power loss. In this arproach, the bus line area coverage 

has been increased to 2.5%, but no additional area coverage by 

pick-up wires is incurred. Thus, the total front area coverage 

by metalli zation is6 .1% (.Column 6 of '.t'ableII). 

The use of printing methods for application of the metalli-

zation pattern has recently found widespread interest because 

of potentially very low processing costs. For this reason, 

the grid and bus line pattern Type 4 whi'ch was just discussed 

with plated-copper metallization, has also been evaluated for 

a screen-printed -thick tilm silver system • Use of this system 

entails two .restrictions. . First,the mi'nimmn line width. attain-

able .withthi·ck .fi~mscre·enprinting has been projected to 
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Table III. 

. ~ 
Output Power (Efficiency) and Solar Cell Values for tt~e Seven Metallization Cases of Table I. 

C-l\SE (COLUMN I) 1 2 3 4 5 6 7 
PATTERn TYPE 1 2 2 3 ., 4 4 oJ 

APPROX. OUTPUT VOLTAGE 

~JMAX (v) 0.412 0.425 0.463 0.,497 0 .. 511 0~513 0.513 

APPROX. CURRENT DENSITY 

J
MAX 

(rnA cm-2 ) 
30.64 31.36 31.50 31.27 30.57 31.00 30.19 

A1?PROX.POWER OUTPUT 

P 
-2 (mW cm ) 12.6 13.3 17.6 15.5 15.6 15.9 15.5 

. 

CELL VALUE 
2 $/m 55 62 79 88 -90 , 93 as 

$/W 0.403 0.443 0.505 0.54 0.545 0.554 0.54 

I 
~ 
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127 ~m, although ~S4 ~m is currently the minimum practical 

line width. In contrast, line widths of. less than 7S ~m are 

readily attainable now with various other plating methods. This 

necessitates larger area coverage wit.h screen printin9. The 

secone;! :restriction is that the sintered metal layers have a higher 

resistivi.ty than the bulk metal, or plated layers • With the 

practically attainable maximum thickness of 10 ~m for a single 

screen printed layer after firing, the sheet resistance becomas 

limited by the generally experienced conr.luctivity of the paste­

deposited and sintered silver, which is about 30% of its bulk 

conductivity (Column 7 of Table I) • ~ith this; the grid line 

voltage drop is increased to 1.65 mV for a total effective volta~e 

drop i_o the cell of. 7.5 mV corresponding to 1. 5% power loss 

(Column 7 ·of Table II Becauseo£ the greater grid line 

widths, the total area coverage is increased to 8.6%. Togeth-

er, this ent~j.ls apQwer output reduction .by 2.6% incurred 

in switching from the plated copper to the screen-printed 

silver metallization system. 

In a solar cell idealized to zero series res:i:stance and zero 
-2 front area coverage, a maximum-power-point current of 33mA cm 

and a maximum-power-point voltage o£ '0.52 V would corresponn to 

current technology, for a power output of "17,2 mW. ASSuming:' -the 

series resistance to effect only the output voltage by reduction 

from the ideal maximum-power-point voltage with the effective 

voltage drop, and the ar~!looverage to affect -only ·the maximum" 

power-point current in proportion to~theunshadedfrontarea, a 

table of power output per unit cell area for the sevendi~ferent 

21 
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Fig. 3: Four curves representing the reJ.ationships between the value of 
solar cells and solar modules, respectively, and the efficiency 
of the modules. Both are expressed in dollars/m2 (left hand 
scale) and dollars/peak Watt (right hand scale). The value is 
determined by the equal price of the energy delivered from the 
array. The reference nlodule value is 0.683$/W(peak) at a 
module efficiency of 14% (circles), with ail 0.201$/W(peak) 
encapsulation and module assembly price, using a ratio of 0.933 

r-' between module efficiency to encapsulated cell efficiency. The 
array installation price is 60$/m2, with an array packing f~ctor 
of 0.95. All these base data are DOE/JPL 1986 goals for single 
crystal silicon cells. 

ThE! array installation price determines the slope of the module 
value curves, the module encapsulation and assembly cost the 
differences in the pivot-point values (circles) and in the 
slopes between the module and cell-value curves. 
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metallization cases can be generated (Table III). Because of the 

use of 100 mW cm-2 peak insolation, the power output numbers 

represent simultaneously the efficiency numbel,"s. Using the 

curve of solar cell value as function ·of module efficiency (Fig. 3) 

which was described in the Fourth Quarterly Report of this project, 

cell values can be assigned to the different cell metallization 

systems, based on their diffex-ences i'n moduleefficien'C;:y. 

A perhaps somewhat optimistic factor of 0.9 has been used in 

converting from the bare cell efficiencies to module efficiencies. 

As Table III shows, the cell values vary from $93 per m2 to below 
? 

$60 per m'" for the less carefully designed systems. Even the 

$ 2··· S/m difference in vll:Lue between the ~opper plated and the siLk 

screened metallization of Type 4 is large enough to permit use 

of a significantly more costly process to accomplish a metallization 

pattern of narrower lines than achievable by screen printing. 
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FIG. 4 Simplified Lumped-Constant Equivalent 
Circuit of the Solar Cell. 
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III. The Influence of Series Resist.nce on Solar Cell Performance. 

1. A single lumped series resistance. 

!ecause of the exponential I-V characterist,ic of the junction 

of the solar cell, all considerations of 'leries resistance become 

complicated. Consequently, some of the effects of series 

resistance are not thoroughly explored, and a good deal of con­

fus~on seems to persist in the technical conununity. A small 

effort has, therefore, been spent on trying to clar.ify some of 

the simple~ points. As Fig. 4 shows, the solar cell with a single 

lumped series resistance can generally be represented by a constant 

current generator which delivers the light generated current XL' 

in parallel with an ideal diode which drains off part of this 

current as the "diode current" Io' Consequently, the remaining 

current I is available for passage throuqh the solar cell terminals 

to an outside circuit which is represented by the load resistance 

~ in Fig. 4: 

I • I - IL . (10 ) 
0 

, 

= Io~ BVo -~. BVD 
ID Ioe . (~Oa) , 

~ 
,. 

With: B = q/kT. 

The solar cell with series resistance can be considered as an 

ideal solar cell without series resistance, having imaginary termi­

nals across which the "diode voltaqe" Vp appears, as indicated 

in Fig. 4. This ideal solar cell is thencollllected to an ex­

ternal resistance RS' which represents the sinqle lumped series 

resistance of the cell, and which leads to the real solar cell 
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terminals. The voltage V appears acr088 the8e termina18, and 

the adju8ted external load re8istance RL i8 connected to 

them. Thu8, the ideal solar cell would 8ee the combined load 

re.istance: 

(11) 

and its maximum power output would be IoVo' where the current :r 

and the voltage Vo are de8ignated as Imp,a_o and Vmp , a-o in 

Fig. Sa. Thu8, that IV characteristic in Fig. S~ on which the 

point Vmp,a-o' Imp,a_o lies, i8 the charateri8tic of the ide.l 

solar cell without series resistance. 

On the real terminals, after the 8eries r$sistance RS' that 

characteristic applies which is represented by the curve goinq 

through the point Vmp,a and Imp,R (Fig Sa). At each current point, 

the voltage VR on this characteristic is reduced from that of the 

ideal solar cell by the voltage drop I.RS in the series resistance: 

(12) 

Thu8, for the maximum power point current Imp,R=O on the ideaJ. 

diode, the voltage V R 0 - I R O·RS appears at the terminals mp, :.: mp, -
of the device. after the series resistance. Note that all term~tnal 

current8 I are negative according to eq. (10) and Fig. (Sa). 

The power output of the solar cell is given by the product 

of current and voltage at each point of the .r/ characteristic. 

Thus, for the device with series resistance, the power output at 

any terminal voltage VR is given by: 

BVo 
P - IVa III VRloe - VRIL 1 (13) 
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with Vc as it appears at the ideal diode terminals according to 

eq. (12). The power output P as function of the te~minal voltage 

Va has the form' shown in ~±g. Sb. The maximum Rower available 

trom the device is indicated by Pmp ' The derivative ot the power 

output with respeetto the terminal voltage Va is given by: 

BV' dP dI . 0 
'ZT • I + V '3n' • I + BVRIOe 1 QVR R oVR 

(14 ) 

and, in order to find the maximum power ~oint voltage Vmp ' thi. 

derivative is set equal to 0, 

The interesting part: is, that introduction of relationship 

(12) into the left hand Part of eq, (13) leads tOI 

(15) 

which ahows that the available po\tter output at the terminals is 

the power output from the ideal solar cell reduced by, the power 

dissipated in the series resistance. The power output accordinq 

to eqa' (13) and (15) appears .as a negative quantity, while the 

dissipated power is a positive quantity. It should also be not~d. 

that the derivative ~ is a positive quantity, although I is a 

negative quantity in the range of interest. The current. Io which 

flows through the diode junction, is also positive~ Thus, for the 

idealized solar cell with zero series resistance, the maximum 

output attainable is: 

(16) 
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with all concerned quantities indicated by subscript a-o. 
For the real solar cell with a sin91e lumped-constant 

resistant RS' however, the maximum power output is. 

- I Iv + I R I mp,R ,D,mp mp,R 8 (17) 

or 

p _ V [I e BV D , mp -I 1 + I ~. R 
mp,R D,mp 0 LJ mp,R s 1 (17a) 

Here, VD,~mp is the voltaqe which appears across the idealized 

solar cell for maximum power out of the real terminals. The 

question is, whether maintaininq the maximum power C)utput from 

the idealized device also delivers maximum power into the properly 

adjusted load resistance RL (eq.ll), or whether deviatinq from 

the point at which the idealized solar cell itself supplies 

ma xi rnqrn power will actually deliver more power into the load. 

The latter statement means, that the power output from the ideal 

device would decrease less rapidly than the power dissipateC'. in 

the load -resistance, as this deviation from the ideal device 

maximum power point occurs. This can be readily tested by use 

of the derivative of the maximum power output from the real 

device w,ith load resistance: 

d~ dP 
~~. mp,R-O 
avo,-mp dV D ,mp 

d .. 

• , (.19 ) 

1 
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-This equation contains basically two terms according to those of 

eq. (171.), where the first term was deriv~d from the maximum power 

point of the idealized device. Now, the maximum power output from 

the idealized device h~s been found by setting its derivative with 

re.pect to the voltage equal to zero. Thus, a deviation from the 

maximum power value at small changes of the voltage can only be of 

very small Magnitude. The dissipated power, however, changes with 

the first derivative of the current, and will thus be much larger. 

AI remarked above, the derivative ~ is positive and is multiplied 

in the second term of eq. (19) with the maximum power point current 

itself which is'a negative quantity. Thus, the change in power out­

put from the real dev.ice terminals with a change in voltaqe i. a 

negative quantity, indicating an increase in the available power 

output. Con.equently, the optimum operating point of the solar 

cell with series resistance is at a voltaqe which is slightly 

greater than given by Vmp,a_O-1mp,a_O·as' and the pOW'er output thus 

obtainable will be slightly greater than that of the solar cell 

matched for a terminal voltage equal to the ideal maximum-power­

point volt,ge minus the voltage drop in the .eries ;esistance, as 
~ 

indicated by the hori;ontal arrow in Fiq. Sa. The related, common'!'" 

1y used way of 6Jlalyzing the sol"r c.ell by considering the matched 

case of the idealized device and reduc~ng the power output, by the 

dissipation in the series resistance results in a sliqhtly smaller 

than optimum power output. Since the differences in power output 

are small, most: results obtained this way should be justifiable, 

but it: will be good to Jceep in mind that these analyses actually 

30 

'ji\ 

I 

.\ 
\ 

I 
I 
~ 

-j 

4\ 



'+9f" --

are wor.e-case approximations. In the followinq discussions, this 

same approach will also be used for reasons of simplicity. 
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2. The effect of different solar cell elements operating at 
differing volt~ges. 

Tbetreatment of series resistance as a: single lumped con­

stant element, as carried out in the preceding section, is quite 

appropriate for series resistance components through which the 

entire cell current flows. This is the case with the contact 

resistance and the bulk resistance of the base region. Other 

series re~istance components, however, cause differing voltages 

to appear across various parts of the pn junction. These are the 

voltage drops caused in, the bacJ,,: metallization, and in the sheet 

resistance of the front layer, as well as the voltage drops occur­

ring in the grid lines and the bus lines. 

When various parts of ;be solar cell operate at different 

junction voltages, one might expect that differing current con­

tributions are made from these parts of the solar cell, according 

to eqs. (10). In the single lumped constant representation, the 

reduction in output power was shown to be at ,most the power dis­

sipated in the resistive component, and influences of the exponen­

tial nature of the I-V characteristic to be slightly beneficial 

rather than detrimental. When parts of the cell operate at 

differing voltages, however, the situation is different. The 

losses expected in this case will be termed "mismatch losses". 

In order to investigate the magnitude of such potential 

mismatch losses, it was assumed that the cell operates essentially 

Pf?'::CEDlNG PAGE, etANK NOT f'fc...MED 
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with Different. Series Resistances. 

34 

I • 
1II!III...s.-";"g._~,,.:.;...:~ .. ~._.~,..,_.:.~-,-, __ .. ..z!.. .• ,b·.:.'¥'~:\;H.;w.L.~""'~L"';>:"~"i!I;i),.i-':"~:..a.''''Ar.liw~~~'''~~'')''ldi.. .... _.; .. '-~"~ , .. , ':, 

I 
~ 

.J 
I 
1 

! 
.j 

J 
-~J 



I 
:Ii 1·---

! : 

i~' !, 

• i '" j 

f 
1 ' 
I 

i 11 

l, 
~, 
~~\ 

~f 

f' 

~ 

fi' 

• .... uz 

in the maximum power point condition at an average voltage 

drop across the resistive element$; ~nd that the deviations of 

the junction voltage from the average at the individual parts 

of. the solar cell will be both in the positive and negative 

l 

directions. To simUlate this case in a simple manner, a model I 
wasl devised which consists of 3 identical solar cells, which are I 
connected in parallel over 3 different series resistances to a 

common external load (Fig. 6). The series resistance of cell 1 

was called Rsl ' and those of cells 2 and 3 were considered 

to be larger and smaller then Rsl by equal amounts AR: 

Rs2 - Rsl + AR ; (20a) 

Rs3 = Rsl - AR . (20b) , 

It was thought that such a symetrical arrangement might ,best 

illustrate the existence of the expected mismatch los~es. 

The power output of the 3 parallel connected cells can 

expressed as: 

with: 

(22) 

or 

v-v +~R. 
mp,R-O '1 sl ' Il<O. 

(22a) 

be 
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In the subsequent parts of this section, V R 0 will be written mp, • 

simply as V.mp. 

The I·R voltaqe drops across the 3 series resistances will be of 

unequal magnitude, as expressed by: 

(23) 

While the common terminal voltage for all 3 solar cells is assumed. 

to be the maximum power point voltage V of the real cell 1, the 

voltage across the ideal solar cell 1, exclusive of series 

resistance, is its maximum power point voltage Vmp ' as expresse~ 

in eq. (22). 

Combining eqs. (21) and (22a) leads to the form: 

~ 
BVmp l B(I1Rsl-I2Rs2) B(I1Rsl-I3Rs3») ] 

Pout- Ioe ~+e +e -3IL V: 

(24) 

which can be, for adequately small differences in the voltage 
I . 

drops over the 3 different series resistances, expressed by first 

order approximation: 

Pout= {Ioe BV
mp [l+l+B(I1RS1~I2RS2)+l+B(I1RS1-I3RS3)] -3I~V I 1 (25) 

which, after ap}?lication of eq. t22a) takes the form~ 

1 

(26 ) 
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In this form, the first two terms give the sum of the maximum 

power output of the 3 ideal,;ized solar cells, reduced .by 3 times 

the dissipation in the average series resistance value R. l • 

The remaining terms indicate the deviation from this simpli­

fiedmodel. 

The differences in the actual voltage drops which are 

expressed in the third term on the right hand side of eq. (26), 

can be transformed as in eq. (27a) and (,27b): 

(27a) 

(27b) 

and to: 

Il-I2~BloeBV (-RSl {X l -I2 ) + (,1 2-11 ) AR+Il AR ] • (28) 

Finally, the differences in the terminal currents of solar 

cells 2 and 3 against that of cell 1 can be expressed as: 

and: 

I I -I3= -FIl (~+F) ; 

with: 
SIOllR 

F == l+BIoRsl' 

. 
(.29a) 

(29b) 

(.30) 

Introducing these forms into eq. (.2.6) permits expressing the 

output power in ,the simpler form: 
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(31) 

The actual dissipation in the three series resistances 

of differin9 magnitude is given by: 

P -I 2R +I 2R +I 2R • 
oiss 1 sl 2 s2 3 s3' (32) 

By combining eq. (26), (29 a ~nd b), (30), and (32), the 

expression for POiss can be transformed in'to one contaning 

only the current I l , the average resistance R, and the difference 

in the series resistance values An: 

(33) 

The power output Pout actually transferred into the load 

resistance, as given by eq. (31), plus the power dissipated, 

according to eq. (33), should add up to the maximum P9Wer output 

available from the three "ideal devices", unless there are 

"mismatch losses".. In the latter case, the sum of the power out-

put plus the dissipated power would be expected to be smaller 

tha.n the "ideal" maximum power output. This hypothesis shall be 

tested in the following. 

Si,nce the power output into the load resistance is given 

by th~!a IV product, where I :i,.s a negative quantity, this power 

output also appears as a negat.ive quantity. The dissipated power 

which is a positive ,quantity, thus will actually have to be 

subtracted from the power output to form the larger negative 

quan ti ty of the ideal power, as is done f.or eq. (34) which com-

bines eqs. (31) and (33): 



, rr: " . ! . 

j: j 

~ I 

i 
! .' 

•• 
J 

'--'- --' ------

(34) 

and which can readily be simplified to the form: 

The first term on the right hand side of eq. (35) represents 

the expected maximum power output from the three idealized 

solar cells, disregarding the series resistance voltage drop. 

The remaining part of the right hand side of eq. (35) represents 

the expected potential mismatch losses. This remaining part is 

the only quantity of further interest. It will, from here on, be 

evaluated for its magnitude. Since it is attributable to the 

two cells *2 and 3, it shall be designated as 26~: 

P t-Po" =3Il V +26P; ou 1SS rnp (36) 

Combin.ing terms, expressing the quantity V mp in the exponent 

by the relationship (22), and approximating the exponential 

factor with the exponent BllR by the Tay.lor expansion broken off 

after the linear term, leads to the expression: 
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AP.p
2 fl - IIl:1R) Xl V!IIP 

+( B~DR - BX1R + (B~Dk + 1) p2] 112R} I 

BlOAR 
with F- l+BlOR 

(37) 

The first term in the large brackets on the right hand side of 

"Pi 

eq. (37) contains what might be expecten as the "mismatch losses". 

This term is, however, negative, ann consequently means an 

increase in maximum power output rather than a reduction. The 

second-term on the right hand side, containing the square brackets, 

is connected with the dissipation loss, and turns out to be 

generally positive, which means increased dissipation. The first 

term in the square bracket is the dominant term by far. 

Entering numbers into eq. (37), such as a series resistance 

R of 0.25 n, and a AR of 0.1 n, a terminal current ll~3.l0-2A 

(as for a 1 cm2 cell), and a saturation current Io=2.~.10-12A, 
it turns out that the AP becomes 5.4 % of theI2R loss. 'I'he AP 

is negative, however, which means that the power output obtainable 

from the three solar cells in combination is slightly greater 

than that which woul~ correspond to the maximum power output from 

the three ideal solar cells, reduced by the l2R losses in the 

three differing series resistance. 
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IV. The Voll:age Drop in Uniform Width or Tapered Grid Lines. 

The width of the grid line at the distance t from its 

connection to the bus line is given for the 9rid line of unifor"\ 

width by (Fig. 1a): 

(39) 

and for the tapered grid line by (Fig. 7b): 

(39 ) 

For the tapered grid line, the width at the connection to the 

bus line.is set equal to 2 x TGL , so that the total area shaded 

by the tapered grid line equals that shaded by the grid line 

of uniform width TGLW. The voltage drop over the lenqth element 

dR. of the gridline is then given by the product of the resistance 

of this length element and the current f.lowing in the, grid lin~ 

at this distance from the bus connection: 

(40) 

where Rsh is the sheet resistance of the grid line. Substituting 

ei ther eq. (38) or (391 for T <'Pt), and integrating eq. (40) from 

zero to W gives the voltage drop V(w) to the end point of the 

grid line: 

(41} 

This "end point voltage drop" is the voltage drop which occurs 
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FIG. 8 Voltage Drop along a Uniform Width and a 
Tapered Grid Line, respectively. Note that 
the end-point (i.-W) voltage drops are equal, 
when both grid lines cover identical areas (TGL.W). 
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over the entire length ot the gridline. It signifies how much 

higher the junction voltage is at the farthest. point from the 

bus line, than it. ilS at the connect.ing point. to. the bu. line. 

Although this end point voltage drop is the same for both 

the tapered and the un! form width grid line, the voltage d:i.s­

t.ribution along the length of the two types of grid lines varies 

(Fig. 8). For the unitorm width grid line, the voltage drop v(~) 

VPGLW.V(W)[2~- 1M2] • , (42) 

JIIIIIII.III, 
, 

increases more rapidly near the connection t.o the bus line than 

that of the tapered. grid line which rises linearly over the length 

of the grid line: 

. , (43 ) 

In correspondence to this increasing voltage drop along the grid 

line, a varying volt.age exists across the pn junction, and the diode 

current. will vary accordingly. Thus, one would expect a complicated 

relationship for finding the effective maximum power point in a 

device with. such varying junction voltage, conSidering' the exponen­

tial nature of the IV characteristic. This is indeed the case, 

and an attempt to derive a manageable sol.ution has so far only 

resulted in lengthy andnon-transpa,rent expressions. 

However, in consequence of the discussions in section 111-2, 

in which this case was modelled in a very simplified approach by 

3 solar cells connected in parallel over three different series 

resist.ances, it was found adequate to evaluate the dissipation 

occurring in each type of grid line. Integration of the dis-
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atpated powe~ contributions along the grin line according to: 

PDila-j: (~) dV.flnrp (W-~) S dV : (44) 

a 0 

utilizing eq. (40) with either eq. (38) or (39), yields the total 

power dissipated in the uniform width or the tapered grid line, . 
respectively. Equation (45) gives the tesult for the uniform 

width grid line: 

(45 ) 

showing that the power dissipation equals 2/3 times the end point 

voltage V(W) times the total current flow through the grid line. 

For the tapered grid line: 

(46 ) 

the factor 2/3 is replaced by 1/2. 'rhus, the "effective voltaqe 

drop" is 2/3 or 1/2 of the end-point voltage drop for the unif.orm 

width or the tapered grid line, respectively. Consequently, the 

tapered grid line has a slight advantage with respect to solar 

cell performance over the uniform width grid line. 

It should be noted, however, that a truly tapered grid line, 

ending in a zero wiC'.th end point, is practically impossible to 

produce. 'rherefor: c

;:", the actually fabricated tapered grid lines 

are a compromise between the truly tapered and the uniform width, 

grid line. Their effective voltage drop will thus be between 

1/2 and 2/3 of the end point vo1ta,ge', 

46 

it 



-:11 

.. F 

A situation equivalent to that just discussed with respect 

to the grid lines also exists in the bus lines, in the semi­

conducting front layer, and in the back metallization. with 

the possible exception of the bus lines, they all are re­

presented by analogues to the "uniform width grid lines It 

equations. The bus lines may be tapered, but where they are 

reinforced by an overlayed wire, they act l.ike uniform width 

lines. 

In the semiconducting front layer, the voltage drop 

occurs between the edge of the grid line and a line halfway 

between two adjacent grid lines. This line is at the end­

po:int voltage relative to the voltage existing at the nearest 

points on the adjacent grid lines, assuming a parallel grid 

system. The drops in the various components - bus lines, 

grid lines, front layer - thus add up to a different voltage 

at each portion of the junction area. However, as shown in 

Section III, the "effective junction voltage" can be deter-

mined from the terminal voltage by deducting the voltage 

drops occuring in the various resistive components pre!J.ent 

in the device. 
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FIG. 9 Explanation of nomenclature used in the 
analy~is of the general tapered grid line 
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V. The General Tapered Grid Line Problem 

In our quarterly report the end point voltage drop V(W) 

and the effective voltage drop were investigated for uniform 

width and fully tapered grid lines. Since then, an integra­

tion method has been developed for partially tapered grid 

lines (Ref. 1). While the solutions resulting from that 

method appear to be singular at both end points of the range 

of possible tapers, which are the uniform width and the fully 

tapered grid line, it can be shown that the solution really 

is well behaved in those two cases and yields the same re­

sults as given in section IV. It seems therefore useful to 

generalize this approach. 

Figure 9 explains the nomenclature used to describe the 

geometry of the general tapered grid line. The width of the 

base of the grid line is F'TGL , whil.e the width of the grid 

line at its end is f·TGL , with the length of the grid. line 

being given by W as before. Thus, the area covered by the 

grid line is given by: 

A • ~ (.F + f) T GL W ; (48 ) 

Since the area covered by the grid line shall be the same 

for all grid shapes, and equal to TGL~W, the condition: 

~ (.F +f) =: I ; (49) 

has to be fulfilled, which nteilns that: 
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li' 

(49a) 

The grid line width i.n dependence on position along the 9~id 

line is then given by: 

(50) 

or, express~ng TGL C~l exclusively in terms of the t.aper 

parameter f, a~ter making use of eq. (49a) .in eq. (50): 

TGL (t) • TGL [f + 2 <'l~f) w;t] ; O:;f:; 1 (50a) 

f a 1 describes the uniform width grid line, and f = 0 the 

fl,llly tapered grid line, ending in zero width. 

The incremental voltage drop over a length element d~ 

at the position ~ along the grid line is then given by: 

d~ • J' (W- ~) s,· 
T (~l mp GL (51) 

where Rsh is the s.heet resis.tance ot tne, gl;i.d li.ne, a.nd S 

obtained from the center-to-center spacing S + TGL of the 

grid lines. After inserting eq. (SOa), eq. (51) can be ex~ 

pressed as: 

(5la) 

Integration from the base of the grid line to its end y~~lcs 

the end point voltage drop v(W) : 

Sw J (W-~) d~ 
V(W) = Rshjmp ~ fW + 2 (I-f) (W-~) ; GL . 

o 
The integral has the solution: 

(52) 
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4 U ... fl [ 

2 (l~fl Clf-tl] I ; 
o 

(53 ) 
which yields the expression for the end point voltage drop: 

Z 
V(W)· Rshjmp ~;GL • G(f) : (54) 

where: 

G efl a l:f [1 of- 2 n:fl .l,n (It)] ; (54a) 

For f~O, R.h (2:f1 would tend towards minus infinity. However 
it is: 

. , 
(55) 

so that this relationship tends to ~tnl = 0 for f ~ O. 

Consequently, the end-point voltage multiplier Oef) for the 

fully tapered grid line becomes: 

lim G (f1 = 1 ; 

f~O 

to yield the value of V(W) just as obtained in the 

preceding report. 

(56) 

When f approaches 1, it is useful to substitute f = 1 _ x, 
so that: 

,The logarifhm can be expressed by an infinite series r so that 
the right hand side of eq. (57) changes to: 

(57a) 
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FIG. 10 The values of the voltage drop multipliers G (f) 
and H(f) as function of f 
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or: 

1 x
2 

X
3

] =- X (1 - 1 - T - ... of. x + T + ••• (57b) 

which, for x .... 0, becomes unity. Thus, the end-point voltage 

multiplier for the uniform width grid line is: 

lim G (f) = 1 ; 
f+l 

(58) 

The values of G(f) for inter.mediate values of f are shown in 

Fig. lQ. 

The incremental power dissipation in the grid line length 

element d~ located at value ~ of the grid line length coordi­

nate, can in similarity to e'l.; . (.51.1', .be expressed as: 

which. leaqs to th.e 

. 2 s2w 
P =- RShJmp ';r­

GL 

totql power d1s'sipated 

" f ' Or_~)2 d~ 
fW + 2 (l-f), (W-~l ; 

o· 
The integral has the solution: 

, C.W-.O 2 d~ 
J fW + 2 (1-f). (W ... ~) 
o 

in the grid line; 

(.60 ) 

t~ 
I 

f
2

W
2 

R.n [fW + 2 (lo..f)(W-R.>]] I 
<-61). '0 

2 2 -2 (1 ... £) (w ... ~) ... 

which results in the tc:>tal diss-il;>ated power in the grid line: 

(62) 
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since the dissipated power can also be expressed by the 

product of the total current flowing out of the grid line and 

an "effective voltage drop~ Veff(f): 

(63) 

comparing this relationship with eq. (G2) leads to the ex­

pression for Vefftf): 

2 
V (f}· R j ~. H(f) 
eff sh mp 4TGL 

with: 

H (f). 1 3 [2 -' 6 f+ 4f2 + f2 ~n (2£f)] ; 
2 (l-f) 

When f goes towards zero, the third term 

of eq. (G4a) approaches zero, as shown in the 

lating to eq. (.551, and the effective voltage 

becomes: 

lim H (.£ j • 1 ; 
f+'O 

(64) 

(64a) 

in the bracket 

discussion re-

drop multiplier 

(65) 

When f approaches unity, l-x is suitably substituted for f 

in eq. (64;a), with x>O, so that: 

lim H(f) • 1flim 'x1 f2 - 6(l-x) + 4(1-x)2 + (1_x)2 ~n(i~:)] ; 
f+l x+O [ 

(66) 

Consolidating the first three terms in the bracket of eq. (66) , 

and expressing the logarithm by an infinite series,. yields: 
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lim R(f} - lflim ~ [-2X + 4x2 + (1-2x + x2) 2 (x + :? + f + • n}]1 f+l x+O x 

(67) 

Equation (67) reduces to: 

lim R(f) • ~ lim [! - ~x + ~x2 - ~x3 + - ••• ] • f 1 (6a) f+l x+O 

Thus, the effective voltage drop for the fully tapered grid line 

is ~ of the end-point voltage drop, that of the uniform width 

grid line f of the end-point voltage drop. The end-point 

voltage drops are equal for these two cases, and it may be 

remembered that the grid lines have been made to shade equal 
areas. 

Values for the effective voltage drop multiplier H(f) for 

intermediate values of f are presented in Fig. 10. It is seen 

that lief) increases monotonically from 8(0) • 1 to 8(1) = 1.333 . 
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FIG. 11 Oblique grid line arrangement on half of' a unit 
field around a bus line. The grid line inolina­
tion angle is a, the bus line length L-W tana. 
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VI. Oblique versus Normal Grid Lines 

A quest:i:on which does not 'have an obvious answer concerns 

poss:i:ble advantages which an oblique arrangement of the grid lines 

relative to the hus lines might h'ave' over a normal arrangement. 

The only way to answer this question is through an analytical 

evaluation. In this evaluation, the total performance losses 

incurred with either of the arrangements, ,thati. the voltage drops 

incurred and the area covered by metal, are the quantities to be 

analyzed. The voltage drop. of concern are those in the front 

usually a diffused semiconductor sheet, in the grid lines, and 

in the bus lines. 

layer, ~ 

The analysis shall be based on a unit field of the 

solar cell. Th±s unit field is defined as the area of a 

solar cell from which current flows into a single bus line. 

The pattern of this unit field is repeated periodically on 

the cell. For the purposes of the considerations here, the 

size of the unit field is constant, having been determined 

in a separate design process. The inclination angle a of the 

grid lines (~"ig. 11) is measured against the normal to the 

!ius line. The voltage drop in the front layer which is caused 

by the charge carrier flow to the nearest grid line, is given 

by: 

A V. = J' • ~ • W 1 '.!.R FL ~ cosa 2 sh,P~ 
S cosa _. _. 
2 W' (69) 

where Rsh,FL is the sheet resistance of the front layer, usually a 

semiconducting sheet generated by diffusion or ion implanation. 
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As evident, the angle dependence in this relationship falls 

out, so that. eq. (69) reduces to the front layer voltage 

drop for any grid line arrangement: 

(70) 

It may be noted that eq. «10) expresses the end-point voltage 

drop, and that the effective voltage drop will be'ewo thirds of 

the value of the end.-point voltage drop, in accordance with 

the discussions of the preceding section. 

Next to be considered is the voltage drop in the grid 

lines, which is given by: 

AV J' S W llR 1'1'. 1 • 
·GL = C'O'ia'! sh,GL CO'Sci" 'l'GL' (71) 

This relationship, again exp~"t~~ssing the end-point voltage 

drop, yields an inverse proportionality of the voltag~ drop 

to the square of the cosine of the inclination angle: 

; (72) 

Of final concern among the voltage drops is that in the bus 

line. Because of the oblique arrangement of the grid lines, 

it should not be necessary to exten.d the bus line over the 

whole length L of the cell (Fig. 12.). In fact, it might be 

h.oped that additional losses incurred by the oblique arrange­

ment of the grid lines could be, at least in part, compensated 

through the reduced length of the bus line. Thus, this length 

is chosen so that the bus line extends just far enough to 
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FIG. 13 Sketch of one of t.he two triangles at the 
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of the geometric relationships 
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connect with the last full-length grid line on the unit field. 

A separate arrangement will be made for connecting the remain­

ing grid lines which have less than full length. The voltage 

drop in the bus 

R 
tJ.V

BL 
- j sh"B 

TBL 

line is given by the definite integral: 
o 

J<'W2 tanCl + wxl dx 
L-W tana 

(73) 

Solving the integral and consolidating terms leads to the form: 

L W S: 

TBL S + TGL 
[L - W tana] ; {74} 

For consideration of the grid lines in the triangular end 

portions of the unit: field, only the grid lines of less than 

full length are of interest, which means of length less than 

given by w/cosa. Four triangles are of concern here, two 

each of which are symmetrically arranged around the c~nter 

line of the unit field (Fig. 12). One of these pairs is, located 

at the far end of the unit field, that is beyond the end of 

the bus line. The other pair is located near the base of the 

bus line where normally the, interconnection to the next cell 

will be made. 

For the far-end triangle, the length tGL,n of the n-th 

grid line is defined according to Fig. 13 as: 

1 
sina ; (,75) 

wi th n counting from the last grid line of full. length. The 

length £VL,n of the corresponding vertical connecting line 
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is qiven by: 

--L . 
cosa ' (76) 

The maximum number nmax of grid lines of less than full length 

in this triangle is then: 

2n +1 = 2 W tanCi cosa ; 
max S+T

GL 
(.77) 

This relationship, however, would truly apply only if the 

right hand side were an integer. The proper value for n
max 

will be obtained by truncating to the next lower' integer value 

from that given by one half of the right hand side of eq. (77) 

I . 
truncate to integer (78) 

Using this relationship, eq. (75). can be transformed into: 

S + TGL 
£GL,n = (n~ax - n) sina COSct ; (7.9) 

The total current contributed by each Hrid line is then 

determined by: 

In & S • £GL,n • j ; 

which, by use of eq. (79), takes the form: 

S (S +, TGL) 
In = (nmax - nJ sina cosa j i 

(80) 

(81) 

The grid lines of less than full length need to be connected 

to the bus line which ends at the distance W • tana from the 

far end of the unit field. These connections shall be accomplished 
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by lines which, fOX'l\1 Qxtensions of the bus line (running in 

the same direction as the bus line) and have the length tvL,n 

given by eq. (76), and the width~'~YL,n· The voltage drop 

~V GL,FT in the total grid line of'the far triangle, including 

the inclined grid line portion and the QQnnection to the bus 

line, is then given by: 

(..nmax - n) S.(S +:TGL) 

= j stna COSct { 
R " R !. sh,GL .~ + sh,GL 

2 TGL GL,n TvL,n 

(82) 

TGL refers to the width of the inclined portions of the grid 

lines which has been maintained constant for all grid lines 

on the cell. By use of eq. (75) and (76), eq. (82) can be 

transformed into: 

S(S + 'I'Gr,) 
~VGL,FT = j Rsh,GL sinet COSct (nmax - n) 

[
<nmax - n) (S + 'I'GL) 
~ TGL sina cosa 

+ . , n (5 +, 'l'GL)} 
.TvL,n COSct ' 

(83) 

Since all the grid lines of the far triangle are connected 

to the bus line at the same point, they shall be designed to 

have an identical voltage drop AYGL , which shall be equal to 

that obtained from application of eq. (11). Equation (83) 

can then be solved for the width TVL of the connecting portion , ,n 
of the grid line: 

2TGL n(n - n) sina max 
TYL , n = ~ AV T . 2 2, 

.c.:Ll GL , FT GL S'l.n a. cos a. ' 2 
----~~--~----~2~-- - (nmax - n) 
jRsh,GL S(S + TGL) 

; 

(84) 
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Similar considerations are performed for the near-end 

triangle. In this triangle, there are mmax -nmax inclined 

grid lines of less than full length. The length ~,m of the 

m-th grid line is determ.i:ned by: 

R.GL,m :z 

W -R.HL!m 
• cosa , (85) 

These grid lines also do not meet the bus line, unless a 

special connection is made. Here, the connecting lines run 

normal to the bus line, along the near edge of the solar cell 

CEig. 14). This connecting line has the length ~HL,m: 

R.HL,m 
S + TGL 

= m sina ; (86) 

Using eq. (85), (86), and '(78) , the gr.id line length can be 

expressed as: 

S + TGL 
R.GL,m = (mmax - m) sina cosa (87) 

in complete analogy to ~GL,n of eq. (.79),. Again, a voltage 

drop for the grid line plus the connecting line is obtained, 

and again the voltage drop is considered the independent 

variable, from which the width THL,m of the connecting line 

is determined. Tbus, for the connecting line between the m-th 

grid line and the bus line, the width is: 

THL,m = 
2 TGL m(mmax - m) cosa 

2 A T' 2 2 uVGL,NT GL S1n a cos a 

j Rsh,GL S (S + TGL) 
2 
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It should be noted, th.at the aVGL values used in eq. (84) and 

(S8) are the end-point voltage drops, which are obtainable 

from the desired. effective voltage drops through the shape 

multiplier discussed in the preceding section. 

With all the line dimensions determined, the question of 

the area coverage by metal can now be attacked. The total 

numberkGL of grid lines to be used, that is full-length lines 

and partial length lines added together to make full length, is: 

= L . 
(5 + TGL) /cosa f 

{S91 

and the area of each of these kG!J grid lines is given by: 

TGL W 
AGL,k = TGL • tGL = cosct; (90) 

Thus, the' total area covered by all grid lines is: 

Equa,tion (91) shows that the area covered is independent of 

the angle of the grid lines, as long as their width TGL and 

their normal spacing 5 are maintained co~tant. However, 

constant width TGL , independent of the grid line inclination 

angle a, results in a varying voltage drop according to eq. (711 

The area covered by the bus wire is expressed by: 

AaL = (L - W tana) TBL ~ (92) 

i' 
M and the total area covered by the connecting lines in the 
~~ 

triangles is detel:'mined by: 
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(93) 

A numerical example shall be used to demonstrate the 

application of the relationships developed, and to illustrate 

the impact of oblique arrangements of the grid lines. The 

unit field shall have the width W =- 2 cm, and may be a part 

of a square solar cell of dimension L =- 10 cm. The grid line 

spacing shall be S III 1.96 mm, and the qrid line width TGL=40 

so that the area coverage by grid lines is 0.80 2 The cm • 

'\.I't\, 

sheet resistance Rsh,PL of the front layer shall be 35 o. 
-3 and that of the grid lines Rsh,GL = 1.7 • 10 0, corresponding 

to 10 llm thick copper conductors. The current density shall. 
-2 be j ::I 0.03 A cm • Applying eq~ !-70), the end-point voltage 

drop obtained for the front layer is 5.04 mV. Using eq. (72) 

yields an end-point voltage drop of 5 mV over the grid lines 

arranged normal to the bus line. For a grid line inclination 

angle of 30°, the grid line voltage drop would be 33% greater, 

or 6.67 mV. To maintain the voltage drop equal to that of 

the normal grid line case, the width of the grid lines could 
2 be corrected to T1GL = 53. 3 '\.1m, for an area coverage of 1. 066 cm . 

The bus line voltage drop is obtained from eq. (,74). 

In order to make this end-point voltage drop also 5 mV, a 

bus line width TBL of 0.36 mm is obtained for the case of 

normally arranged grid lines, assuming that the bus line is 

a copper wire of circular cross section. The bus line area 

coverage is 0.36 2 cm • To obtain the same voltage drop for 

the slightly shorter bus line to be used with the grid lines 
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of 30 0 inclination angle, the bus wire dia~ter needs to be 
2 only TBL • 0.34 rom, and the area coverage 0.30 cm Still 

needed is the determination of the lines in the triangles for 

the case of 30 0 inclination of the grid lines. Equation (91) 

includes the area coverage by the grid lines of less than full 

length, and application of eq. (76), (84), (86), (91), and 

(93) yields an area coverage of 0.88 010- 2 cm2 and 2.66.10-2 cm-2 

for the connecting lines in the far and near triangles, 

respectively. Summing up the area coverage contributions for 

the normally arranged grid lines, the ,total area covered by 

metal is found to be 1.16 cm2 , or 2.9% of the unit-field area. 

In contrast, for the grid lines inclined under a 30 0 angle 

to the bus line, the total area covered by metal amounts to 
2 1.40 cm , or 3.5% of the unit-field area, for the condition 

of equal total voltage drop from all contributions. This 

area coverage is 20% greater than that in the case of nor­

mally arranged grid lines. This additional area coverage 

amounts to a loss of 0.60% of the power out~ut of the solar 

cell, or about one tenth of a percentage point in efficiency, 

incurred solely from the inclined arrangement of the grid 

lines. 

The preceding result thus leads to the clear conclusion 

that normally arranged grid lines are to be used, if the 

power output from the solar cell is to be optimized. On the 

other hand, the loss of power output is not large for small 

inclination angles. 
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VII. Grid and Bus ~ine Pattern Optimization 

The task of a grid and bus line pattern optimization is 

to minimize the power loss connected with the various series 

reslitance elements of the front region (usually the diffused 

layer) and the front contact structure. These losses consist 

of the series resistance voltage drops as well as the partial 

shading of the front surface of the solar cell by metal which 

is used to reduce these series resistance losses. As was 

shown in section III, the power output of a real solar cell, 

with series resistance, can be well approximated by the power 

output of the ideal cell without series resistance, minus the 

power dissipated in the various resistive elements. It has 

also been shown that a higher power output can be obtained 

by rematching the cell to a sl~ghtly lower maximum power point 

current than found for the ideal cell, but that the improve­

ment in power output is, for most practical purposes, negligibly 

small. 

The power output for the ideal solar cell of total area 

Atot and of light-sensitive area Aeff can be approximately 

described by: 
qVd 

P = j Atot Vd = jo Atot (e~ - 1) Vd - jLAeff Vd i (.94 ) 

where Vd refers to the voltage appearing across the pn-junction 

itself ("diode voltage"!). The maximum power output av~ilable 

can be found from setting the derivative of the power output 

with respect to the junction voltage, equal to zero: 
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BV BVd Aeff 
dP _ 0 • j Be d, mp V + ;)0 (e ' mp - l) - j L - ; 
~ d,mp Atot 

(95) 

(gSa) 

Equation (9S) can be transformed into an expression for the 

exponential term as function of the light generated current 

jL' the saturation current jo' and the maximum power point 

voltage across the pn-junction Vd,mp: 

e 
BV d,mp • 

Aeff 
jL Atot + jo 

P:V~ + 1 ; C1,mp 
(.96) 

The maximum power point current jmp can be approximately de­

scribed by the commonly used solar cell equation: 

BV 
jmp Atot • ~o Atot (e d,mp - 1) - jL Aeff ; 

Equation (97) wi th the same approximation discussed in connection 

with eq. (~4) gives the current which flows out of the solar 

cell when the voltage Vd,mp appears across the pn-junctiQn. 

Equations (94) and (97) represent an idealized current­

voltage characteristic which, howevBr, adequately describes 

the real characteristics near the maximum power point in very 

well designed and fabricated solar cells in normal solar cell 

operation. For cells of lowe~ quality, a second exponential 

term should be included to describe the depletion region re­

combination current. In addition, current flow through a shunt 
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resistance is often observed, and there can be other spurious 

current components, which all represent unnecessary losses. 

They are, however, usually omitted from maximum power calcula­

tions. In addition, under high-level injection conditions, 

deviations from the simple exponential characteristics of eg. 

(94) and (97) can occur. 

Using eq. (96), eq. (97) carl be transformed to: 

A ff 1 Aeff 
jmp • (j -!-- + j ) . + 1 - j - jL A---- ; L Atot 0 BVd,mp 0 tot (98) 

which can be simplified to the form: 

. - (99) 

Since the saturation current density jo is usually many orders 

of magnitude smaller than the light generated eurrent density 

jL' eq. (99) can be well approximated by: 

. ' .. 
j ,--mp (99a) 

Using ego (99), the maximum power output of the solar cell 

with zero series resistance can be written as: 

Pd;mp =V J' A = d,mp mp tot - V • d,mp 

which can be approximated by: 

P d,mp 
V d,mp 

V + 1 
d,mp B 

(
Aeff jo) - +.,.- A ,; Atot JL tot 

(~Oo) 

(~OOal 

In a real solar cell which experiences voltage drops 
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due to finite resistance components, the terminal voltage Vt 
will differ from the voltage across the junction Vd by the 

total voltaqe drop AVR: 

(101) 

Rewriting this relationship for the maximum power point voltage 

yields: 

(102) 

The voltage drop AVR,mp consists of a number of individual 

voltage drops acrOSQ the various series resistance components 

which occur in the path of the current flow through the solar 

cell. In the ideal case, these voltage drops can be expressed 

according to Ohm's law by an equivalent series resistance 

value for each individual effect, multiplied by the total 

current flowing through the device: 

NR NR 
AV III ~ AV. II: I ~ R • 1 R,mp i-l 1,mp . mp i=1 S,1 (103) 

The maximum power output Vt,mp from the terminals of the real 

solar cell with finite series resistance can then be expressed 

as: 

Pt,mp = Vt,mp • jmp • Atot ; (104) 

and, after inserting eq. (100) and (102) as: 

(~05) 
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Exp~e •• ing the light-exposed area through the total area and 

the area covered by metal (shaded area) Ashade according to: 

Aeff • Atot - A.hade : (106) 

permits writing eq. (lOS) as: 
2 

(107) 

where Pd,mp,id stands for the ideal maximum power output with 

,Aeff • Atot • 

Equation (107) represents the form: 

(108) 

It may be noted that Pt,mp,Pd,mp,id' and AVR,mp are negative 

quantities in solar cell operation, according' to eq. (99) 

(100), (103), and (104). Equation ll05) thus describes the power 

output of the real solar cell by the power output of the 

ideal solar cell reduced by the power losses related to series 
AP 

resistance, APR. Only the relative power loss P R is of 
d,mp 

interest for the further discussions, "wJi.i'ch therefore -concen-

trate on minimizing this relative power 10S8. This relative 

power 108s is represented by: 

A jo ....ill. + 
APR Ashade 1 AVN.£me Atot ~ 

== . (109) 
Pd,mp,id Atot j .. 

Vd,mp ~ 
, 

1 + . .0 1 + 9'i: jL 
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which, is derived from eq •. (107) by use: of. eq •. (100). Neglect­

ing second or hi.gher' order terms in the small. quan.ti ties, 

eq .• (109) is readily re-expre~~ed as: 

('110) 

which contains one term. each representing. the relative voltage 

loss and the relative area loss •. 

Following the nomenclature of Fig. 15., the total area. can 

be expressed as: 

(111) 

and the shadad area as: 

(112) 

where the: number of grid. lines. nGL is qiven by: 

Ll = . 
S + TGL ' 

(113) 

and, the number of bus lines n
BL 

by:. 

L2 
(114) 

Thus, the: shade.d area according. to eq •. (112.) can be expres'sed 

as: 

. , (115) 

Since, .. for a well desiqned solar cell, the effective area 

differs from the total area only by a few percent, the second 
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order terms in eq. (115) can be neglected, a$ they have been in 

eq. (109), so that the shaded area can be approximated by: 

(ll~) 

The contribution ~VR,mp,F of the front layer and tile front 

contact structure to the ~VR consists of the effective voltage ,mp 
drops (see section "Oblique versus normal grid lines" of this 

report) in the three major elements through which the current flows: 
S 

{ 
'! 1 S 1 

Rsh,FL W 2 2 W . GFL(f) 2 ~L(f) 
Front Layer 

~v :I j 
R~mp,F mp 

+ R h GL . TW 
• 21 • SW • GGL(f) 21 HGL(f) 

s , GL 
Grid L;i.ne 

Ll .L 1 t + R . - . - • 2 n • SW . GBL ( f.) 2 HBL( f ) 
sh,BL TBL 2 GL 

Bus Line 

(116) 

As the front layer is, for all parallel-grid line systems, 
I 

of uniform width, it is practical to express ~V relative R,mp,F 
to uniform width elements by use of a "shape factor" o. This 

factor is unity for uniform width elements and decreases mono-
3 tonicallj/ to 4" for increasingly tapered elements covering 

equal area. 0 is thus defined as: 

G (f) H (f) 3 
IS -G ( 1 ) H (1 ) = 4" G (f) H (£ ) : (117) 
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Equ_tion Cll6) then 'redu9~8 to: 

llVll,1IIp,1i' • .j jmp {a.h ,I'L (i) 2 ~Ii'L + 1I.h ,GL T:
L 

w2 6
GL 

+ :.h,BLS +l'GLTBL 1 BL ; 
R S2W L 2 IS } 

(1,18) 

Again neglecting terms expressing second order effects, and 

introducin~: 

T 
.. GL • x· 5 , , 

(119a) 

(119b) 

gives, from ~eq. (110), (118), and (1l9a and b) : 

+R !L2r} 'sh,BL y 1 vaL'; (120) 

Differentiating eq;. (120) with respect to x and setting equal 

to zero to find the extrema, .yields': 

:1 .+ 1 1 jmPRw2 0 • 
.~ '3' V d,mp 'sh,SL GL ' 

• '0. 
(121) 

or': 

TSSL '. W (1 . Ijmp I 'R .' '5 ) .~; ,,,Y V d,rqp sh,.GL GL ___ _ (122) 
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Carrying the derivation out from the full relationships yields 

practically the same result as given in eq. (122) since the 

second order terms cancel each other in the process, so 

that only the higher order terms would enter the final re­

lationship. 

Taking the deri vati ve of eq. (120) with respect to y yields 

the corresponding relationship: 

. (123) , 

, 
Equations (122) and (123) give the optimum grid line width 

and bus line width, but expressed relative to the spacing s 

between adjacent grid lines and 2W between adjacent bus lines, 

respectively. These expressions are valid when ~~e grid and 

bus lines are metal layers of given sheet resistances Rsh,GL 

and Rsh,BL' respectively. 

It is important to note that eq. (122) and (123) represent 

only an expression of the optimum design compromise between 

shading and voltage drop for the grid lines alone and the bus 

lines alone, respectively, as eq. (120) and (121) indicate. The 

optimum design is still dependent on the grid line spacing, 

which determines the voltage drop from current flow within the 

semiconducting front layer, as described by the first term in 

the. bracket.s of eq. (120). Clearly, the total voltage drop and 

shading are minimized for S=O, wi th the grid line shading TGL/S 

held constant according to eq. (122). Similarly, the grid line 

voltage drop (second term in brackets in eq. (120) is minimized 
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when the bus line spac;:ing 2l'1 approaches zero, again hol.ding 

the bus line shadi~g TBL/2W constant. In reality, there is 

no need to go this far in reducing the spacings, as other 

losses, such as the shadings and the bus line voltage drops, 

remain constant. Thus, it ;,s adequate to reduce Sand W to 

the lQvel at which the lOfI,l;)eS controlled by these two quanti-

ties become insignificant relative to the constant losses. 

For the grid lines, this approach may still result in a 

grid line width TGL , which is difficult to produce. Then, .in 

practice, the metallization d~signer will select the smallest 

grid l.ine width TGL,pract which can be cost-effectively pro­

duced, considering process costs and yields as well as dif­

ferences in solar cell value consequent to the efficiency 

differences, which result from the metallization design varia-

tions. 

When such a lower limit is set on the grid line width, 

the determination of an optimum shading ratio according to 

eq. (122) is no longer appropriate. By using a grid line 

shading ratio larger than the optimal value obtained from eq. 

(l22), the relative front layer sheet voltage drop can be con-
2 siderably reduced, since it is proportional to S. In fact, 

when the grid line width is held constant, eq. (120) can be 

optimized with respect to the grid line spacing S. Setting 

the derivative of eq. (l22) with respect to S equal to zero, 

yields: 
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R 
S3 + 2 sh,GL 

Rsh,FL 

w2 
6 V T 

~ _______ S2 ~ ,d,mp GL,pract .. Q; 
'l'GL,pract 13mp Rsh,FL " 

(124) 

The solution of a cubic equation is generally cumbersome. 

However, if: 

3 4 
RShGL K « _'j..;;m .. p .... l_ 'l'GL,pract:-_ 

.:; V 34 (2W) 6 . 
Rsh,FL d,mp 

(~25) 

the following approximate so!Lution is valid: 

(

6 Vd mp 'l'GL1Pract) 1/3 _ 2 4/3 ~sh,GL w2 
• 

Sopt a Ijmp1 Rsh,FL 3 Rsh,FL TGL,pract ' 

(126) 

In many cases, the second term of eq. (126) is small compared 

to the first. 

It may also be noted. tha't the applir.!ation of bus lines 

is only indicated when theiJ: sheet resistance is significantly 

lower than tha,t of the grid lines • When the sheet resistances 

of the two types of lines are equal (Rsh,Lines)' assuming the 

shape factor, <5 to be uni ty, then, wi th use of the optimum 

shading ratios 'l'GL/S and TBL/2W according to eq. (122) and (123), 

respectively, aq. (120) becomes : 

Rsh ,,!.ines 2 
)

1/2 

; 

(127) 
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It is. readily' shown that ,for a structure containing only grid 

lines, this time of length Ll , the same relationship as in 

eq. (127) is obtained, except that W does not appear. Thus, 

the addition of bus lines is, in this case, detrimental. 

This can be demonstrated by the following examples: 

For a 10 em x 10 em cell with Ijmpl = 0.03 mA cm-2 and 

Vd,mp = 0.5V, and a grid line sheet resistance Rsh,GL= 1.7.10-3 0, 

corresponding to 10 ~m thick lines of copper with bulk resis­

tivity, and without bus lines, the optimum shading ratio 

TGL/S is 5.83%. At a grid line spacing of 2 mm, and a line 

width of 117 ilm according to the shading ratio, the total 

series-resistance-connected losses of the front structure 

amount then to 12.4% of the ideal solar cell output. In this 

number al'e contained, outside of the shading, relative voltage 

drops of 5.83% in the grid lines and 0.7% in the front layer 

itself. Reducing the grid line width and spacing further; 

while keeping the shading ratio at its optimum value, would 

not yield a significant improvement, since the total losses 

could at:. most be reduced by 0.7 per.centage points, or 5 •. 6% o£ 

the total losses. 

For a system with bus lines of the same sheet resistance 

as the grid lines, and all data equal to thos~of the pre­

ceding example, eq. (123) yields a bus line shading ratio of 

5.83%. With this, the relative bus line voltage drop according 

to the fifth term on the right hand side of eq. (120) also 

becomes 5.83%. Choosing a bus line spacing 2W = 1 em, the 
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optimum bus line width is thus 583 l.ll". With this bus line 

spacing', the optimum g'rid line shading would then be, according 

to eq. (122), 0.29'%. With the minimum practical line width 

taken, for this example, as 20 J.lm, the grl.d line spacing S t 
0,,)) 

would be 6.86 mm. The relative grid line voltage drop, according 

to the fourth term of eq. (120) ,is then also 0.29 %, and the 

relative front layer sheet voltage drop, accQrding to the third 

term of that equation, 8.2%. Thus, the total series-resistance­

connected front structure losses are 20.4% of the ideal power 

output, compared to 12.4% for the grid-line-only structure. 

This design, while giving the lowest possible bus line 

and grid line losses, does not provide the lowest total loss, 

since a tower practical limit was set for the grid line width. 

It is readily seen that increasing the shading ratio by a 

factor of four, that is to 1.17%, which means reducing S to . 
1.72 mm, decreases the relative front layer sheet voltage drop 

by a factor of 16, so that the sum of all losses becomes 13.4%, 

still more than in the grid-line-only case. It may be noted 

that eq. ~126) gives 1.738 mm for the optimum value of S with 

the chosen value of TGL,pract. 

As it has been found th,at the application of bus 1i'nes 

of the same sheet resistance as the grid lines is of no use, 

and, as the front structure losses, even with the lowest practi .... 

cally achievCl.ble sheet resistance in deposited metal layers, 

are near 12% in 10 em x 10 em solar cells, the attention will 

necessarily shift to t,hicker bus lines, which can yield at 
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leas'tan order of m.agni tude lower sheet resistance • This means 

an overlay of a bu'lk conductor, 'suchas a copper wire. .In 

this case, TSL becomes .equal to the wire diameter , and the 

"effective sheet resistance It is then': 

(128) 

where PBL is the resistivity of the bus line (wire) material. 

Introducing 'eq. (128) into the fifth term .of the right hand 

side ofeq. (120) y.ields: 

APR,mp TGL TSL I jmp I { (S)2 
P • 's +2W + ~3000!V~- Rsh,FL 2' °FL 

d,mp d,mp 

+ R L w2 ~ + .! P .~. Ll'2 OSL'}' ; (129) 
sh "G;r~ T GL GL TT BL ~L.G 

It 'm~y .. benotedthat the use 'of :a wire 'with ,constant diameter 

along its length le'ads to o,SL = l,justas a parallel' grid 

line system entails 0FL = L 

,Equation (127) 'can, .in 'contrast toeq. (120), be optimized 
T 

f T 1 th th .1..1.. h d' t'· SL , th o.r . BLa one ,ra.er an ,J;..\I.e s a l.ng ;ra 1.02W ' Sl.nce· e 

bus ,line sheet i resistance is now also 'a function 'of TSL • Thus: 

d (APRfIl!E) 
_Parmp = 

d TSL 

which reso~lves to,: 

( 
.. 32 Ijmp I P.BL.2. 2) 
'j'i V WL1 d,mp . 

~;'3 

. , 
ORIGINAL PAGE IS 
OF POOR QUALITY 

(130) 

(131) 
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TABLE IV 

-----------------------------... ------- ... -------- ... -------.. . -----------.... --------
GR I D SIIAOI NG 
GRID lOSS 
FRO~IT LAYER LOSS 

0.82 
0.Q2 
0. 111 

1.63 
0.10 
0. 111 

1.63 
0.51 
O.ql 

1.55 
O. 
0.3 -----.... --------.... ---------- ---r-----.... -----·----

BASE LOSS (200 PH InCH; 10 PH Cu)1 % 0.Q6 o.QG I .O.QSIl .82 10.4/1 

1. 
1.12 

1.00 
0.9 
1.11 

0.49 

s. 
o. 
o. 
O.Q 

TOTAL PO~![R lOSS 1% 1/ .. 9 I ~.3 I 5.8 ;7.1 ~2.2 5.7 9.1 
• 

CEll EFFiCIEUCY 1% 16.36 1fi.29 6.20 1l5.9~ 15.10 16.22 15.fi3 
inDUlE EFFICIEfiCY ~% 15.3Q 15.27 5.1911'1.93 1'1.16 15.21 l~.fiS 
-------------------------------- ------- --------- ------- -----[-----r--------- -------- ------------
CELL VALUE $1M2 36.31 35. q6 ~/I. 49 81. 93 71.91' 3Q. 73 77.91 

¢/W(PK) 56 .3 56.0 )5.6 '514.7 SO.8 ')5.7 ~3.2 
I _ ·-1-

- ,- -
-0.97 ,-3.531-13.52 
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Inserting the optimum grid line shading ratio from eq. (122), 

and 'the optimum bus line width TBL from eq. (131) into eq. (129) 

permits determination of thf! actual relative power loss 

experienced in ~1e front structure: 

+ (9 1 jmp 1 PBL L 2) 1/3. 1 • 
211' V d,mp 1 ;r7! , (132) 

The first term on the right hand side of eq. (1321 describes 

the relative voltage drop in the front layer sheet, the second 

term the sum of the equal shading and voltage drop losses 

from e.e grid lines, and the third term the shading and 

voltage drop losses from the bus lines. Equation (132) is a 

function of the bus line spacing W, which exhibits a definite 

minimum in the swn of the grid line and bus line losses for 

the appropriate value of W. This optimum bus line spaCing, 

for the use of round wires for the bus lines, is given by: 

(1:33.) 
( 

p 2 V ) 1/8 1/2 
2W .l. BL d,IIlp L. 

-= 2 3 3 I' I l' 
11' Rsh,GL 0GL Jmp 

With such use of round wires as bus line overlay, the losses 

connected with the front structure in. 10 cm x 10 cm solar 

cells can ber.educed to under 5 %, from about 12 % with grid . 
lines only, or. Wi th grid lines plus plated bus lines. 

The sensitivity of the performance of large area solar 

cellstp the grid and bus line design is illustrated in Table IV. 
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In the computations for this table, it was assumed that de­

posited metal layers can be produced only with a 2.5:1 aspect 

ratto, that is, that the width of the line has to be at least 

2.5 times its thickness. The first column shows the data for 

the optimum design, 1')ased on deposi ted grid lines of 5 lJm 

thickness and bulk conductivity of copper. The bus lines are 

copper wil:es of circular crossection. The semiconducting 

base region and the metal base contact, assumed to cover the 

entire back surface with 10 lJm thick copper of bulk condu.cti-· 

vity, contribute together a loss due to voltage drop of 0.46%. 

All contact resistances have been assumed to .be zero. Including 

this loss from the base, the tota.l shading and voltage drop 

loss is 4.9% of the idea.l power output. 

In the socond column, a grid line width of 25 lJm has been 

used instead of the 12.5 lJm width in the optimum desi?n. 

Simult,taneously, the gl:;'id line thickness has been increased 

to 10 lJm. The consequence is, that this "near optimum design" 

has 0.4 percentage points higher loss than the optimum design, 

for a total loss of 5.3%. 

The third column is split, showing equal sheet x.:esistances 

use of either a 2 lJm thick copper deposit or 10 lJm of nickel 

for the grid lines. In the latter case, the base contact was 

also assumed. to be of 10 lJm thick nickel. While the former 

case has only a small influence, the latter reaults in total 

losses of 7.1%, 

The fourth column displays data on a case with plated bus 

86 

'~'"¥" __ '~H'''"''''''C''' ,,"'* v~, ., ~ ,--?"",,-,,~~,~~'.tl"'_"""_"" -j ' __ ',,' ~,.!HI' ,.~,,~ :J>.""~""" __ """'~~~"V 

.. ~ ______ ~"~ .. ~~_~.~'~u_ _ ..... ;..,"'''~~,t~_''.!lA..~'~.I.'!1''.' .. !Ml=.=.-~~A.~~~~,·''"-1:.,.. ___ ~.-~->I,-. <-,' 

by 

I 

j 
i 

1i I, 

¥ ! L 
~ j 
! , l 
I 

f 

I 
p , 

! 1 
d 
M 1 
I ' 
~ I 
~ 
~ 
~ 
fi 
!! 

~l 
~ .. U 



r 
I 

t I 

, 

" 

-

line., s~.m:.LlaX' to some discussed above. 

While the bu. structure in tnese first four columns COl'" 

tained .even bus lines withl.43 em spacing, column 5 shows 

another "near optimum design M with three bus lines of somewhat 

heavier gauge wire, and a reduced number of grid-lines, namely 

fort.y. This design. shows a total powel: loss of 5.7\. 

Column 6 userJ the same design as column 5, but applies 

printed thick fiJ~m silver at the projected minimum line width 

of 127 ~m for the grid lines. The line thickness is 10 ~m 

after sintering, about the m~ximum achievable with a single 

printing. The conductivity is approximately one third that 

of bulk silvet', as generally experienced. with sintered thick 

film silver layers. The disadvantage of the use of the thick 

film silver lies pr.imarily in the large shading resulting 

from the increased line width, which leads to a total rela,ti ve 

power loss of 9.1%. 

The line marked I'cell efficiency" in Table IV shows the 

efficiency which would be obtained by use of the various 

metallization designs on an otherwise identical cell. The 

following line below, labelled "module efficiency", is obtained 

from the cell efficiency by multiplying with 0.96 and 0.975 

to account for packing factor and assembly losses. Using 

an area related BuS price of $60/m2 as an example, and a module 

materi,,)s and assembly price of $28/m2, an economical "cell 

valuell" can be established for which the complete system can 

deliver power at an equal price. This cell value is a function 

of the effioie,ncy. These cell values, expressed both il~. $/m2 
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and in $/W(peak), a~e given in ~le two lines below the module 

efficiency. J.rhe last two lines, f.inally, show the differences 

in the economi:e; value resulting from the efficiency differences 

due to the design variations in the various columnp. ,The 

second to last line uses the cell value of the "optimum design" 

of column 1 as the reference, and lists the value differences 

of the two "near optimum designs" of column 2 and 5. In the 

last line I the values of the cells with 'tneilr optimum design·' 

bave been taken as reference, and the value differences of 

the cells with design Vilriations from these given. It is 

seen that +-he differences in cell value form a substantial 

part of the entire metall~zation process cost and are there­

fore very worthwhile investigating. It has, however, also 

to be observed that these cell values are based on the $60/m2 

area re1ateg BOS p~.i,ce assumption, and that the differences 

will be larger or smaller fo~ higher or lower BOS prices, 

respectively. 

Tbe use of "high" bus 1.in8s, such as round wires, while 

extremely beneficial from the efficiency viewpoint, can cause 

p.t'oblems. The f,irst is ~hat of thermal expansion, which 

~eads to the need for longitudinally periodic, rather than 

continuous attachment of the bus wire to the solar cell, with 

provision for stress relief between the attachement points. 

Next, the high bus lines will require changes in module 

assembly p~ocedu:C'e, requiring either prefol.'med cove~ glass 

to avoid too thick a gap to be filled w'ith potting material, 

or a conformal coating. 
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VIII. Design Rules for Front Metallization for Large Area 
Solar cells 

From the precedi11,g analysis, a definitive set of' design 

rules for the front metallization of, large area solar cells 

has been derived (Table" V)'. Tl1e,ir, observation should hel:p 

cell designers to avoid many of 'the p:t'e,viously experienced 

pitfalls and. to utilize the most cost.-effee,tive contact de­

sign and metallization system. 

It should be noted that these design rules are not con­

cerned with the problem of contact resistance which still 

seems to be in need of adequate explanation and reduction 

to engineering design principles. 
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TABLE V 

DESIGN ~ULES 
for Front Metallization for Large A-rea Salar Cells 

1. Observe: Careless metallization design is costly. 

2. Select conductor metal of the highest practical con­
ductivity. 

3. Select deposition processe~ which approach bulk con­
ductivity as closely as practical. 

4. Each hisrher level in the hierarchy of conductors needs 
a much lower sheet resistance than the preceding level. 
Thi~ leads to the "sky scraper rule" for the bus lines: 
Build high rather than wide. 

S. If the bus lines cannot have a sheet resistance small 
compared to the grid lines, omit the bus lines. Proceed 
directly to 10. 

6. Select the bus line spacing t for bus lines of ,round wire, 
according t.o: 

( 
3 P BL 

2 
V) 1/8 

"2'11' -R~-""3t"""~-""'3 1 j :pP 1 L 1 
sh,GL uGL 

1/2 

2l'l = 
. 

7. Select bus line wire diameter according to: 

(
321 j mp I p BL 2 2 )1/3 

TBL = 3i V Ll W mp . 
8. For re,ctangular bus wires of height-to-width ratio k, 

~.place each 'TI' by 4k. 

9. For bus lines of constant sheet resistance R h BL' 
rather than thickness directly proportional s , 
to width, as in round or rectangular wire,s, the relation­
ship: 

1/2 

TSL ( 1 jmp 1 ) 
. ~ = Ll 3 Vmp Rsh,BL °BL 

applies, instead of 6.) and 7.). Choose W then as small 
as practical, considering 13.) and 14.). 

10. Arrange grid lines normal to bus lines, and parallel to 
each other. 
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11. 

12. 

Table V continued 

Select grid line width 'l'GL as small as practical, conunen­
surate wien acceptable production costs and yields, 
considering the differences in solar cell economic value 
which. are a consequence of the efficiency variations re­
sulting from t.he grid line width design. 

Select the grid line spacing S according to: 

~uVl\lT TGL 
1/3 2 4/3 

RSh£GL 
2 dGL W 

S = Jmp RSh,F~ 3 Rsh,FL TGL 

13. 'l'he "shape factor" Q varies from o. 7S for fully tapered 
grid lines to u"~li ty for lmiform width lines of equal 
shading. 

~4. Determine the total relative, series resistance connected 
loss'es, and check the design by inserting the obtained 
values into: 

APR 
P"'" 

d,mp {RSh.FL 

+ R 2-- W2 0 + R sh,GL TGL GL sh,BL 

where Rsh BL may be replaced br- PBLI c.: TBL ) for Found wire 
or PBL/(k'TBL ) for rectangular crossections. The first 
2 terms represen't:; the shading losses, those wi thin the 
bracket the series resistance losses. In a good design, 
the shading losses and the series resistance losseS 
associated with the same component (GL or SL) are of 
approximately equal magnitude. Also, the grid line anq 
the bus line losses will be of comparable magnitude. 
The front layer loss (1st term in brackets) should be 
small compared to the grid line and bus line losses, 
but there is no reason to reduce S beyond the point at 
which the front layer loss becomes insignificant. If 

the grid line shading loss ~ i,s too large, try to 

iterate according to point 11. If the grid line thickness­
to-width ratio is limiting, reduce the thickness (increase 
Rsh,GL)' to find TGL and Rsh,GL values for least power 
loss. 
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IX. BRIEF DESCRIPTION OF THE METALLIZATION OPTIONS 

A. General 

Metal can be deposited in selected areas either by 

ch.emicalor by physical procel!3ses. The chemical processes 

are usually called "plating". They are all so-called "wet" 

processes whicll means that deposition occurs from a solution. 

In the physical processes, metal is transferred in physically 

finely divided form, either as neutral or char.ged atoms or 

molecules, or as a PQwder, and re-constituted on the substrate 

as a contiguous metal layer. 

B. Chemical Deposition processes 

The three major processes by which plating can occur 

from solut..:ion are immersion, electroless, and electrolytic 

plating. In immersion and electrolessplating, all areas of 

the silicon wafer, which are not to be covered by metal, 

must be masked, that is covered by an adequately thick di­

elec.tric layer. 

1. Immersion Plating 

Immersion plating, which is normally used to plate 

"strike" . layers of noble metals, such. as Pd or Au, on' pare. 

silicon, is mainly due to a simple displacement ;re.ac:tie>n a.t 

the substrate surface. 21 This reaction between the silicon 

aeoms and metal cations.resul ts', i:n an e>xida,tiQn: o;fth~sub-

strate and a reduct-ion of the :plating material~, PrQba,bly 

the· initial contribution of electrons' to, the' 'metal c~1;ions 
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comes from the accessible dan<,11ing silicon bonds, 1;o11owed by 

the breaking of silicon-silicon bonds which ~en le_d. to the 

formation of free silicon cations. The silicon ions then move 

into the bulk of the solution, and their charge 'is compensated 

for by th_e c)mbient anions. Because the plating cations entering 

the surface boundary region are reduced, which means converted 

to neutral atoms by the substrate, maintenance of charge neu­

trality at the substrate surface requires that equivalent 

substrate ions enter the solution. The chemistry of immersion 

plating can be elucidated by examining a Pd-plating solution whose 

cons.tituerits: 'are 'apprQximately 1 wt% NH 4F, 1 wt% HCR., 0.0025 wt% 

PdCR.2, and 98 wt% H20. The HCt increases the solubility of 

the PdC12 via the formation of weak comple~es, while the 

NH4F probably helps in keeping the oxidized substrate ions 

in solution. One possible displacement or immersion reaction 

at the substrate surface is: 

or the reduction/oxidation might occur in stages, as in, 

(134 ) 

(135) 

(136) 

In any case j the final products are the plated palladt urn 

metal and the 8i+4 ion. After the silicon cation leaves 

the surface boundary regime, its positive charge attracts 

choride and fluoride ions, wfitch by formation of complexes, 
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help to keep the silicon cation in solution ~ One. possible 

complex formation is 

(137) 

There is only a small possibility .for the formation of gaseous 

SiC~4 since the silicon cation will hydrolysize (react with 

waterl before it can form covalent bonds with a choride anion. 

For the immersion reaction to proceed, the mate~ial to be 

plated, or substrate, has to be more reactive than the plating 

metal. Too great a reactivity difference between the sub~ 

strate and the plating cations in the solution would lead to 

a plating rate too high for the formatio,n of dense and coherent 

deposits. The relative reactivity of the substrate and the 

plating cation can be adjus·ted by the addition of complexing 

agents such as a cyanide, ethylenedinitrolotetraacetic acid, 
, 

(,EDTA), or disodium salt. The complexing agent can, by 

binding with the oxidized substrate, drive the immersion 

reaction forward (reac (134) to the right) by effectively de',· 

creasing the, concentration of those ions. Similarly, the 

driving force of the immersion reaction can be decreased by 

lowering the effective plating cation concentration by 

complexinq. 

One would anticipate that the immersion layer thickness 

would be limited to about 10 i, as the displacement :;oeaction 

should cease, once the sUbstrate is covered with a few atomic 

layers of plated metal. However, inhomogeneities or holes 
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in the thin plating layar pe~t the continuation of the dis­

placement reaction. The holes result in local galvanic currents 

that keep driving the immersion reaction forward until the 

layer thickness is approximately 50-100 It 
A disadvantage of the immersion plating solution is its 

limited capacity. The depletion of the metal cations, con­

tamination from the plating surfeI?o, and side t'eac)tions con­

tribute to the short It fe of immersio'n solutions, 

2. Blectroless Plating 

In order to build up a thicker layer than can be achieved 

by immersion pl.ating, electroless plating is often used. The 

material most commonly plated on solar cells using this tech-
3} nique is nickel. . Also palladium, chromium, and copper can be 

plated electrolessly on silicon. In electroless plating, an 

oxidation-reduction reaction occurs catalytically at the sub­

strate surface where the plating solution selectively reduces 

the plating cation. For example, in the nickel plating 

solution, the oxidation of phosphorus in a hypophosphite anion 

:to an orthophosphite anion produces hydrogen atoms which 

are ad$Qrbed on the substrate. It is the adsorbed hydrogen 

atoms (shown as H (ad) in reac (1'38) that reduce the nickel 

cations to metallic nickel. The ;eaction mechanism in a 

basic, usually ammonium hydroxide, solution is thus: 

_ s. ~.2 
H2P02 + OK + [HP03J+ 2H(ad) (ll8) 

Ni +2 + 2H (ad) + 20H;''''' Nt 0 + 2H
2
0. (139) 
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For simplicity, the NH4+ and Na+ cations, and the Cl~ anions 

are not shown in the above react.i:ons. The notation S. indicates 

that the reaction only occurs at the substrate surface. 

Since hydrogen is readily adsorbed on a palladium sur~ace, a 

palladium layer is sometimes applied prior to the el~ctroless 

nickel plating. Also, nickel can be plated directl~ on silicon, 

since there are hydrogen adsorption sites on silicon and silica. 

The density of potential adsorption sites on silicon, and 

consequently perhaps the coherence of the nickel .film on this 

surface, is lower than on a Pd-surface. Another problem with 

plating nickel directly on si.licon is that the thickness of the 

silica layer, which is always present on bare silicon, is 

thought to be a major fac1:or in determining the adherence 

of the nickel. Also, too thick' a native silica layer (> 50 K) 
should result in excessive contact resistance and simulta-. 
neously poor adherence of the nickel. At the other extreme, 

a silica layer only a few atomic layers thick should permit 

a displacement reaction between the silicon and the nickel 

chloride to occur (immersion plating), so that the plating 

layer should not be expected to deposit smoothly. 

The plating efficiency of the electroless nickel plating 
. 

solution is lowered by several competing reactions that con-

sume the hypophospnite anion without the production of ad-

sorbed hydrogen. Two of these reactions are: 

(14'0) 
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and 

(141) 

Because of the qommon ion effect, reaction (140) will occur to a 

greater extent in an acid±c solution while reaction (141) will be 

more favored in a bas.i:csolution. To keep the elect-roless 

solution effecti've, pl:'ecipitationmust be minimized. Other­

wise, the solution could plate out on itself, or on the con­

tainer walls, starting with precipitated particles. In the 

n.i:ckel and ch,romiwn electl'oless' plating solutions, sodium 

citrate, a chelat±ng agent, is therefore used to keep the metal 

cations in solution. Anotner major constituent of the electro-

less plating solution ±s a buffer (weak acid or base and the 

salt of that acid or base 1 • The buffer is used to maintain the 

pH of the solution in face of the hydronium ion consumption 

or production by the plat±ng react±ons. 

3. Electrolytic Plating 

Electrolytic plating, or electrolysis, is a very common 

commercial process, used ei ther to deposi t conducting,. pro­

tective, or decorative s,urface l.ayers, or to pu~ify metals. 

Its first commercial application occured over a century ago 

in ,the fabrication of silv~rware by silv~.r plating. Electro­

plating can be used to deposi t laYI!rs of aubstan,tial thic~­

ness and bulk metal properties, including conductivity. It 

differs from the two previously mentioned plati~g proced\1res 

in that energy for the plating is provided from an external 
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voltage source instead of a chemical reaction. The plating 

apparatus consists of an anode (the metal that is to be 

plated) and a cathode (substrate to be plated), both submerged 

in an electrolytic solution, usually parallel to one another 

and about 15 to 30 em apart. Electrical connections have to 

be made to each workpiece (substrate), as well as the anode, 

from a de power sou~~e capable of supplying the required 

current at a voltagl,e between 4 and 9 volts (OC). Oxidation 

of the metal takes place at the anode, producing metal cations 

which are then transported, both under the influences of the 

applied potential gradient and of convection currents, to the 

cathode where the ions are reduced and thus plate out. In 

this p~cess, the principal work of the external voltage is 

the movement of electrons from the anode to the cathode. 

Since plating is a steady state situation (i.e., the 
I 

number of electrons in the solution does tivt change in time), 

the mass of oxidized metal is equal to the mass of plated 

metal. The deposition rate can be derived from the curzent 

flow, using Faraday's Law which states that 96,500 coulombs 

will deposit one chemical equivalent. As one mole of elec­

trons has a charge of 96,500 coulombs, a "chemical equivalent" 

has one mole of electronic charge. 4) Thus, one chemical eguiva-, 

lent repre$ents one mole deposi tion of singly charged cations I' 

but only half a mole of doubly charged cations. Therefore, 

a current density of 1 mA/cm2 would give a deposition rate 

of about 1. x 10-8 equivalents/sec-cm2• This holds only if 
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the cathode and anode efficiencies are ,100\. The electrode 

efficiency il defined as the actual mass deposited d1vided 

by t.be amount. calculated by Faraday's Law. 

In copper plating, the eleotrolytic solution cons~sts 

chiefly of sulfuric acid and copper sulfate. The sulfuric 

acid is present in order to lower the resistivity of the plating 

solution, to prevent the precipitation of copper salts, and 

to increase the reactivity of the anode surface, while the 

copper sulfate is needed to charge-balance the oxidized copper 

in solution. Small quant±ties of molasses or other organics 

are sometimes added to the ~2S04~cuS04 solution to obtain finer 

grain deposits. The applieo voltage for copper pla~inq is 

fi - 12 volts (DC), and the current density of the cathode is 

40 - 60 mA/cm2• A highe~ voltage cannot be used to increase 

the current density I or :the plating rate, since the rea'ction 

rate is limited by the niffusion of cations through the boundary 

layer (the Helmholtz double layer} from the bulk to the sub­

strate surface. For electroplating copper directly onto an 

electroless deposited layer, or strike surface, of nickel, a 

H2So4-cuS04 solution may not be suitable because of the 

possibility of an immersion reaction between the CUS04 and 

Ni. Immersion deposited copper is undesirable because it is 

not very adherent. Therefore, the nickel has ,to be initially 

coated with copper usi~g an electroless solution, or vith an 

electrolytic solution containing a copper complexing aqent~ 

The complexing agent effectively decreases the concentration 
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of copper in tho solution, and hence, the driving force for 

a di.placementX'~action. 

c. !h1sical Deposition Processes 

The physical deposition processes are best separated into 

those transporting material divided into particles of molecular 

size, and those using much larger powder particles. The latter 

group is usually connected with the name "printing" processes, 

of which a substantial variety exists, but only one has gained 

significant application for metal layer formation in the electronic 

industry: screen printing. The first category includes those pro­

cesseswhere the mat@rial is nvap~rizeg" by heAt, inckuding that 

generAted by an electron beam ("vacuum evaporation") or ion 

bombardment (sputtering), and then transferred as neut~al 

particles by free flight through a gap narrow compare4 to a 

mean free path, to the substrate on which they are to be 

deposited. The other group in this category includes those 

processes where the particles are ionized and then accelerated 

by an electric field for their transfer to the substrate. 

These processes include. plasma deposition and ion plating, 

a low-voltage variant of ion implantation. 

1. Vacuum Deposition, including sputtering. 

In vacuum deposition,the source (metal to be deposited) 

and the substrate (for instance silicon wafers covered with 

suitable masks) are both located in a vacuum cnamber, where 
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the metal is evaporated and physically tranterred onto the 

wafer. There are several methods for supplyinq sufficient 

thermal energy to vaporize the metal. A common laboratory 

method is to place chunks of wire pieces ot. the metal directly 

on a coiled filament, which is then heated by passing An 

electric current through it. This technique works well when 

the metal and filament wet each other, ~o that the filament 

will support the molten metal, when the vapor prefJfJure of the 

metal 1,$ several or,ae,;s of magnitude greater than that of the 

filament, and when there is no alloying between the metal and 

filament. The batch nature of this method and the small amount 

of metal that can be contained by the filament limit its 

practicality for large scale cell processing. In production 

processes, larger amounts of the metal to be deposited are 
• 

contained in a crucible of graphite, refractory metal such as 

tungsten, or ceramic. The crucible is heated either by passing 

current through the crucible, or by a resistance furnace external 
, 

to the crucible. A cap with a small orifice is usually placed 

on the crucible to avoid splattering and to gain directionality 

of the emitted metal vapor. 

The coating thickness (t) obtained from a point vapor 

source of unrestricted opening angle to a planar surface 

follows Knudsen fa cosine law"S), or: 

m' cose 
t :. 2 I 

411'r p 
(142) 
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where mt is the mass of metal evaporat.edand p its density, 

o is the incidence anqle, and r is the distance between the 

source and the deposition area. :In terms of th'e vertical (h) 

and horizontal (.15') distances between the source and the target, 

m'h (143) 
t z 2 + ~27J7!) , 47TP(h \J 

or 

.,144) 

where t is the platin~ thickness ootained directly above the 
o 

sou:cceat distance h (15 = e = 01. In order to obtain uniform 

deposition from a point source, the target should lie on the 
')' 

surface of a sphere. The thickness is then equal to m/47TpR~, 

where R i.9 the radius of the sphere. :In deposi ting from a. 

capped crucible, the locus 0'£ the uniform deposition surface 

can be 'ovalized, because of the direct~ona~ity, or beaming, 

imposed by the crucible orl.fice~ 

To reduce crucible temperature ann thus crucible-metal 

interactiorl,. the metal can be heated directly by bombarding 

it with an electron beam, rather than indirectly by heating 

the crucible. A hot cathode" such as a tungsten fj,lament, 

provides the electrons I a',d a ma9'neticfieldis used to 

direct the electron beam to the vapor-emitting surface. The 

highest temperature region is thus shi.fted from the crucible 

to the metal. :In fact, the crucibl.e can be cooled, or omitted 

completely by' heating of a ~udale in a block of the metal to be 
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evaporated, thus eliminating potential contamination from the 

crucible altogether. 

To maximize the adhesion of the vaporized metal to the 

substrate, its surface should be free of oxides, grease, ad­

sorbed water, or other contaminants. Heating the substrate 

usually enhances bonding, but ve~l high substrate temperatures 

reduce the deposition rate by re-evaporation of some of the 

plated metal. (6) Ionization of the vaporized metal often 

helps surface adhesion. Ionization can be accomplished in 

an rf field or a plasma, usually a discharge in noble gases. 

In the plasma, only about 3% of the metal atoms are ionized, 

but the Argon ion bombardment of the substrate which results 

from the plasma which is formed by a discharge in Argon, in­

crElases metal adhesion by "hammering-ill" :the meta,l atoms. 

Unfortunately, entrapment of Argon in -the metallized layer 

reduces its conductivity. Becaus~ an electric field is 

applied to the substrate when the vaporized atoms are ionized, 

t~e deposition thickness does not follow Knudsen's cosine 

law. 

Another way to vaporize the source metal is tosputte:r 

it, which means bombard it with ions. The ions, usually 

produced in a glow discharge in Argon, are acceJ.erated towards 

the metal, or target, with a voltage of about 500 volts. 

sputtering of the metal occurs because of the transfer of 

momentum from the discharge gas. A threshold voltage (.around 

300-400 volts) is required to overcome the work function of 

the metal, before sputtering can set in. Above the threshold 
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voltage, the sputtering rate (Q)is directly proportional to 

the applied voltage (y) and inversely proprotional to the 

pressure of the discharge gas (p) and the distance between 

the cathode and the target (dl, or 

Q • kV per (145) 

To maintain a constant sputtering rate, the gas flow rate must 

be adjusted to maintain a constant voltage and current density. 

In addition, the cathode temperature must be kept constant, 

since the current density increases with cathode temperature. 

The sputtering rate increases with the ~tomic weight of the 

gischarge gas' and decreases with the latent heat of evaporation 

of the, target. 

The sputtering efficiency, or the ratio of the latent heat 

of evaporation of the target to the impingi:4~f ion energy needed 

to vaporize one atom, is usually only 1%. Most of the excess 

energy is contained in the vaporized atoms which have about two 

orders ot magnitude greater energy than thermally vaporized at.oms. 

The greater energy of the sputtered atoms facilitates crystal 

formation of the deposited layers, within the practical limits 

imposed by re-evaporation. Since the sputtered atoms follow 

the cosine law, slightly modified by, the collisions of the 

discharge gas and sputtered atoms, the target and substrate 

are usually arranged as, planar surfaces parallel to each other, 

at a distance of. approximately 5 em, to achieve uniform de­

position. As the center of the, target is somewhat shaded 
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from the plasma by the substr~te, the target is usually chosen 

about 50% larger than the substrate to attain sufficient 

sputtering. 

2. Thick Film Screen P~tnting 

Screen printing has been used for hundreds of years in 

printing fabric patterns and metal designs on china. It is 

a fairly simple process requiring only: (1) a screen to de-

fine the printed pattern; (2)' a squeegee to transfer the "ink" 

from the tnp of the screen to the substrate; and (3) a fixture to 

hold the screen and subetrate in their proper relative positions, 

while allowing movement of the squeegee. Downward pressure 

on the squeegee pushes the screen against the substrate and 

forces ink through the "open " parts of the pattern of the 

screen. The amount of ink that sticks to the substrate is a 

function of the scr.een~s filament diameter and spacing, the 

emulsion thickness, the width of the line to be printed, the 

initial distance between the screen and substrate (snap-off 

distance), the viscosity and rheology of the ink, and the 

adherance of the ink to the substrate. If the ink cannot wet 

the substrate, then printing will be negligible. The ink used 

in screen printing of solar cells generally consists of: a 

metal powder (silver) with 5-10 pm diameter grain size; an 

organic vehicle composed of a solvent, such as butyl carbitol, 

and a binder (ethyl cellulose); and afrit, which coul'd be a 

glass sllch as lead 'borosilicate. Recently, experiments have 

been performed replacing the frit by a flux, such as AgP03• 
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~he screen may be either a mesh of wire or nylon fibers, 

with the grid line pattern defined by use of an emulsion 

which closes the pores in the mesh in desirable areas, 

to prevent ink flow there, or an etched metal screen. ~he 

greater flexibility of the nylon screen is a disadvantage to 

resolution, because of its larger snap-off distance. ~e 

etched me,tal screen has very good resolution and a small snap­

off distance, but is more expensive. Similar results can 

often be obtained with a cheaper, fine wire mesh screen. A 

325 wire mesh can yield lines as narrow as 125 ~m, although 

175-200 ~m line width is more commonly considered as the 

practical limit of the present technology for a reliable pro­

cess with acceptable yield. It is expected that this limit 

can be pushed to 125 ~m irl the future. ~he thickness for 

the printed lines is limited to about 25 ~m before firing. 

The limit arises from adherence of the ink to the sides of 

the emulsion on the mesh. 

After application of the ink, the printed parts are 

dried and then sintered, both in the air. ~he drying and 

sintering shrinks the ink volume by 20 to 50%. When sintered, 

the silver inks have an open matrix structure with a solid 

fill factor between 50 and 60%. The conductivity of the 

printed and sintered silver lines is at most 60% of the bulk 

conducti vi ty for equal metal mass in the line, due to the 

limited area contacts between the silver grains. 

A screen wi1~ last for about 10,000 cycles, a squeegee 

for a tenth of that. ~he squeegees need to be hard enough to 
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retain a sharp edge, yet soft enough not to unduly weAr out 

the screen. The repetitive applicAtion of simple operations 

in screen printing lends this process readily to automation. 
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.. x. Comparative Eva~luation of the Metal Depositio~ Options 

A. General 

In th:is section., the attributes of the various applicable 

metal deposition options will be compared against each other. 

Such a comparison of the deposition options alone is only a 

first step in a comparative evaluation of the metallization 

process options, since the complete metallization process 

consists of a sequence of several steps - such as surface 

preparation, masking, Pattern definition, conduction layer 

build-up, removal of mask, sintering, etc. The options for 

the complete metallization process thus form a submatrix to 

the matrix of the solar cell process options. In this ~ub­

matrix, the number of process steps varies between options, 

as well as the interfaces to the main process matrix. 

As an example, the various plating processe~ require the 

additional steps of masking, further conduction 1ayer'build­

up, and mask removal, which are all not needed in thick film 

printing of silver. This process, however, requires a re­

latively high temperature sj"ntering step to reduce contact 

and conductor resistance to acceptable values, which is 

usua1~y not needed for plating. ,Also, some processes :require 

some additional operations. For instance, in vacuum evapo­

ration, the commonly used contact mask gets covered with 

deposition metal and must be periodically removed for clean­

ing. In the interface area, the suitability of some pro­

cesses depends on preceding processes or the cell stt'ucture 

chosen. As an example, it does not seem advisable to screen 
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print on texture etched cells due to potential damage to 

the peaks from the pressure of the squeegee. Even worse, 

some of the process steps in the metallization submatrix may 

be combined with process steps in the main matrix, such as 

AR-coating. For wet chemical plating options, for instance, 

a die,lectric mask is required to define the metal pattern. 

But, since there is no metal deposit on the mask itself, the 

mask does not have to be removed if it can serve as, or com-

plement, the AR-coating. 

The various metallization options also result in differ~ 

ing conductor attributes, such as conductivity and minimum 

line width. These attributes determine not only the design 

of the solar cell, but also its ultimate performance. On 

large area cells, to achieve high performance, the front 

metal pattern should have a grid line width of 25 ~m or less. 

This is well beyond the projected capabilities of some pro­

cesses (e.g. thick film screen printing), and depends on 

the mask attributes for others (wet chemical plating and 

vacuum evaporation). The thickness of the metal layer also 

has a practical upper limit, which has, in generality, been 

taken as ],0 ~m for the lines of 25 lJm or greater width, and 

as 40% of the line width for narrower lines. 

postponing these complications to a later point in the 

evaluations, the following discussion will, as a first step, 

examine the metal deposition only. 
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Some of the metal deposition options represent, by them­

.elves, a variety of sub-matrices. For instance, for the 

electroles. Ni plating process, several variations of surface 

preparation have been explored with conflicting results. 

They include nickel deposition on: bare, HF-dipped wafers; 

a Pd-layer applied by immersl,on plating; a Pd-layer applied 

by immersion plating, and built up electrolessly; a thin 

(50-100 g) gold layer. The type of strike surface used 

determines the sintering conditions to be applied to the Ni 

layer. A few general requirements have emerged from the 

theoretical study of the influence of metallization design 

on solar cell performance;; Fore1l\Qst muong these is t:bat., 

to simultaneously minimize the losses from series resistance 

and from surface area coverage which causes current loss 

from shadowing, the sheet resistance of the grid line needs 

to be as low as possible. This requires high metal conduc­

tivity and large thickness. The use of copper with its high 

conductivity, second only to silver, is therefore indicated. 

It is further imperative that the deposition process yields 

a layer of bulk conductivity, and not only about one third 

of it, as the powder deposition and sintering processes do. 

According to their general nature, outlined in the 

preceding section, the discussion of the metallization op­

tlons will deal with them as four major groups: the wet 

chemical plating, which includes immersion, electroless, 

and electrolytic plating; vacuum deposition, including 

ill 
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Table VIA 

Metallization Process: Options 

f . 
! 
! 

~ 

" 

i 

Process 

E1ectro 
less 

Plating 

Immersion 

plati.ng 

* Ji 

Applicab1e 
Metals 

Ni on 5i 

II 

Hi. on Pd 

II 

Ni on Au 

Pd on 5i 
or on Pd2Si 

Ae on Hi 

Pd on Si 

. 
Coating Purpose of 

Thickness Co&ting 
(UII' 

0.5 Pqttern for 
chief Condo . 
or barrier 

S Chief cond. 

0.5 Pattern for 

chief condo & 

or barrie,r 

5 Chief Condo 

0.5 Pattern for 

chief condo 

0.01 Ohmic contact 
and barrier 
againstN.! 

5 Chief condo 

. 

O.OI •. 1hmic con tact: 
and barrier 
against Hi 

oW .. 
~":;~li.,itd:lml ... +£',.::,~ Jt"'t~t::~~ti'h' b *--~-'~-~~"-'-:-.'--"""'-'-~ 

Typical Major Steps 
Sintering 
Requirements 

300·C; 30 UF dip, plate, 

lAin rinse and dry, 

sinte(". 

Optional plate, rinse 

and dry. 

INone plate, rinse 

and dry. 

None Plate, rinse ~ 

dry. 

JOO·C; 15 .in IfF dip, plate, . rinse and dry, 
in N 2 sinte~, 

I~one !'late, rinse, 
and dry. 

1tOOOC; 30 IIF dip, plate, 
)Iilin in "2 rinse ~ dry, 

sinter, ht-
I)("essure scrub, 
UF dip, plate. 

~~ ~ 

....... -.oj,. " .,,~~ ... ,.,,--_. 

Reaarks 

Adherence to 
51 and con-

tact resis-

tance is 

var.iable 

-

-

ShouldnWt 

be exposed 

to high tem-

peratures 
(>3000 C) 

Foras Pd2S i 

when sin tered 

Only recently 
bas solution 
stability 
been accep-
table. 

Forms Pd 51 
when sin~ered 
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Process 

Electroless 
~mmersion 

Plating 
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TABLE VIA (Continued) 

Metallization Process Options 
Applicable Coating Purpose of 'rypical 

Metals Thickness COating Sinterinq 
('Om) ;tequirements 

-

Au on Si 0.002 strike layer Non~ 

Cli .on 1fi 8-10 Chief Cond .. 
layer None 

Hi on 512 8-10 Chief Cond. 300·C, 30 air 
in H2 

l\g on HI 5 Chief Cond. Hone 
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Major Steps 

HF cUp, plate 

Phte. Jina •• 
dry. 

HF dip, plate, 
rinse' dry, 
sInter 
~late, rinse a~ 
dry. 

.. 

Jleaarks 

Shouldn't be 
exposed to 

~lgh ~~ratu~e 
(>30::; C) 

Must avoid 
I!irect CU-Si 

contact. 

lc!K organics 
~n plating solu-

~ion. 

CUrJ:'ent 
4ensity between 
110-20 aA/ea2 
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resistance and electron beam heating as well as sputtering 

and ion plating; thick film screen printing; and deposition 

from the melt, such as solder dippin9', which is at times used 

for conduct.ion layer build-up. The procesain9' parameters for 

each metal deposition option are considerably affected by 

the type of metal applied. An extreme case in this respect 

is the thick film process, where it has been found practi~ 

cally necessary to work with noble metals (e. 9'. silver), to 

avoid oxidation of the metal powder in the binder burn-off 

step. However, the high cost of the noble metals, includin9 

gold, silver, and palladium, will severely limit thair use in the 

manufacture of solar cells and modules for large scale terres­

trial application. As a consequence, grid patterns of base 

metals are preferred, but their successfu:l~ .:.1pplication by 

thick film methcds requires further development. The wet 

chemical plating options appear not to be the most appropriate 

for applying base metal grids; the operating conditions lead 

to a reduction of the grid metal. Even though oxidation of 

the substrate or silicon surface might seem to be a problem 

in wet chemical. plating, the thickness of the silica layer 

covering the silicon may be reduced when exposed to the ~la~ 

ting solution, at least in electroless nickel plating, as 

recent stUdies have shown(7). 

A summary of the metal deposition process options, used 

f ;! or being considered for low-eost silicon solar'cells, is con-
I ~ 

tained in Tables VIA-C. In these tables I the normally applieCl 
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metal. thiokness (which determines the function of the metal 

layer), the metals, to whioh the prooess is normally appli.ed, 

and the major processing steps are listed. The Midfilm. pro­

oess has been listed separately i,n these tables, a. it re­

presents a oross between a photolithographic and a thick film 

proc •••• 

B. Chemioal Deposition Processes. 

1. EleotrolesB Plating. 

The first. set of options listed in Table VIA refers to 

electroless plating whioh is now mostly used to apply only 

a thin layer (up to ~ 5000 R) as a pattern for further con­

ductor build-up. Electrolytic plating, just as the older 

method of solder dipping, is primarily used for additional 

conductor build-up. If copper is applied as the main con­

ductor, then a "barrier layer" is needed to prevent copper 

penetration into the silicon wafer. Nickel has been found 

to provide an effective barrier against. copper diffusion, and 

it. is convenient that it can be applied by electroless pla­

ting. 

In electroless nickel plating, the nickel is deposited 

by the chemicalreact~ons described by reac (138) and (139).in 

the preceding section. Approximately three moles of hypo­

phosphite anions are consumed for each mole of plated nickel 

due to two side reactions. One is the break-up of the hypo­

phosphite anion~nto H20, OH-, and phosphorus caused by reac­

tion with the adsorbed h~drogen atoms, such as: 

us 
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(146) 

The other side reaction is the evolution of gaseous hydrogen, 

instead of adsorbed hydrogen, from the reactants in reac (138). 

This reaction is: 

(147) 

There is still some debate over the type of surface which 

nickel can be most advantageously applied on. The three 

c,rO'anizations which examined electrc.<tess nickel plating under 

ette JPL/LSA project, applied three different procedures for 

surface preparation. Before applying the nickel layer, Motorola 

covers the gr1d patte~n with a Pd~layer, applied by immersion 

plll! ting and in some cases buil t up further wi th electroless 

plating. Photowatt applies the nickel layer over a thin gold 

layer which is formed by immersion plating, while Sola~~~ 

deposits the nickel directly on the silicon surface by elec­

t.roiess plating. It is to be noted , that the surface prepara­

tion prior to the metal deposition process has a major in­

fluence on the sucess of the pla~1ng process. First, the 

electrical conductivity of the semiconductor plays a role, 

with the more heavily doped materials being easier to plate. 

Second, the mechanical surface structure has a significant 

influence, with the coarser surfaces (sandblasted, coarsely 

lapped') resulting in better adhesion. And finally, the chem­

ical cleaning ~rocesses used imraediately prior to plating, in­

cluding an HF dip with or without subsequent short rinse, are 

recognized as important steps in a successful plating process. 

116 

.. 1 

1 
j 



r 
t 

I f i 
'i 

r f 

The electroless nickel plating options are listed in 

Table ~. Even thougn the electroless application of a bulk 

nickel conductor is shown in Table VI~, it is now more commonJ.y 

proposed that the nickel be used only as a thin layer, as the 

brittleness of the electrolessly plated layer (due to the 

presence of phophorus in the Ni deposit) causes thicker layers 

to peel relatively easily from the silicon during temperature 

cycling. 

With proper care of the electroless nickel plating 

solution, by cleaning tne wafers of particulates possi,bly 

carried into the bath and by filtering out precipitates to 

avoid having the solution plate out on itself, and by adding 

a replenisher solution which contains NH40H to maintain the 

proper pH, ana NiC12 to replace the plated-out nickel, the 

solution lifetime can be quite extensive. In current cost 

studies for electroless plating of nickel, it is assumed that 

one liter of solution could effectively plate, without ~e­

plenishment, 34 m2 of polished cells with 5' front area 

coverage to a layer thickness of 5,000 K. It may be noted, 

that the high mobility of nickel cations in the solution 

allows the indiscriminate plating of textured surfaces, which, 

because of the greater surface area of the texture etched 

cells, decreases the capacity of the plating solution. The 

nickel plating solution consists of 2.5 wt' NiC12 • 6H20, 

5 wt' NH40H, 1 wt% NaH2po2 • H20, 4 wt' NH4C", 7 wt' 

Na2c6H507 • 2H20 and 80 wt' H20. The NiC12 • 6H20 is the 
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metal source, the ammonium hydroxide and tne ammon~um chloride 

maintain the pH of the solution, the sodium citr8;te is a 

chelating agent, and the sodium hypophosphite is the reducing 

agent for the nickel. Increasing the pH mignt increase the 

rate of production of adsorbed hyd~ogen atoms and plated 

nickel (reac (13'S) and (139), but it also increases the rate 

of a conflicting reaction (reac (147). Raising the temper~­

ture of the plating solution increases the plating rate, but 

the stability of the plating solution decreases. A solution 

temperature of 90°_95° C gives acceptable plating rates and 

solution stability. It would first be expected that the 

plating rate could be increased by using more sodium hypo~ 

phosphite than listed above. However, too much sodium hypo­

phosphite decreases the stability of the solution, so that 

it could plate anywhere, not just on the silicon or cleaned 
• 

metal surface. The ammonium chloride acts as a buffer and 

aids in maintaining the solution pH since it is. a salt of the 

weak base NH40H. The complexing agent sodium citrate helps 

to keep solution particles and metal ions in solution. Solid 

particles ,not. only cause a rough deposition, but can also 

act as catalytic nuclei that lead to solution decompQsition. 

The electroless plated nickel layer generally shows gooduni­

formity, with few pores and a fine crystalline structure. 

Part of this is due to the presence of between 3 and 15 wt% 

phosphorus in the nickel layer due to reac (135). The phos-

phorus gives the nickel layer a high corrosion resistance, 
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but also brittleness compared to a pure nickel layer. The 

resistivity of the Ni-P layer is about an order of magnitude 

higher than that for pure nick.el - 60 }.to em compared to 

6.35 }.\Q cm. As the electroless plated nickel layer normally 

serves a sensitizing fUllc;ltion, its high resistivity does not 

form a handicap. However, the diffusion of phosphorus from 

the nickel layer into the wafer can electrically influence 

+ an underlying p or p layer. Also, care must be exercised 

in heating the electroless nickel layer, since the compound 

Ni 3P is formed at about 400 0 C. The nickel phosphid~. affects 

the hardness of the metal layer due to crystallite growth. 

Both the adherance of the electroless nickel layer and 

the unit area contact .resistance (desired to be ~ 10-4 ohm ocm 2) 

are dependent on the nature of the substrate and onsintering 

temperature and time. Although nickel can be (and has been 

in production quantities) successfully plated electrolessly 

directly on silicon, and even without sintering, its adher­

ance and contact resistance have been found to be difficult 

to con.trol. The former could be due to variations of the 

nickel layer thickness. The brittleness and thermal expan-

sion coefficient mismatch between the nickel and silicon 

become more apparent, as the thickness of the layer increases. 

In one series of experiments(S) it was found that 5000 K 
thick layers adhered well to silicon, while 10,000 K layers 

separated easily. The si.lica layer thickness also affects 

adherance and contact resistance. If the silica layer is 
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too thick (> SO .R) to readily permit t.unnelinq, then it wj;ll 

act as a dielectric layer, and electroless platinq wlll not 

occur. If there is no silica present on the &ilicon surface, 

then a displacement reaction will occur with the platinq 

solution between the nickel and silicon, due to the high re­

activity of silicon. This is thought to create a porous 

interface layer between the silicon and the nickel, and thus 

to decrease the adherence of the deposits. 

It has been shown recently(7) that the silica layer 

thickness decreases in the electroless nickel bath, and that 

the plating does not actually commence until the silica layer 

thickness has been adequately reduced, i!e. to near 50 ~ to 

allow a sufficient amount of electron tunneling~ This de­

crease of the silica layer thickness could result from a re­

duction of the silica by the ammonium hydroxide, and its , 
dissolution by complexing with the sodium citrate in the 

solution. Since different silica thicknesses thus would 

require diffferent processing times, it would be desirable 

to maintain a standardized silica layer thickness in a pro­

duction line situation. This might be accomplished with a 

dilute HE' dip immediately prior to the electroless plate. 

Processing times and temperatures for depositing 5000 ~ o~ 

Ni on "bare" silicon are 5 to 6 min at 80 to 90° C. 

To form an ohmic contact on non-degenerate silicon, 

i.e. not heavily doped and/or sandblasted silicon, the nickel 

layer has to be sintered after plating, which is thouqht to 
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result in the. formation ot N:i. 2Si.__ The aintering temperature 

has to be kept low" to minimize the formation of Ni3P in the 

metal layer and the d.tffusion of nickel into the s.tlicon wafer. 

Nickel atoms in the depletion region can lower tne cell effi~ 

ciency through the formation of recombination centers, whi.le 

nickel aggregates can even short out the junction~ The sin­

tering conditions for electroless deposited nickel are there­

fore usually 300 0 C for 30 min in an inert atmosphere. On 

cells which are solder dipped, a separate sintering step is 

usually not performed. It is possible that the short heat 

cycle connected with the solder dipping operation is' adequate 

for the Ni~Si formation. 
~ 

To shield the wafer against nickel penetration, and to 

ensure contact adherence as well as coherence, a palladium 

layer is sometimes electrolessly deposited prior to the nickel 

plating, in a "sensitizing bath". The palladium forms a 

barrier against nickel penetration, and it presents a very 

active surface for the adsorption of hydrogen atoms. The 

palladium layer is usually sintered for 30 min at 300 0 in 

a nitrogen atmosphere to establish an ohmic contact by the 

formation of palladium silicide. No additional sintering 

is then needed after deposition of the nickel layer. A gold 

strike layer, approximately 20 i thick, can be deposited in 

lieu of the Pd layer prior to the nickel plating. The role 

of this gold layer is not well understood. It probably does 

not act as a barrier to nickel penetration, and gold itself 
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penetrates readily into sill-con ~nd forms recombin~tion cen­

ters there. However, the presence of a gold layer aids in 

providing an adherent and ohmic nickel layer without the need 

for sintering. The absence of a sintering step in the Au-~i 

layer minimizes the metal penetration ,l?roblern during the 

solar cell fabrication process. !n one reported sequence; 

the gold layer is plated by immersion of the wafers for 30 

seconds into a basic electroless solution which contains 

0·.2 wt% potassium cyanaurate as the gold source, 5.6 ~t% 

ammonium chloride, 4.4 wt% sodium citrate, and lw·t% sodium 

hypophosphite. These chemical constituents serve the same 

purposes as they do in the electroless Ni plating solution. 

The solution is maintained at a pH between 7 and 7.5 by 

addition of ammonium hydroxide. It has been found that the 

addition of 1 wt% HE' to the electroless gold solution reduces 

its best operating temperature from the 90°_95° C range to 

room temperature. Whether the HE' increases reactivity of 

the solution or of the surface, is not known. It could also 

be that it is simpler to precisely control the thickness of 

the thin gold layer by keeping the gold solution at room 

temperature where its reactivity is lower. Just prior to 

exposure to the gold plating solution, the wafers are dipped 

in concentrated HF (48 wt%) for 30 seconds. After the gold 

.,.' layer is applied, the wafers are rinsed thoroughly with 

Ol H20 for 5 minutes before being electrolessly nickel plated. 

In another process sequence, palladium is applied via 
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immersion plating and then built up with electroless plating 

pr.ior t.o the electroless nickel plate. The immersion Pd-layer 

is about 50 i thick, while the electroless layer is 1000 i 
thick. The palladium immersion solution contains PdCl2 as 

the Pd-source, HCR. to help dissolve thePdCR.2, and NH4F to 

complex with the silicon cations by formation of fluorides. 

Control of the immersion reaction rate i.s important; ,too 

rapid a rate leads to non-adherent or spongy deposits. The 

silica layer th.ickness is mi'nimized by dipping the wafers in 

a 1 wt% HF solution just prior to platihg. 

In the Motorola process sequence, the immersion plating, 

which takes 5 min, is done twice,with ox H20 rinses, a short 

aqua regia dip (5 sec), and a 20 sec 1 wt% HF dip between the 

immersion plating steps. After the second plating operation, 

the cells are rinsed with OI H20, dried, and sintered for 15 

min at 300 0 C in a ni t.;rogen atmosphere. The palladium layer 

is then built up by electroless Pd pla..ting. The composition 

of the electroless Pd-solution is very sim:i.lar to that for 

the nickel solution, save that PdCi2 is the metal source. 

The cells are placed for 45 sec in the electroless Pd-solution 

which is .kept at 50 0 C and a pH of 9. 7. The cells are then 

rinsed with OI H20, dried, and sintered at 300 0 C for 30 min 

in a N2 atmosphere. It might not be necessary to have such 

a thick Pd-layer prior to the nickel plating. Mo);erecently, 

Motorola ,has been able to fabricate good cells blr electroless 

plating of nickel over an immersion. ,Pd':'layer. Sintering is 

then done only after the n;; .. ckel is plated. 
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2. Electrolyt~c Pl~ti~9. 

Electrolyt~c pl~t±n9'l:s conside;t'ed in solar cell fabrtca­

tion primarily for the deposition of copper for the PUrpose 

of conduction layer build-up. The most common sQlut~on us~d 

for plating copper is an acid which consists of approximately 

150 to 200g of copper sulfate (CUS04 • 6H20) and 30g of con­

centrated sulfuric acid in a liter of water~ (4). ThE,\copper sul­

fate transports the copper from the anode to the cathode. 

But because only about 25% of the CUS04 is ionized in an 

aqueous solution, the conductivity of a CUS04 solution 1.5 low. 

Therefore, one of the chief purposes of the sulfur~c acid is 

to increase the conductivity of the electrolyti:c solution. 

The conductivity of a 1 n H2S04 is about 6 times larger than 
-1 that of an equivalent CUS04 solution - 0.200 mho cm compared 

to 0.035 mho cm- l • In addition, the sulfuric acid pr~motes 

anode reduction by reacting with it, and further, by attacking 

copper aggregates, the sulfuric acid fosters a smooth deposi-
. 

tion. Colloidal particles, such as starches, in the electrol-

tic solution also promote smooth deposition by accumulati~g 

at the high points of the wafer. Since the high po;i.nts pf 

the substrate are closer to the anode, heavier deposit1.on is 

normally experienced there. However, an excessive deposition 

on high points is reduced by the presence of colloids. Also 

required for smooth deposits is good wetting of the substrate 

I . or ca.thode surface, since .beading of the electrolyte would 

concentrate deposition into selected areas. 
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During the el.ectropla tint], the solution is kept at a 

moderately high temperature (~ 50° C) since the conducti­

vity of the solution increases with temperature. However, 

the stability of the electrolytic solution set.s an upper 

limit:. to it.s operat.ing temperature. Also, the solut.ion has 

to be agitated during plating, to redistribute the. j,ons and 

prevent. charge accumulat.ion at the electrodes. Further, 

the elect.rolytic solution should be constantly filtered 

t.hrough diat.omaceous earth to rid it. from particulat.es. The 

filtering rate should be fast enough to turn over the elec­

trolyt.ic solution once an hour. The accumulation of pre­

cipitates, or solid particles, would affect. the coherence of 

the deposition. since the grid lines are only 5-10 ~m thick 

and 40-120 ~m wide, the inclusion of particulates in t.he grid 

pat.te,rn could be detrimental t.o the grid line integrity. 

Anot.her technique, besides filtering, to minimize deposition 

of solid particles, is to place bags around the elect.rodes. 

One suggestion (~) is to use a 10-12 oz. cot.ton flannel inner 

bag with a napped polypropylene out.er bag. 

Unlike elect.roless and immersion plat.ing, which could 

be done in a simple flow t.ank with a recirculating system, 

electrolyt.ic plat.ing requires fairly large plating tanks. 

These tcUlks have to be electrically' insulated' t0wards t.he so­

lut.ion and are therefore normally made of steel with a rubber 

lining, such as Koroseal from Goodyear. Bej!ore a new t.ank 
I 

can be used for plating, the t.ank has to 'be leached wi th a 
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weak alkali solution to remove any loose organics. In order 

to plate 2400 solar cells of 10 cm x .10 cm size per hour, 

assuming a cyc]"e time of 5 minutes for the plating operation, 

two tanks would be required, each of approximately 185 em x 
215 I:m surface area and of, a:dequate depth to accommodate one 

cell placed vertically. In this setup, the tank would con­

tain six anodes parallel to each other along the long side 

of the tank, placed 30 cm apart. Equidistant from the anodes 

and the tank walls are five cathode racks, each rack contain­

ing 20 wafers, being plated on both sides simultaneously. 

A plating current density of 60 mA/cm2 will give a coating 

thickness of about 6 ~m in S min using the acid plating so­

lution, (l~) In this scheme, it is assumed that an electrical 

connection can be made to each of the 100 wafers that are 

in a tank simultaneously. This would require loading, and 

unloading 10 racks with 20 wafers each every 5 minutes, 

probably by automatic means. It may be noted that the plating 

current amounts to 6 A per solar cell, or 600 A per tank. 

It is also to be observed that the tank can be made deeper, 

and thus accommodate a multiple of the 100 cells per load 

discussed. This can be used to eliminate the second tank and/ 

or increase plating time or throughput. 

For plating copper directly on a nickel grid pattern, 

the acid bath solution may not be desirable because of the 

possible displacement reaction between copper ions and nickel 

metal. The displacement reaction, which occurs because 
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nickel.. is more reActive thAn cQPper, would result in in­

coh,erent deposits... To avoid this reaction, wafe:rs with an 

electrole •• nickel coating, could, prior to copper platingf 

be dipped in an alkaline "coppering" solution. This sol.ution 

both cleans the surface and deposits, by immersion plating, 

a thin layer of copper on the nickel surface. The coppering 

solution is composed of: 50 g of NaOH, to emulsify oil; 50 9 

NaCN, for complexing metal ions; 50 g of Na2C03, to give the 

proper pH; and 25 g of CuCN, as the source of copper; and 

one liter of water.CII) The cyanide complexes with the copper 

cation, effectively decreasing the copper activity" 

Another common electrolytic plating method, which does 

not requi:re a preceding "coppering" bath, utilizes a copper 

cyanide plating solution .(.4) This solution contains Rochelle 

Salt (NaKC6H406 ·4H20) which is also a complexing agent, 

copper cyanide, sodium cyanide, sodium carbonate, and sodium 

hydroxide. Sodium cyanide complexes with copper as follows: 

CuCN + 2 NaCN = Na2Cu(CN)3" (148) 

The desired operating pH of the Rochelle salt solution is 

12.6, which is adjusted by the addition of NaOH or H2S04, 

depending whether it is desired to raise o:r lower the pH. 

The' opera,ting temperature of this solution is between SO 0 

and 90 0 C" and current densities used are between 20 mA/cm2 
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and 50 mA/cm2• Besides being able to plate active metals 

without a displacement reaction, electrolytic solutions 

containing cyanide have good throwing power; or the ability 

to produce even deposits on irregular surfaces. The throw­

ing power of the cyanide containing solution is about five 

times larger than that of the CUS04 ... H2S04 solution. 

xt has also been proposed to electropl~te nickel grid 

patterns directly on the silicon wafers. It is undesirable 

to plate copper directly on silicon because of the detrimental 

results on cell performance of copper penetration into the 

junction. The lower conductivity of nickel would require that 

its plating thickness be about four times larger than that for 

copper, which, however, may not be practical. The equipment 

and procedures for nickel plating are similar to that for 
• 

copper plating, except, of course, for the difference in 

electrolytic solution and the anode material. To prevent 

rough deposits, the nickel anodes should bE:: double bag-ged. 

One liter of nickel electrolytic solution consists commonly 

of 327 g of nickel sulfamate (Ni(S03NH2)2) , as the nickel 

carrier, and 30 g of boric acid which acts as a buffer. 

There are also traces of chemicals added to increase the 

anode reactivity and the deposition smooehness. Sincepure 

nickel is a fairly inac·tive anode, a sulfur depolarized 

nickel anode is used. The optimum operating conditions for 

the nickel sulfamate solution are a temperature of 49° C, 
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a pH of 4.0, a current density of 60 mA/m2, and a voltage 

between 4 and 8 volts (DC). Approximately 1 mt of nickel 

replenisher solution shou1d be added for every ampere-hour of 

charge passed through the tank. 

C. Thick Film Screen Printing 

Screen printing appears to be a very simple process for 

applying the bulk conducting layer on a solar cell. The 

application of the conductor in the desired pattern is essen­

tially a one-step operation using a screen printer, requiring 

neither prior pattern definition nor further conduction layer 

build-up. The pattern is defined by a wire mesh or metal 

screen which can be re-used about 10,000 times. However, the 

currently available thick film procedures are incompatible 

with the requirements of a low-cost solar cell production 

line. For one, the only metal that can be practically used 

for applying contacts to silicon solar cells by screen print­

ing is silver, primarily because of the need for burning off 

the binder in the ink before sintering the layer. This burn­

ing-off of the organic material requires oxygen, which, at 

the same time, would cause oxidation of the metal particles 

in the ink, were they of non-noble metals. In the quanti ties 

required, silver is too expensive to permit meeting the 

price goals for the modules. Secondly, the conductance of 

a layer of screen. printed and sintered silver, containing 

an equal mass of me.tal as a bulk layer of the same metal, 
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Process 

Thick Fil.m 

Screen Printing 

.. 

.. 

.. 

'" 
.. ~.~-~" .•. ,,-... -. .. . . . 
_....J ........... ~ ..... ~--...;..~ ... 

Appl.icabl.e 
Metal.s 

Ag.on Si 

Sn:Uo()J 
(75:25). on 
Si 

Cu on Si 

Al. on Si 

-"l"- --."-

Tab1e VIB 
Hetall.ization Process Options 

Coating 
Thickness 
(um) 

l.2 

15 

10-15 

15 

J 

'« 

Purpose of 
Coating 

Chief COlld. 

~ 

Pattern for 

chief cond. 

(solder) 

back contact 
only 

back surface 
fiel.d 

.. 

Typical. 
Sintering 

Requirements 

12S'"C; 15 

min for drring 

followed by 
67S--700·C; 9(} 

-120 sec. 

400·C; 5 min 

to hurn out c, 
followed by 700 

·C for 30 min in 

N2 and H2 mix-
ture 

SSO·C, 5 min in 

N2 for adherencE 
followed by 5~Oo 
C for 8 min in 
U2 

8S0·C .. 20 sec 

-~-~ ""':.""~ .. ".1''' ~."'" ..... ~~~'t' ..... IIIIIIP""" 
",,,.,"_,,,,.,~ .......... n" 

'lajor Steps 

Screening, 

sintering 

Screening .. 

sintering 

Screening, 

sintuing 

Renarlcs 

r.;ridl.ine c1ensit;y • 
is 50-501 

~f bulk; l.ine 

~idth 250 um; 
Polisbed surface~ 

rreferred," 

',Small quantities 
of Ti (20 ppm) 

:!ecreases con:­

tact resistan::e .. 

rOlished surfaces 
,..,referred 

~u paste contains 
\gF _to aetas a 

4i,; 

flux and JI. -Si 
utectic to 

oluaic 

Screenin~ sint • ~-Si eutectic 
ing, removal of formed. during 

acess At· sintering which 

.results in a 

high conc. of 
At in the Si • 
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is only about. half that of the bulk silver layer, due to the 

limi.t.ed contact area between adjacent grains in the sintered 

layer. Therefore, twice as much metal has to be placed on 

the wafer in a screen printed layer than in a wet. chemical 

or vacuum deposit.ion process.. In addition, as the screen 

printed and sintered lines cont.ain a lot. of voids, with a 

density fact.or be'tween 40% and 60% of bulk density (set,) ll'able 

VIB), about four times the volume of a bulk metal line is 

needed fpr equal conductance. However, the thickness of a 

screen printed and sintered layer is limited to approximately 

20 ~m for a single screen printing. A second layer could be 

applied aft.er sintering the first layer, but this would ine 

volve patt.ern regist.rat.ion and would appear to be even more 

uneconomical. Thus, a single screen printed layer is equiva­

lent in perfo,t'mance to a 5 ~m thick plat.ed layer. Thirdly, 

the li,ne width in screen printing is, today, still pract.ically 

limited to 175 to 250 ~m minimum, with about l2511m projected 

for the future. This limitation causes more shadowing of the 

cells than experienced. by other deposition processes which 

are capable of smaller line width. 

Thecompo9it.ion of the screen printing ink usually in­

cludes the following: metal particles with a mean diameter 

of approximately 5 ~m; a glass fri t to foster metal f10'\17 and 

adherence during sintering (a common type is the Drakenfeld 

frit. which is a lead borosilicate glass PbO:B203:Si02 in the 

mixture 80:10:10 (wt.%»; a binder, such as triethyl cellulose, 
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to hold the ink together; and a solvent, such as trichlor­

ethylene or butyl carbitol, to give the ink the correct vis­

cosity. After the ink is applied with a screen printer, it 

is dried at approximately 125°C for 5-15 min to evaporate 

the solvent, and then sintered at approximately 700°C for 

a minute or two, to coalesce the metal particles to each other 

and to the surface of the wafer. An automatic screen printing 

machine is projected to print up to 2400 10 em x 10 cm wafers 

an hour with a line resolution of 125 ~m, using 325 mesh wire 

screen. A metal screen could print lines with about 50% 

higher precision than a wire screen, but is considerably more 

expensive. The function of the screen printing machine is to 

firmly hold the silicon wafer and screen in fixed position 

relative to each other, with a close and uniform spacing be­

tween them, apply a fixed amount of ink, and to move the 

squeegee over the screen in order to push the ink through 

the screen onto the wafer's surface. During the printing or 

"striking" step, the screen is pushed into contact with the 

wafer by the squeegee. After the squeegee has passed, the 

screen "snaps-off" from the wafer, imparting a large sheer 

force to the ink ,and thus hardening it so it can retain its 

shape. As mentioned earlier, the gridpattern'~ uniformity 

and quality is affected by the speed, pressure, and attack 

angle of the squeegee (angle that the squeegee makes with 

the screen), and the snap-off (substrate-to-screen) distance. 

Typical conditions are a squeegee speed of 8.4 cm/sec with 
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an attack angle of 45°, and a snap-off distance of 0.064 cm(12). 

since the snap-off distance should be constant over the wafer's 

surface, and llecause the squeegee excerts a significant down-

ward force on the wafer, it might be difficult to print warped 

wafers wi th acceptable yield,. The squeegee speed affects the 

flow properties of the ink. Normally, silver screen printed 

inks are thixotropic, i.e. they exhibit a hysteresis, which 

means a finite recovery period after snap-off. A thixotropic 

ink, as opposed to a pseudoplastic one, will retain its low 

viscosity fora short time after snap-off. 

The ratio of the printed ink's line thickness to width 

decreases with increasing line width, since r~latively more 

ink sticks to the screen for thinner lines. For 125 ~m wide 

lines, the largest wet ink thickness may be about 20 ~m, which 

results in 10 to 16 ~m thickness of the sintered line,. This, 

coupled with the rela.tively low conductance of the screen-

printed lines means, that larger series resistance connected 

losses will have to be accepted, if screen-printed lines are 

selected o),,·ar some other metallization process options. 

The current cost of screen-prin.ting silver is dominated 

by the cost. of the silver ink" which in turn is determined 

by the silver' price. A silver price of $0.40/9 (~ $l2.S0!troy 

oz) has been assumed for these calculations. With a price 

of $0.30/g for the glass frit, binder.s, solv~nts, and for­

mulation, the total ink price will be $0.70/g. The process 

details included in Table I were obtained from "Format A" 
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information supplied by the respective organizations. In 

some cases, the process data given were ndt complete, e.g. 

scr~en and squeegee costs were left out. 

In order to fit thick film screen printing into the LSA 

framework, the screening of base metals is being explored. 

The two principal examples of this effort are the screen 

printing of an ink based on a mixture of Sn and M003 powder, 

and one of copper u~ing a AgF flux. (Tab le vm) • The last. pro­

cess has been used primarily for the formation of the back 

contact. The thick film application of aluminum to the back 

surface will not be discussed in this context, since it is 
- + applied primarily to form a heavily doped p layer and a 

high-low junction by the alloy-regrowth process, and usually 

requires further conduction layer build-up. 

The tin:molybdenum oxide screening is a primary step 

to define the grid for conduction layer build-up by solder 

dipping. (P3) The ink solids consist of a 3:1 wt ratio of 

Sn to M00 3 , with one part in 50,000 of TiSi2ladded. The ti­

tanium silicide is supposed to lower the contact resistance. 

The ink solids are used in a vehicle which is composed of 

7S.wt% solvent, e. g.,. trichlorethylene, and 25 wt% binder, e.g. 

ethyl cellulose. Two parts of powder are used with one 

part liquid. After the sn:Mo03 ink is appl±ed to the wafer 

by screen printing, the wafer is air dried, heated to 400°C 

in air to burn-out the carbon, and then sintered at 700°C 

for ha1f-an-hour in a reducing atmosphere consisting of 
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hydrogen (40%) and nitrogen (60%). After cool~down, th.e wafers 

can be solder dipped. 

The application of copper ink using a AgF flux is still 

in the experimental stage .(14) The AgF which composes about 

2 wt% of the ink, melts at 435°0 and dissociates at 460°0, with 

the nascent fluorine ~ea~~ing with the silicon dioxide and 

reducing the silica layer thickness. After the Cu:AgF ink is 

applied by screen printing, it is activated by firing for 

5 min at 500°C in nitrogen atmosphere, and then sintered 

for 8 min in a hydrogen atmosphere at 550°C. The first 

firing establishes the adherence of the metal to the silicon, 

the second the bonding of the copper particles to each other. 

The process does not involve any organic binder which would 

need to be burnt off, nor any oxide containing flux. Thus J the 

process can be carried out in an oxygen-£ree environm~nt and 

therefore be applied to base metals such as copper. It is 

still subject to the other limitations of the thick film 

processes, and it involves handling of the quite cOL~tly AgF 

in a completely dry atmosphere, since it decomposes with very 

small amounts of moisture. 

Currently, adherent and coherent copper contacts have 

been made to silicon with apparently little cell degradation 

from copper contamination. Using copper inks, doped with 

aluminum germanium or aluminum. silicon eutectics, to form 

the back contacts, bare cells with efficiencies of 9.4% 

have been produced. (1St 
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Process 

Midf:!lm I 

" I 

Vaccuum 

deposition 

Solder dip-
ping 

.. .. 

Applicable 

Metals 

Ag on Si 

Cu:Sn 

Ti:Pd:Ag 

on Si 

Ui:Cu on Ng 

~n:Pb (60:40) 
on Ni 

I 

I 

-~ ~ . ...-

Table VIC 
, 

Metallization Process options 

Coating 
Thickness 

8.5 

Not I 
avail.able 

Purpose of 
Coating 

Chief Condo 

Typical 
Sintering 

Requirements 

1:50. C, 6?-1.00 
eCi 700 C, 

30-70.sec· in 
air 

1700·C for 5 nun 

in ~2 . I 
0.01:0.01: p.onding:barrierl None 
5 Chief condo 

0 •. 5: 10 I ['arrier: chief I None 
condo 

'. 

I >55 Chief condo None 
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Major Steps Remarks 

rpP1YiDg Midfi.:lo! ~orkS best 
exposure, appl.y- ith·spherical 

ing metal, sin~ particles 

tering resolution about 

50 um 

Same as above ucessfully 

fired on Si 

afers only 

Load, evapora-
sed for space tion unload 
ells 

I Load, evapora- ~ tion, unload f above 

Flux dip, soldel lust have llletal 

dip, clean, lattern. Thick-
rinse and dry r .on bus bars • 
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D. Physical Vapor Deposition. 

Physical vapor deposition, particularly in the for.m of 

vacuum evaporation, has also been used in large scale manu­

facturing of various products. Although it often is reputed 

to be a high-cost process, it has been' applied, for instance, 

for the mass production of metallized plastic parts for low­

priced merchandise, such as toy cars. The process is also 

capable of automation, as the successful operation of several 

fully automated vac~um process lines for the low-cost depo­

sition of precision four-layer optical interference coatings 

at oeLI (.Santa Rosa, CA) shows. 

Physical vapor deposition tpVD), or v.acuum evaporation! 

has been employed for years in the fabrication of space solar 

cells, as well as in much of integrated circuit manufacture. 

The generally used metal layer combination for space cells 

includes an about 100 i thick titanium layer directly on the 

silicon to ascertain an ohmic contact as well as the adherance 

of sUbsequent layers. The Ti layer is followed by a 100 ~ 

thick Pd-layer which protects the titanium layer from oxida­

tion and hydrolization. The last layer is about 5 )lm of 

~il ver to serVe as the hulk conduct6~.>. 

Ohe of the qttr.ibutes of the physical vapor deposition 

process is that it has to be carried out j,n a controlled 

environment,namely in a high vacuum in the caSe of vacuum 

evaporation or ion. plating, or a low pressure gas such as 

argon in the case of sputtering. This causes some complica-
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tion for the loading and unloading of the work in pl'ocess. 

In laboratory type and small production equipment, the cham­

ber i8 opened to the atmosphere for unloading and loading. 

Subsequently, the chamber is closed and pumped down to the 

required vacuum level. This pump-down requires some time, 

often 15 to 30 minute:'l.! during which the rel~~,ively capital 

intensive equipment, and often also its operator, are not 

productive. Installation of larger capacity pumps - an 

additional capital investment - can reduce this pump-down 

time to approximately 5 to 10 minutes. For mass production 

purposes, continuously operating conveyerized systems have 

been investigated about ten years ago. These systems are 

always open at the loading and unloading sides, although 

the openings are restricted as far as possible. Thus, in 

~ront and behind the actual process chamber in which a high 
r 

vacuum is continuous'ly maintained, a sequence of pumps has 

been installed to achieve a suitable pressure gradient between 

the outside environment and the pressure in the process 

chamber. This approach requires large equipment and consid­

erable energy consumption for the continuous maintenance of 

the pressure gradient. This equipment is therefore not 

considered economical, and is no ~onger produced. The al­

ternative for mass production is a quasi-batch operation with 

airlock ch4,JUbersfor the loading and unloading of the work 

in process. These a±rloeks are located between the ambient 

and the process chamber which" in this approach., is also 
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continuously maintained at the high operating vacuum. For 

entry or exit of work in process, the airlock is opened to 

the ambient, while closed to the process chan~er. The gate 

to the ambient is then closed vacuum tight, and the airlock 

pumped down to the pressure of the process chamber. Sub­

sequently, the gate to the process chamber is opened to per­

mit passage of the work in process between the airlock and 

the process chamber. After closing this gate again, the 

pressure in the airlock is raised to the ambient pressure, 

usually simply by admitting outside air. For large produc­

tion systems, two airlock chambers are usually provided, to 

permit separate entry and exit means for the work in process, 

and to permit a smoother material flow. 

Energy is continuously consumed in vacuum deposition systems 

for the pumping to maintain the required pressure in the pro­

cess chamber, and somewhat more intermittently for the pump-

down in the airlock chambers. In addition, the substrates 

are sometimes electrically heated to an elevated temperature 

during the deposition process. Finally, energy is needed 

for heating and evaporating the material to be deposited. 

This heating is now frequently done by an electron beam. 

The vacuum deposition process is a highly controllable 

process, both with respect to the quality of the deposited 

materials and to the layer thickness, as well as their uni­

formity. However, ever. in a high vacuum process (about 
-6 10 Torr) there are some residual gases in the process 
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chamber, some originating from backstraaming of oil from 

the vacuum pumps. o:'hese gases can interact with the material 

to be deposited or enter into the deposited layer, somewhat 

modifying its properties. o:'hrough proper vacuum chamber 

construction and maintenance, however, this contamination 

problem can be adequately controlled. In the systems which 

are equipped with airlocks. t and where the proces.s. ahainbe';r 

is continuously maintained at the operating vacuum level, 

the possibilities for contamination are greatly reduced in 

comparison to those systems which are periodically opened 

to the atmosphere. 

Since there is no significant qhemical reaction at tlle 

wafer surface during physical vapor deposition, adhe;rence to 

the substrate depends' 'IDos,tly on van der Waals' forces. 'l'here-. 
fore, coating adherence depends strongly on surface condition. 

The presence of water vapor, adsorbed 9'ases, carbon layers 

or grease on the wafer's surface, can greatly reduce ad­

herence. The wafer, therefore, has to be thoroughly washed, 

degreased,. (possibly by vapor degreasing with appropriate 

solvents), rinsed, and dried before placement in the vacuum 

chamber. Additional cleaning can be done in the vacuum 

chamber after pump-down. One method employs a loW' energy 

9low discharge, which provides ions which can knock loose 

contaminants from the surface. Baking out of the water 

at up to 300°C is another method. It will remove water 

vapor and other adsorbed gases. However, a carbonaceous 

layer may form from the cracking of residual hydrocarbon~. 
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One of the major problems with vacuum deposition is that 

the material evaporated from the source does not qeposit 

only on the desired areas. The evaporated material leaves 

the "source" on straight line trajectories ana, deposits on 

all surfaces in its path. While simple laboratory type 

sources deposit material into a nemispnere around the source, 

more sophisticated sources, or "boats", inco'rporate baffles 

and "chimneys" to restrict tne exit angle and deposit material 

predominately in a cone which does not nave to be signifi­

cantly larger tnan that containing the work in process. 

Nevertheless, there is always 5Qme overspray, as well as 

material transport to gaps between individual pieces of the 

work in process, which results in a deposition of material 

on parts of the equipment. Thus, the equipment has to be 

opened periodically and partially torn down to permit re­

moval of this unwanted deposit. It is noteworthy that about 

75% of this spuriously deposited material can be reclaimed. 

Patterns in the deposit can be readily defined by re­

peatably usable "shadow masks" which are positioned close 

to the work in process in the path of the ev:aporated 

material. An alternative is the application to the work 

in process of a temporary mask, a "resist", such as a photo-

resist. Where mechanical shadow masking is used, evaporated 

material will gradually build up on the mask, and will re­

strict its pattern openings. Thus, after a certain period 

of time, the mask has to be removed and cleaned, requiring 
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the. expenditure of labor and chemicals. Again, about: 50% 

of the mate.rial deposited on the mask can be reclaimed. As 

a result of these handling and cleaning operations, however, 

the mask life becomes limited. 

In many applications, the source boats have to be brought 

periodically to rather elevated temperatures and cooled down 

again, which reduces their useful life. A further life 

limitation of the source boat is, at times, caused by inter­

action between the boat material and the material to be 

evaporated. Nevertheless, 1000 lbs of copper have been 

evaporated frOm one graphite source boat in a large production 
(16) 

system. 

Vacuum evaporation has the following attributes which 

are beneficial for large scale solar cell production: a 

well c.antrollable, automatic process, capable of yielding , 

very fine line « 10 ~m) patterns, and of providing layers 

of bulk material properties, and capable of pattern genera­

tion with reusable masks. It has, however, also a number 

of undesirable attributes which include impracticality of 

simUltaneous deposl, tion on both sides of the wafer ,thus 

essentially doubling the capital costs(~G), material loss 

through overspray and deposition on the masks, which result 

in the need for cleaning masks and chamber, need for periodic 

replacement of masks, source boats, and pump oil, and con­

siderable, thougl+ tolerabJ.e, energy consumption. The$e 

attributes tend to make the process more costly than some 
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of ene wet chemical options. 

These problems tend to make the process unsuitable for 

the deposition of thick, tine line patterns. When. a pattern 

of 10 lJrn thick conductors of 25 lJm line width, as found 

desirable in the pattern optimization studies, is to be 

prodUced, then the 10 lJm deposit would tend to reduce the 

width of the openings in the mask so mUch as to require 

cleaning after only a few depositions. This would 

drive the costs up intolerably. The alterna.tive would be 

to use a disposable mask, a resist, on the wafer. With the 

required small line width, the resist application may require 

photoli thography, a process of higher, but probably tol:erable 

costs. However, a 10 lJm thick film has a significant lateral 

strength. This thickness may not be adequately reduced at 

the steps between masked and unmasked areas to permit separa-
• 

tion of the deposited film there without significant weakening 

or even destruction of the bond between metal and semicon­

ductor in the unmasked areas. Such separation is usually no 

problem on thin films, wib) perhaps up to a micrometer thick­

ness. These problems would not occur in depositions on the 

back of the wafers without masking. 

1 
i 
! 
I 

! 
j 
j 

I 

j 

I 
J 

j 



I. 

II. 

III. 

IV. 

Table VII 

Principal Metallization Process Ootions 4l q ___ 

Contact Maskin[ 

A. Standard positive or negativ.e photoresist procedures 
(Kodak, Shipley, etc.) 

B. Midfilm process (developmentel) (Spectrolab) 

c. Printing of resist (offset, screen, etc.) 

D. Spraying of resist 

E. plasma etching (shadow mask) of AR coating (Motorola) 

Platins. 

A. 

B. 

C. 

D. 

E. 

Pd 

Pd 

Pd 

Ni 

Au 

(immersion + electroless)/Ni(electroless)/solder 
(dip) (Motorola) 

(immersion + electroless)/N.t(electroless)/Cu 
(electrolytic) (Motorola) 

(immersion)/Ni(electroless)/cu(electrolytic) 
(Motorola) 

(electroless)/Cu(electrolytic) (ASEC) 

(electroless) INi (electroless) /solder (dip) 
(Photowatt, Solar Power, Solar Systems) 

F. Ni(electroless)/solder (dip) (Solarex) 

Thick-film screen printing 

A. Ag ink with glass frit (ARCO Solar) 

B. Mo03:Sn ink (developmental) (SOL/LOS) 

C. Fritless Ag or Cu ink using AgF and germanium or 
silicon alloys as fluxes (developmental) 
(Bernd Ross Assoc.) 

Vacuum deposition 
= 

A. Ti-Pd-Ag evaporation (Spectrolab, ASEC) 

B. Ti-Pd evaporation followed by electroplating of 
Ag (Spectrolab, ASEC) 

C. Ti-Pd evaporation followed by electroplating of 
eu (Nestinghouse) 



r' : I 
I i 
I I 

I 

l 
I ~- -

r. 

! 
'I , 

" 

XI. The Principal Metallization Process OPt~ons 

From the large matrix of potentially useful metallization 

process options i the more important processes. are listed in 

Table, VII. In regular manufacture of solar c~IIS', so far only 

the pla,ting processe9 E and F have been applied, as well as 

the thick film printing process III A, and the vacuum deposi­

tion process IV A. The latter, as. a system of proven high 

reliability on high performance solar cells, has been applied 

primarily in the fabrication of cells for application. on 

spacecraft. The remaining processes are. either developmental 

or have been used in pilot line fabrication of solar cells. 

However, a few of these processes, such as' II 0 or IV C, may 

become production processes in the near future. 

Not. mentioned in Table VII have been sintering steps, which 

are used wit.h all t.hick film processes, and have also been 
. 

applied after most immersion or electroless plat.ing steps, as 

well as aft.er the vacuum deposition of silver. The metalliza­

t.ion processes which include. a solder dip, have generally 

been carried out without a separate sintering step. The brief 

heating cycle connected with the solder dip, however, may have a 

similar effect as a sintering step, 

Through the years, it has been found again and again, 

that electro.1E'.ss pla.ted layers without. a subsequent sintering 

step tend to show occasj.onal incidences of weak contact. ad-

hesion., Experience. has also shown that the electroless 

plating of nickel on silicon is a process which is difficult 
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Table VIIJ; 

~Platins: 

Pd-Ni-solder (Mot.orola), , 

page 1 of 6 

a) Immersion Pd Coat. and sinter 

1. Dip for 10 sec in a 10:1 H O:HF solution, followed by 
a DIH20 rinse (30 sec in a250el H20lHF solution, no 
DIH20 rinse), 

2. Immersion Pd for 2 min, followed by DIH20 rinse (immersion 
Pd for 3 min, followed by a 5 min OIH20 rinse.) 

option A,.!. 

(3) Aqua regia dip for 5 sec, 
followed by a 15 min DTH20 
rins~. 

(4) Pip for 20 sec in a 50:1 
H20~JiF Solution 

(5) Immersion Pd for 5 min, 
followed by a S min OIH20 
rinse. 

(6) Spin dry and inspect.ion. 

(7) sint.er for 15 min @ 300°C 
with N2 purge. 

(6) Dip for 20 sec in a 50:1 
H20:HF solution. 

(9) Immersion Pd coat for 2 min, 
followed by a 2 min DIH20 . 
rinse. 

Opti'on B. 

3. Spin-dry and inspection. 

4. Sin&er for 30 min @ 
300 C with N2 purge, 

S. High l;l:c'iessure scrub 
(bot.h sides). 

6. Dip for 5 sec in 10:1 
H20:HF solution, followed 
bY' 01H20 rinse'. 

7. Immersion Pd coat for 
15 sec, followed by a 
DIH20 dip. 
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1. 

2. 

3. 

1. 

2. 

1. 

2. 

3. 

b) E1ectroless Pd Coat and Sinter 
~--~~~~~~--~----~--,---------

Table VIII 
Page 2 of G 

Electroless Pd coat for 95 sec, followed by DIH20 rinse. 
(electroless Pd coat for 45 sec, followed by a ~O min 
DIH20 rinse). 

Spin-dry and inspection. 

Sinter for 30 min at GOOoC with N2 purge (300°C for 15 
min with N2 purge)~ 

c) Electroless Ni plating 

Electroless Ni plate for 5 min at BOoC, followed by 10 
min DIH20 rinse. 

Spin-dry and inspection~ 

d) Solder 

Immerse cell in solder flux (type RA, Kester 1544), and 
allow excess to drain, 

Immersion in solder (Kester 60:40 Sn:Pb) a~ 240°C for 
1 sec. 

Remove excess flux by agitating in TCE. 

4. Second dip in TeE. 

5. let stand in acetone for 5 min. 

6. Rinse in DIH20 and spin-dry. 

Note: The process details listed as Option A as well as 
those shown in parenthesis at other steps were ob~ 
tained from the LSA Process Specification Format 
supplied by Hotorola. .. 

The remain'ing details were obtained from Motorola 
Quarterly and Final Reports, as well as by private 
communication of H. Goldman with Motorola personnel. 
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Table VIII 
Page 3 of 6 

2) AU-Ni Plating (Sensor TechnoloSl:i:l 

1. Dip for ~O sec in concentrated 48% HF. 

2. Electroless gold coating dip for 30 sec, followed by a 
DIH,O rinse for 4 min (Small quantities of HF have been 
addad to the gold solution for the reaction to proceed 
at RT) • . 

3. Electroless Ni plating at 83°0 for 4 min, followed by 
two deionized water rinses of 4 min each. 

4. Spin-dry and inspection. 

Note: Solar Power Corp. and Solar Systems, Inc. also do 
electroless Ni plating, apparently with preceding 
electroless gold plating, but their detailed proce­
dures are not available. 
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B. Thick Film Processes (Screen-Printing) 

Thick Film Screen ~rinting (RCA) 

Table VIII 
Page 4 of 6 

Mixing of metal powder (90 wt% Ag) and frit (10 wt% lead 
borosilicate) with organic vehicle (6' wt% ethyl cellulose 
(N-300) and 94 wt% Carbitol). 

Screen printing of metal pattern on wafer (includes pre-
paration, mounting, and cleaning of screen). -

Heat treatmentofowafer for drying and removing volatiles: 
15 minutes at 125 C; followed by a 90-120 sec sinter at 
675-700oC. 

Thick Film Screen Printing .of ~1003: Sn {SOL/LOS) 

A 4:1 wt mixture of Sn:MoO is blended in a 2:1 wt ratio 
with an organic vehicle wh!ch consists of 25 wt% ethyl 
cellulose and 75 wt%trichloroethylene. Traces of titanitun 
resins are added to the ink ("to ensure an ohm±c contact?). 

Screen printing of wafers. 

Theowafers are air dried to remove volatile~, baked at 
400 C to burn out carbon, and heated at 700 C for 0,5h 
in a nitrogen and hydrogen atmosphere to reduce the Mo03 and sinter the metal contact. 

3) Thick Film Screen Printing of an AIBSF and Contact 
(Spectrolab) 

1. Etch back~surface with HF for 15-60 sec, 01H20 rinse and 
dry. 

2. Screen print Al ink using a 200 mesh screen. The ink con­
sists of 70% Al, 28% terpineol, and 2% ethyl cellulose. 
Size of Al particles is 6-8 ~m. 

3. Air dry at 250°C for 10-15 min. 

4. Melt in air at 900°C for 30 sec. 

5. Removal of oxidized Al by dipping in 1% NaOH solution, 
followed by ultrasonic cleaning. 
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2. 
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C. Photoresist Type Processes 

Typical Photoresist Process (Kodak) 

Tab',e VIII 
Page 5 of 6 

Application of Roday Micro Positive Resist 809 photoresist 
to wafer with spinning at 5200 rpm for 30 sec. 

Pre-baking of wafer for 30 min at 90°C. 

Exposure through a mask with a 200 Watt high pressure Hg 
lamp for 8-10 sec (energy flux ~ 170 m~'l/cm2) • 

4. Development with agitated Micro Positive Resist Developer 
diluted 1:1 with H20, followed by a deionized water rinse 
for 30 sec. 

5. Air dry with jet of nitrogen. 

6. Post-bake at 90°C for 30 min. 

7. Mild HF etch. 

S.Application of metal (i.e. by vapor deposition, dipping, 
plating, etc.). 

9. Washing away of undeveloped resist with isopropyl alcohol 
for 30 sec, followed by a 5 sec deionized water rinse. 

2) MIDFIIJ~ Process CSepctrolab) 
I 

1. Application of MIDFILM photoresist resin either by spin­
on or spray-on. Wafers are first rinsed witn trichloro­
ethane. 

2. 

3. 

4. 

Exposure of coated wafer with a mercury lamp through a 
mask (28 mW/cm2 for 3 sec). 

Application of met~l powder and removal of excess powder. 

.. ° ° . Sinter~ng of wafer at 600 -800 C for 40-60 sec. 
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D. Vacuum Metal De~tion and Plating 

Table VIII 
Page 6 of 6 

1) Ti-Pd-A9.. .... Ni deposition followed by ,Ag plating (Nest,inghouse). 

1. Wafers are loaded into the entrance airlock portion of the 
vacuum d~position system which is pumped down for 15 
minutes. The wafers are then transported into the deposi­
tion chamber. The metal fluxes are: 0.09 g/m2 forTi, 
0.242 g/m2 for Pd, 891m2 for Al, and 0.054 91m2 for Ni. 
Aftel;' this, the wafers are transported into the exit air­
lock portion of the system where they are brought up to 
atmospheric pressure. 

2. Dip in a buffer solution for 15 min. 

3. Stripping of photoresist with overlying metal in acetone 
for 20 min. 

4. Sintering for 20 min at 400°C in N2 atm. 

5. Electroplating of silver .for 5 min. 

6. DIH20 rinse and dry. 
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to control. To improve process control, a number of organiza-

tions prefer to precede the electroless nickel plating by one 

or more electroless plating steps depositing gold or palla­

dium layers. At times, however, these processes have exhibite~ 

their own control problems, which led to a lively debate of 

their real merits. Since statistics on the process control 

problem or the associated cell yields are not available, this 

variable between the different process options could not be 

entered into the economic analysis, 

Details of the process sequences, as they were given in 

various progress reports by contractors of the LSA program, 

are summarized in Table VIII. such deta'::,ed process descrip­

tions can form the starting point for an economic analysis. 

In the thick film (screen printing) processes, the 

printing inks are found to be the 1t1ajor cost item. The 
I 

formulation of these inks has become the basis of an industry 

of apparently prosperous small companies, except that one of 

the major suppliers is E.!. DuPont de Nemours and Company. 

The industry jealously guards its "trade secrets" in the largely 

empirically evolved formulation of these inks, although they 

seem to be quite well known within the industry. Under the 

LSA program, two companies have given details on the formulation 

of these inks. This information is summarized in Table J:,X. 

It is noteworthy that these inks generally have a relatively 

low metal content. Consequently, upon drying and sintering, 

the volume of the ink shr.inks to approximately 50% of that 
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Table IX· 

Comparison of the Compositions of the Inks Used b~ RCA 

and Lockheed 

A) RCA Ink: (80 wt% solid, 72 wt% Ag) 

Source: RCA Process Specification for Thick Film 
Screen Printed Metallization 

The ink constituents are: 

Nt% p(g/cm3) Vol % 

Ag, 
glass frit 

butyl carbitol 
ethyl cellulose 

C;olids 
Vehicle 

Solids 

90.3 J.0.49 
9.7 6.376 

Vehicle 

94 0.99 
6 1.13 

Ink 

80 9.872 
20 0.997 

The density of the solids is equal to: 

85.0 
15.0 

94.3 
5.7 

28.8 
71.2 

Psolid = (0.903/10.49 + 0.097/6.376)-1 

= 9.872 g/cm3 , 

while the vehicle density is: 

Pveh = (0.94/0.99 + 0.06/1.13)-1 

= 0.997 g/ml._ 

The ink density is then: 

Pink = (0.20/0.997 + 0.80/9.872)-1 

= 3.552 g/cm3• 

It can be readily shown that the volume fraction of the solids 
in the wet ink is given by: 
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Pink - Pveh 
Vsolid Z 0solids - 0veh • 0.288 

TASLE IX (continued) 

During drying and firinq, the ink has been repo=ted,to shrink 
to about half its volume. The.reiore the solid volume fraction 
in'"the sintered ink should be 57.6', 

B) Lockheed (65 wt' Aq, Dupont 7095 ink) 

source: Lockheed, Final Report DoE/JPL 954898-7a/4, 
p. A-29 (10/78). 
W. RODson, Dupont, private communication (9/79). 

~he ink constituents are: 

Aq 
Glass Frit 

Solids 

93 T 10.49 81.6 
773.5 18.4 

Vehicle 

0.9495.8 
1.13 4 .2 

Ink 

9.203 19.3 
0.9480 80.7 

Using the procedures as shown in the first par~ of this 

Table, the followinq v~~ues are obtained: 

Psolid • 9.203! 

Pveh • 0.948, 

• 2.541, 

and 

vsolids = 19.3\ • 

Lockheed reports a. volume shrinkage of 50' in drying, which 
wou_ld lead to solids volume of 38.6' in the dried ink. 
There may be additionalshrinkaqe upon sintering. 

* Qsti1:latad 
t qiven by DuPont. 
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of the wet ink, as applied. Also, because of ink viscosity 

and screen geometry, the maximum application thickness of 

the wet ink is usually cOhsxdered to be 20 to 25 ~m, resulting 

in a line thickness near 10 to 12,5 ~m after sintering. RCA, 

however, has been able to formulate an ink which can repeatably 

be applied in 25 )lm thickness (wet), and which shrinks only 

to about 80% of its original volume upon sinterihg, that is, to 

a line thickness of about 20 )lm. 

six generic metallization processes have been selected 

for a more detailed comparative analysis, The available in­

formation on these processes has been tabulated on UPPC fonnats 

which are contained in Appendix I. These six processes are: 

thick film screen printing as a process which requires neither 

masking nor a strike or barrier layer1 electroless nickel 

plating for the formation of a strike or barrier layer; vacuum 

evaporation for consecutive deposition of a nickel barrier 

layer and a copper conduction layer~ sputtering of a copper 

conduction layer1 electrolytic plating of a copper conduction 

layer1 and, finally, solder dipping for build-up of a con­

duction layer over a metal strike layer which, for this case, 

usually is nickel. 

The thick film screen printing process is essentially 

a state-of-the-art process, using automatic cassette unloaders 

and loaders, automated single wafer handling including a 

collator between the scr.een printer output and the bel tfur­

nace (or furnaces) used for drying and sintering. 
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The electroless plating process described here is a con­

ceptual scale-up of the current, essentially beaker-type pla­

ting operations ,projected to use automatic wafer l:landling into 

and out of the baths, as well as automatic liquid recirculation 

and replenishment of the plating and rinsing baths~ The 

vacuum evaporation prooess is based on a large scale, fully 

automated deposition system with oontinuous evap.oration~ 

Similar systems have been built and operated suocsssfully, 

although not in the semioonduoto.ror solar cell industries. 

The wafers would move past the evaporation boats on their 

wafer/mask holders on a one meter wide track, -i:hatis·about 

!'line ~Ocm X 10 em cells abreast! and-the source material would 

be evaporated from a.pproximately one meter lorlg graphite boats 

which are heated by electron beams. The wafer/mask holders 

would enter -the system in, batche~ through an airlock and be 
• . 

disassembled from the batcbes into a continuous flow within 

the deposition chamI;),er. After complete met;al deposi t.ion 

on one side, the w.afer/masK holders' are turned over for de­

position on the second s"ide, as all evaporat:ion takes place 

upward from tbesource boats'. ,After completion of the de­

position .on the second side, the wafer/mask holders .are re­

assembled into batche~ £or exit from ·the .system.through. a 

second airlook. 

The sputter deposition would proceed in a way similar 

'to that -projected for the vacuum 'deposition. Here, -the de­

posi tionof only one luetal has been considered'. Also, 
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the system studied here has a lower capacit.y than that in­

vestigated for vacuum deposition. ~'lhile the spt,tter deposi ... 

tion system does not need the electron beam guns and their 

power supplies, which the vacuum deposi t.ion system incorpo'· 

rates, it needs 1:£ power supplies to maintain the glow dis­

charge for sputtering, Also, the sputter targets need to be re­

placed. periodically, while the sour.ce metal can be supplied 

continuously for vacuum deposition. Further, the sputter 

system needs gas pressure and flow control. Beyond this, 

the systems should be quite similar. 

For the electrolytic deposition of copper over a pre-exist.­

ing strike layer, two different types of automated plating 

systems have been proposed by two differen't fabricators of 

such systems. The one is an in line tank systeme called a 

finger plating system, where each individual cell WOUld, 
• 

after unloading from a cassette, be Automabically attached to 

a holder ("finger") which also makes the electrical cathod.e 

contacts.(l7) These fingers are· attached to a belt or chain. 

They immerse the cells sequentially and for the appropriate 

times into the various plating and rins~ tanks. The required 

i~nersion times and the belt speed determine the physical 

lengths of the tanks, which turns out to be of the order of 

60 feet for the throughput rates required here, The wafers 

are assumed here t.o be plated on both sides simultaneously. 

The second plating system is a "carousel" machine where holders, 

with groups of cells attached, are immersed in a tank for a 
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given time period, tl'l.en removed ~nd tr~nsported to the next 
I 

bank in a circular movement., and immersed there~ (18) While the 

finger plating machine is based on cont.inuous, linear move­

ment, the carousel machine works wit.h periodic movement., 

Here, the tanks have only t.o be large enough to hold the re­

quired number of holders .. in essent.ially stationary fashion. 

Both machines function equally automated, and their prices, 

for the same throughput rate, are comparable, that is approxi-

mately a quarter million dollars. Exact prices will be 

available only after such a machine has been fully specified 

and pre-designed. 
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.' XII. Selection or Metals for the Conduction Layer 

The question of a process sequence, or several sequences 

ultimately to be selected for the low cost fabrication of 

high performance solar cel15_ is closely connected with the 

selection of the metal to be used for the conduction layer 

of the solar cell. Since this layer constitutes' a signifi­

cant amount of metal on the cell, the cost of the raw metal 

alone can make a major process cost contribution. In addition, 

a given process usually is not capable of depositing any 

selected metal. Thus, the selection of the metal will, to a 

degree, determine the ultimate process selection. This may 

be illuminated by the example of the thick film processes. 

The conventional thick film processes are principally of 

very low cost in their execution. They userelat±vely in­

expensive equipment of high throughput rates, with little 

labor required for the operation, However" in the cohventional 

form of these thick film processes, reasonably good con~ 

ductance in the metal layers can be achieved only by the use 

of silver which is a rather expensive metal. Of the two 

developmental processes in thick film deposition, the molyb-

denurntrioxide/tin process uses tin for the conduction layer 

which also is rather expensive in the thicknesses needed to 

achieve adequately low sheet resist.ance, while the fritless 

process which is still in relatively early development, could 

apply the inexpensive copper. 
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TAnLE X 

I'It'Tslc,,1 and Cost Data Q( ya1;!ous Meta •• o( Interest for Sol~r <;ell M~.!=alliz~tjon 

1 2 3 4 5 

Hetal Resbt~- Density 1975 Thic~ness needed 
vity I'rice for 1. 67 mt} 

2 sheetcesistilnlce 
llllCtll Q/crn ¢/q I 1,m 

Alulllinum (Al) 2.655 2.1 0.09°<) 15.9 

Copper (Cu) 1.67 9.0 0.14 (1) 10.0 

Molybdenum ('fa) 5.2 10.2 7.0 (3) 31.1 

Nickel '.U) 6.85 8.9 0.485(1) 41.0 

Gold CA .. ) I 2.35 19.3 450 (l) H.l 

Palladium (Pt.1J 10.8 11.4 177 {3} 64 .• 7 , 
Platinum ·CPt) ! 10.5 21.45 514 (1) 62.9 

Silver (Ag) 1.6 10.5 16.14 OJ 9.6 

Solder 15 8>9 0.7(3) 89.8 
(50;50 Sn:Pb) . , 
Tin (Sn) 11 7.3 0.61 (I} 65.9 

Titanium (Til -t3 4.5 7.0(2) 257.5 

Tungsten (N) 5.65 19.3 7.0 (J) 33.8 

Zirconium (Zr) n . 6.5 48 (3) 245.5 

.~ 

1. Electronic News, 20 (1060) (12/75). 
2. SAtHCS Cost Account Catalog, EROh/JPL-954800-77/2l (9/77). 
3.. Me/B Chelll.ical Refe.cence Manual (6/73). 
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Itass needed 
to covee In2 at 
this thickness 

cl/m2 
-

A.'2-9 

qO.O 

117 

155 
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lJ~9 

11)').8 

799 
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1159 

1j52 
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L::ost of metal 
for this layer 

¢/,,? 

3.86 

12.6 

2220 

171 

122,460 

130,550 

693,490 

1627 

559 

H:! 

ana 

4570 

7660 

8 

Cost of l.etal 
for a 100 R 
thick layer 

¢/m2 -
0.002 

-
0.71 

0.04 

116.9 

20 .• 2 

no 
1_7 

-
0.05 

0.32 

1.35 

3.12 
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These metal cost consioerations are illustrated in 

Table X which lists the more likely metals to be used in the 

metallization process, the thickness of a layer needed to 

achieve the same sheet resistance as a 10 i~~ thick layer of 

copper, and the costs of a square meter of such a layer. It 

is seen that this metal cost alone of such a layer covers 

five orders of magnitude, and that for only two candidate 

metals, aluminum and copper, the cost is in a range where it 

does not make a majOl;' contribut.ion t.o t.he t.ot.al cost of 

metallization. Even tin, whose price per unit. mass does not. 

differ great.ly from that. of aluminum or copper, has- t.o be 

used in such a thick layer that the metal cost for a layer 

of comparable conduction is two orders of magnitude above that 

of the other two metals~ This large required thickness is 

the consequence of tin "s relatively high resistivity. 
, 

In contrast to the requirements of the conduction layer, 

a number of metals are applicable for use in strike or barrier 

layers. In this application, the metals may be used in layer 

thicknesses in the order of twenty to a few hundred Angstroms. 

To permit an evaluation of the metal cost for use in such 

strike or barrier layers, the cost of a one-hundred Angstrom 

thick layer of metal has also-been listed in Table ~. 

It may be noted that outside of the resistivity, the 

density of the metal plays a significant role towards its 

ultimate cost. An example of this is a comparison between 

aluminum and copper. As the resistivity of aluminum is 
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pro.ximate1~ 50% higher than that of copper, the. layer thick­

ness needed for equal sheet resistance is also approximately 

50.% higher. However, the density of aluminum is less than 

1/3 of that of copper, so that the total mass of aluminum 

needed on a square meter is less than half of that of copper. 

Since the metal prices are alway's based on unit mass, and 

the aluminum price is approximately' 2/3 of that of copper for 

equal mass, the final cost of the conduction layer for alumi­

num ends up being less than 1/3 of that of copper. 

It may be noted that this discussion has not provided 

the complete picture for the cost of metal used in a parti­

cular process. As was discussed in section X of this report, 

not every type of process results in bulk conductivity of 

the deposited metal layer. Thus, a larger amount of metal 

may actually be needed to achieve the same sheet resistance 
I 

as a layer of bulk conductivity. In addition, different de-

position processes utilize the metal at differing effic.i,encies. 

This means that frequently, only a fraction of the metal ~sed 

is actually deposited on the desired areas of the cell. This 

leads to significant variations in the cost of the metal 

actually used in the different processes. 
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XIII. Metal Utilization in the Various Deposition Process 

The electroless and electrolytic plating systems, as 

well as the solder dipping of partially metallized semicon­

ductors, generally deposit material only on the areas to be 

plated, either because they are already covered by a strike 

layer or because the not~to-be-plated areas are covered with 

a contact mask (resist). Also, the metal contained in the 

plating baths can be utilized very effectively, particularly 

through the praxis of "replenishing". Consequently, these 

processes have a high "plating efficiency", which refers to 

the source metal utilization. 

In contrast, the vacuum deposition methods "spray" the 

deposition material in a cone from the source, and deposit 

it both on the to-be-plated and the not~to-be-plated areas, 

This causes large differences in the so-called plating ef­

ficiency. A significant fraction of the spurioUslY deposited 

material can, however, be recycled, that is repurified and 

formed into the shape required for the source material of 

the deposition process. For copper deposition, the primary 

requirement is adequate purity of the metal, and freedom from 

oxygen. For vacuum deposition, the copper.'is fed/in wire or 

rod form to the source boats, while in sputter deposition, 

the material has to be brought into the shape of the targets, 

which usually are flat plates. Also, the sputter targets 

cannot be fully utilized, so that a part of the target material 

has to be recycled. Consequently, in the following analysis; 
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the materi~l usage is divided into that of virgin material 

and that of recycled material. 

Of the total material evaporated from the source, only 

a fraction ends up on the desired areas of the substrate. 

Other fractions of the material are deposited on the walls 

and other interior parts of the vacuum evaporation chamber, 

on the mechanical device which holds the substrates and masks 

in their relative positions, (usually called the substrate 

holder), and on the masks themselves. A part of this spuri­

ously deposited material can be reclaimed. Consequently, 

two prices for the source material will be applicable. One 

will be the price of the "virgin Ii material, which is composed 

of the commercial raw material price plus the price of further 

processing to the desired purity level and the physical shapes 

required. These may be rods or pellets for vacuum evaporation, 

or flat plates for the targets of sputter systems. The other 

is the price of the recycled material which may contain the 

price of further purification costs, depending on the condi­

tion and purity of the reclaimed material, and of physical 

shaping. 

Four different quantities relative to the amount of 

source material used are of interest. The first one is the 

qrossamount of material used which is the amount of material 

evaporated or sput'tered from the Source. This quantity is 

of importance for determining the life of the source boat or 

of the sputter target, and £or deter.mining the rate at which 

the source material has to be supplied. A second quantity 
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is the amount of material which actually ends UP. on the sub­

strate. This is the real "direct material". The third 

quantity is the net amount of source mate.rial used, which 

is the material deposited on the substrate plus the amount 

of material lost in one cycle of the process. This is the 

amount of source materi"~lto be bought at the price of t.he 

virgin material. The fourth quantity finally is the amount 

o~ material reclaimed, which can be replaced at the recycling 

price. 

The "gross deposition area" is determil'led by the holder. 

This area is composed of the projected area. of the holder it­

self, excluding any open areas, and the area of the masKs, 

including their Openil'lgs, Amask • This gross deposition area 

shall be designated as the "holder area" Aho1d " Only a 

fraction of the material which leaves the source boat is 

actually deposited on this holder area. This fraction is 

commonly called the deposition ef.ficiency ndep • 

Deposition will generally be carried out until a certain 

thickness d of the deposited layer has been reached. Since, 

in the case of solar cells, metal has to be deposited both 

on the front and the rear surfaces of the substrate, two 

differen.t thicknesses dF ~nd dR for the front and rear de­

posited layers, respectively, may be involved. The mass 

M of the grG~s amount of source material used is then evap 
de·termined by: 
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A 
Mevap = hold(d + dR) PMet i 

'ndep F 
(149) 

where PMet is the density of the Source material, The depo-

sition efficiency is an f.lmpirical quantity which depends on 

the set-up of the given deposition apparatus. 1'!: will 

normally be determined experimentally from the holder area 

and the gross amount of material evaporated, in inverse 

application of eq. U49). A number of 70% has been quoted for 

the deposition efficiency as representative of experience 

data in large area depositions, as discussad here. 

The mass Msubs of the material deposited on the desired 

areas of the substrate is given by: 

(.150). 

This quantity is part of the net amount of metal used, whose 

mass M t is expressed by: . ne 

Mnet = AholdPMet {~:::ep (dF + dRl (1-rwa11l 

+ (l-fhold) (dF + dR) (l-rhold ) + f hold 

. El-fmaSk,F) dF + (l-~maSk'Rl d~ (l-rmaskl} 

USll 

In this equation, the first term in the large brackets re­

presents that amount of material which is deposited on the 

walls and other parts of the vacuun\ system, and which is not 
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recycled. It is expressed as the gross amount of material 

evaporated minus the material deposited on the holder area, 

multiplied by (l-rwal1 ) where rwall is the fraction of this 

material whicl is recycled. The second term in the large 

brackets of eg. (~51)gives the fraction of the material de­

posited on Aho1d ' but excluding the material deposited on 

the mask area Amask ' expressed by the factor (l-fhold)' 

Again, the fraction (l-rhold ' of this material is not re­

cycled. 

Finally, the last term in the large brackets describes 

the material which is deposited on the masks, but ex.c1uding 

that deposited on the substrate areas which are represented 

by the openings in the mask.· Again, the fraction (l-rmask ) 

is not recycled and enters here. The last term outside of 

the brackets finally is the material deposited on the desired 

areas of the substrate (Msubs )' as given by eq. (150). 

The mass of the material that is recycled, finally is 

given by: 

Mrec1 = Ahold~Met {l~:::p (dF + dR) rwall 

+ (l-fho1d ) (dF + dR) r ho1d 

+ f ho1d ~l-fmaSk'F) dF + (l-fmask,R) d~ r mask} 

(152) 
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This relationship essentially contains the three terms in 

the large bracket of eq. (151), except that the fractions 

~ecycled, r, appears rather than (l-r). 
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XIV. Comparative_ Economic Evaluation 

So far, only the metal deposition processes by themselves 

have been evaluated, that is excluding any masking or mask 

removal steps, where these are separate from the metalliza!"', 

tion process itse~f. In these evaluation activities, it has 

been found ];nore difficult to attain adequate process data 

for a meaningful evaluation than it has been with the pro­

cesses analyzed previously. Part of thl;s d±fficulty is pro,:" 

bably a't:tributable to the larger variety of processes 'Used 

in this area. Beyond this, however, it was found more dif~ 

ficult even to attain a consistent set of data on an existing 

process with a good experience base. Such an economical 

data set of a well-understood process has been used as the 

basis for extrapolation to the future large-scale pr.ocesses 

in the other process areas. In addition, It appearo that ehe 

jump in process technology from the processes currer.d:1y used 

for solar cell metal1±zation, to those to be applied in the 

future is, at least in the automation part, larger in this 

process area than in those analyzed previously, This is 

b~~t illustrated by the fact that a significant part of current 

metallization is based on a vacuwn depositi.on"process 

which, although called automated, does not differ signifi­

cantly from. those used w±th laboratory type evaporation sys-

terns. Much of the alternate metallization used on current 

production lines is based on the electroless nickel plating 

process, which is carried out in a manner very close to a 
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beaker type of operation, that is on a near laboratory scale. 

The only process used. to some extent 3:n current solar cell 

production which is close to an automat.ed large scale pro­

cess, is the thick film process,This process, however, 

will be less attractive for the future because of the high 

metal cost and the limit on achievable line width. 

To achieve a comparison basis for the principal process 

options, projections have been made to the performance of 

these processes at comparable production rates, and wxth 

equipment of comparable levels of automation. For this com­

parison purpose, the six generic processes l!sted in ~ection 

II of·i:his report have been selected and subjected to these 

extrapolations. One of these processes includes the pattern 

definition as such: the thick film deposition process. The 

other processes require masking of one type or another for 

the pattern deffnition, and their costs have not been ±n­

eluded in the present analysis. In some cases, the AR-coating 

serves as the mask, and thus does not contribute add±tional 

costs. 

In physical vapor deposition, the masks can be of either 

of two types. They can be contact or temporary masks (re­

sist), or they can be shadow masks which can be reused many 

times. A third possib±li ty exists which involves. the de­

position of metal over the whole substrate area, applica­

tion of a resist over the areas on which deposition is de­

sired, and subsequent removal of the material (etching) from 
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the areas on which deposition was not desired, followed finally 

by removal of the resist from the remaining deposited material. 

Particularly where the area of desired deposition is ,relatively 

small, as on the front areas o.f the solar cells, this process 

is relativ~ly cumbersome and expensive. In addition, it seems 

that the deposited and resist materials can never be complete­

ly remov~\d, so that the surfaces would remain in a somewhat 

altered stc-te after appl.;i:cat.i:on of this procedure. Conse­

quently, this, approach will not be discussed further. 

The method most commonly used in physical vapor deposi­

tion emplc:)ys the shadow mask • It is very praotical where 

only thin films al:'e deposited, perhaps up to a few thousand 

Angstroms in thickness, or where the open area in the mask 

is very large and the opening dimensions are not critical. 

These conditions a:ce not fulfilled for the front area of 

the solar cell, where the desired m.el?k open area- -is only about 

3.4% of the total area, and the line width may be near 2S ~m. 

with a deposit of 10 ~m thickness, the openings in the mask 

would be substantially reduced during the course of a single 

deposition. Thus, the mask would have to be removed from 

the holder after only a few depositions, and the deposited ma­

terial cleaned off. This consumes not only labor and chemicals 

(with subsequent disposal and reclaiming problems) but it 

also significantly shortens the life of the mask, 

The second alternative consists in the application of 

a temporary mask, usually in the form of a photoresist. 
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At the edge of the resist to the open areas, a step in height 

occurs, In the deposition, the thickness of the deposited 

layer is generally reduced at this step. In the subsequent 

removal of the resist, the deposited layer usually separates 

at this step, so that the' part '~of the layer which was depoSited' 

over the resist, can be readily removed with the latter, 1 

I 
At a 10 ~m thick deposition, however, as cOhs.i.:dered here for: 

deposition of the conduct.ion layer, the material deposited 

over the step will still be of sUfficient thickness and con-

sequently mechanieal strength, that removal of the deposit 

over the. mask without damage to the deposited layer in the 

open areas cannot be expected~ 

Although the vacuum deposition (or sputter deposition) 

of 10 )Jm thick coppe:r; layers is bas~.cally one of the. 

economically feasible processes, the problems encountered 

with the masking for fine line pattern generation make it 

unfeasible for the deposition of the conduction layer on 

the front of large area solar cells. The process can, how­

ever, be economical and practical for the deposition of 

thin strike or barrier layers in preparation for the deposi­

tion of the conduction layer by other processes, such. as 

elec.trolytic plating. In this case, the direct material 

component of the costs may be reduced to near negligible 

levels, except when palladium should be used, and toe cost 

of the vacuUIr! system may be cut. in half because of the greatly 

reduced deposition time. Thus, th~ total process may, for 

175 PRECEDING PAGE BL.ANK NOT FILMED 

, 

1 



~. 
r. 
~ , , 
f' ~ <. 

~ 
~ 
[ 
~. 

t 
r 
ij 

~, 

" ~ 

1 
~, 
~ 
~' l 
f 

~. 
~. 

1 
i 

~ 
.....J 

~, i .~ -,,''''''' '~ .. -";iiIiiIj_"iiIt"""!'Ii-~"1'-pr:rr"'lN''''-'' - !\iiCIJ'l1W~ '~~A."''''4¥}" ... 00"" '4"""" " Il'!""" 1 
~ .... ~~ 

",,"~1 .... ¥ 

Table XI 

Comparative Tabulation of Direct Material Consumptiof) and Cost for the Principal "etallizi\tiol1 Oetj.ons 

option Hetal "hick Metal Hass Plating Reeve!. Net Hetal Gross 1\pproximate 

I 
ness on Cell (a) Effic'y. Rate efE. r-tetal Cost of Hetal 

2 
gl.n? 

Requi2ed 
¢/CJ. $/m

2 
11m «JIm , , ~/m ---

20(b) 12(i} 70 (l) 
I 

3.5.01-01. T.F. Screen 1\9 6.5 front 90 50 94.7 8,40 
Printing w/frit (c) 

3.6.'03-0] Vacuum Ni/Cu 0.1 Ni. 3.1 front 1. 7 front 75.50 51(v) lBI.5(v) 0.3 (v) (fl 0.78 Cu 
Evaporation 10 Cu 90 bacle 50 back (e) 25.7over- 178.5 Cd O.B(r) ... 0.02 Ni 

hl) all 

3.6.03-02 Sputtering Cu 10 dto. dto. 75,50 7.23 lOB (v) O.llev) 1.015 
(h) 263{r} (jl 0.15(r) 

3.6.04-02 Electroless Ni 0.5 4.6 90 - 90 ~.l 6.50 (h) 0.289 
Plati,ng (g) IR{h) 

3.6.04-01 Electrolytic Cu 10 . 92.4 95 - 95 97.3 0.200 0.195 
Plating 

3.6.04.03 !)older 60:40 ~ 520(c) 95 - 94.7 54,7.4 1 S.474 
Dip Sn:Pb 

" 

m iI. Metals assumed ~;o cover J. '1% oF. front area (25 Ilnl lIne wlc'lth), IDOl of hack, unless noted other\iise. 
For layer. after sintering, conted.us SOl by volume 1\9-h. 

c. 
d. 
e. 
f.. 
9· 

h. 
i. 
j. 

(v) 
(r) 

Gr.ic1 J.f.ne/bus coverage taken i\~ 6 .• 2% commensurate with minj~mllm line witlt:" of 125 11m, 
R(!fer~ lometal on grid li.ne. 
Numbers refer to recycling efOclency of metal on machine's interIor and holder, anll that on masJc, resJ,>ectively. 
Pr.ice of copper. 
Used as a "strike" or "barrier" layer prior to electrolytic deposition, vacuum eVrlporation. or s~uttering of other 
met<1ls, or to solder dipping. 
In lhe form of NiCl~ • 6112°. 
RefCl:s to complete J.1l1e inc] udi.ng fri t, hinder, formulating. etc. 
tnc] \lIIes recycled target nlilter.ial. 
:\p'p]ies to the virgJ.n material used. 
.!\pplies to the addjtional recycled matedal used 
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thin layer dl1p.osi tion, be only 1/3 to 1/2 of that found for 

.conduction layer deposition, and may become competitive with 

the wet chemical processes, 

As has .been done previously, the W?.PC forms have been 

used as .a combination guide 'and checklist for theaccUlUula­

tio.n .of detailed process information. .For the siX generic 

processes .discuss.ed, the filled-in forms are included. a$ 

Appendix I. To facilitatethecorqparison .of~he ,important 

attributes of these processes, the :re.levant data have been com­

piled in Tables XI th~ough XV~ 

Table .XI contains a comparative tabulation' of the direct 

.material conswnption and its costs. It is evident that the 

screen printing process and the solder dipping process incur 

direct material costs, which are as much as a factor of 40 

above those of the lowest cost pr.ocess. Clearly, costs of 

$5 and $8 per square meter of cells for the direct materials 

alone place these processes out of competition for a low cost, 

large scale production ~ine,. This conclusion is amplified 

by the fact that hath of these processes cannot generate 

very narrow line widths, and thus 'result in cells of inherently 

lower .thanoptimum efficiency.. such a reduced efficiency 

constitutes anothereconornic pena.lty .• 

It may also be noted that the data given in Tables Xl' to 

XV for the thick film screen printing process apply only to 

the metalli.z.ation on the rront surface ;of the cells, in con­

tr.ast to those rorthe remaining prQQesses which apply to 
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Table XII 

Comparison of Indirect Material Consumption For The Principal foteta.llization Options 

Option Consumable Cost of Description Cost of Electricity Name- El.ectricity 
Consllmables of Supplies Su!>nlies ~la te Ra ting Cost 

(Unit Cost) (aml cluty cycle) 

$/m2 2 and ConsUlnption 
$/m2 Ca) - - $/111 

. 
3.S.0J-01 T_F. Screen Xylene Solvent 0.030 Print ScreerJIs 0.275 35 kW(50'1 

Printing of (SO.52/1b) ($25 en •. ) 2 IIg :.quccgees 0.035 1.5kWh/m 
($0.40 ea.) 

Thcrmocollplell 0.10 
and misc. o.-.rfo 0.075 

1.6.0J-03 VCl CII 11m Pump oil 80 kli(30\) 
EVClporation ($30/qt, .. qt/wk) 0.017 200 kW{45l) 
of Ni/Cu , . Graphite 

2 crucjbJe 0.300 2.-1 kWh/III 
($1000 ca.) If:lJIT - 0.12 

3.6.0J-02 Sputter IIrgon 20 kW{7S\) 
Deposition ($lOO/332ft) 0.049 <1SkW(JO\' 2 
of Copper Pump oil (as under 0.017 1.0 G k~lh/m 
(10 11m) 3.6.03-0.1) Db(;" - - 0.053 

3.6.0"-02 Rlectro- J?latinq 20 kW(7S\)2 
less Plating solution 0.494 ~ - 0.5 kWh/m 0.025 
of Nt 
(0.5 I.m) 

3.6.0.1-01 IUectroly tic Replenishing 
Platjng solution 0.2R2 - -

5 kWh/m2 of Cu ($13/9''' lIon) 0.250 
(10 I.m) 

3.6.0"-03 Solder Flux (S6.75/gal) 0.363 lSkW{95') 2 
f).i.pping 011120 ($6.60/m) 0.053 0.27 kWh/III 
(55 11m) 0.416 - - 0.013 

a. UnIt cost is SO •. 05/kWh 

,. « .. 'II 

Total 
Indirect 
Mat. Cost 

2 
Sl..r:t 

0.515 

0,937 

0.119 

0.519 

0.532 

0.429 -

~ ~ 
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front and hack metallization. If metallization would also 

be applied to the back surface .by screen printing to a thick­

ness adequate for a low sheet resistance, the metal costs 

(.silver) for this back surface layer would be completel~ pro­

hibitive. However, Dr. D'Aiello of RCA Laboratories has 

shown that an adequately low effective sheet resistance can 

be obtained when the back surface is covered with only 0.4 lJm 

of silver, but overlaid with several bus lines over the whole 

length of the cell. 'rhe bus lines may be of bulk metal. ribbon 

or wire. For a layer of this thickness, the total costs of 

a screen printed back layer would equal those of the thick 

film front layer shown as option number 3.5.01-01. 

TableXIrsummarizes the indirect material costs for the 

six generic processes. Interestingly, the total indirect 

material costs all fall within one order of magnitude. In 

vacuum evaporation, the cost of the graphite crucibles accounts 

for most of the indirect material costs. Since the sputter 

system does not use crucibles, but obtains the source material 

from the sputter targets, the corresponding costs are shifted 

from the indirect materials category to the direct materials 

category, as the fabrication of the target plates is more 

costly than that of rod or wire for the evaporation source 

material. In the thick film process, the replacement costs 

for the print screens and the squeegees account for the major 

part of the indire"t material cost, while in the wet chemical 

plating processes, the cost of the chemicals for the plating 
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3.5.01-01 

-1.6.01-03 

3.6.03-02 

3.6.04-02 

J.6~04-03 

3.6.04-0] 
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Tab1e XIII 

Compari~on or; I.abor Requirements Fo,-:- The Princioal netl111izi\tion Octions _. , 

Option Gross Uptime Net • J.abor "ourly nffor!: Direct 
output Output Type Rate ~ne>; Labor Cost 

2 , Statton . 2 Ca) 
{nl /h} (m -/9) ~l \ $/m 

T.F~ 12 95 11.4 1\ssembler 5.65 25 0.2611 
Screen M., 1 n t: ~ l-'ech. 7.40 20 0.277 
Printing D.s'll' 
of A9 

Vacuum 48 85 .u 1\ssP.mhlet: 5.65 SO 0.147 
Dep. of Nil Pla;n!:. Hech. 7.40 20 0.077 
CU CIO jJnl) n:224 

Sputter 30 90 27 1\ssemblet 5.65 100 0.446' 
Dep. of Cu Haint. Hech. 7.95 10 0.663 
(10 Ilm) BJec. Tech. 7.40 10 0.059 

0.567 

Electroless 30 9S 26.4 Assembler S.65 100 0.456 
plating of 
pH 
(0.5 11m) 

Electroly- 30 95 28.5 J\ssembler 5,fl~ 100 0.422 
tic plating 
of cu 
(10 11111) 

Solder: 30 80 26.4 1\ssembler 5.65 100 0.456 
dipping 
(55 11m) I 

a~ 

b. 
Includes a load factor at; Ill! for. benefits nod a,an ll/veilr star:f1nq 
Tilken i1!'l 25% of rUrecl: litbor cost 

Ii' ,'-

, 

Inclirect 
J.<toor cart 

2 (b 
$/m 

0.135 

0.05f; 

0.142 

O.IH 

0.106 

0.114 

Total J L.'lbor 
Cost 

$/m2 

0.676 

0.290 

0.709 

0.570 

0.528 

l 
0_570 

~irttu"=._lIIIFii:;;4 t:t=:::t=~:s_.,J!:!!I'!i!S~""", __ .!.=. ___ "III!"_~!":""":-,, •. :: .... ~_~_ ~~ ... _., ............ <,_~_ ._.~_ .. __ ~_.-...Jk 



, . 

( 

I ! 
j 

L 

" j'; ." :; 

solutions makes the predominant contribution.. It is int.erest­

ing to note that the electricity consumption appears con­

siderably greater in the electrolytic plating process than 

in the vacuum evaporation or sputter deposition processes, 

al.though the latter require the pumping power besid"es the 

power needed for the vaporization of the source nlaterial. 

In the six projected generic processes, the total labor 

costs fall into a rather narrow range (Table XIII). The only 

observation to be made is that the largest throughput system 

shows the lowest labor costs per uni1; area of cells lnetallized, 

while the lowest throughput syst~~rn , 'the thin film screen 

printing process, is near the peak of the ,labor costs. The 

relatively high labor content of the sputter deposition sys­

tern is probably more due to thel~)$timation Qf the individual 

making the projection than to atftual. experi.ence data. 

In the capital equipment area, summarized in Table XIV, 

the prices of the automated screen printing machine and the 

furnaces are probably the most reliable ones, as they re­

present the current state of the art. The p~ices for the 

vacuum deposition, sputtering and electrolytic plating sys-

terns are estimates given by the manufacttlrers of such equip~ 

mente The plating equipmentcos.ts shown include an alloca­

tion of about one third of the total for the relatively high 

installation and chemical waste treatment system costs. 

The vacuum evaporator and the sputter system costs apply to 

f'ully automated systems. Since double-sided deposition 
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is needed, the turn-over of the cell and mask holder in the 

deposition chamber and a second set. of source material boats, 

including all their controls, are require.d. Consequently, 

the manufacturer has given the system cost as t.wice that of 

a system for single-sided deposition, which is more common. 

The capital equipment costs for the electroless nickel pla­

ting and solder dipping equ.ipment represent relatively un­

sophisticat.ed project.ions from t.he current: operat.ion which is 

essentially manual, and may thus be viewed as the least. re­

liable estimates, probably being on t.he low side. 

Table XV provideE;i t.he summary of the cost comparisons 

contained in Table.s XI through XI,V. In addition, it gives 

the add-on price for the individual processes, computed 

according to the SAMICS-IPEG methodology. The first two 

lines of Table XV describe two pl:ocesses which provide the 

total metallization, including the barrier layer below the 

copper layer in the case of vacuum deposition. But, as dis­

cussed before, vacuum evaporation is really not suited for 

full conduction layer deposition on the front surface beCa1..1Se 

of the masking problem for fine line deposition of thick 

layers. It ca.n therefore be readily applied only to the rear 

surface metallization or the deposition of a barrier or 

strike layer. In the latter case, the price may be in the 

range of one third to one half of that shown in the last 

two columns. It may also be reiterated that the thick film 

silver process applies only to the front layer metallization, 
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Table XV 

Cost Summary For The 6 Principal nctal;Lization Options 

... :.-

f-' 
OJ 
~ 

-----
C 

Indirect 
Process Option Remarks Metal Uat'ls. 

$/m2 , 
$/m-

3 •• 5.01-01 'J'hIck Film lI.g Front only R.401 } 0.030 
Rear ilt 0.4 11m 
tJdcknp.li~ gives 
p.'Juat cost 

3.6.03-03 Vacuum DeposItion Both sIdes Cn 0 .• 797 0.817 
of Uit:kcl Barrier '\, 10 11m thick 
Clllil Copper 
Conduction Layers 

-
3.6.03-02 EJectroless ni noth sides. fie- 0.28!J2} 0.494 

Strike or quires contact 
Harrier Layer milsk. '\, .0.5 11m 

~-o.'" 
thick 

-
3.6.-04-0" Soldcr DippIng Both sides. fie-

quires'\, 0.5 11m 
f:hick Ni or other 
sol.ilerabl.e metal. 

3.6.04-01 P.lectrolytlc Plating Oath sides. 0.195 0.282 
of Copper Conduction '\, to 11m thick. 
l.aycr RC'(H ires UI 

Rl:rike lCtyer. 
- , ----""-- ----

3.6.011-03 SPlitter Oepos,ition nol"h sides. '\. 10 J .015 0.066 
of. Copper 11m t:ldck. 'leCJuJ re; 
Conduction Layer ha rr..i er J ayer. r(!-

ql~~Q!!"'-_ .• --
1. Cost of ink 
2. Cost oftHC12 • 61120 cryst"Js 

., « .. Ir-

0 S T 

'roo ling 
etc. 

$Lm7.. 

II). no 

-

-

-
-

-

,----
-
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Elect. Labor Capital Price 
Power F..quip· t Facility 

$/m2 $/m2 $/m2 $/ra2 $/lfI2 ~/W(Dk} 

0.075 0.676 0.237 I 0.07. D .• ISO 8.77 

0.12 0.28 1.26~ 0.052 5.712 3.85 

0.025 0.06 0.053 0.007 1.908 1.3 'D ... 

0.013 0.569 0.49 0.022 8.997 6.0 

0.250 0.556 0.543 o.OGa 3.216 2.14 

~ 
0.053 0.70B 2.865 0.048 9,.221 6.15 
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and that its price \~ould have to be doubled if rear surface 

metallization is to be included. 
" 

The third line in Table XV gives the cost summary for a 

nickel strike or barrier layer, deposited by electroless 

plating. Its price is approximately l.9 $/m2, or l.3¢/W(peak). 

It is thus seen that the price of vacuum deposition of such 

a barrier or s'l:~rike layer may be competitive with that of an 

electroless plated layer, particularly in consideration of 

the fact that the for-mer does not require separate masking/ 

demasking steps. The last three lines of Table XV all contain 

conduction layer metallization processes. It is seen that 

the electrolytic plating of copper is clearly the conduction 

layer deposition process of lowest cost. The thick film sil-

ver deposition process and the solder dipping are clearly out 

of range because of the hignmetal costs. The sputter de­

position o,f a c'onduction layer on the front surface suffers 

under the same, masking problem as the vacuum evaporation pro-

cess. In addition, the major price difference between sput­

ter deposition and vacuum deposition seems to lie in the 

capital equipment costs. This difference is based on the 

equipment manufacturers estimates, and may disappear once a 

proper price determination for this type of equipment has 

been carried out. 

The conclusion to be drawn £roln this economic analysis, c:1S 

evident from Table XV, is that the electroless deposition of a 

st~ike or barrier layer, and the plating ot a copper conduction 

185 

'Itt 

iIiIIIIM ....... ...-........ ;......._M~,_~_.,_._--.....,,-.........L..-,.~-;. .~>.L.._." __ "",~.~~"'~ .• di;;i,--o."::;::l.",,,,"_ .IL.~~~'uta:!t~~~~:~'Xi~·:t .• ;;":'l...A....--.!~--. --- ' 

I 
, ~ 

1 
i , 



l 
I 

" 
i ;, 

layer seem to be the lowest cost processes among the available 

options. tn addition, these two processes are capable of 

the best line resolution and therefore of producing the 

highest efficiency solar cells '! The vacuwr, deposition of a 

strike or barrier layer, using fully automated, high-throughput 

equipment, can possibly be competitive with the electroless 

plating approach. 
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XV.. Preparation of SAMIC FOl'.1nat A Inl2ut Information. from 

the UP PC Forms 

The Format A has been developed to present the, important 

cost data of any solar cell man\1factul:'ing process in a stan­

dardized form, and thus facilitate the entry of such data into 

the SAlofIC .. comp!lter pr/JgJ;am. Consequently, the information 

to be entered on Format A represents a summary of the results 

of an elaborate information collection and pre-processing 

effort. The UPPC forms bave been developed specifically for 

the purpose of facilitating this information collection and 

pre-processing effort, and of documenting all the datail in­

forma,tion which is needed for the proper evaluation of a pro­

cess. They have also been intended to form a guide and a 

check list for the information collection, with space provided 

for the, 'Work-up and explanation of the data entered or arrived 

.at by calculation. In a secondary application, the forms 

can be \,lsed for a manual evaluation of the costs and prices 

of the process being studieq. This evaluation normally 

follows the SAMIC~IPEG methodology. 

The UPPC syster.a is composed of 16 individual forms (Appen·· 

~ix III), each dedicated to the collection of specific types of 

information. Each form may be used as many times as space is 

needed to document the available information, or may not be used 

at all. Therefore, Form 1 is used in essence as a Table. of Con­

tents, to document the complete set of forms used for the descrip­

tion of a particular process. Form 2 contains the general 

description of the individual process and the specifications 
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for the input work-in-process. Form 3 conta,ins a listing of 

the direct materials used t including their specificat.ions" 

the quanities required, and the 'Unit cost. 'I'he similar Form 

4 is devoted to the information collection for the indirect 

materials used. In Form 5, the expendable tooling needed 

for the execution of the process and the energy consumption 

in the process are listed. This form a.lso contains a summa­

tion of the direct and indil~ect material costs and the costs 

of expendable tooling and eIl,ergy. Form 6 accumulates in for ... 

rnation about the direct labor needed for the execution of the 

process, separated by labor categories and job activities. 

Entries are made for the amount of labor required at the pro­

cess station, the labor r?te, and the loading. The latter, ac-

cording to the SAMIC-IPEG system, includes the employee be­

nefits and the cost of replacement personnel to achieve 

staffing for 8280 hours per year. In addition, the form con­

tainsprovisionsfor similar listing of the indirect 'labor. 

Form 7 is dedicated to the collection of information on the 

capital equipment needs, including installation costs, through­

put rates and availability, as well as provision for serVicing 

costs, which may include labor as well as parts or outside 

service. In addition, the useful life and the capital 

charge rate are to be entered. Form 8 is concerned with the 

facility needs of the individual process, including the floor 

area and the char~Jti rate. There is additional provision 

for determination of the energy used in the facility 
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fo~heating, air-condit.ioning and light.ing, as well as t.he 

coat of maintenance of the. facility broken down into labor, 

.;upplies, and outside services. Forms 9-1, 9 ... 2 and 9-3 are 

devoted to the determination of the amounts of salvaged work­

in-process, direct, and indirect materials, respectively, as 

well as to the determination of their salvage credits with. 

or without incurring reprossing costs. Forms 10 and 11 are 

dedicated to the accumulation of data relating to the sol.id, 

liquid or gaseous wastes or b:{-products possibly generated 

in carryillg out. the individual process, including specifica­

tion of the types of wastes, t.heir toxicity, biodegradability, 

and other characteristics of interest with respect to dispo­

sal, as well ab 'their energy content, the amount. generated, 

and the costs of waste treatment and disposal, or credit.s 

achievable by salvage. In the LSA program, data of this 

type have not yet become available, but as t.he processes are 

proceeding towards the pilot line stage, the accumulat.ion of 

such data will become more urgent. Forms 12, 13-1 and 13-2 

facilitate the summation of the cost dat.a accumulated in 

the preceding forms and a manual price calculation according 

tc.' the SAMIC-IPEG lnethodology. Forms 14 and 15 are devoted 

to a process performanceev/!:i;luation and the specification 

of attributes of 'the output work-in-process,respective1y, 

but. have usually not been used. Form 16, finally, is Ci. 

generalized work sheet to be used for the documentation of 

additional data or of calculations carried out in preparing 
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entries for any of the preceding forms. 

The transformation of the information accumulated on 

the UPPC forms to that required for entry into the SAMIC 

For.roat A has been found to be best carried out in the 

following way~ 

a. UPPC For.ro 2 contains the process description to be 

s~~~arized on line A-2 of Format A. It also contains the 

input work-in-process descri~tion needed for item A25 in 

Part 6 of Format A. 

b. The process description on UPPC Form 2 usually in­

cludes the throughput rate of the process. Otherwise, the 

throughput rate will be found on Forms 7 and 8. Multiplying 

this throughput tate with the yield contained in item 7.42 

or 7.44 of UPPC Form 12, provides the output rate for item 

A6 of Part 2 of Format A. (The throughput rate on the UPPC 

forms may be expressed as an hourly or a yearly rate, and 

has to be converted to a rate per minute for entry into 

Format A.) 

c. The process description of UPPC Form 2 frequently 

includes the time of the product at the individual station, 

to be entered in item A7 of Format A. 

d. UPPCForrns 3, 4, and 13 contain the data for direct 

and indirect materials, as well as expendable tooling. and 

energy consumption, for direct transfer' to items A20 through 

A23 in Part 5 of Format A. The UPPC forms contain the 

consumption rates in any prac;:tical units, such as. grams 
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per squCll':e meter of solar cell area ~ These 'numbers have 

to be converted to consumption per minute for entry int.o 

Format A by use of the throughput rate discussed under point. 

b. above. As far as the materials of the proper specifica­

tions can be found in the Cost. Account Cat.alog, the cat.alog 

number and price from this Cost Account. Catalog will normally 

have been entered in the UPPCforms. 

e. The direct labor cost.s of UPPC Forro 6 can be di.rectJ.y 

transferred t.o items A16 through 19 of Part 4 of Format. A. 

Again, the Cost. Account Catalog data will have been used in 

filling out. the UPPC forms. (.Indirect labor data, if they 

should have been ent.ered on the UP PC forms, will not be 

transferred to Format. A.) 

f. The equipment data of UPPC Form 7 will be directly 

transferred to items A9 through 14 in Part 3 of Format A .. 

(The current version of the UP PC Form 7 does not provide for 

ent.ry of a base year for the equipment price or for the 

salvage value. The latt.er has usually not been. available, 

and therefore been a.ssumed as zero.) 

g. Form 7 also contains the machine availability, or 

up-time fraction to be entered into item 8A of Part 2 of 

Format. A. 

h. The facilities data from UPPC Form 8 are directly 

transferable to items A16 through 19 of Part 5 of Format A. 

i. Salvage credits or costs of waste or by-product 

processing or disposal, eventually to be contained in UPPC 
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For.ms 9 througn 11, will normally be entered into items A20 

through 23 in Part 5 of For.mat A. 

j. Form 12, in items 7.41 through 7.44, contains the 

data for conversion rate and yield to be entered into items 

A26 and A27 of Part 6 of Format A. 

Making the transfers and conversions discussed in these 

points a. through j., FtJrmat At s were readily filled out for 

the six generic processes discussed in sections XI to XIV of 

this report. These Formats A are included in Appendix II of 

this report. 
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2. 

3. 

4. 

5. 
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Table XV.! 

Potential Process Sequence (Add-on prices in $/m2) 1 
t I I 

Apply 11ask r I Remove Mask ~ Sol.der Dip IEl.ectroless Metal. I 
, Ni-Sinter-Ni I I , I I 
1'l.t4.- (UP) I I 

:Au-Ni 6. 24 (Photort e ,: 
J 
I 

'\J3.- (E) 1Pd-Sinter-Pd-Ni I 'Vl._-(E) ~ ~l..30+5.70 Metal. I 
~ 4.1.4 (Mot.' J I 

I r 
i r i 

Apply l-Iask ~Electroless Metal J Electrolytic Metal: (Remove Hask) J IPd-Sinter-Pd-Ni I eu I 
'l.t3.-(E} f 4.14 (Hot.) I 3.22(UP) : ~l.-(E) J ~ r I 

{ J I 

Vac. Deposit Metal I Sinter I Electrolytic Metal.: r I -
~i-Pd-(Ni) f I Cu ( 

J I I 
2.84 (West.) (Up) I o .l.O{l-1ot) J 3.22(UP) I r J J 

1 j i 
Screen Print Sil.ver :nry/Sinter I - I -I I 

\.. J J S 

-V 
./ I I 

I J 
7.30+l.4.30 Ag(Lockh) to 10.30+9.30 Ag(RCAY, I 

J • 
J I I 

Apply 'fMidfilm" : Powder l1etal I Sinter f Conductor Layer I 
I Ag .1 ~ Build-up 

\. J J .I ( (Electrolytic eu) V I 
I 

2.77+2.09 Ag(Front Only) J 3.22 
I 

(E) ::: estimated 

'* ., 
[._." ... ..;; ........... , .•. _'"_"'.""~"'''''~~~J"'"''4t.'/~~-''''~'<'''' •• 

Total. Price 
, 

15.- to 18.-

'V11.40 

'lt6.16 

'lt20,.-to 22~-

8.08 

,. Ji 

-

.-. 

-: 

J 

! 

Ii 

~ 
~ 
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XVI. Potential Me~allization Process Sequences 

Applying the data from Table XV as well as data from 

the LSA contractors contained innumerous progress reports, 

potential process sequences can be constructed and evaluated. 

A small sample of such potential process sequences is shown 
. 

in Table XVI. 'These sequences 'contain all the associated pro-

cess steps required for complete metallization, particularly 

maskinq where re~uired. 

Table XVI leads to several observations. The first is, . 
that the data from the various sources h~ve become quite 

consistent. The second is that process sequences can produce 

complete metallizai:ion in the $6.- to ~2._/m2 (.4 to 8¢/W(.peak» 

ranqe, and that the processes including thick film silver or 

solder dipping fall significantly above this range. It is 

also seen that the vacuum deposition of a strike/barrier 

layer (sequence 3) may be competitive with the electroless 

plating process (sequence 2). In the latter, significant 

costs are incurred in contact masking and mask removal. How­

ever, it is not clear that the sequence 3 will result in high 

efficiency and long life solar celJ-s, without use of a con-

tact mask. The vacuum deposition through a shadow mask Can 

result in "underspray" with consequently reduced light trans­

mission. Further, the electrolytic plating over the strike 

layer may bring copper in contact with the silicon at .the 

edges of the strike layer, and result in degradation of 

performance in time •. Clearly, the approach of using the 

J 
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~ 

1 
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AR coatin~ as a permanent plating mask is appealing since 

it can eliminate chis latter proolem. It would, however, 

likely eliminate the vacuum deposition process for the strike/ 

barrier layer, since it: would req\tirethe addit;\onal process 

step of registration of the shadow mask bo the contact mask 

(AR-coatingl, and involve the difficulty of maintaining this 

precise .,registration throughout all subsequent handling until 

the strike layer deposition is complete. 

It has also to be determined whether elect.rolytic pla­

ting-up of a sintered silver layer resulting' from the Midfilm 

process is possible. 011 small area cells, such build-up lllay 

not be necess~ry, as the sheet reai~~rt:ance. may be adequat.ely 

low for grid lines of small length. The other alternative" 

for large area cells, would be to design a ~etallization 

pattern with a larger number of bus lines. 

The SOL/LOS Mo/Sn process has not been considered fur­

ther, since it relies on tin as the main conductor and there­

fore will not be cost effective, at least as intended to be 

applied now. The fritless copper thick film process has 

basic merit, but requires a lot more development until it 

can be considered competitive with the more established pro-

cesses. 

It has thus been seen that a few basic process options 

exist for the low-cost metallization of large area, high 

performance solar cells. But it. has also been seen that 

potential pitfallS exist with at least some of these options, 
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and t.haesome pilot line exper.ience with careful attention 

to ultimate process cost, controllability and yield, and 

potential initial or long term solar cell performance de­

gradation is needed, possibly with subsequent further develop­

ment work. 
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XVII. Conclu.sions 

'rhe analysis of the metallization pattern design for the 

front surface has provided considerable insight into the 

requirements to be fulfilled in a low-loss design for large 

area solar cells. 'rhese requirement~ have been compiled into 

a set of Design Rules, contained in' Table V. It has been 

shown that the total shading and voltage drop losses can be 

held to about 5% in 10 cm x 10 cm solar cells, but that not 

every metallization process is capable of meeting the re­

quirements 0'£ the low .. loss design. Without close observa­

tion of the design rules, the combined series resistance re­

lated losses can easily increase to lC and even 20% of the 

ideal power output. It has also been shown that these low 

losses can be achieved only by use of several bus lines con­

taining a bulk conductor, such as a wire of circular or 

rectangular crossection. Without bus lines, and with a sheet 

resistance of 1.7.10-3 n (~O lJltl thick cu of bulk resistivity) 

of the deposited metal fo%:, the grid lines, the total losses 

of the front structure (semiconductor front layer of 35 n 
sheet resistance and metallization) cannot be reduced below 

11.7% of the ideal power output in 10 em x 10 em cells. 

Applying bus lines that are not of significantly lower sheet 

resistance than the grid lines does not imp-rove this situa­

ti\?~,. 

Several process sequences have been identified which 

should be capable of producing the required metallization 

PRECEDiNG Pt"\~f kiL.ANK NOT FILMED 

i 



-

for large ~re~, high perform~nce solar cells in the $6.-

to 12.-/m2, or 4 to 8 ¢/W (peak) price r~nge. Any process 

relying on the use of ~ conduction layer of tin, or lead-tin 

alloy, or of thick film silver, falls above this price range. 

Electroless plating processes for strike or. barrier layer 

formation, and electrolytic plating of the conduction layer, 

primarily considering copper, appear as the more cost­

effective processes. Vacuum deposition of the strike or 

barrier layer, based on use of a variety of metals, may be 

competitive with the electroless plating processes. The use 

of the AR coating as a plating mask is very attractive, but 

not compatible with the vacuum deposition of strike or barrier 

layers. Vacuum or sputter deposition of the conduction layer 

for the front of solar cells appears impractical becau,se of 

masking problems. Some of the other procesE sequences also 

may contain hidden problems of potentially significant 

consequences. Thus, a careful evaluation of the pilot line 

operation of the most hopeful process sequences will be needed 

to reveal S11Ch potential problems which may effect process 

controllability and yield or cause an initial or a gradual 

degradation of solar cell perfor.mance. Once sucn problems 

are recognized , .. additional development work may be needed. 

Aluminum could be an alternative to copper as tne con ..... 

duction layer metal. The impracticality of depositing it 

by wet chemical methods, the problems of masking in vacuum 

evaporation for the front metallization,- and the limitations 
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in lead bonding to aluminwn, however, have lead to its omis­

sion from the discussion. 
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Process No. [I]. OJ. LiJ}J -.. [~ I ~ ] 
University of Ponnsylvania 

PROCESS CIfl\Hl\C'rEP.:rZi\TION 

(UPPC) 

Process: Device Fabrication 

Subprocess: Contact Metallization (Front only) 

· Option: Thick Film Screen Printing of 

Silver 

INDEX 

. I 

Form pa~es Rev. I Date Remarks -
1 1 i 2-81 I 

2 1 to 2 2 2-81 -- -
3 1 to 1 2 2 ... 81 - i 

4 ~ to 1 1 9-79 - . i . 
1 2 5 1 to 2;..8l, 

- -
G 1 to 1 1 9-79 -
7 1 'I 1 9-79 1 to i - i 

1 / 1 9-79 8 1 to -- -
9-1 1 to --
9-2 1 to .--- -. 
9-3 1 to ---

10 1 to --- -
1 to -

FO)7m 1 

---

. .-- -

--
11 .--

g;l~~t 'PAGE IS .' 
12 1 to 1 1 2~a1 --- QLTALPpy---. 'i 

13-1 1 to --- -' -, , 

13-~ 1 to 1 -L 2-81 -- _._--
~.- -

14 1 to -._- --- ---, -
15 1 to -- ---- -_.- -.---- ---
16 1 t:o --- -~. ------ ....... , --. . - ,-

i 
i 

~ 
l' 
1 

I 
I 
I 

jj 

1 
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! r 
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=om 2 

Page 1. of 2 --
Revision 2 Dat:l'" 2-81 

Process No. 5J ~ f51 ~ I 0 11 , -10 [1/ [ 0.1. Value Added:j $1 • .~ 
I Process Description: The wafers are unloaded from casset.tes, inserted in a screennrinter, and th.e ink 

is aryolied. Wafers are then collated and dried and sintered in a belt furnace, and re-loaded into 

cassettes. The metal area coverage on ~1J.e front surface is assumed to be 6.2% vri.th a line vlidth of 

125 1J~.and thickness (after sintering) of 20 

is 1200 ~lafers/h and utilization rate is 95% 
11.40 m2/h. This process description covers 

!.. Ir.put Specification: 

pm, and 3 bus lines. Outnut rate of screen nrinter 

fo):' an ef:fective output rate of 1140 wafers/h, or 
only front surface metallization. 

(Continuation on Form 2, page 2) 

S "l' f 'th N+ p+' • ~ane of Item: l. l.con wa ers Wl. P ]unctl.ons 

.Di!'lensions: lO-cm square and about 300 llm thick 

J Y~terial: 
~ 

R 
~ Other Specifications: 
~ , 

~ -- -------~-- - - -- ---- -~ - ---- -~ 

a ~----. ----1 
1.1 Quantity RequirL~: --- '-- Unit Cost: __ $1 ___ _ 

1.2 Input Value: ._--,$'--
1.3 Input. Cost: --~$'--

Note to Ite~ 1.3: Use price, if input produced in o~m plant. 

1i Ii' • .. ' '. -lI 

,""-",-,,~ ...... .;;;...:::-=--=:-::=-==- -;;;;;.;;,--~ ........-,.;;r:· f"1111i1W:::! ~..!!!!mP'lill!.!>t!ll!!lrIl!ll!fC-·-ln'li] •• I·"!fr! =_:.:. 
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• 
Form 2. ~ 

i 
Page 2 of :4' I 

- I 

?::ocess :\0. [2]. [Il .. rn-[!I!J Revision 2 Date' 2-81 I 
I 0 .1Va!'ue Added: f ~I ~, 

P=ocessDescrip tion: The process can apply metallization on one side, and requires duplication in 

equipment and operations for metal application to the rear surface. A 100% rear surface ~etallization 

at 0.4 11m thickness after sinteringwould have approximately the same material consllill,9tion as 

sho~;n here. 
y 

I 
---------------------------~-----------------------------------------------------------------------------------' $ 

$ 

,1. Input Specification: 

I 
1 

Sar:e of Item: ____________________________________________________________________ --------------------ii 
Di=ensions: i 

3
0 I' Y..::.t:e=ial: .;1 

O~ • 
Other Specifications: ::tJ ~ 

--------A~~.~~~-----------------------------------------------~--------------
~~ 

C'" ,,~~ 

~ ! 
-T;Q 

• 
--------------------------------------------~--------------------------I 

--------------------------------------------------------- ~ 

,.-

1.1 Qua.ntity Required: --- I Unit Cost: S/ ______ _ 
i 

1.2 Input Value: ---_$/ ----
1.3 Input Co~t: __ -:~/_-

:,ote to Item 1.3: Use price, if input produced in 10\ .. '11 plant. 
·,i~:u::..~~~~~~~e:::~~'t!.;~t:J>;;l~.!i_t·_-<t:!,~1 .. ~._J 

" __ ~ h,, _____ '--

~_-" ________ ....!. .... _ ........ "CiIJiIIltr .. *** _~~~ . __ .~ ** 
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'Process No. [I]. (I] . [ 011 1-10 111 

2.1 Direct Materials! 
Revision 2 

e •• ...::'--:-t:-:::_~"'"==, •. y .. ;;.,.:: 

Form 3 

Page ..!.... of .!... 
Date 2-81 ----

2.,11 Type: Silver ink oaste, similar to that described by RCA . , 
Specification :t'1et layer thickness is 25 11m, app,lication eff. 90% , with 

50% of waste ink recycled. 
". . 

7 

Quantity Required: '" 12 
2 

2'~; Unit Cost: 0.70 * ____ $1 g Cost:. 8.40 ,$lm
2 

. 
1 2.1 Type: ____________________________________ ~------------------------

2~1 

~c 
~-'. ~ ~ 

~ " ~ 

! ~o 

8 2 
~~ 

~ ~j 

§~ 
>~ 
,~ t:j 

~Q! 

'f 

Specification: ; 

Quantity Required: . __ , __ ; Uni.t Cost: $' ; Cost: ____ $/ __ 

l'i7pe: • ,J , 

Specification: ____________________________________ ~--------------------------

; 

Quantity Required: ______________________ __ I ,; Unit Cost: ----,- ---$/ ; Cost: ___ $1 --

*Includes formulation cost of $0.30/g. 12.1 Subtot:alDi~ectl'U1teria1s: r 8.40 sl m2 

,i: .' 'jO ,. .' 

r: 
I 

l'1 
i ' 

~ , , 

: j 
II 
I j I, 

\1 

.J~~~ . ......,.._...w..~~~ ... _, ,_,~"j "._ .. _ •• "'_~_.,~.~"'~ ~'"'< __ ...c..._~~ • __ , ___ ~:. ___ '_' _'_.......:. •• __ '. 
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Process No. GJ ~m . i 0 I ,1-10 11 I 
2.2 Indirect !1aterials (incl. supplies and non-energy utilities): 

Revision 
2.21 Type: Xylene, p ;:: o. 87g/mR. ; 

Specification: Used asa solvent for the ink, Usage is abol,1t 30 m9./m
2 

cells. 

Cost is $0.52/1b for reagent grade (J.T. Baker, 12/79) 

2 
Quantity Required: 26.1 2/~; Unit Cost: 1.146 $1 kg ; Cost: 

2.2. Type:. ---------------------------------------------------------
Specification: 

Quantity Required: __ 1 __ ; Unit Cost: SI ---- Cost: 

2.2 Type; 

Specification: 

Quantity Reqt:.ired: __ , __ ; Unit Cost: $1 ____ ; Cost ~ 

.. 

Form 4 

Page .L. of 1 

1 Date 9-79 

.. 
2 0.030 '$/_lU __ 

___ 51 __ 

__ ~$I --
2.2 Subtotal Indirect }:aterials: 0.030 Sl~ 

,....,.->1>-t;: .. ~"rt">f'!<7 ..... -<·~(;-.,.T'4·'7';n~t"1r:,~:<~_~"'~~"*"'''*'''''~~ ~¥ 

~:t:=~~·"'n~-~~~~ 
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Process .l~o. QJ. 0. (lrj I] -I 01 J. I Form 5 

2.3 Expendable Tooling: 
Paae 1 of 1 - -- -

2.4 

2.3 1 Type: Print screens - replaced every shift. (rv 9000 cells) 
Revision 2 Date 2-81 

_______ Quantity Required: 0.011 screens I m
2

: Unit Cost: 25 $/ scr .Cost: 

2.3 .2 Type: Squeegees - replaced e't7er-.! hour (tV 1000 0'e11s) 

2 
_______ Quantity Required: O.O:gS squeegees,-~~: Unit Cost: 0.40 .$/sqe.Cost! 

_ 2 
o. 27~ S/_" __ 

2 
0.035 $/~ .. 

2.3 3 Type: Thermocouples and misc. replacement :.:>arts 

qenera1 estimate Quantity Required: ______ _ __ -:'_: Unit Cost: $1 __ Cost: 0.10 $lm2 

2.3 Type: ___________________________________________________________________ __ 

______________ Quantity Required: ________ _ _--:'_: Unit Cost: $1_ Cost: -_....:$/_-

2.3 Subtotal Expendable Tooling! o .410 $I.=r:t __ 

Energy 

2.4 1 T".fpe:. Electri.CitY f name plate rating is 35 kW (mostly belt, furnace) I 
______ -.:Quantity Required: 1:5 kWh/m

2 
: Unit Cost: 0: 05 $,kWh Cost: 

2.4 T".fpe: • 

• 

0.075 $tm::::;.2 __ 

_______________ Quantity Required: _______ __ : Unit Cost: ~/ __ Case: $1 

2.4 Subtot:al Energy Costs: 
2 o • 075 $Im=-, __ 

~.f; 

~-g~ 
~~ 

£)t-t 

$2;: 

~ , 

I 2.5 Subtotal 2.1 to 2.4; 1-"-&: 915 $1 m
Z 

2.6 llitndlingCharge: 5.26 % of it:etl 2.5 __ 1).469 S/m
2 

] 9 .• 384 $Iin" 2·.7 SttbtotalMaterials and Supplies:' 
(2.5 + 2.6) 

~~,..... _.M'" ~ 

s:~ 
- ~~ 

.. 1 . '. "<: 1:: ~ * v~ '" 11 " Ij! 
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'Form 6 Process No. r::iJ. Q. GIiJ-UliJ 
l'age L of -1-

Revision]. Date 9-79 
3.,1 Direct Labor: 

3.11 Categ9ry: Semiconductor Assembler 
(SAMICS B5464D) 

lImountRequired: 0,.25 hI h 

Activlty:machine monitoring and ,operation 

--'~---' 

3.12 Category: Maintenance Person 
(SAMICS B5l76D) 

A!nount. Required: 0,.2 hI h' -----, 

Rate: $ 5.65 * /h; Load 113 %; Cost: 

Activity:: Repair and service 

* Rate: $ 7.40 fh; Load 113 %; Cost: 

3.1 Category: Activity;: _______________ _ 

Amount Required: hI ; Rate: $ Ih; Load X; Cost: 

3.1 Direct 'Labor SubtotaT: 
3.2 Indirect Labor: Taken as 25% of direct labor 

3.'2 Category: Activity:, ___ ---.. __________ _ 

Amount Required: h/ _______ : Rate: $ Ih; Load X; Cost: 

3.2 Category: Activity:, _______________ ~--------------

~~ount Required: hI ----- Rate: $ Ih; Load Xi Cost: 

3.2 Category: Activity:, ________________ ..::..-

0:264· S/m? 

". 

0.277$/m
2 

$1 

0 .. 541 Sjmr-

$/ . -
:> 

$1 

Amount Required: hI ; Rate: $ /hi Load X; Cost: $/ 

*Includes 36% benefits and the requirement of 1.51 
!>ersons/shift. 

3.2 Indirect Labor Subtotal: 0.135 
2 $lm 

13.3 Subtotal 3.1 and 3.2 0.676 $/n? 

3.4 Overhead on Labor: 5.26% 0.035 $/m
2 

---
3.5 Subtotal Labor 0.711 ____ s/m 

_",J L,,_, '''_"_,,_,_ ,,~_,,_,,_,, ___ ~,,_, -" , __ , 
--..... ~. ~ 

I 

, 
I:j 

j,; 

kl 

l 
) 

I; 
I' 

f,' 
j 

~ I 
j 
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'Form 7 
Page ~ of!. Process NO·UJ. GJ .1 0 111-r:o=[iJ 

4.1 Equipment 
Revision 1 Date 9-79 

4.11 Type: Screen--PrintApoaratus with cassette unloader and collator (t-leIter 
Model 44-PS) 2 

Cost~ 50,000 s; Installation Cost: $; Throughput:. 12 m /h; 

Plant Operlg Time 8280 h/y; Machhle Avail I ty: 95 X; Machine Operl g Time 7866 h/y 

Servicing Costs: Labor hly at $/h;Parts or Outside Service: Sly 

Useful Life: 7 ,----y; Charge Rc.." ?'. 35 % of Costly; Capital Cost: 10,700 $/y 

4.12 Type: Drier - dries ink 

Cost: 20,000 
2 

$; Installation Cost.: $; Throughput: 12' m Ih; 

Plant Oper' g Time 8280 h/y; !-Iachine Avail' ty: 95 A; Hachine Oper' g Time 78Ei6 h/y 

Servicing Costs: Labor hly at $/h;Parts ,or Outside Service: $/y 

Useful Life: 7 y; Charge Rate: 21.35 % of Costly; Capital Cost: 4,270 $/y 

4.13 Type: Belt driven sintering furnace 

Cost: 35,000 
2 

$; Installation Cost: $; Throughput: 1.2 m Ib; 

Plant; Oper'g Time 8280 h/y; Machine Avail'ty: 95%; }!acbine Oper'g Time 7866 h/y 

Servicing Costs: Labor hly at $/h;Parts or Outside Service:$/y 

Useful Life: 7 y; Charge Rate: 21.35% of Costly; Capital Cost: 7,470 SlY 

4.1 Subtotal Equipment Cos~: 

.' ill II It 

,. 

., 

". 

. 2 
0.113 $/~ 

2 
0.045$/E-

2 
0.070 $/ In --'--

0.237 $/ ra2 

., 
~!~-.=Jr;ilq T"I:!t!~r'"'-__ ~rl!~~mDillf'WOC~i'i 1 nWmws........... '-,_ 'J"~ ~~ 
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Process No. 0 .. 0. II{2] -~ Form 8 

4.2 Facilities: 

rase 1 of.l 
Revision .1 Dat-;-9-i9" 

4.21 Type: Screen Printer and 
furnace area 

Floor Area: 40 m
2; Throughput: 94,400 

2 
m /y 

.. * 2 $/(m 'y); r .... --- .... ~-.... -. ....... --.-
Charge Rate: 179.13 --.------- .-.- .,. Labor: 

$1 I 
--- I 

Energy Use: 

Heating /y at 

Air Cond'g __ /yat 

Maintenance Costs: 

____ .......;h/y at S/h 

Supplies.: $/y ----
Outside Services: $/y -----

/y at 
L 

$1 - .... _---.- .... - - ......... -~ 
7:1).64 . __ Sly Lighting 

Total. Cost: 

2 
4.2_ Type: Floor Area: till ; Throughput: /y 

Charge Rate: S/(m2 .y); r - -Mrint~n~ C~t;;'" 
-~~-I I Labor: 

Supplies: 

~~~~--- ... -~ -Energy Use: 

Heating /y at -_$/_-

- - --
. 

_____ .-..:ht~ .at $Jh 

$/y ----

-

Air Cond'g /y at -_$/ -- Outside Services: $/y 

Iyat __ Sf 

1 
&- : ...... -~ -. --. --. .- _~~..o-

Lighting -- Tot.al Cost.: Sly 
2 

4.2_ Type: Floor Area: m ; Throughput: /Y. -t 
--2 -...,.~~~~---~~ ..... ~ 

Cha:rge-Rate-:__ SJ{", 'y1: I Maiintenance Costs: 

-~ .......... - ...... ,-.. --- --- - .... ~....s 
Energy Use: La' 

i ;)or: 
Heating /y at $1 

____ ...:h/Y' .at. . $/h 

Air Cona'g- ly at $/' 
SutPillies: Sly 

~~ 
'""" ~O 
c~ 
07: 
'~ ..... ... 
p . .." 
C~ 
?G'l 
~t:J 
~­.. "" cr; 

• 
2 

0.076 $/...::;m~_ 

_____ -$/ --

L Ollttside Services: Sly J 
Lighting /y at $1 - - - - - - - - --I Total Cost: Sly I $/_-_____________________ =,.. .... ""=:;rJ.r.==-=-: __ --!~........ -f........... Si __ =--.~""':~~ i1f~ <~ 

t t 2 . L __ z 4.2 Subtotal FaCil.ities: I 0_.076 $! ___ n_~ __ 

I 4.3 Equipment and Facilities Subtotal: I 0 • 313 $1 mr 
,~~_........_ .................. *-r~ .... ,..._........ .~~)It "1Jio!'I'!"''' 

*Includes energy use 

r:rm;:i:==::::::======::~~=~~~~~~~:~::~=c:::=='~:~""':~"~=:=~"'""'~":~:_=!~,~ .'"'''''.'.''.''' .___ _j L_~___' ... ____ ~ _ 
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Fortl_ 12 
Pagel. of~ 

Process No. w " G] . ~-[QIj] Revision ~- Dattt 2-el. 

7. Process Cost Corr.p!ltation 1.11 Manufact11ring Add-On Costs (sum of 2.7, 3.S, 4.3, 6.) 

7.22 ~~;85~n<3fr!:5.~~s6~:le8_ x..-A.2; of 1.1.1 

7.21 T-otal Operating Add-on Costs of Process: 

7.22 G & A ==;;;;;;:% of 7.21 

7.31 Total Gross Add-On Cost of Process 

7 32-' ~. ··nr Sa1-"at>od v. .... e-.:· .... 1 {C: ~ • '- ____ ... ~--. ______ (,"-' - ~M;;a.'-';; ~ .. -..---. J-.UI 

7.33 Cost of Work-in-P.rocessLost (5.3) 

7.34 Specific Add-On Cost ofrrocess (1.31 -f7.33} .... {7.32:) 

7.35 Cost of Input Work-in-Process Contained in Good 
Output Work-:in-P_rocess (5.4) 

7.36 Loading on Item 7.35 at Rate % 

7.37 Cost of Output WClrk-in-process (7.34 + 7.35 + 7.36) 
... .- a.:::z::::; n 3"""""':!'~ -
7 .41 Theoreti.cal Yield (orConversionRate~ if output units of 

~o~k-in .... ?rocess no not equal input units) 

7.42 Practical Yield 

7.43 Effec::ive ~ield (7.41:x 7.42) 

7.44 Number of Units of Goed Output Work-in-Process -per 
Computation Unit'Used up to 7.35 

NA , __ 

99 % 

99% 1 ____ _ 

0.99 
2 

m 1 m
2 

10" 408 S/ r.:? ....;;....;..--
2 

0.022S/ In ---
10.430 $/ m4 ...;:.;;;.---
---$,/ ,. 

10.430 "$/ n 2 ---

_$/ __ _ 

NA $/ __ _ 

10" 430 $I_~ m __ 2_' __ 

~"A $/ __ _ 

NA $/ __ _ 

$/_---

_ LZW ;s:a.=_ ~£i:ec&:iiUCC5E!f 1---------------

<., 'Ii 

7.51 Cost of Unit of Good OutPt!t l-iork-in­
Proc~ss (7.37 ~ 7.4~j 

7.52 Specific Add-On Oost: p~ Unit of Good 
O:xtput Work-in-Prlocess (7.34 of 7.44) 

"" '" 

NA $/ __ --:_, . 

2 10.53.6 $I_m __ _ 

'" • 

t 

Ii , 
~ 
~ 

i,-' 

:.'~'\.nrStnl:~~i!t"**i{lt'.'i •. 11,t!Qro('*'$t'U$U .P'M.r~i.tt.~~:~~~~-'Y .... ttjf U~:1iU1 ~--!-}~~".M"1f jtl_L3~!t!J! __ n 11 ¥~U ;' tUlf'e ,.~ ........ "~,_~_< .. "_._.k,,,---'-:"'. 

~.~, ., ... ~~ .. -. 
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Forn 13-2 
Page -.!...of L 

Process No. GJ.Ii:l.[2li]-'~ 

Revision 1 Date 2-81 

8.2 Alternate 2 (SAMICS Methodology): 

8.21 Profit Computation: 

2 
0.9274* 0.237 $/ m from Subtotal 4.1. z 0.220 

1.946* 0.076 $/ m2 
from Subtotal 4.2 = 0.i48 

Subtotal = 0.368 

8.22 Costs of Amortization of the One-Time Cost!' 

0.192* 9.384 $I,m 2 from Subtotal 2.'7 = 1.802 

0.l.92* 0.711 $/ m 
2 

from Subtotal. 3.5 = 0.137 

0.2958* 0.237 §/ m
2 

from Subtotal 4.1 = 0.070 

2.77* 0.076 
2 $1 m- from Subtotal 4.2 = 0.211 

Subtotal = Z.110 

8.23 To tal Net Cost of Equi ty (8.21 + 8.22): 

$/m
2 

$1 2 .. m -s/m 

$/m
2 

2 
$/E-

S/rn 
2 

s/m2 

~S 

~I 

8.24 Profit and Amortization of Start-up Costs per Uni.t of Gooa ~~tPut 
~ork-in-Process: 

(Divide SJ:'total 8.23 by O. 9!} 

8.25 Price of Process (7.52 + 8.24) 

8.26 Price of Hork-in-Process (7.51 + 8.24) 

2 2 
m I m from 7.44) 

2 
2.614 $/~ 

. .4 -

• 

2 
2.588 S/,.!! 

13.150 S/ m
2 

r 8.11¢/W{pe-akr"")'--
____ S/ __ _ 

-: te -;:;;;;a; 

.. 

I 
I 
I 
I 

I 

~~>k~:~ __ .. ~~_ ..... ~::.:..~~r~~!!"i~;;:~-!:::.:;::."¢::.1-1i.!·<·J;u.~ 
""·~"'::'"'·_.J;~~4:'::'~~!:~~.;;I:.~:..4-=~+<~'!Al~ 

~.~~-'-.. ~--.. ~-'---'-' 
• ____ ,~. ____ " _~ _. ___ ~ ___ ,. ~ ............ ~L~ n ,---,--,-- ._--
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ProceSll No. rn. m .1 0 I 31-1 012 I 
University of PennsylvAnia 

PROCESS CW\nJ,\CTERIZATION 

(UP PC) 
Process: Device Fabrication 

Subprocess: Contact Metallization (front and rear) 

. Option: Electtoles. Ni Plating of strike or 

Barrier Layer 

I~JDEX . 
Form' PAies Rev. Dat:e RemArks -

1 i . 1 2-81 I • -
2 1 to 2 1 2-81 

~ ! 

3 1 to 1 1 2-81 -
4 1 to 2 1 2-al - " ' 

5 1 to 1 :1.2-79 -
6 1 to ..L. -L. 12-2~, 

~" 
7 1 to 1 1 2-81 -
8 1 to 1 12-79 - --i 

9-1 1 to - . -
9-2 1 to -- , . 
9-3 1 to --

10 1 to ---
11 1 to -- --
12 1 to 1 1 2-81 , -
13-1 1 to - . 

- -
• 

13-2 1 to l .-1- 2-81 . 
14 1 tQ -- . -
15 1 to --- -
1G 1 to -- - - --

. 

Form 1 

-
-

--

, 

-
----

. 

- -
I 

! I 
r 

I~ 
iJl 
" ; 

I 

.j 
1 

1 

I' 
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Past! 1 of 2 --
Process No. ILl. [!] .1 0 131~[!k] 

ll~v1s1on ~ Dacl" 2-81 

I 0.1 Valut! Added: J $, 
Pro:css nescription: Wafers with contact mask are dipped in electroless nickel solution at 80 to 90°C 
for SJl!j.n, ynd are then rinsed and dried.. Two flow hoods are used £o;rF)rocess:ing. Cycle tir.te is 

.• ~,:;.;;,c;"", 

20 min and Wafers are carried in 50 wafer cassettes, Iwhich are moved automatica1ly through the systea. 
The plating tank is~~argeenoughto hold 5 cassettes. Plating occurs on both sides simultaneously. 

Throughput rate is 3 r OOO wafers/h and machine utilization is 88%. Surface coverage is 3.~. front, 
100% rear. Plating thickness is 0.5}Jm PICl.tinq effeciency is assumed to be 90l_ 
1. Input Specification: {Continued on Fona 2, page 2) 

Hacc of Itcm:N+PP+silicon wafer with contact mask 

Di!:1cnsions: 10-cm square 

MA:erial: 

" Other Speeiiieations: __________________________________________________________________________________ ___ 

1.1 Quantity Requ1red: __ _ I 
------·Ii--------------:i;:::~~:::::::::: 

Unit Cost: __$1 ___ -

1.2 Input Value: __ ~~I --
1.3 Input Co8tr __ ~$I 

-~ 

~ote to Item 1.3: Use price, if input produced in own plant. 

* fl· II' .' ~ 

----)I....it..... __ ..-....-.:~, ill ~# 
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?:'CCCSS No. GJ. W .1 0 J 3 f-[QJ2] 

~ ·lIt 

Fo~ 1 

!a&e~of ~ 

Re.vision 1 Daet" 2-81. 

[O.l.Val.u:e Added: I ~1. 

Process Description: One liter of Ni electrolessplating solution consists of: 875 tnt H
2

01 

30 9 of NiC12 • 6H~0; 50 g of NH4Cli 84 g of Na.,CcHe:0., • 2H..,Oi 10 q of NaH ... PO_ • H_O .and 125m! 

o£ NH40H (58%). 

.. 
1. Input Specification: 

Xaoe of !t:em: 

Di:::ensions: 

l!aterial: 

Other Specifications: ____________________________________________________________________________________________ __ 

1.1 Quantity R~quircd: --- I Unit Cost: $1 ____ _ 
i 

1.2 Input Value: -_----:§/ --
1.3 Input Cost: ___ i/. _ _ _ 

~ote to Item 1.3: Use price, if input produced in own plant. 

~.~ I 'j!ll:;:;;;;;;;;;;;;;;;;"~.:::::=.:::..:.-==::::..::.:.,_._~~ ___ . ___ .. _ . ______ t- ~--.------ .. - - _ .......... _ .... _--_. 
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Process No. []J. W . LQ .. 1L1 -I 0 121 

2_1 Direct Materials: 
I<evision 1 

2.1_ Type: NiC1~ - 6H~0, ,reagent grade crystals, p = 7.77 g/cm
3 ----. 

j 

2.1 

2.1 

~~ 
.,,~ 

8z 
~~ 

Specification: Coating thickness is 0.5 lim-

NiC1
2 

= (0.05)·(0.5)-(7.77)-(237.71/58.71)-(1/0.9) -= 0.87 g/m2. One 

liter o~ solution will plate 1.7 m
2 

of cells. Cost of NiC1 2 ·6H2 0 is ; 
$7.29/1b (12/79; J. T. Baker) .. 2 
Quantity Required: 18 g 1 m . ----, Unit Cost: 16.07 $/kg ; Cost: 

Type: ~ 

Specification: ; 

Quantity Required: __ 1 __ ; Unit Cost: $/ ---
Type: 

Specificat1,Qn: 

Quantity Required: --'--; Unit Cost: $/ ____ , 

Form 3 

Page ~ of 1. 

Date 2-81 

• 

2 0.289 .. $I,.;;.;m __ 

__ ~$J 
-~ 

--_$/_-

§totS 
;>~ 

§: 
I 2.l Subtotai~irect Hater:ials: I 0 .289 $/m~ 

* :{, " .. !If • 

i ,l 

! 
I, 

l' 
I; 
~ j 

~ ~ 
I, 
I' 

~ 
11 

1 
r 

~~t!*7t M ':;;i;;;;~-"'""'~~~~~~""---''''''''--"<''"~~"''''-"'" -~":.>' ............... "':~ __ ~,:-L'~'~. __ ' ;'* . I ... n HIlUM! t,.....r 10_a_ f . i.~~,,,,.........-..... ... __ .. ______ .-li._--:~""~'" ~_::-...--.._.~'"-"- ......... ~~ ___ ........ ~ '" __ ~,_~ ~~-.-... -...roit~"~..a ____ ~- .-~." ,_-...._--. 



~ J: 

o~~ -'1'" ---~ - ,---_~ .,..".,. .~ ,:.~*""", ~,~,,,,,, ..... T~?~(~ _ .,.. 

~.~~~ !~,~ •. ,,',':::-":;.:.-.~;:-~: 
,,",- .. - -- ... . .. 

"'-' • .;'''''~~' ...... -.c .. ,,_,$"""''''~';;:;:;!!'' 

." \!t .. ,.. lit 

rrocessNo. 13 t. [I] .10 13 1-1 012 1 Form 4 

Page -l.. of 2 
2.2 Indirect !-1aterials (incL supplies and non-energy utilities): 

Revision 1 Date 2-8.1 
2.i1 Type: Deionized ",ater for plating solution 

Specificatio~!Need 875 ml ot DIH2 0 per liter of solution. Consum?tion is 

620 mR.. for 1 m2 of cells. Cost is $660 for 100 m3 
(SAMICS Cl128D) 

2 
m£. I'm . Unit Cost: 0.0066 $/ .! --' --Quantity Required: 620 ; Cost: 

2.2.2 Type: Ammonium Chloride (NH
4
Cl), reagent grade, granular. 

Specification: Need 50 g/.9J of plating- solution. Consumy;>tion is 35 g/m
2 

of 

cells. Cost is $1.15/lb (J.T. Baker; 12/79) 

• 2 
0.004 $f~_ 

Quantity Required: 35 g-1 m
2

; Unit: Cost:: 2.535 $/ kg ; Cost: I 0.089 $, m
2 

2.23 Type: Sodium Citrate, reagent grade crystals ----------------------------------
Specification: Need 84 g/.! of plating solution,. Consumption is 62 qjm

2 

of cells. Cost is 1.88 $/lb. (J .T: Ba1{er, 12/79) -------, 

62 
2 

g 1m· 
--'--' 

$/ kg Unit Cost: 4.145 Quantity Required: Cost: 

2.2 Subtotal Indirect Haterials:' 

0.257 S/ 

• 

2 
m --

$/ -----

I 
" !! 

~ 

I 
if 

~:~!!l!!i!!!!!!_., . ~!l.i!ll!!t'!!l!!!_li!I!!Y!!!I!l!!l!!l!"~!' .. Ii' .1 __ .. :" .Jurn;"" .. _"_=_L .• __ '"' !""'-'-~~ __ " .! !~,~~~-=----!-.-. 
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Process No. [!] . ~ .;!) 13 1-1 0 121 Porm 4. 

Page 2 of 2 
2.2 Indirect Haterials (incl. s~pplies and non-energy utilities): 

Revision 1 Date 2-81 ----

oc.. 
~~ ;-

<::nrH"m hVT'lnnhn~!?h; t-p (NrlH;PO; • 2H,,)0), reagent grade crystals; 2_21. Type: -- -_ .. --..r.r-r n en 7 I Z 

Specification: Need 10 gjR. of plating solution. Cons~~ption is 7.2 g per m
2 

of cells. Cost is $4.22/lb (J.T. Baker, 12/79) 

2 
Quantity Required: 7 • 2 _;!"J~; Unit Cost: 9.304 $/ kg ; Cost: 

2.2.5 Type:. Ammonium hydroxide (NH
4
0E), 58% reagent grade 

Specification: Need 125 mtj9, of olatina solution. Consumption is 89 mY, _ J -

~~~square m2 of ce1.1.s. Density or NH.t10H (58'%) is 0.826g/m9.... Cost 

is $O:47/1b. (J.T. Baker, 1.2/79) 

Qu anti ty Required: 89 

2.2_ Type: 

Specification: 

j) J 2 m~~; Unit Cost: 0.861 $/ 9... ; Cost:. 

~Q . Oz 
~~ 

Qua.ntity Required: .-_________________ __ --'--; Unit Cost: $/ ; Cost: 

.0>-0 
~ ;>. 
>0 
~ t::J. 

~­~u: 

~" ~ 

2.2 Subtotal Indirect: }!ateria.ls: . 

11' 
'" 

"'2 
0.G67 "$/_m 

0.077 S/ 
2 m 

----

OJ 

--_$/_-

O.494$/...!!!. 

'" • 

~ 

:7"~~~~'t~~~J;:~:;_~~~~"<~it..~::.~~HII~"*"~~~~!~c:.:~_=__~:..;¢l!t;ti;!~~::;...._;!!~' .• :fj,;-ns-.... s=_--, '"",' .... ' u' 
¢1'~_.t1:;"~~~~~-'"'"~~.ts~~~r ~·t,~ I 

~~;l~tF' ·t:!i~f!.lIh~!gm't1nii'*± ~~~,_' ~_ .~ ... ~ ... __ ... __ .~ __ ;:._~ _ .... ~ ................ ~_~_,.._~_~ ____ --..-...0: _____ ~,.~ -- ~~-.:...._" _____ ..... ~ ft. ~~ __ .. ___ ~ 
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Process No. lIl. [I] . I 0 13 I-I 0 12 I 
~.) Expendable Tool~ng: 

.. .. ::> ~ ~ I" 

Form 5 B 
"' 
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I-. Unit Cost: $1 __ Cost: I • 

2.)_ Xype: __ .--_______ -------.---'---_-,.....-,-:------:-:-

_______ Quantity Required: ____ _ 

2.)_ ~pe: ________ ~--______ ------__ --~---

_______ Quantity Required: ____ _ 1- Unit Cost: $1 __ Cost: I 

2.) ~pe: __________________________________ ~~----_=~~~~----~~--

_______ Quantity Required: . ____ __ ---,"---,I :: Unit Cost: $1 Cost: 

2.) ~pe: ________________________________ ~ __ ~~--~~~~~----~~--

_________ Quantity Required: ____ _ _~/__ Unit Cost: $1 __ Cost: 

2.3 Subtotal Expendable Tooling: 

2.4 Energy 

U!:J 
estimated to be 20 kWwith 75% load factor. 

ElectricityfQr laminar flow hoods;with strongexhaust,heater on pla.-
2.4 1 Type: tinq tank, drier, various mQt~~s'~Cllld_iD~~ruments: J\gme plat~Lrati 

QUant~ty Required: 0.5 kWb/m2 Unit Cost: Q 05 $/.kWh.. Cost: 

2.4 Type: 

quantity Required: Unit-Cost: $1 Cost: 

2.4 Subtotal Energy Costs: 

2.5 Subtota12.l to 2.4: 

2.6 Handling Charge: 5.26 % of item 2.5 
, " .) '" 

. ~ ~~ ... ~ '~, 

2.7 Subtotal Materials and Supplies: 
(2.5 + 2.6) 

~;~~'!!:;na:...._~ .... _,.; -:....~ .. --.-~~.~.~--.,-~--.-,.~-.. -----~ .. . _~<_ ., ... &Af<. ..... 

$1 ! I 
$1_-

:J 

__ .. $1 --

__ ~$I_-

___ $1_-

0.025 $1 
2 m 

$1 

0.025 $1 m2 

-0;808 $1 m2 

0.043 SI m2 

0.851 $/_m2 I 
'_"'_~T+~'''_~ "........ 

----.... 
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Process No. [iJ. 0. rn -G::1IJ Form 6 
Page 1:.- of ~ 

Revi.sion L-Date 12-79 
3.1 Direct Labor: 

3.11 Category: Semiconductor Assembler Activity: Hood opera.t$on 
(SAMICS B5464D) 

Al'llount Required: 1 hI h ; Rate: $ 5;'65 fh; Load _ 113 * %; Cost: ___ ~$I m2 0.456 

3.1 Category: Activity:, _______________ _ '. 
Amount Required: hI ; Rate: $ fh; Load I; Cost: , __ -.---:.$1_-

3.1 Category: Activity: 
------- ---------------------------------

Amount Required: h/ ________ _ Rate: $ Ih; Load %; Cost: ___ -:.$1_-

3.1 Direct Labor Subtotal: ____ $1_-
3.2 Indirect Labor: Taken as 25% of direct 

3.2 Category: Activity: __________________ _ 

A!!tount Required: h/ ________ ; Rate: $ fh; Load %; Cost: ---.-,;$/_-
3.2 Category: Activity:, ______________ _ 

Amount Required: hf ; Rate: $ fh; Load %; Cost: --_$/_-

3.2 Category: Activity:, ______________ _ 

Amount Required: hI ; Rzte: $ fhi Load %; Cost: T 

>'-:-0 C 
"'FJ~ ..... 
roC) 
gz 
~> ,,- C'"' 
Pt-tj c> eO 

3.2 Indirect Labor Subtotal: 

3.3 Subtotal 3.1 and 3.2 

*Includes cost of replacement personnel and benefi.ts~. 3.4 Overheaaon Labor: 5.26% 

3.5 Subtotal Labor 9~600 $fm
2 

~ '1:::1 '.' '. '.' ." ~ • • . ~-r ~ ,-
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Process NO.[!J. ~:r. r:!I!J-~ 
Form 7 • 
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of •. 1 Equipment 
Revision L-Dace 2-81 

4.11 Type: Two 6-foot laminar flow exhaust hoods (lAS type LU6-30x) 

Cost: 9,000 2 
$; Installation Cost: $;. Throughput: 30 m Ihi 

Plant Oper'g Time 8280 h/y; Machine Avail' ty: 88 %; Machine Oper'g Time 7286 hly 

Ser,ri'~ing Costs: Labor hly at ___ $/h;Parts or Outside Service: Sly 

Useful Life: 7 y; Charge Rate: 21.35 7. of Costly; Capital Cost: 1920 $/y 

Fl He,:-:" • •• 

4 .12 Type: Two chemical recirculating systems (fluorocarbon. No: 5000) 

Cost: 15, 000 
2 

$; Installation Cost: $; Throughput: 30 .m Ih; 

Plant Oper'g Time 8200 h/y; Machine Avail'ty: X;" Machine Oper'g Time 7286 h/y 

Servicing Costs: Labor h/y at $/h;Parts or Outside Service: $/y 

Useful Life: 7 y; Charge Rate: 21.35 % of Costly.; Capital Cost: 3200 $/y 

4.13 Type: Drying station and cassette transport system I 

Cost: 20, 000 $; Installation Cost: 10 ,000 
? 

$; Throughput: 30 m-

Plant Oper'g Time h/y;Macnine Avail'ty:%; Machine Oper'g Time 7286 

fh; 

Servicing Costs: Laborh/y at $/h;Parts or Outside Service: Sly 

h/y 

Useful Life: 7 Yj Charge Rate: 21.35 Z of Costly; Capital Cost: 6400 SlY 

4.1 Subtotal Equipment Cost: 

... 

0.009 $lm2 

0.015 $/m
2 

2 
0.029$/m 

0.053 • $/m2 
~----=,- -

.... 1i:i:~::.::~~~~:-"V''<~~~ .... ~~=''~"V!>.*r.:t_''~lt.".t't'''·'C'"''·~.'~'''·< '·-··--:--.~-·-~.:-!:::~,;·~~~~Y 
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l'roces$ No. ~. 0. ~-~ Pagel ofl ; 
Revision Dat;-12-~ I 

4.2 Facilities: 

Type: Hood Area 8.36 2 218,600 2 
4.21 Floor Area: • ; Throughput: m Iy 

1 2 r- --.- ---.-.- --.--. Charge Rate: 179.13* $/(m .y); Main.tenance Costs: --- ~- ------~~ ..... , Energy Use: Labor: h/y at $/h 

I 
1 

Heating /yat __ S/ I Supplies.: Sly 
- ._._. I Air Cond'g /yat S/ Outside Services: Sly 

.Lighti~g /yat $/ 
L~ _________ .~ ...... __ . __ 
I Total Cost: 1500 $/y 

2 
4.2_ Type: Floor Area: m .; Throughput: Iy 

2 r~~"""~--~""~ - - -- -Charge Rate: S/(m"y}; Haintenance Costs: -- ~ ~.~ - ~ ~ ~ .... --- ---t . 
Energy Use: I Labor: h/y at S/h 

Heating /yat 
.. $/ I Supplies: Sly 

Air Cond'g /yat. $/ I-- Outs'ide Services: Sly 
Lighting /yat $/ - - .- ~ -... -., - ~ - -- .. 

J Tota1 Cost: Sly 

4.2_ Type: 
2 /y Floor Area: m ; Throughput: 

2 ...-.------~------Charge Rate:_ S/ (~ .y); -1 Haintenance Costs: --_ .... -- - -- -- - --- - ... Energy Use: L b hI . , a or: y at $lh 
• Heating /y at S/ 

I Supplies: $/y 
Air Cond'g /yat $1 . 

L Outside Services: $ly 
Lighting /yat $/ - - - - -- -----.. 

I 'totalCos.t:: S/y 
.. 

4.2 Subtotal Facilities: 

*Inc~udes energy use 4.3 Equipment and Facilities Subtotal: 

I . . . 
~,",--~-.......... --.-.. -~.~.-~ 

. 
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• "~_., • .....a~. __ ~ .. ____ ~ .. ~._. __ .• <_---.it,._ .. ~- ---~ 'L 
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0.007 S/ .-
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$/ 

$/ 

0 .. O07$l 

0.060 $/ 
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'Prpcess No. [II . 0 ~-lo 13-1=-ro J2 1 
7 •. Process Cost Computation 

'10 

Fora 11 
Page 1 of 1 --

Revision 1 Date 2-81 

7.11 Manufacturing Add-On Costs (sum of 2.7, 3.5. 4.3. 6.) 

7 .22 0f8:1Q~dStrf7f~ C~SW:.1QS ~ 4.1> of 7.11 

7.21 Total Operating Add-on .Costs of Process: 

7.22 G & A % of 7.21 ----
7.31 Total Gross Add-On! -Cost:. of Process-

7.32 Credit for Salvaged Material (5.8) 

7.33 Cost of Work-in-Process Lost (5.3) 

7.34: Sped,fic Add-On eClst of Process (7.31 + 7 • 33)-{7 .32) 

7.35 Cost of Input York-In-Process Contained in Goed 
Output Work-in-Process '(5.4) 

7.36 Loading on Item 7.,35 at Rate % 

7.37 Cost of Output York-in-~rocess (7.34 + 7.35·+ 7.36) 

1\~511 $/ m2 

0.'004 $/ m
2 

1.515 $/ m2 

- ~/~ 

1.5115 $( mi 

NA ~/. 

NA ~/-

1.515 $/ m2 

NA $/ 

~~$I 

NA $/ 

7.41 TheoreticalYi-eld{orConversion Rate, if output units of 
wdrb".in-process do not equal input units) 1 m 

2 2 
l~ • 

7.42 Practical Yield 99 % 

7.43 Effective Yield (7.41 x 7.42) 0.99% I 
.:. 

0.99 2 2 m I m 
7.44 Number of Units of Good Output Work-in-Process per 

Computation Unit'Used up te7 ,~.~3:5.· ____ .... ____ .. __ .... ____ ~;;;;;;;;;;;;;:~;:::::~--_ . ..--~!~--.. ----.. --------
7.51 Cost of Unit of CoodOut-pat t-lork-in-

"' 1Ii.:,r. .Process (7.37 7 7 .. 44) 

7.52 Specific Add-On Cost per Unit of Cood I' 2 
Out:put Work-in-Process (7.34 7 7.44) 1.530 $/_m __ _ 

~:~~;:;;;;:;;~~~"~'~'." ____ '_~ __ ~~'A~_'J _~~ ~~~._~ __ "._~....4n"""' ...... _ ""'""~~~_. ____ ""'ult!t't ...... ~ _____ .. . __ ~.~j' .. ~ .~. _~~~_.~'- .. ~:~~=!~t~~~~~ 

,
'.1 
\ 

f 



-.;- -._ - ----'1' - ,-.- _ .~ .... 

'"'!l!"t ':'~'?'~'~">'!I"~-~~!f!I~.~~ 
,~.".--... "".~-",,> 

"1 

Process No. m .0.~ .. m!l • 
Form 13-2 
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Revision 1 Date 2-81 

8.2 Alternate 2 (SAMICS Methodology): 

8.21 Profit Computation: 
! ~ 

0.9274* 0.053 $/ ··m 
2 

from Subtotal 4.1 .. 0.049 
2 

$/~ 

0.007 
2 

from Subtota1 4.2 - 0.0'13 
2 

1.946* $/ .m ~/~ .. 
Subtotal == 0.062 $/ m2 

8.22 Costs of Amortization of the One-Time Cost: 

2 
from Subtotal 2.7 == 0'.163 

2 
0.192* 0.851 $/ m $I...!!!:.... 

2 
from Subtota1 3.5- 0.115 

2 
0.192* 0.600 $/ m $L...!!!:.... 

2 
from Subtotal 4.1 - 0.016 

2 
0.2958* 0.053 $1 m $/~ 

i; 
j 

2 from Subtotal 4.2 .. 0.019 
2 

2.77* 0.007 $/ m ~/~ 

Subtotal >= 0.313 $/m2 -j 

8.23 Total Net Cost of Equity (8.21 + 8.22): __ ...:..-_ .... $/m
2 

0.375 

8.24 Profit and Amortization of Start-up Costs per Unit of Good Output 
Work-in-Process: 2 2 
(Divide S.1:'total 8.23 by 0.9'; m / m from 7.44) 

0.378 $1_. __ _ 

8.25 Price of Process (7.52 + 8.24) 
, 2 

1.908 $/ m ---
8.26 Price of Work-in-Process (7.51 + 8.24) 

r 1. ,"3 ¢/W (~akl 
---

• • .. T * It. 

~J~_wtmFiI!t!iiJ.~!~~:~~~i _'::t~~~~~~~l"~~ :'_'.'l~~:~~w>"· ~=~:::..::~~~:::~~~~,o~:~'~~:"==:::~~~~~~:-~.~~~:::a-,;;a:~:~:~~~:::.~=.~ .. ~:~. ~ 



p 
, , 

i'l 

.,~ 
1 , , 
i 

• 

Form 

1 

2. 

.3 

., 
5 

~ 

l 'rJ 

8 

9-1 

9-2 

9-3 

10 

3.1 

• l.2 

13-1 

13-2 
If 

111 

" IS 

16 

Procos~: 

UniVCl~sity o! pcnmlylvatua 
pnOCgBH CHJ}NJ\C'l'gIU'ZJ\'I'ION 

(UP1)C) 

De,rj,co Fabric~t.ion 

Subprocess: Contact Formation (.Front and Raar) .......... ' ...,.... .. 

OPt:.iOJH Vacuum deposition of a nickel. bart'ier 

layer and copper conductinq layer 

INDl!;X ___ III! 

Pn~e$ Rev. Date Remarks - ~~ 

1 2-81 , . . . . j¥ 

1 to 2 1 2-81 - . -I .-
1 to 1 1 2"'81 - -- . 
1 to 1 1 2-81 - ... -- .. - ... -
1. to 1 1 2-81 - .- . . --iii .-.~ 

1 to 1 1 2-81 .- . --- . T -
1 to 1 1 2-81 - - -- .. ~ 
1 to 1 1 2-8i - . • ----
1 to -- , 

1 t,O --
1. to --
1 to -- -- -- - ---
1 to -- _. 

I . ~ --
1 to 1 1 .2-81 -...- ---... .... - . - .. ,-

1 to --- --- -~,. -
1 to 1 1 2-81 - .. -- --- . _.- . 

1 to ----...... ------ ._--_ ........ -_ .. _----- -
1 to --- ~" - ..... ~ ----.-- .... "_1 

1 to ,1 - 2-81 
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Process !\o. EJ.i!J .1 013 , :-1 0 f 3 I 

Fo!'::t 2 

?ag~ 2:.......0£ _2 __ 

Revision 1 Dat:~ 2-81 

1 0 .1 Value $.dded: 1 $/ 

P:'ocess Description: t"lafers are r:>laced and locked into reversible holders tt]hich also hold tne shac.o~· 

mask for the contact and grid metallization pattern definition on the front side. The holders are 

ea. I m wide and hold 10 cells across their width. The holders are placen in batches into the air-
... 

lock chamber of the system, from where 'they proceed into the main chcuwer af.ter PUMP-down to the main 

ehaIi:1.ber pressure (~~lO-bTorr). In the main charnb~r, the holders are sequentially removed from the 
batch and passed flat in continuous flov: over the evapoxation boats whj.ch are ca .• 1 m long and deposit 

1. Input Specification: {Continued on Form 2 r nage 2} 

Xa~~ of Item: N+PP+ Silicon cell ready for metallization r with freshly r~~oved. oxide laver. 
\'nthout mask. 

Di::ensions: la-em square 

~3.terial: 

Other Specifications: ________________________________________________________________________________________ __ 

1.1 Quantity Required: --- I -- Unit Cost: __ $1 ___ -

,1.2 Input. Value: --_---.:$/ ----
1.3 Inpuc Cost: ___ ~~I ._-

Note to Item .l~3: Use price, if input pro~uced in O~~ plant. 

jt iii t· </II 4!< II! 

~ 
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~ 
L~ , 
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Process No. 13 I. W .1 0 13 1-10 '31 1 0.1 Valt.~Added: I $1 

Process Description: metal si..'tlultaneously over the whole widt.lt of theholner. The boats ,are continu­

ously recharged with rod of the appropriate metal. ThE~y are electron bean heated.. The evaporation 

rate and speed of the holder movement determine the metal thickness. After deposition on one side, 

• 

",. 

the holders ar~ turned over in the machine and passed elver another set of boats.. After deposition on .. 
the second side, the holders are re-assembled into batches and passed out of the machine through a 
a second air-lock chamber. 
1. Input Specification: (See Notes on Form 16, page 1) 

Sa~e of Iten: 

Di:ensions: 

~::tterial: 

OtherSpec1fications: ________________________________________________________________________________________ __ 

1.1 Quantity Required: --- I Unit Cost: $1 ____ _ 

~.2 Input Valcc: 

1.3 Input Cost: 

i\ote to Item 1.3: ~zc ~rice. if input vr!)=.':.!c~c. :inc·"m -:>lant. 
#. ... - -. ,-

-__ ~$I_­

-_--..-:$/-:, 

";1 

... iIIMlIIiI!.iiliii_ii,.."",,'e:..,~'lm~;'"'*"""""'~~...,..,·.-'~~ .. ""· . . , ~.~~~~ w~ "' ___ ~ __ '-'--_.~h~.... ... •. _____ ~" ____ ~ __ , ___ ~.~_ _1lIII!IIII!it_h . __ "~~ __ ~'.' ... ----"':7= ... ~::::~,== 1 lUt ~:.: _ ,- .::r-
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Process No. [i]. [§] . ( 0 13 I-I 0 I 31 Form 3 

Page 1 of 1 

Revision 1 Date 2-81 
2.1 Direct Materials: 

.. -,.:.J • ...." 

'Tj~ 

..,.;5 
ot:;: .::> ..r ... 
~.~ 

~'"d 
Et 
:::...t=J 
~Ul 

2.1:..1 Type: Copper, rod, 1/8" dia., oxygen free (99.9\ eu), p=8.96 g/cr;.t3 

Specification: Surface coverage is 3.4%, front, 100% back. Evaporation 

efficiency is 70% on mask and holder, 50% onto mask. Metal recovery rate 

• is 75% for wall and holder deposits, 50% for mask deposits. Usac:e 
~ 120t/y 2 
Quantity Required: 181.5 ~...!!!:..-; Unit Cost: ~ 3 $/ kg ; Cost:1 0.545 $/m

2 

2.12 Type: Copper, rod from. recycled material. 

2 
Specification: 178.5 g/m copper are recycled at an assumed recycling 

cost of 1.30 $/kg 
~------------------------------------

Quantity Required: ___ 178.5 !LJ m
2

; Unit Cost: 1. 30 ~I kq ; Cosc:1 0.232 $/ir? 

2.1.3 Type: Nickel wire, (99.9%), p = 8.91 g/cm3 

Specification:_ Plating thickness is 0.1 pm, ana evaporation and recover'I 

efficiencies are same as copper's 

Quantity Required: ______ ~1~.~8~ ________ __ 

f., 

2 gl m • ----

'" "", 

Unit Cost: '" 11 $1 kg ; Cost: 0.020 ~I m
2 

..... b .... -"-.~ -~ ... ·15-2.1 ..:>U ~o .. <:U.. V..L.J..t:.C .. n,u.erJ.a • 0.797 $/m2 

.. I 
,-"",,,,,~~"~:~~:;!=:-;-.:·~":;;-:~~7.:tt::!;;';!'",~!"~t;!:!.~~;:~~.'''n''f*.'.t I ~ ~,,'.!, ~ 

~1t~'irIl«'hll!~,mm.1:i'!r .litt difJtt:.~..---w-~~~~ ___ .~,... ....... _._::._~.., 
--.---- .~-" < ~ - ---- ----~-- .,~ ~L...., ~----,.- -. _ J 
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Form 4. 

Page 1 of 1. - -
Process No. [1]. IT] .1 0 13 1-10 I 31 
2.2 Indirect. }1at.erials (inc!. supplies and non-energy ut.ilit:ies): 

2.21 Type: Vacuum. pump oil Convoi1 20 
Revision 1 Date 2-81 

. , 
Specification: Need 4 qt. per week 

3 shift/day at 7 day/wk operation at net ou'tput of 41 m
2
jh 

-4 
Qua:ttity Required: 5. 8 X 10 

2 
qt,r m . Unit. Cost.: 30 $1 qt - .-------, . - ; Cost.: 

2.2.2 Type:, Graphite boats 

Specification: Size 8" x 12" x 30", set in watler-co01ed structux-e. Two or mor, 

crucibles used for copper, two for nickel. Experience has shotmthat 

1.000 1.bs of copper can be evaporated from onle crucible. At 50% n.el]Osition 
efficiency, 360 g/m2 copper need to be evaporatea, 3.6 qJm2 n~ckel. 
Quant.ity Required: 8 • 1.0-4 __ cruc 1 m2 .; Unit Cost: lOOO $1 cruc; Cost: 

2.2 Type: 

Specification: 

Quantity Required: _____________ _ __ 1 __ ; Unit Cost: $/ ; Cost.: 

• 
. 2 

0.017 $I-.!!!;. 

~ •. 800$1 
2 

m 

--_$/_-

2.2 Subtot.a! Ind.irect. Mat.erials: I. 0.817 S/ m
2 

,---~.----.........~-. .....-.-.--- ................. IL~_ 

- -~--~~, ,"~,.. ... ~,~,.,.,,,.~~ ........ ~-~-.~ 
.-r.J!!f ... 

.•. ~....,'-~ ,:: .1, :: :,,:::::AI 
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Process .No. II].ITI. ffi-fIliJ Form 5 

2.3 Expendable Tooling: 
Page 1 of 1 

2.3_ Type: (Masks not charged here.) Revision 1 Date 2/81 

______________ Quantity Required: __ ....:/__ Unit Cost: $/ __ Cost: 

2.3_ Type: ____________________ ~ __________________ ~----~~~==~----~~---

_________ Quantity Required: __ ....:1__ Unit Cost: $1 __ Cost: 

________ Quantity Required: ______ _ __ ....;1__ Unit Cost: ~/ __ Cost: 

2.3 Type: ____________________________________ ~----~~~==~----~~--

2.3 Type: _______________________________ --=-:_ 
_________ Quantity Required: _____ _ _---:'__ Unit Cost: $' __ Cost: 

2.3 Subtotal Expendable Tooling: 

2.4 Energy 

2.4 1 TYpe: Electricity, name~p1ate rating 100 klv for pumps, 200- ktV for e-beams. 

2.4 

Energy usage 3kWh/lb evaporated. 2 
_______ Quantity Required: -2....,..4 kWb/m _____ : U!lit Cost: 0.05 $/..k!:lh. Cost: 

___________ Quantity Required: $1 __ Cost: 

Type: 
--~----------------------------. . Unit Cost: 

$/_-

____ $.1 ., 

___ $1 --

-_.-:$/ --
---$/ -~ 

0.12 $/ m2 

_$1 
2 

2.4 Subtotal Energy Costs: I O_.l~ __ $I_m __ _ 

,.' . ' • 

2.5 Subtotal 2.1 to 2.4: 11.734 sj m-Z 

2.6 illanciling Charge: 5.267. of i.te:n 2.5 ~9~~i-~ 
~ 2.7 Subtotal Haterials and Supplies: 11 • 825 $/..:;m;..:..-_ 
[ _ {2.5 + 2~ " I 

... If J,; 

, ~''''''~mffl!:' ,. IIit.:ot wi £±£ _~ 3 __ :t:u:::£J _:tm:z:~ .. ~,_!E::::tat:._._ . cUr. HZl Em . p~.... .. C' ~t t ! n ~~f:: ; ;; 
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Process No. GJ.Q.G.:llJ ... ~ 
Revision 

3.1 Direct Labor: 

3.11 Category: Semiconductor Assembler Activity; Loading, unloading, 'machine 
(SAMICS B5464D) monitoring 

A%:tountRequired: a,s hI h ; Rate: $5,65 /h; Load 113 ;.; Cost: 

Activity: Machine serVice and repair 3.12 Category,: Maintenance l!echanic 
{SAMICSBS116D} 

Amount Required: 0,2 hI h ; Rate: $ 7,40 Ih; Load 113 * X; Cost: 

3.1 Category: Activity:, ______________ _ 

Amount Required,: hi ; Rate: $ Ih; Load %; Cost: 

3.1 Dfrec~ l.aborSub~crtal-: 
3.2 Indirect Labor: Taken as 25% of direct 

3.2 Category: Activity: ______________ _ 

Amount Required: hI ; Rate: $ Ih; Load %; Cost: 

3.2 Category: Activity:, _______________ _ 

Amount Required: hI ; Rate: $ Ihj Load %; Cost: 

3.2 Category: Activity: ________________________________ __ 

';> !It. 

• 

For.:: 6 
Page...!... of ~ 

1 Date 2/81 

___ .-:s/m2 
0.147 

.. 
0.077 $/m2 

__ -:$1_-

2 -
~' '224$/ m, _. '. 

! -~-~. 

___ $1 

__-:$/ 

Amount Required: hi -------' Rate: $ Ih; Load %; Cost: $1 

3 • .2 Indirect Labor Subtotal: 0.056 $/m2 

3.3 Subtotal 3.1 and 3.2 0.280 S/A2 "'-"---
*Includes benefits (36%) and requirement of 

-_. 1.57 workers/shift. - --3.li 'Overhead on Lahor : 5, 26 % 0,015 $/m2 

_I ____________ ~~~== 3.5 Subtotal Labor 
2 

0.295 $/m 

I 

1 

I
I 

,~"#:~~~~.;t~t·.;e~rt;t.J!4.~~Ik2.!~ ... tt~t',..,..,. ..• ".w.,~~"""""' I 
_~ =':: ::: J ~,~~~!l!l!l!'1J& .. '- , __ ~. 1 __ ,~ ___ . ______ ._~1 .... _. __ .1~. ___ ~ __ ~_~J •• . __ ,.,g$"b'h--. 
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Process NO·GJ. G:r.G:Gl-1 oT31 
4.1 Equipment 

Form 1 
P~geL of..J 

Revision 1 Date 2/81 

4.11 Type: Aireo Temeseal evaporator 

Cost :2~OOO, 000 $; Installation Cost: $; Throughput: 48 m
2 Ih; 

Plant Oper'g Time. 8280 h/y; Machine Avail'ty: 85.5%; lI'~chine Oper'g Tine 7038 h/y ,. 

Servicing Costs: Labor h/y at $/h;Parts or Outside Service: Sly 

Useful Life. 7 y; Charge R . T' .35 % of Costly; Capital Cost: _~::::..:...:~ ___ .$/YI 1.264 $/m2 34_1f:in 

4:1 Type: 

Cost: $; Installation Cost: $; Throughput: Ih; 

Plant Oper'g Time h/y; Hachine Avail' ty: __ J; ~fachine Oper'g Time hly 

Servicing Costs: Labor h/y at $/h;Parts or Outside Service: Sly 

Useful Life: y; Charge Rate: % of Costly; Capital Cost: $/y 

4.1 Type: I 

Cost: $; Installation Cost: $; Throughput: /h; 

Plant Oper'g Time h/y; Hachine Avail'ty: %; ~!achine Oper'g Time h/y 

Servicing Costs: Labor h/y a~ $/h;Parts or Outside Service: $/y 

Useful Life: y; Charge Rate: % of Costly; Capital Cost: Sly 

4.1 Subtotal Equipment Cost: 

$1_-----

--_$/-

2 
1.264 $/ r::t 

j * * II' .. ., .. 
I 

:.. i ,.' . ,_ rn:t:::.::;s; k ~ ,--~ ...... - _ '" ;_bilt" ~ 1I>l: J I ,. __ .,.~ __ ...e _______ "" __ '1"".-"."...."'-~t'_"~-·""'~_''''~~''''''''''r~IUC 14:=Ji:&t -::' TIN r.. * t ' ,iii I •• ' t 't 
iSd_r~:!t:!tlLlltJ::il;k;C~ ... {X;;:;; ~,~_ ._._~_,~· ... L.,,·,,~"~.-'" _._ ~_~ __ !, ~_. .. . j . ___ ~ ~~ __ ~. 

, 
;.., 
~ j 

Jj 

j 
Ii 
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J l Process No. I2J 
t 4.2 Facilities: 

_ _. . _,; __ ~ _: .. ~ ._'_ .. ~. ::~~!1:_~ 

.. '" 

• For::! 8 ! 
Page 1 cf 1~ 

Revision 1 Dat~2/Bl ~ 

l 
l 
f 
" ~ r 
~. 

( 
~ . 

~ , 
~ 
i 
~ 
~ 
~ ,. 

ii' " 
~ 

I 

-...:......-. 
~ 

4. 21 Type: Equipment space Floor Area: 97.5 2 
l!1 ; Throughput: 337,BOO /y 

* 2 r ... -..... -..... ------ ....... ~ .... - --- ~-..,.~ 
Charge Rate: 179_13 ~I (m -y); --------------- Y~illtenance Costs: 

- - , Labor: -- ---~-..... -..-, - ---Energy Use: h/y at $/h ----
Heating /y at $/ I 

Air Cond'g /y at $/ I 
---_$/y 

----_$/y 

Supplies: 

Outside Services: 

/ / 
L __ _ 

_____ -.:yat $ __ --- --- - - -Lighting 
Total Cost: 17,465 ~ly 

2 
4.2_ . Type! Floor Area: m ; Throughput: Iy 

2 r .... --..~-.---~ ... 
Charge Rate: ~/{m. .y}; }faintenance .costs; 

-- ~ -- -i: 
, Labor: 

Supplies: 

....,- ~~ - ---- Energy Use: 

Heating /y at $/ __ _ 

-- - -
___ -----:h/Yat ~/h 

----$/y 

,-

Air Cond' g /y at $/ -- Outside Services: ------"$/y 
______ ---:/y at $/ __ 

I 
1- ,- -- - - - - -LighLing 

Total C('st:~ $/y 

2 
4.2_ Type: .Floor Area: m ; Throughput: /y 

2 ..... ..." ..... ...------~-
ChafgeRate: $/(!!! -y); I Haintenance Costs: 

~ ... ---- -- - -- -- ~ ... - --..., .r::m~~Y Use: 

Heating /y at $l ---

---- -
I Labor: ____ --:h/y at $/h 

I Supplies: Sly 

L Outside Services: $/y 
Air Cond'g /yat $1 ___ _ 

0.052 

• 

$/ 2 
m 

___ $,/ --... 

I 
r. • 

Lighting /y at $/ - - - - - - - - - --1 
,Total Cost: $/Y . ?f •. I · 4.2' '~<<>tcl Faei~i;;::;--··",:-:;a""OE>-•. -0".5-2~"~-; 

14. 3 Eq1Uipmen~ and Facilities Subtotal : 1.316 $/_Iit...;.' __ 
... _._ .... ::::s::_ .... -- .."..~.~.-...~~~~?!0"l"~:~~~4~~:..-~-:-::: ,.. 

-.~ 
.~~:t::::~~~~' .. ~·C~ ... --....,~.t..~~tt~.~!~ ......... .'P'·"'!"'"",_..!" 

............... :.1[. ..-................ ~.~ . . ~. ;;:ostt~...".,,,,,,,,-..... -...tJ"""'-~""""'~'--"'" _ ......... .-""----.No'----,...,~---.~--~I.... 
_...........-a _u. ___ _ .-~ .. 
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Process No. [i].[i].~-[iliJ 
7. Process Cost Computation 

~~ 
S I'd ~. 

8~ 
~~ 
'@"d 
~~ 
~: 

<-,.r- - '..... - -~ - '-.- - '-.. ... 
~"1/"~"'-'""~'~''''0i''''''~~"", ~'tvW fI""""~ ,< - , 1:,o_,~,._,,.,,-~~~:!. ~ 

FOr::1 12 
Page-L.0f-L 

Revision 1 Date 2/81 

7.11 Manufacturing Add·-On Costs (sum of 2.7, 3.5, 4.3, 6.) 13.436 $/ m
2 

7 .22 o~ttf:o~~d}ri:~ C~s5~iAR. 4 ,,% of 7.11 

7.21 Total Operating Add-on .costs of Process: 

7.22 G & A X of 7.21 ___ .....c 

7.31 Total Gross Add-OnCost of Process 

7.32 Credit for Salvaged }mteria1 (5.S) 

7.33 Cost of Work-In-Process Lost (5.3) 

7.34 Specific Add-On Cos.t of Process (7.31 + 7.33)-(7.32) 

7.35 Cost of Input lvo'rk-in-Process Contained in Good 
Outpu't Work--in-P'rocess- '(5~4) 

7.36 Loading on Item 7.35 at Rate % 

7.37 Cost of Output v,~ork-in-Process (7.34 + 7.35 + 7,.36) 

2 
0.080 $Im ---

. 3. 5Jl6 $/ m2 
---

~/_'" 

3. 51~~"/-::n" 

incl
ya ~f 

$1 

3.516 $f 

NA $/ 

~lA $/ 
.-::: =-
NA ,$1 ____ 

1 
1 ., 

I 
~ 7.41 Theoretical Yield (or-Conversion Rate, if output units of 

1.0 2 2 J 

f 
L 

1 
I 

work-in-process do not equal input units) m 1-1iL 

7.42 Practical Yield 99 % 

7.43 Effective Yield (7.41 x 7.42) 0.99. / 
! 
I 

_I 
7.44 Number of Units of Good Output Work-tn-Process per 

0.99 m2 , 2 
Computation Unit'Used up to 7.35 m 

I 

I 
; 

1 
I 

. I ,. * 
':.,.J. , .' I!!l!1I!!!I!! 
~.~~~~~A!II: 1118,i$!1t ~~ ____ ........... ~. __ , 

7.51 Cost of Unit of Good Outpat -Work-in­
Process (7.37 ~ 7.44) 

7.52 Specific Add-On Cost per UnIt of Good 
Output Work-in-Precess (7.34 7- 7.44) 

.. .. 

S/_ . 
2 

3.552$1 1'l 

.;ii< 

----~,a::.:..:...~..a.::.:.::....~ii..._ 
" ~ '''--''''i. "~t~'-_#--"" -'''-' .. ,·-."..... ...... ~'''-,.-I ........ ~-.. ,.''" 

"---.:.\~ ~ ...................... iIIt_ .. ~ ~.Iy..ir.. oiio::: &£t dtr _ « t .... iii 
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Process No. 0. El.EI!l-[!0 
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~ 

Fo.ttl 13-2 
Page ~of 1 

". 

Revision ! Date 2/81. 

8.2 Alternate 2 (SAMICS Methodology): 

8.21 Profit Computation: 

1..264 
2 

0.9274* $/ m ____ ...:from Subtotal 4.1. = 1.1.72 $/ m
2 

0.1.01 9/. m
2 

0.052 
2 

1.946* $/ m from Subtotal 4.2 = ---------' 
-= - -Subtotal = 1.273 $/ m 

8.22 Costs of Amortization of the One-Time Cost: 

0 . .192* l.825 2 
§/~ from Subtotal 2.7 = 

0.192* 0.295 
2 

~/~ from Subtotal 3.5 = 

0.2958* 1.264 
2 

~/~ from Subtotal 4.1 = 

2.77* 0.052 ~/ m 
2 

from Subtotal 4.2 = 
,. 

Subtotal == 

8 • .23 Total Net Cost of Equity (8.21 + 8.22): 

2 
___ --.-.:$1 m 0.350 

____ $/ ro? 0.057 

2 
___ ~$/m 0.374 

0.l44 .. 
2 

$1 m 

0.925 ____ $/ m 

8.24 Profit and Amortization of Start-up Costs per Uni'tof Good Output 
Work-in-Process: 2 2 
(Divide Subtotal 8.23 by 0.99 m I---=::, fro;n 7.44) 

2 
2.220 $f.!!!:. 

8.25 Price of Process (7.52 + 8.24) 

.. 

2.198 $/ m
2 

! 

5.772 SIr? 

------~ ______ __... _____ _=_~~I •• __ "''''''-'''''G>.!C .-= -ca::;z=--== ,J& __ _ 

8.26 Price of ylork-in-process (7.51 + 8.24) 
"3 .. }3 r; ¢ /Y1 (p~"';"a;';;""!c"""")-­
___ ~$I __ -

~t~~- 2!!~BWlMBlL!8 t :;!il!Lqt~1W!:_ OO!:~U.LL !!!!1!l!!'!!!'.' J!f:'~ ,~.~! . ~-...-." .~ -:::::::::: u ~,-·~ .. '~_·-:--:_=~itJtt_]{· 1ili:;.:::-'-·T~~'"'~ ,,' ..:-~~ 
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Process No. GJ . GJ . [ili] - m Fom .16 

Page ...l- of -±-

1f:ORKSHEET TO ITEt1 Process Descrip. , FOR..'l 2 PAGE 3 

Machine throughput is nominally 48 m2/h. 

throughput rate of 41 m2/h. Nickel. thickness 

The uptime fraction is 0.85, for an effective 

is 0 .. 1 :jim andcoJ?per layer is 10 ~m thick. ..,. 

Approximately 1 h/shift is required for cleaning the vacuum cha.'nber of metal deposits. Vacuu.~ 

deposition machine is proposed by AireD Temescal, based on similar nachines built by the~ 

(John L. Hughes) 

Wi th use of a common shado,·; mask for barrier layer and conductien layer depesi tien, some 

deposition of scattered copper atoms outside of an adequate barrier layer nay not be avoidable. 

Even without heat treatment subsequent to' metallization, this spurious cop?er deposit nay reduce 
the effective operating life of the cells. This I'1ElY be an additional reason, besides the 

impracticality of using shadow masks for thick deposits with fine line patterns, for the 

selection of competing processes over ~hysical vapor deposition. 

" .' 
iii ,.. ., • 
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Process No. GJ . GJ . rn -GGJ 

WORKSHEEt TO lTD! Process Descript. , FOR.'1 2 PAGE __ , 

Length of machine ~ 50 ft ~ 15 m; 

Approximate breakdown of lengths: Airlock in 
,batch disassembler 
evaporation station 1 
turn-over 
evaporation station 2 
batch re-assembler 
airlock out 

total length of machine 

Throughput 48,m
2 = 48 m lopg x 1 m wide, means o. a: m/min travel s~eea. 

Boat width 'V 12" ~ 30 cm, means exposure rv O.4m: evaporation s,?eed eu IV 

Assume airlock cycle time 15 min; batch size 12 m2:. 
To calculate time at station: 

Assemble batch for machine: 
In airlock in (pump-down rv 2/3 of a.irlock cycle) 
Dis-assemble batch in machine: 
Moving through process (rv J m long) 
Re-assemble batch 
In airlock out (air admission rv 1/3 of airlock cycle) 
Dis-assemble batch for further processing 

Result: Time at station: 55 min. 

(1/2 hatch) 
(2/3 batch) 
(1/2 batch) 

(1/2 batch) 
(1/3 batch) 
(1/2 batch) 

Total 

~;~." :;:;;;mMl;!t!.ltbr.1.iIIJ! IL_LiAlIZ.unmlsa -~ ..... .-..~--

-'--"':'!lI 

l!o ... 

Form 16 

Page _'_2_ of _4_ 

2m • 2m 
2.5 m 

2 m 
2.5 In 

:! 2m . 
2m 'i 

1 
;1 

15 m :1 

20 pm/min. 

6m 2 

8 m2 
6 m2 
8 m2 
6m2 
4 m2 
6 m2 

44 m2 
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Process No. GJ. GJ . rn -G.GJ 

~10RKSHEET TO !TE:·I 2.11 & 2.12 

!!ass evaporated from boat: 

AmaSk/
f 

M =- hold 
evap Tidep 

"~Sson cell: 

, FOR.."1 3 & 4 PAGE lea. 

(~ + dR ) P.r.!et 

--" 

4 2 = 1·10 ern /0.71 • 
0.7 

Form 16 

Page 3 of 4 - -

-3 3 2·10 em·8.96 g/em _ 2 360 g/m 

! 
f ; 
~ 

.;; 

i 

• 

1 
~ 

~ Msubs = AmaSk(fmaSk,:FdF + fmask,RdR) Pl~et = 1-104 em (0.034 + 1.00) • 1.10-3.8.94 = 92.6 q/m~ 
} 

Net metal used: 

-. 

Amask 
M = F 
net -hold 

4! 

fff-ndep 
(1-rwa11) + P101et l Tiaep 

l':: -

• 

(1-fh01d) (1-rho1d) ] ('\. + dR) + f ho1d ~l-fma"ltIF) '\. 

+ (l-fmask,R) ~ • (l-rrnaSk] + Msubs : 

'. ~ *' 

i 

t 

;:~ 

~:~~~",;;;;UJ .iiiNli~~ .............. ~ ..... ,--~:?'_'· __ LL!!!~jL ..... liM __ t _ __ ~ ___ L .. ,_ .... ,_ZiM.. Lz:jj tlr.:..--~". ______ '~_ .;r..... _ .. ~_.~ __ i,. ___ ,...J 
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Process No. Q . GJ . GE - [ 0 I 3 i Page ~ of 4 

WORKSHEET TO ITEH 2.11 & 2.12 r ccnt'~ "EOR...'1 PAGE __ _ 

M = 1-10
4 

cm
2 

net ~~, 8.96 g/cm3f1CO.3 II 0_ 7 
0.25 + 0.29·0.25 ] .2.10-3 em + 0.71 [<0.966 

-3 I 2 

+ 0) 

• 1·10 em 0.5J+ 9'-.6 g/m ; 

Mnet = 181.2 g/m2 

The following quantities were used: 

A-I . 2 4 2 mask - m = 1-10- em . , 3 -3 
PMet = 8.96 g/cm : dF = ~ = 1-10 em: rwall = r ho1d = 0.75 i 

r mask = 0.5 

na- = 0.7 ; f h 1d = 0.71 ~ f k F = 0.034 ; f sk R = 1.0 ; ep 0 mas , mao , 

.. ~~ .... ------.---.... -----.. 

.. O~"'=-'''''l 
... 

... 

• 

... 



Form -
1 

2 

3 

4 

5 

6 

7 

8 

9-1 

9-2 

9-3 

10 

11 

12 

13-1 

13-2 

14 

15 

16 

Process: 

k4 $ MWL_X JlIk4ID_d 

university of pcnnsylvnnin 
PROCESS CIIARAC'l'ERIZI\TIO!:! 

(UPPC) 

Device ~abrication 

Subprocess: Contact r~eta11ization (Front and Rear) 

Option: Electrolytic Plating of Cop~er 
OVer a tlickel Strike Layer 

ItlDEX 

~a~es ~ ~ ~~~rks 

1 2-81 

1 to 2 1 2-81 -
1 to 1 1 2-81 - -
1 to 1 1 2-81 - , 

1 to 1 1 2-81 - , 

1 to -L --L 1-81 -
1 to 1 1 2-81 - -
1 to 1 1 2-81 - -
1. to - . - , 

1 to --- -
1. to - . 

- -
1 to -- -
1, to --
1 to 1 1 2-81 - -~ -, -
1 to -- - -- . 
1 to l' 1 2-81 - ---
1 to -- - ,.-' -- ----
1. to --- .-- -_. ------
1 to --- -- -.-.- _. 

Form 1 
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Revision ~_ Date- 2-81 

I 0.1 Value Mded;ll$/ 

;;1 

Process Description: Copper is electrolytically plated sequentially on both sides of the cells in an , 

autoxn.atic plating system, including cassette unload and :re-load. The equipment should be capable of ' ~ 

Of a current density of about 60 mA/cm
2 

and a vol.tage between 4 and 8 volts (DC). Thesystern may 
• 

resemhle a finger plating machine (Napco) with individual racldng, or a carousel machine (4 cavity) 
with jiq loaaing (Oxy Hetal Industries). Throughput rate i~ 3 ,'OOOwafers/h (30m2/h) and availability 

1. Input Specification: 
(Continuation on Form 2, naqe 2) 

Nar-e of IteI:l: Silicon "Tafer with N+PP+ junctions and 0.5 urn thick nickel strike layer in desired 
metallization pattern on front and back surfaces, llOssibly contact mask. 

Oinensions: 10-em square 

~terial: 

Other Specifications: 

.0:" 
_I:=' 

l'"o"' 
Pd (p. 
Or-1 
~'t ----, 
g ~ 1.1 Quantity Required: _ I Unit Cost: $1 _____ _ 

» .~ ~ 2.2 Input Value: ~/ __ _ 

~ fe' 1.3 Input Cos=:: ~/ __ _ 

Note to Item 1.3: Use price, if input produced in cl~m plant. 

) 
! 

r 
~ 

j 

t 
I 
j' 

!j! 

~. ~ 
• _liUII!I!t~ . ''''''''''~ ltl'J>it1tMHn t AI _____ ...., .. ~._ 

II ... • ... 
">l';~~. 
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Revision 1 »atp 2-81 

Process Yo. GJ. ~ .1 0 14 I:-f 0 11 , 10.1 Value Added: I ~J 
Process Description: is 95.% for an effective output rate of 28.S m2/h. Area. cOverage is 3.4\ 
front, 100% rear, me.tal thickness is 10 pm. Cycle time is 15 minutes. 

.. 

1. Input Specification: 

Nat:.e of Item: 

Di!:lensions: 

~~terial: 

Other Specifications: ________________________________________ --------------------------------------------------

-----------------------------------------------------------------------------------------------------------------------------~ 

1.1 Quan~ity Required: --- - I Unit Cost: 

1.2 Input Value: 

1.3 Input Cost: 

__ $/ ___ _ 

___ ~I --
___ $1 --

--'_"--- __ . i L ____ ~--' 

1 
j 

j 
f 
~ 

I 
1 
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~rocessNo. m. [!] . (OTil-' 0 11] Form ·3 

2.1 Direct Ma~erials: 
Page 2.. of ]. 

Revision]. Date 2-81 

2.11 Type: Copper electrodes (99. g%) . 
t 

2.1 

2.1 

~ 

Specification: Electrolytic Cu anodes. At 1.034 lft2tm2 
and 10 llmthickness, 

10.34 crrt
3Jrn2 or 92.44 g/m? de90sited on solar cells. Coating efficiency 

of 95% ~3sumed. ; 

Quantity Required: 97.31 
2 

~/~; Unit Cost: "\,. 2.00 $/ kg ; Cost: 

Type: • , 

Specification: ; 

Quantity Required: 1 • --' Unit Cost: $1 Cost:' 
" 

Type: . , 

I Specification: 

• 
. I .. 

Quantity Required: 1 • Unit Cost: $1 ; Cost:1 -------- --' 

2.1 Subtotal Direct Y~terials: 

.. .. 

... 

___ $/m2 0.195 

it 
11 

:1 j 

----_$/ 

,. 
... 
" I' It 
~ 

I 
I 
l 

~I 

--=:. __ ${yaT.i - -1 

~ 

., ... 
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Page 1. of l. - -
Process No. lJ1. [I) .10111-1 0111 
2.2 Indirect Materials (incl. supplies and non-energy utilities).: 

Revision l.Date 2-81. 

2.21 Type: Electrolytic Copper Replenisher Solut~on .. ; 

Specification: Need I mR. per amp-h. Volume of solution is 1 ml/amp-h x 

1 amp-h/3600 coul x 96,500 coul/OeS imole x I mo1e/63.54q x 97.31q/m
2

• 

Cost of solution is $13/gallon when bought in 54 gallon drums. 
2 

mR. 1 m ; Unit Cost:: 3.434 $1 1--- ' 

Quantity Required: .J~2 .1 ____ ; Cost: 

2.2. Type:. _____________________ _ 

Specification: __________________________________________________________________ ___ 

Quantity Required: __________ _ __ , __ ; Unit Cost: $1 ___ - Cost: 

2.2_ Type: ________________ _ 

Specification: _______________ ,---------------------------------------------

Quantity Required: __________ _ __ , __ ; Unit Cost: $' ; Cost: 

2.2 Subtotal Indirect Materials: 

2 
0.282 $1 m 

--_$'--

--_$/_-

'. "2' 
O.282$/~ 

1 
1_b 

~ 
I 
J 

i 

1 
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Process No. w.0. [0 J7J -I 0111 FormS' 
~ 

Page l' of 1 
2.3 Expendable Tooling: 

2.3_ Type: 
Revision 1 Date 2-81 

________ Quantity Required: "'""'""=-__ _ _---',_: Unit Cost: $'_ Cost: 

2.3 Type: ________________________________ --------------------------~~---

Quantity Required: _---',_ Unit Cost: $'_ Cost: ----------
2.3_ Type: _____________________________________ ~-__ _:~~==~----~~--

_________ Quantity Required: __ ' __ : Unit Cost: $'_Cost: 

2.3 Type: _____________________________________ ~~~~~----_:~--

___________ Quantity Required: _________ _ ___ .1_: Unit Cost: $1_ Cost: 

2.3; Subtotal Expendable Tooling: 

.2.4 Energy 

2.4 1 Type: DC' power: '" 60 mA/cm2 and nominal voltage of 6V: '" 4 kWh/m2 output. 
Rectiferefficiency assumed to be 80%.2 

___________ Quantity Required: 5 kWh/m' : Unit Cost: 0 • 05 $/k~lh Cost: 

2.4 TYpe: ______________________ w ___________________ ~~~==~----~~--

_____________ Quantity Required: __________ _ Unit Cost: $'_ Cost: 

0<::'­
I".:j::r,: -"'OQ Oz o 
~> t""l 
10 
c::::~ 

~~ _t:::l 

~~ 
.. 

'* .. 
....... ..,..~ .... - •. ~ ., i,1rma U!I\.· 1 '" •• trltt::"tt:; ~ .. ",// 

'.16: 

2.4 Subtotal Energy Costs: 

2.5 Subtotal 2.1 to 2.4: 

2.6 Halndling Charge: .5.26 Z of item 2.5 

2.7 Subtotal Materials and Supplies: 
(2.5 + 2.6) 

-_.-:$' 

--_$/_-• 

--- .~, --

_---.-:$1 --
__ ---.:$1 

-~ 

• 

2 0.250 $/~m __ 

$1 

0.250 $1 ~2 

0.727 $1 m2 
'2 

0.038s/m 

O. 765 $1.=m~2_ 

~. ..;i; 

,M 

p 
j. 1 
; j 
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Process No. ClJ.[iJ. [2]lJ-I:2:I:!J rorm 6 
Page 2:..- of..!.-

3.1 Direct Labor: 
ltevJ.sion ~ate 1~81 

3.1 Category: Semiconductor Assembler Activity: Loaning, chan~in2 electrodes 
(SAMICS B5464D) and monitoring 

* 2 Amount Required: 1 h h ; Rate: $ 5.65 fh; Load 113 I; Cost: 0-'422 . Sf m 

3.1 Category: Activity: y 

Amount Required: hI ; Rate: $ /h; Load %; Cost: $f 

3.1 Category: Activity: --_._---- -------- -----

Amount Required: hI ; Rate: $ _fh; Load 1.; Cost: $( 

0.422 Sf m 2 
3.1 Direct Labor Subtotal: 

:3.2 Indirect Labor: Taken as 25% of direct 

3.2 Category:: _______________ _ Acti.vity:: 

Amount Required: h/ ________ __ ; Rate: $_ __ __ ~/h; Load %j Cost: ___ .--:Si __ 

3.2 Category:: ______________ _ Acti.vity: ·W 

Amoun_t Required: h/ ____ _ ____ ....:/h; Load I; Cost: Rate: $_ __ ~$I_-

Activi.ty: 3.2 Category: ______________ --.;; 

; Rate: $ Amount Requi.red: h/ ____ _ /h; Load %; Cost: $1 

3.2 Indi.rect Labor Subtotal: 0.106 $1 m2 

3.3 Subtotal 3.1 and 3.2 9.528 $/ m2 

. 
*.Includes benefits and replacement labor costs~ 3.4 Overhead on Labor:S.26 % 0.028 $/ ~ 

3.5 Subtotal. Labor 0.:5"5S "$/ m2 

r '-,..,.p ..... ~;~'~.M:':;.,.. .. ~~~~~~_;:;~:::_,.r~~ft'~."'#1~l:.1M:ti'c.~i.';' .. t-'tt'P11_·!i"'lCt'p<C'y.,,·,t 
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j 

~ij 
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Process NO.G]. G:l.1 0 I ii-loll I 
4.1 Equipment 

Revision 

4 .l~ Type: Automatic plating machines, comolete [2 ,requ,*red for plating 2 sides) 

* 2 Cost:40Q ,000 for 2$; Installation Cost: .200,000 $; Throughput: 30 m Ih; 

Plant Oper' g Time 82.80 h/y; Machine Avail' ty: 95 %; Machine Oper' g Time 7866 h/y 

Servicing Costs: Labor h/y at $/hjParts or Outside Service: $/y 

Useful Life. -y; Charge R<~ _: 7" 35 % of Costly; Capital Cost: 128 !lOOS/y 

*InclugesW'aste treatment and byproduct recovery system: 

4.1 Type: --------------------------------------------------------------------------------
Cost: $; Installation Cost: $; Throughput: Ih; 

Plant Oper'g Time h/y; Machine Avail'ty: %; MachineOper'g Time hly 

Servicing Costs: Labor h/y at $/h;Parts', or Outside Service: $/y 

Useful Life: y; Charge Rate: % of Costly; Capital Cost: Sly 

.. ~ 
j 

Form 7 , 

Page -L. cf !. \ 
~ate 2-81 

• ,j 
i i, 
I i' 

' .. r i J 11 

.. i 

j I I 
". j I 

B ! 

2 
0.543 $/~ 

__ ~$I 

~ ~ 
f " 

j; 

4.1 Type: I 

J! 
I~ 
tt 
~ 
~I 

Cost: $; Installation Cost: $; Throughput: Ih; 

Plan; Oper'g Time h/y; Machine Avail'ty: %; Machine Oper'g Time h/y 

Servicing Costs: Labor hly at $/h;Parts or Outside Service: $ly 

Useful Life: J; Charge Rate: % of Costly; Capital Cost: Sly 

4.1 Subtotal Equipment Cost: 

I 

'li ~ ,lI ." ~\~#.~n '7ntst!§'!te;~ ..... - ..... !~~~-.-.~ .. -.--~-·---~- ~~-"""~- .. ~ .. ~ .......... ~.---.. ':",-,~--~~ _~L. 

. 
$1_' 

o .543 s/m2-i -. 
' t 

~ • " e 
w 
~ • 

,,"*i...._41~,-------' 

~ 
~ 
Jl 

~ 

~ 
r 
1, 
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Fora 8 Frocess No. [il. [~1. [![il-rn 
4.2 Facilities: 

Fage 1 of 1 
Revision 1 Da~e 2-81-

* 2 Charge Rate: 119.13 $/ (a 'y); .... r- - 2' 2 I ..: '::h:u~u: ~~o.: :.....,'=-
Maintenance Costs: 

h/v at. Sih-

4. 21 Type: Ventilated process area Floor Area: 90 

--------Ener2V U ---, Lab 

Heating /y at $/ I Supplies: Sly 
I Air Cond'g /y at S/ Ou~side Services: Sly 

Lighting /y a~ S/ 

L __________ ---
2 

J Total Cost: 16 122 Sly 0.068$/ • 
4.2_ Type: Floor Area: 

2 m ; Throughput: /y 

$/<.2*y); 
r ... ~------. ... .-. - ----Charge Rate: Maintenance Costs: 

.... ..-.----- .... .-.--~~~ ..... ~_i .. 
$/h Energy IJse: I Labor: hfy at 

Heating /y at $/ S 1i Sly ---- up:p es: 

Air Cond'g /y at $1 , Ou id S i Sly ~s e erv ces: 

Ti hi/ $/ &-. - - - i- - - - - -----... g t: ng y at 
$/y $/ I Total Cost: 

4.2_ Type: Floor Area: 
2 

Dll ; Throughput: /y 

2 .... --------:------Charge Rate: . S/(a ey);.j Maintenance Costs: --- - - - _.- - - - -. -- Energy Use: L b hi -S/h I a or: - yat 
Heating Iy at $/ 

I SUI~plies: Sly 
Air Cond'g /y at S/ 

L Outside Services: Sly 
Lighting /y at $f - - - - -- -----I Total Cost: $/y $1 

Subtotal Facilities: 0.068 $/ID 
2 

4.2 
*Includes energy use 

4.3 .Equipment and Facilities Subtotal: __ 0: 611._$'-11\2 

j 

sJ''''_--..:~_.,,,,,,,,-..~~+_ ... , ","",j;."'._a I!'>i=_~'";- ;;;;;;, •• ;;,;;;;,..~ '._' __ •. -:-_;:::~ 
----~ ... - _0" ___________ -"" dL ,~-==-:==-~~==~ 
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Fora 12 
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Process No. [1] . [!]. @!J-~, Revision 1 Date 2~81 

3.S, 4.3, 6.) 11 •932 2 
;$/~ 

0.039 2 
$1 JT1 

, -
~1. ,;;;. 1.971 

7. Process Cost Computation 7.11 Manufacturing Add-On Costs (sua of 2.1. 

7.22 ~'if.ea5~n1tr¥C:i<fsO~108 x 4.2~of 7.11 j 
7.21 Total Operating Add-on ~osts of Process: 

-- 7.22 G &- A % of 7.21 --- I-
$f ., 

1.971 $Ims;. 'J 
, 

1 

7.31 Total Gross Add-On Cost of Process 

7.32, Credit for Salvaged Material (5.B) __ $1 __ ___ 

-_$/ ---7.33 Cost of Work-in-Process Lost (5.3) 

j 7.34 Specific Add-On Cost of Process (7.31 + 7.33)-{7.32) 1.971 $/ m~ ----
7.35 Cost of Input Hark-tn-Process Contained in Good 

Output Work-in-Process ~5.4) NA $/ 
... 

7.36 Loading on Item 7.35< at Rate % NA $1 

7.37 Cost of Output Work-in-Process (7.34 + 7.35 + 7.36) NA $1 I 

7.41 Theoretical Yield (or Conversion Rate, if output units of 
work-in-process do not equal input unjts) 1 

2 
m ! j 2 

m 

7.42 Practical Yield 99.8% 

7.43 Effective Yield (7.41 x 7.42) 
2 

O.998mJ m 
2 

2 '2 7.44 Number of Units of Good Output York-tn-Process per 
Co~putation Unit"Used up to 7.35 0.998 m 1 m 

') 

iii .. 
.' ~illi4Ji!!&!& .. JJiJxmt;ti;z . ifHSi:, _OeU1J 

7.51 Cost of Unit of Good Outpttt Work-in­
Process (7.37 + 7.44) 

7.52 Specific Add-On Cost per Unit of Good 
Output York-in-Process (7.34 + 7.44) 

,. It 

.~ ..... ~,; ., --'1<_ ............ _-

L 
NA $1 ___ _ 

1.975 $1..;m;;..2 __ _ 

If "I' 

• .r ... _ 
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Process No. Gl.(;].GIil-~ 

8.2 Alternate 2 (SAMICS Methodology): 

8.21 Profit Computation: 

0.9274* 0.543 

1.946* 0.068 

$/ m
2 

~I m
2 

from Subtotal 4.1 ... 0.504 

from Subtotal 4.2 _ 0.132 

Subtotal =e 0.636 

8.22 Costs of Amortization of the One-Time Cost: 

2 
0.192* C. 765 ~/~ from: Subtotal 2.7 z: 0.147 

2 
0.192*0.556 ~l~ from Subtotal 3.5 ""' 0.107 

2 
0.2958* 0.,543 ~/~ from Subtotal 4.1 .. 0.161 

2.77* 0.068 $/ m
2 f~om Subtotal 4.2 _ 0.188 

Subtotal = 0.603 

8.23 Total Net Cost of Equity (8.21 + 8.22): 

~~j.>~~~~""'-~~!,'\;~~ 
n --,~ •• _'"""'~ -" of> _." '-~.f':~- _':;l~' .. ,~ 

~ 

.Font13-1 
Page ~of _~ 

., 

Revision 1 Date 2-81 

2 
$/ m --2 
$1 m .- - , • 
~/m2 

2 
~/ m 

~/ m
2 

S/ m
2 

--
$1 m

2 

-~I m 

1.239 S/ m2 
• 

8.24 Profit and Amortization of Start-up Costs per Unit of Good o-.ttput 
Work-in-Process: . 2 2 
(Divide Subtotal 8.23 by 0.998 m /~ from 7.44) 

2 
1.241 S/_m __ _ 

8.25 Price of Process (7.52 + 8.24) 

8.26 Price of Work-in-Process (1.51 + 8.24) 

2 
3.215 $1 m 

2.14 ¢/WCfrak) 
--- I 

~E:,;~§~~~Ji~~~~-: ~~:~=:~~»'.~'=~-~= ~-.~.~--~ ~--
>C"~-~~~-l 

~=-- ----- - - "-,. 
.--= fM. .... 
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Pr(:>cess: 

University of pennsylvania 
PROCESS CHARACTERIZATION 

(Uppe) 
Device Fabrication 

Subprocess: Contact Metal1i~ation (Front and Rear', 

Option: Solder Dip 

INDEX 
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Form 2 

Page 1 of 1 - --
Process :\0. [1]. [§] .1 oJ 4 J~I 0 ( 2/ 

Revision Datp 11-78 --I 0.1 Va1\1e Added:) ~!. 
Process Description: Steps include flux application, pre-heating, soldering, cleaning and drying. 
Surface coverage is 6.2% enfrent (127 11m line width), and 100% on back. Throuqhout rate.s is 3,000 

wafers/h, and up-time is 88% for an effective throughput rate of 26.4 It? /h. Aver~qe coating thick-.. 
ness is 55 lIm. 

1. Input Specification: 

+ + "I" Na~e of IteI:l: n pp S1 1con solar cells with nickel (or other solderahle metal) nlated. 'V o. SlIm 
thick metallization 

Dir.:ensions: 10 cm sauare 

Y.aterial: 

Other Specifications: 

--

Unit CQst: $1 1.1 Quantity Required: --- 1_-

1.2 Input Value: $1 
1.3 Input Cost: $/ 

Note to Item 1.3: Use price, if input produced in o~m plant. 

~ ito ... iii: ,It ... 
~l-'1&s4 ! ~_~ __ • __ .~ --I111""--.~._" __ ~-1l 

---.......mIl!!!!! 
-.~ .. ~-.--, 

I r 
I , 

; J r , 

u q , 

i j 
l 
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Process No. [i]. [§J . i 0 14 ! -I 0 I 21 Form 3 

Page 1 of l. -- -2.1 Direct Materials: 
Revision Date '11-:-78 

2.11 Type: Tin Lead Solder (60: 40), p = 8.9 g/cm.
3 · • 

Specification: Solder thickness is 55 pm, area coverage is 106.2%. Coating 

efficiency is 95%. Cost is $lOjkg. 

. • . - 2 
~~j Unit Cost: 10 $/ kg Quantity Required: 547 • 4 . • Cost: 

· 1 

2.1 Type: ______________________________________________________________ ~ 

Specification: ; 

Quantity Required: ____________________ __ -'_; Unit Cost: $/ ; Cost: 

· , 2.1 Type: _________________________________________ --------~--------------

Specification: 

Quantity Required: ---------------------

. • 

/ • Unit Cost: S/ • Cost: --' ... 

2.1 Subtotal Direct Materials: 

• 
2 

5.474 $/-.-!!:. 

--~$/ --
• 

-_.--:.$/ --

5.414 $/2!. 

~'t:>,~~~t:f<:~~~f~~:-~';4-0~-.tlo:"'~t"""'M--- ,'. 

~.~tUttil " CM '''.tiMmkdwi.mt~,~~~Nn~U" 1.... t __ ... ~~!<tf~. -- 1 #1'i"'!T~~-~~--~~-'\--.~~-~-
~.~~ _, ____ J :~: -- ·~-:.:::~r:;;.,.~L ; .. 
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Process No. m. ~ . i 014'1-10 I 21 

I 2.2 Indirect Materials (incl. supplies and nOil-energy utilities): 
Revision 

2.21 Type: Flux, water-soluble • -----------------------------------------------------, 
Specification:. One gallon of flux can coat 18.5 m

2 
of cells. When bought 

in 53 gallon drums, cost is $6.75/gal (1978). 

2 
Quantity Required: 0.054 gal /~; Unit Cost: 6.75 $/ ga~_; Cost: 

2.2.2 Type:. Deionized water 

Specification: Used continuously for flux residue removal at flow rate 

of 1 gal/min. 

Cost is $660 for 100 m3 (SAMICS Cl128D) 
2 

Quantity Required: 8 l:..-1_m_; Unit Cost: 0.0066 $/1 ; Cost: 

2.2 Type: -----------------------------------, 
Specifi~ation: __________________ . ________________________________________________ __ 

Quantity Required: . ______________ _ ---'_; Unit Cost: $/ ; Cost: 

F'"'_""'""C,,;;;; .:JII 

Porm 4 

Page.!... of 1 

1 Date 2-81 

• 
2 

0.363 $/ m 

2 
0.053 $/~ 

" 

---~'--
2 •. 2 Subtotal Indirect ;¥.aterials: I 0.416 S/ m 

~ 

... l!o .. . '*' .<iii J 
" 
~ 

~. .." ....... ...... - .. ,~, .. -~.------------------- C""'t:ntt- , "._~._A_~ ...... _'_"._""._, ..... ___ .~ 
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t>rocess No. [I] .lTI . 10 J 41-1 0121 Form 5 

2.3 Expendable Tooling: 
Page 1 of 1 

2.3_ Type~ llevision 1 Date 2-81 

__________ Quantity Required: ____ _ _---!'_: Unit Cost: "_ Cost: -- ." --
2.3_ Type: __________________________________________________________________ _ 

__________ Quantity Required: _______ __ .--..-!'_ Unit Cost: "_ Cost: -_--:$/ ... 
2 • .3 type: ____ '--________________ ~~~==_--_:_;_-

________ ~uan.tity Required! ______ _ __ -", __ : Unit Cost:: $'_ Cost: --_$/ --
2 . .3_ Type: ____________________________ ~ ______ ~----~~==~---~~~ 

_________ Quantity .Required: ______ __ _---:'_: Unit Cost: $/_ Cost: -_....:$/_-

2.3 Subtotai Expendable Tooling: $/ m ------

2.4 Energy 

2.41 Type: ElectricitY,-_utilization is 95% and name {):lLate ratinq is 15kTi - .-

QUantity Required: 0.27 kWh/m2 · U:dt Cost: 0.05 $/ kwh Cost: 0.013 $/ m2 
· 

2.4 _ type: 

Quantity Required: · Unit: Cost: $/_ Cost: .$/ · . . ~-- .- ~~- -.~- _. ~---- . . 2 
2.4 Subtotal Energy Cost:s: 0 .. 013 $/ m. 

.. .. 

2.5 Subtotal 2.1. to2.Q! $/ m~ 5.2Q3 
2.6 Hand1i.ng Charge: 5.26 % of item 2.5 0.310 sl m2 

------~ ... -. . . 2.7 Subtotal ~terials and Supplies~ 6.213 $1 m~ . 
(2.5 + 2.6) . . 

~.~> t_ ..... ________ ..... MW __ .--1._ ...... ~.J! 
-~ .... -.----.. ~--.~ .... -----
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Process No. GJ. GJ.m ... rn Fom 6 
PageL. of.L 

ltevision DarelI-78 

~l 
\: 

r 

~. 
if 

3.1 Direct Labor: 

3.11 Category: Semiconductor Assembler 
(SARleS S5464D) 

l\ctiv1ty: Solder System Operator 

* Amoune Required: 1 hfh ----- ___ ~/h; .Load 113 %; Cose: 

3.1 Category: ______________ _ 

Amount Required: h/ ____ _ Ih; Load %; Cost: 
----~ 

3.1 Category:~ ______________ _ 

Amount Required: hI ----- fh; Load %; Cost.: .------: 
3.1 Direct Labor Subtotal: 

3.2 Indirect Labor: Taken as 25% of direct 

3.2 Category:: _______________ _ 

Amount Required : h/ ____ _ /h; Load %;Cost: .------: 
3.2 Category: ______________ _ 

Amount Reqilired: hi ----- /h; Load %j Cost: ------: 
3 .. 2 Category:: ______________ _ 

Amount Required: h/ ____ _ Ih; Load %;Cost: 

3.2 Indirect Labor Subtotal: 

'3.3 Subtotal 3 .. 1 and 3 .. 1 
, 

*Includes labor replacement costs and benefits. 113.4 OVerhead on Labor; 

3.5 SubtptalLabor 

tir 'Ii <oj. .,., 

% 

2 
0.456 $/~ 

y 

___ $1_-

--~$/ --
0.456 $/ m2 

--_$/_-

--_$/_-

~/-

0.114 2 
~/...3L 

0.570. 2 
§/-B-

0.030 91m2 

O.60Q $/ m2 

iII!' ~ 

~.t~;th.:i..'::.t.:r~;::~...t:~!C!:::::::-~,.!~~7~~:i.~.;:~~~~~~~**~~'i!:~:t"~t=:~~~~~~::¢~"~~t~~,~ttt 't'.'!~"·-,-rt:'~.:..~l<'~·~~:;t:'~~t-l::~-~:~I;!:l'tttt..,~;~~!.~~"'~~~~~~'Ill Ht I •• __ ""'~-:~i j .... tl~tl .. , ~~==::::::""':===:: 

i.IfII~.~~;W.tft'ttHi!.IL!lJlIJb' 1ttRfJlJr!_." L_ ... .-w~~ ... ___ ...-.-___ " __ ... ____ ........ • __ ~~_ ~----- -'- ___ ~i 
~,~,~1tt _ _ = Nt 

; 
J 
j. 

it' 

.' 

t 
j 
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rrocess NO.UJ .G:r.1 0 I 4 I-I 0 I 21 
4.1 Equipment 

to:' 7 
Page 1. of 1 

Revision Date 1.1-7i 

. ~ 

4.11 Type: Solder system Jflux appliction, cell pre-heater, solder diPDinq, flux 

Cost: 
removal, drying stations with automatic cell. han~ling} 

50,000 $; Installation Cost: J;. Throughput: 30 m /h; 

Plant: Oper'g Time 8280 h/y; Machine Avail'ty: 88 %; Machine Oper'g Time 7286 h/y y 

Servicing Costs: tabor h/y at $/h;Parts or Outside Service: Sly 

Useful Life: 7 y; Charge Rate: 21.35 % of Costly; Capital Cost: 10,675 $/y 0:049 S/m2 

4.1 Type: . 

Cost: $; Installation Cost: $; Throughput: /h; 

Plant ,Oper' g Time h/y; Machine AvaU'ty: %;' Machine Oper' g Time h/y 

Servicing Costs: Labor h/y at $/h;Parts or Outside Service: Sly 

Useful Life: y; Charge Rate: % of Costly; Capital Cost: $/y $/-

4.1 Type:~ ____________________________ ~ ________________________________ ~~ __ ~ 

Cost: $; Installation Cost: $; Throughput: /h; 

.Plant Oper'g Time h/y; Machine Avai1. 1 ty: I; Machine Oper'g Time h!y 

Servicing Costs: Labor h/y at $/h;Parts or Outside Service: $/y 

Useful Life: y; Charge Rate: X of Cost!Jr; Capital Cost! Sly $/-

4.l Subtotal Equipment Cost: 0.049·$/~ 

~~.b..n,,_, ~"''''''''''''1I!!!!!Mnw''' "IB' ..... ,_ • •• ""e··..~ .. ___ ~ .. ~~_ .. _~ __ . .. ~_ .......... _" --.~--'.- ........ 
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Process No. GJ. [!J .. rn-rn Form 8 
Page ..:.... of.~ 

• 

4.2 Facilities: 
Revision ·Date 11-78 

.;) .-
-::;;1;~ ,-
>-r::'Q 
3~ 
~.~ 
§~ 
~~ 
;:...t=j 

~t;J 

m2; Throughput: 218,600 
2 

4.2.1 Type: Ventilated Drocess areaFloor Area: 9.3 m /y 

* 2 r-- -----.. ------Charge Rate: 179.13 $/(m .y).; Maintenance Costs: -- ~-- - ----~~-, Energy Use: .·Labor: h/y at $"jh 

Heating /y at $f I Sly Suppli.es: 

Air Cond'g /y at S/ I Outside Services: Sly 
L-._ ..... _ .... _-_~ ____ 

Lighting Iy at. $1 --
I Tota~ Cost: 1665 Sly 

2 Iy 4.2_ Type: Floor Area: m ; Throughput: 

2 r .... - ......... ---.-~ - - ---
Charge Rate: $/(m .y); Maintenance Costs: 

~ ~ .. - -~ --- ..--.. ...... ..... ..... -- ---I 
Energy Use: I Labor: hly at $/h 

Heating /y at $/ Sly Supplies: 

Air Cond'g /y at S/ I 
'-

Outside Services: $/y 

Lighting Iyat $1 - ~~-----~ - ---
I Tota~ Cost: $/y 

2 . Iy 4.2_ Type: Floor Area: m ; Throughput: 

2 .---- - --~-----.-
Charge Rate: .$/(n ·Y);..J Naintenance Costs: --- .... - ... -~-----Energy Use~ L b hI $/h , a or: y at 
Heating Iy at $1 

I 
Supp~ies: Sly 

Air Cond' g ___ ._. /y at $/ 

L Outside Services: Sly 
Lighting /y at $1 - - - - -- - ----

I Total Cost: Sly 

4~2 Subto.taJ. Facili.ties: 
*Inc1udes energy use 

4.3 Equipment and Facilities Subtotal: 

.. '-' '" '" 

.. 

" 
2 

0.022 S/m 

$/ 
• 

$1 

0.022 
.z 

$/ m 

0.071 S/ m2 

'f) ... 

1 

I 

. I 
I 

:~ 

~.~~~~:_ ¥ c "it xwtitlAMwmww, f!!.~t:~~ .. :.~··~~H~~'P*OOM!~:::-,*~-!:~~:~~~=_ ~~ttt~~I-tt"M.!~:!.:~~~-.~~ '!!. i1Pt.t ••• ~*1Ma IN' =~'~_ .ji~ -:. 'iiwir -n ,.-... _:~ ::.::::~ :: :::I 
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Form 12 
Pale~of~ 

Process No. [lJ". [!] .In '.4) .... [£0 Revi.sion ~_Date 2,81 

7. Process Cost Computation 7.11 Y.anufacturing .Add-on Costs (sum of 2. i. 3.5. 4.3, 6.) 16 • 883 ~/ff? 

7 .22 QD~ea-5g~~r.f?i Cfso~i98 \K 4. 2; of 7.11 0.006 ~/m2 -Sln2 .. 7.21 Total Operating Add-on Costs of Process: 6.889 

Sf y 7.22 G & A % of 7.2l. ---- -7.31 Total. Gross Add-OnCost of Process 6.889 s/nt .. 
7.32 Credit for Sa1vagelil Y.ateria1 (5.B) $£ 
7.33 Cost of Work-in-Prlocess Lost (5.3) ~/ 

7.34 Spe(!ific Add-On Cost of Process (7.31. + 7.33)-(1.32) 6.889 

"I 
7.35 Cost of InputWory~in-Process Contained in Good 

Output W'ork.-in';;'Jfroc:esS{S.4) Nl>. $/ ___ _ 

7.36 Loading on Item 7.35 at Rate % 

7.37 Cost of Output l<:ork-in.,..P:;:ocess (7.34 + 7.35 + 7.36) 
~. 

7.41 TneoretftaXYieid (or Conversion Kate, if output units of 
~ork-in-process do not equal input units) 

7.42 Practical Yield 

7.43 Effective Yield (7.41. x 7.42) 

7.44 ~umber of Units of Good Output Work-i.n-Process per 
Computation Unit"Used up to 7.35 

1 

. 
0:"998 ! 

0;"998 m 

2 2 
m !~ 

99;8 % 

2 
I m 

2 

7.51 Cost of Uni.t of Good OutputWork-in­
Process (7.37 + 7.44) 

NA $/ __ _ 

$1 

__ ~$I ---

-j 

. ---~-~~~-~-._---.---_-.--~:~~~~__ ~ ~ ': •. ::.: •. ]l ~~?Ii MSl'~ !!~~~At~~7~--===~~~:~~~ .. , .. ,"~~==~~._~ ___ .~.~~----..._ ... ~ ___ ~>->j •• ~~~7'*ttr. .. .. ~ ___ .... LzMIh _ .. _._~ ._~ __ • _ __ a . __ --" ..>_. ___ ._ ............... _ .. _ 
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Process No. Gl.·(i].UEI-[2l] 

8.2 Alternate 2 (SAMICS Methodology): 

B.2l Profit Computation: 

0.9274* 0.049 $/ m
2 

from Subtotal 4.1 :or 0.045 

1.946* 0.022 $1 m
2 

from Subtotal 4.2 ,.. Q. 044 

Subtotal := 0.089 

8.2~ Costs of Amortization of the One-Time Cost: 

0.192* 6.213 SI m 
2 

from Subtotal 2.7 1= 1.193 

0.192* 0.599 $1 m 
2 

from Subtotal 3.5= C .115 

0.2958* 0.049 ~I m 
2 

from Subtotal 4.1 - 0.387 

2.77* 0.022 
"2 

SI m from Subtotal 4.2 = 0.062 

Subtotal = 1.757 

B.23 Total Net Cost of Equity (B.2l + 8.22): 

Revision 

2 
~$lm 
--~ 

~I m2 

-$1 m 

2 
S/..!!.!.... 

2 
$/..!!:..... 

2 
S/~ 

~/ m 
2 

-S/ m 

8.24 Profit and Amortization of Start-up Costs per Unit, of Good Output 
Work~in-Process: 2 2 
(Divide Subtotal 8.23 by 0.9.98 m I~ from 7.44) 

~,U':~~_"''''''~~\;'''i'''Sjlll;~ , -, .' .', ~ ,. .. ..~.~ .. _.;..:::i 

Form 13-2 
Page LofL. 

1. DaLe 2-81 
~-----

1.846 $1 m
2 

". 

i 
I 

1.850 $/ m
2 

-~--

8.25 Price of Process (7.52 ~ 8.24) 
2 '3. 753 S/ m 

or 5.84 ¢/W(geak) 
8.26 Price of Work-in-Process (7.5l + 8.24) ____ ~/ __ -
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ProceGS No. 01. OJ .1014 I-I 01 31 
• 

Form 1 

Form 

1 

2 

3 

4 

5 

6 

7 

8 

9-1 

9-2 

9-3 

10 

11 

12 

13-1 

13-2 

14 

15 

16 

pr:ocess: 

University of pennsylvania 
PROCESS CIIARi'\CTERIZATION 

(Ul?I?C) 
I 

Devices Fabrication 

Subprocess: Contact _Formation Cfront and rear) 

Option: ~putter Deposition of Copper 

conductor layer (projected process) 

INDEX 

Paszes Rev. Date Remarks . -. 
1 _2-81 i 

: 

1 to -l 1 2-81 --
1 to 2 1 2-81 - . 
1 to 1 1 2-81 -
1 to 1 1 2-81 - : 

1 to 1. 1 2-81 . , -
1 to 1 1 2-81 -
1 to 1 1 2-81 - --
1 to - . 

-
1 to --
1 to -- --
1 to --
1 to --
1 to 1 1 2-81 - .... ".l 
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1 to - I -- ~,- _-..l..-
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1 to 1 2-81 
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Form 2 

Page ..L-of -1 

Process No. GJ. r61 • [0 I 4 1:-LiLiJ 
Revision 1 DatE' 2-81 --

, [ 0.1, Value Added: I $/. 

I,' Pt'ocess Description: Copper is sputtered from target by Argon ions. Voltage between cathode and 

, copner target is about 500 volts. Distance between target and solar cell is 5-8 em. This is a 

.. 
copper and cleaning. The cells move past the target at a rate of O.833m/min. Gross output rate is 
30 m2/h. Since uptime fraction is 90%, net output rate is 27 m2/h: The area coverage is 3.4% fri 
100% rear; metal thiC'"kness is 10 11m. Dp-r')os" +:ion rate is 2-3 11m/min. Shadow Iilask used for pattern 

. definition. . 1. Input Specificat4on: 

Nace of Item: n +pp +. silicon solar cells with barrier metal layer. 

Di!':1ensions: 10 em square. 

Y.aterial: 

Other Specifications: 
~ 

1.1 Quantity Required: --- / tln1t Cost: $/ ____ _ 
i j 

1.2 Input Value: ---_$/_--

'1 

1 

'I 

~! ,/ 
1.3 Input Cost: 

Note to Item 1.3: Use price, if input: produced in own plant. 

'It ~, .. .. 
~:'ii, .• ;:'::'::.'.;;ffl~;;;:;""~-:::~"''::'::::~~=::'''-=~.''==-~~::~:::~ .-=-"~_ .... __ 'l 

.! .. J 
' ~''''''Jt+;''''1''~~~~"",; _""'-""'''''*_.''ttte'I*'Wf'jt ~. ~ 

~ .---~-.. -.~""'~. -~- -~ ........ ------
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Process No. IIl. @] . [-om -, 0 l 31 Form :3 

2.1 Direct Materials: 
Page L of L 

Revision 1 Oa te 2-81 

2.1~ ~pe: Copper sputter targets-electronic grade (virgin material) · t 

Specification: Size is 90 em x 45 x 2.5 em {90.7 kg}. Need 6 tarqets/machine, 

change every 2160 m2 of cells, or 72 h. Efficiency of deposition on holder 

plus masks is 65%, mask area is 71% of holder and mask area. 75% of wall 
(Continued on Form .3, page 2) .. 2 

Quantity Required: 188 3J~; Unit Cost: 3.30 $1 kg ; Cost:1 0.620 

2.12 Type: Copper sputter targets-electronic. grade (recycled material) ; 

Specification: same as 2.11 . • 
2 . 188 2. 2 

200 glm of wall, holder, and mask deposits recycled, -3-- glm - 63 g/m 

of target. material recycled. 

Quantity Required: 263 2 
~~; Unit Cost: 1.50 $1 kg ; Cost:1 0.395 

· , 2.1 Type: __________________________________________________ ~--------------

Specification: 

. • 

• 

SI m
2 

$/ m
2 

• 

Quantity Required: _________ _ _1_; Unit Cost: $/ ; Cost: __ --:.$1_-

2.~ Subtotal Direct Haterials: 

~ifaJ.~~::;*--a~~;1"·~,~~~')e:;:r~~.:~~~~'~;".~'.t;c''""''''·· t \$: .ee-l~ -,~"-_, _ ............. . ~~~_..::::.::::.:.::~--= . .:.-::t~·t· ... '~~;;~·~-··~··-~"--~·"-
~~r,;IiV£~4t.;1!t"t!'f'l§< £tDW~_O!b!lll .. ~~~~~.-... rlMly .. «t 

j 
f. 

~ 
~ 

I 
a 
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Process No. [D. [[] . 10 J 4 1-[OJ21 

2.1 Direct Materials: 

~ "-c_;::;~ 

Form 3 

Page 2- of 2-

1 

1 
I 

Revision 1 --=-- Date 2-81 
2.1.} Type: ; 

Specification: and holder deposits can be recycled, SO\of dePQsit on mask. 

Only 75% of target material can .be used, but remainder can be recycled. 

. , 
Quantity Required: __________ _ __ 1 __ ; Unit Cost: $1; Cost: 

2.1 Type: ; 

. f Specification: ; 

Quantity Required: I . Unit Cost: $1 . Cost:l ---' ------ , 

2.1 Type: _______ . • 
Specification: 

!t 
1 

; 

Quantity Required: 1 • --' Unit Cost: _____ $1 __ ___ ; Coat:1 

,c 

2.1 Subtotal Direct Materials! 

L' .. · · 
~ '~1t£t.=m;~? ;;~,;" t J.1~l!:":2'£1 __ .t m i_i.'! A_ >....l~ ___ c 

_~c 

j 
~: \ 

.. 
___ ~$I_-

__ $1 

___ ~_$I 

__ -..:$1_-

t 

III :oil 
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Process No. 0. [!] . i 0 14 I_I 0 13 I Form 4 

2.2 Indirect Materials (inc!. supplies and non-energy utilities): 
Revision 1 Oate2-81 

2.2 1 Type.: Argon gas . , 
Specification: Gas is used to .maintain chamber pressure at 5 Torr for 

sputtering copper off the target. Flow rate is 1 ~/min. Cost ofT-size 

cylinder (332 ft3 ) is $100.00 (Linde" 3/79) 

2 
Quantity Required: 4.44 R, 1 rn ; Unit Cost: 0 .• 011 ~/~ Cost: 

, -.---... -

2.22 Type: Pump Oil 

Specification: ______________________________________________________________________ _ 

• 
2 

0.049 "$I..!!:. 

Quantity Required: ____________ _ __ , __ ; Unit. Cost: ~I ; Cast:. 0.017 $/~ 
2.2 Type: ______________ _ 

Specif.ication: ____________ • ___________________ ....... ________ _ 11 

Quantity Required: __ , __ ; Unit Cost: $1 ; Cost: _ __ ~/_-
2.2 Subtotal Indirect }faterials: I 0,066 $/ m2 

" ·""""""'''"' ....... .-~_~4,.....,...~_'~·, 

~ ....... .;..;-~~-.... -~.~"""" ----.-~-------

j 
f 

! 
! 
l 
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Process No. GJ. [:§] .1 0 14 1-10 13 I Form 5 

2.,3 Expendable Tooling: 
Page .L of ..!... 

2.3 Type: Revisi.on--1 Date 2-81 

_______ Quantity Required: _____ _ _---:1_: Unit Cost: $/_ Cost: -- $/ -_ .. 
2.3_ Type: ____________________________________ ~--~~~==~---~~---

I --' Unit Cost: $1 Cost: -_. __ .--.--.--_______ Quantity Required: _____ .--.-..-._ 

2.3 Type: ~:..... _~ ________________ ~~--=:==---_;;--
_.--________ Quantity Required: _____ .--_ '-: Unit Cost: $' __ Cost: 

. 
/_: Unit Cost: $1_ Cost: 

2.3 Type: __________________ ~--~~~= 

_______ Quantity Required: _____ _ 

2.3 Subtotal Expendable Tooling: 

2.4 Energy 

2.41.. Type: Electricity, name plate rating is 20 kW for sputter units, (75 % duty 
cycle) 45 kw for pumps (30% duty cycle) 2 . -

_______ Q.uantity Required: 1.06 kWh/m : Unit Cost:O.OS $/kWh Cost: 

2.4 Type: 

_______ Quantity Required: _____ _ : Unit Cost: $1_ Cost: 

-_._,$/ 

$f 

$f 

$/ 

2 
0,053 $/..!!L 

~l If? 
2~4Subt:otal En~rgy Costs: I 0.053 $1 m2 

2.5 Subtotal 2.1 to 2.4: .11.134 
2.6 Halildling Cllarge: 5.26 % of item 2.5 0.060 

§/ m2 

S/ iT? 

.. 

2.7 Suhtotal Materials and Supplies: 
(2 .. 5 + 2.6) 

1.194 $/...:;m.;....._ 

~ 

t .. t 

, 

.. ,. .. - " J" •. III! . 

,0-'"-> ,at:: ~t-""'" ;" .J 
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Process No. Q.·0.rn-~ 

... "'" 

Form 6 
Page~of~ ~ 

Revision 1 Date 2-81 
3.1 Direct Labor: 

3.11 Category: semiconductor Assembler 
(SAl!'1ICS B5464D) 

Activity: loading, unloading, & monitoring 

Amount Required: 1.0 hf h --='---- * %j Cost: Rate: $ 5.65 If).; Load 113 

3.12 

3.13 

Category: Maintenance Mechanic Activity: Service and repair 
(sru·ncs B5224D) 

Amount Required:Oc ).· hi h Rate: $ 7.95 fhj Load 113 
~-

Category;£lectronics Technician Activity: Electronics repair 
{SMICS B5116DJ 

Amount Required: 0.1 hi h Rate: $ 7.40 Ih; Load 113 

* %; Cost: 

* %; Cost: 

3.1 Direct Labor Subtotal: 
3.2 Indirect Labor: Taken as 25% of direct 

3.2 Category: Activity: ______________ _ 

Amount Required: h/ ____ _ Rate: $ /hj Load I; Cost: 

3.2 Category: Act!vity:,, ______________ _ 

Amount Required: h/ ____ _ Rate: $ Ih; Load I; Cost: 

3.2 Category: Activity:_, ______________ _ 

Amoun t Required: hI -----, 
11- ... '9' __ ~ .: "-st: Rate: $ lUi l,oUClU _» ,",U 

3.2 Indirec t Labor Sub to tal: 

3.3 Subtotal 3.1 and 3.2 

1Clncludes benefits and replacement personnel costs:. 3.4 Uverhead on Labor: 5 ~ 

3.5 Subtotal Labor 

0.446 ___ ~$I m
2 

• 
2 O.063$/~ 

0.058 $1 m2 

0 .. 567 ~J7. 

~I 

$/ ---- ---

$f 

0.142 s/ m" 
x 

0.709 $/ m2 

0 .. 037 2 
S/.JSL 

0.746 ___ Slm 2 

1 

~I~~~~_ ................ __ . __ .......... ,~_""'_ __ .... _~ __ >_. ___ .,~ __ ._~ .. ~_.-. ~ .... _ ....... _" ......... ..-........- ._~~_ .. ~ ___ i, ~.~~ ___ _ ...................... ~.-
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Form 7 • 
Page ~ of...! Process NO·GJ. GJ. GLJ-I a I 31 

4 .. 1 Equipment 
Revision 1 Date 2-81 

4.11 Type: Vacuum sputtering machine; 2 to 6 taraets~ 60-cm workpiece width 

Cost.: 2,500, 000 $; Installat.ion Cost: 500, 000 $;. Throughput: 30 m
2 

Ih; 

hlv I .... 
-'" 

Plant Oper' g Time._ 8280 h/y; Machine Avail'ty: 910 X; Hachine Oper'g Time 7452 -----
Sly 

Sly I . 2 
2,865 $f~ 

Servicing Costs: Labor h/yat $/h;Parts or Outside Service: __________ _ 

Useful Life: 7 y; Charge Rate: 21.35 % of Costly; Capital Cost: 640,500 

4.1 Type: ______________________________________________ ~~~~===:~------------~~---

Cost: $; Installation Cost: $; Throughput: fh; 

Plant Oper' g Time h/y; Machine Avail' ty: %; 'Machine Oper'g Time b/y 

Servicing Costs: Labor h/y at S/h;Pa::-ts or Outside Service: Sly 

Useful Life: y; Charge Rate: Z of Costly; Capital Cost: Sly $1-

4.1 Type: __________ _ 

Cost: $; Installation Cost: $; Throughput: fh; 

Plant Oper'g Time h/y; Machll~e Availfty: %; ~~chine Oper'g Time hly 

Servicing Costs: Labor h/y at $/h;Parts or Outside Service: Sly 

Useful Life: Y; Charge Rate: % of Costly; Capital Cost: $/y $/-

4.1 Subtotal Equipment Cost: 2,865.S/m2 

'It ~
.J 

.. iiii-

_.:.,:::_::.. ..... m!I!iIt&lIIi_·~ • ::,,=::a::::;::::::=:=.,,;.. ." .'=:= ;;;;.1 ~L' . 

.. [~. .. 
~Lb.,., ·,,:emmttitr1ln!:t>zm...a.:ttis ill .('1 il!!i! !£tx ;;W:::S::1&:II"'~ __ ,_. ~ __ .2"._ .~.::::;;~~~-::::::.,::::;,~; .... ' 
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Form 8 Process No. ~. 0. ~-rn 
4.2 Facilities: 

Page L,of 
Revision 1 Date ~ 

4.2.1 Type: Equipment Area 2. 2 
Floor Area: 60 _fA ; Throughput: 223,560 m Iy 

* 2. r----~--~-----Charge Rate: 179 •. 13 $/ (m .y); Maintenance Costs: ------, Energy Use: Labor: h/y at $lh 
-..-.--.--

Heating /y at $/ I 

Air Cond'g Iy at $/ j 
SuplPlie~: --_$/Y 
Out:side Services: Sly 

/ $/ 
L _ ~ ~ ~ ~ -.: ...... -.. , ...... ~ .~, __ _ 

Light:!-ng . y at .. ..... 
---' Total Cost: 10,,750 $/y 

4.2_ Type: 
2 -. _______________________ Floor Area: m ; Throughput: Iy 

2 r-------__________________ ~$/(m .y); Maimtenance Costs: 

-- ........ --t I Labor: 

Supplie~: 

- - - -Ch~rge Rate: 
-.---.~-- ---

Energy Use: 

Heating Iy at $/ __ _ 

- ..--__ -..:hlyat $/h 

_ ___ Sly 

Air Cond' g /y a~ . $1 __ 
Outside Services: _ ___ Sly 

Lighting _---'/y at $/ __ 

, 
i- -- ---,- - --

'Iota1 Cost: $/y 

4.2;"" Type: 
1 

Floor Area: m' ; Throughput: Iy 
.~------------~------

~ 2 ---~ .... - ~ .... ~~.--.~.~.-
__________ $!(m .y): I Maiutenance Costs: ------ ..... -----~ Energy Use: T b hI' -s'r... 

, La or: 11 y at I II 

Heating /y at $/ 

Charge Rate: 

Supplies: $/y ---Air Cond'g /y at $/ ____ _ i 
Outside Services: $/y 

• 

IO.048$/m2 

__ -.:.$1_-

Lighting, /y at $/ '!' a1 C - <! Iy J $/ L - ---------

• 

t .LO.t ost. v.. . 
~ • ,i 

.. --------------------------~=------------------~~ .. ~~!r--------------·--~~~:::::-:~~~:s~~~['>O:~48 <~;;:i~: 
*Includes energy use 4. J E:quipment and Fac:Uities Subtotal : 2 '. ~ 13 $i __ ,!11_ 

\t I "~""'~~'~''' ____ ~-"''. _____ .~''''''''''-!~''''''' • • ........,.. .............. ~ 
+"., ~t l~' '=~'-">·=·7:~I:::~';":;"it-~:;:,C'.;:W1;;:!~--=1:~~'·· 

, ___ A 
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Process No. l2J.0.ffi-[ili] 
7. Process Cost Computation 

~ 0 
-:::.;:::1 
.~Q Oz 
~.f.'; 
.ol'd 
~> 
r:-t 0 
;:4E1 
~t;J 

Form 12 
Pag~of-L 

R.evision 1 Date 2-81 

7.11 Manufacturing Add-On Costs (sum of 2.7. 3.5. 4.3. 6.) 14 • 852 $im? 

$/~ 7 .22 ?O~Wsin~irl:£ ~osa~inA • A ?t of 7.11 

7 • .21 Total OperatingiWd~nCostsof Process: 

7.22 G & A % of 7.21 

7.31 Total Gross Add-on Cost of Process 

7 .3:' ~'.'.?"''' t for Salvaged Mat:erial (5.8) 

7.33 Cost of Work-in-l~rocess Lost (5.3) 

7.34 Specific Add-On Cost of Process (7.31 + 7.33)-(7.32) 

7.35 Cost of Input Work-in-Process Contained in Good 
Output Work-in-Process (S.iI) 

7.36 Loading on Item 1.35 at Rate, % 

• 

0 .. 174 

5.026 2 
$/IiL 

$/~ ---
5.026 ~/m~-

incl 'd ~~ 

~/_-

5.026 ~/.m2 

NA $/ 
l~A $1 
NA 7.37 Cost of Output Wcrrk-in"':Process (7.34 + 7.35·+ 7.36) $1 

~-- .. --.... 
7.41 Theoretical Yield (or Conversion Rate, if output units of 

W'o.rk-in-process do not equal input units) 1 m 
2 2 
!~ 

7.42 Practical Yield 

7.43 Effective Yield (7.41 x 7.42) 

7.44 Number of Units of Good Output Work-in-Process per 
Computation Unit·Used up to 7.35 

0 .• 99 1_ 

0.99 m2 
I 

7.51. Cost of Unit of Good Outpat York-in­
Process (7 •. 37 ~ j'.44) 

-gg% 

2 m 

.. 

I, $1 __ _ 

1.52 Specific Add-On Cost per Unit of Good 
Output Work-in-Process (7.34 ~ 7.44) 

2 5.071 $/_Dl __ _ 

J , 

I ~. ill' 

J ,/ I!!I~;;;:: __ /~ ___ '~_'_~~'-"'" 
"" 

<II' .... 

~~*E!::t:!:_~,~4t~ ill __ ~ __ ~~~.~_._. . .. , ..... ___ ,~ __ .. .-~'_,~~ ..... ,._.~. - .......... ~ .... ,. • ~ __ ,. __ , _____ .. _.~ f ~._---"" 
·"~''''''''''A .... __ ," .. ", .. :.. :: .. 
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Fora 13-2 
Page loC l 

Process No. UJ.G1.Gril-[2L] 
Revision 1 Date 2-81 ~, 

8.2 Alternate 2~SAHICS Methodology): 

8.21 Prcfit Computation: 
2 

0.9274* 2.865 $1 m fro. Subtotal 4.1 _ 2.657 
2 

1.946* 0.048_$1 m fro. Subtotal 4 •. 2 _ 0 .. 093 

Subtotal = 2.750 

8.22 Costs of ADl.ortization of the One-Tillie Cost: 
2 

0.192* 1.194 $/ m from Su~total 2.1 - 0.229 

0.192~ 0 .. 745 $/ rn
2 

from Subtotal l.S - 0.143 

2 
0.2958* 2.865 $1 m .froB Subtotal 4.1 - 0.847 

. 2 
2.77* 0.048 $1 m fro. Subtotal 4.2 - 0.133 

Subtotal _ 1.352 

8.23 Total Net Cost of Equity (B.2l + 8.22): 

$1 m.
2 

$1 m
2 

- . -$/m 

$1 JIl2 

$/ 1'4
2 

$/ 1fl2 

'$1 m
2 

-$/m2 

8.24 Profit and Amortization of Start-up Costs per Unit of Good Output 
Work-In-Process: 2 2 
(DivideSubtota18.23~y 0.99 m ,_m froa7.44) 

8.25 P~ice of Process (7.52 + 8.24) 

8.26 Price of Work-in-Process (7.51 + 8.24) 

2 
4.144 $I:..!!! 

". 

_-..:.=-~$I .2 4.I:02 

9.2'21 $1.2 
- -
6.15 ¢'ftllrak) 

l 
I 

! 
~ 
;} 
i 

• . iRlIliie'q.: 'yp{ea 1ll_"",r?$5WWiiiiF~~~~' ~~~~,,_./4-.:~~JhiJ>;i"~,",~.u,;,,~~~"'~'··; dlimt!ll!llt •• _10k ._!IdI 
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p~ocess No. GJ. GJ . EEl - GGJ Fora 16 

Pace 1 of 1 - -
Revision Date 2-S1 

WORKSHEET TO ITEt.f • FO&'f 3 PAGE 1 , 
Mass evaporated from target: 

" 
4 2 . -3 3. 2 M = 1.10 em 10.71 • 2·10 .• 8.96 qlcm = 3,SS.3 ~/m evap 0.65 

". 

Mass on cell: As-in 3.6-01-05: Msubs '= 92.6 g/cm3 

Net metal used: 

M = net "'. • "':25 +0.29.0.2~ 2.10-3 em + D. 71 E.96.1.10~3 
+ 92.6 q/cm3 ; 

em.o.~J 

~ 
2 = 1SS.2g(m 

n. = 0.65; a11 other data as in 3.6-01-05. aep 

~feta1 .re.cyc1ed: 

Mrec1 
_ 1·10~ cm2 
- . 0.71 

3 frO.35 
8.9 q/cm lLO.65 0.75 + 0.29 00075] 02.10-3 em + 0.71 [°0966:1010-3 QDOOo~} 

~!- ~, 

2 = 200~1 q/m 

.;, II> '" \III 

~~:II·"~~::~~::~~~=~~·~~·~·_::~"~ __ .. ~-~-:~:=-~ ~~_n_ ._.~4 .b-.. __ . __ .':::::w=: .. ::=:::. ____ ,____ ~M 4' 
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APPl!:NDIX I! 

SAMIC FORMAT A 

FOR THE 

SIX GENERIC METALLIZATION PROCESSES 

'" -.. ..1 
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---~::~-M-~-U-F-A-C-T-U-R-IN-G-IN-D-U-S-TR-Y-C-OO-T-'~N-G-s-:-:H:-:-s_'_SI_ma.U.lz.m!.!U_I-~l-. 

FORMAT A 

PROCESS DESCRIPTION 

A1 

A2 

• 

Jt:T rIlOPl'I.I.ON LAIiOIlATOIlV 
(.lifo,. ,.",,11" 1>1 T"ho/o«t 
41100 (M C'OI" ",./ '~~J,.~, eMil. 9110) 

Proc:na (Ref.rent! __ U_E_'r_T_F_A_G ___ _ , 

PART 1 - PRODUCT DESCRIPTION 

A3 (Product Ref.reht) METCEL' 3 

Note: Names Given In brlckets [ 1 
.re the n.mes of proceu Ittrlbutes 
reqUllted bV thl SAMICS III 
computer program. 

A4 Descriptive Name [Pvoduct NameJ_~_1_e_t_a_l_l_i_z_.e_d __ s_o_l_a_r_c_e_1_1 ___ ;.------______ _ 

A5 Unit Of Me~ure (Product Units) _1_m_2_~(_1_0_n_c_e_l_l_s_):...._ ___ ---__________ =""" 

PART 2 - PROCESS CHARACTERISTICS 

A6 

A7 

(Output Rite) (Not Thruput) __ 0..,; • ..,;],.;...9_8:-___ _ 

Average Time It Station 
(Processlllg Time] 

AS Machine IIUp" Time Fraction __ 0.;...:., • .:;;,.9.,:;5 ____ _ 
[Usage Fraction] 

PART 3 - EQUIPMENT COST FACTORS ; .achine Description) 

A9 Component [Referent) 

Units (given on line A5) Per Operating Minute 

Cllendar Minutes (Used only to compute 
in-process inventory) 

Operating Minutes Per Minute 

AS. Component [Descriptive Name) (Optional) Screen Ink Belt 
r:>rinter drier Furnace 

Al0 Base Year For Equipment Prices [Price Year) 1979 1979 1979 

A'il Purchase Price ($ Per Component) [Purchase COI,t) 5 ° , ° ° ° 20,000 35,000 

Al2 Anticipated Useful Life (YI!ars) [Useful Life] 7 7 7 

A13 (Salvloe Value I ($ Per Component) 

"-A14, (Removil and Installation Cost) ($/Component) 

Note: The SAMICS III computer program also prompts for the (plyment float interval), the [inflation rate tablel, the 
(equipment tax depreciation method) • and the (equipment book depreciation method). In the LSA SAMICS context, 
u .. 0.0, (197~, 4.0), DO~. and SL. 

JPL 3037-S R7/?O 

j 

j 
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Format ~\: prOC(lss Description ~Contitlucd) 

A16 Process Referent (From Page 1 Line 'A 1) _M.:.;E:::,;' T::.,;T::;,;F;.,;A;.;,G;;.-. __ --

'ART 4 - DIRECT REQUIREMENTS PER MACHINE (Facilitiesl OR PER MACHINE PER SHIFT (Personnel) 
[FacilitIes and Personnel Requirements) • 

A16 A1B A19 A17 
CI.,log Number 

(Expense Item 
Referent) 

Amount Required 
Per Machlno (Per Shift) 
(Amount per Machine) 

Units Requirement Description 

A 30160 400 sq ft Manuf'g Space Type A 
B 54640 O. 25 - J;lersons/shift Seml.cond. Assembler 

---... 0::-.-:2;:-:5=---- - dto Maintenance Person B 51760 

'ART 6 - DIRECT REQUIREMENTS PER MACHINE PER MINUTE 
(Byproduct Outputs) and (Utilities and COMmodities Aequirements) 

A20 A22 A23 
Cltllog Number Amount ReqUired 
(EJ(pen~e Item Per Machine Per Minute Units 

Referent) (Amount per Cycle) 
E 2.4 g/min 
E 5.2 g/ml.n 

E 0.0022 screens7ml.n 

'E 0.0176 sg.uee<Jeesl 
min 

G 1016B 0.3 kWh/min 

PART 6 - INTRA·INDUSTRY PRODUCT(S) REQUIRED [Required procjuctli) 

A24 
(Product 
Reference) 

A26 
Usable Output Per 

Unit of I nput Product 

0,99 

Preplred by M • Wo 1 f 

A27 

Units 

2 I 2 m m 
, I 

I 

A21 

Requirement Description 

Ag ink ($0.70/g) 
Xylene ($O.52/1b) 
print screen ($25.-/ 
screen) 
squeegee ($0.40/ 
squeegee) 
Electricity 

ProdUct Name 

Wafer with pn junction 

Olte 3.-16-81 

REVEnSF. SIDE JPL 3031-S R 7/78 

J 
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SOLAR ARRAY MANUFACTURING INDUSTRY COSTING STANDARDS 

FORMAT A 

PROCESS DESCRIPTION 
lIlT raOPUI.tlIOH ... \IIOIl,\ToaY 
'IIIi/.,,,1. ,"/li/NI. 0/ rttlulo/o.~ 
41100 0 •• G,or. Ur.1 '~_J, ... , ,./iI.9110J 

A1 PrOClll (Referent) . MeTEVAl> 

I 

Note: Names given!" brlcketl [ ) 
Irt the nlMes of prOc;t1l Ittrlbutes 
requested bV the SAMICS III 
computer. program. 

A2 (Descriptive Name) Metallization ~ront and back by Ni and 10 l-Irn Cu by 

vacuum evaporation 

PART 1 - PRODUCT DESCRIPTION 

A3 [Product Referent) METCEL 1 

A4 Descriptive Name (Product Name)..;;.r.;;..1e;;,..t.;;..a~1.;;;;1.;;;;i;.;;z;;...e;..;d~s.;..o~1 ... a_r_c_e_l_l ____________ _ 

-------------------~.~.-------------------------------------

A6 Unit Of Measure IProduct Units) 1 rn
2 

(= 100 cells) 

PART 2 - PROCESS CHARACTERISTICS 

A6 (Output Rate) (Not Thruput) _____ 0_0;;,..7_9_2 __ 

SS 
Units (given on line A5) Por Operating Minute 

A7 Average Time at Station 
[Procelslng Time] 

A8 Machine "Up" Time Fraction 0 • 8 S 
(Usage Fraction] 

Calendar Minutes (Used only to compute 
In-process Inventory) 

Operating Minutes Per Minute 

~ART 3 - EQUIPMENT COST FACTORS (Machine Description) 

A9 Component (Referent) 

A91 Component (Descriptive Name) (Optional) 

A10 B.se Year For Equipment Prices [Price Year) 

A 11 Purchase Price ($ Per Component) [Purchase Cost) 

A12 Anticipated Useful Life (Years) [Useful Life] 

A13 (Sllvage Valuel ($ Per Component) 

A14 (Remov.1 and Instailation Cost) ($/Component) 

Automatic 
Vacuum 
System 

1980 

2 Mill 

7y 

o 

Note: The SAMICS III computer program also prompts for the (payment float intervall, the [inflation rate table), the 
(equipment tax depreciation method] , and the (tqu;pment book depreciation method). In the LSA SAM ICS context, 
use 0.0, (1975,4.0), DDB, and SL. 

JPJ.. 3037-5 .. R7/78 

I 
I 

j 

~ 

; 

i 
j 

i 

1 , 
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PART 4 - DIRECT R~QUIREMENTS PEA MACHINE (Facilities) OR PER MACHINE PER SHIFT CPefionneU 
(Facilities lind Penonnel Requlromentsl 

A16 AlB 
Ciulog Number 

IElCpense I tim, 
Referentl 

A 30160 
B 54640 
B 5176D 

Amount Required 
Per Mlchlne (Per Shift) 
(Amounl per Machin,,) 

480 
0.5 
0.2 

A19 A17 

U~ltl Requlremlnt DIlCrlptlon 

.§.9 ft ~fanuf' g Space Type A 
persons/shift Semicond. Assembler 

dto Maintenance Person 
--~'-='-

---------------, -----.,~-----

PART 6 - DIRECT REQUIHEMENTS PER MACHINE Pf.R MINUTr; 
(Bvproduct Outputs) and [Utilities and Com.moditles Requirements) 

A20 A22 A23 A21 
Cat.'og Number Amount Required 
(Expense hem Per Machine Per Minute 

fIeferent) [Amount per Cycle) 
E 145.2 

--
E 142.8 

"}: 1..~iI 
E ~.~4 I~-2t 

E 6.4 10-2% 

C 1016B 1.92 

Unit' Requirement Description 

g/min Rod, 99.9% Cu, oxygen 
:~t.,,~~-·'-::'': t;-ee, 1/8" dia~($3/kq) 
~n c1to~ut re.cyc1ed c..."h.. 

t$1"30/kg) 
,iI/min Wl.re: 99". 9j;l-,%!:--:N'"='"l. .... • -( SII/kg) 
qt/min Vacuum pump oil "convoil 

-,.,. 20 ($30/qt) 
~rudiblel ~raphite crucible 

~;, min - (sIaoe Icrue. ) 
Ji@min'_,,= elec!-r 1.,;..:::l...;..' t .... y"'--_____ _ 

PART 8 - INTRA~INDUSTRV PRODUCT(S) REQUIRED (Required Products! 

.... "24 
(Product 
Reference) 

-----

A26 
U~;';jble OutpUt Per 

Unit of Input Product 

0.99 

Pr.pared bv M. Wo 1 f 

A27 

Units 

I 

2 m 

I ---"'--.,-

A25 

Produc::t N.me 

Wafer with pn junction 

Oat. 3-16-81 

flEVEflSE SIDE JPL 3037-$ "7/7& 

1 
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." 

J 

... J 



f ~' 

ft 
l 
'\: 
~. ,1 

P 
\ . 

{ 

l 
I 

~ 

~ 
I 

I 

, 
t 

JL·l . 
SOLAR ARRI\,V MANUFACTUR,NG INDUSTRY COSTING STANDARDS 

FORMAT A 

PROCESS DESCRIPTION 
lET I'IIOPULSION LABORATORY 
(;Jjfn,,,u '"lIi,." 01 r,rhoI9.1 
4l1nn ,O~. (:'01', Dr. I 'tII.i,,.., t:.Ji/. 9110, 

A1 Proc ... (Ref.rent) METLES.NI 

Note: Nlml. given In brlck.t. [ ) 
.... the nlm.. of proce .. Ittrlbutas 
requ .. ted bV the SAM ICS III 
comput.r progrlm. 

A2 (Oescrlptlv. Nlme) Electroless plating of Ni strike or barrier layer 

PART 1 - PRODUCT DESCRIPTION 

(Product Referentl_M_E_T_C_E_L_4_-... __ A3 

A4 D.scrlptlve Nlme (Product Nlme) Cell wi th_N_i......;,p.;...~'t_r_1_· k_e_l_a.:y_e_r ____ --------

A6 Unit Of Me.ure [Product Uniu) _....;.m;...2......;C;.;;;1;...0...;O __ c;..;e;...1_1;;;..s....;>:...-__ ---,,,.,..-__________ _ 

PART ~t - PROCESS CHABACTERISTICS 

A6 (Output Rate) (Not Thruput) ____ ....;;..0.:,. • ..;;,.4;;..,9,;;;.5 __ _ 

A7 Average Time at Station 
(Processing Time) 

20 

AS M.chlne "Up" Time Fraction 0 • 88 
(Usage Fraction] 

PART 3 - EQUIPMEN.T COST FACTORS [Machine Description) 

A9 Component (Ref.r.nt) 

Units (given on line AS) Per OperatlnJJ Minute 

Clleodlr Mlnute~ (Used only .to compute 
In·proceG$ inventory) 

Operltlng Minutbl Pe, Minute 

~ 
I 

1 
; 

j 
,1 

I 
j 
; 

Atl Component (Descriptille Name) (OptlonlU 2 Laminar 
Flow hpods 

2 chemical:.:. _D_r_Y_i_n_q_,_s_,t_atic~ j 
recirculating t 
systems I 

I 

A10 Ba .. Year For Equipment Pricel (Price Year] 

A 11 Purchase Price ($ Per Component) [Purchase Cost] 

A12 Anticipated Useful Lifg(Vears) [Useful Life) 

A 13 rS.lvlge V.'ue) ($ Per Component) 
. 

A14 [Remov.1 and Inltillation Cost) (S/Componend 

1979 

9,000 

7 

1979 1979 

15,000 20,000 

7 7 

-.. 10 ;'000 

Note: The SAMICS III computer program also prompts for the [plyment float Interval), the (inflation rate tablel, the 
(equipment t.)( depreci.tion method], and the [equipment book depreci.tion method). In the LSA SAMICS conte~t, 
u .. 0.0, (1975,4.0), DDB, Ind SL. 

Jrl. 3031-S A1!70 

j 

1 
'1 



~ - ,- -., : .. mll A: Proc ... O.IC--rlp .... '-IO""'n-'C-o-n-tl-nU-C-d-) ---------.. ~..,.,"~.,."" ''''''''..,~ .. =.=,.='''~. """'-... -..... ~-.... -...... 

ri A'S Pro~" Roferont (From p;ge 1 LIne AU METLESNI 

l.~i PART 4 - DIRECT REQUIREMENTS PER MACHINE (Fllcilitles) OR PER MACHINE PER SHIFT (Perion.,.l) r. (Facilities and ~ersonnel Requirements) 
It; A1G A18 A19 A17 

Units Requirement Description 
R.fe"llt) (Amount per Machine) i 

Cltllog Number Amount ReqlJlred 
•. ~.~ (Expen,. Item P.r Mlchlne (Per Shift) 

A 30160 __ ~8 ... 4 ____ _ sq ft Manuf'g Space Type A 
~ B 54640 1 --------- person/shift Sem1cond. Assembler 

I.' 

r 

j 
I 

t" I 

----------"""!:"'"--

----------~I---

PART 6 - DIf~ECT REQUIREMENTS PER MACHINE PER MINUTE 
(Byproduct Outputs) and [Utilities and Coml}'loditles Requirements) 

A20 A22 A23 
Cltllog Number 
(Elepense Item 

Referent) 
E 

E 44160 

.£ 443215""'-

E 

C 11280 
C 1016B 

Amount Required 
Per Mlchine Per Minute 
(Amount per Cycle) 

9 

__ r:;;..;...7.;....;.5.;...· __ _ 

31 
--"---':;~--", ,-"-

3.6 --";;"':"';::"'---

45. 

0.25 

Units 

g/min 

g/min 

glmin 

q/min 

mR./mil1 

mR./rnin 
kWh/min. 

PART 6 -INTRA·INDUSTRV PRODUCT(S) REQUIRED (Required Products) 

A24 
(Product 
Reference) 

A26 
Usable Output Per 

Unit of Input Product 

0.99 

Prepared by M. Wolf 

, .~ 

m2 

A27 

Units 

I 2 rn 
l 
I 

A2l 

Requirement Description 

NiC1 2 06HAO, reagent gr. 
($16. 07/K"g) 
Ammonium chl.oride .... 
~agen.t ($2. 535/kg) 

Sodium Citrate. 
reagent 

Sodium Hvpophosphite, 
reagen=t~~~~~ __ __ 

Ammonil~ Hydroxide, 
reagen ... \.:;;. ",,:,5~8..;;;.% __ _ 
( $ 0 • 8 f.1::L-/-:;:R.~) ______ _ 

OIWat~r~ ___________ _ 
Electricity 

A25 

Product Nlme 

cells with contact maSK 

Dlte 3-16-81 

REVERSF. SIDE JPL 3037-S n 7/78 
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A1 

FORMAT A 

PROCESS DESCRIPTIC_N 
liT l·aO,,~a.'IO'" ... ".OaATOaV 
CJj/~''';' 1"lIiI_" 01 Tnh"lI/o't 
4'(1() 0,,' G, • .., 0,./ I'tJJ.J,,,,,. C,,/j/.9/10J 

PrOClII I R,fer,ntl _M_E_T_S_O_L._D ____ _ 
I 

Note~ Nam,. given In brackets [ ) 
art the nlmn of procell attribute. 
requllttd by th, SAMI'CS III 
computer program, 

A2 (Oescrlptlve N.m'!l_S_o_1_d_e...,.r_d_1..,;' p;..;p;;..i_n_g~o_f_So_' _la_r ___ c_e_l_l_w_' _i_t_h_p_l_a_t_e_d_m_e_t_a_l. __ _ 

PART 1 ... 'PRODUCT DESCRIPTION 

A3 (Product Referentl_M_E_T_C_E_L_2 __ ____ 

A4 Dncrlptlve N.me (Product Namel_S_o_ 1,_d_e_r_d_1_' p:=.._ ~p_e_d_s_o __ 'l_a_r_c_e_l_1 ______ ........ ----

AS Unit Of Measure (Product Unitsl _..;;;m~2_(:..;;1~O;..;O;......c;;...e.;....1.;....1...;.S..;..;...) _0 _____________ _ 

PART 2 - PROCESS CHARACTERISTICS 

A6 (OutPUt Rate) (Not Thruput) _..;;2;,.;;9-',:,.:9;...4.:..-____ ._ Units (gil/en on line AS) Pel' Operating Minute 

A7 Aver.ge Time.t St.tion 
(Processlll9 Time) 

AB Mlchine IIUpfl rime Fraction _ , ... 0'-1,'-'18"""8<--____ _ 
(Us.ge Fraction] 

PART 3 - EQUIPMENT COST FACTORS tt.,achine Description) 

A!tI Comporlent (Referent] 

Cllendar Minutes (Used only to compute 
In-procell Inventory) 

Operating Minutes Per Minute 

AB. Component (Descriptive Name) (Option.1) 
Dip __ _ 
~t..;.·e.;;;.m=-__ 

Al0 Base Ve.rFor Equipment Prices (Prh:e Ye.r] 1978 

A 11 Purch.e Price ($ Per Component! [Purchase COlt] 5 0 « 0 0 0 

A12 Antlcip.ted Useful life (Years) [Useful Life] 
7 

A 13 (S.lvage Value) ($ Per Component) 

A14 (Remov.land Installation Cost) ($/Component' 

Note; The SAMICS III computer program also prompts forthtt (p.yment flDit interval] I the (inflation rate table], the 
(equipment tax depreciation method), and the (equipment book depreciation methodI. In the LSA SAMICS context, 
u .. 0.0, (1975,4.0), DDS, andS~. 

'j 

I 
1 

I ~PL 3037-S P,7/78 J 
. 
! .. -....... ":,--.... J 



l 
I 

~ 

f 
l, 

Form.t A: Procell Dtlcription (Contll)l.led) .. 
I 

A16 Procols Referent (from P.ge 1 Line AU .,:;M.:.:E::.:T:.:S::.;:O~L=.:O:::..-___ _ 

'ART 4' - DUUlCT REQUIREMENTS PER MACHINE (Facilities) OR PER MACHINE PI:R SHIFT (Personne" 
IFaelUties .nd Perlonnel Requirements) 

• 

~6 MB ~ ~ 
Catalog Number 
(Ex~nse Item 
, Rtferent) 

A 30160 
B 54640 

. Amount Required 
Per Machint (Per Shift) 
(Amount per Machine) 

93 
1 

Unltl Requirement Description 

S9 ft. Manuf'g Space Type A 
person/shift semicQ~ductor Assembler 

PART & - DIRECT REQUIREMENTS PER MACHINE PER MINUTE 
(Byproduct Outputs) and (Utilities and Commodities Requirl!m .. nu) 

A20 A22 A23 
Cat.log Number Amount Required 
(Expense Item Pe, Machine Per Minute Units 

Referent) (Amc.1unt per Cycle) 
E 113 q/min 

E 0.02' galZmin 

C I1290 4 R.Lmin 
C IOIbB 0.135 kWhL:min 

PART 6 -INTRA·INDUSTRY PRODUCT(S) REQUIRED [Required Prooucts) 

A24 
(Product 
Reference) 

A26 
Usable Output Per 

Unit of I nput Product 

0.998 

Prepared bV M. WO 1 f 

A27 

I 
I 

A21 

Requirement DOlcrlptlon 

60/40 Sn/Pb Solder 
--!lO. '7/kg) 
Flux, water soluble 

(.6. 75/qal) 
DI Water 
Electricity 

A26 

Product Name 

metallized cell 

-----------------------

. 
REVERSF. SIDE JPL 3037-5 R 7/78 
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14.1 

SOLAR ARRAV MANUFACTUniNG INDUSTRY COSTING STANDARDS 

lIT nOP\' •• I'ON L""o."Yoa" 
tJi/.,,,t. ,,,111/1/', 01 r'fh .. nlnn 
4800 0". GrulI I>r. UMM,..." ell'i'. 9110) 

FORMAT A 

PROCESS DESCRIPTION 

PrOCtQ (Ref.rentl METLY'l'CU 

• 

Nott: Nam .. given In,brlCktU ( J 
.,. the n.mes of prOC:OII l"rlbuttS 
requated bV tht SAMICS "' 
computor progrlm. 

(Descriptive Nlm.) ~lectrolytic pla tinq of copper over a Ni strike J.ayel;, 

front and rear. 

PART 1 - PRODUCT DESCRIPTION 

14.3 (Product Roferent) METCEL 1 

14.4 O •• crlptlve Nlme (Product Name) Metallized solaX' cell, possibly having a 

contact mask attached. 

2 14.6 Unit Of MOlSuro (Product Units) -::.:;m:"-...l(~l;,.;;O;.,;:O:......;:c:;;.;:e::;.;l::;.;l:..:s::;.,)r.-. ______________ , __ _ 

PART 2 - PROCESS CHARACTERISTICS 

14.6 (OutPUt Rato) (Not Thruput) _--=2::.,.:9::...:..:.9::;...4.:..-__ _ Units (given on line A!)) Per Operating Minute 

14.7 Average Time It Station 
(Procesllnn Time] 

15 

AS Machine "Upil Time Fraction 0.95 
(U.lge Friction} 

Ctlender Minutes (Usad only to compute 
In-process Inventcry) 

Operetlng Minutes Per Minute 

PART 3 - EQUIPMENT COST FACTORS [Machine Description) 

AS Component (Rtferent) 

2 automatic 
14.91 Component [Descriptive Name) (Optlonll) 

E.,lating: machines 

14.10 Sue Year For Equipmel'1t Prices [Price Yeer) 1979 

14.11 PurchlSe Price ($ Per Component) [PurchlSeCon) ~OQ,OQQ 

14.12 Anticipated Uscful Life (Years) [Useful Life) 7 

14.13 ISalvlge Value) ($ Per Component) 

14.14 (Removil and !nstaltatlon Cost) ($IComponent) 200,000 

Note: The SAMICS III compUter program also prompts for the (plvment flOit Interval), the (Inflation ratc tablel, tho 
(equipment tal( depreciation method), and the (equipment book depreciation method). In the LSI\ SAMICS contoxt l 

use 0.0, (1975,4,,0), DDB, and SL. 

JPL 3037-5 R1/1a 

"j 

1 
i 

I 
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iiiiiin*jiiil--- -T" - -;;;---.--' --~.-. -~~"- -::;;';;;~~"'",",, ___ iiiiiiiiiil"-iliiiiiii iiiiiiiiilifiiiii4i11i.,., 

FOf'mat A;Proctsl Otscrlpuon (Contrr~lcd) 

A'S ProCtss Aeferent (From Page 1 Lint A 1) METLYTCU 

'ART 4 - DIRECT REQUIREMENTS PER MACHINE (Facllltl.l) OR PER MACHINE PER SHIFT (Pt,lonnel) 
,Ftcilitles and P.raonn •. 1 Requlrem.ntl) 

A16 A1U A19 
Cltalog Num~r Amount R.quln1d 

(EIe.,.ns, Iltm p" Macttlne (Pe, Shift) Units 
R,f'rent) (Amount per Mathlne) 

A 3016D 900 stl ft 
B 5464D 1 person/sfil.ft 

PART 6 - DIRECT R~QUIREMENTS PER MACHINE PER MINUTE 

A1" 

Requlremttlt Dnalptlon 

Manuf'g Space Type A 
Semiconduc€or Assembler .. 

-----------------------
........ -------------------.~ 

(Bvprotfuct Outputs) ~nd (Utilities and Commodltle$ Requir.ments) 
A20 A22 A23 

Cltalog Number 
(Expense Item 

Refer.nt) 
E 
E 

C 1016B 

--"'---

Amount Required 
Per Machlno Pe, Minute 
(Ainoullt per Cycle) 

48.37 
41. 

2.5 
--------~.-

Unltl. 

gLrnin Jtl9:'@· ..... n"""'---

~wh/min 

PART G - INTRA·INtlUSTRV PRODUCT(S) REQUIRED [Acquired Produch) 

A24 A26 A27 
(ProdUct l1sable Output Per 
Reterence) Unit of I nput Product Units 

0.998 2 
I 

2 m m - l 
I 

P"Plred by M. Wo 1 f 

A21 

Requlrem.nt O.scrlptlon 

Cu anodes ($2.00/kg) 
Rejlenisher solut'n 

( -3. 43iR,j 
Electricity 

--------~-----------
--~----------------~ 

A26 

Pro:iuct Nlme 

Cell with strike metal 

D,t. 3-16-·81 

REVEAIiF. SIDE JPL, 3037-S R ?/7B 
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SOLAR ARRA~ MANUFACTURING INDUSTRY COSTINO STANDARDS 

FORMAT A 

PROCESS DESCRIPTION 

P[OCIII IR.f."ntl_·_M_E_T_S_P_U_T ___ _ 

Note: NimH glvtn In bracken { } 
1ft the namH' of prOctss .ttrlbutes 
rtqUlS,ed by the SAMtcS III 
cornp\U.r prQiflm. 

A2 ID.acrlptlvt Nlmtlsputter deposition of Cu (,front and rear) 

. -
PART 1 - PAODUCT PESCR'PTlON 

A3 (Product Refllrent) METCEL. 1 

I 

1 

A4 D.scriptiv. Nlme (Product Namel_M_e_t_a_l_l_i_z_e_d_s_o_1_a_r_c_e_l_l ________ ----

AS Unit OtM,,,ur. (Product Units) _m_2_C;...1_O_O_'_c_e_l_l_S_) _______ ...,."",,="'i. _____ _ 

PART 2 - PROcESS CHARACTERISTICS 

A6 (OUtput Rate) (Not TtJruput) __ 0_,4_9_S ___ _ 

A1 Average Time at St.tlon 
(Proc"II(l9 Time) 

AS Machine "Up" Time Fraction _ • ...;0;....;...8~7~5~ ____ _ 
(Ullge Fractlonl 

PART 3 - EQUIPMENT COST FACTORS [·.lachine Description) 

AS Component IReferent) 

Units (\1lven on IIno AS) Pel Opol'a'./l\fj Mlnuto 

CllellCflr MlnuteIJ (Used only to compute 
In·procellinventory) 

Oper.tlng Minutes P.r Minute 

AB. Component (Descrlpclve Namel (Optlonl" Vacuum 

A10 8 ... V.a!' f:or Equipment Prices (Price Ve.,) 

sputtering 
System 

1979 

1\ 
L 

n 
II , 
U 
j! t 
~ \ 
H I 

III 
~t ~ 
it i 

\1 I ~ I . 
'1 

! \ 1 
1 \ 
,! t 
,I 1 
1 ; 
t \ 

A11 Purch., Price ($ Per Component) (Purchase Conl 2.5 Mill_ " til _,_~' .......... .:.J<. 'f 

A12 Anticlplted Usoful Life (Years) [U~eful Life) 7 

A13 IS31vIgd V.lue) ($ Per Component) 

(Removil and Installation Costl (S/Component) 
0.5 Mill 

; I 

.\ 
,[ 

II 
, i . , 
i~ 
!i c, 
f~ 

Note: The SAMICS III computer program 1110 prompts for the [p.vment nOit Interval], the (inflation rato table I , the ! ~ 
~':!J~:'~~~~: :~g,:C~i~~~~.:e~t~l, Ind tho [equipment book dGprcclation methodl. In the LSA SAMICS conte)(t, ;~, 

JPL 303,-S "7/" f1 \ 
.. " ,, __ IJ ------.. ,~ 
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Forma' A: Proce .. OelCrlptlon (contf~utd) • 
A1l5Proct .. R.f.,.nt (From PI!It 1 Lin. An ..,;M_E;;;.,' 'r_S_P;,..;U;,..;T;;.... __ _ 

PART 4-- DIRECT REQUIREMENTS PER MAClilNE (Facilities, OR PER MACHINE PER 3HIFT (p.nonnen 
IFacllltltt and P.floM.1 Rtqulr.m.nts) 

A16 Ala 
Cltllog Number Amount Required 

IE)(pen.e "em Per Machin. (Por Shift) 
Rtf.,.n" (Amount ver MachIne) 

• B 54640 1 
B 52240 0.1 
851760 0.1 
A 30160 600 

-,--

A19 

Units 

pers/stat.'n. 
d€o 
ato 

agu. ft. 

A17 

R.qulrement ollcrlption 

Semiconduotor Assembler 
Maintenance Mec1Umacr-­
Electronics Technician 
Manuf'g Space Type A -

PAftT & - DIRECT REQUIREMENTS PER MACHINE PER MINUTE 
(Bvpro~uct Outputs) and (Utilities a"d Commodities Requlrem.nts) 

A20 A22 A23 A~1 
Clt.log Number 
(Expenlt It.m 

R.f.re"t) 
E 

---.... -_ ................... _,-

Amount Required 
Per Mlchlne Per Minute 
[AmoUllt per Cvcle) 

93 

Units R.qulrem.nt Ollcrlptlon 

q/min Copper aputter ta~get~ 
--""-;--:----- ---------,.---.---... ..... --~--

--"----

PART 6 - INTRA·INDUSTRV PRODUCTtS) REaUIRED (Required Product,) 

A24 
(Product 
R.ference) 

A26 
Usable Output Per 

Unit ot I nput Product 

----.--. 

P"Plred by M. Wolf 

A27 A26 

Units Product Nlme 

__ ,...1-._ -,'lafer with pn junction 
I , 
~ _____________ D.~~3~-~1~6_-~8~1 __ __ 
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APPENDIX III 

SAMPLE SET OF FORMS 

PORTHE 

UNIVERSITY OF PENNSYLVANIA PROCESS CHARACTERIZATION (UPPC) 

,"- -",,~,:,,"*.>'::-" ----""'l' i:rr{;---_._ .. :,;~_-""I.'i<;,-ll". 
", __ ..;IL .. Oll._.: "",',><".-.,' .~< _~:i,'_~~'"~.,",~'''''''~k~'~''-_~J''' "~'t<, . .:=-.:.~~~;:~~~""...v~~~J;,-"";'\~"~iP.,,, 
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,Piy: :':'" 

Process No. 0.0.1,1 1-[ I 

Form -
1 

2 

3 

4 

5 

6 

7 

8 

9-1 

9-2 

9-3 

10 

11 

12 

13-1 

13-2 

14 

15 

16 

University of Pennsylvania 
PROCESS CIIARACTEIUZ'ATION 

(UPPC) 

Subprocess;~ ______________________________ ___ 

option: 

INDEX 

Pases Rev. Date Remarks - - --
1 to -- - --
1 to .,-
1 to -- -
1 to - _. . 
1 to --
1 to -- -, . 
1 to -- . 
1 to --
1 to . -
1 to -
1 to -- --
1 tQ -- --
1 to -- ---
1 to . 

-- --
1 t.o . 

-- -- ----
1 to -- --
1 to -- -- ---
1 to -- --

-

Form 1 

-

-

j 
1 
1 
~ 

I 
I 
I 



-~ --,- .,.. ,:'l'~-*..,..., ,_111 t"""" --Ii!; iNA! '-"1IISji j •• 

• 0"_ <"_'~ _'C'~O< ,_= ,,~,;:rr~ 

f 1 

Fom 2 

Pa,c_of_ 

Process No. o. 0 ... 1 '~rn [0.1. Value Added: I $/ ___ 
Revision Dat~ 

Process Description: 

'Y 

1. Input Specification: 

Naceof Item: 

Di=ensions: 

Y~~e'ria.l : 

Other Specifications: __________________________________________________________________________________ __ 

.~ 
I 

1.1 Quantity Required: ---. _ 1 Unit Cost: $1 ___ _ 

1.2 Input Value: ~/----
1.3 Input Cost: $1-'---

~ote to Item 1.3: Use price, if input produced in own plant • 

.. ,*' "\ ;Ii :I' 'III< 

~i,,"''''';'' 'rio" , _'4'·!"'·-~C .... ~~A., 
_.~k. -~~"""----
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, -.r-

.... ;:>;:,t~ _;;;:.~~;:;;..._.:::-.;.:" ....;;;t:~~;:;,..;_;,...::;.<~. 

.'~. ~,::r.~~!I"'~r-1E,.~~Wt~.''i!. 

_40-" ~~ •• - ~~, 

,... 'It l;; 

.. 

Process No. D. 0 . I 1-' I 1 
2.~ D1.rect Materials,! 

Revision 

2.1_ Type: ; 

SpecLfication: ____________________________________________________________________ _ 

, 

Quantity Required~ ____________________ __ __ 1 __ ; Unit Cost: $/; Cast;: 

2.1 Type: 1 

Spec:lf:!cation: . , 

Quantity Required: _________ . ______ _ --1_; Unit Cost: $1 ; Cost: 

2.1 Type: .. , 
Specif:lcation: ~~ ________________________________________________________ ___ 

; 

Quantity Required: _________________ _ f ; lhlit Cost: $/; Case: -- ' 

2.1 Suot'Otal Dfrect'M.a.ter:lals: 

~ a 

Form: 3 
Page _ of 
Date ___ _ 

'. 
__ ~$I --

--~$/ -~ 

• 

-_---.::$/ --

--~$/_- J 
1r 

"., ." I !dI!l~~.!!!Ii~.~.~::::'.:::::"~~.:='"-"'.::7~."=;::"'-==.::~'"":::~==~~->---~,, .. ~-~=,-,.::=:~::::::iiiI,~·=---.:~~..:..:::t::l·r:.:::::.-~- ... 
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.,.",. ..." 

Process No. D. 0 . I . I I-,r--I..L.--I Form 4 

Page of 
2.2 Indirect Materials (iucl.supplies and non-energy utilities): 

Revision Date ----
2.2 Type: ; 

Specification:, ____________________________________________________________________ __ 

Quantity Required: ____________________ __ 1 ; 'Unit Cost: $1 ~ ---
2.2 Type: =:-=~ ____ _=~ ______________________________________ _=~~~~~~~~ 

Specification: ________________________________________________________________ ___ 

Cost: --~$/ ---

Quantity Required: __ 1 ___ ; Unit Cost: $/ .; Cost: --_:.$/ -
2.2 Type: _____________ _ 

Specification: 

Quantity Required: _-' __ ; Ur.i.t Cost: $/ ; Cost: --_$/_-

2.2 Subtotal Indirect Materials: I 
I 
--_$/'--

... ... ~ .", 
;, ')a 

~ _ ..;... -~...:3 

-~ 

~ 

~~o'''''-'''~A.=-b· HMfII;;: ~~.~~wtw::'_'3" f~ta~-$ "' .. _~~~::~~~.=~"'_'.:._ .. ~L......._ 
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~-~, ':,I\I""l'!:lI'-'!lIii'~-~""lf':""" "'.--"~~ .. t -,~" " ~ , ~ - , '- .~"""'"-- .; , 
.,.;- '.~;: -,:;:.:=:; ',C;~':;;'. ,-", - • 

... ,.,. 1 1/1 .. ." .. 
• 

:ProcessNo. D. 0 . [-n-_I ___ Form 5: 

Page of ~ 
1 

2.3 Expendable Tooling: 

2.3_ Type: Revision Date ----
_______ Quantity Required: ____ _ _---:1_: Unit Cost: $1---,. Cost: __ ....;$1_-

2.3_ Xype: _______ ~ _______________________ __:_:-

______________ Quantity Required: __________ _ _--"I : ~ Unit Cost: $1_ Coat: __ ---$1 

2.3 __ Type: _._--_' 

_______ Quantity Required: _____ _ _--11 _ Unit Cost: $' __ Cost: --- .$/ --
2.3 Type: ________________________________________________________ ~~--

_______________ Quantity Required: '-: Unit Cost: $1_ Cost: __ ----'$1 

2.3 Subtotal Expendable Tooling: _-----:$1 __ , 

2.4 Energy 

l • 2.4 Type' 

Quantity Required: U:dt Cost: $1 Coat: $1 

2.4 Type: 

Quantity Required: . Unit Cost: $1_ Cost: $1 . 
2.4 Subtotal Energy Costs: $/ 

2.5 Subtotal 2.~ to 2.4: $1 
2.6 Handling Charge: Z of item 2.5 sl 

2.7 Sg~total liateria1s and Supplies: $/ 
(2.5 + 2.6) 

-~ --- ----------

~,-=~'Wilt nmm""'mrw1~1_:_~~~.~=~"=~==:....... ___ --.... --"--:::==-- ·-~~~~=::.....;:;.;.;;.:::.-'~-::-:::-=~-&g,::-=-:"-=:"'="""':.~'C==__:-· -..I 



lW:;;",=.': 

Process No. O.D.EO-CD 
3.1 Direc t LaDor: 

3.1 Category: 

Amount Required: hf 

3.1 Category: 

Amount Required: hf 

3.1 Category: 

Amount Required: hf 

.... 3.2 Indirect Labor: 

3.2 Cacego.ry: 

koount Required: h/ 

3.2_ Category: 

Amount Required: hf 

3.2 Category: 

Amount Required: hI 

;ljI >it 

-:.?- -I ..... 

Activity: 

; Rate: $ 

Activity: 

Rate: $ 

Activity: 

; Rate: $ 

Activity: 

---...-~ - '---:--- -"~-

- -------

fh; Load 

fh; Load 

fh; Load 

~-:,.;¥.~~~O_·~~"~~lfI 

_~'-.~-""c"cc··-';'::;:::~ 

Form 6 
Page_of_ 

f 

Revision Date 
~------' 

-------

X; Cost: $/ 

or 

%; Cost: $/ 

%; Cost: $f 

3.1 Direct labor Subtotal: $' 
-------'-

Rate: $ /hj Load Xj Cost: ~$I 

Activity: 

; Rate: $ Ih; Load X; Cost: $/ 

Activity: 
-------

; Rate: $ fh; Load X; Cost: $, 
q 

, . .. 

3.2 Indirect Labor Subtotal: S/. 

3.3 Subtotal 3.1 and 3.2 $r 
3~4 Overhead on Labor:_ % $/ 

it 
3.5 Subtotal Labor -- --_$/ q 
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Process No·D. O".CD-o:J 
4.1 Equipment 

4.1 Type: 

Cost: $; Installation Cost: $; Throughput: 

Plant Oper'g Time h/y; Machine Avail'ty: %; Machine Oper' g Time 

Servi cing Costs: Labor hly at S/h;Parts or Outside S~rvice: 

Usefu 1 Life: y; Charge Rate! % of Costly; Capital Cost: 

4.1 Type: 

, . Cost: $; Installation Cost: $; Throughput: 
. 

Plant Oper'g Time h/y; Machine Avail'ty: %; Machine Oper' g Time 

Servi cing Costs: Labor h/yat S/h;Parts or Outside Service: 

Usefu 1 Life: y; Charge Rate: % of Costly; Capital Cost: . 

4.1 Type: 

Cost: $; Installation Cost: $; Throughpu t: 

Plant Oper'g Time h/y; Machine Avail' ty: %; Machine Oper' g. Time 

Servi cing Costs: Labor h/y at $/h;Parts or Outside Service: 

Usefu 1 Life: y; Charge Rate: % of Costly; Capital Cost: 

~. -'" ~~~ ... ,..,,..", nlf;,~,""'1!f't~ 
;~. _.l.P ::,"' .. ~ _ ':., < ''""', ~,~ • -: ~":'"1 

• 

~ ... 

Form 7 
Page_of _ 

Revision Date __ _ 
I 

Ih; . . 

h/y ... 
Sly 

Sly sJ_ 

Ih; 

h/y 

P II , 

~ 
" 

Ii 
11 !, 

r Sly i 
SlY $/ ~ 

-~ 
r 
, 
! 

I 
""h; , 

hly 
-it 

$/y 
i 
I 

i 
I 

I 
Sly $/-

4.1 Subtotal Equipment Cost: $/-
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Process No. D. D. rn-IT] 
.-".~~~: ....... ,-",,,,,:;..'-----

• Form 8 
l'age_ 0+£ 

4.2 Facilities: 
llevision : Date __ ---I 

2 /y 4.2_ Type: Floor Area: • ; Throughput: 

2 r-- ""'!"'II"----------Charge Rate: $/(m .y); ~!Clin'tenance Costs: ---- -------, Energy Use: Labor: h/y at S/h 

Heating /ya.t $1 I 
I 

Supplies: Sly 
Air Cond'g /yat $/ Outside Services: $/y 

Lighting /ya.t $/ 

L ____________ 

Total Cost: I Sly • " 

~~ 
'-

'~ (' 
~~~ 

'" .:' ~ ... 
~;;-

f:J. ;;.>f' 

~ -. 
~:,.. :~ 

~ :?' 
~, 

."" .:r 

.. 

4.2 __ Type: Floor Area: m2
; Throughput: /y 

S/(m2.y); 
r'-"- ___ I - - - ..... '..-. - - ---Charge Rate: Maintenance Costs: 

.-.. -- --- ... --- --~ ---. -.- -~ .~ ~- .... Energy Use: I Labor: h/y at $/h 

Heating 
. Iy at $/ . I Supp,lies: Sly 

Air Cond'g /y at $/ 

I-
Outside Services: Sly 

Lighting /y at, $1 - - - ~ ... ~--- -. ----
I 'TotalC-os t: $/y 

4.2_ Type: 
. Floor Area: 

2' . 
m '; Througbput: Iy 

2.---- - --~---_I_-
Charge Rate: $/ {m 'Y);-I Maintenance Costs: --- - -' - -- - - - -Energy Use!L b hI $/h I a or: Y at 

~Heating Iy at $1 

I Supplies: Sly 
Air Cond'g /y at $1 . . 

L Outside Services: $/y 
Lighting /y at S/ - --~ ~ -~, --- ~ ---- .... 

I Tota1 Cost: Sly 
- ._.-

4.2 Subtotal Facilities: 
.~. 

~ 

4.3 Equipment and Facilities Subtotal : 

01" "" 
lit li( 

. 

. . 
y 

$/ 

I 

$/ 
• 

II 

II 
II 

$1 

S/ 

$/ 

:J! 

• 
1 

1 
I 

J 

1 
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i'rocess No. 0 . 0 ~ rn-rn 
5. Sal.vaged Mat~rial. (Work-in-process) 

5.1. 

5.21. 

5.22 

5.23 

5.24 

5.25 

Quantity of Work-in-Process 1.. Contained in Good OU~put 
Work-in-Process (per Computation Unit) 

Input Work-in-process 1. Not Contained in Good OUtput 
Work-in-Process ("Amount Required" from .1.1 minus 5.1.) 

Net Amount of 5 .. 21. which is sold for Credit As-Is or 

After Applying Re-processD ~ 0 . ., ITJ-ITJ 
Credit for 5.22 at the Market Va1.ue of $/ : 

Cost of Reprocessing Material of 5.22 
at the Average Reprocessing Cost of 

Net Credit for 5.22 (5.23 minus 5.24): 

--_$' : 

5.26 Material of Type 1. Lost in Process (5.21 minus 5.22) 

~- :::' l'>!f~"""""~. !'l"',... ..... lIi;.~,~! .... .,'III! 
.. - ... . .... j 
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Revision Date ________ _ 

_~/ __ -
---_---:'---

----_...:'---
--------------$1---_--

----------$.1------

... 

___ $1_-

___ I 

5.3 Cost of Work-in-Process Not Containeu ~ uoodOutput Work-fn-Process 
(Amount 5.21 Times Unit Cost 1.1) 

--_$,'_. -
5.4 Cost of Work-in-Process Contained in Good Output Work-in-Process 

(Amount 5.1 Times Unit Cost from l.l) 

Salvaged Materials Summary: 

5.8 Total Net Credits for All Salvaged Materials (5.25 + 5.67 + 5.76) 

,~,_-.l_._ '---'-~ ____ . _-..~.:...-.._ .. _ ,. _ . ...J L,_._~.~ ... ~~~._.~~~~-~~k..... .~._~~._~~ fl 1 ~!nwmam:"""'--i 
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Process No. D. D. ITJ-ITJ 
5. Salvaged Y~terial (Direct) 

5.5 Quantity of Direct Material 2.1 Contained in Good OUtput 
Work-in Process (per Computation Unit) 

5.61 Input Material of Type 2 .1_ ~ Contained in Good Work-in­
Process ("Amount Required" from 2.1:._ .minus 5.5~ 

5.62-1.-.Net--Alnount-"Of5,.61. which is sold for credit }~"ISI or 

After Applying Re-processD • 0 . OJ -rn 
5.63 1 Credit for 5.62 1 at the Market Value of $1 : 

5.641 Cost of Reprocessing Material of 5.62 1 
at the Average Reprocessing Cost of -- ~I : ---

5.65 1 Net Credit for 5.62 1 (5.63_1 minus 5.64_1): 

5.62 2 Net Amount of 5.61 which is sold for Credit As-Is IP~ 

After Applying Re-Process 0 ~ 0 r OJ -OJ 
5.632 Credit for 5.62 2 at the Market Value or $1 : 

5.64 2 Cost of Reprocessing Material of 5.62_2 
at the Average Reprocessing Cost of $1 : ---

5.65 2 Net Credit for 5.62~ (5.63 __ 2 minus 5.64 __ 2): 

5.66 Total Net AmOu.Y1t of Material of Type 2.1~ Salvaged u: 5 .. 62_i) 

5.67_ Total Net Credits for Salvaged Material of Type 2.1 .... {t 5 .. 45 __ i1-

.,. (. It .~ 

--,.-:,' :'~~~'''''!i~' ........ 1'IiiiJi ,'If IIIl! 

Fora 9-2 

Page_of~ __ 

Revision Date~ ________ __ 

____ --:1 __ _ 

___ _ --:1 __ -

1 __ ---
------$1 __ -

------------$1_---­

_---------$/~.----

____ ---:1. __ -

_____ $1 __ -

____ ....;$1 __ -

____ --$1 __ -

_____ ...:1 __ -

.. 

____ $1_---

( 

" ... 

'1 

t, 
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Process No. 0 . 0 .rn ~ rn 
5. Salvaged Mat~rial (Indirect) 

5.7 Quantity of Indirect Material 2.2 Entered into Process 
(per Computation Unit) 

5. 7~1. Net Amount of 5.71 which is sold for Credit As-Is ctr 

After Applying ~e-pror,:ess D. 0 .: ; I-I I' 1 
5.72 ~ Credit for 5.71 1 at the Market Va1ue of $/ : 

5.73 1 Cost of Reprocessing Material of 5.7~ __ 1 
at the Average Reprocessin~ Cost of $/ : 

--~ 

5.74 l. Net Credit for 5.7l. 1 (5.72~1 minus 5.73_1): 

5.71 2 Net Amount of 5.7,1 which is sold for Credit As-Is or 

After Applying Re-Process D. 0 . I I-I I ] 
". 

5.72 2 credit for '.71 2 at the Market Value of $1 : 

5.73 2 Cost ,of Reprocessing Material. of 5.7l._2 
at the Average Reprocessing Cost of ---$,/ ~ 

5.74 2 Net Credit for 5.71 2 (5.72 2 minus 5.73 __ 2)" 

-----.. - --- "!"""'" ~--. ~~, ~~tI!i"V ~~!""'_,~nii,~ T,,,",,''!!P'~. 
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Fe~ 9-3 

Page~f_ 
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Revision Date '------

/ 

J~~_ 

----_.....:$/_--

$1 __ -

_____ ---:1 __ -

---------$/_~-

,-____ ~$I __ -

$/ 

• 

• 1 
I 

j 
I 

i 

5.75 Total Net Amount of Material of Type 2.2_ Salvaged u: 5 .. 71_i) ___ $,1_-

.. 
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Process, No·D. D. CIJ-CD Fom~lO 
Page of - ~ 

6. Byproducts and Wastes Revision Date •. ______ __ 

J'c 
~:;II. 
~ 

~-82 
~~ 
~,~ 
>~ 
~Q 

~: 

6.1 Solid Bypro(JuctsIWast-es 

6 •. 1 Type (Composition):. _____________ ..,....-_ Quantity Produced: J ____ _ 
Physical Sh~pe/Size: __________________________ _ Energy Content: kWh/ __ _ 

Density: gtcm
3

; Water Solubility: ----- gil at , °C; pH: 

Toxicity: .Biodegradable~ Other Retr.arks!:.-.. _________ _ 

Type of Disposal:, __________________________________ _ 

Input-Haterial for: _____________ _ Cost/(Credit) $/ ; Cost: 

6.2 Liquid Byproducts/Wastes (inorganic): 

6.2 Type (Composition): ___________________ _ Quantity Produced: / __ _ 

Densiry: ____ g/cm3 ; Suspended Solids:. _________ _ Amount: .mg/l pH: ---
Toxicity: Heavy Metal Content: __ mg/l Other RemaYks:._' ____ _ 

Type of Disposal:. ____________________________________________ _ 

Input Mater'lal for:. ________________ _ Cost! (Credit) $1 __ _ Cost: 

!:arry: 

,;J' .. '" ... 

.. 

... 

__ $1_-

• 

__ $1_-

__ $1_-

- .'~ 
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Fora 11 • 
Page __ of __ 

Process No. D.O. [ I I-I I 1 Revision Date ------
6.3 Liquid Byproducts/Wastes (orga!d.c) I Carry from Form 10 --~$/_--

6.3 Type (Composition): Quantity Produced: / ---
Density: s/cm3 ; Toxicity: COD: mg/l;BOD: mg/l 

Ignition Point: °C; Explosive Mixture in Air: % to __ %; Other Remarks:--,. __ _ 

.. 
type ~f Disposal:, __________________________ ------

Input Material for: Cost (Credit) $/ ; Cost: -_$/_--

6.4 Fumes~ Gaseous Byproducts/Wastes 

6.4 Type (Composition)! Quantity Produced: / ___ _ 

Energy Content (Combustion): kWh/ ; Explosive ~ture in Air % to %. 

Ignition Point: °C; AerosolO Precipitates ,in minutes pH __ ._ 

Toxicity Requires scrubbingD "Type: of Scrubber: ________ _ 

(enter scrubber under 4.1, 4.2, scrubber effluent under 6.1 to 6.3) 

Other remarks:,~ ____________________ __ 

Type o~ Disposal: ______________________________________________ ___ 

Operating Costs: $/ ; Cost: __-:$1 __ -

6. Subtotal: Byproduct/Waste Disposal Cost: 

."~,~4.r:H~" •• o' .... ,>4 
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Revision Date Process No .• D.D.DJ-m -----
7. Process Cost Computation 7.11 ~.a.nufactutin8 Add-on Costs (sum of 2.7, 3.5, 4.3, 6.) 

7 .• 22 Other Indirect Costs: % of 7 .. 11 

7.21 Total Operating Add-on Costs of Process: 

1.22 G .& 1i 
--.---~-.---

% of 7.21 

7.31 Total Gross J..dd-on Cost of Process 

7 .~":~~"':<: f'Or Sa1.vaged Y.are:d.al. (5.8) 

7.< '"33 Cost of Vork-in-Process I.ost {5.3} 

1.34 Speci.fic Add-on Cost ofl'rocess {7.31 + 1.33}-{1.32} 

7. 35 Cost of Input ~ork-in-Prccess Contained in Good 
Output Vork-in-Process (5.4) 

7.36 Loading on 1:tem 1.35 at Bat:e % 

7 .37 Cost of Output ~ork-in-1'rocess (7.34 + 7.35 + 7.36) 

7.41 ";"neoretica1 Yield {or Conversion 'Rate, if output units ()f 

"!" •• iork-in-process do not equal input unitS] ____ --=1_-

7 .42 Practical Yield 

7.43 Effective ~Yie1d (7.41 x 7.42) 

7.44 !iU!lber of Units of Good Output llork-in-i'roeess pel'" 
Computation Uni-:'Used up to 7.35 

_-..:% 

-_-:'----
I 

$/. 

$/ 

$$1-

$'-
'§, 
$/ . . 
~, -}1. 

$/ 

$/. 
..... 
$/ 

~ ~ 

• 

7.51 Cost (;. wit of Good Output Work-in­
l'roces~~ (1.31 ..;. 1.44) ___ $1 __ _ 

7.52 Specific Add-on Cost per Unit of Good 
Output llork-1n":Process (1.34 7- 1.44) 

. 
_$1 ---

-, 

: 

~ 
j 
1 

j 

1 

I 
.1..J~ .. ~. __ !Iii", .... "" 
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Process ~o. D ~D.I I 1-1 I I 
8. Price Computation 

8.1 Alternate 1 

8.11 Profit at Expected Rate of %: $1 ____ _ 
(Profit before income taxes; applied to 7.52) ! 

~. 
~ 
f 
t 
~ 
Ii 
~ 

~ 
~ 
t 
fit 

~ .. , 
! 
; 

8.12 Price of ~rocess (7.52 + 8.11) 

8.13 Price of Work-in-Process (7.51 + 8.11) 
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Process No. D.O.m-o::J Fonn 13-2 
Page __ of __ 

Revision Date ------
8.2 Alternate 2 (SAMICS Methodology): 

8.21 Profit Computation: 

0.9274* $/ from. Subtotal 4.1 - $/ ____ _ 

1.946* $/ from Subtota14.2 - $1 ., 
Subtotz1 = $/_---

8.22 Costs of .Amortization of the One-Time Cost: 

0.192* $/ from Subtotal 2 .. 7 ::: $f 

0.192* ~/ from Subtotal 3.5 = $/. 

0.2958* ~/ from Subtotal 4 .. 1 2: $f 

2.77* $/ from Subtotal 4 .. 2 - ~f -Subtotal = $/ 

8.23 Total Net Cost of Equity (8.21 + 8.22): $/ ---
8.24 Profit and. Amortization of Start-up Costs per Unit of Good Output 

~or~-in-Process: 
(Divide Subtotal 8.23 by ____ _ ___ -:l from.7 .44) 

-_-:$/_--

8 .• 25 Price of :Process (7.52 + 8.24) ----_$/_---

8.26 Price of \1ork-in-Process (7.51 + 8.24) J $/ 'j 
I 
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9. Process Economic Evaluation: 

l 

,-..-.... ".~'= ·'-~" .. ~-~~~,.f;t~u:ottt..""* ... ~'tM~:~:1cl:tJ#t~;,.ut\~~I;;*~·"""#";:""~:;·"H~:, 

~ I.l.... __ ••. -"" .......... ~ •. ,.; . , ____ _ 

9.1. Process Cost Balance (7.52 - 0 •. 1) 

9.2 Relative Proc.ess P;erformance (9.1 .;- 0.1) 

9 .3 Output Cost (7_ 51) 

9.4 Output Value (0.2 + O~l) 

9.5 Relative Excess Cost 

_~, .••• ~l_ 

[c 9.3 - 9.4) ~ 9.tJ 
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