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Summary

The solar cell metallization processes show a wide 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 year has led to the following conclusions:

1. 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 grid line} and conse-
quently the power loss, is proportional to the square of the
length of the current path in the element. Consequently,

grid line lengths significantly above 2.5 cm should be avoided.
As a result, large area - square or round - cells will need

a periodic grid line structure with multiple bus lines.

2. The sheet resistance for each level in the hierarchy

of elements for the current paths (front layer, grid line,

bus 1i£§) 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 obtainable by metal deposition processés, if

shading is to be kept within reasonable bounds. Thus, the
reinforcement of the bus lines by interconnectors or wires

is a logical answer.’

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 can be 5% of the maximum power output for all of these
losses combined for a 10 cm x 10 cm cell, This requires a
relatively fine grid line system of, for instance, 1.54 mm
spacing (65 grid lines) and 25 um line width, This is well
within the capabilities of several types of current metalliza-
tion processes.

4. When it 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 cm x 10 cm cell,

S. The end point voltage drops on metallization lines 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
linés, 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 linés.

7. The energy dissipated in the series resistance elements
themselves is by far the dominant energy léss resulting from
gseries resisténce. A rematching of the load to reduce the
current from ihat giving maximum power in the "ideal" cell
without’series resistance, can result in a slightly gfeater

power output than would correspond to the maximum power output

iv
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: of the ideal cell minus the energy dissipated in the series

¥ resistance.

8. While in general an optimum value exists only for the
grid line and bus\line shading ratios, with monotonouslyﬁ

decreasing losses as grid and bus line spacings tend

towards zero (with the shading ratios maintained at their i

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

S,

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

is limited by technological requirements. In these cases,

optimum values can be found for the bus line spacing and E €
wire diameter separately, or for the grid line spacing .
in dependence on the minimum practical line width. %
] 9. The analysis of the 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 linewidths of 127 um or greater, and which yield only a

S AN ok s

L

fraction of the bulk conductance of the deposited metal. ?

¥ ‘ 11. Several metallization process sequences will lead to
adequate metallization for large area, high performance

solar cells at a metallization add-on price in the rénga of
6.~ to 12.¥/m2, or 4 to 8¢/W(peak), assuming 15% efficiency.

% | 12, Conduction layer formation by thick film silver or by %

P
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tin or tin/lead solder leads to metallization add-on prices
significantly above the $6.- to 12.-/m2 range.

13. The wet chemical processes of electroless and electrolytic
plating for strike/barrier layer and conduction layer for=-
maticn, respectively, seem to be most coist-effective.

14, Vacuum deposition ,f the strike/barrier layer may be
competitive with electroless plating.

15, The final selection of a process sequence may hinge on
small, but important effects connected with lasking, such
as underspray under shadow masks, overplating of the edges
of the barrier layer, regiétration 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 influehce initial‘

solar cell performance or cause long term degradation.
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I. INTRODUCTION

The manufacturing methods for photovoltaic solar energy
utilisation systems consist, in complete generality, of a
sequence of individual processes. This process sequence has
been, for convenience, logically segmented {nto five major
"work areas": reduction and purification of the semiconductor
material, sheet or film gcsheration, device generation, module
assembly and encapsulation, and system completion, including
installatiqn of the array and the other subsystems. For
silicon solar arrays, each work area has been divided 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
producing silicon solar cell modules, numerous options have
been proposed‘and/or developed, and will still'ﬁe proposed and
developed in the future. It is a near neceSSity to be ablg
to av;Luate_such proposals fot the technical merits relative
to other known appraacheé, for their economic benefits, and
for other techno-economic attributes such aé énergy consump~
tion, generation and disposal of waste by-products, etc.

Such eValugtions have to be as objective aS‘éossible in light
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of the available information, or the lack thereof, and have

to be periodically updated as development progresses and'new
information becomes available. Since each individual process
option has to fit into a process sequence, technical inter-

faces between consecutive processes must be compatihle. This
places emphasis on the specifications for the work-in-process
entering into and emanating from a particular process option,

The objective of thie project is to accumulate the
necessary information as input for such evaluations, to
develop appropriate methodologies for the performance of
such techno-economic analyses, and to perform such evaluations
at various levels,

The reduction of quartzite to metallurgical 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
silicon wafers to solar cells. This prdcessfinvc1Ves many
steps, one of which is the front junction formation., Of the
majot junction forming processes currently employed, diffusion
from gaseous sources was examinédlin detail as a baseline
process. It was then compared to alternate optiOns,;in-
cluding modified diffusion processes and ion implant#tion,
to determine their potential for mass production processes

of lower cost.




After junction formation, the next major step in cell
fabrication is metallization. The metal pattern‘is*needed
to collect and deliver the current from the photoyoltaically
active parts of the solar cell to a terminal whe£e the load
can pbe conveniently connected. To facilitate the techno-
economic evaluation, the input work-in-process specifica-
tions, procedures, attributes, technical readiness, and costs
for current and proposed major métallizaticn processes, as
well as the requirements for ancillary processes, such as
masking, sintering, etc., were examined, The basic processes
applicable to metallization are: wet ch@mical‘plating which
includes immersion, electroless, and éleétralyfié plating;
physical vapor deposition where the metal is vépofized by
thermal enérgy, by an electron bean, or by sputtering with
Argon ions; and thick film screen printing of noble and base
metals with and without the preSence of frité; An example
of their application is the formation of strike and sensi-
tizing layers by immersion or‘electroleés plating, or al-

ternately by vacuum evaporation. A variation of vacuum

evaporation is ion plating, where the vaporized metal atoms

are ionized either by an Argon p1asma or by an RF field.

Variations to the state-of—ﬁhe-art thick film screen print-
ing procéSS are also under development, such as the Midfilnm
process which combineé’some aspects of the photofésist pro-

cess with the thick film méthods;

It is not only necessary to establish low resistance
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contacts and an adequate conduction layer, but it is impor- .
tant to define a metal pattern on the front of the solar
cell which combines minimum series resistance losses and
area coverage,

Consequently, a part of this report deals with Qhe
metallization pattern design, often called "grid line design",
It is more readily open for analysis than other aspects of
the metallization process/pefformance relaéionship. Never=
theless, a lot of misunderstanding of the metallization
pattern/performance relationship seems to have existed.

The vérious processes applicable to metal deposition
and pattern genération impose differing limiﬁs to the design
options available, and consequently to the solar cell per- *
foﬁmance 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~-
gserved that, in'general, the metallization pattern design
is much more sensitive in large area solar cells than in,
small cells. While small cells are quite fbxgiving to mis-
takes in grid strﬁéture design - very small cells do not

evén_need any grié-patterned contact system - careless design

of the contact geometry in large cells can lead to serious

performance loss.
The later part of this report concentrates on the pro-
cesas options for applying 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 caseé, these
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-wi&h the currxent methods of metallization for

which a large amount of the needed information is normally

available. Nevertheless,}sﬁbstantial gaps or uncertainties

were found in important;iﬁformatiOn required for both techni- g ‘
cal and economic evaiuaﬁioﬂ of the currently practiced pro- |
cesses., In prdceeding’to the evaluation of processes which
are still in the developmental or even conceptual stage, the
@, gaps in needed information become even larger. In these cases, |
it is necessary to fill the gaps more extensively with esti- ‘

mates based on extrapolations or analogies.
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FIG. 1 Four Types of Front Contact Pattern Investigated.
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II. The Impacts of Metallization Pattern Design in 10 cm 10 cm
Solar Cells: IIIustrative Examples. ' o

To illustrate the impacts of metallization design on effi-

ciency and process cost-effectiveness, 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 purpose, the
thickness of the metallization, assumed to be copper of bulk
conductivity, was varied from 5 um thickness to 10 um, simulta=-
neously for both the front and the back metallization. In

the final variant, the most favorable pattern‘géomet;y has also
been evaluated with a metal layer as it would result from screen
printing and sintering a silver paste, resulting in 10 um
thickness after firing. The study was based on the’lo cm x

10 cm 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 cm
centerline spacing), placed normal to the grid pattern of par-
allel lines, and parallel to one of the sides of the 10 cm x
10 cm square cells. The width of the bus lines is 1 mm (40 mil).
Each pair of adjacent busses is jbined near one edge of the
cell to form‘two'attachment ponts for interconnectors td 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.

PRSPPI S5 e M |

[ CasE _(conomn 1) 1 2 13 3 5] 6 7
! PATTERN TYPE (Fig. 1) 1 2 2 3 3 4 4 B
- BASE: BULK: |
' RESISTIVITY (ficm) 34— ! 1 >
4 THICKNESS  (um) 300—t— | 200 —
| CONTACT:
METAL THICKNESS (um) 5—4—p | 10 +—b
PICK~-UP POINTS 1+ 2 ! 4+ ——Pp
o FRONT: DIFFUSED LAYER
SHEET RESISTANCE () 35 , &
' METAL: Cu —p PRINTED Ag
& THICKNESS (um) 5 » | 10 > 10 (FIRED)
L GRID LINE |
? SPACING (mm) 4 2 —»
WIDTH (um) 1279 | 75 > 127
BUS LINES |
NUMBER | 4 1 A —t—p
WIDTH (mm) » 0.25—4—P-| 0.64—1+—P
PICK-UP WIRES
NUMBER - i 2 8 J 4 —P
GAUGE - » | 26— 22 —
DIAMETER (mm) - : 4 0.405+—® | 0.644=—P"
* % » ® ¥

x
|
i
>




! to be of the same material and the same thickness as these i

(5 uym). The center-to-center spacing of the grid lines is
4 mm (160 mil), their width 127 pm (5 mil)(Table 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
1 i 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 J

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

self, 1Its resistance is given by:
dg

Ry= p —3% ; [Q] ' (2)

With a semiconductor resistivity p of 3 Qcm, and a base region
2

thickness, dBnoff 300 um, the resistance is 9 - 10"2 Q cm

f for the unit cell area. For the entire cell of area A = 100 cmz,
P - ‘;
| RBis 9 « 10 4 Q. The corresponding voltage drop at a maximum

o ; power point current of 3 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 metalliﬁation‘with copper of bulk

resistivity and 5 um thickness, the sheet resistance Rsh is

secsigpaptany

@*? : 3.2 mR. With uniform injection of the current over the entire

t>ﬁ back surface, the effective current flow within the metal layer

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

b .  contact. This could also be expressed as anieffective resistande

| of the back contact metallization of 1.7 mQ. However, the current‘

C e | is usually extracted from a small area to which an interconnector

e




e s

[ S
i
i j % i
Current

Flow Paths
[;
;
|
|
n Single Point Interconnector
; Attachment in Center of Cell
.
’V

o 10 cm -]
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Approx.
‘ Current ,J

Flow Pathsd-;1 8cm
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Stk Y
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: ments near Edge of Cell. *
u FIG. 2 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 sides
of the cell. The effective resistance value discussed would be

appropriate for this latter arrangement. For the small area

pick-up mentioned first, the spreading resistance has to be

taken into account. Its value is given by:

R om Rsh n £ 1 (1)
. -T ’

sP " ’l» (a )2
] s = r /

Assuming the interconnector to be attached in the center of the

wafer with a circular joint of radius a=1.5 mm, the spreading

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

value leads to a voltage drop of approximately 5 mV. E
1

The sheet resistance of the front layer‘Rsh FL is assumed
: [4

to be 35 2, the value generally used in modern silicon solar 5

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 occuring

o ’ over this distance resulting ih another factor of 2, the
effective resistance Ry, of the front layer itself attains the
value given by:

Rpp, =

In this relationship, w is the total length of the grid line to

¥ the nearest bus line, or half the clear spacing between adjacenﬁ

bus lines. The voltage drop in the front sheet is then given v g
* by the product of the resistance value given by equation (4) |

11
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and the current contributed from half of the space between

adjacent grid lines, that is the area % . W

| 1.2
AVer, =3 * Rgpopr, " § 5 7 (5)

It may be noted that the voltage drop is proportional to the
square of the total length of the current path in the given sheet.
This is characteristic for all current flow in sheet structures
in the cell, 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 T L the effec-

G
tive resistance R, of the grid line itself is similarly given by:

} = . l - iividiat
Rap, ® Ran,en o ; (6)

1
TaL

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

from an area equal to S'W is given by:

. 1s 2
Ve =3 Rsn, an 3oy W )

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 resi$tivity of copper, 5 um grid line thickness; and 127 um

line width, a 2.5 mV drop is found for the grid lines themselves,
Relationships corresponding to those for the grid lines

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

bus line resistance RBL given fby(,'rBL = width of the bus lines):

% N S ~ (8)

! t 3 R .
Rpr * Rsh,nL Tor

RSN
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and the voltage drop in the bus line, with current collected i

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

| W2

In equations (8) and (9), L expresses the length of the side of 4
the solar cell, which is parallel to the bus line, assuming the

bus line length to equal the length of this side. With the 5 um
thickness of the bus lines and their 1 mm width, the resistance of %;

3
|
|
F

the bus lines is considerable, resulting in a voltage drop of %é
129 mV for the current flow of 0.75 A per bus liﬁc of pattern |
Type 1.

a The voltage drops discusses here for the front layer and

% the metallization are the maximum voltages, appearing, for a 1

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 thé
shape of the grid line, as will be discussed in séction IV, ¥For
lines of uniform width, as well as the front layer itself and the
back metallization, in the case of full coverage, the factor of
2/3 is to be applied to the maximum vdltage drop. For uhiformly
tapered lines reaching zero width at the farthest point, the

? factor is 1/2., For pattern type I with unifoim width grid and

bus lines, the sum of&allieffectiveyvoltage drops, iﬁéluding‘those

i , in the base region and the back contact, is 108 mV, or approximately i
. 21% of the maximum power point voltage of the ideal cell with zero

résistancej
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Tabl= IX.

The Voltage Drops and Front Area Shading by Metal for the Seven Cases of Table I,

CASE (COLUMN #) 1 2 3 t T s T - _ﬁ,;.-‘
| PATTERN TYPE 1 2 2 3 1 3 T L §
'VOLTAGE DROP (mV) 1
g  BASE: CONTACT 5—t—> 2.9 -5
BULK 2. 74> 0.6
. _ . » -
FRONT: DIFFUSED LAYER 21 11,1 4.9 <4 -
GRID LINES 2.5 106.5 61 1.0 ' 1.65
BUS LINES 129 15.1 15.1 15.6 0.97 | 0.96 0.95
=]
Ll WIRE 0 > 8.6
TOTAL EFFECTIVE: (mv) | 108 95 56.5 | 22.7
AS % OF Vyy  mpean| 21 18.3 10.9 4.3
AREA COVERAGE (em® = 1)
GRID LINES 3.18 4.02 3.6
BUS LINES 4.0 0.97 0.98
TOTAL 7.2 5.0 4.6 5.3
]
o
S - = ‘t "
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This value is clearly untolerably high. 1In addition, the grid
lines and the bus lines cover 3.2 and 4,0 percent, respectively,
of the frontal area of the cell. Yor the cell with metallization
design Type I, the combined series resistance related power loss,
including the front area coverage, thus amounts to approximately

288 of the potential power output (Table II).

As equations (6) and (8) show, the maximum voltage drop is
proportional to the square of the path-length of the current
in the respective conductor. In order to limit a given voltage
drop, it is therefore important to limit the path length for
the current. Since in the first metalllization pattern, Type 1,
the main voltage drop occurred in the bus lines, the remedy
would be shortening their length, This consideration leads to
the pattern design Type 2, where there is only one bus 1ine,
running aionq one edge of the cell (Fig. 1l). The number of
pick-up points, -two, ‘on the fréont has been maintained.from Type I, so
that the average path length in this main busiline is now
reduced ftom 10 cm to 2k cm, with a resulting decrease of the
voltage drop in this element from 129 mV to 15 mV. Simultaneously,
the grid line spacing has been peduced from 4 mm to 5 mm (Table I).
The back metallizdtiqn has been maintained as before, as
a consequence of the reduced grid line spacing, the voltage drop
in the front layer itself has been reduced from 21 mV to 1l mv.
Because of the increase of the Iengthjof the grid lines, however,
and in'spite*of the reduced current flow in each one of them,

their'voltage;drop has grown"from 2,5 mV to 107 mvV,
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In consequence, the total effective voltage drop for the cell
is 95 mV. Simultaneously, the increase in the number of grid
lines has increased their area coverage from 3.2 to 4%, while
the coverage by bus lines has been reduced to 1%, yielding

a total area coverage of 5%. (Column 2 of Table II).

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 has 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 um, which ig about
the maximum thickness reliably obtainable by various deposition
methods. The resistivity of the hase material has been decreased
from 3 to 1 Qcm, and the thickness of the base region from 300 to
200 ym, 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 the number of pick-up po 1ts on the front of the cell, and

- it provides redundancy. Also, the base pick-up points have been

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

- to the adjacent cell), and they have been slhaped as semicircles
" of 4 mm diameter, Their effective spreading resistance is

'1.1 mQ. Outside of the spreading resistance region, the metalli-

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

each half leading to one of the contact points (Fig., 2p), -

16
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The additional resistance of this metallization sheet is 2,7 mQ,
so that the total resistance is 3,9 mQ for each half of the
back metal layer. 3Because of the uniformly distributed injection
into the metal iayer, only one half of this total resistance is
effective. Since each pick-up poin? carries only one half of
the total cell currznt, 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 td 2 mm, with a
simultaneous decrease in the width of the grid lines from 127
to 75 um, so as not to increase the area covered by grid lines
(Table I). This reduced gridline spacing gives a voltage drop
of 4.9 mV in the front layer itself, Simultaneously, the re-
duced current flow in each grid line, together with their
increased thickness, yields a grid line voltage drop of Sl‘mv.
Taking also account of the voltage drop in the main bus line
(15 mV), a total effective voltage drop for the entire cell
of 56.5 mV is now obtained, for‘aipowér loss of approximately
11%. At the same time, a small reduction of the metal coverage
in front (4.6%) has been achieved aé 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. 1).

The average center-~to-center spacing of .these busses is 2.5 anm.




The interconnectors to the adjacent cell are now running over
the top of the cell for most of its length, serving simultaneously
as pick-ups from the 4 bus lines, as shown by the open and solid
wide lines, respectively, in the Type 3 pattern illustra-

tion. All other metallization features have been kept constant.
The grid line voltage drop has been reduced to 1l 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 (B & S) which corresponds to 0.4 mm diameter. 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 5.3% (Column 4 of

Tables I and II).

Since the largest voltage drop in the Type 3 pattern is |
in the bus lines, the number of pick up wires has, for a trial,
been increased from 2 to 8, mindful of the Lz rule for the bus
lines. The other features of the Type 3 pattern have been
maintained. This change resulted in a decrease of the bus
line voltage drop from 16 mV te 1 mV, and that in the pick-
up wires from 8.6 mV to 2.6 mV, with a consequent total’
effective voltage drop of now 8.9 mV, for a 1.7% total series
resistance power loss. While this could be considered as a
tolerable level, the increased number of pick#up wires now
shade 2.8% of the frontal area, for a total shaded area of

7.4%, a value significantly larger than considered acceptable.

18
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As the number of pick-up wires used in the previous trial
seems excessive, their number has subsequently been again
reduced to 4. Also, since there occurs some unnecessary shading
by both bus lines and pick-up wires, the pattern has been rotated
by 90°, 80 that the pick-up wires run now on top of the bus lines
(Type 4 in Fig: 1), This, in effect, constitutes a reduction
of the sheet resistance of the bus lines through a thickness
increase. In fact, by slightly increasing the diameter of the
pick-up wires to 22 gauge (0,64 mm diameter), the bus line
voltage drop could be maintained at the same value as in the
prior arrangement, alEhough 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). Conge~
guently, the total effective voltage drop is 7.1 mV, corresponding
to 1l.4% power loss. In this approach, the bus line area coverage
has been increased to 2.5%, but no additidonal area coverage by
pick-up wires is incurred. Thus, the total front area coveraqe
by metallization is 6.1% (Column 6 of Table II).

The use of printing methods for application of the metalli-
zation pattern has recently found widespread interest because
of potentially very low'prodessing costs., For this reason,
the grid and bus line pattern Type 4 whfch was just discussed
with plated-copper“metallizatiOn, has aiso been evaiuated for
a screen-printed thick film silver system. Use of this'system

entails two restrictions., First, the minimum line width attain-

‘able with thick film screen printing has been(projectéd to
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Table III.

Output Power (Efficiericy) and Solar Cell Values for the Seven Metallization Cases of Table I.

CASE (COLUMN ¥)

1 2 3 4 5 6 7
PATTERN TYPE 1 3 2 3 3 2 =
- | aoprOX. OUTPUT VOLTAGE |
ol Ymax ) 0.412 | o0.425| o0.463| o0.497 | o0.511 | o.513 | o.513
® | ApPPROX. CURRENT DENSITY
J (mA cmﬁ'z)
max (MA cm 30.64 | 31.36 | 31.50 | 31.27 | 30.57 |31.00 1|30.19
: ADPROX. POWER OUTPUT
: P (MW cm 2) 12.6 13.3 17.6 15.5 15.6 15.9 ' 15.5
3
E CELL VALUE  $/xf 55 62 78 88 90 |93 88
| $/W 0.403 | o0.443] o.505 | o0.54 0.545 | 0.554 | o0.54
sl
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127 um, although 254 um is currently the ﬁinimum practical

line width. 1In contrast, line widths of less than 75 um are
readily attainable now with various other plating methods, This
necessitates larger area coverage with screen printing, The
second restriction is that the sintered metal layers have a higher
resistivity than the bulk metal, or plated layers. With the
practically attainable maximum thickness of 10 uym for a single
screeh~printed layer after firing, the sheet resistance becomes
limited by the generally experienced conductivity of the paste-
deposited and sintered silver, which is about 30% of its bulk
conductivity (Column 7 of Takle I). With this, the grid line
voltage drop is increased to 1.65 mV for a total effective voltage
drop in the cell of 7.5 mV corresponding to 1l.5% power loss
(Column 7 of Table II ' Because of the greater gridhline
widths, the total area coverage is increased to 8.6%. Togeth-

er, this entails a power 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 resistance and zero
front area coverage, a,maximum-powerepoint current of 33 mA 'cm-2
and a maximum-power-point voltage of 0.52 V would correspond to'
current‘technology, for a power output of 17,2 mW, Assuming'-the
series resiStahce to effect only the output voltage by reduétion
from the ideal maximum-power-point voltage with the effective
VOltage drop, and the agéazcovéragé to afféétionly the maximum=
power-point cutrent in:probortion to theunshaded front area, a

table of power output per unit cell area for the seven different

21
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Four curves representing the relationships between the value of
solar cells and solar modules, respectively, and the efficiency
of the modules. Both are expressed in dollars/m? (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 module value is 0.683$/W(peak) at a
module efficiency of 14% (circles), with an 0. °01$/w(peak) ,
encapsulation and module assembly price, using a ratio of 0.933
between module efficiency to encagsulated cell efficiency. The
array installation price is 60$/m<, with an array packing factor
of 0.95. All these base data are DOE/JPL 1986 goals for single
crystal 51l1con cells.

The array 1nstallation prlce determlnes the slope of the module
value curves, the module encapsulatlon 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
ule of 100 mw c:m-2 peak insolation, the power output numbers
represent simultaneously the efficiency numbers. 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 differences in module efficiency.

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 m2 for the less carefully designed systems.‘ Even the

$5/m2 difference in value between the copper plgt§d4gnd 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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III. The Influence of Series Resistance on’Solar Cell Performance,

l. A single lumped series resistance.

Because of the exponential I~V characteristic of the junction
of the solar cell, all considerations of series resistance become
complicated. Consequently, some of the effects of series
resistance are not thoroughly explored, and a good deal of con-
fusion seems to persist in the technical community. A small
effort has, therefore, been spent on trving to clarify some of
the simpler 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 IL’
in parallel with an ideal diode which drains off part'of this
current as the "diode current" Iye Consequently, the remaining
current I is available for passage through the solar.cell,terminals

to an outside circuit which is represented by the load resistance

RL in Fig. 4:

I= ID - IL ; (10)

BV BV
I, = Ic(e D -)= I e D, (10a)

with: B = q/kT.

The solar cell with series resistance can be considered as an
jdeal solar cell without series resistance, having imaginary termi-
nals across which the "diode voltage" VD’appears, as indicated

in Fig. 4. This ideal solar cell is then connected to an ex-

ternal resisztance Rg, which repreéénts the single,lumped series

resistance of the cell, and which leads to the real solar cell
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FIG. 5 Current - Voltage Characteristics of the Solar Cell
Without and With Series Resistance (a), and of the
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Thus, for the maximum power point current I

terminals. The voltage V appears across these terminals, and
the adjusted external load resistance Ry is connected to
them. Thus, the ideal solar cell would see the combined load

resistance:

R{ = R

L + Ry i (11)

S

and its maximum power output would be I-VD, where the current I

and V. in

mp , R=0 "mp, R=0
Fig. 5a. Thus, that IV characteristic in Fig, 5a on which the

and the voltage V, are designated as I

point V I lies, is the charateristic of the ideal

mp,R=0’ “mp,R=0

solar cell without series resistance.

On the real terminals, after the series resistance Rgy that
characteristic applies which is represented by thé’curve going
through the point V

mp,R R
the voltage Vk on this characteristic is readuced from that of the

and Imp (Fig Sa). At each current point,
L S}

ideal solar cell by the voltage drop I+Rg

Vg = Vh,+ I Rs ; i (12)

]
mp'R=0 on the idea..

diode, the voltage V appears at the terminals

mp,R=0 ~ Tmp,R=0'Rs
of the device after the series resistance. Note that.éll terminal

currents I are negative according to eq. (10) and Fig. (5a).

The power output of the solar cell is given by the product
of current and voltage at each point of the IV characteristic.
Thus, for the device with series resistance, the power output at

any terminal voltage VR is given by:

P= IVR .‘VRIde -'- VRIIj : (13)

27
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‘negative quantity in the range of interest. The current I

with vy as it appears at the ideal diode terminals according to

eq. (12), The power output P as function of the terminal voltage -

Vg has the form shown in Pig. 5b. The maximum power available

from the device is indicated by Pmp'

output with respect to the terminal voltage VR is given by:

The derivative of the power

; BV,
ap ar .. 2D
NR = I + VR aVR = I + BVR'IOe : (14)
and, in order to find the maximum power noint voltage Vmp, this

derivative is set equal to 0,

The interesting part is, that introduction of relationship
(12) into the left hand part of eq, (13) leads to:

2

P = IV, + I Ry (15) .

which shows that the available power 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 according

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

dissipated power is a positive quantity. It should also be noted

that the derivative %é is a positive quantity, although I is a

D which
flows through the diode junction, is also positive, Thus, for the
idealized solar cell with zero series resistance, the maximum

output attainable is:

Pop,R=0 = Tmp,R=0"mp,R=0

BV -
L mp, R=0 - . ’ -

28
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with all concerned guantities indicated by subscript R=0,
For the real solar cell with a single lumped-constant

resistant Rg, however, the maximum power output is:

Pmp,R = Imp,RVmp,R
* Inp,R (YD,mp'F Tmp,R Ra) ; (17)
or
Pmp,R ™ VD,mp [Ic:,»e oom IL] * Im.p,Rz' Rs 1 (172)
Here, ngmp is the voltage which appears across the idealized

solar cell for ﬁaximum power out of the real terminals. The
question is, whether maintaining the maximum power output from
the idealized device also delivers maximum power into the properly
adjusted load resistance RL (eq.11), or whether deviating from
the point at which the idealized solar cell itself su?plies
maximum 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 dissipated 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 with load resistance:

%IPAL - mp,R=0 , 1 (:t 2 R )

D,mp 8

+ T
dVDrmP d D,mp mp, R

daI

: o %mp,R
=2t R EVEE"_ ; , (19)

* D’mp

2 4‘}‘
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*This equation contains basically two terms according to those of
eq. (17a), where the first term was derived from the maximum power
point of the idealized device. Now, the maximum power output from
the idealized device has been found by setting its derivative with
respect 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 dissipaied power, however, changes with
the first derivative of the current, and will thus be much larger.
As remarked above, the derivative %% is positive and is multiplied
in the gecond 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 device terminals with a change in voltage is a
negative gquantity, indicating an increasa in the available power
output. Consequently, the optimum operating point of the solar
cell with series resistance is at a voltage which is slightly
greater than given by vmp,R-O'Imp,R-o'Rs' and the power 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 voltage minus the voltage drop in the series raesistance, as
1ndicated,by the~hoxizontai arrow in Fig. Sa. The related, common~
ly used waj of analyzing the solar cell by considering the matched
cllo‘ot the idealized device and reducing the poﬁer'outpﬁtlby the
dissipation in the series resistance results in a slightly sﬁqller~,
than optimum power output. Since the differences in power outgut

are small, most results obtained this way shoﬁld be justifiable,

~but it will be good to keep in mind that these analyses actually
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are worse-case approximations. 1In the following 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 voltages.

The treatment of series resistance as a single lumped con- i
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 resistance components, however, cause differing voltages
to appear across various parts of the pn junction. These ére the
voltage drops caused in the bacl: 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 the 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 egqs. (10). In the single lumped constant representation, the
reduction in output power w&s 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 pérts of the cell operate at
differing VOltages, however, the situation is different. The
losses expeéted 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

PRECEDING PAGE BLANK NOT FEMED
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FIG. 6 Parallel Arrangement of three Identical Solar Cells

with Different Series Resistances.
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in the maximum power point condition at an average voltage

drop across the resistive elements, and 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
directions. To simulate this case in a simple manner, a model
was devised which consists of 3 identical solar cells, which are
connected in parallel over 3 différent 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:

R = R

s2 g1 t AR (20a)

R_, = R_, = AR ; : (20b)

s3 sl

It was thought that such a symetrical arrangement might bést
illustrate the existence of the expected mismatch losges.
The power output of the 3 parallel connected cells can be

expressed as:

- B(V-I.,R .} B(V=-I,R ,) B(V-I,R j
=2 ~ 17sl 2782 3783 ,
= = I : =3IV :
Pout (:l+12+13)v o g +e +e | L
en'
with:
V=ILRy = vmp,RiO ; (22)
or
= ] + o '
V" Vip,reo T Y1Rs1 1,<0. (22a)
35
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In the subsequent parts of this section, V , will be written
mp , R=0

simply as Vip*

The I'R voltage drops across the 3 series resistances will be of

unequal magnitude, as expressed by:

12R2 > Ilel > I3Rs3 ; (23)

While the common tarminal 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 Vm , as expressen

P
in eq. (22).

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

" BV B(I,R_,~I,R_,) B(I R_.=I.R_.)
- mp 17sl "27's2° 17sl "37s37| _ T
Pout [Ioe {l+e +e 3IL \' ,'
(24)
which can be, for adequately small differences in the voltage

drops over the 3 different series resistances, expresSéd by first

order approximation:

BV -
- mp - e 3T
Pout' Ioe [1+l+B(IlR51 'I2R52)+1+B(11‘Rsl I3Rs3)] BIL vV 3
' (25)

Segregating appropriatértetms leads to:

; BV BV__ |
= 4 mp_ mpp, - ) - H
Pout [3 (Ioe 1, )*Ioe B(IlR‘sl ToRga*tI Rgy I3Rss‘) v
(25a)

which, after application‘of eq. (22a) takes the form:

‘ ‘ : BV
| =3 » 2 - 4 - T mp .
'Pout 3Impvmp+3xmp Rsl+B(Ilel I2R32+11Rsl I3Rs3)Ioe Vs

1

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

power output of the 3 idealized solar cells, reduced by 3 times

the dissipation in the average series resistance value Rsl‘
The remaining terms indicate the deviation from this simpli-
fied model.

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):

I R =T R ,=(I,=I,) R =I,AR=(I,~I,) (R ,+AR)=I,AR ; (27a)
I R =I R y=(I;=I3)R | +T AR=(I,=I,) (R ;~AR)+I; AR ; (27b)
and to:

I,-I,~BI eBV |-R . (I.=I.)+(I.~I.)AR+I.AR |* (28)
I,-I,=BI, s1 117 Ip) +{I~1, 1

Finally, the differences in the terminal currents of solar

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

Il-Iz=FIl(l-F) : (29a)
and:
I,-Iz= -FI, (14F) ; (29b)
with:
7 BIDAR ’
F = I:gfgﬁ;; i | : ’ (30)

Introducing these forms into eq. (26) permits expressing the

output power in the simpler form:

e e N
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2
Pout-3(Ilep+Il R)+2FR {—— -F& IlBIoe

\'/
R TPV tIIR) 5 (31)

The actual dissipation in the three series resistances

of differing magnitude is given by:

2

2 2
3 Rg

P =I,“Rg1+I, R ,+I (32)

Diss 37

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

expression for P can be transformed into one contaning

Diss
only the current Il' the average resistance R, and the difference

in the series resistance values AR:

=31

PDiss

12R+2112 [(3F2+F4)R-2F(1+F2)AR] ; (33)

The power <:n:11:pl:lf-'-1>o‘J actually transferred into the load

t
resistance, as given by eq. (31), plus the power dissipated,
according to eq. (33), should add up to the maximum power output
available from the three "ideal devices", unless there are
"mismatch losses".. In £he latter case, the sum of the power out-
put plus the dissipated power would be expected to be smaller
than the "ideal" maximum power output. This hypothesis shall be
tested in the following.

Since the power output into the load resistance is given
by the IV product, where I is a negative quantity, this'power

output also appears as a negative quantity. The dissipated power

’which is a positive quantity, thus:will acttally have to be

subtracted from the power output to form the larger negative
quantity of the ideal power, as is done for eq. (34) which com-

bines egs. (31) and’(33):
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out'pDiss'311Vmp+4I_l [NHP ) AR (EF +§F )R]

BV

AR m
+2F R(-ﬁ- -p)xl.ax o8 Pvmp

BV
AR _ T mpy 2p
+2F R(_ﬁ- )B Ioe Il R (34)

and which can readily be simplified to the form:

BV
, AR " MPy, .
+2 F (--R F) BIoe R ‘Iﬂ \'4

=3I Vo

Vi

Pout™Ppiss p

1

BV
3, AR 2_n4 AR _ ‘mp 2, .
+22(F+F" )¢ =3F"-F +F(R F) BI e RfI,"R ;

(35)

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, frquhere on, bhe

evaluated for its magnitude. Since it is attributable to the

two cells #2 and 3, it shall be designated as 2AP:

P 3I.V__+2AP ; (36)

out Fpiss™>*1Vmp

Combining terms, expressing the quantity Vmp in the exponent
by the relationship (22), and approximating the exponential
factor with the exponent BIIR by the Taylor expansion broken off

‘after the linear term, leads to the expression:
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2 2| . 2
+[-B—f-—§ - BI R + {-—-T + 1) F ] I:l Rf ; (37)
BIDAR

l+BIDR

with F=

The first term in the large brackets on the right hand side of
eq. (37) contains what might be expecterd as the "mismatch losses".
This term is, however, negative, and 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

Rof 0.25 2, and a AR of 0.1 2, a terminal current 11=3 «10 ?A

(as for a l cm2 cell), and a saturation current I =2,810 12A,
it turns out that the AP becomes 5.4% of the IZR loss., The AP
is negative, however, which means that the power output obtainable
from the three solar cells in combination is slightly greater
than that which would correspond to the maximum power output from

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

three differing series resistance.
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IV. The Voltage Dxop in Unifo:m‘Width or Tapered Grid Lines.

The width of the grid line at the distance % from its
connection to the bus line is given for the grid line of uniform
width by (Fig. 7a):

TPGL(Z)-TGL H (38)
and for the tapered grid line by (Fig. 7b):
W-2 .
TTGL(L)-ZTGL ~i (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 length element
d2 of the gridline is then given by the product of the resistance
of this length element and the current flowing in the grid line

at this distance from the bus connection:

di 5 e .
dv-Rshv Ty Imp (W=2)S ; (40)

where Ron is the sheet resistance of the grid line. Substituting
either eq. (38) or (39) for T(&), and integrating eq. (40) from
zero to W gives the voltage drop V(W) to the end point of the
grid line:

V(W) =3 Ry ﬁf:; W (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

voltage drops are equal,

cover identical areas (TGL-W .
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over the entire length of the gridline. It signifies how much

higher the junction voltage is at the farthest point from the

bus line, than it is at the connecting point to the bus line.
Although this end point voltage drop is the same for both

the tapered and the uniform width grid line, the voltage dis-

tribution along the length of the two types of grid lines varies

(Fig. 8). For the uniform width grid line, the voltage drop V(L)

Vpar () = V(W) |2 % (& : : (42)
PGL " W wj } !
increases more rapidly near the connection to the bus line than

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

L
VTGL(:L) = V(W) g (43)

In correspondence to this increasing voltage drop along the grid
line, a varying voltage 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 solution has so far only
resulted in lengthy and non-transparent expressions.

However, in consequence of the discussions in section III-2,
in which this case was modelled in a very simplified approach by
3 solar cells connected in parallel over three different series

resistances, it was found adequate to evaluate the dissipation

occurring in each type of grid line. 1Integration of the dis-
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sipated power contributions along the grid line according to:
W , e
(%) AV= V=5 v o 44
pDi"jx(z)dv . jmp(w £)S av
(<] o

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 result for the uniform
width grid line:

2 )
Ppiss,peL™ 3V(W)'jmpsw d (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:

1 i
Ppiss, o™ 3V (W)~ 3 SW (46)

the factor 2/3 is replaced by l/2. Thus, the "effective voltaqge
drop” is 2/3 or 1/2 of the end-point voltage drop for the uniform
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 width end point, is practically‘impossible to
produce. Therefoxﬁ, 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 voltage;
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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"
equations. The bus lines may be tapered, but where they are
reinforced by an overlayed wire, they act like uniform width
lines.

In the semiconducting front layer, the voltage dfoP
occurs between the edge of the grid line and a line halfway
between two adjacent grid lines. This line is at the end-
point 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 yoltage
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 present

in the device.
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FIG. 9 Explanation of nomenclature used in the
analysis 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 FeTurs while the width of the grid
line at its end is £+ Tpr s with the length of the grid. line
being given by W as before. Thus, the area covered by the

grid line is given byé
A= N(F + £) T W | (48)

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

for all grid shapes, and equal to T..*W, the condition:

GL
K(F +£f) = 1 ; | " (49)

has to be fulfilled, which means that:

49

A e . S R L e iogete

PO

ool i
T ST



A
}
3

Fd

FP=2«f¢f; (49a)

The grid line width in dependence on position along the grid

line is then given by:
W=2 ;
Tep () = fTgy + (F - £) = T (50)

or, expressing TGL(z) exclusively in terms of the taper

parameter f, after making use of eq. (49a) in e1. (50):
T (8) =T, |£+ 201-F) TR . o< <1 (50a)
GL GL - w ! - - a

f = 1 describes the uniform width grid line, and f = 0 the
fully tapered grid line, ending in zero width.
The incremental voltage drop over a length element 4

at the position 2 along the grid line is then given by:
IV = R da * 3o (W=2) S; (51)
« sh "T 2] mp

where Rop is the sheet resistance of the grid line, and §

obtained from the center-to-center spacing S + T I, of the

G
grid lines. After inserting eq. (50a), eg. (51) can be ex-

pressed as:

. SW (W=2) dg o | |
dv = Rgpdmp Tor IW + Z(-2) w-¢) ' ~ (51a)

Integration from the base of the grid line to its end yields

the end point voltage drop V(W) :

- n - SW (W=2) 4ag . ‘ :
VW = Repdnp 7o | TR z=BRLY (52)
0

The integral has the solution:
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(W=-2) di . . __SE__f
W+ 2(I-f) (W-%) SI=ET © g (1-g) W
5 + L/ v ,Q,n;[fw + 2(1=£) (w-,z)“ i
4(1~-£)°
o.
(53)
which yields the expression for the end point voltage drop:
. SWZ
V(W) = Rshjmp ﬁ,z;—L- * G(f) ; (54)
where:
\ 1 £ 4 ,
G(f) = I~F [1 + m-r &n (ﬁ-}} ; (54a)

For £+0, 2%h (fg?l would tend towards minus infinity. However
it is:

£y (o) = o gn,f)'f.
2TI=15) 2-f 2(1-£F) ° 2-f) d (55)
‘80 that this relationship tends to ¥4n 1 =0 for £ + 0,
Consequently, the end-point voltage multiplier G (f) for the
fully tapered grid line becomes:

lim G(f) =1 ;
£+0

(56)

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

When f approaches 1, it is useful to substitute f =

l-‘x’
so that:
Iif 1+ in L =1 |, 1x l-x (57)
= 2(1-f7 3¢ x 2% I,

the right hand side of eq. (57) changes to:

]
R

3 e
[1 - %ﬁ? . Z(x + f_ 4 een H | - (57a)
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FIG. 10 The values of the voltage drop multipliérs G(£f)
~and H(f) as function of f '
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or:
2 3
l X - eeew ; X L3R A
=Lln-1-% x5 ] (57b)

which, for x + 0, becomes unity, Thus, the end-point voltage
multiplier for the uniform width grid line is:
lim G(f) = 1 ; (58)
f+1
The values of G(f) for intermediate values of f are shown in
Fig. 10.

The incremental power dissipation in the grid line length
element df located at value £ of the grid line length coordi-

nate, can in similarity to eq. :(51), be expressed as:

2
dR . )
dap =.Rsh TEETET [Jmp(w-l) S] -~ (59)

which leads to the total power dJ.ssn.pated in the grid line;
5 25w 2w (11-2) > ; |
P = Ropdmp T ffw + 1-f w-z - f-ﬁo).

The integral has the solution:

a2
fw -f'w m_ gz.w_z - .é_u_lgz [% £207 + 2£W(1-£) (W=2)
(o]

w
- 2(1-81% (w-2)2 - £2w%en [fw + 2(1-£) (w-z)]]

(61)  “d¢

which results in the total dissipated power in the grid line:

Par_j 250 _ 1 2, 2 (28
~ “shmp BT m 2-6F+ 4f +f2nk )J (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):

comparing this relationship with eq. (62) leads to the ex~
pression for Veff(f):

V. ee(f) = R_, 3 ﬂi-n(f)- 64
eff sh”'mp 4TGL b (64)
with:

When f goes towards zero, the third term in the bracket
of eq. (64a) approaches zero, as shown in the discussion re-
lating to eq. (55), and the effective voltage drop multiplier
becomes:

lim H(£) = 1 ; (65)
£+0

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

in eq. (64a), with x>0, so that:

; 1 } , , 2 2 1+x
lim H(f) = Xlim [2 - 6(1-x) + 4(1-x)" + (1=-x)° an|{: ] H
£+1 x>0 ;?» , ) (,-x)

(66)

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

and expressing the logarithm by an infinite series, yields:
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lim H(f) = Mlim X [-2:: $ax® b (Qe2x + x2) 2(x 4 Ko 4 K + )]
£l ) X+0 x5 | | / TT
(67)
Equation (67) reduces to:
, 8 4 4 2 4.3 1 4
lim H(f) = % 1im |3 = 3% + 3,2 _ X~ + - .q.] = = (68)
f+1 x+0 [3 3 5 5 3

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 % 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 H(f) increases monotonically from H(0) = 1 to H(l) = 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 inclina-
tion angle is o, the bus line length L-W tana.
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VI. Obligue versus Normal Grid Lines

A question which does not ‘have an obvious answer concerns

possible advantages which an oblique arrangement of the grid lines

relative to the bus lines might have 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, that is the voltage drops |

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

analyzed. The voltage drops of concern are those in the front layer,

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

in the bus lines. |
The analysis shall be based on a unit field of the

solar cell. This 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 her;, the
gsize of the unit field is constant, having been determined

in a separate design process, The inclination angle o of the
grid lines (¥Fig. 1ll) is measured against the normal to the

bus line. The voltage drop in the front layer which is cauSed

N P Ty R N T

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

by:
s .8 L1 1 .S, cosa ., V
Ava =J 37 W cosa 2Rsh,Pn 2 w (69)
where Rsh,FL is the sheet resistance of the front layer, usually a
semiconducting‘sheet generated by diffusion or ion implanation; : é
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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:

| 1 2 .
OVpy, = §3Rgp,pr, 5 7 (70)

It may be noted that eg. (70) expresses the end-point voltage
drop, and that the effective voltage drop will be two 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:

. 11 .1 .
&Vr, = 3 S W 5583 ?Rsh,GL cosq EEE ! (71)

This relationship, again exprussing the end-point voltage
drop, yields an inverse proportionality of the voltage drop

to the square of the cosine of the inclination angle:

Ly . : ” ?
6L 27 %sh,GL Tar _Tc 0524

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 extend the bus line over the
whole length L of the cell (Fig. 12). 1In fact, it might be
hoped 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 the two triangles at the
: far end of the bus line, with explanation
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 line is given by the definite integral:

0
Rsh B 2
AVBL - 3 T——Lh (W™ tana + Wx) dx (73)
BL

L=-W tana

Solving the integral and consolidating terms leads to the form:

1 . LW s |
AV = 5 R J me——  S———————— L - W tana ; (74)
BL 2 sh,BL’ Tagr, S * Tgr [ ]

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 center

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 zGL n of the n-th
’

grid line is defined according to Fig. 13 as:

= (W tang < 1 .
"QGL,n - "(‘w tana 2VL,n) sina ‘ | (75)
with n counting from the last grid line of full length. The

length zVL of the corresponding vertical connecting line
T ’ :

n
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is given by:

1 .
&Vn,n = n(s + TGL2 cosqa '/ (76)

The maximum number noax of grid lines of less than full length
in this triangle is then:

W tanda cosa | 77
2nma *lo=2 S+T ! , (77)

This relationship, however, would truly apply only if the

max

|

S

i right hand side were an integer, The proper value for n
' will be obtained by truncating to the next lower' integer value
l

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

“ W sina
x n 2 ; (78)
' max S+TbL truncate to integer '
Using this relationship, eq. (75) can be transformed into:

S+ T :

- in _ GL .
RGLon - (nmax n) sino cosa ! (29)

: The total current contributed by each grid line is then

, determined by:
I =8 .2 R (80)

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

S(s + TGL) : ,
I, = (nmax R v cosa  J ¥ (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 form zxtensions of the bus line (running in

the same direction as the bus line) and have the length zVL n
’

given by eq. (76) , and the widt&\TVL " The voltage drop
AVGL,FT in the total grid line of the far triangle, including
the inclined grid line portion and the connection to the bus

line, is then given by:

(n - n) S(S +- T R
AV = AKX _53492 L + Sh,GL , ;
GL,FT sina cosa GL,n TVL n VL,n
’

(82)

Tar, 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 + TGL)
AVGL,FT =J Rsh,GL sIng cosa “max -~ ™ i
(nmax -‘n)(s + TGL) N n(s + TGL) _ (6]
3" K H 14
_2 TGL sina cosa : TVL,n coso

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 AVCL’ which shall be equai to‘
that obtained from application of eq. (71). Equation (83)

can then be solved for the width TVL,h of the connecting portion

of the grid line:

2TGL n(nmax - n) sina
T = ) J
VL,n 24V o Ty sin‘a cos’a - . ) '
GL,FT "GL - (n__ =-m? (84)
JR_, .. S(S + T )2 max
sh,GL “" GL '
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FIG. 14 Sketch of one of the two triangles at the near end of
bus line, with explanations of the geometric relationships
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Similar considerations are performed for the near-end
triangle. In this triangle, there are meoax ™ Prax inclined
grid lines of less than full length. The length &g, . of the

r

m-th grid line is determined by:
W =2
' HL,m
B mmm— s ®:
YeL,m cosa i (85)

These grid lines also do not meet the bus line, unless a
special connection is made. Here, the connecting lines run

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

(Fig. 14). This connecting line has the length QHL m’
14
S+ T
{3 GL L3
*ur,m = ™ “sina ' (86)

Using eq. (85), (86) , and *(78) , the grid line length can be

expressed as:

S+ 7

_ - t Ter
jz'Glum - (mmax m) SIna cosa ' . (87)

in complete analogy to QGL n of eq. (79) . Again, a voltage
’

drop for the grid 1inevplus the connecting line is obtained,
and~again the voltage drop is considered the independent
variable, from which the widthrTHL’m4of the connecting line

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

'grid line and the bus line, the width is:

| 2 TGL m(mmax - m) coso

T = , ; (88)
HL,m . 2 2 ’ )
2AVGL,NT TGL“51n o ¢os o - . m)2
A , ‘m )4 max il
j Rsh'GL S(s + TGL)
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It should be noted, that the AVGL values used in eq. (84) and

(88) 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
number kGL of grid lines to be used, that is full-length lines
and partial length lines added together to make full length, is:

= L .
kGL T (s + Tgr,) /cosa (89)

and the area of each of these k,; grid lines is given by:

Tar, W
Asr,k = ToL ' *GL = ~Gosg ' (90)

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

2LWT
A = GL

; (91)
GL S + Ty,

Equation (91) shows that the area covered is independent of

the angle of the grid lines, as long as their width Tar, and
their normal spacing S are maintained constant.’ However,
constant width Tar independent of the grid line inclination
angle a, results in a varying voltage drop according to eq. (71)

The area covered by the bus wire is expressed by:

Agp, = (L = W tana) Tp. ; o - (92)

and the total area covered by the connecting lines in the *

triangles is determined by:
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o nmax S + TGL mmax S + TGL
! ‘ ACL = n’l(',['* N l‘l,—--——--—---—coscx )4' ‘ﬁgl(THL'm m—-i——-—s ) >; (93)

k | A numerical example shall be used to demcistrate 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

P

of a square solar cell of dimension L = 10 cm. The grid line
spacing shall be S = 1.96 mm, and the grid line width TGL=4° um,
so that the area coverage by grid lines is 0.80 cmz. The
sheet resistance Rsh,FL of the front layer shall be 35 Q.

and that of the grid lines Rsh,GL = 1.7 * 10-39, corresponding
to 10 um thick copper conductors. The current density shall
be j = 0.03 A cm'z. 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 300, 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

A

be corrected to TGL = 53.3 ym, for an area coverage of 1.066cm2.
The bus line voltage drop is obtained from eq. (74).
In order to make this end-point voltage drop also 5 mV, a

i bus line width TB of 0.36 mm is obtained for the case of

L
normally arranged grid lines, assuming that the bus line is

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

! coverage is 0.36 cmz. 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° inclination angle, the bus wire diameter needs to be
only Tgpy = 0.34 mm, and the area coverage 0.30 em?, Still
needed is the determination of the lines in the triangles for

the case of 30° 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 +10"2 cm?® and 2.66-10~2 cm-

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 1.1l6 cmz, or 2.9% of the unit-field area.
In contrast, for the grid lines inclined under a 30° angle

to the bus line, the total area covered Sy metal amounts to
1.40 cm2, 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 output 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 épﬁimiZed; On the
other hand; ﬁhe loés of powér output is not larQe for small

inclination angles.
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VII. Grid and Bus Line Pattern Optimization

The task of a grid and bus line pattern optimization is
to minimize the power loss connected with the various series
resi~tance 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 wpower output of a real gglar cell, ;
wiéh series resistance, can be well approximéted 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 slightly 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
Aot and of light-sensitive area Aéff can be approximately

described by:

o Ty
4 — + o i ET : * -
P =1 Atot vd = Jo Atot (e - L Vd - JLAeff Vd ! (34)

where‘Vd refers to the voltage appearing across the pn-junction
itself ("diode voltage"!). The maximum power butput available
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 BV A
ap . d,mp d,mp eff
= 0 = j Be E v + 4 (e ’ = 1) =3 :

av; d,mp o L Atot
| (95)
| where ‘as before:
3 f
: 9 . ’
. & B (95a)

Equation (95) 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 V

d,mp’
5. Deff |
e Namp . ZAor "° 1 (36)
i ’ ) ) EV . + 17 '
Jo d,mp

The maximum power point current jmp

scribed by the commonly used solar cell equation:

can be approximately do-

BV
3 = d,mp -
Jmp Atot ?o Atot (e 1)
r

= Jp, Aggg €7)

Equation (97) with the same approximation diScuSSed in connection

with eq. (941 gives the current which flows out of the solar

cell when the voltage Vd,mp appears across the pn-junction.
Equations (94) and (97) represent an idealized current-

;ﬁ ‘ voltage characteristic which, however, 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 lowex quality, a second exponential
term should be included to describe the depletion region re-

k
|
t i 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 eq.
(94) and (97) can occur,

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

A

, A
. . eff 1 . . eff
mp L K . o' BV o ¥ 1 o L Reoe )
which can be simplified to the form:
\Y4 A
0 . d' (] ff [l
Imp © 7 x:pl Gy a0 * 3o) (99)

Since the saturation current density jo is usually many orders
of magnitude smaller than the light generated current density

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

\' A

g ~ . _d,m s eff .
Imp \T—L:l I vk (99a)
d,mp B

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

with zero series resistance can be written as:

v A j
& : = - . dmp ., 4 [ _eff . -0 :
pd;mp - Vd,mmePAtot "Vd,mp + = Iy, (A‘ ¥ )Atot'

: J
Va,mp * B tot L
(100)

which can be approximated by:

Vs

- . dme . ’

Pamp - T L g T Aets | (100a)

d,mp B

In a real solar cell which experiences voltage drops

7




due to finite resistance components, the terminal voltage Vi
will differ from the voltage across the junction V4 by the

total voltage drop AVRa

Vt e Vd + AVR; (101)

‘Rewriting this relationship for the maximum power point voltage

yields:

vt,mp = vd,mp + AVR,mp; (102)

The voltage drop AV consists of a number of individual

R,mp
voltage drops across the various series resistance components

which occur in the path of the current flow through the solar
cell. 1In 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:

Ng Ng

Vamp * F WVimp = Tmp I Rsi (103)

The maximum power output V from the terminals of the real

t,mp

solar cell with finite series resistance can then be expressed

as:

Pe,mp = Ve,mp * Imp ° Brot? (104)

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

P

VvV, A j
. d,mp . eff o .
t,mp (Vd,mp ¥ VR,mp) v + & L (A t 3T ) Aeot
d,mp B

2
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Expuessing the light-exposed area through the total area and

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

Rage ™ Peot ~ Pghage ' (106)
permits writing eq. (105) as:
v 2 B
d,mp ~ .
Pt,mp - Pd,mp,id * v + I jb Aghade * AvR,mp jmp Aeff '
d,mp B
(107)

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

A

efs ™ A

tot®

Equaticn (107) represents the form:

R | ,
t,mp d,mp,id R d,mp,id Pd,mp,id ,
It may be noted that Pt,mp' Pd,mp,id’ and Avn,mp are negative

quantities in solar cell operation, according to eq. (99)
(100), (103), and (104). Equation (105) thus describes the power
output of the real solar cell by the power output‘of the

ideal solar cell reduced hy the power losses related to s¢ries
~ APR

Pd,mp

interest for the further discussions, "whic¢h therefore .concen-

rasistance, APR‘ Only the relative power loss is of

trate on minimizing this relative power loss. This relative

power loss is represented by:

| Regf | Jo
APp 5 Aghade : - AVR,mp_ e p (109)
d,mp,id tot , ’ja'.) d,mp 1 + =2
L Iy
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. which is derived from eq. (107) by use of eq. (100). Neglect-
. ing second or higher order terms in the small quantities,
eq., (109) is readily re-expressed as:
3PR‘ " Achade _ AVVR,mQ . (110)
z Pd‘,mp,idx Atot Vd,mp
r 1 which contains one term each representing the relative voltage
," ﬂ loss and the relative area loss.
! ‘ Following the nomenclature of Fig. 15, the total area can
| be expressed as:
: Beoe = Dplp (111)
| !
S and the shaded area as:
| Rshade ~ Par Ter W 2Ppp * Ppp Tpp Uy (112)
j where the number of grid lines Nar, is given by:
! L
n = ; 7 (113)
GL S + TGL
and the number of bus lines Npr, by:
: N L, : '
o : "BL T W T (114)
Thus, the: shaded area according to eq. (112) can be expressed
as: |
:3 2w s T T |
' , - GL BL} .
. Ashage = MP2 W EF T, (s ¥T, 5 W ) ' (115)
| ?s Since, for a well designed solar cell, the effective area
N ' differs from the total area only by a few percent, the second
5 o
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order terms in eq. (115) can be neglected, as they have been in

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

T T
N GL BL| .
Ashade © U1l ( s 2w) i (115a)

The contribution AV of the front layer and the front

R,mp,F

contact structure to the AvR,mo

&~

drops (see section "Oblique versus normal grid lines" of this

consists of the effective voltage

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

S
. 2 158 1
AvR,mp,F = Imp {%sh,FL w 22 W Gpy, (£) 3 Hpp (£)
Front Layer
. ._.._.w . !'- . A -!:-
* Rgp,Gr Ty 2 SW * Gy (£) 3 HGL(f)
Grid ILine

i
+ R
BL

Bus Line
(116)

As the front layer is, for all parﬁllel—grid line systems,

of uniform width, it is practical to express AV relative

R,mp,F
to uniform width elements by use of a "shape factor" &§. This

factor is unity for uniform width elements and decreases mono-

tonically to % for increasingly tapered elements covering

equal area. ¢ is thus defined as:

G (£) H (£) _3 .

1 .1, . . L
sh,BL ' T ' 2 2nGL SW GBL(ﬁ) 2HBL(E}
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—ax - =0 - 1*;‘25‘v‘L‘ Ren,or ¥ Sop, ¢

Equation (116) then xeduces to:

‘s) 2 , S .2
jmp {%sh,?h (f GEL + Rsh,GL EE;-W 6GL

&
AvRimPoE". 3

+ R s 20 .

—-————
sh,BL 5§+ T 1o L

(118)

Again neglecting terms expressing second order effects, and
introducing:

x = 2L,

2
m),

S . (119a)

k)
- _BL |
4 -

gives, from eq. (110), (118), and (119a and b):
AP

P{d ,mp

) . ) 2 . : .
= x+y-3 v_mP—d - { Rsh,FL (E) %1 * Rop,er ¥ W

T 1.2, 1. ,
* Bsn,mL § Iy GBL} ' (120)

(120) with respect to x and sett:mg equal
to zero to find the extrema, yields:

Differentiating eq.

' APR

- e -

P
(121)

q 'or=:' ‘
r é} * |
F- 3 GL _ '(1 m 5 .
il s Wiy \JI_E'L sh,GL 5GL) g (122)
tf' %’f I ' d mp f
o
* i 77
.
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(119b)
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Y 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-

e Rt TR SRR S

v lationship.

,,§

Taking the derivative of eqg. (120) with respect to y yields

the corresponding relationship:

T 1 lj I 1/2 ‘ :
*“BL mp . f
W Ll(f Tamp Rsh, B Spr ) ; (123) %

14 18

Equations (122) and (123) give the optimuﬁ grid line width

and bus line width, but expressed relative to the spacing S

i between adjacent grid lines and 2W between adjacent bus lines, * i
| respectively. These expressions are valid when the grid and

bus lines are metal layers of given sheet resistances Rsh,GL

and R L’ respectively.

sh,B
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 (12l1) 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

thé brackets of eq. (120). Clearly, the total voltage drop and

s 2ty

% shading are minimized for $=0, with the grid line shading Tg /S
&?, o held constant according to eq. (122), Similarly, the grid line

voltage drop (second term in brackets in eq. (120) is minimized

78
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when the bus line spacing 2W approaches zero, again holding
the bus line shading 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 is adequate to reduce S and W to
the level at which the losses controlled by these two gquanti=
ties become insignificant relative to the constant losses.

For the grid lines, this approach may still result in a
grid line width Tar,’ which is difficult to produce. Then, in
practice, the metallization designer will select the smallest
grid line 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 deﬁérminatidn of an optimum shading ratio according to
eq. (122) is no longer appropriate. By using a grid line
shading £atio larger than the optimal value obtained from eq.
(122), the relative front layer sheet voltage drop can be con-
siderably reduced, since it is proportional to sz; In fact,
when the grid line width is héld constant, eq. (120) can be
optimized with respect to the gridylihe spacing's{ Setting

the derivative of eg. (122) with respect to S equal to zero,

yields:
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3 Rah GL w2 2 6 vd m TGL ract
, §° + 2 == F——— 5" - <R-—_¢.2--__'=._0; (124)
: "sh,FL "GL,pract “mp sh,FL ‘

The solution of a cubic equation is generally cumbersome.

However, if:

3

RshGL << Ijmpl TGL,pract
5 ,

z
Rsh,FL Vd,mp 37 (2w

4

; (125)

the fdllowing approximate solution is valid:

1/3 4/3 . 2
S - 6 Va,mp EgL,pract - ¢ Reh, 6L Y \
’ 4
opt ‘jmp] Rsh,FL 3 Rsh,FL TGL,pract

(126)

In many cases, the second term of eq. (126) is small compared

to the first.

[ U PN .

It may also be noted that the application of bus lines
is onlykindicated when their sheet resistance is significantly

lower than that of the grid lines. When the sheet resistances

of the two types of lines are equal (R ), assuming the

sh,Lines
shape factor 6 to be unity, then, with use of the optimum
5 shading ratios TGL/S and Tp,/2W according to eq. (122) and (123),

respectively, eq. (120) becomes:

1/2 g
L APR,mg Ijmpl Rsh Lines ljmp' S
B =\3V = 2 (Ly + W) + g3 "2"}»’
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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 cm x 10 cm cell with |j = 0.03 mA cm-z and

mpl
3

Vd,mp = 0.5V, and a grid line sheet resistance Rsh,GL= 1.7+10°
corresponding to 10 um 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 um according to the shading ratio, the total
series~resistance~connected losses of the front structure
amount then to 12.4% of the ideal soiar cell output. In this
number are 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 by10.7 percentage points, or 5t6§ of
the total losses. ‘ |

For a system with bus lines of the same sheet resistance
as’the grid lines, and all data equal to those 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 cm, the

, ‘81 '
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optimum bus line width is thus 583 um. With this bus line

spacing, the optimum grid line shading would then be, according
to eq. (122), 0.29%, With the minimum practical line width
taken, for this example, as 20 pm, the grid line spacing Soyt
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, according to the third

|

.

i term of that equation, 8.2%. Thus, the total series-resistance-
' connected front structure losses are 20.4% of the ideal power é
} 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 lower practical limit was set for the grid line width. o

It is readily seen that increasing the shading ratio by a

factor of four, that is to 1.17%, which means reducing S to

r | 1.72 mm, decreases the relative front layer sheet voléage 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 that the application of bﬁs lines
of the same sheet resistance as the,grid lines is of no use,
and as the front structure losses, even with the 1owe$t.practi—
cdliyfachievable sheeﬁ resistance in deposited metal 1ayers¢ é
are near 12%’in 10 cm x 10 cm solar cells, the attention’will

| neéessarily shift to thicker bus lines, which can yield at

e
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. least an order of magnitude lower sheet resistance. This means
an overlay of a bulk conductor, such as a copper wire. In

this case, T_,. becomes equal to the wire diameter, and the

BL
"effective sheet resistance" is then:

4

Reh,BL ™ PBL T Ton Tor © (128)

where Par, is the resistivity of the bus line (wire) material.
Introducing eq. (128) into the fifth term of the right hand

side of eq. (120) yields:

“Promp _ Ten , Tr JEMS . (5)2 s
Pd;mp 2W 3 vd’mp *sh,FL | 2 FL

F

. S .2
sh,Gr, T W

5., +Lp W

o] . L
GL ™ "BL . 2
‘TBL

q

It muy be noted that the use of a wire with constant diameter
along its length leads to B,BL = 1, just as a parallel' grid
line system entails bpy, = 1

Equation (127) can, in contrast to eq. (120), be optimized
for T

BL
bus line sheeté‘r‘e‘s'ifstande is now also a function of TBL' Thus:

alone, rather than the shading ratio :‘%I-'-, since the

P : , ,
Vd,m 1 mp 16 1 o \
| TBL 2w Va,.mp m "BL oy 3

e

(131)
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TABLE Iv

Near | uw] NEAR | scorey

DESIGN OPTIMM (n Nt JBUS LINES OPTIMIM | PRINTED) Aa_
HO. OF BUS LINES (SPACING) - (e |7 (1.428 3 (3,333 —»
BUS LINE WIDTH (DIAMETER) me | 0.255 NI > 0.361 Ni{—>
BUS LINE THICKNESS (SAUGE) wm (B2S) 730 GA.) > 27 GA,) |[——>
k0. OF GRID LINES (SPACING) ~ow |65 (1.53 40 (2,50)|——
GRID LINE WIDTH uh 12,5 25 , » | 127
GRID LINE THICKNESS um 5 10 |2 0 » |19 F1eem)
GRID MATERIAL - Cu vy M1 | co—J—» | s1umEren
BUS SHADING 2 .79 |1.79 | 179 1.8 |1.03
BUS L0SS 1 0.9 0.9 | 0.9 102|103
GRID SHADING : |os |18 | 163 .00 |5.08
GRID LOSS 2 0.2 |0.10 | o0.51 0.9 |o0.49
FROAT LAYER LOSS 7 0.1 |0 | 0.4 111 |0.93
BASE L0SS (200 wm 1acw; 10 wm Cu)| % 0.46 |0.45 |0.4811.2 0.49 |0.47
TCTAL POER LOSS 1 4.9 53 |5.8,7.1 5.7 9.1
CELL EFFICIENCY 1 16.36  [16.29 |6.20115.98 16.22  JI5.63
HODULE EFFICIENCY 2 1534 [15.27 }5.1914.98 JIS.ZI flu.65
CELL VALUE s/m2  [36.31 5.6 P49 81,93 4,73 pr.91

¢MNPK [56.3  [56.0 5.6 :qu 5.7 3.2
DIFFERENCE IN VALUE $/m? *&rcm -0.85 |- - 1.58 -

REF. |0.97-3.53 EPENCE |-6.82




Inserting the optimum grid line shading ratio from eq. (122)
and the optimum bus line width Tar, from eq. (131) into eq. (129)
permits determination of the actual relative power loss

experienced in the front structure:

APR,mE |3 mp | (q)z (lj | L2
= §—~2——— R . (5] + 2W S'EB*“~R Py
'Pd,mp , vd,'mp sh,FL \2 ’ vd,mp sh,GL °GL

, 1/3

913 .1 » 1
mp BL 2 . .
* (Zn Vamn 1 ) 7T (232)
TR

The first term on the right hand side of eg. (132) describes
the relative voltage drop in the front layer sheet, the second
term the sum of the equal shading and voltage drop losses
from thie 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 sum of the grid line and bus line 1oss;s for

the appropriate value of W. This optimum bus line spacing,

for the use of round wires for the bus lines, is given by:
? vd I 18 1/2

2w = | = e L, (133)

 \™ Rgn,er Ser” IJmpI

With such use of round wires as bus line overlay, the losses

3 Par

connected with the front structure in 10 cm x 10 cm solar
cells can be reduced to under 5%, from about 12% with grid
lines only, or with grid lines plus plated bus lines.

The sensitivity of the performance of large area solar

‘cells to 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
ratio, 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, hased on deposited grid lines of 5 um
thickness and bulk conductivity of copper. The bus lines are
copper wires of circular crossection. The semiconducting
base region and the metal base contact, assumed to cover the
entire back surface with 10 um thick copper of bulk conducti-
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 total shading and voltage drop
loss is 4.9% of the ideal power output.

In the second column, a grid line width of 25 um has been
used instead of the 12.5 um width in the optimum design.
Simultsneously, the grid line thickness has been increased
to 10 um. 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 resistances by
use of either a 2 ym thick copper deposit or 10 um of nickel
for the grid lines. In the latter case, the base contact was
also assumed to be af 10 um thick nickel. While the former
case has only a small influence, the latter results in total
losses of 7.1%,

The fdurth column displays data on a casz with plated bus
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lines, similar to some discussed above.
while the bus structure in these first four columnz con~

tained seven bus lines with 1.43 cm spacing, column 5 shows
another "near optimum design® with three bus lines of somewhat
heavier gauge wire, and a reduced number of grid-lines, namely
forty. This design shows a total power loss of 5.7%.

Column 6 uses the same design as column 5, but applies
printed thick film silver at the projected minimum line width
of 127 um for the grid lines. The line thickness is 10 um
after sintering, about the maximum achievable with a single
printing. The conductivity is approximately one third that
of bulk silver, as generally experienced with sintered thick
film silver layers. The disadvantage of the use of the thick
film silver lies primarily in the large shading resulting
from the increased line width, which leads to a totalgrelative
power loss of 9,1%.

The line marked "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

materials and assembly price of $28/m2, an econdmical "cell
value" can be established for which the complete system can
deliver power at an equal price. This cell value is a function

of the efficiency. These cell values, expressed both ip $/m2
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and in $/W(peak), are given in the two lines below the module
efficiency. The last two lines, finally, show the differences
in the economis value resulting from the efficiency differences
due to the design variations in the various columns. 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. 1In the
last line, the values of the cells with "near optimum design"
have been taken as reference, and the value differences of
the cells with design variations from these given. It is
seen that +he differences in cell value form a substantial
part of the entire metallization 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 related BOS price assumption, and that the differences
will ke larger or smaller for higher or lower BOS pri;es,
}respectively.

The use of "high" bus lines, such as round wires, while

“extremely beneficial from the efficiency viewpoint, can cause

problems. The f{irst is that of thermal expansion, which
leads 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 chénges in module
assembly procedure, requiring either preformed cover glass

to avoid too thick a gap'td be filled with potting material,

or a conformal coating.
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VIII. Design Rules for Front Metallization for lLarge Area
Solar CeIIs '

From the precedipng analysis, a definitive set of design
rules for the front metallization of large area solar cells
has been derived (Table V). Their obServation should hélp
cell designers to avoid many of ‘the previously experienced
pitfalls and to utilize the most cost-effective 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 RULES

for Front Metallization for Large Area Solar Cells

1.
2,

7.

10.

Observe: Careless metallization design is costly.

Select conductor metal ¢f the highest practical con-
ductivity.

Select deposition processes which approach bulk con-
ductivity as closely as practical.

Each higher level in the hierarchy of conductors needs
a much lower sheet resistance than the preceding level.
This leads to the "sky scraper rule" for the bus lines:
Build high rather than wide.

If the bus lines cannot have a sheet resistance small
compared to the grid lines, omit the bus lines. Proceed
directly to 10.

Select the bus line spacing, for bus lines of round wire,
according to:

3 o2 v 1/8 172
o Ppr, m
2W = (‘E T3 TE‘EH') Ly

™ Rgpogr Sen TP
Select bus line wire diameter according to:
BL T Vi 1 _

For rectangular bus wires of height-to=-width ratio k,
replace each T by 4k.

For bus lines of constant sheet resistance R h.BL'
rather than thickness directly proportional °'f
tgbwidth, as in round or rectangular wires, the relation-
ship: ~ '
‘ 1/2

"sL _ lszl 8
T C k3 Vo Rsh,BL °BL
applies, instead of 6.) and 7,). Choose W then as small
as practical, considering 13.) and 14.).

Arrange grid lines normal to bus lines, and parallel to
each other.
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12.

13.

14.
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Table V conéinued

Select grid line width T.. as small as practical, commen-
surate with acceptable pﬁaduetlon costs and yields,
considermng the differences in solar cell economic value
which. are a consequence of the efficiency variations re-
sulting from the grid line width design,

Select the grid line spacing S according to:

173 ., 4/3 2
s = 5 Vmp Tor _ 2 " Rgnar Sar ¥
Tmp! Ren,Fr 3 Ry rn Ter

The "“shape factor" § varies from 0.75 for fully tapered
grid lines to uaity for uniform width lines of equal
shading.

Determine the total relative, series resistance connected
losses, and check the design by inserting the obtained
values into:

AP _Ton . Tmn _ 1 2mp s\ 2
P —" 5 "W 37 Ran, kL \Z) Cru
d,mp d,mp ' ‘
+ R S ws. +R PAL ) 2 §
sh,6L Ter " %an * Rsh,BL T o M1 ‘mry

where Rsh pr, May be replaced by pBL/(4 BL) for round wire |
or p /(k T..) for rectangular crossections. The first
BL BLi

2 terms represent the shading losses, those within 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 BL) are of
approximately equal magnitude. Also, the grid line and
the bus line losses will be of comparable magnitude.

The front layer loss (lst 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

T
the grid line shading loss _SE is 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 TarL and Rsh,GL values for 1eagt power

loss.
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IX., BRIEF DESCRIPTION OF THE METALLIZATION OPTIONS

A. General

Metal can be deposited in selected areas either by
chemical or by physical processes. The chemical processes
are usually called "plating”., They are all so-called "wet"
processes which means that deposition occurs from a solution.
In the physical processes, metal is transferred in physically
finely divided form, either as neutral or charged atoms or
molecules, or as a powder, 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 solution are immersion, electroless, and electrolytic
plating. In immersion and electroless plating, 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=-

electric layer.

1. Immersion Plating

Immersion plating, which is normally used to plate
"strike" layers of noble metals, such as Pd or Au, on bare.
silicon; is mainly due to a simplé displacement reaction at
the substrate surface;zl This reaction between the silicon

atoms and metal~cation§,zesults:in an oxidation of the sub-
strate and a reductioh of the plating material, Praqbably

the initial contribution of electrons to- the metal cations
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comes from the accessible dangling silicon honds, followed by
the breaking of silicon=-silicon bonds which then leads 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 the ambient 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
constituents ‘are approximately 1 wt$ NH4F, 1 wt% HCL, 0.0025 wts
PdCL,, and 98 wt% H,0. The HCL increases the solubility of

the PdCL, via the formation of weak complexes, while the

NH,F probably helps in keeping the oxidized substrate ions

in solution. One possible displacement or immersion reaction

at the substrate surface is:

2pa*? + 5i° = si* 4 2pa% (134)

or the reduction/oxidation might occur in stages, as in,

*2 +2

+ si°

2pat + s1%? 4 sitd 4 pa% | (136)

In any case, the final products are the plated palladium

metal and the Si+4

ion, After the silicon cation leaves
the surface boundary regime, its positive charge attracts

choride and fluoride ions, which by formation of complexes,
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help to keep the silicon cation in solution. One possible
complex formation is

-2

oL 208" +o4p [S1CR,F,] (137)

Si

There is only a small possibility for the formation of gaseous
sic?, since the silicon cation will hydrolysize (react with
water) before it can form covalent bonds with a choride anion.

For the immersion reaction to proceed, the material 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 formation of dense and coherent
deposits. The relative reactivity of the substrate and the
plating cation can be adjusted by the addition of complexing
agents such as a cyanide, ethylenedinitrolotetraacetic acid,
(EDTA), or disodium salt. The complexing agent can, 5y
binding with the oxidized substrate, drive the immersion
reaction forward (reac (134) to the right) by effectively de~-
creasing the concentration of those ibns. Similarly, the
driving force of the immersion reaction can be decreased by
loweking the effective plating catibn concentration by
complexing. '

One would anticipate that‘the immersion layer thickness
would beilimited to about 10 R, as the displacement reaction
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 layer permit the continwation 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 8.

A disadvantage of the immersion plating solution is its
limited capacity. The depletion of the metal cations, con-
tamination from the plating surfsze, and side reactions con-

tribute to the short life of immersion solutions.

2. Electroless Plating

).
|
|
E

5\

In order to build up a thicker layer than can be achieved
by immersion plating, electroless plating is often used. The
material most commonly plated‘on solar cells using this tech-
nique is nickel.3) Also palladium, chromium, and copper can be
plated electrolessly on silicon. 1In 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 adsorbed on the substrate. It is the adsorbéd hydrogen
atoms (shown as H(ad) in reac (138) that reduce the nickel

cations to metallic nickel. The reaction mechanism in a

basic, usually ammonium hydroxide, solution is thus:
- - S -2 ‘
HZPO2 + OH =« [HP03] 4+ 2H(ad) (138)

Ni+2

+ 2H(ad) + 208"+ Ni° + 2H,0. (139)

ats 1o LA BTSN

RPN RIS
R Py




For simplicity, the NH4+ and Na* cations, and the Cl1~ anions
are not shown in the above reactions., The notation S, indicates
that the reaction only occurs at the substrate surface.
Since hydrogen is readily adsorbed on a palladium surface, a
palladium layer is sometimes applied prior to the el¢ctroless
nickel plating. Also, nickel can be plated directly on silicon,
since there are hydrogen adsorption sites on silicon and silica.
The density of potential adsdrption 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 silicon is that the thickness of the
silica layer, which is always present on bare silicon, is
thought to be a major factor in determining the adherence
of the nickel. Also, too thick a native silica layer (> 50 R)
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 élating
layer should not be expected to deposit éﬁoothly.

~ The plating efficiency of the électroless nickel platihg
solutibn is lowered by several compéting'reactions that con-
sume the hypophosphite anion without the production of ad-
sorbed hydrogen. Two of these reactions,are:

Hzpoz' + H(ad) = “z°’+ on~ + p° , | ; (140
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H,P0,” + H,0 + H' + HPO,™" + H,(g)4 (141)

Becanse of the common ion effect, reaction (140) will occur to a
greater extent in an acidic solution while reaction (141) will be

more favored in a basic solution., To keep the electroless

P

solution effective, precipitation must be minimized. Other~
wise, the solution could plate out on itself, or on the con-
tainer walls, starting with precipitated particles. In the
nickel and chromium electroless plating solutions, sodium
citrate, a chelating agent, is therefore used to keep the metal
cations in solution. Another major constituent of the electro-
less plating solution is a buffer (weak acid or base and the
salt of that acid or base). The buffer is used to maintain the
pPH of the solution in face of the hydronium ion consumption

or production by the plating reactions.

3. Electrolytic Plating

Electrolytic plating, or electrolysis, is a very common
commerdial process, used either to deposit conducting,'pro~
tective, or decorative surface layers, or to purify metals. 
Its first commeréial application occured over a century ago
in fhe’fabrication of silverware by silver plating. Electro-
pPlating can be used to deposit layers of substantial thick-
ness and bulk metal properties, including conductiviﬁy. It
\ : ~differs from the two previously mentioned plating procedures

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 cm apart. Electrical connections have to
be made to each workpiece (substrate), as well as the anode,
from a dc power source capable of supplying the required
current at a voltagé between 4 and 9 volts (DC). 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. 1In
this process, the principal work 6f the external voltage is
the movement of electrons from the anode to the cathode.

Since plating is a steady state situation (i.e., the
number of electrons in the solution does ot change ih 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 archarge of 96,500 coulombs, a "chemical equivalent"”

4)

hds one mole of e}ectronic charge. Thus, one chemical equiva-
lent represents one mole deposition of singly charged cations,
but only half a mole of doubly charged cations. Therefore,

a current density of 1 m'A/cm2 wbuld give a deposition rate

of about 1 x 1()'8 equivalents/sec-cmz. This holds only if
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the cathode and anode efficiencies are 100%., The electrode
efficiency is defined as the actual mass deposited divided ;
by the amount calculated by Faraday's Law.

In copper plating, the elecgtrolytic solution consists
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 quantities of molasses or other organics
are sometimes added to the Hbso4eCuso4 solution to obtain finer
grain deposits. The applied woltage for copper plating is

6 - 12 volts (DC), and the current density of the cathode is

40 - 6Q mA/cmz. A higher voltage cannot be used to increase

the current density, orvﬁhe plating rate, since the réahtion
rate is limited by the diffusion 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
H2$O4-Cuso4 solution may not be suitable becausekof the
possibility of an immersion reaction between theCuSO4 and ;

Ni. Immersion deposited copper is undesirable because it is j

not very adherent. Therefore, the nickel has to be initially

coated with copper using an electroless solution, or with an .
electrolytic solution containing a copper compiexing agent., é
The complexing agent effectively decreases the concentration -
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of copper in the solution, and hence, the driving force for

a displacement rsaction.

C. Physical Depositionfprocesses

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 applicatior for metal layer formation in the electronic
industry: screen printing. The first category includes those pro-
cesses whers the material is "vaporized" by heat, including that
generated by an electron beam ("vacuum evaporation") or ion
bombardment (sputtering), and then transferred as neutral
particles by free flight through a gap narrow compared 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 chamber, where
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the metal is evaporated and physically tranferred onto the
wafer. There are several methods for supplying sufficient
thermal energy to vaporize the metal. A common laboratory
method is to place chunks of wire pieces of the metal diréctly
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, so that the filament
will support the molten metal, when the vapor pressure of the
metal is several orders 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, orceramic. 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‘u;ually 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

5).

follows Knudsen's cosine law, ' or:

o | v
PR} cos@d . (142)
4wr2p ' ‘ Ll
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where m' is the mass of metal evaporated and p its density,

© is the incidence angle, and r is the distance between the
source and the deposition area, 1In terms of the vertical (h)
and horizontal (&) distances between the source and the target,

m'h (143)

b o= ‘
amp(h® + §%)7/°% '

or

t = B@ + (s/h)z]“3/2 t §144)

o ’
where t is the plating thickness obtained directly above the
source at distance h (§ = 6 = 0), 1In 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/4wa2,
where R is the radius of the sphere. In depositing from a
capped crucible, the locus of the uniform deposition surface
can be ovalized because of the directijonality, or beaging,
imposed by the crucihle orifice,

To reduce crucible temperature and thus crucible-metal

~ interaction, 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 filament,
provides the electrons, ad a magnetic field is used to

direct the electron beam to the vapor-emitting surface. The

 highest temperature region is thus shifted from the crucible

to the metal. In fact, the crucible can be cooled, or omitted

completely by heating of a puddle 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 very high substrate temperatures
reduce the deposition rate by re-evaporation of some of the

plated metal.(s)

Ionization of the vaporized metal often
helps surface adhesion. Ionization can be accomplished in
an rf field or a plasma, usually a disicharge 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-
creases metal adhesion by "hammering-in" the metal atoms.
Unfortunately, entrapment of Argon in the metallized }ayer
reduces its conductivity. Becaus2 an electric field is
applied to the substrate when the vaporized atoms are ionized,
the deposition thickness does not follow Knudsen's cosine
law.

Another way to vaporize the source metal is to sputter
it, which means bombard it with ions. The ions, usually
produced in a ﬁlow discharge in Argon, are accelerated 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 discharéé gas. A threshold voltage (around
300-400 volts) is require& 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 (V) and inversely proprotional to the
pressure of the discharge gas (p) and the distance betwecn

the cathode and the target (d)}, or

kv

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 a*omic weight of the

discharge 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 impingini ion énergy 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 of magnitudé greater energy than thermally vaporized atoms,

The greaﬁer energy of the sputtered atoms facilitates crystal

formation of the deposited 1ayefs, within the practical iiﬁits
impbsed by re-evaporation. Since the sputtered atoms follow

the cosine law, siightly 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 cm, to achieve uniform de-

'position. As the center of the target is somewhat shade§
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from the plasma by the substrate, the target is usually chosen
about 50% larger than the substrate to attain sufficient

sputtering.,

2. Thick Film Screen Printing

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 squeeéee to transfer the "ink"
from the top of the screen to the substrate; and (3) a fixture to
hold the screen and substrate 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 screen‘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
disténce), 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. Thé 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 cafbitol,
and a binder (ethyl celluloSe);‘ahd'a frit,~which cburd be a
glass such as lead'bofosilicate. Recently, experiments have

been'performed replacing the frit by a flux, such as AgP03,
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The 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. The
greater flexibility of the nylon screen is a disadvantage to
resolution, because of its larger snap-off distance. The
etched metal 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 um, although
175-200 uym 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 ﬂm in the future. The thickness for
the printed lines is limited to about 25 um before firing.
The limit arises from adherence of the ink to the sidés of
the emulsion on the mesh.

After application of the ink, the printed parts are
dried and then sintered, both in the air. The 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
conductivity for equal metal mass in the line, due to the
limited area contacts between the silver grains.

A screen will lastvfor about 10,000 cycles, a squeegee

for a tenth of that. The 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.

2 od N

-

£}

1os




R R TR R ST R TIRIAT T e

oo WEEEETDL eE. T R T e MR T

D Ll

I

L
i
!
:
i
i
3
: Ii

i

X. Comparative Evaluation of the Metal Depositioq Options

A. General

In this section, the attributes of the various applicable
metal deposition options will be comparéd 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 sub-
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 processes require the
additional steps of masking, further conduction layer’' 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 sintering step to reduce contact

and conductor resistance to acceptable values, which is

usually not needed for plating. Also, some processes require
some~additiona1 operations. For instance, in vacuum evapo-
ration, the commonly used contact mask gets covered with
deposition metal and must be periodically‘femovéd'for clean-
ing. In the interface area, the suitability of some pro-
cesses depends on preceding processas or the cell structure

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 dielectric 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 um or less.
This is well beyond the projected capabilities of somé;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 10 um for the lines of 25 um or greater width, and
as 40% of the line width for narrower lines.

Postboning 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-
selves, a variety of sub-matrices. For instance, for the
electroless 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 immersion plating; a Pd~layer applied
by immersion plating, and built up electrolessly; a thin
(50-100 §) 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. Foremost among these is that,
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 cbnduc-
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 depoéitionkand sintering processes do,

According to their general nature, outlined in the
preceding section, the discussion of the metallization op-
tions will deal with them as four major groups: the wet
chemical plating, which includes immersion, electroless,

and electrolytic plating; vacuum deposition, including
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Table VIA

Metallization Process Options

-

LR LT R,

Process Applicable Coating Purpose of Typical IMajor Steps Remarks
Metals Thickness Coating Sintering
(um) Requirements
Electro Ni on Si 0.5 Pattern for 300°¢; 30 HF dip, plate, Adherence to
198?‘ chief Cond. . min rinse and dry, Si and con-
~Plating sinte tact resis-
or barrier r- resis
tance is
variable
» 5 Chief cond. Optional Plate, rinse
and dry. -
Ni on pa 0.5 Pattern for None Plate, rinse
J chief cond. & and dry. -
or barrier
- 5 Chief Cond.
Ni on Au 0.5 Pattern for None Plate, rinse & Shouldn't
chief cond. dry. be exposed
to high tem-
peratures
(>300°C)
Pd on Si 0.01 Ohmic contact - 300°C; 15 min] MF dip, plate, Forms szsi
or on Pd.Si and barrier "frinse and dry, ‘
2 against Ni in N, sintev, when Sintered
. Ae on Ni 5 Chief cond. tione nlate, rinse, Only recently
Immersion and dry. has solution
Plating stability
been accep-
table.

Pd on Si 9.0]1 sshmic contact 300°C; 30 HF dip, plate, Forms Pd.Si
and’barrl?r min in N2 rinse & dry, when sin%ered
against Ni sinter, hi-

l pressure scrub,
HF dip, plate.
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TABLE VIA (Continued)
i
Metallization Process Options
f : Applicable Coating Purpose of Typical Major Steps Remarks
o Process Metals Thickness Coating Sintering
' (am) Requirements
i Electroless
! Immersion
Plating Au on Si 0.002 Strike layer None, HP dip, plate Shouldn't be
3 , exposed to
4 Tsigh. t ratur.
: ; 1 (>3050¢) T
[ Electroly’é‘.c
- : ,
L " Plating Cu .on Ni 8-10 Chief Cond.
layer None Plate, Tinse & Must avoid
~ dry. Hirect Cu-Si
| contact,
4 L] . i
Ni on Si, 8-10 Chief Cond. 300°C; 30 mir] HP dip,plate, Jiced organics
in N, ringe & dry, in plating solu-
sinter ion.
* " Ag on Ni 5 Chief Cond. None ‘Plate, rinse a Current
: ary. density between
: 0-20 mA/cm2
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resistance and electron beam heating as well as sputtering
and ion plating; thick £ilm screen printing; and deposition
from the melt, such as solder dipping, which is at times used
for conduction layer build-up. The processing 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.g. silver) to
avoid oxidation of the metal powder in the binder burn-off

step. However, the high cost of the noble metals, including

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 successful, application 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 pla-
ting‘solution, at least in electroless nickel plating, as
recent studies have shown'’). '

A summary of the metal deposition process opticns, used

or being considered for low-cost silicon solar*cells, is con-

- tained in Tables VIA-C . In these tables, the normally applied
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metal thickness (which determines the function of the metal
layer), the metals, to which the process is normally applied,
and the major processing steps are listed. The Midfilm pxo-
cess has been listed separately in these tables, as it re-
presents a cross between a photolithographic and a thick film

process.

B. Chemical Deposition Processes.
l. Electroless Plating.

The first set of options listed in Table VIA refers to
electroless plating which is now mostly used to apply only
a thin layer (up to »n 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 chemical rea‘cti,éns 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 gntq Hzo, OH , and phosphorué caused by reac-

tion with the adsorbed hydrogen atoms, such as:

s
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H,P0, ~ + H(ad) = H,0 + oH~ +r°, (146)

The other side reaction is the evolution of gaseous hydrogen,

instead of adsorbed hydrogen, from the reactants in reac (138).

This reaction is:

H,PO, T 4 OH™ +,Hpo3" + Hy (g) 4 (147)

There is still some debate over the type of surface which
nickel can be most advantageously applied on. The three
organizations which examined electyrcless nickel plating under

the JPL/LSA project, applied three different procedures for

surface preparation. Before applying the nickel layer, Motorola

covers the grid pattern with a Pd-=layer, applied by immersion
plating and in some cases built up further with eleg¢troless
plating. Photowatt applies the nickel layer over a thin gold
layer which is formed by immersion plating, while Solgrax
deposits the nickel directly on the silicon surface by elec-
troless 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'platihg 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 bettef adhesion. And finally, the chem-
ical cleaning processes used immediately prior to plating, in-
cluding an HF dip with or without subsequent short rinse, aré,

recognized as important steps in a succeszul‘plating process.
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The electroless nickel plating options are listed in
Table VIA. Even though the electroless application of a bulk
nickel conductor is showh in Table VIA, it is now more commonly
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 the wafers of particulates possiblyk
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 NH4OH'to maintain the
proper pH, and NiCl2 to replace the plated-out nickel, the
solution 1ifétime can be quite extensive. In current cost
studies for electroless plating of nickel, it is assuﬁed that
one liter of solution could effectively plate, without re-
plenishment, 34 m2 of polished cells with 5% front area
coverage to a layer thickness of 5,000 R, 1t 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 afea of the texture etched
cells, decreases the capacityybf the plating solution. The
nickel plating sélution consists of 2.5 wt#% NiCl2 . 6H20,

5 wt$ NH,OH, 1 wt% NaH,PO |

- H,0, 4 W% NH,CR, 7 wtd

4 2772 2
Nazcsaso7 . 2H20 and 80 wt% Hzo. The‘NiCl2 . GHZO is the
117

e TR e e e i o e RN o A PSR e L it I B 8 A g I A A A I A S IO UG B S ST

o ; G
PR R T P

R I T T




e e b A

metal source, the ammonium hydroxide and the ammonium chloride
maintain the pH of the solution, the sodium citrate is a
chelating agent, and the sodium hypophosphite is the reducing
agent for the nickel. Increasing the pH might increase the

rate of production of adsorbed hydrogen atoms and plated

nickel (reac (138) and (139), but it also increases the rate

of a conflicting reaction (reac (147). Raising the tempera-
ture of the plating solution increases the plating rate, but
the stability of the plating solution decreases. A solution

temperature of 90°-95° ¢ 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. waever, 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 éatalytic nuclei that lead to solution decomposition.
The electroless plated nickel layer generally shows good uni-—
formity, with few pores and a fine crystalline structurg.
Part of this is due to the presence of between 3 and lSywt%
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 nickel = 60 uQ cm compared to

6.35 U cm. As the electroless plated nickel layer normally
serves a sensitizing function, 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.P is formed at about 400° c. The nickel phosphide. affects

3
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-cmz)
are dependent on the nature of the substrate and on sintering
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 control. 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(e) it was found that 5000 R
thick layers adhered well to silicon, while 10,000 R layers
separated easily. The silica layer thickness also affects

adherance and contact resistance. 1If the silica layer is
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too thick (> 50 &) to readily permit tunneling, then it will
act as a dielectric layer, and electroless plating will not
occur. If there is no silica present on the silicon surface,
then a displacement reaction will occur with the plating
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 R 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 }ts
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 HF dip immediately prior to the electroless plate,

" Processing times and temperatures for depositing 5000 & of

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 nickell

layer has to be sintered after plating, whic¢h is thought to
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result in the formation of Ni,Si. The sintering temperature
has to be kept low, to minimize the formation of Ni,P in the
metal layer and the diffusion of nickel into the silicon wafer.
Nickel atoms in the depletion region can lower the cell effi=-
ciency through the formation of recombination centers, while
nickel aggregates can even short out the junction, The sin=
tering conditions for electroless deposited nickel are there=-
fore usually 300° ¢ 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 tpe nickel
plating, in a "sensitizing bath". The palladium forms a
barrierkagainst nickel penetration, and it presents a very
active surface for the adsorption of hydrogen atoms. The |
palladium iayer is usually sintered for 30 min at 300° in
a nitrogen atmosphere to establish an ohmic contact by the
formation of palladium silicide. No additional sintering
is theh needed after deposition of the nickel layer, A gold
strike layer, approximately 20 & 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 silicon and forms recombination 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-Ni
layer minimizes the metal penetration problem during the
solar cell fabrication process., In one reported sequence,
the gold layer is plated by immersion of the wafers for 3Q
seconds into a basic electroless solution which contains

0.2 wtt potassium cyanaurate as the gold source, 6.6 wt%
ammonium chloride, 4.4 wt% sodium citrate, and 1 wt% 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% HF to the electroless gold solution reduces
its best operating temperature from the 90°-95° ¢ ranée to
room temperature. Whether the HF 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 rmnsed thoroughly with

DI H,0 for 5 minutes before being electrolessly nlckel plated

In ancther process sequence, palladium is applled via
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immersion plating and then built up with electroless plating

prior to the electroless nickel plate. The immersion Pd-layer

is about 50 & thick, while the electroless layer is 1000 R
thick. The palladium immersion solution contains P4Cl, as
the Pd-source, HCR to help dissolve the Pdczz, and NH4E to
complex with the silicon cations by formation of fluorides.
Control of the immersion reaction rate is important; too
rapid a rate leads to non-adherent or spongy deposits. The
silica layer thickness is minimized by dipping the wafers in
a 1 wt% HF solution just prior to plating.

In the Motorola process sequence, the immersion plating,
which takes 5 min, is done twice, with DT H,0 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 DI Hzo, dried, and sintered‘for 15
min at 300° C in a nitrogen atmosphere. The palladium layer
is then built up by electroless Pd plating. The composition
of the electroless Pd-solution is very simiiar to that for
the nickel solution, save that pdczz is the metal source.

The cells are placed for 45 sec in the electroless Pd=-solution
which is kept at‘SOo C and a pH of 9.7. The cells are then
rinsed with DI HZO, dried, and sintered at 300° ¢ for 30 min
in a N, atmosphere. It might not be necessary to have such

a Ehick Pd-layer prior to the nickel plating. More recently,
‘Motorolé has been able to fabricate good cells by electroless
pl&ting af nickel over an immersion. Pd-layer. Sinterihg is

then done only after the nickel is plated.
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2, Electrolytic Plating.

Electrolytic plating is considered in solar cell fabrica-
tion primarily for the deposition of copper for the purpose
of conduction layer build-up. The most common sqlution used
for plating copper is an acid which consists of approximately
150 to 200g of copper sulfate (Cuso4-6H20) and 30g of con-

centrated sulfuric acid in a liter of water,(4l The  copper sul

fate transports the copper from the anode to the cathode.

But because only about 25% of the Cuso4 is ionized in an
aqueous solution, the conductivity of a Cuso, solution is low.
Therefore, one of the chief purposes of the sulfuric acid is
to increase the conductivity of the electrolytic solution.

The conductivity of a 1 n H,S0, is about 6 times larger than
that of an equivalent Cuso, solution - 0,200 mho cm"l compared
to 0.035 mho cm-l. In addition, the sulfuric acid promotes
anode reduction by reacting with it, and further, by attacking
copper aggregates, the sulfuric acid fosters a smooth deposi-
tion. Colloidal particles, such a§ starches, in the electrol-
tic solution also promote smooth deposition by accumulating

at the high points of the wafer. Since the high points of

the substrate are closer to the anode, heavier deposition 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
or cathode surface, since beading of the electrolyte would

concentrate deposition into selected areas.
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- During the electroplating, the solution is kept at a
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moderately high temperature (v 50° C) since the conducti-

vity of the solution increases with temperature. However,

the stability of the electrolytic solution sets an upper
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limit to its operating temperature. Also, the solution has
to be agitated during plating, to redistribute the ions and

i prevent charge accumulation at the electrodes. Further,

the electrolytic solution should be constantly filtered
§ through diatomaceous earth to rid it from particulates. The ﬁ
» Z filtering rate should be fast enough to turn over the elec-

trolytic solution once an hour. The accumulation of pre-~

cipitates, or solid particles, would affect the coherence of
% 3 ) the deposition. Since the grid lines are only 5-10 um thick
and 40-120 um wide, the inclusion of particulates in the grid
pattern could be detrimental to the grid line integrity.
Another technique, besides filtering, to minimize deposition
of solid particles, is to place bags around the electrodes.
L f One suggestion () is to use a 10-~12 oz. cotton flannel inner
; bag with a napped polypropylene outer bag.
? Unlike,electroless and immersion plating, which could
| be done in a simple flow tank with a recirculating system,
f"§ electrolytic plating requires fairly large plating tanks.
k éij These tanks have to be electricallyinsulated towards the so-
:", lution and are therefore normaily made of steel with a rubber
3 lining, such as Koroseal from Goodyear. Beﬁore‘a new tank

« can be used for pla%ing, the tank has to be leached with 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 cycle time of 5 minutes for the plating operation,
two tanks would be required, each of approximately 185 cm x
215 cm surface area and offadequate depth to accommodate one
cell placed vertically. 1In ihis 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/cmz will give a coating

~ thickness of about 6 um in 5 min using the acid plating so-

(10) In this scheme, it is assumed that an electrical

lution »
connection can be made to each of the 100 wafers that are
in a tank simultaneously. This would require loading. and

uniloading 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
possiblé displacement reaction between ¢opper ions and nickel

metal. The displacement reaction, which occurs because
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nicke) is more reactive than copper, would result in in-
coherent deposits. To avoid this reaction, wafers with an

electroless nickel coating, could, prior to copper plating,;

T T T A
. - fadhos.
E 4

be dipped in an alkaline "coppering" solution. This solution

W
T8

T

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 g
NaCN, for complexing metal ions; 50 g of Nazcoa, to give the
proper pH; and 25 g of CuCN, as the source of copper; and
one liter of’water!ll) The cyanide complexes with the copper
f cation, effectively decreasing the copper activity.

| Another common electrolytic plating method, which does
not require a preceding "coppering" bath, utilizes a copper

cyanide plating solutionfﬁ)

This solution contains Rochelle
salt (NaKCGH406-4H20) 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)

L The desired operating pH of the Rochelle salt solution is
| 12.6, which is adjusted by the addition of NaOH or sto4,
depending whether it is desired to raise or lower the pH.
The operating temperature of this solution is between 50°

and 90° C, and current densities used are between 20 mA/cm2
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and 50 mA/cmz. 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 thecuso4 - H,50, solution.

It has also heen proposed to electroplate 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 bagged.
One liter of nickel electrolytic solution consists commonly
of 327 g of nickel sulfamate (Ni(SO;NH,),), 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 smoothness. Since pure
nickel is a fairly inactive anode, a sulfur depolarized
nickel anode is used. The optimum operating conditions for ®

the nickel sulfamate solution are a temperature of 49° ¢,
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a pH of 4.0, a current density of 60 mA/mz, and a voltage
between 4 and 8 volts (DC). Approximately 1 mf& of nickel
replenisher solution should be added for every ampere-hour of

charge passed through the tank.

C. kThick 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 quantities
required, silver is too expensive to permit meetihg the
price goals for the modules. Secondly, the conductance of
a layer of screen printed and sintered silver, containing

an equal mass of metal as a bulk layer of the same metal,
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Table VIB > q
Mctallization Process Options

process | Applicable | Soating [ gumeseof [ mypical = fuajor Steps | Remarks
tum) Requirements
Thick Film i )
Screen Printing} Ag on Si 12 Chief Cond. 125°C; 15 Screening, gis?}ljgf density ; |
L : | . min for drying |sintering ' £ bulk; line i
; | | folloved by l:idth 250 um; i
' §757-700°C; 90 Polished surfaces
-120 sec. Jp referred.
. .
- Sn:Mo03 . 15 Pattern foxi 400°C; 5 min |Screening, Small quantities ~
= (75:25).0n chief cond. to hurn out C, sintering of Ti (20 ppm) |
° 51 (solder) followed by 700 lecreases con-
“C for 30 min in tact resistance.
N2 and H, mix- kFolished surfaces
ture ~referred
- Cu on Si 10-15 back contact | 550°C, 5 min in |Screening, [Cu paste contains
only N, for adherence|sintering AgF ., to actas a
followed by 530° Iflux and A -Si
C for 8 min in Leutectic to
., ~
' hromote ohmic
contact
- Al on Si 15 back surface 850°C, 20 sec Screening, sinteif. £-Si eutectic
‘ field ing, removal of | formed during
acess AL sintering which
results in a
high conc. of
AL in the Si.
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is only about half that of the bulk silver layer, due to the
limited 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 deposition process. 1In addition, as the screen
printed and sintered lines contain a lot of voids, with a
density factor between 40% and 60% of bulk density (see¢ Table
VIB), about four times the volume of a bulk metal line is
needed for equal conductance. However, the thickness of a
screen printed and sintered layer is limited to approximately
20 um for a single screen printing. A second layer could be
applied after sintering the first layer, but this would in-
volve pattern registration And would appear to be even more
uneconomicai. Thus, a single screen printed layer is equiva-~
lent in performance to a 5 um thick plated layer. Thirdly,
the line width in screen printing is, today, still pgactically
limited to 175 to 25¢ um minimum, with about 125 um 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,

The.compoSition of the screen printing ink usually in-
cludes thé following: metal particles with a mean diameter

of approximately 5 um; a glass frit to foster metal flow and

‘adherence during sintering (a common type is the Drakenfeld

frit which is a lead borosilicate glass Pb0:8203:5102 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% for 5-15 min to evaporate

the solvent, and then sintered at approximately 700°¢ for

—‘17“‘&:‘ . Z« mm Rt bl gm ‘wmﬁm .

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 c¢cm x 10 cm wafers

an hour with a line resolution of 125 um, using 325 mesh wire

screen. A metal screen could print lines with about 50%

higher precision than a wire screen, but is considerabiy more

expensive. The function of the screen printing machine is to

£irmly 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, impatting a large sheer
force to the ink, and thus hardening it so it can retain its
shape. As mentioned earlier, the grid pattern's uniformity
and quality is affected by the speed, pressure, and4attack
angle of the squeegee (angle that the squéegee makes with
the screen), and the snap-off (substrate-to-screen) distance.

Typical conditions are a squeegee speed of 8.4 cm/sec with

TR R TR AL B L e
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an attack angle of 450, and a snap-off distance of 0.064 cm
Since the snap-off distance should be constant over the wafer's
surface, and because the squeegee excerts a significant down-
ward force on the wafer, it might be difficult to print warped
wafers with 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 for a short time after snap~off.

The ratio of the printed ink's line thickness to width
decreases with increasing line width, since relatively more
ink stické to the screen for thinner lines. For 125 um wide
lines, the largest wet ink thickness may be about 20 um, which
results in 10 to 16 um thickness of the sintered line, This,
coupled with the relatively 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 oveér some other metallization process options,

The current cost of scregn—printing silVer is dominated
by the cost of the silver ink;‘which in turn is determined
by the silver5price. .\ silvei pricewof‘$0.40/g (v $12,50/troy
oz) has been assumed for these Caléulations. With‘a price
of $0.30/g for the'glass’frit, binders, solvents, and for-
mulation, the total ink price will bé $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. 1In
some cases, the process data given were not complete, e.q.
screen and squeegee costs were left out.

In crder 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 MoO, powder,
and one of copper using a AgF flux. (Table VIB). 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

(E3) The ink solids consist of a 3:1 wt ratio of

dipping.
Sn to MoO,, with one part in 50,000 of TiSi, added. The ti-
tanium silicide is supposed to lower the contact resistance.
The ink solids are used in a vehicle which is composed of

75 .wt% solvent, e.g".trichlorethylene; and 25 wt% binder, e.g.
ethyl cellulose. Two parts of powder are used with one

part liquid. AfterftheSn‘iMoo3 ink is applied to the Qafer
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 half-an-hour in a reducing atmosphere consisting of
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hydrogen (40%) and nitrogen (60%), After cool~down, the wafers
can be solder dipped.

The application of copper ink using a AgF flux is still
in the experimental stagefl4) The AgF which composes ahout
2 wt% of the ink, melts at 435°C and dissociates at 460°c, with
the nascent fluorine jeacting 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

¥ 0 (] s
5 min at 500°C in nitrngen atmosphere, and then sintered

RO,

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 f£lux. Thus, the

process can be carried out in an oxygen-free environment and
therefore be applied to base metals such as copper. It is g
still subject to the nther limitations of the thick film é
processes, and it involves handling of the quite costly 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 eutéctics, to form
the back contacts, bare cells with efficiencies of 9.4% é

have been produced.(lsx
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Table VIC

L]
Metallization Process Options

T e VM W TR

9tT

Typical
Applicable Coating Purpose of Sintering
Process Metals Thickness Coating Requirements Major Steps Remarks
Midfilm Ag on Si 8.5 Chief Cond. 50°C, 60-100 |Applying Midfilm |Works best
ec; 700°C, exposure, apply- With spherical
30-70 .sec- in ing metal, sin- [particles
alr tering resolution about
50 um
Cu:Sn avgg§5b1e - ?:ONC for 5 wm Same as above Sucessfully
m T2 |eired on si
afers only
i:Pd: .01:0.01:}FR ing: r N ,oad, evapora-
Vaccuum Ti:pd Ag‘ 0.01:0.01 Po?dlng barrie one o n'uﬁlogg sed for space
deposition on Si 5 Chief cond. o ells
iii:Cu on Ng 0.5:10 Farrier: chief None Load, evapora- [podification
: cond. tion,unload pf above pro-
redure
Solder dip- Sn:Pp (60:40)] >55 Chief cond. None Flux dip, soldéxhust have metal
ping on N1 dip, clean, pattern. Thick-
rinse and dry r on bus bars.
. " ® » hd *
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D. Physical Vapor Deposition.

Physical vapor deposition, particularly in the form of
vacuum evaporatioh, 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 vacuum process lines for the low-cost depo-
sition of precision four-~layer optical interference coatings
at OCLI (Santa Rosa, CA) shows.

Physical vapor deposition (PVD), or vacuum 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 8 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
ailver to serve as the bulk conductoér...

Ohe4of.the attributes of the physical vapor deposition
proccess is that it has to be carried out in a controlled
environment, namely in & high vacuum in the case of vaéuﬁm

evaporation or iOn4plating, 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 process. -
In laboratory type and small production equipment, the cham-
ber is 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 minutez, during which the rel2*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 possiblé. Thus, in
front and behind the actual process chamber in which a high
vacuum is continuously maintained, a sequence of pumps. has
been installed to achieve a suitable pressure gradient between
the outside environment and the pressure in the process
chambe:. This approach requires large equipment and consid-
the pressure gradient. This equipment is therefore not
considered econamical, and is no longer produced. The al-
ternative for mass production is a quaéi?bétch operation with
airlock chambers for the lo&ding and unloading of the work

in process. These atrloeks 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 chamber. 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, even in a‘high'vacuum process (about
10”8

Torr) there are some residual gases in the process

139

Sl s e T A o SR T ot e

Gtk




chamber, some originating from backstreaming of oil from
the vacuum pumps. These gases can interact with the material
to be deposited or enter into the deposited layer, somewhat
modifying its properties. Through proper vacuum chamber
construction and maintenance, however, this contamination
problem can be adequately controlled. In the systems which
are equipped with airlocks, and where the process chamber
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 chemical reaction at the
wafer surface during physical vapor deposition, adherence to
the subsyrate depends mostly on van der Waals forces. There~
fore, coating adherence depends strongly on surface condition. »
The presence of water vapor, adsorbed gases, 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
glow 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 édsorbed;gases. However, a carbonaceous

layer may form from the cracking of reSidual,hydrocarbons.
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One of the major problems with vacuum deposition is that
the material evaporated from the source does not deposit
only on the desired areas. The evaporated material leaves
the "source" on straight line trajectories and deposits on
all surfaces in its path. While simple laboratory type
sources deposit material into a hemisphere around the source,
more sophisticated sources, or "boats", incorporate baffles
and "chimneys" to restrict the exit angle and deposit material
predominately in a cone which does not have to be signifi-
cantly larger than that containing the work in process.
Nevertheless, there is always some 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 evaporated
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 hsed, 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 labox and chemicals. Again, about 50%
of the material 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
system. (16)

Vacuum evaporation has the following attributes which
are beneficial for large scale solar cell production: a
well controllable, automatic process, capable of yiqlding
very fine line (< 10 um) 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 deposition on both sides of the wafer, thus
esSentially doubling the capital costs(le), 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 eoil, and’con—
siderable, though tolerable, energy consumption. These

attributes tend to make the process more costly than some
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of the wet chemical options.

These problems tend to make the process unsuitable for
the deposition of thick, fine line patterns, When a pattern
of 10 um thick conductors of 25 um line width, as found
desirable in the pattern optimization studies, is to be
produced, then the 10 um 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 alternative would be
to use a disposable mask, a resist, on the wafer. With the
required small line width, the resist application may require
photolithography, a process of higher, but probably tolerable
costs, However, a 10 um thick film has a significant lateral
strength. This thickness may not be adequately reduced at
the steps between masked and unmasked areas to permi? 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, with perhaps up to a micrometer thick=-
ness. These problems would not occur in depositions on the

back of the wafers without masking.
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Table VII

Principal Metallization Process Ontions

& I. Contact Masking
) A, Standard positive or negative photoresist procedures
i“ (Kodak, Shipley, etc.)
F B. Midfilm process (developmentzl) (Spectrolab)
: C. Printing of resist (offset, screen, etc.)
E D, Spraying of resist
E. Plasma etching (shadow mask) of AR coating (Motorola)

A,

B.

cC.

D.

E.

F.

II. Plating

Pd (immersion + electroless)/Ni(electroless)/solder
(dip) (Motorola)

Pd (immersion + electroless)/Ni(electroless)/Cu
(electrolytic) (Motorola)

Pd (immersion)/Ni(electroless)/Cu{electrolytic)
(Motorola)

Ni (electroless)/Cu(electrolytic) (ASEC)

Au (electroless)/Ni(electroless)/solder (dip)
(Photowatt, Solar Power, Solar Systems)

Ni(electroless)/solder (dip) (Solarex)

ITII. Thick-film screen printing

A,
B.

cC.

Ag ink with glass frit (ARCO Solar)
MoO,:8n ink (developmental) (SOL/LOS)
Fritless Ag or Cu ink using AgF and germanium or

silicon alloys as fluxes (developmental)
(Bernd Ross Assoc.)

- IV. Vacuum deposition

Ti-Pd-Ag evaporation (Spectrolab, ASEC)

'Ti-Pd evaporation followed by electroplating of

Ag (Spectrolab, ASEC)

Ti-Pd evaporatibn followed by electroplating of
Cu (Westinghouse)
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XX, The Principal Metallization Process Op?}ons ‘
From the large matrix of potentially useful metallization
process options, the more important processes are listed in
Table VII. In regular manufacture of solar‘céils, so far only
the plating processes E and F have been applied, as well as
the thick film printing process III A, and the vacuum deposi- t
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 é
or have been used in pilot line fabrication of solar cells. |
However, a few of these processes, such as II D or IV C, may :
become production processes in the near future.

Not mentioned in Table VII have been sintering steps, which

are used with all thick film processes, and have also been
applied after most immersion or electroless plating steps, as &
well as after the vacuum deposition of silver, The mefallizé—
tion processes which include a solder dip, have generally

been carried out without a separate sintering step. The brief é
heating cycle connected with the solder dip, however, may have a :
similar effect as a sintering step,

Through the vears, it has been found again and again,

that electroless plated layers without a subsequent sintering
step tend to show occasional 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 VIII

A. Plating

1) Pd-Ni-solder (Motorola)

a) Immersion Pd Coat andysinter

1., Dip for 10 sec in a 1.0:l H,0: HF solution, followed by
a DIH,0 rinse (30 sec in a“50:1 H, Ot HF solution, no
DIH,0 rinse),

2. Immersion Pd for 2 min, followed by DIH,0 rinse (immersion

Pd for 3 min, followed by a 5 min DIH,0 rinse.)
Option A. Option B,
(3) Agua regia dip for 5 éec, 3. Spin-dry and inspection.
followed by a 15 min DIHZO
rinse,
(4) Dip for 20 sec in a 50:1 4. Singer for 30 min @
HZOsHF Solution 300 ¢C withkN2 purge,
(5) Immersion Pd for S min, 5. High pressure scrub
followed by a 5 min DIH,0 (both sides).
rinse,

(6) Spin dry and inspection. 6. Dip for 5 sec in 10:1
H,0:HF solution, followed
by DIH,0 rinse',

(7) sinter for 15 min @ 300°C, - 7. Immersion Pd coat for

with N, purge, ‘ 15 sec, followed by a

DIH,0 dip.

(8) Dip for 20 sec in a 50:1
H,0:HF solution.

(9) Immersion Pd coat for 2 min,
followed by a 2 min DIH,0 -
rinse.
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Table VIII
Page 2 of 6

b) Electroless Pd Coat and Sinte;

1, Electroless Pd coat for 95 sec, followed by DIH,0 rinse.
(electroless Pd coat for 45 sec, followed by a EO‘min

DIH,O0 rinse).
2. Spin=dry and inspection,

3. Sinter for 30 min at 600°C with N, purge (300°% for 15
min with N, purge) ,

c) Electroless Ni plating

l. Electroless Ni plate for 5 min at 80°C, followed by 10
min DIHZO rinse,

2. Spin-dry and inspection,

d) Solder

1. Immerse cell in solder flux (type RA, Kester 1544), and
allow excess to drain,

2. Immersion in solder (Kester 60:40 Sn:Pb) at 240° for
1l sec.

3. Remove excess flux by agitating in TCE.
4., Second dip in TCE,
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 Motorola.

The remainingrdgtails 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

Au-Ni Plating (Sensor Technology)

Dip for 30 sec in concentrated 48% HF.

Electroless gold coating dip for 30 sec, followed by a |
DIH,O0 rinse for 4 min (Small quantities of HF have been ‘
addgd to the gold solution for the reaction to proceed 1
at RT). '

Electroless Ni plating at 83°c for 4 min, followed by
two deionized water rinses of 4 min each.

Spin-dry and inspection,

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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Table VIII
Page 4 of 6

B. Thick Film Processes (Screen-Printing)

1) Thick Film Screen Printing (RCA)

1. 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),

2., Screen printing of metal pattern on wafer (includes pre-
paration, mounting, and cleaning of screen),

3. Heat treatment of wafer for drying and removing volatiles:
15 minutes at 125°C; followed by a 90~120 sec sinter at
675-700°cC.

2) Thick Film Screen Printing of Moo3:Sn (SOL/LOS)

l. A 4:1 wt mixture of Sn:MoO, is blended in a 2:1 wt ratio
with an organic vehicle whgch~COnsists of 25 wt% ethyl
cellulose and 75 wt® trichloroethylene., Traces of titanium
resins are added to the ink (to ensure an ohmic contact?).

2. Screen printing of wafers,

3. Theowafers are air dried to remove volatileg, 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 MoO3
and sinter the metal contact, ,

3) Thick Film Screen Printing of an Al BSF and Contact

(Spectrolab)

1. Etch back-surface with HF for 15-60 sec, DIHzo 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 um,

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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Table VIII
Page 5 of 6

C. Photoresist Type Processes

1) Typical Photoresist Process (Kodak)

1. Application of Koday Micro Positive Resist 809 photoresist
to wafer with spinning at 5200 rpm for 30 sec.

2. Pre-baking of wafer for 30 min at 90°c.

3. Exposure through a mask with a 200 Watt high pressure Hg
lamp for 8-10 sec (energy flux > 170 mW/cm<),

4. Development with agitated Micro Positive Resist Developer
diluted 1:1 with H,0, 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.

8. 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¢c deionized water rinse.

2) MIDFILM Process (Sepctrolab)

1. Application of MIDFILM photoresist resin either by spin-
on or spray-on., Wafers are first rinsed with trichloro-
ethane,

2. Exposure of coated wafer with a mercury lamp through a
mask (28 mW/cm2 for 3 sec).

3. Application of metal powder and removal of excess powder.

4.

Sintering of wafer at 600°-800°C for 40-60 sec.

2150
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Table VIII
Page 6 of 6

D. Vacuum Metal Deposition and Plating

Ti-Pd-AfL~Ni deposition followed by Ag plating (Westinghouse)

Wafers are loaded into the entrance airlock portion of the

vacuum deposition 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 for Ti,
0.242 g/m? for Pd, 8 g/m2 for AL, and 0,054 g/m? for Ni.
After this, the wafers are transported into the exit air-
lock portion of the system where they are Brought up to
atmospheric pressure.

Dip in a buffer solution for 15 min.

Stripping of photoresist with overlying metal in acetone
for 20 min.

Sintering for 20 min at 400°C in N, atm.
Electroplating of silver for 5 min.

DIH,0 rinse and dry.
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“low metal content, Consequently, upon drving and sintering,
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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 exhibited
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 ¢ould 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’led 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-major cost item. The

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.T. 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 guite well known within the industry. Under the

LSA program, two companies have given details on the formulation
6f these inks. This information is summarized in Table IX,

It is noteworthy that these inks generally have a relatively
the volume of the ink shrinks to appfoximately 50% of that
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| F? Table IX

Comparison of the Compositions of the Inks Used by 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:

Wwes  p(g/cmd) vol %

Solids
glass frit 9.7 6.376 15.0
Vehicle
butyl carbitol 94 0.99 94.3
ethyl cellulose 6 1.13 5.7
Ink
Solids 80 9.872 28.8
Vehicle 20 0.997 71.2

The density of the solids is egual to:
1

H

Psolid (0.903/10.49 + 0.097/6.376)

i

9.872 g/cm>,
while the vehicle density is:

p (0.94/0.99 + 0.06/1.13) "1

i

veh

(i

0.997 g/ml.,

The ink density is then:

0.

ink (0.20/0.997 + 0.80/9.872)

3.552 g/cm3.

i

It can be readily shown that the volume fraction of the solids
in the wet ink is given by: :

A.,.m;‘i!::-‘




5 - TARBLE IX (continued)
’ Voria = sk ——veh
' oL ®solids ~ °ven

= 0,288

L During drying and firing, the ink has been reported to shrink
L to about half its vdlume, Therefore the solid volume fraction
Bt in-the sintered ink should be 57.6%,

. B) Lockheed (65 wt% Ag, Dupont 7095 ink)
: gource: Lockheed, Final Report DoE/JPL 954898-73/4,
p. A-29 (10/78).
W. Robson, Dupont, private communication (9/79).

The ink constituents are:

wes 0 (g/em3)  yel %

Solids
Ag 93t 10.49 8l.6
Glass Frit 7% 3.5 18.4

Vehicle

*
Pupont 8250 95, 0.94 95.8
. ethyl cellulose 5 1.13 4.2
Ink

. Solids 69.97  9.203 19.3
Vehicle 30.1° n.9480 80.7

Using the procedures as shown in the first part of this

Table, the following values are obtained:

Psoria = 2-203,
pveh = 0,948,
fink = 2.541,

and

Veolids = 19.3% .

* Lockheed reports a volume shrinkage of 50% in drying, which
would lead to solids volume of 38.6% in the dried ink.
rhere may be additional shrinkage upon sintering.

* cstimated
+ given by DuPont.
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of the wet ink, as applied. Also, because of ink viscosity » é
and screen geometry, the maximum application thickness of
the wet ink is usually considered to be 20 to 25 um, resulting
in a line thickness near 10 to 12,5 uym after sintering. RCA,
however, has been able to formulate an ink which can repeatably
be applied in 25 um thickness (wet), and which shrinks only
to about 80% of its original volume upon sintering, that is, to
a line thickness of about 20 um,
Six generic metallization processes have been selected 4
for a more detailed comparative analysis. The available in~
formation on these processes has been tabulated on UPPC formats

which are contained in Appendix I, These six processes are:

e )

thick film screen printing as a proéess which requires neither
masking nor a strike or barrier layer; 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 layer; electrolytic plating of a copper conduction
layer; 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 | »
collatdr between‘the scﬁeen printer output and the belt fur-

nace (or‘furnaces)kused 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, pxrojected to use automatic wafer landling into
and out of the baths, as well as automatic liquid recirculation
and replenishment of the plating and rinsing baths, The
vacuum evaporation process is based on a large scale, fully
automated deposition system with continuous evaporation,
Similar systems have been built and operated successfully,
although not in the semiconductor or solar cell industries,

The wafers would move past the evaporation boats on their

wafer/mask holders on a one meter wide track, that is-about

nine 10 em x 10 cm cells abreast, and'the source material would

be evaporated from approximately one meter long graphite boats

which are heated by electron beams. The wafer/mask holders
would enter the system in batches thyxough an airlock and be

disassembled from the batches into a continuous flow wiﬁgin
the deposition chamber. After complete metal deposition
on one side, the wafer/mask holders are turned ovsr for de~
position on the second side, as all evaporation takes place
upward from the source boats. After completion of ﬁhe de-
position on the second si&e, the wafer/mask holders are re-
agssembled into batchex for exit from the system through a
gsecond airlock.

The sputter deposition would proceed in a way similar
rto/thatiprojected for the vacuum deposition. Here, the de-

position of only one metal has been considered. Also,
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the system studied here has a lower capacity than that in-
vestigated for vacuum deposition. While the sputter deposi-
tion system does not need the electron beam guns and their
power supplies, which the vacuum deposition system incorpo-
rates, it needs xf power supplies to maintain the glow dis-
charge for sputtering. Also, the sputter tarmyets need to be re-
placed periodically, while the source metal can be supplied
continuously for vacuum deposition, Further, the sputter
system needs gas pressure and flow contrxol. 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 different fabricators of
such systems. The one is an inline tank system, called a
finger plating system, where each individual cell would,
after unloading from a cassette, be automatically attached to
a hclder ("finger") which also makes the electrical cathode
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 rinse tanks. The required
immersion 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 regquired here, The wafers

are assumed here to 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

T
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given time period, tnen removed and transported to the next
tank in a circular movement, and immersed there,CIB) While the
finger plating machine is based on continuous, linear move-
ment, the carousel machine works with periodic movement,

Here, the tanks have only to be large enough to hold the re-
quired number of holders in essentially 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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Xfr. Selection of Metals for the Conduction Layer

The gquestion of a process sequence, or several sequences
ultimately to be selected for the low cost fabrication of
high performance solar cells, 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 use relatively in-
exvensive equipment of high throughput rates, with little
labor required for the operation., However, in the cofiventional
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 moiyb-
denumtrioxide/tin process uses tin for the conduction layer

which also is rather expensive in the thicknesses needed to

achieve adequately low sheet resistance, while the fritless

process which is still in relatively early development,'could

apply the inexpensive copper.k

Y
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TABLE X
rhvsical and Cost Data of Yarjous Metais of Interest for Solar Cell Metallization
1 2 3 1 5 5 7 g
Metal Resisti. Density 1975 Thickness needed Mass needed [ost of metal |Cost of metal
vity Price for 1.67 mi} to cover In? at |for this layer | for a 100 §
¥y ? :
2 ' sheet resistance |this thickness thick layer
pllcm a/cm ¢/q pm a/m? C‘/mz ¢/m2
Aluminom (A1) 2.655 2.7 0.05 'Y 15.9 £2.9 3.86 0.002
Copper (Cu) 1.67 3.0 0.141) 10.0 90.0 12.6 -
Molybdenum (Mo)| | 5.2 10.2 7.0 31.1 317 2220 0.71
|Miekel 1) 6.85 8.9 0.485'D) 4.0 355 177 0.04
Gold (Aw) 2.35 19.3 450l 14.1 272 122,460 86.9
ralladium (pd) | | 10.8 | 11.4 17783 64.7 730 130,55¢ 20.2
Platinum (PE) 16.5 21.45 51411 62.9 1349 693,490 110
silver (Ag) 1.6 10.5 {16,141 9.6 109.8 1627 1.7
Solder 15 8.9 0.713 89.8 799 559 -
{50:50 Sn:Ph) ‘
Tin (Sn) 11 7.3 0.67'1 65.9 g1 112 0.05
Titanivm (Ti) 43 4.5 7.0'? 257.5 1159 8110 0.32
{Tungsten (W) 5.65 19.3 7.0 33.8 52 4570 1.35
Zirconium (2zr) || 41 .| 6.5 g 245.5 1596 7660 3.12
1. Electronic News, 20 (1060) (12/75).
2. SAMICS Cost Account Catalog, ERDA/JPL-954B00-77/21 (9/77).
3. MC/B Chemical Reference Manual (6/73}).
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These metal cost considerations 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 ;m 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 major contribution to the total cost of
metallization. Even tin, whose price per unit mass does not
differ greatly from that of aluminum or copper, has to 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 reguired thickness is
the consequence of tin's relatively high resistivity,

In contrast to the requirements of the conductioh 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 X.

It may be noted that outside of the resistivity, the
density of the metél plays a significant role towards its
ultimate cost. An example of this is a compdrison between

aluminum and copper. As the resistivity of aluminum is
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proximately 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 always 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

as a layer of bulk conductivity. 1In addition, different de-

position processes utilize the metal at differing efficiencies.

This means that frequently, only a fraction of the metal used
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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- which usually are flat plates., Also, the sputter targets

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

F.

plated, either because they are already covered by a strike zf
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"., Consegquently, these é
processes have a high "plating efficiency", which refers to ;3
the source metal utilization, |

In contrast, the vacuum deposition methods "spray" the %1

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 causeé large differences in the so~called plating ef- ‘i
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 métal, and freedom from
oxygen. For vacuum deposition, the copper’is fed'in wire or

rod form to the source boats, while in sputter deposition,

ime ke N G N

the material has to be brought into the shape. of the targets,

AP

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 material 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" 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
gross amount of material used which is the amount of material
evapbrated‘or sputtered from the source. ‘This gquantity is
of imporéahce for determining the life of the source boat or
of the sputter target, and for determining the rate at which
theksoufce 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 material 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 materisl to be bought at the price of the
virgin material. The fourth guantity finally is the amount
of material reclaimed, which can be replaced at the recycling
price.
The "gross deposition area” is determined 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 openings, A

mask
shall be designated as the "holder area"

. This gross deposition area
Apol1d” 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 efficiency 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

different thicknesses dF and dR for the front and rear de-

posited layers, respectively, may be involved. The mass

evap

M of the gross amount of source material used is then

determined by:
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Mevap = Ndep

BT 0 S -

ptdg) Pyt i (149) *

where p, . is the density of the source material, The depo-

sition efficiency is an empirical quantity which depends on

b DA A A

.

the set-up of the given deposition apparatus. It will

e ¢

normally be determined experimentally from the holder area
and the gross amount of material evaporated, in inverse
application of eq. (149). A number of 70% has been quoted for
the deposition efficiency as representative of experience

data in large area depositions, as discussed here.

The mass M of the material deposited on the desired

subs |
areas of the substrate is given by: g
1

. ~ - . *
; : Msubs - (Asubs,FdF + Asubs,RdR) Pret (150)

This quantity is part of the net amount of metal used, whose

mass Mne is expressed by:

t

N '
M —dep (dF,+ dR)(l-r

net AholdpMet wall)

)(dF + dR)(l-r ) + f

hold hold

: El"fmask,'ﬁ‘) dp *+ (l-fmask,R) d% (1"rmask)‘

+ Msubs i (151)

P In this equation, the first term in the large brackets re-
presents that amount of matérial'which is deposited on the

j | walls and other parts of the vacuum 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 (1-rwall) where rvall is the fraction of this

material whicl is recycled. The second term in the large

brackets of eq. (151)gives the fraction of the material de-
posited on ALo1d’ but excluding the material deposited on

the mask area Am » expressed by the factor (l’fhold)'

ask
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 excluding
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 (M ), as given by eqg. (150).

subs
The mass of the material that is recycled, finally is

given by:
1-N3e
Miecl = PholaPMet ndep (dp + dp) ryagg
+ (l-fhold)(dF + dp) Tyo14

* fho1d l}lhfmask,F) dp + (l_fmask,R) dé] Ymask

(152)
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the large bracket of eq,

(151), eéxcept that the fractions
recycled, r, appears rather than (1-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 itself., In these evaluation activities, it has
been found more difficult to attain adequate process data
for a meaningful evaluation than it has been with the pro-
cesses analyzed previously., Part of this difficulty is pro=
bably attributable to the larger variety of processes used
in this area, Beyond this, however, it was found more dife
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 processes
in the other process areas. 1In addition, it appears that the
jump in process technology from the processes currerntly used
for solar cell metallization, to those to be applied in the
future is, at least in the automation part, larger in this

process area than in those analvzed previously. This is

best illustrated by the fact that a significant part of current

metallization is based on a vacuum deposition’process

which, although called automated, does not differ signifi-
cantly from those used with laboratory type evaporation sys-
tems. 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 in current solar cell

production which is close to an automated 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 with
equipment of comparable levels of automation, For this com-
parison purpose, the six generic processes listed in section
IT of this report have been sslected 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 definition, and their costs have not been in-
cluded in the present analysis, In some cases, the AR-coating
serves as the mask, and thus does not contribute additional
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 possibility 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 of the solar cells, this process
is relatively cumbersome and expensive, In addition, it seems
that the deposited and resist materials can never be complete-~
ly removed, so that the surfaces would remain in a somewhat
altered stute after application of this procedure. Conse-
quently, this approach will not be discussed further,

The method most commonly used in physical vapor depcsi=-
tion employs the shadow mask. It is very practical where
only thin films are 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 are not fulfilled for the front area of
the solar cell, where the desired mask open area:is only about
3.4% of the total area, and the line width may be near 25 um,
with a deposit of 10 um 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 subseguent

removal of the resist, the deposited layer usually separates

at this step, so that the part"of the layer which was dépoéited?

over the resist, can be readily removed with the latter,

At a 10 ym thick deposition, however, as considered here for
deposition of the conduction layer, the material deposited
over the step will still be of sufficilent thickness and con~
sequently mechanical 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 um thick copper layers is basically 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 éractical for the deposition of
thin strike or barrier layers in preparation for the deposi-
tion of the conduction layer by other processes, such as
electrolytic plating, 1In this case, the direct material
component of the costs may be reduced to near'negligible
levels, except when palladium should be used, and the cost
of the vacuum system may be cut in half because of the greatly

reduced deposition time, Thus, the total process may, for

PRECEDING PAGE BLANK NOT FiLMED
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Table XTI
Comparative Tabulation of Direct Material Consumption and Cost for the Principal Metallization Optionsk
Option . Metal Thick Metal Mass Plating Recvcl. Net Metal Gross Approximate :
ness on Cell (a) Effic'y. Rate eff. Metal Cost of Metal ‘
2 2 Requised 2
m g/m L3 \ q/m qg/m ¢/q $/m
|3.5.01-01| T.F. screen ||ag 20" | 6.5 front 90 50 94.7 1244 7011} 8.40
T S Printing w/frit (c)
3.6.03-03 | vacunm Ni/Cu | 0.1 Ni,| 3,1 €front | 1.7 front| 75,50 51(v) 181.5(v) | 0.3(v)(f)} 0.78 Cu ;
' “1. Evaporation 10 Cu 90 back 50 back (e) 25.7 over- | 17B.5(r) 0.13(x) } +0.02 Ni
(a) all
13.6.03-02 Sputtéring Cu 10 dto. dto. 75,50 7.23 188(v). 0.33(v) 1.015
(h) 263(r) () | 0.15(r)
3.6.04-02 | Electroless Ni 0.5 4.6 90 - 90 £ 6.50(h) 0.289
Plating (g) 1nth)
3.6.04-01 Flectrolytic }|Cu 10 ° 92.4 95 - 95 97.3 0.200 0.195
, Plating
3.6.04.03| Solder 60:40 55 520'°) 95 - 94.7 547.4 1 5.474
o Dip Sn:Ph
a. Metals assumed %o cover J3.4% of Ffront area (25 m Yine width), 100% of back, unless noted otherwise,
b. For layer after sintering, contains 50% Ly volume Ag.
c. Grid line/bus coverage taken as 6.2% commnensurate with minimum line width of 125 um,
d. Refers to metal on grid line. ,
e.. Numbers refer to recycling efficiency of metal on machine's interior and holder, and that on mask, respectively.
f. Price of copper. ‘
¢. Used as a "strike” or "barrier"” layer prior to electrolytic deposition, vacuum evaporation, or sputtering of olher
metals, or to solder dipping.
h. In the form of NiCl, - 61,0.
i. . Refers to complete ink including frit, binder, formulating, etc.
j. . Includes recycled target material.
(v) Applies. to the virgin material used.
(r) ‘Applies to the additional recycled material used
-« -
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thin layer deposition, 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 JPPC forms have been
used as a combination guide and checklist for the accumula-
tion of detailed process information. For the six generic
processes discussed, the filled-in forms are:includedzas
Appendix I. To facilitate the comparison of the important
attributes of these processes, the relevant data have been com-
piled in Tables XI through XV.:

Table XI contaihs a camparative tabulation of the direct
material consumption 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 process, 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 iine. This conclusion is amplified
by the fact that both of these processes cannot generate
very narrow l;ne widths, and thus result in cells of inherently
lower than optimum efficiency, Such a reduced efficiency
constitutes another economic penalty.

It may also be noted that the data given in Tables XI to
XV for the thick film screén,printing process apply only to

the metallization on the front surface of the cells, in con-

trast to those for the remaining processes which apply to
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Table XIT

o e R T

Comparison of Indirect Material Consumption For The Principal Metallization Options

Description

Electricity‘ﬂame-J

Consumable Cost of Cost of Electricity Total
Consumables | |of Supplies Supnlies plate Rating Cost Indirect
(Unit Cost) (and duty cvcle) Mat. Cost
and Consumption
s/m> | §/m? s/m> 2 $/n°
3.5:.01-01] T.F. Screen Xylene Solvent 0.030 Print Screens 0.275 35 kW{50%)
" Printing of || ($0.52/1b) ($25 ea.) 2
- Ag i Squeegees 1 0.935 1.5kwWh/m
($0.40 ea.)
Thexrmocouples 0.10
and misc. 0. 4o 0.075 0.515
3.6.03-03| Vvacuum Pump o0il 80 kW (30%)
Evaporation }| ($30/qt, 4 gt/wk) 0.017 200 kW(45%)
of Ni/Cu Graphite 2
' crucible 0.800 2.4 kWh/m
(51000 ea.) . - 0,12 0,937
3.6.03-02] Sputter Argon ‘3 20 kW{75%)
PJ Deposition {$100/332€¢7) 0.049 45 kW(30%) ,
~ of Copper Pump 0il (as under| 0.017 1.06 kWh/m
® {10 jim) 3.6.03-031) 0.060 - - 0,053 0.119
3.6.04-02} Electro- Plating 20 kwW(75%),
less Plating| |solution 0.494 - - 0.5 kWh/m 0.025 - 0.519
of Ni
(0.5 pm)
3.6.04=01| Electrolytic|{Replenishing
Plating solution 0.2R2 - - 3 2
of Cu {$13/qgallon) S xwh/m 0.250 ©.532
(1.0 ym) )
3.6.04-03 | solder |F1ux (s6.75/ga1) | 0.363 15 KkW(95%)
Dipping DIN,0 (56.60/m3) 0.053 0.27 kWh/m
(55_pm) 0.416 - - 0.013 0.429
a. Unit cost iz $0.05/kWh
* & * *
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. front and back 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 campletely pro-

o 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 pm

of silver, but overlaid with several bus lines over the whole
length of the cell. The 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.

r ’ Table XLI summarizes the indirect material costs for the
six generic processes. Interestingly, the total indirect
material costs all fall within one order of magnitude. In

v vacuum evaporation, the cost of the graphite crucibles accounts

y 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

;Q’ 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 cbsts

V. for the print screens and the squeegees account for the major

PN

~part of the indireet material cost, while in the wet chemical

* plating processes, the cost of the chemicals for the plating
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Table XIII
Comparison of Labor Requirements For The Princinal Metallization Ontions
- % Option 'r Grossg Uptime | Net i Labor Nourly Bffort: | Direct | Indirect ] Total |
{ cutput Output Type Rate ~pex Labor Cost| Labor Co?t Labox
2 2 Statlon| - {a) 2 (b Cost |
! ’ {m”/h}) ~ (m /q) $/h 1 ‘ $/m2 $/m $/m2 |
3.5.01-01 |T.F. 12 195 11.4 Assembler 5.65 25 10.264 |
Screen Maint, Mech.}[7.40 20 0.277 :
Printing 0.541
B of Ag 0.135 0.676 |
¥ |
¢ |
; § ; : "3,6.03-03 | vacuum F 48 85 41 Assemblerx 5.65 50 0.147
Lo Dep. of Ni/ Maint. Mech.]7.4p 20 0.077
~ Cu (10 um) , 0,223 0.056 0.280
1 3.6.03-02 |Sputter 30 30 27 Assembler 5.65 100 - 0.44%
Dep. of Cu Maint. Mech.}7.95 Yo 0.063
. (10 um) } FElec, Tech. |7.40 io 0.058 .
F - 0.567 0.142 0.709
: [00)
4 s 3.6.04-02 |Electroless|| 30 88 26.4 Asseinbler 5.65 {100 0.456 0.114 0.570
‘ : plating of :
R ~ Ni H
- (0.5 1m)
3.6.04-03 |Electroly- || 30 95 28.5 | Assembler [5.65 |100 0.422 0.106 0.528
tic plating ‘ o
of Cu
: {10 pr)
8
: 3.6.04-03 }Solder 30 :4] 26.4 Assembler 5.65 100 0.456 0.114 - 0.570
dipping |
(55 yum)

a. Includes a load Factor of 113% for benefiks and 8280 h/vear stafFinqg
L. Taken as 25% of direct labor cost
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solutions makes the predominant contribution. It is interest-
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,
although the latter require the pumping power besides the
power needed for the vaporization of the source material.

In the six projected generiC’processés, the total lahor
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 unif area of cells metallized,
while the lowest throughput systwm , the thin film screen
printing process, is near the peak of the labor costs, The
relatively high labor content of the sputter deposition sys-
tem is probably more due to the gstimation of the individual
making the projection than to astual experience 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 prices for the
vacuum deposition, sputtering and electrolytic plating sys=-
tems are estimates given by the manufacturers of such equip-
ment. The plating equipment costs shown include an alloca-
tion of about one third of the total for the relatively high
installation and chemical waste treatment system costs.

The vacuumvevaporator'and’the sputter system,costs apply to

fully 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 required. Consequently,
the manufacturer has given the system cost as twice 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 equipment represent relatively un-
sophisticated projections from the current operation which is
essentially manual, and may thus be viewed as the~1east re-
liable estimates, probably being on the low side.

Table XV provides the summary of the cost comparisons
contained in Tables XI through XIV. 1In 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 processes 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 because
of the masking problem for fine line deposition of thick
layers, It can therefore be readily applied only to the rear
surface metallization or the déposition.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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b
3 Cost Summary For The 6 Principal fMetallization Options
{ C o s T s
— Indirect | Tooling | Elect. Labor | Capital pPrice
Lo . Process Option Remarks Metal MNat'ls. | etc, Power Equip’t| Facility
‘ i 2 2 : :
$/m S/m" $/m* $/m2 _$/m? $/m? $/m2 s/m2__1¢/W (oK)

P 3..5.01~01 Thick Film Ag Front only ;gn.aol’ 0.030 D.410 0.075 0.676 0.237 0.076 13,150 {B.77
4 Rear at 0.4 um i
: ' thickness glves
s anqual cost
. |3.6.03-03 | vacuum Deposition Noth sides Cu Vo-vsv [ 0.817 - 0.12 ©0.28 | 1.264 | 0.052 5.772 {3.85 |
o of Nickel Barrier A 10 pm thick i 1
: and Copper
y Conduction Layers

3.6.03-02 | EJectroless Wi Roth sides. Re- [l0.289%2)[ 0,434 | - | 0.025 o0.06 |o0.053 | 0.007 || 1.9e8 {1.3 @

| Strike or quires contact
Rarrier Layer mask., 2 -0.5 um

& = thick
o0
oo
i : 3.6.-04-07 Solder Dipping Both sides. Re~ 5.668 0.416 - { ©.013 0,569 0.49 0.022 8.997 j6.0
i quires ~ 0.5 ym ]
c thick Ni or other
é : ‘ solderable metal.
C 3.6.04-01 | Flectrolytlc Plating| Poth sides. 0.195 0.282 - N.250 0.556 0.543 0.068 3.216 }2.14
c of Copper Conduction] ~ L0 pm thick.
] Tayer Reruires Ni
; strike layer.

3.6.04-03| Sputter Deposition | POth sides. ~ 1013 015 | o0.066 - n.053 0.708 | 2.865 | 0.048 9.221 {6.15

of Copper jim H.lick. Requires
: Conduction Layer harrier layer, re-j} .
b ) gqisiration, -
: 1. <Cost of ink |
: 2. Cost of HiCl, - 61,0 crystals ‘
* X » *® * ¥
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and that its price would 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 1.9 $/m2, or 1l.3¢/W(peak).
It is thus seen that the price of vacuum deposition of such
a barrier or strike layer may be competitive with that of an
electroless plated layer, particularly in consideration of
the fact that the former 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 high metal costs. The sputter de-
position of a cvonduction 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 from this economic analysis, ds
evident from Table XV, is tha£ the electroless deposition of a

strike or barrier layer, and the plating of a copper conduction
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layer seem to be the lowest cost processes among the available *
options, 1In addition, these two processes are capable of

the best line resolution and therefore of producing the

highest efficiency solar cells, The vacuum 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 Format A Input Information. from
' the UPPC Forms. ' i ' ‘

The Format A has been developed to present the important
cost data of any solar cell manufacturing process in a stan~
dardized form, and thus facilitate the entry of such data into
the SAMIC.computer program. 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 have been developed specifically for
the purpose of facilitating this information collection and
pre~processing effort, and of documenting all the detail in-
formation 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 used for a manual evaluation of the costs and prices
of the process being studied. This evaluation normally
follows the SAMIC~IPEG methodnliogy.

The UPPC systcm is composed of 16 individual forms (Appen-
dix 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 docﬁment the complete set of forms used for the descrip-
tibn 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 contains a listing of
the direct materials used, including their specifications,
the quanities required, and the unit cost. The 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 also contains a summa-
tion of the direct and indirect material costs and the costs
of expendable tooling and energy. Form 6 accumulates infor~
mation 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 rate, and the loading. The latter, ac-
cording to the SAMIC-IPEG system, includes the employee be-
nefits and the cost of replacement personnel to achieyve
staffing for 8280 hours per year. In addition, the form con-
tains provisions for 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 flcor
g area and the chary¢ rate. There is additional provision

for determination of the energy used in the facility
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for heating, air-conditioning and lighting, as well as the
cost of maintenance of the facility broken down into labor,
supplies, and outside services., TForms 9-1, 9~2 and 9-3 are
devoted to the determination of the amounts of salyaged 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 1l are
dedicated to the accumulation of data relating to the solid,
liguid or gaseous wastes or by-products possibly generated
in carrying out the individual process, including specifica-
tion of the types of wastes, their toxicity, biodegradability,
and other characteristics of interest with respect to disgo-
sal, as well as their energy content, the amount generated,
and the costs of waste treatment and disposal, or credits
achievable by salvage. 1In the LSA program, data of this
type have not yet become available, but as the processes are
proceeding towards the pilot line stage, the accumulation of
such data will become more urgent. Forms 12, 13-1 and 13-2
facilitate the summation of the cost data accumulated ih

the preceding forms and a manual price calculation according
to the SAMIC-IPEG methoﬂdlogy. Forms 14 and 15 are devoted
to a process performance evaluation and the specification

of attributes of the output work-in-process, respectively,
but have usually not been used. Form 16, finally, is &
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
Format A has been found to be best carried out in the
following way:

a. UPPC Form 2 contains the process description to be
suzmarized on line A-2 of Format A. It also contains the
input work-in-process description 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 rate 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 frequentiy
includes the time of the product at the individual station,
to be entered in item A7 of Format A.

d. UPPC Forms 3, 4, and 5 contain the data for direct
and indirect materials,’as well as éxpendable tooling.and
energy consumption, for dire;t transfer to items A20 through
A23 in Part 5 of Formaﬁ A. The UPFC forms contain the

consumption rates in any practical units, such as grams
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per square meter of solar cell arear Theéese numbers have

to be converted to consumption per minute for entry into

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 Catalog, the catalog
number and price from this Cost Account Catalog will normally

have been entered in the UPPC forms.

e. The direct labor costs of UPPC Form 6 can be directly :

transferred to items AlL6 through 19 of Part 4 of Format A.

Again, the Cost Account Catalog data will have been used in

el o .

filling out the UPPC forms. (Indirect labor data, if they
should have been entered on the UPPC forms, will not be
transferred to Format A.) i

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 UPPC Form 7 does not provide for
entry of a base year for the equipment price or for the i
salvage value. The latter has usually not been available, ;
and therefore been assumed as zero.) |

g. Form 7 also contains the machine availability, or . :
up-time fraction to be entered into item 8A of ?art 2 of % ]
Format A. | |

h. The faciliﬁies data from UPPC Form 8 are directly

transferable to items Al6 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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Forms 9 through 11, will normally be entered into items A20

through 23 in Part 5 of Format 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., Furmat A'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 é
;
i

this report.
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Table XVI
Wo. Potential Process Sequence (Add-on prices in $/m2) ] Total Price
! 1 {
i. Fpply Mask [Electroless Metal | Remove Mask ! solder Dip
~ - INi-Sinter-Ni H i
}mz;.,- (up} : 1
{Au-Ni 6.24 (PhotoW.) 1
w3 .—{E) - }Pd-—Sinter-Pd—eNi { wl _ —(E) § 1.30+5.70 Metal } 15.- to 1B.-
[ i P
2. Apply MHask {Electroless Metal § Electrolytic Metal : (Remove HMask)
, 1Pd-Sinter-P4-Ni ! Cu i
n3.-(E) | 4.14(Mot.) i 3.22(up) b Al - (E) 211.40
1
: : :
3. Vac. Deposit Metal 1 Sinter H Electrolytic Metal| -
Ti~Pd—(Ni) H : Cu :
i 2.84(west.) (UP) [ 0.10(Mot) 1 3.22(up) ! v6.16
to - 1 t T
-8 ’ 1 i I
- 4. | Screen Print Silver [Dry/Sinter H - ! -
— A :
, Y ‘ 1 ! o
7.30+14.30 Ag(Lockh) to 10.30+9.30 Ag(RCA) ! n20.- to 22.~
1 I l
5. | Apply "Midfilm" |Powder Metal | sinter | Conductor Layer
1 < ! ag H , ! Build-up
{ - i (Electrolytic Cu)
h'4 | ( ¥
2.77+2.09 Ag(Front Only) I 3.22 8.08
(E) = estimated
- »
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XVI. Potential Metallization Process Sequences

Applying the data from Table XV as well as data from

the LSA contractors contained in numerous 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
masking where reguired.

Table XVI leads to several observations. The first ;s,
that the data from the various sources have become quite
consistent. The second is that process sequences can produce
complete metallization in the $6.- to 12,—/m2 (4 to 8¢/W(peak))
range, and that the processes including thick film silver or
golder 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). 1In 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 cells, without use of a con-
tact mask. The vacuum deposition through a shadow mask can
result in "underspray"fwith<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

~l9s
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AR coating as a permanent plating mask is appealing since

it can eliminate this latter problem. It would, however,
likely eliminate the vacuum deposition process for the strike/
barrier layer, since it would require the additional process
step of registration of the shadow mask to the contact mask
(AR~coating), 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 electrolytic pla-
ting-up of a sintered silver layer resulting from the Midfilm
process is possible. On small area cells, such build-up may
not be necessary; as the sheet resistance may be adeguately
low for grid lines of small length., The other alternative,.
for large area cells, would be to design a metallization
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 bhe
applied now. The fritless copper thick film process has
basic merit, but requires a lot more development uhtil 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 célls. But it has also been seen that

potential pitfalls exist with at least some of these options,
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and that some pilot line experience with careful attention |
to ultimate process cost, controllability and yield, and 1

potential initial or long term solar cell performance de~-

gradation is needed, possibly with subsequent further develop-

ment work.
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XVII. Conclusions

The analysis of the metallization pattern design for the
front surface has provided considerable insight into the
raquirements to be fulfilled in a low-ioss design for large
area solar cells. These requirementm;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 of the low-loss design. Without close observa-
tion of the design rules, the combined series resistance re-
lated losses can easily increase to 10 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

Q (10 um thick Cu of bulk resistivity)
of the deposited metal for the grid linés, the total losses
of the front structure (semiconductor front layer of 35 @
sheet resistance and metallizaﬁion) cannotvbe reduced below
11.7% of the ideal power output in 10 cm x 10 cm cells.
Applyinq bus lines that are not of significantly lower sheet
resistance than thé grid lines ddes not improve this situa-~
tion. | B |

Several process sequences have been identified which

~ should be capable of producing the required metallization
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for large area, high performance solar cells in the $6.~
to 12.-/m2, or 4 to 8¢/W(peak) price range. Any process
relying on the use of a conduction layer of tin, or lead-tin
alloy, or of thick f£ilm 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 because of
masking problems. Some of the other process 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 ﬁucﬁ potential problems which may effect process
controllability and yield or cause an initial or a gradual
degradation of solar ceil.performance. Once such problems
are recognized,. additional development work may be needed.
Alﬁminum could be an altérnative to copper as the 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

200
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. in lead bonding to aluminum, however, have lead to its omis- I

sion from the discussion.
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APPENDIX I

DETAIL DATA FOR 6 GENERIC METALLIZATION PROCESSES
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Process NoO.

31.05)

University of Pennsylvania
PROCESS CHAPACTERIZATION
(UPPC)

-

0}l

Process: Device Fabrication

Subprocess: Contact Metallization (Front only)

» Option:

Thick Film Screen Printing of

Form X

Silver
INDEX
Form Pages ReQ.E Date Remarks
1 | 1 2-81
2 1to 2 | 2 | 281
3 1 to 1 2 2-81
4 1to 1 1 9-79
s 1to L | 2 | 281 1
6 Lto 1 | 1| 970 :
7 1 to 1 1 9-79 |
8 1 to 1 1 9-79
9-1 1 to -
9-2 1 to -
9-3 1 to = )
10 l to - ;2
|
11 1l to - iﬁﬁﬁﬂmmbl, ‘ ‘ %f
12 1to 1 1 2«81 OF POoR QZAGE ;{sm_; rj
13-1 1 to = o | e
13-2 1 to 1 1 2-8?
14 1 to -~
15 1 to 7 %
16 1 to = N '
| Y
e s T i




Torm 2 -

Page 1 of 2
&N ‘ Revisfon _ 2  Dare 2-81

|2

Process No. {3 i, | 5% yl0(1 {02 0.1 Value Added:| s/ .

B ‘ , . g
Process Description: The wafers are unloaded from cassettes, inserted in 2 screen printer, and the ink

_is aowlied. Wafers are then collated and dried and sintered in a belt furnace, and re-loaded into

e R I

cassettes. The metal area coverage on the front surface is assumed to be 6.2% with a line width of

; {125 vym and thickness (after sintering) of 20 pm, and 3 bus lines. Dutpu: rate of screen printer

is 1200 vzafers/n and utilization rate is 95% for an effective output rat=s of 1140 wafers/h, or
11.40 m2/h. This process description covers only front surface metallization.

« Input Specification: (Continuation on Form 2, page 2)

(

Name of Item: Silicon wafers with N+PP+ junctions

Dimensions: 40-cm square and about 300 um thick

Macterials

ther Specil.lcatlons :

i

i S A AR R .

1.1 Quantity Requirc.: / Unit Cost: (74
1.2 Input Valve: ‘ $/
1.3 Input Cost: . §
Note to Item l.3: Use price, if input produced in own plant,
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R T

Process Ne. | 31,15],

Pr

cess Descriprion:

011

The process can apply metallization on

Torm 2
Page 2 of =
| Revision 2 Daze 2-81
0.1 Value Added:: 57/

one side, and requires duplication in

2qguinment and operatlons for metal appllcatlon to the rear surface.

A 100% rear surface netallization

B A

: at 0.4 ym thickness after sint tering would have aoprox:mcztely the same material consumption as :
~ shown here. ‘
P2 i
%
i
| |
{ 1. Inpur Specification: ;
Narce of Itenm: ;i i
Dizensions: . ~
K-
Mzgevial: o A '{
- R #
Other Specifications: "Uibf
D
S
|
' 1
| : '§
1.1 Quantity Regquired: / Unit Cost: s/
1.2 Iaput Value: s/ !
. 1.3 Input Cost: s/ ¢
: Note to Item 1.3: Use price, if input preduced in own plant,
i o e e _
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] Process No. {3 |.{5 1 Form
‘P"r «0OX3
i . Page 1 of 1
v . 2+1 Direct Materials: . . e L -
, ) ‘ o , Revision 2 Date 2-81
! 2.11 Type: Silver ink vaste, similar to that described by RCA s i’
: Specification: Wet layer thickness is 25 pm, application eff, 90%, with 3'
50% of waste ink recycled. E"]
) - h 4
1 .
) b J
F . . e - 2 . P 3 . 2
1 Quantity Required: g/ M ; Unit Cost: 0.70 $/ g ; Cost:] 8.40 §/m
3 . .
28 Specification: H
-
: " Quantity ',Requir.ed: / ; Unit Cost: $/ ; Cost: s/ ‘
; ~2’=l_ Type: 3 1
. Specification:
2D
e R
2 § g P
= P E o 2 ‘ / v
- Quantity Required: / ; Unit Cost: s/ ; Cost: s/
: (o)
. > »
; o 2
: Lo
8 =
T e s - N « 2
*Includes formulation cost of $0.30/q. 2.1 Subtotal Direct Materials: | 8.40 S/ m
* * ® » ¥
[ W ——y
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Process No. }3|,151.10] 1j={0 |1 Form 4
Page 1 of 1 |

2.2 Indirect Materials (incl. supplies and non-energy utilities): Revision 1 Date 9’_79
2.21 Type: Xvlene, p = 0.87g/m&

: > .

‘i , : . 2

o Specification: Used as a solvent for the ink. Usage is about 30 mi/m

" ceils. \ . -

‘;‘f Cost is $0.52/1b for reagent grade (J.T. Baker, 12/79) .

- ' ' . 2 ‘ ; .2

Quantity Required: 26.1 g/m" . gpnir Cost: 1.146 g7 kg . (ose: 0.030 g/m

] 2.2, Type:

ﬁ : Specification:

¥ . Quantity Required: . / ;  Unit Cost: S/ ; Cost: s/

2.2___ Type: o

@ ' ' Specification: :

!’ : . -

Quantity Required: : : / ;s Unit Cost: s/ ; Cost: s/

: —

. 2.2 Subtotal Indirect Materials: | 0.030 g/m
s e T - - »

- R . ... ... & . i A i e




RPN JUSTPRRSNE IS S SIS R

=
&

R et

Process No. | 3 3. Oll—l-— 0 lj Form 5 ’
‘ : , Page 1 of 1
2.3 Expendable Tooling: — -
‘ - Y Revision 2 Dat -8
2.31 Type: Print screens - replaced every shift. (v 9000 cells) on S a-.e__g_g_;_
2 = = 27
Quantity Required: 0.011 screens; m" . ypit Cost: 25 $7SCX.Cost: 0.275 s/n
2.32 Type: Squeegees - reolaced every hour (v 1000 cells) .
2 ~ 2
Quantity Required: 0.088 squeegees; m™ : uynit Cost: 0.40 s/ sge.cost: 0.035 §/m~
” — R 4
2.3 3 Type: Thermocouples and misc. replacement narts
. wr2
general estimate quantity Required: / : Unit Cost: s/ Cost:] 0.10 5/m
2.3 __ Type:
Quantity Required: / : Unit Cost: S/ Cost: s/
2.3 ~ Subtotal Expendzble Tooling: 0.410 $/m?
‘2.4 Energy ~
2.4 1 Type: Electricity, name plate rating is 35 kW (mostly belt furnace)
| | . 2 ; .2
Quantity Required: 1.5 kWh/m : Unit Cost: 0.05 §/XWh Cost:] _0.075s/m
2.4 _ Type: . .
Quantity Required: : Unit Cost: 57 Cost: s/
- S 2
2.4 Subtotral Energy Costs: | _0.075 $/m
L * ) Z
= 2.5 Subtoral 2.1 to 2.%: {_S.915 5/ mz
P -
§§ 2.6 Handling Charge: 2-28 7 of item 2.5] 0.462 s/m
& = A V4
o & 2.7 Subtotal Materials and Supplies: 7.384 g/m
QT (2.5 + 2.6)
bg T
&
" E >




Process Ko. l—3J-L5J- of1 |- ‘0‘ 1

——— . —,

s

o
O

-

Torm 6 | :
Page 1 of ]

| Revision 1 Date 9-79
3.1 Direct Labor: -
3.11 Category: Semiconductor Assembler Activity: machine monitoring and operation
o - (SAMICS B5464D) ' - >
Amount Required:_0.25 h/ h ; Rate: $5.65 /h; Load1l3 %Z; Cost: 0:264 - &/m
3.1_2 ‘Category: Maintenance Person Activity: Repair and service v
(SAMICS B5176D) * 9
Amount. Required: 0.2 h/ h- ; Rate: §$ 7.40 /h; Loadl13 %Z; Cost: 0.277  §/m 3
3.1 Category: Activity: |
Amount Required: h/ : Rate: $ /h; Load %; Cost: $/ ;
) ; 3.1 Direct Laber Subtoral: 0.541 s/im .
3.2 Indirect Labor: Taken as 25% of direct labor :
3.2 Category: Activity:
Amount Required: h/____ : Rate: § /h; Load %; Cost: $/
3.2 Category: Activity: ®
Amount Required:_ h/ ; Rate: $ /h; Load %; Cost: $/
3.2_ Category:r Activity:_ - .
Amount Required: h/ 3 Rate: § /h; Load %; Cost: $/
3.2 Indirect Labor Subtotal: 0.135 s/ mz
: 3.3 Subtotal 3.1 and 3.2 0.676 S/m
2
o , 3.4 Cverhead on Labor: 5.26 % 0.035 $/m
*Incly : £i d the reguirement of 1.57 - — 2
Includes 36% benefits and th equ ment o 3.5 Subtoral Labor 0.711 s/ m

versons/shift.
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Process No.
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Torm 7
Page 1 of _1_

. Revision 1 Date 9-79

4.1 Equipment

&.11

4.12

Cost: 50,000 $; Installation Cost: - $; Throughput: - 12 m? /h;
Plant Oper'g Time 8280 h/y; Machine Avail’ty:__gi_}'{; Machine Oper'g Time 7866 hly
Servicing Costs: Labor h/y at $/h;Parts or Outside Service: Sly
Useful Life:_ 7 ;5 Charge Rz-. _2'-35 % of Cost/y; Capital Cost: 10,700 sly
Type: Drier - dries ink
Cost: 20,000 $; Installation Cost: - $; Throughput: 12 m2 /h:
Plant Oper'g Time 8280 h/y; Machine Avail'ty: 95 %; Machine Oper'g Time /866 hly
 Serviciag Costs: Labor h/y at $/h;Parts or Outside Service: $ly
Useful Life: 7 y; Charge Rate: 21.35 % of Cost/y; Capital Cost: 4,270 Sly
Type: Belt driven sintering furnace
CoSt: 35,000 $; Installation Cost: - $; Throughput: 12 m2 /h;
Plant Oper'g Time 8280 h/y; Machine Avail"ty:_gé_‘z; Machine Oper'g Time 7866 hiy
'Sefviciﬁg Costs: Labor hly at $/h;Parts or Outside Service: $ly
Useful Life: 7 v; Charge Rate: 21.35 3 of Cost/y; Capital Cost: 7,470 s$ly

Type: Screen -Print Apparatus with cassette unloader and collator (Welter

Moaei 44-PS)

0.113 s/ m>

0.045 7 m>

4.1 Subtotal Equipment Cost:
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X . 7 |
¥ : ) ’ : |
;- Process No. |3 ].]5].10]1|—|o}1 Form 8 |
3 Page 1 of 1
: ) isi 1 9—79 |
= 4.2 TFacilities: Revision : Date |
& | ' 2 =4 "
: 4.21 Type: Screen Printer and Floor Area: 40 mz\,; Throughput: 94,400 m Iy ;E’é
- "furnace, area % 9 r W GNP P ewEy CEP CEP GEP D G GNP GEED = G %a
- - Charge Rate: 179.13 $/(m"-y); Maintenance Costs: =34
: Energy Use: ¥ Labor: Y hlyat $/n dg ;
2 . . - ok ) |
: Air Cond'g /y at S/ l Qutside Services: Sly i c.':'
& i /y 2 3 1 Total Cost: 7,164 Sly 0.076 s/m |
] m e— i m
3 4.2__ Type: Floor Area: :mz; Throughput: 1y
B Charge Réte: s/ (mz-y); ¥ TMaintenance Costs: -
g» Energy Use: . l1’..ahctr: ~ __hly at _S8Ih . |
E ’ Heat:mg fy at s/ l Supplies: $ly i
b ] ] |
% ‘ Air Cond’g [y at s/ L Outside Services: $ly : |
i & ; ¥ 1 Total Cost: _ $ly $/ f
4.2_ Iype: Floor Area: m ; Throughput: ly
Charge Rate:__ G A Maintenance Costs: -
: -—p G Gy SNy Geb ereee ? “ U”- AN SN -— ' R
. 7  Energy Use: Labor: h/yar . _ .. $/h .}
T Heating Iy at $/ i :
Ly » i Supplies: Sly
O - Air Cond'g Sy at S
i S Qutside Services: sly
Lightin /y at s/ S e D ded S e Sum D G S0
4 g) g’ 7 | Total Cost: Sly s/
: ' R L ) H ; 2
A : *Includes energy use Il .2 Sub rocal FaCﬂiti’ES - ' 0 - 076 s'! n
| | 4.3 Equipment and Facilities Subtotal : % 0.313 §/ m<
| i e e . o S S - e

)
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! Pagel of1
§, : - Process No. 21.15).1911l—} 0 3-*—-' Reviston 1L Dace 2-71
: 7. Process Cost Computation 7.11 Manufacturing Add-On Costs (sum of 2.7, 3.5, 4.3, 6.)§ 10.408 &/ nz
& 2
i 2 Bt iTiss b oneraf of 71 !
E 7.21 Total Operating Add-on Costs of Process: ' 10.430 s/ n”
7.22G& A — . %of7.21 - &8 .
7.31 Total Gross Add-Dn Cost of Process F 10.430 8/ n
7.32 (_2I7_ ror Salvaged Material {5:8) - - 8§
7.33 Cost of Work-in-Process Lost (5.3) NA §7
L 3
: - - -~ - " - s DU Sa . E. :
, 7.34 Specific Add-On Cost of Process {7.31 + 7.33)~{7.32) |190.430 &8/ m
B - 7.35 Cost of Input Work-in-Process Contained in Good -
Output Work-in~Process (5.4) NA s/
"; ', 7.36 Loading on Item 7.35 at Rate r S XA s/
7.37 Cost of Output Work-in-Process (7.34 + 7.35 + 7.36) 5/
% s
£ 7.41 Theoretical Yield (or Conversion Rate, if output units of
1 work-in-process do not egqual input units) _NA /
! 7.42 Practical Yield 39 z
7.43 Effective Yield (7.41 x 7.42) 29%
7.44 Xumber of Units of Goed Output Work-in-Process per 2 2
Computation Unit Used up to 7.35 0.9 m /o
7.51 Cost of Unit of Good Cutpui Work-in- s
Process {7.37 ¢ 7.44) A st
7.’452‘Spéc:;xf-ic Adé-0n Cost p@z‘ Unit of Good ‘ , ,
Oatput Work-in-Process (7.34 = 7.44) 10.536¢/ m
#* ¢ ] Ed #* - * -
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Process No. . .~-’" | Form 13-2

Page lof 1
Revision 1 Dare 2-81

8.2 Alternate 2 (SAMICS Methodology):
8.21 Profit Computation:

2
0.9274% 0.237 §/ m2 from Subtotal 4.1 = 0.220 $/m

[

. - 2
1.946% _0.076 _§/ m> from Subtotal 4.2 = 0.148 s/m

- R i
Subtotal = 0.368 §/m
8.22 Costs of Amortization of the One-Time Cost:
2 , , . 2
0.192%_9.384 _$/ m° from Subtotal 2.7 = 1.802 _§/m '
, 2
0.192% 0.711 $/ m° from Subtotal 3.5 = 0.137 _ §/m
: - , 2
0.2958* 0.237 S/ mz from Subtotal 4.1 = 0.070 $/m
2
2.77% 0.076 $/ ,mz' from Subtotal 4.2 = 0,211 $/m .
Subtotal- =-2,220 ‘$fmi !
: : ' 2
8.23 Total Net Cost of Equity (8.21 + 8.22): o e e 2.588 s/ m
8.24 Profit and Amortization of Start-up Costs per Unit of Good 2=tput J
Work~in=Process: 2 2 ;
(Divide SulLtotal 8.23 by 0.9% m /I m from 7.44)
2.614 S/ ,mz
. ’ , 2
8.25 Price of Process (7.52 + 8.24) 13.150 S/ m
8.26 Price of Work-in-Process (7.51 + 8.24) ‘ s/
T A SR ... .- A . O, M S
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Process No.| 3p [ 6] [0] 3]|—[0]2 . Form 1
' , University of Pennsylvania . |
X PROCESS C!AIMEI}_CTERIZNI‘ION :
(uppc)
Process: Device Fabrication
Subprocess: Contact Metallization (front and rear)
., option: E.ﬂ;ecttoless‘ Ni Plating of Strike or
Barrier f‘ayer | 3
Form | Pages Rev. D:ﬂ:e : Rem’arks 1
1 | . :»>i 2-81 ’l | _ é
2 1to 2 1 | 2-81 n

3 1t 1 |_1 | 2-81
]1 4 1 to 2 1 | .2-81 iy

! 9 5 1to 1 12-79 :

6 lto 1 1. 13-2’9_ |
. 7 1t 1 |_1 |28 ]

8 1lto _1 12-79 | _

9-1 1 to — | :

9-2 | 1 to _-=_ |

9-3 1to = I:

10 1to - |

11 1l to = , ,

' 12 1 to __}__ 1 | 2-81

| 13-1 ,‘lito -

13-2 1to 1 1 | 2-81
; r 14 1 to = i
k . 15 1lto - %
o 16 1 to _~_ 3

A
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Form 2
Page 1l o 2
Revision __ 1  Date 281

Process No. |3 ),]6},10]3]™]|0{2

0.1 Value Added: $/

Prozess Description: Wafers with contact mask are dipped in electroless nickel solution at 80 to %0°C

for 5 min, and are then rinsed and dried. 7Two flow hoods are used for »rocessing. Cycle time is

20 min and Wafers are carried in 50 wafer cassettes, which are moved automatically through the system,

The plating tank is’ large enough to hold 5 cassettes. Plating occurs on both sides simultaneously.

Thto'ughput rate is 3,000 wafers/h and machine utilization is 88%.
100% rear. Plating thickness is 0.5 ym

1. Input Specification:

Surface coverage is 3.4% front,
Plating effeciency is assumed to be 90%,
(Continued on Form 2, page 2)

Nare of Item: ’,N+‘PP+ silicon wafer with contact mask

Dimensions: 10-Cm square

Mzrerial:

Other Speeifications:, _ >

1.1 Quantity Required: / Unir Cost: $/
| 1.2 Input Value: $f
1 1.3 Input Cost: 7

RNote to Item 1.3: Use price, if input produced in own plant.

ST
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g Form 2
Pege 2 of 2 :
1o | Revisfon _ 1  Daze_2-81
{ Dreocess No. |3 (.16 f,1013]"lol2 0.1 Value Added: 5/ %

Process Description: One liter of Ni glectroless plating solution consists of: 875 mf H.O: 3

- o . ‘

b 30 g of NlCl2 . 6H20; 50 g of NH4C1; 84 ¢ of Na3C§HSO? . 2320; 10 g of NaH:?Oz * H,0 and 325 mf

of NH,0H (58%).

- 1

1. Input Specification:
; Name of Itenm: |
Dizensions: -
1168

Magerial:
{ : Cther Specifications: :
”
1.1 Quantity Reauired: / Unit Cost: s/
| 1.2 Input Value: $/
1.3 Inpuc Cost: $1__

Note to Item 1l.3: Use price, if input produced in own plant,

) " crsmmpesin i sty - A:ﬂ'vﬁn»w [ e . o - i, B - : - e _‘7‘ -
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i Process No. 35 .161.10 Lﬂ—LO 2 Form 3
2 , Page 1 of 1
- 2.1 Direct Materials: -_— =
= ~ ‘ Revision 1 Date 2-81
'E 2.1_ Type: NiCl,°6H,0, reagent grade crystals, p = 7.77 g/cm3 s x
. Specification: Coating thickness is 0.5 um.
NiCl, = (0.05) «(0.5)+(7.77)-(237.71/58.71)+(1/0.9) "= 0.87 g/mz. One
: liter of solution will plate 1.7 m® of t.ells. Cost of NiCl,-6H,0 is . v
$7.29/1b (12/79; J.T. Baker) 2 >
Quantity Required: 18 g/ ™ ; Unit Cost: 16.07 $/kg ; Cost:] 0.289 .s§/m ’
2.1 _ Type: s ‘
Specification: ;
o Quantity Required: /___; Unit Cost: s/ ; Cost: s/
o 2.1 Type: 3
| |
. Specification:
%‘é Quantity Required: ’ ) / ;s  Unit Cost: s/ : Cost: $/
o & :
. 8 2
s
. D )
c m . 3]
> 2; 2.1 Subtotal Direct Materials: 0.289 s/ m2 —
t . ~
e 3
= 5
3 * i “ » » * ‘
Sigmmarbiieics e et o o o - r—— I v o o
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‘Process Yo. 13i,16l,1013|={0]2] . Form 4
v Page 1 of 2
2.2 Indirect Materials (incl: suppliesand non-energy uvtilities): Lo -
2 | . . : s Revision__1 Date2-81
2.21 Type: Deionized water for plating solution s
i SpecificationzNeed 875 ml of DIH,0 per liter of solution. Consumption is T
620 m% for 1 m> of cells. Cost is $660 for 100 m> (SAMICS C1128D) _ .
:'~ . 2 B . . | ;
gﬁ ‘Quantity Required: 620 mL m° . prie Cost: 0.0066 4, £ . (oge: 0.004 ., m H
% ,2.2;‘_2 Type: Ammonium Chloride ("N&CI) , reagent grade, granular: A
? Specification: Need 50 g/¥% of plating solution. Consumption is 35 g'/x:';2 of
E cells. Cost is $1.15/1b (J.T. Baker, 12/79)
g | ' 2 o am 2
§ ‘ Quantity Required: 35 g./ m - Ynit Cost: 2,535 gy ka 3 Cost: 0.083 s/ I
L 2.23 Type: Sodium Citrate, reagent grade crystals
P T | s |
Specification: Need 84 g/% of plating solution. Consumption is 62 «:;/m2 * ;
of cells. Cost is 1.88 $/1b. (J.T. Baker, 12/79)
r | - \ . 5 v . "
& ‘ . Quantity Pequired: 62 g / M . Unit Cost: 4.145 g7 kg ; Cost: 0.257 s/ n
2.2 Subtotal Indirect Materials: S/




r  Process ¥o. [31.[6;.,/0[3]-[0]2] Torm

2.2 1Indirect Materials {incl. suppliesand non-energy utilities): .. ;
| ‘ : Revision__ 1  Date2-81

2.24 Type: Sodium hypophosphite (NaH, PO, ° 2H,0), reagent grade crystals; .

' Specification: Need 10 ¢/% of plating solution. <Consumption is 7.2 g per m

. of cells. Cost is $4.22/1b (J.T. Baker, 12/79) i

"R

2 - .
Quantity Required: 7.2 g/m . pnic Cost: 20304 g7 K3 . cose:| 0.667 o/ m

2.2.5 Type: Ammonium hydroxide (NH,0E), 58% reagent grade

Specification: MNeed 125 mf/% of plating solution., Consumption is 89 mi

2 s per square m’ of cells. Density of NH,0H (58%) is 0.826 g/mf. Cost |
g o is $0.47/1b. (J.T. Baker, 12/79)
E Quanzity Required: ‘ 89 @i/ mz; Unit Cost: 0.861 57 £ . coge:}) 0.077 gy m
% g 2.2_ Type:
a5 Specifiqation: ?
oL
, g g Quantity Required: / ; Unit Cost: $/ ; Cost: s/
Sk
~ Z
gg 2.2 Subrotzl Indirect Materials: | 0.494 g/ m
2@
=B
A e
<o
{ - # « & * »
RBN ¥ gt I B o4, e gy wee: : : o -
- i DR e e R R
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Process No. |3},[6 I .101}13 l—&_ 2 Form 5 .

| T Page J of 1

% 2.3 Expendable Tooling: - - !

3 Revision Datel2-79 {

E 2.3 __ Type: ——— E L A

. ‘ &

it Quantity Required: / & Unit Cost: _$/ Cost: $7 :

2 2.3_ Type:

i : Quantity Required: / : Unit Cost: s/ Cost: $/ T

i !

4 2.3 __ Type: . : . J ’

: Quantity Required: e/ i Unit Cost: $/ Cost: , $/ 1

. 2.3 l‘ype.‘ - |

é, : R Quantity Required: / : Unit Cost: S/ Cost: $/ ;

i : : ' ‘ — , ~

2.3 Subtotal Expendable Tooling: $/ |

3 . “

|
2.4 Energy ‘
: . Electricity for laminar flow hoods .with strong exhaust, heater on pla-
2.41 T1ype: ting tank, drier, various motors and instruments; name plate rating
estimated to be 20 kW with 75% load factor. ! 0. 025 2
” Quantity Required: 0.5 kiwh/m2 : Uait Cost: g_q5 $/xyh Cost: . $/_m

‘ 2.4 _ Type:

Quantity. Required: ¢ Unit-Cost: _ $/ Cost: S/
. ‘ B . ‘ 2.4 Subtotal Energy Costs: 0,025 $/_m?2__
2.5 Subtotal 2.1 to 2.4: Y o0:808 §/ m?

2.6 Handling Charge: 5.26 % of item 2.5] _0.043 s/ m?

' 2z
2.7 Subtotal Materials and Supplies: 0.851 §/ m
(2.5 + 2.6)

o
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Process No. | 3 ] .16 1 {03 'l 0 |2 ' Form 6
) Page 1 of 1
{ ‘ ’ Revision 1 Date 12-79
| ; 3.1 Direct Labor: s R
3.11 Category: Semiconductor Assembler Activity: Hood operation
(SAMICS B5464D) , * 2
Amount Required: 1 h/ h ; Rate: $§ 5“, 65 /h; Load 113 %; Cost: 0.456 §/
3.1_ Category: | Activity: v
Amount Required: h/ ; Rate: $ /h; Load Z; Cost: S/
3.1_ Category: 7 Activity:
Amount Required: h/ ; Rate: $ /h; Load %Z; Cost: $/
3.1 Direct Labor Subtotal: s/
3.2 Indirect Labor: Taken as 25% of direct
3.2 Category: Activity:
Amount Required: h/ ;: Rate: § /h; Load Z; Cost: s/ ]
3.2 Category: Activity:
~ Amount Required: h/ ; Rate: § /h; Load %3 Cost: s/ |
3.Z_ Category: Activity:
*' - Amount Required: h/ ; Rate: § /h; Load %Z; Cost: $/ 2
g . 3.2 Indirect Labor Subtotal: 0%;1114 $/_m* * h
- , 3.3 Subtotal 3.1 and 3.2 0:570 %/ w2
*Includes cost of replacement personnel and benefits.|
e o ' P - * 1 3.4 Overhead on Labor: 5.267% 0.030 $/_m?
0 & ————
= 2
:’; o) 3.5 Subtotal Labor 0.600 $/ m> ‘
o B :
) 9 ; i
; o { i
A ’; :
Zo . : i
) t—:t"j % & # w5 »
M e : : o ¥ “_mh»_v e =) :
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S - - |} form 7 -
Process No.| 3 6 013}).]01}2 ; page 1 ofl

Revision 1 Date 2-81

4.1 Equipment

4.11 Type: TWO 6-foot laminar flow exhaust hoods (IAS type LU6-30x)

P >
Cost: 2,000 $; Installation Cost: $;. Throughput: 30 m /h;

Plant Oper'g Time 8280 h/y; Machine Avail'ty: 88 7. Machine Oper'g Time 7286 hiy -

~Servizing Costs: Labor h/y at $/h;Parts or Outside Service: $/y

- Y - 2
Useful Life: 7 y; Charge Rate: 21.35 7 of Cost/y; Capital Cost: 1920 S$/y 0.009 s/m
Floceo. . .

'4.12 Type: Two chemical recirculating systems '(fluorocarbon‘Noi 5000)

‘ 2
3 Cost: 15,000 $§; Installation Cost: $; Throughput: 30 m » /h;

S ‘ Plant Oper'g Time 8200 h/y; Machine Avail'ty: %; Machine Oper'g Time 7286 hly

Seririci‘ng Costs: Labor 'hly at $/h;Parts or Outside Service: $ly

‘ 2
_Useful Life: 7 y; Charge Rate: 21.35 7% of Cost/y; Capital Cost:__ 3200 $/yj 0.015 $/m

2.13 Type: Drying station and cassette transport system

: . ‘ 2 |
Cost: 20,000 $; Installation Cost: 10,000 $; Throughput: 30 m /h; ‘

Plant Oper'g Time - h/y; Machine Avail'ty: %; Machine Oper'g Time 7286 h/y}

f’ o E Servicing Costs: Labor h/y at $/h;Parts or Outside Service: sly

— 3 ' 2
Useful Life: 7 y; Charge Rate: 21.35 7 of Cost/y; Capital Cost: 6400 $/y} 0.029 s/m i

4.1 Subtotal Equipment Cosr: | 0.053 g;s/m2 j

R T R
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gt Sl T i L ) . . . - e o i I emm—- EIPDET, O R s ....._.___—..-—-A




R T e AR T

Process No. |3 .161.1013 (1710} 2 Form 8
: : Page 1 of 7]_-9
‘ 12-7!
4.2 Facilities: Revision __ Date - = ;
, Cap _2
4.21 Type: Hood Area Floor Area: 8.36 nz; Throughput: 218,600 m /y
_ . Charge Rate: 179.13* $/ (@™ y); r Maintenance Costs:
¥ ® Cump oy Oy oy aouny Seey ~Uumm oy Gl owa
Energy Use: ¥ Lavor: h/y at $/h
Heating _______fyst__ S suppiies sty
3 Air Cond'g /y at s/ I Outside Services: $ly v
3 R i Y l Total Cost: 1500 s/y | 0.007 s/ m
4.2_ 'Type: | - | Floor Area: mz‘; Throughput: ly
3 Charge Rate: s/ (m‘z..y}; - —.'M;;'.;té;an:g Co-sts-:- - = = T T
i Energy Use: l Lator: h/y at S/h
- ing
. Heating / y at 3/ ‘ Supplies: S/y
- ' ‘ ,
[ Alr Cond’g . /y at S/ Outside Services: _  $/y *
~ , , Total Cost: Iy 1 s/
% - ‘ ol o $ly
4.2_ Type: Floor Area: m ; Throughput: Iy
Charge Rate: $/(="-¥)s Maintenance Costs: ’
; ; ergy uses lLabor: hly at s/h } .
- Heating /y at $/ ‘ . -
- , 1 Supplies: $ly
Air Cond'g /y at $/
o L Qutside Services: Sly
Lighting /y at s/ o mw e e e o eve e e owo o
; i Total Cost: S$ly $/
e — — e — ‘4_2—
7 ] 4.2 Subtotal Facilities: 0.007 s/ m
*Tncludes . energy. use - v
24 4.3 Equipment and Facilities Subtotal : 0.060 5/ m
& % * *
L s o e

TTR A AT T RTRIAS N A
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3 Form 12
2 Page 1 of 1
Process No. 31, | 6 . 0|3]=]|0|2 Revision _1 _ Date 2-81 -
| 7. Process Cost Computation 7.11 Manufacturing Add-On Costs (sum of 2.7, 3.5, 4.3, 6.) } 1Y511 §/ m?
\;% . .
f -, , i . 2 |
’ 7.22 'QEB??)s‘é‘diz?%ﬁcis‘”ﬁ.’:m g ..})of 7.11 0.004 s/ m |
. - _ m " " ‘
: 7.21 Total Operating Add-on Costs of Process: 1.515 §/ m?
7.22G6 A % of 7.21 - s/~ ‘
7.31 Total Gross Add-On Cost of Process
7.32 C:e@ip fg;’Salvagéd'ﬁateriai (5.8) o NA s/ W
PO PP - e e . - .- SURTR - ’i
: , 7.33 Cost of Work-in-Process Lost (5.3) : NA 5/
- , 7.34 Specific Add-On Cost of Process (7.31 + 7.33)-(7.32) | 1.515 §/ m
g . 7.35 Cost of Input Work-in-Process Contained in Good
8 Output Work-in-Process (5.4) u 5“3 $/
%; 7.36 Loading on Item 7.35 at Rate z . __ N g
7.37 Cost of Output Work-in-Process (7.34 + 7.35+7.36) | NA gy %
7.41 Theoretical Yield (or Conversion Rate, if output units of 2 2
work~in-process do not equal input units) 1 m ;s m .
5 7.42 Practical Yield - L 3
} 7.43 Effective Yield (7.41 x 7.42) 0.99% . ]

7.44 Number of Units of Good Output Work-in~Process per 0.99 2 2
Computation Unit 'Used up te 7.35 * m / m ¥
— . A S S s A ' o

7.51 Cost of UnitAeﬁ»Géed»Output Vork-in-
7.44)

ofs

Process (7.37

'7.52 Specific Add-On Cost per Unit of Good
Output Work-in-Process (7.34 + 7.44)

R R L Ty N s ke, e IS N e _j
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i Process No. E ua - .

: ® Y

‘i f

Form 13-2
Page _lof 1

1 Date 2-81

Revision
‘3.2 Alternate 2 (SAMICS Methodology):
1 ~ 8.21 Profit Computation:
: , 2 2
: 0.9274* 0,053 §/ -m from Subtotal 4.1 = 0.049 ¢/ m
5 | g 2
P e 1.946*% 0,007 §/ m> from Subtotal 4.2 = 0.013 s/ m

Grm—

o Subtotal = 0.062 s/

‘ a ’ 8.22 Costs of Amortization of the One-Time Cost:

0,192 0.851 §/ m2 from Subtotal 2.7 = 0,163 $/ m2
0.192%* 0.600 §/ m2 from Subtotal 3.5 = 0.115 s/ m2

0.2958* 0.053 §$/ m2 from Subtotal 4.1 = 0.016 s/ .m2

. . 2.77* 0,007 _§/ m2 ’ from Subtotal 4.2 = 0,013  §/ ™

SR

Subtotal = 0.313 ¢/ m2

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
Work-in-Process: , 2 2
(Divide Siltotal 8.23 by 0,2% m~ [/ m"  from 7.44)

0.378 g/

8.25 Price of Process (7.52 + 8.24)

8.26 Price of Work-in-Process (7.51 + 8.24)

o

0.375

$/




| Process No. |3 | |6 of 3]-[0[3 ‘ Foxm X
# . ’ sl # - -

University of Pennsylvanla
PROCESS CHARACTERTZATION

; ’ (uppe)
f process; _ DPevice Fabrication |
5 Subprocess: Contact Formation (Front and Rear)
;f option; Vacuum deposition of a nickel barrier
': iayer and copper conducting 1ayex
Foxm pages  |Rev. | pate Remarks
: : 2-81}"' .
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Torm 2
Page 1 of 2 ;
Revision 1  paze 2-31 ]
SKENEEE 0.1 Value Added:| s/
Process Description:  Wafers are placed and locked into reversible holders which alsc hold the shadow
mask for the contact and grid metallization pattern definition on the front side. The holders are

Process No. |3 |, 16

LaE S St

ca. 1l m wide and hold 10 cells across their width. The holéers are placed in batches into the air-

h 4

A lock chamber of the system, from where they procesd into the main chamber after pump-down to the mzin

> Chamber pressure (% 107°Torr). In the main chambzr, the holders are sequentially removed from the
: batch and passed flat in continuous flow over the evaporation boats which are ca. 1 m long and denosit
1.  Input Specification: (Continued on Form 2, vage 2)

Name of Item: N+PP+ Silicon cell ready for metallization, with freshly removed oxide laver,
- T without mask.

:
Dizensions: 10-cm square

i ¥aterial:

Other Specifications:

1.1 Quantity Required: ] Unit Cost: $/
' 1.2 Input Value: 5/
1.3 Inpuc Cost: §/_-

Note to Item 1,3: Use pri

Bt e e e e T
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Form 2

Page 2 of 2
; § ; Revision 1  pare 2-81
+ J  Process No. 131,16 w1 0]3j7I0 13 0.1 Value Added: 5/

-

Process Descriprion: metal simultaneously over the whole width of the holder. The boats are continu-
ously recharged with rod of the appropriate metal. They are electron beam heated. The evaporation

it , -

4 rate and speed of the holder movement determine the metal thickness. After deposition on one side,
. - - »

X the holders are turned over in the machine and passed over 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)

% :

£ Name of Iten: -

b Dizensions:

3 Material:

i Other Spaecifications:

;.

¥
i

1.1 Quantity Required: / Unit Cost: $7
1.2 Input Valuve: s/
1.3 Input Cost: s/ .

Note to Item 1.3: Use price; if input oroducad i

4
0
i
iy
- 1]
]
s
ot
]
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Process No. i3

6

Lol

2.11 Type: Copper, rod, 1/8" dia,, oxygen free (99.9% Cu), p=8.96 g/cm
‘ Specification: Surface coverage is 3.4%, front, 100% back. Evaporation

efficiency is 70% on mask and holder, 50% on to mask. Metal recovery rate

2.1 Direct Materiais:

i s, gaidl  aaprrn  o n

- is 75% for wall ard holder deposits, 50% for mask deposits. Usace

v 120t/y
- Quantity Required:

2.12 Type: Copper, rod from recycled material.

2 - .
Specificatioa: ;178-5 g/m~ copper are recycled at an assumed recycling

cost of 1.30 $/kg

181.5

Quantity Required:
2.13 Type: Nickel wire, (99.9%), p = 8.91 g/cm>

Specification: Plating thickness is 0.1 um, and evaporation and recovery

178.5

efficiencies are same as copper's

Quantity Required:

O

b4
[

1.8

Form 3
Page 1 of 1
Revision 1 Date 2-81
h 4
2 ‘ , 2
g [/ ™ ; Pnit Cost: ™~ 3 s/ kg  ; costz:] 0.545 g/m
2 o | 2
g /®™ ; Unit Cost: 1.30 §/ ¥a . cosc:f{ 0.232 g/m
2 , " 2 °
g/ ™ _; Unit Cost: _ v 11 s/ kg s Cost:{ 0.020 s/ m
l 2.1 Subtotal Birect Materizls: 0.797 S/ m2

pond.
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Process No. | 3|.[6].,/013 |-|0]3 l

2.2 Indirect Materials (dincl. suppliesand non-energy utilities):

2.21

2.2.2

2.2

-

Form 4

Page 1 of 1,

“ﬂq

« Revision 1 Date 2-81
Type: Vacuum pump oil Convoil 20 :
Specification: Need 4 gt. per week
3 shift/day at 7 day/wk operation at net output of 41 m2/h
-
o . -4 2 ; -2
Quantity Required: 5.8 x 10 qly m" . Unit Cost: 30 s/ a9t - cost: 0.017 s/ m
Type: _Graphite boats
Specification: Size 8" x 12" x 30", set in water-cooled structure. TwO Or more
crucibles used for copper, two for nickel. Experience has shown that
1000 1lbs of copper can be evaporated from one crucible. At 50% Aeposition
efficiency, 360 g/m‘ copper need to be evaporated, 3.o g/m2 nickel. 2
Quantity Required: 8 - 1004  cruc/m®; Unit Cost: 1000 $/cruc ; Cost:| V.800 s/ m
ype: L
Specification:
Quantity Reguired: / ; Uait Cost: s/ ; Cost: s/
2.2 Subtotal Indirect Materials: | 0.817 &/ n®

e e
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Process No. |3

6 |.[0[3]-[o]5

2.3 Expendable Tooling:

Form 5

Page 1 of 1

2.3 _ Type: (Masks not charged here.) Revision 1 Date_rg/j__l__

Quantity Required: / : Unit Cost: s/ Cost: $/
2.3 _ Type: | :

Quantity Requiréd: / : Unit Cost: $/ Cost: S/ v
2.3 __ Type:

| Quantity Required: / : Unit Cost: $/_____ Cost: s/

2.3 _ Type:

Quantity Required: / : Unit Cost: $/ Cost: | $/

2.3 Subtotal Expendable Tooling: s/ |
Eaergy ;
2.4 1 Type: Electricity, name-plate rating 100 kW for pumps, 200 kW for e-beams.
| fnergy &Juiggietys}éggx/i]fgd? ‘ff;’iﬁaktmhed'@,z : Unit Cost: 0.05 $/kwyh Cost:l 0,32 §/ m2
2.4 Type:
Quant:ity Required: : Unit Cost: | s/ Cost: S/

2.4 Subtotal Energy Costs:

08.12 s/ ____-mz

2.5 Subtotal 2.1 to 2.4:
2.6 Handling Charge: 5.26 % of item 2.5

1.734__sim° :
0.091 s/ m2

2.7 Subtotal Materials and Supplies:
(2.5 + 2.6)

1.825 g/m°




Rl Bl s

-

Process No. I 3

Form 6

Page 1 of 3

Revision 1 Date 2/81
3.1 Direct Labor:
* 3.1]1 Category: Semiconductor Assembler Activity: Loading, unloadinc, & machine
(SAMICS B5464D) monitoring , 2
Anount Reguired: 0.5 h/ h ; Rate: $ 5.653 /h; Load__ 1313 7%; Cost: 0.147 s/m
3.12 category: Maintenance Mechanic Activity: Machine service and repair -
\ (SAMICS B5176D) : N 5
Amount Required: 0.2 h/ h ; Rate: $7.40 /h; Load 113 %; Cost: 0.077 §/m<
3.1 Category: Activity:
Amount Required: h/ ; Rate: § /h; Load %; Cost: s/
3.1 Direct Labor Subtotalr 0,224 s/ x;tz -
3.2 Indirect Labor: Taken as 25% of direct
3.2 Category: Activity:
Amount Required: h/ ; Rate: § /h; Load ’ Z; Cost: s/
3.2 Category: Activity:
Amount Required: n/ s Rate: $ /h; Load %3 Cost: $/
3.2 Category: Activity:
Arount Reguired: h/ ; Rate: § /h; Load %3 Cost: $/
3.2’ Indirect Labor Subtotal: 0.056 s/ m2
S | 3.3 Subrotal 3.1 and 3.2 0.280  $/m2
*Includes benefits (36%) and requirement of ; o 2
1,57 workers/shift. T 7 ¥3.% Overhead on Labor: 5.26% 0.015 $/m
* ’ ‘ i
3.5 Subtotal Labor 0.295 $/m
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Process No.

4.1 Equipment

[— g ST

$.1 - Type:

Cost:

4.1 Type:

Cost:

Useful Life:

1.6 . LTE-0T5 Poge 1_of 1
i Revision 1 Dare 2/81
4.11 Iypeﬂ: Airco Temescal evaporator
| Cost: ~ 2,000,000 $; Installation Cost: $; Throughput: 48 mz‘ /hs
Plant Oper'g Time 8280 h/y; Machine Avail'ty: 85.5%; Machine Oper'g Time 7033 afy v
Servicing Costs: Labor h/y at $/h;Parts or Outside Service: S$/y i
Useful Life. 7 v; Charge ¥ -27 .35 % of Cost/y; Capital Cost: 34,160 S$/y 1.264 $/m2
$; Installation Cost: $; Throughput: /h;
Plant dper'g Tine h/y; Machine Avail'ty:  %; Machine Oper'g Time hly
Servicing Costs: Labor h/y at $/h;Parts or Outside Service: Sly
Useful Life: y; Charge Rate: % of Cost/y; Capital Cost: S/y $/
$:; Installation Cost: $; Throughput: /h;
Plant Oper'g Time h/y; Machine Avail'ty:  %; Machine Cper'g Time hly
Servicing Costs: Labor h/y at $/h;Parts or Qutside Service: $ly
v; Charge Rate: 7 of Cost/y; Tapital Cost: sly s/
4.1  Subtotal Eguipment Cost: 1.264 s/ mz

N

T (TG PSRN T

e
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| Process No. |3}.16}.10]3]=10}3 . Forz 8 i
: ‘ N Page 1 of 1;
Ry igi 1 e 2/81 .
4.2 Facilitdes: , Revision 1 ~ Date / R ALS
| 4.21 Type: Equipment space Floor Area: 27.5 nz; Throughput: 337,800 Iy t
Charge Rate: 179.13 S$/(m-y); r Maintenance Costs: - :
O D SRy GRED - SE  GEew  EED GUND SR Qe ‘ " 5’5
7 Energy Use: -1 Labor: h/fyat ____ $/n :
, Heating [y at - 8/ l Supplies: S/y N
Air Cond'g et /y at s/ l Qutside Services: S/y v ;
‘ f C - : - ' 6.052
— ; o | Total Cost: 17,465 $/y $/ m?'
n . S 2
T 4,2 Type:x Floor Area: m ; Throughput: 1y )
g; JRS . i 2 r- — .}!g;tg;;u; G;;ts‘.:_ —ur oy SEy S s e :;
B Charge Rate: o SR ) sainte : ~
2 ‘Energy Use: ‘ Labor: _h/y at $/h
g Heating — /y ,at — $/ —— l Supplies: 7 $/y [
- . i -
% Alr Cond’g /y at s/ Outside Services: Sly ]
g ghting ¥ ; 1 Total Ccsts $ly s/
i e - - -
g e : 2 . .
i 4.2_ Type: Floor Area: m 3 Throughput: /y
. L X ’ 2 ‘ ;AR ey S d
‘ Charge Rate: $/ (= -y); Maintenance Costs:
o) CEED Cusy TTEES Gy & SaE=p ——— ” —— ——— -—
: : : “Eneigy Use I‘Labo,r: i h/y at __$/h
’ Heating /y at S/ ‘ 5/
" S Supplies:
: L OQutside Services: Sly
! L_oht.-.u. at / W GEED e G GTE Guwy GRS B GEEL W G .
| rehting /y 3 3 Total Cost: $/lv 1 $/
4.2 Subtotral Faciiities: 0.052 $/ ®
4.3 Equipment and Facilities Subtotal : 1.316 s/ m¢

e 4
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Form
Page 1 of 3

Process No.

6

i2

013 1—=]o0l3 Revision 1 Date 2/81

7. Process Cost Computation 7.11 Manufacturing Add~On Costs (sum of 2.7, 3.5, 4.3, 6.)§3.436 S/ m
2
7.22 Oth d H of 7.11 . s/ m
" OB Pob deaatzs” 9.080 3
7.21 Total Operating Add-on Costs of Process: ' 3.516 $/ m?
7.22 G & A % of 7.21 - §/ ~
7.31 Total Gross Add-On Cost of Process 13.516 s/ ‘i'fl5
% % 7.32 Credit qurk Salvaged Material (5.8)7' incl'd $/
=X
8 = ~ 7.33 Cost of Work-in-Process Lost (5.3) - $7
= F A — —
2 vy 7.34 Specific Add-On Cost of Process (7.31 + 7.33)-(7.32) | 3.516 §/
S
g; Q@ 7.35 Cost of Input Work-in-Process Contained in Good
a E Output Work=in-Process (5:4) - NZ% s/
7.36 Loading on Item 7.35 at Rate y SR [ ™ g
E —-— Lo
7.37 Cost of Output Work-in-Process (7.34 + 7.35 + 7.36) - NA s/
7.41 Theoretical Yield (or-Conversion Rate, if output urits of 2 2
work-in-process do not equal input units) 1.0 m / m .
7.42 Practical Yield = ‘ S 39 »
' 7.43 Effective Yield (7.41 x 7.42) 0.99. ¢
7.44 Number of Units of Good Output Work-in-Process per 2 2
Computation Unit Used up to 7.35 0.99 m / m
AR : R——
- 7.51 Cost of Unit-of Good Cutput Work-in-
Process (7.37 % 7.4%) s/
7.52 Specific Add-On Cost per Unit of Good o nm
Output Work-in-Prccess (7.364 + 7.44) 3.552 sy
¥ £
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i ——— 1 nd © bl < Page 1 of 1
: Revision 1 Date 2/81
8.2 Alternate 2 (SAMICS Methodology):
] 8.2)1 Profit Computations
- , - 2 2
3 0.9274% 1.264 oy m from Subtotal 4.1 = +°172 ¢/ M )
] ’ 2 2
1.946x 0.052 o, m from Subtotal 4.2 = 0-101 o, m |
’ Subtotal = 1.273  §/ m"
yf 8.22 Costs of Amortization of the One-Time Cost:
: 0.192% 1.825 s/ m from Subtotal 2.7 = 0.350 g/ m
, L 2 v 2
0.192%* 0.295 g/ m from Subtotal 3.5 = 0.057 g/ m
e 2 2
3 0.2958%*1.264 ¢/ m from Subtotal 4.1 = 0.374 g/ m
' 2 s 2
5 ©2.77%_0.052 s/ m from Subtotal 4.2 = _0.144 g/ m
i Subtotal = 0.925 ¢/ m“
: 2
: 8.23 Total Net Cost of Equity (8.21 + 8.22): 2,198 /™ ~
8.24 Profit and Amortization of Start-up Costs per Unit of Good Output
Work-in-Processs ’ 2 2
(Divide Subtotal 8.23 by 0.99 W/ W from 7.44)
8 2.220 s/ m,2
? . - 2
8.25 Price of Process (7.52 + 8.24) _E_’_' 772 51?{
o 3.85 ¢/Vi{peax)
8.26 Price of VWork—in-Process {(7.51 + 8.24) $/
_“ geritises s b i o N L S e l
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’ - Form 16
: Process No.| 3 . 76 . 0i3 - g1 31 Page 1 of _4

WORKSHEET TO ITEM Process Descrip. , FORM 2 PAGE 3 §

~ Py

i . . e - , 2 . . . - e . 7
A Machine throughput is nominaily 48 m /h. The uptime fraction is 0.85, for an effective 3

throughput rate of 41 mz/h. Nickel thickness is 0.1 pm and copper layer is 10 ym thick, »
Approximately 1 h/shift is required for cleaning the vacuum chamber of metal depcsits. Vacuun
deposition machine is proposed by Airco Temescal, based on similar machines built by them
{(John L. Hughes)

] With use of a common shadow mask for barrier layer and conduction layer deposition, some

deposition of scattered copper atoms cutside of an adequate barrier layer nmayv not be avecidable.

P

Even without heat treatment subsequent to metailization, this spuricus copner deposii nay reduce
the effective operating life of the cells. This may be an additional reason, besides the :

Ffilia e i ivd

Lo impracticality of using shadow masks for thick deposits with fine line patterns, for the

selection of competing processes over physical wvapor deposition.

T A T e I
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Process No. {

WORKSHEET TO ITEX Process Descript. , FORM

Length of machine ~ 50 ft =
Approximate breakdown of lengths:

Boat width ~ 12" =

To calculate time at station:

Assemble batch for machine:

In airlock in (pump-down v 2/3 of airlock cycle)

Dis-assemble batch in machine:

Moving through process (v & m long)

Re-assemble batch

In airlock out (air admission 1/3 of airlock cycle)

2 PAGE

15 m;

Airlock in

batch disassembler

evaporation station 1
turn-over
evaporation station 2

batch re-assembler

total length of machine

Dis-assemble batch for further processing

Result:.

Time at station:

55 min.

airlock out

- Throughput 48.m? = 48 m long x 1 m wide, means 0.8 m/min travel sneed.
30 cm, means exposure v 0.4 m:
Assume airlock cycle time 15 min; batch size 12 m2.

e e
Ay E
Form 16
Page 2 of 4
2 m -
2 m
2.5 m
2 n ’

2.5 m

2 m

2 m

15 m

evaporation speed Cu & 20 um/min.
(1/2 batch) 6 m>
(2/3 batch) 8 m?
(1/2 batch) 6 m2
8 m2
(1/2 batch) 6 m2
(1/3 batch) 4 m2
(1/2 batch) 6 m2
Total 44 n°

AT e e A_...,,,,....._.M:
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. ) Form 16 s
‘Process No. 3 . l 6 0 i3 |™ {o}3 Page 3 of 4
L J
* WORKSHEET TO ITE: 2.11 & 2.12 » FORM 3 & 4 page 1 ea,
; ot Mass evaporated from boat:
: | A’mask/f 4 5 v
] : . “holda . , = 110" em“/0.71 . 5.10"3 . 3 _ 2
’ Mevap = den (dp + dp) Puet = 55 2-10 ~ cm-8.96 g/cm” = 360 g/m”
: Mass on cell:
: . | vl a4 ) | . vqn=3 _ 2
ff' ‘ Msubs Amask(fmask,FdF + gmask,RdR) pMet = 1-10" em (0.034 + 1.00) 1-10 8.94 = 22.6 g/m"
: H
3 | Net metal used: !
: - Amask [ ep - | |
et T E "7 fyee L Taep L Twarr) * Q£ 00 (- “Thola ] @p +dp) + £014 [(l‘fmask,?) 9 ¢
+ (- f’nask r) 4 ] "erpaadf Msubs 7 !
5 \
13 |
| ;
| ” » ¥ - i
* ¥ o

E
?
|
]
i
|
:
1
.’

§
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Process No.! 3 aLG .03 "|0 3‘ Page 4 of 4
WORKSHEET TO ITEM 2.11 & 2.12, cont'd FoRM PAGE
2 ) ‘
1-10% cn? 3)[ 0.3 -3 |
1 Mnet = . 0T 8.96 g/cm P 0.25 + 0.29-0.25 | -2-10 cm + 0.71 | (0.966 + 0)
£ -3 2
4 e 110 ~ cm Ok.Sj + 92.6 g/m” ;
M = 181.2 /m2
net < 9
Y. . - .
The following guantities were used:
* L2 4 2 _ 3 . - a = 1.1n=3 o . _ _
Amaskﬁ =1m" =1-10" cm” ; Pret = 8.96 g/cm” : dF = dR = 1.10 M : L11 = Thold = 0.75
Tmask 0.5
< = - = . - A . -
Ngep = 07 7 Fpo1g = 0-71 7 £ p =0.034 5 £ 0 o= 1.0 ;
%«-«ii o e o e o

|
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Procass No.|3 }‘

-

University of Pennsylvania

Form 1

T —

P ‘ PROCESS CHARACTERIZATION
%l ; (uppC)
b Process: Device Fabrication
& Subprocess: Contact Metallization (Front and Rear)
F; Option: Electrolytic Plating of Copper
z over a Nickel Strike Layex
| INDEX
i Form Pages Rev. | Date Remarks
: 1 | 1 | 2-81
,i 2 1 to 2 1 2-81
f 3 1 to 1 1 | 2-81
% ' 5 1 to 1 1 2-81
6 l to 3 1 1-81
: 7 1 to 1 1 | 2-81
, 8 1to 1 1 | 2-8l1
9-1 1 to =~ |
9-2 l to -~
9-3 1l to =~
10 1 to =
. 1 1to -
12 1to 1 1 | 2-81
13-1 1to ~_
13~2 1 to 1 1 | 2-81
a ) 14 1l to =
| . 15 l to =
| 16 1 to - _
e ORI RN T I

5 l.mmm
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Process No. |3 1.16 ],

Process Description:

ol4d|™i0 {1

[P L SEFA

Tore 2

Page 1 of 2
Revision _1 Date 2-81
[ 0.1 value Added:] s/

Cop_r}er is electrolytically plated seguentially on both sides of the cells in an

automatic plating system, inciuding cassette unload and re-load. The equioment should be capable of

of a current density of about 60 mA/cm2 and a voltage between 4 and 8 volts (DC). The system may

Rt ok

A\ 4

resemble a finger plating machine (Napco) with individual racking, 6r a carousel machine (4 cavity)

with jiag loading (Oxy Metal Industries). Throughput rate 1is 3,000 wafers/h (30 mZ/h) and avaiiability

1.

-

Input Specification:

Narce of Item: Silicon waf
metallization vattern on
Dimensions: 10-cm square

{Continuation on Form 2, wvage 2)

+ +

j+h N PP Junctions and 0.5 um thick nickel strik |
front and back surfaces, possibly contact mask. x

Yaterial:

Other Specifications:

4¢od ll(’
FIVNIDIpPE

1.1 Quantity Required: 7

!

ALV
S} QCEY

Note to Item 1.3:

Use price, if input produced in owm plant,

i
gt g R M - o
g gt

Unit Cost: &/

1.2 Input Value: , $/

1.3 Imput Cosct: $/
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Form 2 .
Page 2 of 2 ;
Revision 1 Date 2-81
;"_ - Process No. | 3|.16),1018 |=]|o {1 0.1 Value Added: s/ |
. - ,‘ " . - i
Process Description: is 95% for an effective output rate of 28.5 mZ/h. Area coverage is 3.4%
3 front, 100% rear, metal thickness is 10 um. Cycle time is 15 minutes. .
L
1. I:ipix: Specification:
2 ; Nare of Item:
% . Dinensions: )
E £ Material:
E‘ ‘ Cther Specifications:
] ,
.
? 1.1 Quantity Required: / Unit Cost: $/
1.2 Input Value: : $7

‘ i 1.3 Input Cost: $/

| Note to Item 1.3: Use price, if input produced in. own Bl ansse. . i D b




T T T T TR e e
Process No. : 3 l . |:6 J . loj 3 ..LO Form -3
: Page 1 of 41
2.1 Direct Marerials: . — -
‘ o | Revision 1 Date_ 2-81
2.11 Type: Copper electrodes (99.9%) B "
Specification: Electrolytic Cu anodes. At 1.034 1::12/1:12 and 10 um thickness,
10.34 cmB/m2 or 92.44 g/m2 denosited on sclar cells. Coating efficiency ) ’
of 95% :ssumed. H v
; 2
Quantity Required: 97.31 g/m__; Unit Cost: _%V 2.90¢/ kg ; cCost:j 0.195 3/ m?
-
Specification: 3 ;
i
Quantity Required: / ; Unit Cost: s/ ; Cost: $/
2.1 Type: 3 .
Specification:
Quantity Required: / ; Unit Cost: s/ ; Cost: s/
l 2.1 Subtotal Direct Materials: 185 §fm= ]
s b 3 - » -
lmv»im T
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. Process no. [3],[6] . [o]2]-[o]1]

TR T

.

Forin 4
Page 1 of 1

. 2.2 1Indirect Matcerials ‘(inc]_. s lies and non-ener tilici H
: R ‘ erey es) Revision 1 Date 2-81
; 2.21 Type: Electrolytic Copper Replenisher Solution - :
- Specification: Need 1 mf per amp-h. Volume of solution is 1 m/amp-h x
: 1 amp-h/3600 coul x 96,500 coul/0.5 mole x 1 mole/63.54q x 97‘-31<J/m2- 1
Cost of solution is $13/gallon when bought in 54 gallon drums.
1 Qﬁahtity Required: - 82.1 mf /m2 : Unit Cost: 3.434 s/ L ; cCost: 0,282 s/ 2
2.2.  Type:
. ‘ ‘!
b Specification: ‘
*
2
3 Quantity Required: / : Unit Cost: $/ ;s Cost: $/
2.2 Type: L
Specification:
Quantity Required: / : Unit Cost: ' $/ ; Cost: $/ 1
|
_ , T . — 2
2.2 Subtotal Indirect Materials: { 0.282 §/ m




g% "1 2.5 Subtotal 2.1 to 2.4: _0.727 s/ mi
“d - N
: g§ 2.6 Handling Charge: 9.26 2 of item 2.5§ _0.038 s/ m
! CQ y
SR 2.7 Subtotal Materials and Supplies: 0.765 $/m?
- (2.5 + 2.6)
; ;‘, % -
ct
=
7]
* * * N » &
[N 1. \ e b et IS -z ~

TR AT e TR R AT Y e
. ?1
{  Process No. 3].:‘6 .rO ﬂ—, o{l Form 5 ' '
o | , Page 1 of 1
} 2.3 Expendable Tooling: . — —_—
- i Revision 1 Date 2-81
: 2.3_ Type: - .__—
Quantity Required: ___ /_: Unit Cost: K S/ Cost: $/
2.3 __ Type: -
Quantity Required: / : Unit Cost: $/ Cost: | s/ .
2.3 _ Type:
Quantity Required: / : Unit Cost: $/ Cost: s/ )
‘ i 2.3 _ Type: | |
| Quantity Required: / : Unit Cost: $/ Cost: - $/
2.3 Subtotal Expendable Tooling: s/ ‘
2.4 Energy L ; N 1
| 2.41 Type: _DC power: ~ 60 mA/cm2 and nominal voltage of 6V: A 4 kWh/mz output. *
~ Rectifer efficiency assumed to be 80%. > ? 2
__Quantity Required: 5 kWh/m~ : Uait Cost: 0.05 $/k¥h cCost: 0.250$/ m ‘
2.4 _ Type:
' _Quantity Required: : Unit Cost: $/ Cost: $/ ‘
e ——— - >
2.4 Subtotal Energy Costs: 0,250 $/ m
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Process No. | 3 J. 16" .[g 2 1l-tol1 Form 6 -
Page 1 of 1
_ ’ Revision 1 Date 181
3.1 Direct Labor: - - j |
3.1 Category: Semiconductor Assembler Activity: 'I.Oadingi changing electrodes |
| (SAMICS B5464D , . oB¢ monitoring -, w 2
Amount Required: 1 h/ R ; Rate: $5.65 /h; Load 113  Z; Cost: 0.422 - $/ m
3.1 Category: ; Activity: v E
!
Amount Required: h/ : Rate: § /h; Load Z; Cost: $/
3.1 _ Category: Activity:
Amount Required: h/ ~_ ; Rate: $§ _/h; Load %; Cost: $/
- 3.1 Direct Labor Subtotal: 0.422 si_m
3.2 Indirect Labor: Taken as 25% of direct
3.2__ Category: Activity: j
Amount Required: ~ h/_ : Rate: § /h; Load %; Cost: S/
3.2 Category: ' Activity: *
Amount Required: h/ ; Rate: § /h; Load %; Cost: $/
3.2_ Category: : Activity:
o Amount Required: h/ ; Rate: § /h; Load Z; Cost: $/
3.2 Indirect Labor Subtotal: , 0,106 S/ m2 -

¥

*Includes beneéfits and replacement labor costs,

$+3.3 Subtotal 3.1 and 3.2

3.4 Overhead on Labor:5.26 Z

3.5 Subtotal Labor

L e
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'» S . prmm— ‘r——" r— Form 7
. Process NO.B‘V. 6 | lolal-lol1 Page 7 of 1
£ 1 2-81
4.1 Equipment Revision Date
4.11 Type: Automatic plating machines, complete (2 required for plating 2 sides)
, ' ¥ 2
Cost:400,000 for 25; Installation Cost: 200,000 - §; Throughput: 30 m /h;
~ Plant Oper'g Time 18280 h/y; Machine Avail'ty: 95 %; Machine Oper'g Time 7866 h/y v
Servicing Costs: Labor h/y at $/h;Parts or Outside Service: Sly
, . 2
Useful Life. y; Charge Rr._:? " 35 % of Cost/y; Capital Cost: 128,100 S/y 0.543 g/m
*Includes waste treatment and byproduct recovery system.
4.1 Type:
Cost: $; Installation Cost: $: Throughput: /h;
Plant Oper'g Time h/y; Machine Avail'ty: %Z; Machine Oper'g Time h/y f
B
Servicing Costs: Labor __h/y at $/h;Parts or Qutside Service: $/y ‘
Useful Life: y; Charge Rate: % of Cost/y; Capital Cost: $/y' $/
4.1 Type:__ :
Cost: $; Installation Cost: $; Throughput: /h; 5
Plant Oper'g Time h/y; Machine Avail'ty: %; Machine Oper'g Time h/y -
Servicing Costs: Labor h/y at ' $/h;Parts or Outside Service: Sly i
Useful Life: _y; Charge Rate: 7 of Cost/y; Capital Cost: Sly - 8/ ) :
L
m— 1T . = D
4.1 Subtotal Equipment Cost: 0.543 s/ E
H
“ 4 ‘

o et

R A
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| Process No. | 3].16}.]10141710} 1 Form 8
i ’ Page 1 of 1

T

"","1

4.2 Facilities:

;

Revision 1 1 Date 2-81

, o 2
4.21 Type:Ventilated process areaFloor Area: 90 .2; Throughput: 236,000 m Iy

*
Charge Rate: 179.13 $/ (llz'Y); Maintenance Costs:

o Guap Ay Sl L g L A [ 4 — gy oy
-' Labor:

Energy Use:

h/y at S/h.

Heating /y at ; $/ l Supplies: sly :
Air Cond'g : ly at- $/ l Outside Services: _ k $ly
ghting Iy / 1 Total Cost: 16 122 $ly 0.068 §/ m
2
4.2 Type: Floor Area: m"; Throughput: 1y
Charge Rate: S/(m“-y); Maintenance Costs:
P omp demr eaw Otan e CvEn gD GNP WD owp Smw -
Energy Use: ILabox:: h/y at $/h
Alr Cond’g v [y at 3/ Outside Services: $ly
Total Cost: s/y | $/
i 1 ot y \
4.2__ Type: ‘ Floor Area: mz; Throughput: Iy $
Charge Rate: , e S/(m-y); Maintenance Costs:
nergy se: l Labor: hily at $/h
Heating /y at S/
: L P Supplies: : $ly
Air Cond'g ~ /y at $/ :
‘ Outside Services: Sly ~ ]
~ Lighting ly at S/ e e s Gt Wb Guy G0 Suee cwwe Gu® ’ ‘
L Total Cost: $ly $/ J
‘ 4.2 Subtotal Facilities: 0.068 s/ m
*Includes energy use —
| 4-3 Ecuipment and Facilities Subtotal : 0,611 $/m2
Sa— —

T s it o - e . S - [ -t
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Process No. o .

7. Process Cost Computation

L 7.41 Theoretiéal Yield (or Conversion Rate, if output units of
work-in-process do not equal input units) 1

- 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 2

Computation Unit 'Used up to 7.35

7.11

7.22

— I A B ettt
Form 12 »
Page 1 « of 1
Revision __ 1  Date 2-81 -
Manufacturing Add-On Costs (sum of 2.7, 3.5, 4.3, 6.){1.932 1§/ mZ
WU LB 000} f 71 0:039 s/’

7.21 Totral Operating Add-on ?osts of Process: 1.971 §/ ‘m‘!
7.22 6 & A Z of 7.21 $/__~
7.31 Total Gross Add-On Cost of Process G Y ,97Y S/ mMT
7.32 Credit for Salvaged Material (5.8) - $/
7.33 Cost of Work-in-Process Lost (5.3) - $/
7.34 Specific Add-On Cost of Process (7.31 + 7.33)-(7.32) }1.971 §/ mé
7.35 Cost of Input Work-in-Process Contained in Gocd

Output Work-in-Process (5.4%) NA ¢/
7.36 Loading on Item 7.35 at Rate Z . NA ¢/
7.37 Cost of Cutput Work-in-Process (7.34 + 7.35 + 7.36) NA g/

n? ; m2
99.8%

0.998 mz/ m2

0.998 m ; m?

=

e

7.51

7.52

Specific Add-On Cost per Unit of Good

Cost of Unit of Good Output Work-in-
Process (7.37 <+ 7.44)

Output Work-in-Process (7.34 &+ 7.44)

NA s/
1.975 $/ m2

~

A

S e

e aua e g




. . Process No. Q.E'.- ’ ' Form 13-2

Page 1 of 1 -
Revision 1 Date 2-81

8.2 Alternate 2 (SAMICS Methodology):

8.21 Profit Computation:

2
2
0.9274%0.543 s/ m from Subtotal 4.1 = 0-504 ¢/ M )
| 2
, ‘ >
1 1.946% 0.068 s/ m from Subtotal 4.2 = 0-132 s/
o v
? Subtotal = 0.636  §/ m2
8.22 Costs of Amortization of the One-Time Cost:
: 3 )
Z 0.192% C.765 ¢/ m from Subtotal 2.7 = 0.147 ¢/ m
b | 2 2
- 0.192x 0.556 ¢/ m from Subtotal 3.5 = 0.107 $/ m
N 2 ’ , 2
0.2958% 0.543 4/ m from Subtotal 4.1 = 0-161 ¢/ m |
2.77%__0.068 ¢/ m from Subtotal 4.2 = 0-188 ¢/ m
Subtotal = 0.603 g/ m ;

. 2
Q
8.23 Total Net Cost of Equity (8.21 + 8.22): 1.239 $/__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 0.998 m° / M from 7.44)
- 1.241 gy n2

3.216 ¢ m

8.25 Price of Process (7.52 + 8.24) -
) 2.14 ¢/W(§1eak)

8.26 Price of Work-in~-Process (7.51 + 8.24>
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Process Mo. [ 3} 6 | [o[4]-[0T2 , Form 1
" | .
Unive;sity of Pennsylvania
¥ PROCESS CHARACTERIZATION
(urpPC)
Process; Device Fabrication
Subprocess: Contact Metallization (Front and Rear')
Option: Solder Dip
Form Pages Rev. | D:}.te | Remaiks -
1| | 1 2-81 | i B W
2 1 to 1 11-78 ij
3 1to 1 11-78
4 1to 1 1 | 2-81 ;
3 5 1 to 1 1 2-81 =
6 1 to 1 11-78 | ig z |
’ 7 1to 1 11-78
8 1to 1 11-78 gt
: 9-1 l to - h ,
9~2 1l to - { ,
l2 9-3 | 1 to - 1
: ‘ 10 i 1 to - ,:
} 11 1to - i :
% 12 1 to 1 1 | _2-81 ;
13-1 1 to - § ;
L 132 | 1 1| 1 | 28 | PR o |
| 14 1 to - _ = | §§
» 15 1l to - §
16 1to = T
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Form 2 .

Page 1 of 1

, Revision Date 11-78
Process Yo. {3 |.! 6/,| 0]4a]—|0o]| 2 0.1 Value Added: $/
Process Description: Steps include flux application, pre-heating, soldering, cleaning and drying.

qurface coverage is 6.2% on front {127 um line width), and 100% on back Throughout ratee is 3,000

wafers/h and up-~time is 88% for an effective throughput rate of 26.4 m /h Average coating thick-

ness is 55 um.

1. Input Specification:

4+
Name of Item: N op silicon solar cells with nickel (or other solderable metal) vilated, ~ 0.5 um
: . thick metallization
‘ ‘ Dizensions: _10 cm square
: ¥aterial:

Other Specifications:

1.1 Quantity Required: | / Unit Cost: $/
1.2 Input Value: s/
1.3 Input Cost: | _ 7

Note to Item 1,3: Use price, if input produced in own plant,

o
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Process No. . E] .10 jst=jo] 2]

2.1 Direct Materials:

' 3
2.11 Type: Tin Lead Solder (60:40), p = 8,9 g/cm

Revision

.
$

Specification: Solder thickness is 55 um, area coverage is 106.2%. Coating

-

efficiency is 95%. Cost is $10/kg.

2 ,

Quantity Required: 547.4 g /M . yUnit Cost: 10 s/ ¥ ; cost:
2.1 Type: | 3

Speéification: 3

Quantity Required: ; / ; Unit Cost: s/ ; Cost:
2.1  Type: 3

Specificéticn:

Quantity Required: / ; Unit Cost: s/ ; Cost:

Form 3
Page 1 of 1
Date 11=78

-

5.474 s/ W

$/

$/

2.1 Subtotal Direct Materials: |

5.474 S/ m¢
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Process‘ No. Lil . [i} . fo {4 j={0]2]

2.2 1Indirect Materials (incl. suppliesand non-energy utilities):

Ve SRLRETTIRTT AT TSR

Pt |

-

L]

Form 4
Page 1 of 1_

Revision Date 2-81 *
2.21 Type:Flux, water-soluble s i
Specification: One gallon of flux can coat 18.5 mz of cells. When bought
in 53 gallon drums, cost is $6.75/gal (1978). .
‘ -
 Quantity Required: 0.054 gal / mz ; Unit Cost: _6.75 gs/gal . cost:| 0.363 s/ mz
2.2.2 Type: Deionized water
Specification: Used continuously for flux residue removal at flow rate %
of 1 gqal/min. ;
Cost is $660 for 100 m> (SAMICS C1128D)
Quantity Required: 8 1 /m®: Unit Cost: 0.0066 s/1  : coses| 0.053 s/ m2 |
2.2 Type: .
Specification: - *
- Quantity Required: / 3 Unit Cost: s/ ; Cost: $/
2.2 Subtotal In&irect Materials: 0.416 $/ m ”{
" » * * * - }
" B
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Process No. (3 |, |6 }.[0 | 4]=| 0]2] Form 5
= o Page 1 of 1
2.3 Expendable Tooling: 3 — —
o Revision 1 2-81
Quantity Required: ; /____: Unit Cost: $/ Cost: $/
2.3__ Type:
b |
Quantity Required: __ : Unit Cost: s/ Cost: $/ -
2.3_ Type:
fuantity Required: _ / : Unit Cost: $/ Cost: s/
i 2.3 __ Type:
: : Quantity Required: ; / , ¢t Unit Cost: S/ Cost: $/
F = : 2.3  Subtotal Expendable Tooling: |__— §/ m2
. ,
2.4 Energy
2.41 Type: Electricity, utilization is 95% and name plate rating is 15kW
Quantity Required: 0.27 kWh/mz : Uait Cost: 0.05 $/ kWh Cost:{ 0.013 s/ 'mz |
2.4 _ Type:
Quantity Requi:ed: : Unit Cost: $/ Cost:
i ’ ) 2.4 Subtotal Energy Costs:
B § 2.5 Subtotal 2.1 to 2.4I
L 2.6 Handling Charge: 5.26 Z of item 2.5
. ; 2.7 Subtotal Materials and Supplies:
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Process No. I 2 I. 6 1.10
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Form 6

Page 1 of 1

5@4‘.”.*_“‘“

‘ Revision Datell-78
§ 3.1 Direct Labor: »
’ 3.11 Category: Semiconductor Assembler Activity: Solder System Operator
v - ~ (SAMICS B5364D] | * | 2
i Amount Required: 1 h/ h ; Rate: $5.65 /h; Load 113 Z; Cost: 0.456 s/ m
3.1 Category: Activity: v
Amobnt Required: h/ : Rate: § /h; Load Z; Cost: 7
3.1 Category:. Activity:
Amount Required: h/ ; Rate: § /h; Load 2; Cost: s/
3.1 Direct Labor Subtotal: 0.456_ S/ _m?
3.2 Indirect Labor: Taken as 25% of direct
3.2_ Categor):: | Activity:
Amount Required: h/ ; Rate: §_ /h; load %3 Cost: $/
3.2 Category: activity:
Amount Required: h/ s Rate: $ /h; Load Z; Cost: 74
3.2_ Category: Activity:
* . Amount Required: h/ ; Rate: § /h; Load Z; Cost: 74
g . 3.2 Indirect Labor Subtotﬁl: 0.114 s/ m>
| " | 3-3 subtotal 3.1 and 3.2 _0.570 $/ n’
*Includes labor replacement costs and benefits. 5.4 Overhead on Labor: X 0.030 §/7 mz
3.5 su&tocaﬁ.:;:i 0.600 $/ m?
- & . w " = o




Process No.]l 3 " 6 04 - 0f 2

4.1 Equipment .

Revision

Page 1 of 1
- 11-74

Type:__Solder system (flux appliction, cell pre-heater, solder dipping, flux
removal, drying stations with automatic cell hanglmg)

Cost:_ 50,000 __ $; Installation Cost: $; Throughput: /h;

Plant Oper'g Time 8280 h/y; Machine Avail'ty: 88 7; Machine Oper'g Time 7286 h/y

Servic‘ing Costs: Labor h/y at $/h;Parts or Outside Service: 4 $/y

Useful Lifé: 7 y; Charge Rate:21.35 % of Cost/y; Capital Cost: 10,675 sly 0.049 s
‘Type:

Cost: | $; Installation Cost: s Throughput: /h;

Plant .Oper'g Time h/y; Machine Avail'ty:  Z%; Machine Oper'g Time hly

Sétvitiing Costs: Labor , h/y at $/h;Parts or Outside Service: §ly

Useful Life: y; Charge Rate: % of Cost/y; Capital Cost: $/y $/
Iyp‘e’: . A .
_Cost: $; Installation Cost: $3 Throughput: /h;

Plant Opet g Time 7 h/y; Mackine Avai Machine Oper'g Time hly

Servicing Costs: ;.abot ‘ h/y at $/h;Parts or Outside Service: sy

Useful Life: y; Charge Rate: y 4 'of Cost/y; Capital Cost: Sly $/

4.1 Subtotal Equipment Cost: 0.049.5/m
S ————— S—— — .
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Process No. |3 {.16}.]014 ]T|0}2 . Form 8
Page 1 of-z;
Revisi -Date 11-78
4.2 Facilities: evision ate 11
% . 2
i 4.2]1 Type: Ventilated process areafFloor Area: 9.3 nz; Throughput: 218,600 m e

o 2 r .
Charge Rate: _179.13 $/ (@ -y); Maintenance Costs: :

. oy SEmy G an— L 4 R G n— L ] . .
-' Labor: h/lyat _____ $/h

"Energy Use:

- Heating | fyat ___ S l Supplies: _— Sy .

y. o Air Cond'g : ly at S/ ' Qutside Services: Sly .

Fg" r L. hting I at $/ L e IS GEmd oS GES NS BN GHO NG SEmS --# - 2

*EntIng Y _l Total Cost: 1665 s/y | 0.-022 o/m
- S 4.2 Type: Floor Area: =" ; Throughput: Iy
s Charge Rate: j $/(m -y); Maintenance Costs:

o 3.? g Energy Use: Labor: h/y at , $/h

- ’g’; Heating __fy at N — | Supplies: R 7,

R G . 7 e ‘ .

S EFJ Air Cond’g ly at s/ L.. Outside Services: $ly

o e . e e

. #2] Lighti at ——— ey am— —. ’—0 —up owm oms o= -— .-q‘ ’

- Tatng Iy # 1 Total Cost: $ly Jj

{; 4.2_ Type: . : - Floor Area: m ; Throughput: /y

2 |
Charge Rate: o S@m ) Maintenance Costs:

o P uud AN G omad iy Gaph $ EGuir S e Gup

" Energy Use:

lLabor: . hlyar_______ _$/n

Heating /y at $/
S I Supplies: sty
Air Cond'g . /y at $/ g i
~ - L. OQutside Services: Sly i
Li 'htin . o / - at $/ 4 e o - Cumd el Gy CEaas CENP ounE TSP !
18 gA, y t Total Cost: $ly . $/ |

0.022 ¢; n°

4.2 Subtotal Facilities:

*Tncludes enexrgy USe ... . - o e . e ———— |
ergY 4.3 Equipment and Facilities Subtotal : 0.071 §/ mZ2
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o Form 12 .
SRR E ’ Page 1 of 1
Process No. L3, 1 6] .10l 4—}0j2} , Revision 1  Date 2381

' ' . 2

* 7. Process Cost Computation 7.11 Manufacturing Add-On Costs (sum of 2.7, 3.5, 4.3, 6.)§6.883 ¢/m
: , o

| 7.22 061126 g-.&iroﬂ; C°56519.3_*-4—23 of 7.11 0,006 ‘ S/m

= ‘ : 7.21 Total Operating Add-on Costs of Process: 6.889 g/n2
| 7.22G6& 4 % of 7.21 - s/~

! 7.31 Total Gross &dd-On Cost of Process 6.889 s/ m-! o

‘ 7.32 Credit for Salvaged Material (5.8) - s/
L ‘ 7.33 Cost of Work-in-Process Lost (5.3) , . 7/
- ; ’ ’ . . ' ) A -

7.34 Specific A3d-On Cost of Process (7.31 + 7.33)-(7.32) }g.889 $/ n?

7.35 Cost of Input Work-in-Process Contained in Good

. Output Work-in-Process (5.4) N ¢/
¥ o 3 ' 7.36 Loading on Item 7.35 at Rate z Na s/
5 B : g . . . . - =
7.37 Cost of Qutput Work—in-Process (7.34 + 7.35 + 7.36) S/
b i - mm _ " _ - PRSI
E 7.41 Tneoretical Yield (or Conversion Rate, if output units of
work—in-process do not equal input units) 1 ; m / m
7.42 Practical Yield ‘ T 99,8 ¢
7.43 Effective Yield (7. a1 x 7. 42) ___0:998 4
7.44 Mumber of Units of Good Output Work-in-Process per 3 2
Computation Unit Used up to 7.35 0,998 m /. m
_ : 2L ) __ 7.51 Cost of Unit of Good Output Work-in- ’ ,
T e T : : : Process (7.37 + 7.4&) - s $/
R | 752 Sp«écific Add-On Cost per Unit of Good I | 6.903% )
Output Work-in-Process (7.34 %+ 7.44) s m

T e G T g
: " ,A

- . ISR SN e i R T T S o
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{’: Process ’NO.: B..- . Form 13-2
il = ; : Page 1 of 1

F ‘ Revision 1  pare 2-81

8.2 Alternate 2 (SAMICS Methodology):

8.21 Profit Computation:

B T T R

, R 2 , 2
: ©0.9274%0.049 s/ m from Subtotal 4.1 = 0.045 $/m
- 2 2
3 1.946% 0.022 s/ m from Subtotal 4.2 =0.044 $/m
: L 4 o »
: Subtotal =0,089 $/ m
c 8.2%Z Costs of Amortization of the One-Time Cost:

2

: 0.192* 6.213 S/ m2 from Subtotal 2.7 = 1,193 $/ m
T | 2
? 0.192% 0.599 $/ mz from Subtotal 3.5 =0C.115 $/ m |
o 0 0 | 2 s
- 0.2958%0,049  §/ .rn2 from Subtotal 4.1 = 0.387 $/ m
> 1
. 2,77 0.022 s/ m? from Subtotal 4.2 = 0.062 §/ m
o ——— >
r Subtotal =1,757  $/m
L 2
o 8.23 Total Net Cost of Equity (8.21 + 8.22): 1.846 $/_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 0.998 m- / m  from 7.44)

2
1.850 $/__m

8.25 Price of Process (7.52 + 8.24)

8.26 Price of Work-in-Process (7.51 + 8.24)




Process No. :ﬂ 6] [o]sa ]-[0o]3 Form 1
‘ University of Pennsylvania
. PROCESS CIIQ'BT\CTERIZAT-ION
(UPPC)’
Process: Devices Fabrication
Subproéess:.Contact Formation (frongmgnd :ea:)
Option: Sputter Deposition of Copper
conductor layer (projected process)
INDEX
Form Pages Rev. | Date Remarks
1 ' 1| 2=
2 l to 1 1 2=-81
3 1 to _2 1 | _2-81
4 l to 1 1 2-81
5 l to 1 1 2-81
6 l to 1 1 ,2-81
7 1l to 1 1 2-81
8 1 to 1 1 :2-8‘1
9-1 l to =~ |
9-2 1l to ~
9-3 1l to -
10 l to - .
1l | l to =
12 b 1 to 1 1 2-81
13-1 | 1l to _-=
13-2 1to 1 1 | 2-s1
14 1 to =
15 l te = | :
16 1 to 1 ’22;-481‘
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Form 2 :
Page of ] _
Revision _ 1 _ Date 2-81
¢ Process No. {3 {,.,|6[,l0}4]{"]{0{ 13 ' 0.1 Value Added: s/

| Process 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 cm, This is a

~continuous process but machine has to be shut down 1.5 hour every two shifts for replacement of

- v

‘§ copper and cleaning. The cells move past the target at a rate of 0.833 m/min. Gross output rate is -

| 30 m?/h. Since uptime fraction is 90%, net output rate is 27 m2/h. The area coverage is 3.4% front,
i 100% rear; metal thickness is 10 uym. Dermosi+ion rate is 2-3 um/min, Shadow mask used for pattern

. 1.  Input Specification: definition. '

i + + ... ; . .
Name of Item: N PP "silicon solar cells with barrier metal layer.

;. ~ Dimensions: __ 10 cm square. Q

Material:

Other Specifications:_ - 1

1.1 Quantity Required: / 7 Unit Cost: s/
1.2 Input Value: s/
1.3 Input Cost: s/

h

ote to Item l.;: Use price, if input produced in own plant.

L s PR S B e
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Process No. E_l . (6 . f'o 4{-10]3 Form "3
2.1 Direct Ma‘terials: Revision 1 j:z: l;_;fi 2
2.11 Type: Copper sputter ‘targets-e’lectronic grade (virgin material) !
Spec;ificacion':. 'Sizﬁ;e, is 90 cm x 45 x 2.5 em (90.7 kg). Need 6 targets/machine,
(. change every 2160 m2 of cells, or 72 h. Efficiency of deposition on holder )
3 plus masks is 65%, mask area is 71% of holder and mask area. 75% of wall v
’ (Continued on Form 3, page Z] Py ' 2
o S Quantity Required: 188 g/ m ; Unit Cost:  3.30$/ kg ; Cost:] 0.620 $/_m
§  3 2.12 iype: Copper sputter targets-electronic grade (recycled material) .
% . S"pecification: same as 2.11 -
5 200 g/m2 of wall, holder, and mask deposits recycled, ;'8‘2 g/m = 63 q/m
E _of target material recycled.
g;‘f Quantity Required: , 263 g/ mZ; Unit Cost: 1.50 s/ kg : Cosc:; 0.3°5 s/ m1.’
% 2?1_ Type: " 3 .
r Specificat;ion: 1
Quantity Required: / ; Unit Cost: $/ ; Cost: $/
l 2.1 Subtotal Direct Materials: i 1.015 s/ m?

B R AR S
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Process. No. l3 ! .IG |.|'0J41;-|-0~Lﬂ . Porm 3 i
' Page of
2.1 Direct Materials: ) 9° 2 2- ;
S Revision 1 Date_ 2-81 ‘
2.11 Type: 3
Specification: and holder deposits can be recycled, 50% of deposit on mask. |
Only 75% of targ'et‘ material can be used, but remainder can be recycled, ;
Quantity Required: / ; Unit Cost: $/ ; Cost $/ :
2.1 Type: 3
Specification: 3
Quantity Required: / ; Unit Cost: $/ ; Cost $/ |
2.1 Type: : |
Specification: |
Quantity Required: / ; Unit Cost: ______§/ ;: Cost $/
2.1 Subtotal Direct Materials: $/
fo
i 1
P
= g # - » = ;
R — 7_‘______‘,,‘{!
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Process No. (3|, {6 ].[0[4|-{0]3] Form 4
- 2.2 Indirect Matgrials: (incl. sippliesand non-energy utilities): Revision 1 Date2-81
o . 2.21 type: Argon gas ; . |
s Specification: Gas is used to maintain chamber pressure at 5 Torr for i
‘? ; sputtering copper off the target. Flow rate is 1 2/min. Cost of T-size . .
ns cylinder (332 £t°) is $100.00 (Linde, 3/79) N
o 2 ] 2

o Quantity Required: 4.44 % /™ ; Unit Cost: 0.011 $/£’ ; Cost: 0.049 s/ m
o 2.22 Type: Pump Oil o
: : ‘ Specification: '
E : Quantity Required: / ;3 Unit Cost: s/ ; Cost:l 0,017 $/ m2
g 2.2_ Type: L
5 S Specification: *
E Quantity Required: / ; Unit Cost: $/ ; Cost: $/
; : 2.2 Subtotal Indirect Materials: | 0,066 $/_‘!_nz ‘

T T T T I N LT T T T T T L S o




f Process No. el161.10 41‘— 0 i3 ‘ Form 5
= Page of .
: 2.3 Expendable Tooling: e L 1
» ‘ ; Revisio D -
: 2.3 _ Type: n__1 Date 2-81
Quantity Required: / : Unit Cost: s/ Cost: S/
2.3__ Type: \
Quantity Required: / : Unit Cost: $/ Cost: $/ ~
,, o 2.3 __ Type: -
L -
Quantity Required: / : Unit Cost: $/ Cost: s/ i
2.3 _ Type:
Quantity Required: / : ' Unit Cost: $/ Cost: 3/
g o : , , 2.3 Subtetal Expendable Tooling: $/
| 2.4 Enétgy k )
D 2.41 Type: Electricity, name plate rating is 20 kW for sputter units, (75% _duty
1 cycle) 45 kW for pumps (30% duty cycle) 5 , 2
¥ ; Quantity Required: 1.06 kWh/m® : Unit Cost:0.05 $/kWh cose:| 0,053 s/ m .
2.4 _ Type: ) , )
2
Quantity Required: : Unit Cost: s/ Cost: $/_m
2.4  Subtotal Energy Costs: | 0.053 g/ m?2
S 1 2.5 subtotal 2.1 to 2.4: } 1232 §/m2
ks i 2.6 Handling Charge: 5,26 % of itex 2.5 0,060 , Sl__l}?i‘2
] ‘ : o
: 2.7 Subtotal Materials and Supplies: 1.194 ¢/ m
. 1 (2.5 + 2.6) '
-
- » o o £ P~
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Process No.

¥

3.1‘ 'Direct Labor:

—

el st

Form 6
Page 1 of 1 -

Revision 1 Date 2-81

3.11 Category: Semiconductor Assembler Activity: loading, unloading, & monitoring
, - (SAMICS B5464D) * 0.446 2
Amount Required: 1.0 h/ h ; Rate: $5.65 /h; Load 313  Z; Cost: . s/ =
'3.12 Category: Maintenance Mechanic Activity: Service and repair A
, (SAaMICS B5224D) ‘ * 2
Amount Required: 0.1. h/ h ; Rate: $7.95 /h; Load 113 %; Cost: 6,063 S/ nm
3.13 Ca:ego;yf-"ﬁ“é'éironics Technician Activity: Electronics repair
| (SAMICS B5176D) . g
Amount Required: 0.1 n/ h ; Rate: $7.40 /h; Load 113  Z; Cost: 0.058 $/ m
~ 3.1 Direct Labor Subtotal: 0.567 S/ m
3.2 Indirect Labor: Taken as 25% of direct
3.2 Category: Activity: X
Amount Required: h/ ; Rate: § /h; Load %; Cost: $/
3.2 Category: Activity:
Amount Required: h/ 3 Rate: $ /h; Load X; Cost: $/
3.2_ Category: Activity:
Amount Required: h/ ; Rate: § /h; Load Z; Cost:
3.2 Indirect Labor Subtotal: 0.142
3.3 Subtotal 3.1 and 3.2 0.709
*Includes benefits and replacement personnel costs, | 3.4 Qverhead on Labor:5.26 % 0.037
3.5 Subtotal Labor 0.746
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;r o Form 7 .
o Process No. el lolaj-tol 3 Page 1 of 1
- 4.1 Equipment Revision 1 TDare 2-81

i 41:.5 Type: Vacuum sputtering machine; 2 to 6 targets: 60-cm workpiece width p
= Cost: 2,500,000 $3 “Installation Cost: 500,000 §; Throughput: 30 m2 /h;

Plant Oper'g Time €280 h/y; Machine Avail'ty: 90 %; Machine Oper'g Time 7452 hiv v
F o | Servic::mg Costs: Labor h/y at S/hjParts or Qutside Service: Sly
] | Useful Life: 7 y; Charge Rate: 21.35 7 of Cost/y; Capital Cost:_ 640,500 S/y 218«65 $/m2
4.1 Type: .
o :Cost:‘ , $; Installation Cost: $; Throughput: /h; |
E Plant OPer;g Time h/y; Machine Avail'ty: _ Z; Machine Oper'g Time hly .
% Servicing Costs: Labor h/y at S/h;Parts or OGutside Service: $ly i
3 Useful Life: y; Charge Rate: Z of CTost/y; Capital Ceost: s$ly $/
,{ k 4.1 Type:_’ — ‘ | .
| Cost: $; Installation Cost: $; Throughput: /h;
: Plant Oper'g Time h/y; Machine Avail’ty:  %; Machine Oper'g Time hly
. Servicing Costs: Labor ‘ h/y at $/h;Parts or Outside Service: Sly
L Useful Life: y; Charge Rate: % of Cost/y; Capital Cost: $ly $/
4.1 Subtotal Equipment Cost: 2,865.g/ mi—

. i

? |

R TR .




% 4 5 -~ k o
; ' Process No. 3 . 6 . 0j4 1—]0 3 Fﬁm 8
4 : Page 1 of 1
4.2 Facilities: Revision 1 Date _Z_._l_
. , ‘ : 2
4.21 Type: Equipment Area _Floor Area: 60 nz; Throughput: 223,560 m_/y
. * IS GEP GEer GEEN (e G CES A D CED G G o]
‘ 1 2 4
Charge Rate: 179.13 $/ (m"-y); r Maintenance Costs:
® Omp SEmy O — G L 4 -—— L
; . Energy Use: % Labor: h/y at $/h
a Heating /Y at $/ ! Supplies: $ly
E Air Cond'g [y at s/ i Qutside Services: S$ly v
s L , L
) -— — L a—— ey CEd N & GEEND. G SEl . AR, . . .
o Lighting ° -at o o B 2
SaEES /y 3 1 Total Cost: _10,750 sty | 0.048 $/m
4.2_ Type: Floor Area:________m“z; Throughput: Iy
Charge Rate: s/ (mz-y), Maintenance Costs:
3 Sy ewe arme R Svmn D Gmme D GEND Gy GO S ! -
T : ' Energy Use: ‘Labor: . hly at s$/h
Lo . 1 -
TRE Air Cond’g , /y ar S/ Outside Services: Sly
3 ‘ Lightin / at $ — . S G GO N aw® e —-’ —-q R
% & g Y / 1 Total Cost: $ly $f
- ‘ — :
4.2 Type: - , Floor Area: ________m'z; Throughput: ly
‘ e Charge Rate: $/ "’" Maintenance Costs:
: GO GUS b WP GNd Gaud G GunEd GU G Sy G
\ . Energy Use: lLabor: e ) afyat  STR
Heating ly at $/ o
{ \ Supplies: /'y
i Air Cond'g ; /y at s/ t ¥
L Qutside Services: sly
Lighting /vy at S/ ey W S NS SeE Gy e G ew=n S )
8 8 ' ' Total Cost: sly 1 s/ :
y USRI N AR N navﬂﬂ:“ - _*—mm'é
%
i[ 4.2 Subtotal Facilities: . 0.048 Ssz ¥
*Includes energy use 4.3 Equipment and Facilities Subtotal : ' 2.913 s imZ_
P “, ta - - - w—um\w«»m’v D it Lot

e o ket e st e e
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. For= 12
& ~Page J of 1
- Process No. L34 . |6 . 0}4{—]0]3 - Revision 1 Date 2-8]
o R 2
7. Process Cost Computation 7.11 Manufacturing Add-On Costs (sum of 2.7, 3.5, 4.3, 6.) 4 852 $/m

722 PRt S ionmuaf Of 71 foaze_ss?

7.21 Total Operating Add-on Costs of Process:
7.22 G & A Zof 7.21
A M

7.31 Total Gross Add-On Cost of Process
7.3" 722z for Salvaged Material (5.8)
7.33 Cost of Work-in-Process Lost (5.3)

L R

7.34 Specific Add-On Cost of Process (7.31 + 7.33)-(7.32)

SI @Hvd TVNIDINO

. 7.35 Cost of Input Work-in-Process Contained in Good
Output Work-in-Process (5.4) - ‘

- RIITYN0 ¥0Qd4 &

7.36 Loading on Item 7.35 at Rate Z .
7.37 Cost of Output Work-in-Process (7.34 + 7.35:% 7.36)

7.41 Theoretical Yield (or Conversion Rate, if output units of 2 2
work—-in-process do not equal input units) , 1 m [/ m
7.42 Practical Yield e e gy
b 7.43 Effective Yield (7.41 x 7.42) 0.99 /
7.44 Hember of Units of Good Output EWOrk-in—Ptocess per 2 2
Computation Unit 'Used up to 7.35 . °°99 m /_m
A e gt R s .

-7.51 Cost of Unit of Good Output Work-in- J

Process (7.37 <+ 7.44)

7.52 Specific Add-On Cost per Unit of Good
Output Work-in-Process (7.34 + 7.44)

5.026  $/m> |
- s/ ~
5.026 S/m>
incl'a s/ |

- 8§/
—

5.026 S$/m”

N2, $/
N& s/ |

R T T T T e D I 5 o —
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1 L
: Process No. B.Q ' uu — Form 13-2
: = 0 ek Page 1 of 1
Revision 1 _Date 2-81
5 1 8.2 Alternate 2~(SAMICS Methodology): : )
;. 8.21 Prcfit Computation: '
SR 2 2
0.9274% 2.865 ¢, m from Subtotal 4.1 = 2-657 ¢, M
r ‘ 2 2
: 1.946% 0.948 ¢/ m from Subtotal 4.2 = 0-093 ¢/ m
3 - e— '
, - ;
Subtotal = 2,750 $/ m
3 i‘ 8.22 Costs of Amortization of the One-Time Cost:
; ; 2
; ; 0.192% 1.1%4 sy m2 from Suhtotal 2.7 = 0.229 $/ m »
. _ 2
o 0.1924_0.745 §/ m° from Subtotal 3.5 = 0.143 5/ m -
3 2
i 0.2958* 2.865 §/ m> from Subtotal 4.1 = 0.847 s/ m
. | 2
E : 2.77% 0.048 g/ m? from Subtotal 4.2 = 0.133 §/ m
Subtotal = 1.352 g/ m2
¢ 2

8.23 Total Net Cost of Equity {8.21 + 8.22): 4.102 s/ m

T

8.24 Profit and Amortization of Start-up Costs per Unit of Good Output

Work-in-Process: 2 2 ’
(Divide Subtotal 8.23 by _0.99 m / m from 7.44)
4,144 5/ m2 ‘
8.25 Price of Process (7.52 + 8.24) 9.221 s/ n
8.26 Price of Work-in-Process (7.51 + 8.24) 6.15 /W, P“k) .
o A ‘ i g R e TR s i S0 TN e
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. Form 16
Process No.| 3 6 ojla]|™ | o] 3 Page 1 of 1
® | ® .
Revision - Date 2-81
WORKSHEET TO ITEM » FORM 3 PAGE 1
Mass evaporated from target: .
| 1.10% em?/0.71 . ..-3 3 2 v
avap = 0 €S * 2°10 -8.96 g/cm” = 388.3 q/m .
) . | : 3
Mass on cell: As-in 3.6-01-05: ‘Msubs'= 92.6 g/cm
Net metal used:
w = 1:20% em? 8.96 g/cm> {j 0=35 . in‘zs +0.29-0.25} 2:30™3 en + 0.71 [0.96-2+10"3 cm-0.5]
net =~ 0.71 =% g/em Al oes T - ve230. + e . >l
) _ 3
+ 92.6 g/cm’;
= 188.2 g/m’ :
“dep = 0.65; al;‘other data as in 3.6-01-05. ‘
Metal recycled: e

, 4 2 . |
o 2 110% em”. - 3 J]0.35 . in.vn=3 | 12103 ~mop &
Mrecl = =071 " 8-9 g/cm [“_“0.55 0.75 + 0.29 o.75] 2°10 “cm + 0.71 [0.966 1 19 cm o.;]} |

: 2
=W20091 g/m

S . R o ) N T e~ e TSI e e i ineidi
e e 5L 2 T P TP R R It R
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APPENDIX II
SAMIC FORMAT A
i ; FOR THE
"

SIX GENERIC METALLIZATION PROCESSES
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SOLAR ARRA’Y MANUFACTURING INDUSTRY COSTING STANDARDS '

FORMAT A

JET PROPULSION LARORATORY
Colrfornia Inttirnie of Technology
4R0D Oak Grove Dy, / Pasadens, Celif, 91103

Al Process (Referent] METTFAG

A2

PROCESS DESCRIPTION

Note: Namies glven in brackets [ ]
are the names of process attributes
requested by the SAMICS Il
computer program.

g

ln““b“whhmﬂ,Metallization, front only, by thick film screen nrint-

ing of silver

PART 1 — PRODUCT DESCRIPTION

A3  [Product Referent) METCEL" 3

Metallized solar cell

Ad Descriptive Name [Product Name)

2 ~ ‘
AS UnthfMegsure[Product Units) 1 m~ (100 cells)

PART 2 — PROCESS CHARACTERISTICS

A6 [Output Rate] (Not Thruput) 0.198

A7 Average Time at Station

[Processing Time)

AB Machine “Up’* Time Fraction ——— 0.95
[Usage Fraction)

PART 3 — EQUIPMENT COST FACTORS ; fachine Description)

A9 Component [Referent)

Units {given on line A5} Per Opcrating Minute

Calendar Minutes {Used only to compute
in-process inventory)

Operating Minutes Per Minute

A%a  Component [Descriptive Name] (Optional) - Screen Ink Belt

' printer drier Furnace
A10  Base Year For Equipment Prices [Price Year) 1979 1979 1979

Al Purchase Price ($ Per Component) {Purchase Cost) 50, 000 20,000 35,000
A12  Anticipated Useful Life (Years) [Useful Life] 7 7 , 7

A13  [Salvage Value] ($ Per Component)

A4 [Removal and Installation Cost] ($/Component) |

‘Note: Thio SAMICS 111 computer program also prompts for the {payment float interval], the [inflation rate table] , the
[equipment tax depreciation method) , and the [equipment book depreciation method]}. In the LSA SAMICS context,

, uuoo (1975, 40),000 and SL.

JPL 3037-S R7/70

vy

DL T




: Cod Format A\; Process Description /Contihued)
A15  Process Referent (From Page 1 Line A1) _ METTFAG
; PART 4 — DIRECT REQUIREMENTS PER MACHINE (Facilities) OR PER MACHINE PER SHIFT (Personnsl)
(Facilities and Personnel Requirements)
f A16 Al8 Al19 AV?
:’x ; Catalog Number Amount Required
3 [Expense item Per Machine (Per Shift) Units Requirement Description
5 : Referent) [Amount per Machine) ‘
S A 3016D 400 sq ft - Manuf'g Space Type A
. B 5464D 0.25 persons/shift Semicond. Assembler
A B 5176D 0.25 dto _Maintenance Person
SR ‘ .
PART 5 ~ DIRECT REQUIREMENTS PER MACHINE PER MINUTE
[Byproduct Outputs) -and [Utilities and Commodities Requirements)
A20 A22 A23 A1
Catalog Number Amount Required L
[Expense Item Per Machine Per Minute Units Requirement Description
Referent] [Amqum per Cycle]
E 2.4 9/min Ag ink ($0.70’/q)
| , E 5.2 g/min _Xylene ($0.52/1b)
, B 0.0022 screens/min print screen ($25.~/
p ' __screen)
X E 0.0176 squeegees /) squeegee (50.40/
| ' min squeegee
G 10168 0.3 kWh/min " T Electricity
r
’ PART 6 — INTRA-INDUSTRY PRODUCT(S) REQUIRED [Required Products)
‘ . ,
A24 A26 A2? ' A26
{Product Usable Output Per
Reference] ~ Unit of Input Product Units ] Product Name
. , ‘ _ 0,99 13\2 ;mz Wafer with pn junction
/
Prepared by M. Wolf ' ’Dno 3-16-81

VL ' REVENSE SIDE JPL 3037-S R7/78
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SOLAR ARRAY MANUFACTURING INDUSTRY COSTING STANDARDS
»
FORMAT A '

. ‘ PROCESS DESCRIPTION

JET PROPULSION IJAHOIA'I‘OIY
California [niiiinte of Tethnolog
4R00 Ok Grove Dr. / Pamlnu, Calif. 91103

fNote: Names given In brackets [ ]
ars the neimes of process attributes
requested by the SAMICS i|
computer, program.

Process {Referent) — METEVAP

] Metallization front and back by Ni and 10 uym Cu by

{Descriptive Name

vacuum evaporation

PART 1 — PRODUCT DESCRIPTION

A3
A4

A

[Product Referent) — METCEL 1

Descriptive Name [Product Name) Metallized solar cell

2
Unit Of Measure [Product Units .1 T (= 100 cells)

PART 2 ~ PROCESS CHARACTERISTICS

A6
A?

A8

[Output Rate} (Not Thruput) : 0.792 Units (given on line AB) Per Operating Minute
55

Average Time at Station Calendar Minutes {Used only to compute

{Processing Time) in-process inventory)

Machine ""Up'* Time Fraction - 0.85 Operating Minutes Per Minute

{Usage Fraction)

PART 3 — EQUIPMENT COST FACTORS [Machine Description]

A9

A9

A0
Al
A12

A13

Al4

Component [Referent)

Component [Descriptive Name] (Optional) Automatic
S Vacuum
System
Base Year For Equipment Prices (Price Year) 1980
: 2 0
Purchase Price ($ Per Component) [Purchase Cost] Mill
Anticipated Usefu! Life {Years) [Useful Life] 1y
0

[Salvage Value] {$ Per Component)

[Removal and Instaliation Cost] (S/Cumpo‘nent)’

Note: The SAMICS 111 computer program also prompts.for the [payment float interval], the [inflation rate table], the
[equipment tax depreciation method} , and the [¢quipment book depreciation method]. In the LSA SAM ICS context,
use 0.0, {1975, 4.0), DDB, and SL. ‘ >

J"L_ 30375 R7/78
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Format A: Process Description (Continued)
Pl

A5  Process Referent (From Page 1 Line A1) METEVAP

PART 4 DlRECT REQUIREMENTS PER MACHINE {Facilities) OR PER MACHINE PER SHIFT (Personnel)
[Facilities and Personnel Requircments]

.

A6 A1B A19 AY? .
Catalog Number Amount Required
(Expense item Per Machine (Per Shift) Units - Requirement Description
Referent) {Amount per Machine)
A 3016D 480 sq ft Manuf'g Space Type A
B _5464D 0.5 persons/shift Semicond. Assembler
B 5176D 0.2 . dto Maintenance Person

PART & — DIRECT REQUIREMENTS PER MACHINE PER MINUTE
(Byproduct Outputs} and [Utilities and Commodities Requirements)

A20 A22 A23 A21
Catalog Number Amount Required ;
[Expense 1tem Per Machine Per Minute Units Requirement Description
Referent) [Amount per Cycle] , ’
E 145,2 g/min Rod, 99.9% Cu, oxygen
— - e free, 1/8" dia. ($3/kq)
E 142 .8 a/min dto,, but recycled Cu.. '
- (81 ,<~’3oslc_g) ‘ .
E 1.44 “g/min Wire, 99.9% Ni ($11/kq) .
E 4.64 10=% gt/min “Vacuum pump oil -Convoull P
o 20 (s30/gqt)
E 6.4 10— srucible/ raphite crucible
“min o “(3100( 7cruc.) ‘
C 10168 1,92 Wh/min " " electriity | ’

PART 6 — INTRA-INDUSTRY PRODUCT(S) REQUIRED {Required Products]

“ A24 , - A26 A27 | A25 e

{Product ‘ Ussble Output Per
Reference] Unit of Input Product Units Product Name
0.99 m2 l mz Wafer with pn junction
[
i
Proparedby .M. WOlf o o Date_3-16-81

' REVERSE SIDE JPL 3037-§ R7/78




b SOLAR ARRAY MANUFACTURING INDUSTRY COSTING STANDARDS .
' FORMAT A o | |
R PROCESS DESCRIPTION ‘
g T Totmatony Y Note: Names given in brackets [ ] |
3 4800 Oak Grove Dr, /hldnu. Calif, 91103 are the names of process attributes
; requested by the SAMICS il
! computer program,
, Al Process [Referent]. _METLESNT
) l N a & ] s, V .
= : A2 [Descriptive Name] Electroless plating of Ni strike or barrier layer
PART 1 — PRODUCT DESCRIPTION
A3 [Product Referent] _METCEL 4
A4 Descriptive Name [Product Name) C8L1 With Ni strike layer | g
* 1
2

A6 Unit Of Measure [Product Units) ... (100 cells) .
: PART 2 - PROCESS CHARACTERISTICS
L ‘ ) .
X A A8  [Output Rate] (Not Thruput) _0.495 Units (given on line A5) Per Operating Minute

A7  Average Time at Station 20 Calendar Minutes (Used only to compute

. (Processing Time) in-process inventory)
* A8  Machine “Up' Time Fraction 0,88 Operating Minutes Per Minute
{Usage Fraction]
' PART 3 — EQUIPMENTY COST FACTORS [Machine Description)
: A9  Component [Referent]
' , A9a Component [Descriptive Name] (Optional) 2 Laminar 2 chemi cal: Dryinag, statien
: ! Flow hoods recirculating '
; _ 7

A10 Base Year For Equipment Prices [Price Year] 1979 ~ 1979 : 1979
i A1l Purchase Price ($ Per Component) [Purchase Cost] 9,000 , ’15*', 000 « 20,000

A12 Anticipated Useful Life (Years) [Useful Life] ’ ? ' 7 7

A13  [Salvage Value] ($ Per Component) - e -
‘ A [Removal and Installation Cost] ($/Component) i v o 10,000
| : |
Ch Note: The SAMICS 111 computor program also prompts for the [payment float interval}, the [inflation rate table], the ‘ 1
.‘ {equipment tax depreciation method], and the [equipment book depreciation method], In the LSA SAMICS context,
b , use 0.0, (1975, 4.0), DDB, and SL. | |
oo

S

e !

JPL. -3037-S RA7/70
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Format A: Process Description (Continued)
’
A6  Process Roferent (From Page 1 Line A1) METLESNT

{Facilities and Personnel Requirements)

»

PART 4 - DIRECT REQUIREMENTS PER MACHINE (Facilities) OR PER MACHINE PER SHIFT (Personnel)

A6 A8 A9 A7
Catalog Number Amount Racuired
(Expense item Per Machine (Per Shift) Units Requirement Description
Referent) [Amount per Machine) »
: A 3016D 84 sq ft Manuf'g Space Type A
o B 5464D 1 person/shift Semicond. Zssembler
3 . ,
-
| —
Il PART 5~ DIRECT REGUIREMENTS PER MACHINE PER MINUTE
t' (Byproduct Outputs] and [Utilities and Commodities Requirements)
A20 A22 A23 A21
| Catalog Number Amount Required
{ [Expense item Per Machine Per Minute Units Requirement Description
‘ Referent) [Amount per Cycle] ‘ )
o E 9 g/min NiCl,°6H,0, reagent gr.
| (516.07/Kkg)
; E 17.5 g/min Ammonium chloride.
| _ ) ‘réagent (52.535/kg)
;L E 441i6D 31 g/min Sodium Citrate,
;’ reagent
‘ -E 4432D 3.6 g/min Sodium Hvpophosphite,
{ reagent -
E 45, mf/min Ammonil n Hydroxide,
reagenc 58%
; (S0.8¢€1/2)
[ C 1128D 310 _ml/min DI Water
. C 1016B 0.25 kWh/min Electricity
; PART 6 ~— INTRA-INDUSTRY PRODUCT(S) REQUIRED (Required Products)
| A24 'A26 A27 A25
{Product Usable Output Per
Reference) Unit of Input Product Units Product Name
, 0.99 m2' / m2 cells with contact mask
‘. 7 : .
{
! R | %&E )
< U
. 0 A‘\fg (}'&3?’3"&

REVERSE SIDE JPL 3037-§ R7/78
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SOLAR ARRA’Y MANUFACTURING INDUSTRY COSTING STANDARDS

FORMAT A

—> PROCESS DESCRIPTION

JET PROPULSION LABOIATOIV
Cdliforaia Inttituie of Technolog
4800 Odk Greve Dy, / Mudnu, Calif. 91103

Note: Names given In brackets [ )
are the names of process attributes

requested by the SAMICS Il

computer program,

Al Proons (Reterent) METSOLD

A2  [Descriptive Name)

Solder dxpping of solar cell with plated metal

PART 1 — PRODUCT DESCRIPTION

A3 (Product Referent] . METCEL 2

A4 Descriptive Name [Product Name)

Solder dipped salér cell

2
A5  Unit Of Measure [Product Units) M (100 cells)
PART 2 —~ PROCESS CHARACTERISTICS

A6  [Output Rate] (Not Thruput) ___29.94

A7  Average Time at Station
[Processiing Time)

AB - Machine ""Up" Time Fraction 0,88
{Usage Fraction]

PART 3 ~ EQUIPMENT COST FACTORS [ tachine Description)

Units (given on line A5) Per Operating Minute

Calendar Minutes {Used only to compute
in-process inventory)

Operating Minutes Per Minute

v

A9  Tomponent [Referent}

ABa Component {Descriptive Name] (Optional) gqlder
ip
System
A10 . Base Year For Equipment Prices [Price Year] 1978

A1 Purchase Price ($ Per Component) {Purchase Cost}] 50,000

7

A12  Anticipated Useful Life (Years) [Useful Life]

A13 ' {Salvage Value} {$ Per Component)

A4 [Removal and Installation Cost) {$/Component)

Note: The SAMICS 111 computer program also prompts for the [payment float interval], the [inflation rate table] , the

[equipment tax depreciation method], and the (equipment book depreciation method) .
use 0.0, (1975, 4.0), DDB, and SL,

ey

P S e e e b *w.w,_,g

In the LSA SAMICS context,

JPL 30375 RY/78




WEEIE SR

&
) £%
&

T

- A

oot
i

T TR TR TS RN CSme—, oo

S e

Format A: Process Description (Contiryied) *

A5 Process Referent (From Page 1 Line A1) METSOLD

PART 4 — DIRECT REQUIREMENTS PER MACHINE (Facilities) OR PER MACHINE PER SHIFT (Personnel)
[Facilities and Personnel Requirements)

A16 ' A18 A19 AV
Catalog Number *Amount Required ,
(Expanse item Per Machine (Per Shift) Units Requirement Description
. Referent) {Amount per Machine)
A 3016D 93 sq ft, Manuf'g Space Type A
B 5464D 1 person/shift Semiconductor Assembler

PART 5 — DIRECT REQUIREMENTS PER MACHINE PER MINUTE
[Byproduct Outputs] and [Utilities and Commodities Requirements) *

A20 A22 A23 A21
Catalog Number Amount Required
{Expense Item Per Machine Per Mintite Units Requirement Description
Referent) [Amcunt per Cycle]
E 1 g/min 60/40 sn/Pb Solder
: , _ (10.~/kq)
E 0.027 gal/min Flux, water soluble
(6.75/qal)
T 11280 4 2/min DI Water
C 101leB 0.135 ‘kWh/min _Electricity

PART 6 — INTRA-INDUSTRY PRODUCT(S) REQUIRED [Required Precucts)

A24 A26 A27 A25

{Product Usable Output Per
Reference) Unit of Input Product Units Product Name
0.998 “m® ; n®  metallized cell
/
Prepared by M. WOl£f . : Date __3=16-81

REVERSE SIDE  JPL 3037-S R7/78
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i S FORMAT A

if;

i : » , , PROCESS DESCRIPTION

= JKE PROPULEION LARORAYORY Note: Names given in.brackets [ | !

3 e ) [ haaiond ca. 91103 are the names of process attributes 1
. requested by the SAMICS 1Ii i

§ computer program.,

;L | Al Process (Refarent) METLYTCU,

s

- A2  [Descriptive Name

| Electrolytic plating of copper over a Ni strike layer, %

front and rear.

PART 1 —~ PRODUCT DESCRIPTION

A3 [Product Referent]  METCEL 1

A4 Descriptive Name [Product Name) Metallized solay cell, possibly having a E

F contact mask attached. ‘ 1}

| 2
| A5 Unit Of Moasure [Product Units) (100 cells)

PART 2 — PROCESS CHARACTERISTICS

\ b A6  |Output Rate] (Not Thruput) . 29.94 Units (given on line AL) Per Operating Minute | ;
k [Precessing Time) in-process inventcry)
' AB Machine **Up'’ Time Fraction 0.95 - - Operating Minutes Per Minute

[Usage Fraction)

, A7  Average Time at Station 15 Calendar Minutes (Used only to compute i
]

i

, PART 3 — EQUIPMENT COST FACTORS [Machine Description) |
‘ 1

; : A9  Component [Referent) : _—
2 automatic

: Afs Component [Descriptive Name] (Optional) — o
‘ plating machines

A10 Base Year For Equipment Prices [Price Year) 1979

A11  Purchase Price ($ Per Component) [Purchase Cost) ..400,000

A12  Anticipated Usoful Life (Years) [Useful Life] 7

A13  [Salvage Value] ($ Per Componerit)

Al4 {Removal and Installation Cost] {$/Component) 200, OO,O
; ¥
L Note: The SAMICS i1 computer program also prompts for the [payment float intervall, the [inflation rate table) , the
.‘ lequipment tax depreciation method] , and the [equipmient book depreciation method]. In the LSA SAMICS context,
bd ‘use 0,0, (1975, 4.0), DDB, and SL.

JPL D3037-5 RY7/78
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Format A: Process Description {Contingied) R

A16  Process Referent (From Page 1 Line A1) __METLYTCU .

PARY 4 — DIRECT REQUIREMENTS PER MACHINE (Facilities) OR PER MACHINE PER SHIFT (Personnel)
[Facilities and Personne! Requirements)

A6 A8 A8 A7
Catalog Number Amount Requlred
{Expense Itam Per Machine (Per Shift) Units Requirement Description
Referent] [Amount per Machine)
A 3016D 900 sq ft Manuf'g Space Type A
B 5464D T person/SHift ~Semiconductor Assembler

PART 5 ~ DIRECT REQUIREMENTS PER MACHI&E PER MINUTE
[Byproduct Outputs) and [Utilities and Commodities Requirements)

A20 A22 A23 A21
Catalog Number Amount Required
(Expense Item Per Machine Per Minute Units . Reguirement Description
Referent] {Amount per Cycle]
E 48,37 a/min Cu anodes ($2.00/kq)
E 41, mf/min Replenisher solut'n
_ ‘ (83.43/%)
C 1016B 2.5 kWh/min Electricity

PART 6 — INTRA-INDUSTRY PRODUCT(S) REQUIRED [Required Products)

A24 ' A26 A27 A25
{Product Lisable Output Per
Reference] Unit of Input Product Units Product Name
0.998 m2 / m.2 Cell with strike metal
] ,
T
‘Prepared by M. Wolf , . Date.3—16~81

REVERSE SIDE JPL 30378 ‘R7/78
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SOLAR ARRA’\' MANUFACTURING INDUSTRY COSTING STANDARDS )
FORMAT A
, PROCESS DESCRIPTION
JET PROPULSION LABORATORY Note: Names given in brackoets { ]
f"ﬁ’;’oﬁ '(':':'f:o'uf.' ;r pi:bm?a'.’c.w 91103 ors the names of process atributes
\ requested by the SAMICS i
compiiter program,

*AY  Proocess {Referent) METQ’PUT

Az [Descriptive N.m)“Sputter deposition of Cu (front anq :ear)

PART 1 ~ PRODUCT DESCRIPTION

A3 [Product Refyrent) JMETCED 1

A4 Daescriptive Name [Product Name) Metal‘lized’ solar cell

2
A6 Unit Of Messure [Product Units] (100 ‘cells)

PART 2 ~ PROCESS CHARACTERISTICS

A6  [(Output Rate] {Not Thruput) 0.495 Units {(given on line AB) Per Operating Minute
Al a,vurane l'I'lrr_wrel at]srutlon Calendar Minutes {Used only to compute
rocessing Time insprocess inventory)
A8 mchln:: "Uﬁ“ T]ime Fraction 0.875 Operating Minutes Per Minute
sage Fraction

PART 3 —~ EQUIPMENT COST FACTORS |)achine Description]

A8  Component [Referent}

e s

ASa  Component [Descriptive Name] {Optional) Vacaum
Sputtering
System

A0 Base Year For Equipment Prices [Price Year] 1979

A1l Purchase Price ($ Per Component) [Purchase Cost) 2.5 Mil]_-

A12  Anticipated Useful Life {Years) [Uzeful Life] 7 : . '

A13  [Salvage Value] ($ Per Component)

Al4  {Removal and Installation Cost) {$/Component) 0.5 Mll;

Note: The SAMICS 111 computer program also prompts for the [payment float interval], the {inflation rate table], the

fequipment tax depreciation method) , and the [equipment book depreciation method]. In the LSA SAMICS context,
use 0.0, {1975, 4,0), DDB, and SL.,

JPL 3037~5 RY/70
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Format A: Process Description (c(mtlr;uod) ’ .

* PARTA~DIRECT REQUIREMENTS PER MACHINE (Facliities) OR PER MACHINE PER SHIFT (Personnel)
(Facilities and Persorinel Requirements)

A16 . A8 A9 AV
Catslog Number Amount Required :
(Expense Jtem Per Machine (Per Shift) Units Requirement Description
Referent) [Amount per Machine) 7
B 5464D 1 pers/stat'n Semiconductor Assembler
B 5224D , 0.1 dato Maintenance Mechanic
B 5176D ' 0.1 dto Electronics Technician
A_3016D , 600 squ, ft, Manuf'q Space Type A
!
] PART 6 —~ DIRECT REQUIREMENTS PER MACHINE PER MINUTE
‘ [Byproduct Quiputs] and [Utilities and Commodities Requirements) -
: A20 - A22 A23 A21
' Catalog Number Amount Required
; (Expense Item Per Machine Per Minute Units Requirement Description
; Referent) [Amount per Cycle]
| E 93 q/min _Copper sputter targets
F _
)
.'
r
| PART 6 ~ INTRA:INDUSTRY PRODUCT(S) REQUIRED [Required Products)
. A24 A26 A27 A26
(Product Usable Output Per
Reference) Unit of Input Product Units Product Name
| ’ , 4 s II Wafer with pn junction
= : ’ " . g

!

Prapared by M. Wolf

. Date_3-16-81

: c . prm T
t SHUNAT. MR a2
! ey UMYy

e : REVERSE SIDE 2037~
OF TOUS QUALITY ASE SIDE JPL 7037~ Fi7/78

e S

' AIS Process Referent (From Page 1 Line A1), METSPUT £
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Process No,

1

University of Pennsylvania
PROCESS CHARACTERIZATION

g v i) ale——— e ot

(UPPC)
Process:
Subprocess;_
Option:
INDEX
Form Pages Rév. Date Remarks
A . '
l to
3 1l to
4 l to
5 1 to
6 l to
7 1to
8 1l to
9-1 l to
9-2 1l to
9-3 1 to
10 1 to _
11 1to
12 1 to
13-1 1l to °
13-2 1to
14 1 to
15 l to
16 1 to
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o | | Form 2 :
Page of
Revision Date
Process Xo. . . = | 0.1 Value Added:. s/

" Process Descriprion:

1.  Input Specification:

Name of Item:

Dimensions:

Material:

~ Other Specifications:

1.1 Quantity Required: / Unit Cost: $/ i
1.2 Input Value: | s/
| 1.3 Input cose: | : $/

d¥ote to Item 1l.3: Use price, if input produced in own plant.,

4
&
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Process No. i . . r J 1" ~ Form- 3
. | ' Page of
. w0 2.1 Direct Materials: . —
b Revision Date
2.1_ Type: 3
Specification:
R 4
>
- Quantity Required: : / ; Unit Cost: s/ ; Cost: $/_
! 2.1 Type: N 1
* Specification: 3
35
e Quantity Required: / : Unit Cost: S/ ; Cost: $/
2.1 Type: .
3 Specification:
o Quantity Required: : / ; Unit Cost: $/ 5 Cost: $/
E 2 . . "
! 2.1 ‘Subtotal Direct Materials: § = - $/
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Process No. l . . - Form 4 '
‘ : T Page of
3 2.2 TIndirect Materials {incl. suppliesand non-energy utilities): .. —
i - ; ( upP BY Revision Date
2.2 Type: . s
- :
Specification:
lf
% Quantity Required: / ; Unit Cost: 74 ;3 Cost: $/
* 2.2 Type:
- Specification: 4
, Quantity Required: / ;5 Unit Cost: s/ ; Cost: $/
2.2_ Type: ——
5 - Specification: A
Quantity Required: / ;s Urit Cost: s/ ; Cost: $/
2.2 Subtotal Indirect Materials: El— s/
" - 2 % ;
o % bt i
o
Eokation sttty spiromererncapiie i AR B s e S L e By —— .
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' Process No. | . [ - Form 5 .
L Page of
a 2.3 Expendable Tooling: - -
{1 - _ Revision Date
: 2.3 __ Type: » ’ | e -
: Quantity Required: / : Unit Cost: _ s/ _Cost: s/
3 2.3_ Type: - .o
‘ Quantity Required: / : Unit Cost: S/ Cost: 8/ -
£ 2.3_ Type:
B -
- Quantity Required: / : Unit Cost: s/ Cost: s/
=
4 2.3 _ Type:
| Quantity Required: / ¢ Unit Cost: $/ Cost: $/
2.3  Subtotal Expendable Tooling: $/
2.4 Energy
2.4 __ Type: - 7
Quantity Required: : Uait Cost: $/ Cost: $/
2.4 _ Type: '
Quantity Required: : Unit Cost: $/ Cost: s/
2.4  Subtotal Energy Costs: | _. $/__

2.5 Subrotal 2.1 to 2.4} §/

2.6 Handling Charge: ___ % of item 2.5 s/

2.7 Subtotal Materials and Supplies: $/

2.5 + 2.6)
. B ———— p— — 4
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Process XNo. . r-.’—'-'_-r_' ' Form 6
) Page __ of
Revision Date
3.1 Direct Labor:
3.1 Category: Activity:
Amount Required: h/ ; Rate: § /h; Load Z; Cost: s/
3.1_ Category: Activity:
| Amount Required: h/ ; Rate: $ /h; Load Z; Cost: s/
3.1_ Categor}: Activity:
Amount Required: h/ ; Rate: § /h; Load Z; Cost: s/
| 3.1 Direct Labor Subtotal: S/
3.2 Indirect Labor: o "
3.2 Categozy’:i Activity:
| Amount Required: h/ ; Rate: § /h; Load %; Cost: s/
3.2 _ Category: Activity:
‘AmOunt Required: h/ ; Rate: § /h; Load Z; Cost: $/
3.2_ -Caﬁtegory:k Activity: |
- Amount Required: h/ ; Rate: $ /h; Load %; Cost: $/
- 3.2 Indirect Labor Subtotal: s/
N -13.3 Subtotal 3.1 and 3.2 $/
{3.4 overhead on Labor:_____ % $/
| 3.5 subtotal Labor $/
@ ® - . ¥ »

S
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Process No. . | _v‘_—]-‘-Tr_' gz: _7__ of _
4.1 Equipment Revision Da:e;

4.1 Type:
Cost: $3 :{nstal’i‘ation’Cost: $; Throughputs /h; : -
Plant Oper'g Time h/y; Machine Avail'ty:_ %; Machine Oper'g Time h/y v
Servicing Costs: Labor h/y at $/h;Parts or Outside Service: $ly
Useful Life: y; Charge Rate: % of Cost/y; Capitél Cost: Sy s/

4.1_ Type: %
Cost: * 'S; Installation Cost: $; Throughput: /h;
Plant Oper'g Time hly; Machine Avail'ty: ___ %; Machine Oper'g Iime h/y j;f
Servicing Costs: Labor h/y at $/h;Parts or Outside Service: $ly &
Useful Life: ___¥; Charge Rate: % of Cost/y; Capital Cosg: A Sly $/ f

4.1 Type:
Cost: $; Installation Cost: $; Throughput: " /h;

’ Plant ‘0pet"g Time h/y; Machine Avail'ty: __ Z; Machine Oper’'g Time h/y
Servicing Costs: Labor h/y at $/h;Parts or Outside Service: sly
Useful Life: , y; Charge Rate: % of Cost/y; Capital Cost: $ly S/
e
4.1 Subtotal Equipment Cost: $/
o
R S e pa— ot
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Process No. el .

4.2 Facilities:

4.2__ Type:

Floor Area:

T T TTT T T T e e g o s,
- Revision
n’ ; Throughput: Iy

a2 -
Charge Rate: $/(@™-y); r Maintenance Costs:
Energy Use: ~ Y Labor: ~_____ _hly at $/h H
Heat;;ing I}' at s/ I Supplies: $/y ‘ ¥ *
Air Cond'g ly at S/ l Outside Services: Sly v
Lighting ly at s/ - = = —To-;l.;os? - - ""SI"” | iy
- : i i v.—J . ‘* . y -
4.2_ Type: Floor Area: m ; Throughput: ly
S Charge Rate: $/(m -y); Maintrenance Costs:
Energy Use: ‘Labor: h/y at $/h
; Heating Iy at $/ - I Supplies: $/)'
- Condle ,
! Air Cond’g [y at s/ Qutside Services: Sly
1 5 & ¥ l ~~Total Cost: - $ly $/
B - v
) i -
4.2__Type: no ‘ : Floor Area: ml; Throughput: Iy ;i
2 P NS eEm  GEID  Cwa GEND CEET LS G S e— |- Cﬂ i,‘
Charge Rate: $/(m"y); Maintenance Costs:
ret E nergy vses l’Labor: hiy at $/h
By - Heating /y at $/
A # ' ‘ Supplies: sly
o Air Cond'g ly at $/ .
o L Outside Services: $ly
o v ‘
I Lightin ly at s, CGEe S G . G GmmD GED e IR SR S )
£ R ghiing ¥ Total Cost: $ly S/
. P-4 N ¢ G— IR N _Aﬁf— m
M\‘ 'Lé" ~ . s
4.2 Subtotal Facilities: s/ i
- ; - 4.3 Equipment and Facilities Subtotral : $/ —j
E *" : - * 33
- TR - ittt R S SN ia SO =

. Date

For= 8
Page of
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Form 9=1 -
Page of
Revision Pate
Process No. . . =L
5. Salvaged Material (Work-in-process)
5.1 Quantity of Work-in-Process 1. Contained in Good Output -
Work-in-Process (per Computation Unit) . /.
5.21 Input' Work-in-process 1. Not Contained in Good Output N
Work-in-Process ("Amount Required” from 1.1 minus 5.1) /.
5.22 Net Amount of 5.21 which is sold for Credit As-Is or .
After Applying Re-Process . « - - /
5.23 Credit for 5.22 at the Market Value of $/ : $/.
5.24 Cost of R,eprocessing Material of 5.22 , ﬁ .
at the Average Reprocessing Cost of $/ : s/
5.25 Net Credit for 5.22 (5.23 minus 5.24): $/
5.26 Material of Type 1. Lost in Process (5.21 minus 5.22) /
5.3 Cost of Work-in~Process Not Containea i wood Output Work-in—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 1.1) §/.
Salvaged Materials Summary: DA
F.S Total Net Credits for All Salvaged Materials (5.25 + 5.67 + 5.76) 1 3.7'
[N : - Y AT, L U R SO




Process No.

* .

5.  Salvaged Material (Direct)

-

Form 9-2

Page of

Revision Date

§.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 Not Contained in Good Work-in-
Process ("Amount Required” from 2.1 minuxs 5.5 )
5.62 1. Net Amount of 5.61_ which is sold for Credit kis-Is or
, After ggplyipgrr Re~-Process . . ‘l
i; 5.63 1 Credit for 5.62 1 at the Market Value of s/ : ) s/
' i 5.64_ 1 Cost of Reprocessing Material of 5.62_1
1 at the Average Reprocessing Cost of s/ : $/
Zi | 5.65_ 1 Net Ctedit for 5.62_1 (5.63_1 minus 5.64_1): S/
¥5.62_2' Net amount of 5.61_ which is sold for Credit As-Is px -~ 1
i  After Applyiﬁg Re-Process « . l - | ] /
‘: 5.63_2 Credit for 5.62_2 at the Market Vaiue or s/ : $/
5.64_ 2 Cost of Reprocessing Material of 5.62_2
at the Average Reprocessing Cost of S/ : $/
. 5.65_2 Net Credit for 5.62_2 (5.63_2 minus 5.64_2): s/
5.66_ tal Net Amount of Material of Type 2.1 Salvaged (I 5.62_ i) /
5.67_  Total Net Credits for Salvaged Material of Type 2.1_ (E 5.45_i)
f“  - € «




Process No.

Fcra 9-3

Page of

Net Credit for 5.71 1 (5.72_1 minus 5.73_1):

e

5.71_2 Net Amount of 5.71 which is sold for Credit As-Is ox
i After Applying Re~-Process l - f —! - l - L l t
5.72_2 Credit for %.71_2 at the Market Value of $/
5.73_2 Cost of Reprocessing Material of 5.71 2
at the Average Reprocessing Cost of $/
g E | 5. 74;2‘ Net Credit for 5.71 2 (5.72_2 minus 5.73 2)"

5.75_

5. Saivaged Matexrial (Indirect) Revision Date
5.7_  Quantity of Indirect Material 2.2 Entered into Process
‘ (per Computation Unit) /
5.71_1 Net Amount of 5.71_ which is sold for Credit As-Is ar B
—_ 3
1 After Applying Re-Proress . i, [N S B ¥4
28 5.72_1 Cregit for 5.71 1 at the Market Value of s/ :
5.73 1 Cost of Reprocessing Material of 5.71 1
at the Average Reprocessing Cost of s/ : S/

$/

$/

$/

Total Net Amount of Material of Type 2.2_ Salvaged (L 5.71 i)
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6. Byproducts and Wastes

6.1 Solid Byproducts/wastes

Type‘(CompOSition):’

Physical Skape/Size:

Density: glcm3; Water Solubility:

Toxicity: Biodegradable:

Quantity Produced:

Revision

Energy Content:

__8l1l at C;

Other Remarks:

Type of Disposal:

Input-Material for:

6.2 Liquid ByproductleaStes (inorganic):

Type (Composition):

Density: __glcm;; Suspended Solids:

Toxicity: Heavy Metal Content: _ mg/l Other Remarks:

Cost/(Credit) s/

Quantity Produced:

Amount: - mgll

Type of Disposal:

Input Material for:

Cost/(Credit) ___$/_

,,A“_‘.&M
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= Form 11
Page of

Process No. l.L-J.L - 1 Revision Date
6.3 Liquid Byproducts/Wastes (orga=mic) ‘ Carry from Form 10 | - $/
6.3_ Type (Composition): Quantity Produced: / -
Density: g/cm;; Toxicity: COoD: mg/1l; BOD: mg/l

Ignition Point: °C; Explosive Mixture in Air: % to %23 Other Remarks:

Type of Disposal:

Input Material for:_ | ; Cost(Credit) s/ 3 Cost: $/

6.4 Fumes, Gaseous Byproducts/Wastes

i t 6.4 Type (Composition): | Quantity Produced: /

& : I o Energy Content (Combustion): “kWh/ s Explosive Mixtﬁte in Air __ X to __ X.
Ignit‘ion Point: 90; AerosolD Precipitates in _____ minutes pH e
‘Toxicity ‘ Requires ScrubbingD Type of Scrubber:

(enter scrubber under 4.1, 4.2, scrubber effluent under 6.1 to 6.3)

Other remarks:

Type of Disposal:

Operating Costs: $/ 3 Cost: $/

6. Subtotal: Byproduct/Waste Disposal Cost: .
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Form 12
Page of
Eoo Process No. . . L1 ’ Revision Date
: 7. Process Cost Computation 7.11 Manufacturing Add-On Costs (su= of 2.7, 3.5, 4.3, 6.) s/
e 7.22 Other Indirect Costs: Z of 7.11 s/
f 1 P S, i "
g 7.21 Totzl Operating Add-on Costs of Process: $7
D ; .
e 7.22G& & __ zof7.71 | s/
7.31 Total Gross Add-On Cost of Process s/
.37 7= I: for Szlvaged Material (5.8) o s/
7:33 Cost of Work-in-Process Lost (5.3) s/
7.34 Specific AEd-On Cost of Process (7.31 + 7.33)-(7.32) ~ s/ :
3 7.35 Cost of Input Work-in-Process Contained in Good »
) Cutput Work-in-Process (5.4) s/ ;
§
, 7.36 Lozding on Ttem 7.35 at Rate y S s/
% 7.37 Cost of Output Work-in-Process (7.3% + 7.35 + 7.36)
: 7.51 Theoretical Yield (or Conversion Rate, if ocutput units of
work-in-process do not eguzl input units} /
7.42 Practical Yield ' 4 \§
1 7.43 Effective Yield (7.4l x 7.42) ' / |
7.44 Number of Units of Good Output Work-in-Process per
Computation Unit Used up to 7.35 / )
| 7.51 Cost « IUnit of Good Cutput Work-in- “ | )
Process (7.37 + 7.4%) 5/
7.52 Specific Add-0n Cost per Unit of Good .
Output Work-in-Process (7.34 * 7.44) s/
- % - . ¥ %‘:
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- Process No. . . - Form 13-1
Page __ of |
, Revision Date
8. Price Computation
‘ 8.1 Alternate 1 v
8.11 Profit at Expected Rate of £ $/ .
: (Profit before income taxes; applied to 7.52)
8.12 Price of Frocess (7.52 + §.11) . &/
8.13 Price of Work-in-Process (7.51 + 8.11) L = !
. 5
;
: g
£ fg
MMM@MMM B T e N e v .,
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e 0.0.0-C0O e
L o * ~ Page  of
; | Revision Date
a8 8.2 Alternate 2 (SAMICS Methodology): )
‘ % ‘ 8.21 Profit Computation:
I 0.9274% s/ from Subtotal 4.1 = $/
o 1.946% s/ from Subtotal 4.2 = $/ . |
4 ; : R
: ; Subtoial = s/
o .
o 8.22 Costs of Amortization of the One-Time Cost:
0.192% s/ from Subtotzl 2.7 = s/
Si 0 0.192% s/ from Subtotal 3.5 = s/
0.2958% s/ from Subtotal &.1 = s/
: 2.77% s/ from Subtotal 4.2 = s/
Subtotal = S/
8.23 Total Wet Cost of Equity (8.21 + 8.22): s/
8.24 Profit and Amortization of Start-up Costs per Unit cf Good Output
Work-in-Process:
(Divide Subtotal 8.23 by | from 7.46) |
$/ ‘J
8.25 Price of Process (7.52 + 8.254)
8.26 Price of Work-in-Process (7.51 + 8.24)
m -
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ro Process No. f . - Form 14
& * i Page of
R 9. Process Economic Evaluation: Revision Date
9.1 Process Cost Balance (7.52 - 0.1) H S/
9.2 Relative Process Performance (9.1 = 0.1)
, , i
9.3 Output Cost (7.51) x S/ -
9.4 Output Value (0.2 + 0.1) $/
-
9.5 Relative Excess Cost i(9.3 - 9.4) = 9.1J
1
£9
: o
o=
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Process No. I . ; -

0. Output Specificaticn: -

Name of ditem:

BT DA bk Ak sl s L

Revision

Form 15
Page of

Date

Dimensions:

Material:
Other Specifications:

SR
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Form 16
Page of ;
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Process No.
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