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ABSTRACT

A program of six months duration was performed to support and promote

the further development of processing techniques which may be successfully and
cost-effectively applied to low=cost non-Czochralski silicon sheet for solar cell
fabrication. Results are reported in the areas of process technology, cell

design, cell metalllization, and production cost simulation.
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1.0 SUMMARY

There are four general areas of work which were pursued to enhance the
processing and utilization of non-Ciochralski siiicon sheet.

In the process technology area, empirical studies were performed to
evaluate the effects of texture-etching non-Cz substrates, and to determine
etch rates for Isotropic caustic etching, both of which might be used as surface
preparation techniques prior to solar cell processing. Silicon substrate drying
techniques were evaiuated, and drying experiments were performed. Considerations
for solar cell substrate handling have been formulated, with particular application
to vacuum and controlled ambient processing.

Cell desi¢cn efforts resulted in the development of a computational program
{in the BASIC language) for determining optimum metallization patterns for
rectanqular, non-Cz substrates. The computational technique and mathematical
foundation for the program are described.

Metallization experiments were performed to characterize the differences
between non-Cz substrates and Cz wafers with respect to nic .2l contact formation
and thermal cycle degradation. Feasibility of using electroiess copper to
form the conductive layer on top of a nickel contact was established.

A detailed narrative description of the current Motoroia solar cetl!/
module costing program is presented. Included is a discussion of the costing
methodology, the required inputs to the program, and the simulation output
formats, Differences and similarities ot the Motorola program to the JPL

SAM|S procedure have been characterized.
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20 o INTRODUCTION

The JPL Low Cost Solar Array (LSA) Pruject, through the Phase | and Phase || ;
of forts of the Automated Array Assembly Task, has sponsored the development of
high volume, low cost process sequences suitable for production of commercial
terrestrial silicon solar cells and photovoltaic modules. Much of this develop-

ment work has been executed with single crystal Czochralski silicon wafers and

substrates. Under the present contract, Motorola further developed low-cost
processes for the manufacture of solar cells from non-Czochralski (non-Cz)
silicon sheet forms, using Ribbon=-to-Ribbon (RTR) substrates in particular,
and other non-Cz material such as Westinghouse web-dendritic sampies and
& Wacker=Silso cast poly substrates, as available.

Particular developmert emphasis was placed on materiai preparation,
: metallization, and solar cell production technology requirements which may be
§ unique for non-Cz silicon sheet substrates. Where practical and desirable,
processes presently available to the LSA Project for production of solar cells
from single crystal silicon wafers were adapted and utilized for the non-Cz

substrates.

An additionai task undertaken was the evaluation of non=Cz process i
sequence cost effectiveness by using both a Motorola cost analysis program and
the JPL SAMICS procedure. A comparison between the two costing techniques

has been formulated.

5 J
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3.0 TECHN \CAL_DISCUSS ION

3.1 PROCESS TECHNOLOGY

As a rapid, and yet meaningful, means of evaluating non-Cz material preparation

and production technology development, a baseline cell fabrication sequence using
a simple phosphorus diffusion and mesa etch ?echnique has been employed. The
basic celi process sequence Is as follows:

1) Blanket phosphorus diffusion, PH3 at 900°C;

2) Mesa junction etch, photoresist with a plasma etch for silicon;

3) Silicon nitride coat, LPCVD Si N4 at 780°C;

3
4) Ohmic pattern, plasma etch;

5) Metal plate, nickel-copper or palladium-nickel=-copper.

3.1.1 MATERIAL PREPARATION: TEXTURING

The sequence |isted above has been used to evaluate the effects and
usefulness of texturing the surfaces of non-Cz substrates. Since non-Cz
subsirates, and in particular RTR ribbon silicon, may consist of large grains of

single crystal silicon with various orientations, the result of using a texture

etch process is not predictable as it Is for <100> Cz wafers. In addition, each non-Cz

silicon ribbon may have dlfferent grain orientation patterns, and so care must
be exercised in judging the effects of ftexturing the surface. One particular
ribbon may texture very well while another may be much less affected by the
toxturing solution.

To circumvent the question of uniformity for non-Cz substrates and yet
mzke a side-by-side comparison of textured and non-textured ribbon cel!
parformance, a special preparation sequence was added ahead of the baseline
process. Silicon ribbons were first coated with silicon nitride on both front

and back to serve as a mask against attack in the texture etch solution. Then,




using photorusist, tho ontire back and une half of the front of each ribbon

was protected, lengthwise, and the nitride was etched from the other half of

the front., The resist was stripped and the exposed siiicon was textured. Then
the remaining nitride was stripped. This resuits in a ribbon substrate which is
front surface textured along one half of its width, while the other haif is in

the as-grown condition. On such substrates, adjacent pairs of cells 1 cm x 2 cm

are formed by the baseline process. Thus, one cell of each cell pair is textured
and one is non-textured. This geometry Is diagrammed in Figure 1.1. }
The first experiment initiated to study the effects of surface preparation

for p=type, non=Cz (RTR) substrates consisted of 10 ribbons prepared as described

?
i
l
l
I

above. In all, 65 pairs of textured/non-textured cells were established,

although some of these cells are not useful because of mechanical imperfections.

Such imperfections consist of substrate fractures and defects in mesa etched

Junctions and metal contacts. Because of possiole non-uniformities down the iength

of non-Cz ribbons, only cell pairs for which both of the adjacen: textured and

non-textured cells were intact are included in the data analysis.

Table 1.1 lists data for 48 pairs of textured/non-textured ceils. In many

' cases short circuit current was larger for the textured cell of the pair (32 out
of the 48 examples) while in some cases lSC was greater for the non-textured cell
(1% out of the 48 examples). For those cells where Increased current was
associated with texturing, the average increase was 2.1 mA or about 4.3%. For
those ceils where decreased current was associated with texturing the

average decrease was 1.6 mA or about 3,2%. Overall, the average for the 48

pairs was an increase of 0.9 mA, or about 1.9%, which might be attributed

to texturing. This is considerably less than the 8 -~ 9% increase which mav be
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i TABLE 1.1: CELL PAIR DATA (SHORT CIRCUIT CURRENT, lSC’
3 FOR TEXTURED/NON-TEXTURED CELL COMPARISON

TEXTURED | NON-TEXTURED 1o INCREASE DUE
(mA) (mA) TO TEXTURE
RIBBON 1
CELL 3 49.3 48.1 1.2
4 49.5 48,1 1.4
5 48,6 48.1 0.5
i 7 49.9 48.8 11
] 8 47.5 47.9 -0.4
, 9 45.4 49.5 -4,1
r 10 45.7 49.4 -3.7
| ' 45.8 49.3 -3.5
» RIBBON 2
CELL 1 50.2 49.2 1.0
2 49,2 47.4 1.8
3 47.9 45.8 2.1
4 47.9 47.1 0.8
5 46.8 45.8 1.0
6 48.7 49.3 -0.6
7 49.4 50.6 -1.2
9 51.8 50.0 1.8
10 49.7 51.4 -1.7
RIBBON 3
CELL | 51.5 51.0 0.5
2 53.0 50.5 Z.5
3 53.5 50, 1 3.4
4 53.9 48.0 5.0
5 54,0 50.6 3.4
6 51.2 51.7 -0.5
RIBBON 4
CELL 2 48.1 49.0 -0.9
3 46.0 48.4 -2.4
4 47.9 48.2 -0.3
9 50.3 48.1 2.2
10 47.4 48.1 -0.7
1" 48,0 48.4 -0.4

;
i
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§ TABLE 1.1 (Continued)
o
. TEXTURED |, NON-TEXTURED | INCREASE DUE
g‘ [ (mA) (mA) TO TEXTURE
E } RIBBON 5 4
- CELL 1 47.2 49.9 -2.7
A 2 50,2 50.8 -0.6
o 3 50.3 50.0 0.3
: b 4 51,1 47.7 3.4
L 5 51,3 46.7 4.6
: 6 50,0 48.8 1.2 :
" 7 490‘ 48.2 009 !
RIBBON 6
CELL 2 48.6 38.5 10.1
3 50,0 49,7 0.3
‘ 4 48.9 18.4 0.5
: RIBBON 7
‘ : CELL 3 52.0 51.6 0.4
§
RIBBON 8
CELL 1 55.0 52.0 3.0
? 55,2 53,2 2.0
3 54,6 49.4° 5,2 ]
4 55,2 52.0 3.2 :
J
RIBBON 9
CELL 3 55,0 53,4 1.6 |
| 4 55.0 55,0 0.0 :
} 5 55,3 54,2 1.1 ;
) RIBBON 10 :
| CELL 1 59.4 58.6 0.8
? 3
F
: AVERAGE 50.4 mA 49,5 mA 0.93 mA :
L STD. DEV. 3.1 mA 2.9 mA 2.5 mA :
T % STD. DEV. 6.2% 5.8%
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expected when Incorporating textured surfaces for colar cells fabricatsd on
single crystal Czochralski substrates (which already employ an effective AR
coating).

A second experiment was established to corroborate the resulrs of the
tirst. This second experiment consisted of 12 ribbons with cells fabricated by the
baseline processes previously discussed to provide side-by-side pairs of textured/non-
textured comparison cells, Of the ribbons processed, six provided cel!ls userul for
ovaluating surface comparisons, Twelve out of 27 cell pairs appearec to
allow direct evaluation of textured surface effects., In genaral, the results of this
experiment supported the observations of the first experiment in that there was
lirtle difference of statistical significance between the performance of textured
and non-textured multicrystalline silicon ribbon (RTR). The short circuit
current comparison data for these cells are given in Table 1.2,

The improvement in |ight absorption, and hence short circuit current,
obviously depends on the degree to which various grain orientations present in
non-Cz substrates may be textured. Different non-Cz materials will possess
different groups of grain orientations, and each class of material must be
evaluated separately to determine if a texture-etching process is beneficial.

To address, in part, the question of material differences, a number of
wafers slliced from Wacker-Slliso cast polycrystailine ingots were also processed
in the fashlion described abcva to form pairs of textured/non-textured cells.

The results of this experiment are tabulated in Table 1.3. Nine substrate slices
were processed to form cell pairs identical in size and configuration to those

of the first and second experiments. Uniike the first two experiments, comparison
of the cell pairs on the cast poly substrates predicts a consistent improvement

in generation current for the textured cell. For the 27 sample palrs of Table 1.3,

the textured cells generate an average of 3.1% more current than the non-textured
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! TABLE 1.2: CELL PAIR DATA FOR SECOND EXPERIMENT
COMPARING TEXTURED/NON-TEXTURED CELLS

TEXTURED 1. NON-TEXTURED 1¢o INCREASE DUE
(mA) (mA) TO TEXTURE
RIBBON 3*
CEL! 2 44 49 -5
3 a4 49 -5
1 RIBBON 4*
;§ CELL ! 51 49 2
[f RIBBON 5%
g CELL 2 47 49 -2
g 3 49 49 \
. 4 47 49 -2
6 50 49 1

RIBBON 8 j
, CELL 2 46.0 43.2 2.8 }
| 5 46.3 44,7 1.5 ]
] 5 46.0 43.3 2.7
]

RIBBON 10

CELL 4 43,3 42.2 1.1

RIBBON 12 J

CELL 4 42.8 43,3 -2.5 g
] !

AVERAGE 46.4mA 46.6mA -2.3mA j
f STD. DEV. 2.6ma 3.0mA 2.7mA ;
| % STD. DEV. 5.7% 6.4% .

*Data taken to nearest mA. :
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TABLE 1.3:

CELL PAIR DATA (SHOKRT CIRCUIT CURRENT)

FOR TEXTURED/NON-TEXTURED CFLL COMPARISON
Ot CAST POLYCRYSTALLINE SILICON SUBSTRATES.

TEXTURED |
(mA)

52,3
54.4
54,4
52.3

51.6
50.5
52.4
52.3
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51.0

PP ST Sy

SC

R Rty . T L W

I*;\CREASE DUE
TC TEXTURE

-
- -
o

—_ O —
* = -
0 &

-ty O NN —
e« o
(E IS NV} G\ & L

1
O —
w O

- O O0ON BN S
oN® WA O — (ST N

c OO

- OO
U ~d W

N

T raen kil aaace ek el R e e ah Gty o,

i




TABLE 1.3:

TEXTURED |
(mA) €

AVERAGE 52.4mA
STD. DEV. 1.6mA
£ STD. DEV. 3.0%

(Continued)

NON=TEXTURED |

(mA)

50.8mA

1.1mA
2.2%
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cells. The consistency of the results of this exparimont may bo attributed to
the relatively small grain size of the cast polycrystelline substrates which wore
processed. Each cell consisted of a large number of grains and tended, on the
average, to approximate the same grain structure oxhibited by every other cell.
Even so, the net effect of texturing is less beneficial *>nn that tor a2 <100>

orlented single crystal surface.

3.1.2 MATER|AL PREPARATION: ISOTROPIC ETCHING

An experimentul evaluation of caustic etching techniques for thinning or
smoothing Cz or non=-Cz substrates has been accomplished. The thickness of a
«ilicon substrate can be reduced, and the smoothness of i+s surface Increased,
by etching the substrate In scdium hydroxide solutions st elevated temperatures.

In practice, a solution of approximately 10% by weight Is used and is
prepared by diluting commercially available 15 weight percent aqueous sodium
hydroxide solution with half of its volume of D,|. water. For exampie, to
3 fiters of 15% NaOH solution, 1.9 liters of D.!. water |s added. The solution
is then heated to Its bolling point of 102°C and Is ready for use.

Silicon substrates are loaded into teflon etch boats and are covered or
weighed down to prevent floating., The etch process evolves considerabie
quantitites of gas which may Interfere with etching. For this reason,
substrates are positioned vertically when etching, and a weight is used to
restrain the waters in case they become bouyant, Etching proceeds in the
absence of agitation, since 1he gas bubbles formed provide 1iquid movement
sufficientliy vigorous to assure an even etching. After etch, the silicon surfaces
are rinsed in D.l. water and dried.

During etching, the silicon surface Is generally changed to a gently
quilted *opography regardless of its original appearance; both flat polished and

very rough surfaces adopt the quilted configuration.

13

B TV R Y i i B i G s i e




— L T [ T R “ T .
T Lol i o

ST1icon substrytes are roduced in thickness by varying amounts,
: depending on the method of preparatiorn of the substrate (initial surface
| roughness) and the crystalline nature of the silicon (orientation, grain
boundaries, stc.). Representative etch rates have been determined for
three specific types of material: smooth Cz wafers, Wacker=Silso polycrystalline
slices, and Motorola RTR substrates,

Stanc .rd Cz wafers of <100> orientation (1 Q=-cm, boron doped) have been .

determined to etch at the rate of 0.129 miis/minyte per surface. Henc>, bare
w.fers, exposed to the etch solution on both sides, will be thinned at the rate

of 0.298 mils/minute with the boiling 10% NaOH etch. The experimental data from

which this rate is derived are graphed In Figure 1.2,
Experiments with Wacker=Silso polycrystalline slices (4 Inch square)
indicated that an approximate thickness ioss of 0.30 mils/minute (0.15 mil

por side) would be obtained under the same etch conditions, This Is quite

similar to standard Czochralski wafer etch rates. |t Is apparent that sodium

hydroxide etching is an inexpenslve'and rapid method for removing saw damage

from such slices,
! Experiments with Motorola RTR substrates have yielded faster (and mcre
variable) otch rates., Thickness losses have ranged between 0,40 and 7.55
mils/minute when simultaneou:ly etching both sides of a ribbon., A
ditference between RTR and 5ilso substrates is that the RTR material etched for
this experiment has very few (and mostly benign) grain boundaries, but regions
within grains of high dislocation density, whereas the Silso sllces have active
(and many) graln boundaries, but few dislocations within the grains. An etching
process mzy be useful for smoothing surface fluctuations in RTR material; however,
nince original surfaces are smooth and clean, it is not known at this time whether

any surface etching prior to cell fabrication is necessary,

14




'
Co
¢
L3
H
;
H
i
i
;
\
) i
{3.
B
; ;
o - i
L
;
]
F
!

e —r

20
BOILING 10¥ NaOH ETCH
<100> Cz WAFERS
BOTH SIDES ETCHED
18
Y = 0.258X
16
14
! @
= o
, 12
w)
w
(@}
-
vy
AT
&
o
T
Q—-
o
S8 L
<
—d
<
’,._.
(@]
- (‘ F
'.Ib
4 | /
,lb
Y J
/
[
2 /

0 10 20 30 4C 50
ETCH DURATIOM = MINUTES
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3.1.3

SILICON SUBSTRATE AND SOLAR CELL DRYING

‘l

2.

At present, sll|icon substrates are fabricated into solar celis by a

variety o! processes. Some of these, such 2s diffusion, silicon nitride

passivaticn, plasma etching, etc. are dcne with the subsirates In a dry state.
Other processes are carried out using wet chemical methods. Examples Include
initial substrate cleaning, texture etching, and metal plating. The use of
both wet and dry processing steps mav require that solar celis be dried several
times in the course of their manufacture.

v A brief overview of a laboratory wafer process scheme in use at Motorola
will illustrate areas in the sequence where drying is important, An example

process is as follows:

piranha clean
rinse

texture etch
rinse

dry and store
piranha clean
rinse

dry

diffuse junction
plasma etch back
nitride deposition
plasma pattern ohmic contact grid
metallize

rinse

dry

sinter

For e aede el tetigr et
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17. plate
18. rinse
19. dry

20. encapsulate

In the above process, drying occurs four times. |In order to establish
an efficlent process, It Is desirable to conduct wafer drying quickly and
with a minimum expenditure of energy. |In addition, the matter of cleanliness must
be considered. Certain processes, such as diffusion, are particularly sensitive
to dust or other soll on the wafer surface. After wet procass steps, deionized
water rinses of high purity are usually used in order to ensure wafer cleanliness;
however, contamination of water after purification and before or during use as a
rinse is possible, and contamination of a freshly rinsed, wet wafer surface by
dust in the alr has been demonstrated to occur.

Any drying process used must be evaluated to determire if it dries the
wafor surface in such a way that surface cleanliness adequate for the next process
step Is maintained or restored. |In the example process sequence listed, drylings
at steps 8 and 15 require high cleanliness since the subsequent diffusion and
sinter steps will give unsatisfactory results if soil is present, The dryings
at oteps 9 and 19 need not be as stringently clean. After step 5, substrates
are cleaned again before the next sensitive process, and by step 19 silicon
surfaces are sealed in layers of silicon nitride, oxide, and metal -- any minor

contamination of a non-corrosive nature which is not optically objectionable

may be tolerated.

3.1.3.1 DRYING TECHNIQUES CONSIDERED

3.1.3.1.1 CENTRIFUGAL DRY ING

One of the most popular methods of silicon wafer drying is by the rapid
revolution of a carrier of wafers in a clrcle of approximately 45 cm diamter.

17
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Centrifugal forces developed cause adherent water on wafers fo'fly off the
surface. Since the water is not evaporated from the surface, contaminants
dissolved and suspended in the water are removed from the wafer surface along
with the water. |In some cases a blast of nitrogen or air is used to assist in
water removal.

Centrifugal drying yields good results with the reasonably thick wafers
used In Integrated circult nroduction and most of today's solar cel! production
because these wafers are fairly strong. For future solar cell production, only
thin wafers offer the economy necessary for |ow=cost products, and the use of
polycrystalline material for further cost savings results in solar cells that
may be significantly less rugged than the standard wafers now In use. Tests of
5 mil thick, large grain polysilicon ribbon in a centrifugal dryer indicate that
material of this type is indeed more susceptible to damage from the centrifugal
force employed, and that other types of drying methods may be better suited to high

volume solar cell production with such substrates.

5,1.3.1.2 FORCED AIR DRYING

Water can be blown off of a solar cell surface by means of a cold alr
biast. This method retains the main advantage of centrifugal drying -- water and
its contaminants are physically removed without drying the contaminants onto the
surface. The use of forced cold air would work best on single substrates where
a directed air stream would have access to the wet wafer surface. The
treatment of substrates one at a time requires, however, that they be unlcaded
from their carrier - an operation which may significantly prolong processing
time,

Drying of substrates in a carrier is also possible and has been developed

as a commercial process. Orying by this means requires a high-velocity air

18
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f stream (the commercial process uses air moving at 60 miles per hour). In

; addition to the direct force of air on the wafer surface, zn additional source
? of stress may result from the necessary back-and-forth vibration of the

’ substrates In the carrier which a high speed wind can induce. Excessive
stress is the |lkely result, especlally If thin multicrystalline substrates

are subjected to the process.

3.1.3.1.3 INFRARED HEAT DRYING

Substrates can be effectively dried by the appiication of heat. Radiant
heat applied to substrates will dry moisture without the danger of direct
mechanical stress. This method, however, will work very slowly for ltems such
as teflon carriers, which heat slowly and typlically present water in the w
torm of large drops rather than the thin fllm of water that adheres to solar 5

cell surfaces.

& In the case of drying silicon wafers in standard teflon carriers, the :

use of radiant heat requires the entire carrier and its contents to be 5

heated in order to remove the moisture presert in a few large drops that may é
V remain only on the carrier - an inefficient system in terms of energy use. In j

addition, contaminants in the water fiim will not be removed. Rather, water é
: will be evaporated, leaving solls behind on the wafer surface. ?
; : 3.1.3.2 EXPERIMENTAL DRYING INVEST!GATIONS i
} i ’ By means of experiment, three drying methods were studied which held the 3
E, g promise of success because of the following factors:

1. whole carriers of wafers can be processed at one time

2. wafer drying is comparatively fast

3. drying is accomplished gently

4, necessary equipment is commercially available (although modification

may be required).

19
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These methods are: forced hot air drying, microwave drying, and solvenf_drylng.
For these experiments, lot: of 25 3-inch round wafers were used. The wafers
were anisotropically textured on both sides and had been exposed to DI rinse
water overnight so that a thin hydrophilic oxide had formed on the surface. The
waters were at all times kept in standard Fluoroware teflion carriers and drying was
performed without removal from the carriers.
Immediately after wl?hdrawal'of the carrier and wafer from the rinse water,
an average of 32 grams of water remained on the wafer lot. |t was found that
by mere gentle manual shaking of the carrier in alr for ten seconds, an average of
23 grams of water could be removed by the action of gravity alone. Tests of

drying efficliency took place on lots that had been gently shaken for ten seconds

atter removal from rinse; the lots had an average water burden of 9 grams,

3.1.3.2.1 OVEN_DRYING

The simplest drying method employed a laboratory forced-alr oven oeprating at
150°C. The use of forced hot air promoted drying only by vaporization of water,
<ince the alir flow in the oven was not vigorous enough to mechanically remove
water, but merely served to maintain even heat distribution. The results showed
that drying ot both wafers and carriers could be accomplished in from five to six
minutes. As with all heat drying methods, contaminants present in the rinse water
would be left on the wafer surface after drying. (No contamination was noted by
gross visual examination.,) The oven method of drying can accommodate multiple
fots and uses equipment that is inexpensive and reliable. If filtered air
is used in such an oven and very clean rinse water is used, It appears that
ovens can be used for drying operafiéns before encapsulation or metal plating., It
is not yet known if cleaniiness of the oven drying method is sufficient or

consistent enough to be used prior to diffusion processes.

20
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3.1.3.2.2 MICROWAVE DRY ING

Microwave ovens designed for domestic cooking operate by generating a
beam of microwaves of a frequency that is preferentially absorbed by water
molecules and converted to heat. It was thought that this selective heating of
water on wafer surfaces would prove to be an effective and efficlient drying
technique. Howevor, sillicon wufers apparentiy absorb the specific microwave
energy more effliclently than does water. A lot of 25 wafers in a teflon carrier
placed in a domestic microwave oven dried in twenty seconds, while individual
wafers took ten to fifteen seconds. The drying effect was found to be caused by
strong heating of the wafors; the teflon carrier remained wet. Prolonged micro-
wave exposure was used in an attempt to dry the carrier. After six minutes of
exposure, the wafers b- me hot enough to melt the carrier at the points of contact,
while water droplets still remained on the carrier. Although measurement of wafer
temperature was not conducted, it can be estimated that the wafer temperature
exceeded 250°C. Microwave exposure of single wafers was capable of producing
dull red heat (2450°C) in five minutes. Attempts to use quartz carriers to
withstand the heat of drying wafers proved successful, but drying of the carrier
took flive *o six minutes - no better performance than that afforded by a hot-air oven.
Aside from the fact that impurities in water would be dried upon wafer surfaces by
microwave drying, the strong sillicon heating effect may argue against this
drying method. Temperatures In the vicinity of 400°C would speed solid state
diffusion in processed wafers to the point where surface contaminants (in particular,

metailics) might enter the silicon and cause device degradation.

3.1.3.2.3 DISPLACEMENT DRYING

Another drying concept exploits the fact that some liquids (e.g. methyl
alcohol, freon, etc.) dry more quickly than water. By placing a carrier of wet
wafers in a liquid such as hot methyl alcohol, water will be rinsed from the

wafer surface, along with impurities, and replaced with alcohol. Upon with-
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drawing the wafers from the alcohol, rapid drying in air will take pluce.

(nis simple example can be considerably refined. In order to eliminate a
combustion hazard, liquids such as freon or freon-alcohol mixtures can be

used. The mechanism of drying can aiso be altersd. If TTF freon (1,1,2-trichloro-
1,2,2=trifluorethane) is mixed with a few percent of an alcohol such as
isopropyl, ethyl, or methyl, a dense solution results in which water Is slightly
soluble. Due to the solution's density (= 1,5 g/mL) carriers of wet wafers
submerged in the solution will be at least partiaily dried by virtue of the fact
that adherent water wil!l be squeegeed off of the sliiicon by the solution and will
float on the surface of the solution where it can be removed by skimming. Small
amounts of water that remain in cracks or other surface irregularities will be
dissolved away by the alcohol in the solution. Withdrawal of tne wafers from the
solution permits evaporation of the volatile freon-alcohol, and especially fast
(5-20 seconds) drying is possible If the solution is hot.

The displacement technique offers advantages over other methods: speed,
cleanliness, simplicity, and lack of mechanical stress on wafers. Typical
processing time for a lot of wafers Is 3 minutes or less. Because water is
displaced rather than evaporated, contaminants in the rinse water are removed
from the surface. The use of recirculating filters or even small distiilation
units will keep the small volume of freon-alcohol solution clean so that its
evaporation from wafers does not deposit soil. Since drying involves only
immersion and withdrawal of wafers from a solution, mechanical stress is very low.
In terms of mechanical complexity, a dryi..g system using displacemenf Is equivalent
in complexity to a standard vapor degreaser. Dryers are also available commercially
(Crest Ultrasonics Corp., Trenton, NJ; Branson Cleaning Equipment Co., Shelton, CT).
Although some technical detai!s have not been studied - such as optimum composition
of the solution, alternatives to freon, exact process cost, etc. = the displacement

process appears to offer advantages over other methods.

22
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3,1,4 MATERIAL MANDLING CONS IDERATIONS: VACUUM PROCESS ING APPLICATIONS

Various process technologles have been proposed for solar cell fabfication.

Vacuum processing has been discussed extensively, but often It has been rejected
as obvinusly too expensive or unnecessarily complex. Vacuum processing, however,
offers improvements In process control, increased processing alternatives or
flexibility, and advantageous safety and enviornmental conslderations not
readily avallable in similar atmospheric processes. Continual deveiopment of
vacuum processing technologies and more analytical approaches to process
selection and equipment design can show that vacuum processes are cost effective
alternatives in the fabrication of high efficiency solar cell devices. Some of the
vacuum technologies which may be applied to solar cell fabrication are listed In
Table 1.4.

Vacuum processing may prove to be the only acceptable approach for the
application of very thin fiims such as improved antirefliection coatings. Required
process control! and uniformity may not be attaincble at atmospheric pressures.

For example, uniformities of * 2% are easily avallable from low pressure chemical
vapor deposition or lon implantation. On the other hand, atmospheric deposition or
diffusion processes cannot offer better than * 10% uniformity. Since verv small
amounts of pure gases can be usad efficliently at vacuum pressures, toxic gas
processes can be established with greater environmental safety and with lower
consumable material cost. Also, coentamination level:e may be reduced or conirolled
more easily at reduced pressure. Equally pertinent is the fact that very

thin, fragile non-Cz substrates may be processed more easily. For example,
cleaning in an acid bath may result in considerable breakage and handling
compliexlity for thin ribbon type material compared to low pressure oxygen plasma
cleaning. However, transport of the substrates Into a vacuum system can be

a significant technical problem and cost factor. The transport technique may be
the major cost driver which will determine the economic utiiity of a given vacuum

process and is the primary subject of this review.
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TABLE 1.4: SOME VACUUM PROCESSES FOR SOLAR CELL ‘
i

Sputtering

Molecular Beam Epitaxy

lon implantation

Plasma etching

lon Beam

Chemical Vapor Deposition

24

Deposition of thin fiims
Metallization contact deposition
Etching of thin filims,

Deposition of muitilayer devices
Deposition of epltaxy Jjunctions

Junctlion formation
Material modification/heating

Pattern etching
Surface cleaning
Surface texturing

Primary ion deposition of material
Secondary ion deposition of material
Reactive or mechanical etching

Deposition of thin fiims.
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Requirements for a substrate transport technique for a vacuum processing
system can be influenced by several factors. Of primary concern is sufficient
machine throughput to be cost effective. In most cases, the process equipment
may be designed to allow for high processing throughput. However to obtain
maximum capacity, the transport time must be less than the designed process cycle
Interval. The processing variables may also affect the method of transport.

Some reactive vacuum processes are so susceptible to atmospheric (oxygen or
water vapor) contamination that a |oad-lock chamber may be required to reduce
these effects. Desired process controls may also determine requirements of the
transport configuration. Processing | or 2 substrates per cycle allows for more
feedback data to maintain tighter parameter control iimits compared to large
(25-50 subsfr;fe) batch processing. Finally, the integration of machine-to-
machine material automation should be also considered as a design requirement.

With a number of variables to consider, a systematic approach should be used
to define all the transport and handling requirements. Such an approach was
developed after a review of existing semiconductor processing vacuum equipment
and current design trends.

The tnree major design areas are represented in the diagram of Figure 1.3. The
vacuum process chamber design is primarily effected by the physical parameters of
the particular process but must also alliow for high mater sl throughput. Examples
of modification to a chamber for increased handling speed are found in several recent
commercial plasma etchers and sputter systems, These have been designed with
continuous in-situ load zones on fixed rotating palliets instead of using
pallets which must be removed between cycles. So, a careful examination of process
variables and the chamber parameters Is a critical step in the equipment
design analysis.

The next major design area is the actual transfer method of loading material

into the process chamber. A schematic dlagrma of numerous possible alternatives is
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shown In figurys 1.4, Direct loading a butch of substrates into a ventad chambar

_ kaﬂmﬂ}

betweon discrnte process cycles, path (a), is the historical method., A batch

can be loaded into a vacuum load=-lock prechamber (b) and then Into the process

s

chamber either as a batch (c) or transferred as single substrates (d). Ancther
very prevalent technique is to load a batch Into the machine (e) and transfer

single substrates into the vented process chamber (f) or through a vacuum load-

lock (g). Finally, single substrates can be loaded l.to the machine and then .

Into process chamber directly (h) or through a load-lock {I). The trend towar: an
automation and Improved processing control is resulting in more cingle substrate
handiing along with the use of vacuum load-locks, path (1),

The last design area is the machine to machina transfer and loading method.

?
|
|
|
|

This becomes moi'e importai.t when considering |ine-level automation., Currently,
Yatch (cassette) handling Is most frequent. However, as the next level of ;
f automation, cassettes are ioaded into the machine or auxiliiary ftransfer unit (
X with the substrates being handled individually through several interconnected

machines or stations. The Integrated circuit photolithography systems are

currently leading the effort toward this first level of automated handling.
There are also some commercial efforts at a totally automated process line, and
cach of these has opted for single substrate handling technology. ;
s In selecting rhe transport method for a vacuum processing system design, there ‘
are some general criteria that may be used. (1) Single substrate handling can be
; used in conjunction with very short individual substrate processing times or o

where sequential or continuous processing of multiple substrates, each for

moderate times, results in very short cycle intervals, |t has the advantage of higher
automation, but also requires inherently short processing times. (2) Batch

o loading can only be economical for long cycle processes with high loading

j densities. |t has the advantage of being less complex, but can incur added
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FIGURE 1.3: DIAGRAM OF MATERIAL TRANSPORT FOR VACUUM PROCESSING.
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FIGURE 1.4: SCHEMATIC DIAGRAM OF SUBSTRATE LOADING METHODS FOR
VACUUM PROCESS ING.
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costs associated with the use of carriers or pallets. (3) The use of load-
lock chambers is justified primarily ty control of process parameters and
contamination. Also, for moderate process times, machine capacity can be
increased by reducing the pumping cycle time for the main process chamber.
Load-lock chambers are very comp!ex and costly, but new designs and their
impact on throughput make them very cost effective. (4) In general,
changing between batch and single substrate handling adds the require-
ment for transfer mechanisms, so frequent changing between methods shouid be
carefully reviewed.

The foregoing discussion hps been oriented toward vacuum processing,
but the same analysis may be applied in general to any processing requiring
a controlled ambient, whether pressures be above, below, or at atmospheric

Pressuris,

315 THERMAL STRESS RELIEF

An early objective of the development program for processing non-Cz
substrates was to evaluate the po*tential cost-effectiveness of employing
thermal annealing cycles to reduce stress inherent in the bulk silicon,
thercby, improving material! handling characteristics and perhaps solar cell
characteristics, This was quickly determined to be an unnecessary process
step (and therefore not cost-effective) because no diféiculties related
to stress were encountared in the base!ine process evaluations of textured

cells, discussed In Section 3.1.1,

2el46 IMPURITY GETTERING

The cost-effactivness of various gettaring processes was considered

briefly but de-emphasized early in the program. Gettering of fast

28




diffusing impurities must usually be tailored to the specific silicon
substrate material being processed. Since the primary non-Cz material for
this study was RTR silicon sheet {only sma!l quantities of other non-Cz
matorials were avallable), impurity gettering did not prove cost-eftfective.
RTR sheet performance is thought to be dominated by silicon crystal defects
such as dislocations, rather than by contamination and impurities.
Nevertheless, some smal| degree of Iinsurance through phosphorus
gettering might have been obtained because of the baseline process sequence
ou*lined at the start of Section 3.1. The blanket phosphorus diffusion
followad by etching of the phosphorus-diffused layer from the back side
of the silicon sheet would provide a minimal gettering effect for extremely

fast diffusing species.
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3.2 CELL DESIGN

The use of particular solar cell metal contact pattern designs has often
been based on tradition or trial-and-error. The increasing use of non-Cz
substrates however wi|l| demand more careful attention to metaliization
patterns |f maximum performance is to be achieved from what may be lesser
qual ity substrates. Metalllzation design cannot be left to chance.

A computational procedure has been developed for optimizing metalli-
zation pattern designs for rectangular substrates. This procedure accounts for
tradeoffs between shadowing and ohmic losses for any specified level of solar
cell performance. The subsections that follow provice a general explanation of
methods for quantifying pattern performance and achleving optimum designs.

Computational programs developed to implement these methods are also detailed.

3.2.1 BASIC APPROACH

It has been shown (*) that the geometrical parameters of front-and back-
~urface metallization patterns for a solar cell of conventional configuration can
be chosen so as to optimize overall cell efficiency for a substrate of given
performance under specified illumination.

In this method, the pattern parameters are chosen so as to achieve a

stationary value of the overall efficiency taken in the form
o
= - V]-
n=n"F[1-(P_ /P Y]=(P./P.) (1)

under variations of the pattern parameters. The overali efficiency, n, is

defined as the ratio of maximum electrical power at the output terminals to the

(¥) "Design of Metallization for Higher-Efficiency Solar Celis," N. G. Sakiotis,
Proceedings 14th I|EEE Photovoltaic Specialists Conference - 1980, pp 433-448,
(1980).

30

s




power associated with incident illumination over the portion of the spectrum
accountable In the cell performance. The substrate conversion effliclency,
n® is defined as the ratio of maximum electricel power generated to the fraction

of the incident power absorbed by the substrate; T Is the optical transmission

coefficient of the exposed portion of the front surface and Psh/Pl Is the fraction

of the incident power lost due to shadowing of the front surface. The quantity
PQIP‘, the fractional ohmic dissipation, is the ratio of the total electrical
dissipation over the cell structure to the incident power.

For solar celis with a fully metallized ohmic back surface and/or
substrate thickness greater than approximately 8 mils, such that reflection of
i1lumination from the back surface may be neglected, maximum overall effliciency

is achlieved under the necessary condition,

d

- .0
d(Psh P,) (PQ/P') = -n T, (2)

Solar cell metallization patterns have at least two degrees of freedom and
the n-optimization condition, (2), Is generally not sufficlent to determine the
pattern parameters. Additional conditions are necessary, depending upon the
number of degrees of freedom of the particular pattern.

Patterns of |inear collectors of uniform linewidth and spacing exhibit two
degrees of freedom. Optimum parameters can be determined for these patterns
under ‘The additional condition that the collector linewidth be such as to
minimize the ohmic dissipation over the pattern for a gliven fractional coverage
of the surface by the collectors.

Since practical considerations Impose a lower limlt to achlevable collector
iinewldths, the optimum |inewidth may not be achievable. Under such

circumstances, specification of the minimum practical linewidth, enables one

N
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to determine the parameters of a collector pattern that provides the best overall
efficlency for that |lnewldth.

implementation of this method requlires that dependence of the fractional
ohmic disslpation, Pn/P|. and the shadow fraction, Psh/Pl’ be formulated In
terms of the goemetric parameters of the pattern. This Is done In the following
saectlons for the type of pattern applicable to the present work, namely
rectangular geometries intended for operation under 1-sun 1|lumination,
generally multibussed, and utilizing |inear collection grids of constant width
and spacing,

Tacit assumptions are made throughout, that the front surface metallization
has negligible effect upon the characteristics of the solar-cell junctlon and
that the metal-semiconductor contact is such as to permit the contact reslistance

to be included in an effective sheet resistance of the metal.

5.2.2 PATTERN ZONES AND ELEMENTS

The analysis of a solar-cell metallization pattern is facllitated by
conceptually subdividing the pattern into zones such that:

() the collectors of each zone are of similar geometry, In terms of

readily measurable parametrized quantities.

(b) the current collected by each zone can be deflned in terms of the

parameters of that zone alone;

(c) the total current collected by the pattern is the sum, over the zones,

of the current collected by each zone.

Patterns of more than one zone are usually, but not necessarlly, associated
with a multiplicity of busses, as lilustrated by the examples of pattern zones in
tigure 2.1,

Pattern zones can be further subdlvided Into zone elements, usually such

that esch zone element is associated with one collector and encompasses the surface

e Bl L g
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131155 BAR

COLLECTOR

CURRENT
NULL \

TWO RECTANGULAR ZONES

SIX RECTANGULAR ZOMES

EIGHT RIGHT TRIANCULAR ZONES

FIGURE 2.1: SCHEMATIC EXAMPLES OF MULTIZONE PATTERNS

FOR RECTANGULAR CELLS.
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. 2 1=F 2. | U-p)
(P/Py), = KIR [w (5= 4 r (R/R) <t >] = (3)

where K = (1/12) T (J/p‘); Py Is the Intensity of the Incident 1!lumination;

Rs and Rc\are the effective sheet resistances of the cell surface and collector
metallization, respectively; F is the fraction of the zone area covered by the
collector metallization; <zz> Is the area-welghted mean of the squares of the

collector lengths over the zone, glve. In this case by

<2.2> = (w/FAz) pX "IS
|

in which Az Is the zone area and the sum |s over the collectors of the zone.

3.2.3, ZONE OPTIMIZATION

As discussed above, the general condition for maximum overall efficiency 3
for the patterns under conslideration requires an additional constraint in order
to determine the parameters of a particular pattern configuration. This

constraint can be profitably imposed by requiring the fractional ohmic

dissipation of each zone to be minimum with respect to the collector linewidth,

for a given fractlional collector shadowing loss, i

a = ;
™ (PQ/Pi)z - = 0, for each pattern zone, (4) B

thereby optimizing the collector iinewidth within each zone.

From (4), this zone-optimization condition requires that the collector ;3

ITnewidth be given by ’

2+ 2

wh = 2n (bC/RS) <> F/(1-F), for each pattern zone (5)

e o st
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in which bc and n are quantities determined by a two-parameter fit of (7) to
empirical curves of Rc(w). For idealized uniform collectors of rectangular
crossection, n=0 and pc is the ratio of the bulk resistivity, Per to the

col lector thickness., |In the somewhat more realistic case of uniform collectors
of semicircular crossection, n=1 and ac = (B/n)pc. In actuality, collectors

can be of more complex crossection, depending upon linewidth, texture of the

where the dependence of the effaective collector sheet resistance, Rc. upon the
collector linewidth is modelled in the form
n n
RC = pC/w (7) g

cell surface, the particular metal system and the processes used to define the
lines, +to deposit the metal and to form the ohmic metallurgical bond. Consequently,
the parameters oc and n are best determined empirically for a particular set of
circumstances. |t is of Importance to theoretical estimates to note that the value
of n for narrow, plated-silver and solder-dipped |lines on textured single-crystal
surfaces has been observed to correspond more closely to unity than to the zero
value associated with the commonly=-assumed rectangular crossection.

Under the zone optimization condition, (4), the fractional ohmic dissipation

of the optimized zone has the form

2
(7P, = (B58) kR <o D) (7)

and the surface and collector contributions to the zone dissipation are related

through

=0 ‘
(PQ/Pi)s =5 (PQ/PI)C . (4)
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In the case of collectors of |deallzed rectangular crossection (n=0), the
zone-optimization condition, (5), requires that the |ine-width vanish and
therefore cannot be satisfied. Practicelly, it Indicates the use of the smallest
|inewidth that can be fabricated. For such collaectors, (8) indicates that the
zone disslipation can be expected to be dominated by the collector contrlibution,
for sufficiently narrow |Inewidths. For collectors of n>0, there exists a
non-zero optimum |inewidth and a definite ratlio of surface to collector
contributions to the ohmic dissipation. For collectors of semiclircular cross-
ection (n=1), the surface contribution is one half that of the collector, at
the optimum |inewidth which varles with the metal bulk resistivity and surface
sheet resistance as (pc/Rs)l/s.

The practical limitation to zone optimization Is the reallization of the optimum
linewidth., For metals of high conductivity (sllver, copper), (5) results in
values of linewidth less than 2 mils for Rs in the range of 30-50 @/ . Such
linewidths are not feaslble under some present production processes. When the
optimum |inewidth cannot be achieved, the |inewidth must be fixed at the
minimum feasible value. This constraint together with the n-optimization

condition, (2), then results In the optimization condition

9
IF (PQ/PI) = 0, for each pattern zone (9)

w

which provides the optimum collector spacing !n each zone for the minimum

feasable |inewidths.

5.2.4 EFFICIENCY OPTIMIZATION OF COLLECTION AREA
3.2.4.1 ZONE-OPTIMIZED PATTERNS

For a multi-zone pattern, the fractional ohmic dissipation and fractional

36
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shadowing |0s3 over al! zones of the pattern are *taken as
(P“/P,)g = T(P/P, AL TA,
‘h (‘
Fg ‘,Aze/ zAz

where the Indicated sums are over all zones and the sum of the zone areas

will be referred to as the grid area. Application of the n-optimization

condition, (2), when (Ph/Pl)z ls of the zone-optimized form, (8), then ylelds

?{mzwi”"" 2ky, ‘2D 4 (ke ygk 1} = n°T/a (10)
]
| where Y, = (Fz-i)/Fz f
,' k = (n+1)/(n+2) 3
rL o = KR, (%2) (20 (p /R 2124 1"%)
. ]
1
and 1t Is assumed that RS Is unlform over the exposed surfaces and that bc and n i?
: are uniform over all collectors. ;
Although (10) is of a form that permits the metal coverage to be tailcred %
E for each zone so as to compensate for non-uniform illumination, we shail f
| speciallze the remainder of this discussion to the case in which F is uniform é
; ‘ over all zones. In this case (10) simplifies to an equation for the common ?
value of v, ?
2ky %) L ke )y X = 1°1/0 §(<12>)f_""‘) an .

_Solution of (11) for y yields the uniform value of Fq which together with

the zone-optimized values of w for each zone, from (5), determines the parameter:
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of a collector grid pattern that is optimized for the speciflied quantities

on the right=hand size of (11).

3.2.4.2 PATTERNS OF SPECIFIED COLLECTOR LINEWIDTH

For situations in which the collector Iinewidth is specified at a minimum

teasible value, the n-optimization cordition under fixed w, (9) yleids the

tollowing cublc In y, for Fz uniform over all zones:

53y3 + azy2 + a‘y1 + 3 = 0 (12)
where, a3 = 2w3
a, = 2 (R/RIE 0% 4
a, = n°Fg/KJR5 |
a, = (1/2) (a, + 3a ).

Solution of (12) for y together with the specified value of Iinewldth
determines the best collector spacing for the specified quantities that determine

the coefflcients al and ao.

5.2.5 EFFECTS OF BUSSES

The effects of busses in the pattern depend on the manner in which the

g
:
|

solar cell 1s utitized. In concentrator applications, for instance, peripheral
busses have no effect if they do not overiie the junction area. In flat-plate
applications ali busses make a principal contribution to the loss of
il lumination due to shadowing.

When busses are fabricated in the form of relatively heavy strips of a metal
of high conductivity, bonded to mztallized areas of the cell surface, the effective

resistance of the buss structure can be sufficlently small so as to render the

38
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ohmlc dissipation over the busses of secondary importance.

In qeneral, It Is nocessary to specify the number and location of busses
0 a5 to minimize their effect on the overall cell porformance. In addition to
direct contributions to the ohmic and shadowing losses of the pattern, busses
affect pattern perfcrmance by determining the size and shape of the zones

of the collector grid. For the conflgurations undor consideration, this is

reflected in the value of the quantity Zkzz>: in (11) and (12). A systematic

{ ‘ method of delisgn to achieve maximum performance for busses of specified width
s
; and sheet resistance Iis developed In section 3.2.6.

|

|

b 3,2.5,1 BUSS VOLTAGE DROP AND OHMIC DISSIPATION

Buss dimansions can be determined so as to maintain the maximum voltage

T

; drop over a buss at a value less than the largest vcltage drop assocliated

\ with a zone, which In turn, should be small as compared to the thermal

voltage, VT = kT/q, for a high performance solar cell.

The maximum volitage drop along a buss of constant width, Wy that is
sinking current from a set of closely~-spaced parallel collectors of uniform
coverage factor, Fg' and of length described by f(x), where x Is distance along

the buss can be readily shown to be approximated by

L %
: = P
' . Vb JRb(wb) (1 Fg)f ff(u)dudx
° o)

; where R. and L,_ are the effective sheet resistance and length of the buss and

b b
is the (uniform) current density over the area of collection associated with the

buss. For a rectangular grid area of (x) = constant this reduces to

g

V.= (1/2) r (13)

b b'b
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where S Is the total resistance of the buss and lb Is the terminal buss current.
Under the same conditions, the fractional ohmic dissipation over the buss,
relative to the associated grid area, Ac’ Is given for a general zone shape by the
Integral approximetion
L
°

x 2
L -1 2 f’ 2
(Po/P )y = 12KIAR, (w)™!(1-F ) [ [J;f(u)du] dx/Ac]

For a rectangular grid area, this reduces to

(P“/P')b = 4Kr lb (I-Fg) (14)

b
Expressions (13) and (14) provide a ready estimate of the relative

magnitudes of the buss contributions to the overall voltage drop and ohmic

dissipation of a rectangular cell. For a buss structure designed so as to

maintain V, <<V .0,, of a total resistance such that

b™ T’ l

Rb'b << ZVT,

It follows that
(Pn/Pl)b << 8K (l-Fg)VT

For the representative values VT = 0,026V, K = 0.03 A/W, Fg = 0.05, this ylelds
(PQ/P‘)b << 0.6%. Consequently, a buss structure for a rectangular pattern
designed for a reasonably small value of voltage drop over the buss will also
maintain the ohmic dissipation along the buss at a level that is secondary to that

of the collector grid.
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3.2,6 MULT IZONE PATTERNS FOR RECTANGULAR CELLS

:

On economic grounds, non=Czochralski solar cell substrates can be expected

to be substantially larger Iin area than wafers sawn from pulled ingots. Metal-

Iization patterns In non=Czochralski substrates can consequently be expected to

consist of a larger number of zones, serviced by a larger number of busses In ;

order to efficiently handle the increased cell current. This places Iincreased

importance on optimum design of the buss system, since otherwise substantial

F; ' amounts of unnecessary loss due to ohmic dissipation and/or shadowing can be
: readily Incurred.

t

u

i 3,2,6.1  CROSS-BUSSED UNIFORM RECTANGULAR PATTERNS

Consider a cross=-bussed uniform rectangular pattern of k parallel busses of @
s equal width and sheet resistance. |f all busses are internal to the pattern, as
? iltustrated in Figure 2.2a, then each buss carries the current of two zones and 1

the pattern contains 2k rectangular zones. |f the pattern has ftwo edge busses,

as illustrated In Fig. 2.2b, each edge buss carrles the current of one zone and
the pattern contains 2(k=-1) rectangular zones. 3

Most of the conclusions that follow apply to both types of buss configuration and :
it is sufficient to discuss only patterns that contain internal busses as more ;

' appropriate for 1=-sun flat-plate applications.

It follows from (3) that the fractional ohmic dissipation over the grid area

; of 2k zones is given by

201=F) 2 (1-F)? i
| (PQ/Pi)g = KJRs [w - + 4(RC/RS)L G(k{] - (15)
>
, where G(k) = 2 2:: <R > (A /A) = E:: (2 /L)3
i
2k
and L= ZT\ L.
=i
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(a) SIX-ZONE PATTERN WITH INTER{OR BUSSES ONLY,

(b) FOUR-ZONE PATTERN W!7TH EDGE BUSSES.

FIGURE 2,2:

ILLUSTRATION OF MULTI~-BUSSED PATTERNS.
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and lJ Is the collector length in the Jth zone.
It can be ruadily shown elther from symmetry considerations or by the method of

Layrange multiploxars that G(k) has the minimum value,

G(K) = (2K)™

corresponding to equal values of 2J over the zones,

L, = L/2k

J
Consequently, the fractlional ohmic loss over the grid area can be minimized by
locating the busses so as to achieve equal collector lengths ova:r the zones.
Moreover, the grid fractional ohmic loss Is then just that of a single zone,
relative to the grid area, and Is independent of the number of busses,

Relative to the total pattern area, the minimum value is

F

g HI-F D 2101-F)2
(P./P,) = KIR |w" —3 + 4R /RI(L/2K)°|'—" (L/W) (16)
R 1°g ] g c s F

where L/W = l-kwb/W).
These results can also be shown to be valid in edge~bussed patterns.

From (14), it follows that the fractional ohmic dissipation over the k busses,

r- lative to the total grid area A, Is given by

. 2
(Pa/Py )y, = AKIR, (AD/w) (1-F )% F(k) (7
K ) K
where F(k) =3 (A./A) i A=Y A,
=1 =

and AJ is the grid area served the the jth buss and D Is the length of each

buss within the pattern area.
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In the same manner as above, It follows that F(k) has the minimum value

Fk) = k!

corresponding to AJ = A/k.

For Internally~-bussed rectangular patterns, this result, requiring that each

buss serve an equal fraction of the grid area, is equivalent to the condition
on the collector lengths above. The resulting optimum fractional ohmic buss

dissipation, relatlve to the total pattern area, Is given by

. 2 2
(Fb/Pl>b = 4KJRbD (L/kwb) (I-Fg) (L/w) (18a)

or equivalently, = 4KIR, (A/K) (I-Fg)z (L/W) (18b)

Expression (18b) shows that the minimum fractional dissipation relatlive to
the total grid area is equivalent to that of a single buss serving an area
equal to the grid area reduced by a factor k.

In conclusion, the total fractional ohmic dissipation of the pattern is
minimized with respect to buss placement by equal!y-spaced busses, located
symmetrically wlth respect to the centerline of the pattern. Thls can be shown
to hold for edge-bussed patterns as well.

The reduction in ohmic dissipation that Is calned b, Increasing the

number of busses ls offset by the increase In the buss shadowing factor
Fb = kwb/w, (19)

relatlive to the total pattern area. As the number of busses is increased, the

i
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loss due fo the increased shadowing eventually becomes larger than the
reduction in ohmic dissipation. Clearly, there exists an optimum number of
busses of given width or, more generally, there exists an optimum value of
buss shadowing factotr for a given grid pattern and given sheet resistances.
This optimum can be obtained from the requirement

(22

In/3ak = 0

applied to (1),

For given values of grid shadowing factor and sheet resistances the
optimum value of Fb satisfies the formal relation

nFy = 2 (P/P)

’

+ (Pn/pi)b (Z1)
where the first term on the right -hand side refers to the collector ohmic
dissipation. This relation shows a trend toward greater buss shadowing for
cells of lower efficlency and for patterns of greater ohmic dissipation in |
the metal pattern.

Although (20) leads 1o a cubic equation for the optimum number of busses
for uniform, parallel busses of given sheet resistance, the sensitivity of
the overail efficiency to the number of busses in the vicinity of the optimum
number is usually small and it is more practical to evaluate the effect of the

number of bussas by repeating calculations of particular quantities over a range

of values of k.

3.2.7 CHARACTERIZATION OF PATTERN PERFORMANCE

From (1), the loss in overall solar-cell efficiency, An, accountable to

the front-surface metallization can be written as
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An = (An)sh + (An)n (22)
where
= o . =
(An)sh n T(Psh/Pl) ; Psh/PI Fg + Fb’ (23)
= P
(An)n (Pn/Pl)g + (Pn/Pl)b (24) |

and the fractions are with respect to the total pattern area.
It has been shown (*) that the degradation, AF, in the fll| factor of a solar

cell due to serles resistance can be adequately estimated by

P /P

=21
AF -~ (25)

n i

for reasonably small values of serles resistance, typical of high-efflclency

cells.

Consequently, the performance of a metatllzation pattern can be usefully
characterized by the following parameters which give a direct measure of the

effect upon the overall performance of the solar cell:

Loss of efficlency, An
Loss of fill factor, AF
Ohmic loss of efficlency, (An)‘2

For purposes of analysls and diagnosis, these parameters can be detalled

in terms of the contributions due to the grid and buss structure as indlicated

above.

*Task | Report, Sandia Laboratories, Contract No. 07-7079, p. 34.
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3.2.7.1 __EVALUATION OF THE CONVERSION EFFICIENCY

The substrate conversion efficiency, n°, is a key parameter In the design
of optimized metalllization patterns. It Is also a very useful measure of the
performance of solar cell substrates. Unfortunately, evaluations of no
by means of a computation involving the material parameters Is not Judged to

be practical because of the detalled characterization that Is required In terms

of both "intrinsic" and process-dependent parameters, many of which zre

difflcult and/or time-consuming In obtaining.

E A more practical approach Iis to empirically evaluate n° In a self-consistent

i manner from the defining relation, (1), as follows:

E . Fabricate a cell on the substrate of interest utilizing an anti-
reflection coating of known transmisslon coefficlient, T.

2. Calculate (Psh/Pl) and (Ph/Pl). based on an Initial estimate of n°.

3. Measure the value of cell efficiency, u.

4, Evaluate n° from (1):
o-' -
n = [n+ (PQ/P')]/T (1 (Psh/Pl)]
5. Repeat step 2, utililzing the vaue of n° obtained In step 4.

6. Repeat steps 4 and 5 until the value of n° Is bracketed to within the

deslred accuracy.

- 3.2.8 _ COMPUTATIONAL PROGRAM
[ A computational program has been developed In BASIC language to faclllitate

R the deslign and evaluation of front-surface metallizatlion patterns applicable to

non-Czochralskl substrates. The program is primarily designed for interna’ly-

bussed, rectangular-grid patterns of uniform collector width and spacing with
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optimally-located uniform busses. The program provides three basic computations:
(B Values of optimum collector |inewidth and spacing.
N D) Value of optimum collector spacing for a specified collector
Iinewidth.
It1)  Values of the performance parameters of section 3.2.7 for specified
values of collector linewidth and spacing.
These computations require the quantities listed In Table 2.1 to be specifled.
Provisions are Included to permit variations of these specified parameters,
The collector spacing Iis conveniently expressed In terms of the grid period,
p = St+w,
The computation of optimum grid parameters, (Computation |), is done by an
Iterative procedure to obtain the real root of the form

b

bo [b‘y

bi
+ Bzy }] -=0

2
to within .01% of the value of the root.

This furnishes the solution of (12), for the optimum value of y. The
associated optimum viaue of linewidth is then obtained from (6) and the otpimum
value of grid period is obtalned from p = w(l+y),

In computation |, the optimum value of y for a given linewidth is obtained
by an algebraic solution of (13). This is then used to obtain the optimum grid
period for the given value of linewidth.

Computation |1| calculatss the performance parameters and the contributions
due to the surface, collector metallization and buss structures for specified
values of collector linewidth and grid period from the following retations:

Grid Ohmic (PQ/P;)g from (16)

Buss Ohmic (PQ/Pi)b from (18a)
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TABLE 2.1
INPUT_DATA FOR PROGRAM

Pattern dimensions
Substrate sheet resistance, conversion efficiency factor

K= J.o/P

SC

Col lector parameters °c’ n

i

Buss sheet resistance, width

Number of busses.
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Buss Shadow Fb from (19)
Grid Shadow Fg from (I-Fb) F
Ohmic Loss of Efficlency (An)n from (24)
Shadow Loss of Input (Psh/Pl) from (23)
Loss of Efficliency An from (22)
Loss of Fill Factor AF from (25),

The grid ohmic parameter Is further detalled Into contributions from the surface
and col lector,

Figure 2.3 is a flow chart of the computational program in its
present form, as applicable to execution in a HP85 desk-top computer. The
three basic computations are key-selectable and the computation of performance
parameters In all cases. In addition to the basic computatlions, the program shown
In Figure 2.3 Includes a number of procedures to provide a high degree of flexibillty
‘n handling the necessary Input data, provlding means for sto:'ing and retrieving
data for various designs In randomly-accessible tape flles and for modlfying the
values of specifled parameters.

Table 2.2 Is a Iisting of the program steps. The program symbols are correlated
with the algetralc symbols of this report In Table 2.3.

Tables 2.5 and 2.6 show the performance paramecters obtalined for metaltllization
ptterns for a solar cell fabricated on a ribbon substrate. The speclfied Input
parameters are listed in Table 2.4, The parameters of Table 2.5 correspond to an
optimum pattern, those of Table 2.6 to a pattern optimized for a collector |ine-
width of 3 mils. The metaillzation utillizes copper as the principal conductor
in both cases. The resulting metallization pattern utlilizing 3-mil collectors is

shown in Figure 2.4.
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TABLE 2.2:

240

319

320
336
340
350
368
370
380
390

400

410
429
4320

440
450

460

4706
480
490
560

REM XEXX"METPAT"XxXx#

ON KEY® 1,"DATACAT"
ON KEY#® 2,"QOPTIMUM"
ON KEY#® 3, "GIUNLNW"

2
OH KEY#® 4., "PRFRMNC"

%)

ON KEY# S5, "NEWORTAR"
2=9

CLERR

KEY LABEL

ON Z+1 GOTD 112,130

COMPUTAT IONAL PROGRAM FOR HP85

GOTO §80
GOTO 840
GOTO 107
GOTO 134

GOTO &20

OISP "NO DRTA LNRDED"

GOTO 9@

DISP "REC.NO ":R;Ts$." IS LOR

DED

OISP "TO CHANGE INPUT'INIT'T

HEN 'CONT'"

DISP

DISP “"SELECY THSK"
GOTD 9@

REM XXDATA CATALOGXX

CLERR

ASSIGN® 1 TO "DRTRFL"

DISP "REC NOﬁ:tTITLE"

DISP "=ecem- ",
FOR I=1 TO 15
ON ERROR GOTO 2380

DISP " “;R:" ".,Ts
NEXT 1

ASSIGN® 1 TO %

DISP

DISP

DISP "TO VIEW/LORD SPECIFIC

DRATR"

DISP "INPUT REC NO,.ELSE a*

INPUT R

IF R=9 THEN 20
L0sSuUB 1380
CLEAR

DISP USING 2680 ., “"#",.R.TS

DISP “"SUBSTRATE"

DISP USING 2099 ; "W@=",W8,"

cmll’ llD:ll .'U.' Ilcmll

DISP USING 2180 ; "H=".H."SQ

R/W","EB=",EQ

DISP "Ri=";Ri."Q 84"

DISP "COLLECTOR"

DISP USING 21060 ; "RO=",R0O,"

Q=cmH", "N=".N
DISP "BUSS"

DISP USING 2120 ; "M=".M,"N3

=IO’N3, "cm“

ODISP USING 21108 , "R3=",p32,"

"

084
DISP "MODIFY DRTA ¢
INPUT A¢

IF A$="N" THEN GOTO

‘.‘J f',‘ ':' 11} s

28

DISP "INPUT NEW YALUES THEN

PRESS CONT®
52




TABLE 2,2: CONTINUED

$10 PAUSE

$20 DISP "MODIFICATIONS MADE ","
ENTER INTO RECORDCY/N>*;

530 INFUT A$

S40 IF A$="N" THEN 80

S50 DISP “NEW RECORD(N> OR MODIF
Y EXISTINGCE)";

560 INPUT A$

%70 IF A$="E" THEN GOSUB 2030

$30 DISP "INPUT REC HO .TITLE",

30 INPUT R,T$

£00 GOSUB 2040

610 GOTO 80

] 620 REM ¥¥RECORD NEW ORTAXY

o 639 CLERR

)

|

548 DISP "INPUT REC.NO.,TITLE OF
NEW DRTR"

5350 INPUT R.TS$

660 DISP "DENTER SUBSTRRATE®
70 DISP "We.D <CMd>."”

630 DISP "H(SOA- W>,EACFRAC) . "
698 DISP "SHEET & (QHMS-SEY "
NPUT WB.D.H.E@.R1

1
| 710 DISP ">ENTER CNLLECTOR"
i 728 DISP "ROCOHM-CM~MN)Y, M. "
| V3o INPUT RO.N
[ 740 DISP “">ENTER BUSSES"

) 790 DISP "NUMBER,WIDTH (MILS>»"
76@ DISF "SHEET R (OHMS-/SQ>"
770 I[HPUT M,UW3.R32
7280 W3=W3%. 00254
798 LO0SUB 2038

809 CLERR
810 DISP_"DATA RECORDED OTHER NE
, W ORTA% v oN:"
20 INPUT RS
2320 IF A$="N" THEN GOTOD 290 ELS3E f
GOTY 46 %
, S48 REM $£X0PTIMUM YY¥ :
; 8%@ CE$="OPTIMUM LINEWIDTH"
! 260 CLERR
870 GOSUB 1390 |
| 280 DISP "WORKING” J
» 299 LO=(N+ZIKHERIX( (RE/R1V/ 2./ 4% :
NANYIACLZC24N)
; 3@ G1=1-M~
! 310 $0=cGIAL ZIACZ/C2HND
| 926 HO=LOESE
| 330 k=C(N+127(N+2D
“ 940 K1=2%F+1
50 K2=K1-1
60 Y=(ER/ZERBXKY s~ (1K) =1 K
978 PA=KZ¥VK1+K1IXYAKZ
980 E=PAXAA-EA-1

932 IF RBSCEY« 9BB1 THEN 1030
1606 DO=KZ/K1XY

1019 y=v-E-D0O

1620 GOTO 270

1620 Bl=N¥ROAXGi¥L"2

1640 B2=2%7¥R1
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1380
1390
1400
1410
1420
1430
1440
1450
1460
1470
1480
1490
1560
1510
1520
1530
1540
1550
iS5e0
1570

1580
1590

1600

TABLE 2.2: CONTINUED

Wes(BL/B2>~(17C¢2+N))

GOTO 1430

REM ¥YXGIVEN LINEWIDTHRX

CLERR

GOsSUB 1890

ezsP "ENTER LINEWIDTH ¢MILS
INPUT W

WsWi . 00254

Cs=" GIVEN LIMEWIDTH"

RZ2sRO W~

Gisi/Mr2

CoOs-Ea- (HXR1)>

Cis2X(R2/R1 >%¥G1XL~2

CIn2%U~2

C2=C1 - 2+322C22

BO=(C1 . C3,3-CC2/C3-3)~2

B2=2%(C2/C3)~32./27

B3=C1xCerC3~2/3

B4=CO-/C2

Bi=s(B3-B4-B2>-2

B83=B1~2+B0~3

IF BS<0 THEN 1310

Yis(B1+SAR(BS» )AL 2D

Y2=/B1-SQRC(BS)>~(1/3)

YeY1+Y2=C2/7(3%C3)

GCT0 1430

TO=sACS(B1/SNAR(-B@~3Y)

Y2XSQARC-BOIXCOSC(TR  3V=(C2-¢(

3xC3)

GOTO 1430

REM *XPERFORMANCEXX

CLERR

GOsSUB 1899

OISP "ENTER COLL

IDTH. PERIOD <MIL
INPUT W.P

=Wy 88254

P=pP%x . 286254

Ye(P=-W)“W

C$="GIVEN PATTERN"

Fel/(1+Y)

Gl=1/Mr2

G2=1/M

RZ2=RB/W~N

S3=MxW3Ma

82=(1-S3)%F

S=32+83

T=3XEQ

T2=S2%XE@

T3=S3xEQ

Al=zHXY~3XF

Oi=RA1XRIXMA2% (LD )

02=R1ARZ2¥L 22G1 /YX(L/7WB)

A3=4XHX (L1 =F A2

g3=83*R3*(LfN3)*G2#DA23fL’N
b]

0=01+02+03

Di=0-ES

Dz=E0xS+0

"

ECTOR LINEMW
S
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TABLE 2.2: CONTINUED

Wsi. 00294

Pel/F

CLEAR @ Q=i

ISP USING 2130 i “#",R. TS,

Cs

DISP USING 2140 ., "LINEWIDTY

H' W, "mi1le"

DISP USING 2149 : “PERIOD
", P,"mils"

ISP

DISP USING 2153 i "LOSsS OF

EFFICIENCY »D2%100, %"
DISP USING 21%0 ; "LOSS OF
FILL FRCTOR *.01

DISP USING 2160 , “"SHADOW L
0SS OF INPUT".Skxi@@,"%"
DISP USING 2160 , "COLL",S2
X108, " %"

DISP USING 21€@ . "BU3S",S7?
*lae "./-"

OISP

DISP USING 21%¢ , "OHMIC EF
FICIENCY LOSS ",04300,"%"
DISP USING 2168 . "SURF".01
*lua'“. "

ODISP USING 2166 ; "COLL".02
’1”6 "‘ "

DISP USING 2160 ; "BU3S".03
*IQE‘ ". L]

DISP USING 2158 ; “SHADOW E
FFICIENCY LO"“:T*IGB;“%"
DISP USING 2168 ., "COLL",T2
*1‘3@’"' "

DISP USING 2160 ; "BUSS".,T3
xlea, "X

IF =2 THEM 1378

015P " " "PRI
HT Y oNO"

INPUT A%

IF A$="N" THEH &0

CRT IS 2 ¥ Qp=2

GOTO 1640

CRT IS | ® @={

GOTO 20

IF 2=1 THEH 1950

QISP "INPUT DRATA REC NO "
ISP "TO CONSULT DRTARCAT IN
PUT B"

INPUT R

IF k=0 THEN 1g0

GOsUE 1920

CLERR

DISP R, TS

RETURN

ASSIGN® 1 TO "DATAFL"
READ® 1.R ; R.T$.WB.D.H.END,
R1.RO,N.M W3.R3

gS?IGNQ 1 TO %

L=HO-M¥WZ
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P TABLE 2.2: CONTINUED

2030 RETURN
; 2040 ASSIGN® 1 TO "DATAFL"

E 2050 PRINT#® 1.R ; R,T$,W0,0,H, EQ
E

Ly : »R1,RO,N, M. W3, R3

2\ 2060 ASSIGN® 1 TO X

v 2070 RETURN :
& 2980 IMAGE 11X.A,.22.4.6R/ -
C 2090 IMRGE K.2Z 30,K,13X.,K,2.30.K

2100 IERGE K,D 3DE,X,K,4X,K,2.7D

TMRGE K.D.3DE.X. K/ N
IMRGE K,2,19X.,K,2.3D,K

IMAGE RA.22,3X,6R.2X,K

IMAGE K., X.,0DDD.DD.,X.K

IMRGE K.,3X.2.3D,R”/

END
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TABLE 2.3
CORRELATION OF SYMBOLS

ALGEBRAIC SYMBOL PROGRAM SYMBOL
| Defined in section '
i W Figure 2.2 wo
F i D Figure 2.2 o)
5 K 3.2.3 H
i“ . n° 3.2.1, 3.2.7.1 EQ
RS 3,2.3 R1
b, 3.2.3.1 R
n 3.2,3.1 N
k 3.2.4.1 M
w 3.2.5.1 W3
Rb 3.2.5.1 R3
W 3,2.3 W
; 3.2.4.1 Y
p 3.2.8 P
L Fg 3.2.4.1 F
L 3.2.6.1 L
G(k) 3.2.6.1 G‘
F(k) 3.,2.6.1 G2
(PQ/PI)S Appendix A 01
(PQ/PI)C Appendix A 02
(PQ/PI)b 3.,2.6.1 03
(An)Q 3.2.7 0
(Psh/Pl)b 3.2.4.1
(Psh/Pl)g 3.2.6.1 S3
(An)sh 3.2.7 S
| (An)sh,c 3.2.7 T2
r an) gy 3.2.7 T3
An 3.2.7 D2
AF 3.2.7 D
.
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r} TABLE 2.4: SPECIFIED INPUT PARAMETERS FOR RIBBOM PATTERNS

#21 RTRPM}
SUBSTRATE
Wo=S 850cm 0=1.4830¢m
H=8 . S33E-004 SOR-UW Ev=0. 1509
; Ris 30 Q/s4 ;
3 COLLECTOR 5
S RG=S QOOGE-006 nN~cmN N-! 900
; BUSS :
M=1 W3z . 102em L
R3z1  VOOE-004 -z ) "

TABLE 2.5: PERFORMANCE PARAMETERS FOR OPTIMUM RIBBON PATTERN ]

#31 KTRFPMLI OPTIMUM LIMNEWIDTH ;
LINEWIDTH 1.36 mils g
PERIOD €8.24 mile s

‘ LOSS OF EFFICIENLY 0.214% 1
LOSS OF FILL FRCTOR B.015 4
SHADOW LOSS OF THNPUT 3.971% 3
cCoLL 1.959% g
| BUSS 2.812% ;
OHMIC EFFICIEHCY LOSS 6.219% :
} SURF 871X ;
| cOoLL 142% §
, BUSS .BO6Y ;
i SHADOW EFFICIENCY LOSS 6.59%8% |
’ COLL 294% y

BUSS . Zez% ;

TABLE 2.6: PERFORMANCE PARAMETERS FOR RIBBON PATTERN
WITH LINEWIOTH OF 3 MILS.

8o1 RTRFPMIL GIVEN LINENWIDTH
LINEWIDTH 3.808 nils

PERICD 197.83 mils

LOSS OF EFFICIENCY 6.935%

LOSS OF FILL FACTOR B.81S

SHADOW LOSS OF INPUT 4.738%

coLL 2.726%

BUSS 2.812%

DHMIC EFFICIENCY LOSS 0.224% ;
SURF 17P3% : ;
CoLL  B46% i
BUSS Be5%

SHROOW EFFICIENCY LOSS e.711%

coLL . 489%

BUSS 382%
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3.3 METALL I ZATION

A prime candidate for forming low cost contacts to non-Cz substrates is
metal plating. Most of the previous experience with plating ribbons has
indicated that nor-uniformities In substrate crystallinity may result In
non-unlformities in metal plating, particularly in initiating electroless
nickel plating. Because of this, palladium was often used as the plated
contact layer.

It has been previously established that nickel can be used for contacts
to Cz wafers., It would be desirable to do this for non-Cz substrates as well.
To do this successfully requires studies in two areas: 1) uniform and repeated
pltating initiation and 2) sintering and thermal stress tolerance of nickel
contacts to multi-crystalline silicon. Work in these two areas has been

performed.

3.3.1 ELECTROLESS NICKEL PLATING

It has been observed that increasing the ammonium hydio:ide content of the
electroless nickel solution results in improved plating and coverage of RTR solar
celis., The eiectroiess nickel bath containing nickel sulfate and sodium pyrophosphate,
previously reported for JPL Contract No. 954847, Is being used. Increasing the
ammonia content of this bath by a factor of 2 or 3 has glven substantial improvements.
Also, surface cleaning and increased bath operating temperature have ied to a
satisfactory direct nickel plating process for non-Cz substrates. The plating

formulation presentiv being employed is |isted below.

REAGENT CONCENTRAT ION
Nickel Sulfate (NiSO4.6H20) 25 3/%
Sodium pyrophosphate (Na4P207.10H20) 50 g/%
Ammonium Hydroxide (58% NH40H) 66 mi/L
Sodium Hypophosphite (NaHZPOZ.HZO) 25 g/2 .
Temperature 70°¢
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3.3.2 NICKEL SILICIDE FORMATION

Investigation of ‘he plating process has includad the use of Scanning Auger
Microanalysis (SAM) depth profiling., This offers a very valuable fool in the
evaluation of the plated layers and the extent of silicide formation during
heat treatments. The surface Is analyzed using Auger spectroscopy as an ion heam
(Argon) simultaneously sputters through the material. Several analyses were

performed on polished <IOO$, single crystal silicon wafers with a typical 0.4 v

N+ junction, which were plated with approximately 1000R of electroless nicke! (oo

the entire surface). Also, grid lines of processed solar celis with chemically
poiished surfaces were analyzed. The resulting SAM depth plots are shown in
Figures 3.1 and 3.2: The samplies were then sintered at 300°C for 20 minutes in a
nitrogen ambient. Thece resulted in SAM depth profiles as shown in Figures 3.3
and 3.4.

In the SAM depth profiles, atomic composition in percentage (A.C.%) of
the major elements is plotted as a function of the ion beam sputtering time. This
time can be calibrated to a given sputter rate. Some interpretation is always
involved with this technique since the ion and electron beams can become sliahtly
misaligned over a period of time. This, along with surface and layer
irregularities, results in the appearance of mixing or smearing at the interfaces.
However, if the as-plated sampié plot is used as a reference, changes can be
ecasily interpreted. The analysis shows a uniform 6 to 8% phosphorus content in
the plated electroless nickel layers, which is consistent with published data.
The phosphorus does not appear to affect or Interfere with the silicide formation.
A slight amount of oxygen appears at the as-plated nickel=-silicon interface and
remains at the nickel=-nickel silicide interface after sintering. Aiso,
varying amounts of nickel surface oxidation are indicated during the heat treat-

ment cycle,
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} f The depth profiles after sintering definitely show atomic mixing or nickel

? 1 silicide formation, Evaluation of these profllies along with Auger peak-to-peak

é ;~ intensity data plots Indicates approximately 2508 of nickel silicide formation
e resulting from the 300°C, 30 min sinter. This compares reasonably well with
published data when al lowances are made for such factors as actusl temperature and

time during & furnace cycle (thermal Inertia).

3.3.3 THERMAL_STRESS STUDIES

Another cruclal area of study for metalllization of non-Cz substrates Is to

establish the effects generated by heat treatment of the metal contacts.

!
l

Because of the multicrystalline nature of such substrates, metal diffusion and
solar cell junction degradation may occur more readlly than for Cz wafers.

Samp les were prepared to establish a time-temperature matrix for sintering the
nickel contact layer on both non-Cz diodes and dlodes on Cz wafers. Substrates
with standard solar cell junctions were plated with metal over the entire front
surface (to accentuate any degradation effects) and then sintered for various

times and temperatures to characte~ize the onset of degradation of junction

’ current-voltage characteristics.

Besldes polished <100>, Cz wafers used as controls, nickel plated diodes were ‘
analyzed on ribbon-to-ribbon (RTR) laser regrown substrates (Motorola), E
dendritic web ribbon material (Westinghouse), and sliced polycrystalline, cast |
silico. substrates (Wacker-Silso). After the substrates had a 0.4um deep
} :' phosphorus diffusion at 900°C, aluminum was deposited on the back and alloyed
through the diffused region at 800°C for a back contact. Approximately 10008 of
electroless nickel was plated directly on the sbustrates using the nickel sulfate
bath described above. The samples were then laser scribed on the backs and
broken intoe 1 to 2 cm2 size diodes. The final structure Is illustrated in

Figure 3.5. The electrical characteristics -- current at voitage -- were

66

e el S i 5 i el . it L bl il i i s i i M 3 S 5 M S K FE - st B, o D i st K Sk R e m 5 M B Y PRI




AR SRR A s

ORIGINAL PAGE IS
OF POOR QUALITY

\ == PLATED ELECTROLESS NICKEL

(~ 1000R)
~— ' DIFFUSED JUNCTION

«—— ALLOYED AL'"MINUM CONTACT
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LASER SCRIBED
& BREAK

FIGURE 3,5%: DIODE STRUCTURE USED TO EVALUATE ELECTROLESS
MICKEL CONTACTS,
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measurad beforo and after heat treatment. A matrix of various times and
temperatures is shown In Table 3.1, and the resulting log current versus voltago
data (log I=V) are plotted for each sample of the matrix In figures 3.6 to 3.37.

The data presented in the |-V plots confirm, in qeneral, that direct
plated electrnless nickel contacts can be used for non-Cz type solar cells
without any electrical deterioration after an acceptable processing thermal cycle.
The 1=V plots indicate very good (~ideal) diode properties for the particular
RTR and web samples compared to the particular single crsstal samples of this
matrix. Good contact can be made at low temperatures, 250° - 300°C. as shown
by a contact improvement on those diodes which showed some initial contact croblems.
There is a gradual junctlion deterioriation with Increased tine at termperature,
but the time at temperature required before any significant solar cell
degradation appears to be well within any reasonable thermal processing cycle.

It can be noted that a consistent threshold mechanism occurs at 350°C, where
very {ittie or no diode degradation appears at short sinter times but marked
degradation occurs for long sinter times. From the time-at-temperature results
of lower temperature trials, it could be projected that short times at 350°C
would show more degradation than observed. This discrepancy may be a result of
reported phase reaction chpnges where NiSi formation becomes predominant (instead

of NI,Si) at temperatures of 350°C and greater,

2
The dendritic web substrate samples do not show degradation as rapid as the
other samples of the matrix. There are at least two explanatlons for this.
Since ine web material is higher resistivity (4-8 i-cm instead of 1 Q-cm as

used for the Cz and RTR samples), the same phosphorus diffusion cycle will
resutt in a junction which is slightly deeper (because of the iower background
doping concentration.) Of more importance, nickel silicide formation rates

(Ni,Si) have been reported to be more than twice as slow for <111> silicon

2
substrrates as for <100> silicon. The web material is »f <111> orientation.
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F TABLE 3.1: NICKEL CONTACT TIME-TEMPERATURE
P SINTER MATRIX FOR VARIOUS
: CUBSTRATE MATERIALS.

TEMPERATURE T SUBST.ATE
() min) Cz RTR WEB  POLY

250 15 X

; 250 30 X X x \

i 250 60 v X X \
; 250 120 X
| 300 15 X

| 300 30 X X N \

| 300 60 X X \ X
300 120 .

350 70 X X ’ .

: 350 o) ¢ X n »

t 400 15 » 3 \ \

Lach A desiqgnates a test sample.
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Good electrical contacts were made to the cast polycrystalline substrate
diod=s and It does not apper that the thermal stress cycles introduced degradation
of these diodes any more rapidly than for the other substrate samples. However,
I+ must be noted that even befors sintering the cast poly diodes had significantly
poorer |-V characteristics compared to the other samples., This Is presumably
a result of excess recombination currents at graln boundaries.

In summary, the direct plated electroless nickel contact system provides a
cost effective ohmic contact for solar cells on non-Cz substirates as well as Cz
substrates. The nickel contact can withsivand thermal processes which are adequate
for processing and assembling solar cells without introducing any significant

solar cell performance degradation.

3.3.4 ELECTROLESS COPPER PLATING

Feasibiiity of using a copper conductor layer applied to the nickel contact
layer by an electroless deposition process has been estadblished. ODeslred copper
thicknesses have been plated with no apparent stress problems using a commercial
olactroless copper plating solution, Metex Additive Electroless Copper Solution
No. 9620, from MacDermid Incorporated of Waterbury, Connecticut. This solution
is operated at 60°C and used In accordance with published MacDermid Technical
data sheets.

Best results were obtalned when samples were plated with a thick (3000R-5000%)
second nickel barrler lyaer Immediately prior to electroless copper plating.
This ensured a fresh, reactive rickel surface to inltiate the electroless coprer
deposition., Copper plating times ranging from 5 minutes to 60 minutes have been
investigated. A time on the order of 35-45 min., appears to provide satisfactory
copper thickness for one=sun operation.

Satisfactory cperation of an electroless copper plating system in a production

environment demands automatic bath con 'rol and repienishment. These aspects were not

investigated; however, commercial replenishment units are avallable. Nevertheless,
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k an electrolisss copper process appear to he a controliable and cost effective
means of applying a copper conductor layer to a solar cell metallization systom.

Further development work in this area is both warranted and recommended.
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3.4 COST ANALYSIS

A narrative description of the methodology for the Motorola costing
program has been prepared. |t detalls all of the assumptions used to develop a
costing procedure and to formalize that procedure into a computer program. All
required Inputs for the program are defined and described. Examples of computer
tiles used as inputs are presented.

A description of the simulation output reports or data tables is also
presented along with actual examples of cost analysis outputs.

A description of the computer program software and comparisons of the

Motorota costing technique and the JPL SAM|S technique have been prepared.

3.4.1 INTRODUCTION TO MOTOROLA COSTING PROGRAM

In 1976, Motorola Initiated work on a method for evaluating solar cell

and module manufacturing process steps and sequences. Much of this eariv work

was performed as a part of Phase | of the Automated Array Assembly Task of the

Low Cost Silicon Solar Array Project. The first discussion of the costing method
was in an Annual Technical Report for JPL Contract No. 954363 dated February 1977.
As a tool for accomplishing the requirements of that contract and subsequent
contracts, as well as for providing an in-house costing capability, a computer
program was written In FORTRAN IV, to apply the previously hand calculated costing
methodology. This computer program has evoived into the present day Motorola

solar cell/module costing program.
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3.4.2 COST CALCULATION METHODOLOGY

Motorola uscs a "bottom up" approach in its computerized costing of solar
cells and modules, An attempt is made to identify each Item that is required
for a stand alone factory which manufactures a single photovoltaic product. A
fundamente! bullding block of this approach is the process step. In the
current program, 68 individual process steps have been identified. For each
of these process steps, 15 required inputs have boen established which !dentify
all of the costs attributable to that process step. Separate input tables
must be made for different substrate sizes and geometries since many ot the
15 assumptions will depend on substrate shape. Table 4.1 lists each of the
process steps that Bave been studied with the Motorola program thus far. Table 4.2
shows a combination of this list of ~reps and the 15 speclfic inputs for each
step for a 10 x 10 cm substrate.

Each of the 15 requlired Input categories is Identified and defined In the

following paragraphs,

1) Process Yield: This figure represents the expected output, in percent,

of a particular process step., Yield losses include an estimate for all forms of

- i e e

e hk e

lost product; catastrophic as well as parametric. The yield of a process sequence
is the product of each of these values for all of the process steps within the ‘

sequence, i

2) Machine Efficiency: Machine efficiency is defined as the fractlonal period 7
of time that a particular piece of equipment is operational during normal work
hours. This figure includes scheduled and unscheduled maintenance and down

time due to loss of facilities such as electriclity, water, or process gases.
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3)___Machine Cepacity: This figure Is an ectimete of the maximum houtly
; f output of each plece of equipment. It assumes that the equipment operates 100%

of the time and has no yleld loss.
4) K$ Per Machine: The purchase price of all cepital equipment required

: for a specific process step is given In thousends of dollers. As cen be seen In

Table 4.2, this figure is sometimes |isted as a coded negative number. This is

done to identify pleces of equipment in which the number of subsystems (tracks

or tubes) used for a particular step may vary depending on production volume.

)
]

For exemple, use of the code (-1) in this column represents a photoresist coating
machine which |Is capable of containing four independent tracks. In this case,

a four track cabinet is used, and only the number of tracks required to achieve

8 specific manufacturing volume will be instailed in the cabinet(s)., The price
of the cabinet and each individual track are contained within the main computer
program. This same approach is utilizsd for photoresist deveiopment and nigh
pressure scrubber equipment which are identified by (-2) and (-3), respectively.
These different numbers simply extract different equipment cost figures from the

program., The (-4) code represents a hot wall diffusion furnace. In this case,

’ it is assumod that every diffusion furnace will contain eight tubes, which must
be paid for whether each is used or not. In the computer program, a!l of
the individual tubes required for each process identified by a (-4) in the fourth

column are totaled, and this total is divided by eight in order to determine the

actual number of elght tube diffusion units required for the entire process
E ; sequence. The cost allocated to the particular process step using a diffusion -
” furnace Is, thus, the cost of each tube used plus a fractional share of any A
unused tubes.

For equipment containing a negative number in the fourth column, the inputs

R 2k e -
i L S

in the next 5 columns are |isted as zeros in Table 4.2. The actual figures are
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for labor, floor space, electrical power, exhaust, and de~ioni;ed water are

contained in the main program and nre entered in terms of a complete plece of
equipment rather than a single track or tube. The remaining values, however, do
ropresent the single track or tube dsta. For example, the machine capacity of 2
phosphorus diffusion furnace is assumed to be 125 substrates per hour per tube.

2) __Labor Per Machine: This figure represants the number of direct |abor

personnel required to operate a specific plece of equipment, assuming the equipment

Is utiiized 1008 of the normal work hours.

6) __Square feet Per Machine: The figure entcred In column six represents

the total floor space that Is required for each plece of equipment. Included in ‘
this number is the actual space occupied by the machine plus operator work space 1

and the area required for facilities connections and malntenance access,

7) KW Per Machine: The electrical power requirements for each machine

Is entered in column seven of Table 4.2, The fligure used here Is the "namepiate" ;
power requirement for the machine and contributes to two separate electrical

needs; actval machine usage and the consequent excess air conditioning load.

Actual machine electrical power requirements are assumed to be half of the name-
plate power figure and the heat load is assumed to be 5% of the nameplate power
figure. Additionally, the power used by the machine is further determined by
whether the machine operates 100% of the time (8766 hours per year) or only
during operational demard, Column 14 ¢! Table 4.2 determines the facillities need
of cach plece of equipment; a (1) meaning that facl!ities are required on demand
and a (2) indicating that facilitles are required at all times whether product

is being processed or not.

8) CFM Per Machine: Column eight of Table 4.2 lists the exhaust

requirements of each pliece of equipment in terms of cubic feed per minute.

109




This exhaust air tiow rate is used to caiculate the electrical powor required

to achleve the necessary exhaust and the power required for air conditioning the
additional make-up air neocded because of the exhaust. These values are a3ssumed
to be 4G6OW per 1000 CFM for cresting the exhaust plus 6 KW per 1000 CFM for alr
conditioning the make-up alr., It Is assumed that ai| exhaust needs sre required
8766 hours per yeer.

9) _ GPM Per Machine: A commoniy used commodity In solar cell fabrication

processes |s delonized water., Column nine of Table 4.2 |ists the estimated need

for delonized weter in terms of gallons per minute for each process step In which

it is used, Annuai usage of deionized water Is based on a 3 shift operation

4 totalling 5400 hours per year (324,000 min, per year). The actual annuyal water usage

A

is somewhat less than a simple 324,000 minutes times the total gallons per
minute for a process sequence. Equipment down time and equipment demand are also
considered when caiculating deionizusd water needs.

5 10) _Expenses Per Thousand Wafers: This figure represents the aggragate

direct expenses in dollars per 1000 substrates associated with performing @

particular process step, excluding expenses related only to machines. Expenses

. are defined as those commodities which are required to produce a solar cei! or
module, but which do not appear in the finished product. Exampies of this include
f process gases, chemicals, anc ‘aste products. |f the waste products have salvage

value, the expense number is reduced by the salvagable income,

R I T I T O L T T T LTI

11) Constan. Expense Dollars Per Machine: The figure listed in column
11 of Table 4.2 represents an estimate of annuaiized costs associated witih operating a -

particular machline, independent of the actual number of hours ‘he machine Is

A N T

coperated. For exznnle, vacuum pump oll may be changed at regular intervals

during the year resulting in a fixed annual cost for that commodity.
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12) Variable Expense Dollars Per Machine: This figure Is similar to that

listed In column 11; howaever, In this case, use of a particular machine related
commodity is based on operation hours rather than calendar hours. An example
of this would be replacement of an ion implanter source fllament after some
specified number of operational hours.

13) Material Uollars Per Thousand Wafers: Material commodities are

defined as those items which are used to manufacture solar cells and modules and
can be idenfitied In the final product. Examples include siilcon substrates,
metalll.ation, énd module parts. Column 13 identlifles the cost of these
commodities In terms of dollars per thousand wafers or wafer equlvalent. In
Table 4.2, the figure listed is sometimes (-1). This represents a process
sfep.in which the silicon substrate is being manufactured. In these steps,

a separate file Is read into the computer program which establishes the masses
of both expense and material silicon consumed in the step. These values, In
conjunction with the thickness of the manufactured substrate and the cost of the
starting silicon materi.! are used to calculate the material and expense costs of
silicon In that particular process step. Substrate thickness and the cost of
polysilicon or the chemicals used to obtain polyslliicon are variables

which are input at the beginning of the program. These inputs ard the form of
the additional Input cdata table will be discussed in detail later in this
report,

14) Facillities Requirement: As has previously been discussed, this figure

determine whether a particular plece of equipment requires consumption of plant
faciiities 100% of the time (2) or only when the product Is being produced (1).

15) Maintenance Per Machine: The final column of figures In Table 4.2

represents an estimate of the number of malntenance technicians that are necessary

to assure continued operation of a single piece of equ!pment identified In the

i
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process step. These technicians will be considered an indirect requirement but
are listad In this file due to thelr close relationship to the type and amount
of equipment uved,

The Inputs contalned In Table 4.2 can be changed quite easily. Simple editing
commands can be used to modlfy elther the name of the process step or any of the
1Y assumptions associated with that name. Additional process steps can be
added to the list; however, this would require a modification to the main program
since the list Is currantly dimensioned to a 68 x 1% matrix array.

Having established a Iist of process steps, It Is necessary to order the
desired processes Into a process seqeunce. This Is accomplished by creating a file
which contains this and other information. The example in Table 4.3 is labeled
COMPARE 1,

In the file COMPARE!, a number of lines of iInformation are required.

The first line contains a name which is printed at the top of each simulation
table to identify the process being used. In this case the process was named
"MEPSDU", however, any name up to 16 characters can be used. The second line

must contain the number of process steps contained in the process sequence. This
example contains 20 process steps. Line three contains the order in which the
process steps are used in the process sequence. The numbers used here correspond
to the process step numbers as listed in the left and right margins of Table 4.2.
in this sequence, for example, rirocess step 60, SICI4 Poly, is the first step, and
process step 36, Module Test, is the 20th and final step. Process steps may be
entered in any order and used as many times as necessary in the process sequence,

In the semiconductor !ndustry, which solar cell manufacturing is a part of,

it is customary to have a number of simlilar or related process steps operating in
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the same physical area. A benefit of this approach is that personnel can be
more effectively used. For example, in a diffusion area, where substrates are
cleaned and furnaces are operated, It may be determined that the furnace operator
is only required to work 60% of the time In order to produce the desired
volume of product. The operator cleaning substrates, however, may be required
to spend 110% of the available time In order to accomplish the job. By
grouping these related functions, the diffusion operator would assist the
substrate cleaner and avoid the need for an additional substrate cleaner. In
the computer program there are seven such process groups ldentified. They are:

1. Crystal Growth

2, Wafer Preparation

3. Photolithography

4., Surface Preparation

5. Junction and Dielectric Formation

6. Metallization

7. Assembly

The number preceding each of the cafego}les listed above Is used to

identify that manufacturing area. In Table 4.3, four lines of information are
used to divide the processing steps into four manufacturing categories. Each
of these lines contains four numbers, the first of which identifies the manu-
facturing area. The second and third numbers in each of these entries identifies
the first and last process step of the sequence that is contained within the
process category. In the example shown in Table 4.3, the fourth |ine contains
the numbers 1, 1, 4, 1. Therefore, the first process category that will be
defined in a simulation will be (1) Crystal Growth and the first through the
fourth process steps listed In the process sequence (60, 57, 34, 7) will be

included In this process category. Similarily, the second process category will
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be (5) Junction and Dielectric Formation and will contain the titth through

g seventh process steps listed in the process sequence (15, 14, 17).

E In the example used here, each of the process steps contained within a
particular process category happens to fall In sequential order In the process
sequence. A process sequence may, however, have process steps that would be

contained in a single process category but are separated by other category

prccess steps In the process sequence. For example, a process sequence may
con*uin a diftusion step followed by a photoresist operation and then another
? | diffusion step., To cliarify this example, the following minl-process is
described.

Mini-process process steps Ilist:

1. (12) Boron Diffusion
\ 2, (8) Coat-Bake
% 3. (9) Align-Expose
4, 10) Deve lop-Bake
5. (23) Dielectric Etch
6. (22) Rinse-Dry
7. (19) Plasma Clean
8. (13) Phosphorus Diffusion

The file that would be written for this example would look |'ke this: j
1. EXAMPLE %
2, 8 !
3. 12 8 9 1IC 23 22 19 13
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The format is identical to that which has already been described. Lines
four and flve, however, show some differences which should be explalined. In line
four, the process cateogry is listed as a (5) to defline Junction and Dielectric
Formation and the process steps are ldentified as being the first through the first
step. This formut is used when only one process step Is contained in an
individual Iine entry. The fourth number in line four Is a zero (0) which
Indlcates that other process steps somewhere in the process sequence should be
contained in the Junction and Dielectric Formation process category. The
process steps that are to be contained in this category are the seventh and
elghth steps, Plasma Clean and Phosphorus Diffusion and are so identified in
line five. The leading (0) in line five simply Indicates that a new process
category is not being printed and that the process steps contained on this line
are part of the most recent process category printed. When the fourth number
in the line Is a one (1), it indicates that all of the process steps for that
particular process category have been included and that a new process cateogry
can be printed or that all of the process steps have already been assigned to a
category and that the program should proceed to its next function.

The next file required by the computer program Is one that identifies the size
of the solar cells that will be evaluated. The flle is constructed in one of
two ways, depending on whether a sheet technology or an ingot technology is
being simulated. Which case is being simulated is determined within the computer
program by the examining which process steps are chosen from a process step
file such as shown in Table 4.2. |f the simulation is determined to be for a
sheet process, a six statement cell dimension file Is required, such as the
example of Table 4.4, |If it is an ingot process, a seven statement cell

dimension file is required, such as the example of Table 4.5.
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For the case of a sheet technology, the example file of Table 4.4 Is
labeled POLY!. In this flle, the data listed In the first lins is printed at the
top of each simulation table developed by the overall program so as to identify
the size of cell being evaluated. In this example, 10 cm is prlﬁ*ed to identify
a 10 cm x 10 cm solar cell. Any term may be entered in this first line up to
eight characters. The second |ine contains a term which establishes the area
of a single solar cell in cm2 dlvided by 1000. This figure is entered into the
program and multipiied by the cell efficiency and the concentration (1 for flat
plate an~plications) to determine the output watts per cell, In this program, it is
assumed that the Insolation is 0.1 W per cmz. Thus for a 10 cm x 10 cm cell,
and a 15% cell efficlency, the calculations would be:

100 cm2

1000 X 15 = 1.5 W per cell

The divisor of 1000 accounts for the fact that cell effliciency is entered
in percent rather than decimal form and that the insolation is 0.1 W per cmz.

The third entry in Table 4.4 identities the process step data file that
will be used. In the example presented here, the 10 cm file illustrated in
Table 4.2 is used. Similar process step tables for two inch diameter substrates
(5 cm), three inch dlameter substrates (7 cm), and five inch diameter substrates
(12 cm) have been used with this program. Any substrate size may be used as long
as a data file is created which accurately reflects the process equipment assumptions
for use with that particular substrate size. The process name |ist should
remain consistent from file to file, only the 15 data entries should be different
to reflect variations in machine capacity, expenses, and so forth,

When a sllicon sheet process Is belng evaluated, zeros must be entered for

the next two lines of data in the file of Table 4.4. Entries other than zero
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are rosarved for flles created for ingot processes and would provide information
about additional siiicon consumption associated with sliced wafer formation.

The sixth Iine of data In the Cel! Dimension File for sheet processes
restates tha area (in cmz) of a single substrate. This value (100 in the example
of Table 4.4) Is used by the program along with substrate thickness inputs to
calculate the cost of material contained in the substrate. As discussed
previously, this calculation Is Initiated by a (=1) code in column 13 of Tabie 4.2
for a process step (number 60, SICL4 POLY) required by the Process Sequence File,
Table 4.3, for thls sheet process simulation example.

The first 3 lines of data on the Cell Dimension File for ingot technologies

(Table 4.5) have the same meaning as the first 3 lines of Table 4.4.
The next two ines of data in the flle of Table 4.5 are specifically :

intended for calculations of silicon consumption when an ingot technology s used.

kbt bz o

For ingot technologies, the fourth line reflects the thickness of silicon lost

due to sawing of the ingot into substrates. For example, If this lost siticon

(kerf) due to sawing is 8 mils per substrate, then ‘the number 0,02032 should <
be entered on the fourth line of deta, thus, reflecting the loss of 0.02032 cm .
(8 mils) of silicon per substrate. The fiftn |ine of data represents the mass

(in Kilograms) of usable sliiicon available for slicing after the crystal growth

operation. A reasonable set of assumptions is that 10§ of the original silicon

charge is lost due to incomplete growth from the meit. That is, for a 30 Kg poly-
crystalline charge, 3 Kg of silicon will be left in the crucible after crystal

growth is complete, Additionally the amount of silicon available for slicing .
Into substrates is further reduced by removal of the crystal neck and tall

as well as the sawing of the crystal into usable shapes and sizes for slicing.

Table 4.5 illustrates these data entries for a simulation in which a five inch

dlameter ingot was grown and 10 cm x 10 cm substrates with rounded corners were cut.




in Table 4.5, the entry on line five indicates that a crystal weighing

17.114 Kg is available for slicing into substrates. This figure is based upon:

Silicon Into crucibie 30 Kg
Silicon left in crucible (10%) - 3 Kg
Neck Removal =0.5 Kg
Tall Removal -2.5 Kg
Side Slabs (to form psuodo square) -4.733 Kg

Sawdust (removal of neck, tall and sides) -1.47 Kg

Sawdust (sectioning into 3" lengths) -0.683 Kg
Remaining Usable Silicon 17.114 Kg

It has been assumed that the neck, tall, and side slabs are fully recoverable

for future melts and are, thus, not considered in the costing calculations.

The siticon left in the crucible and sawdust Is, however, not recoverable and is

treated as an expense item. Notice in Table 4.5, that line two has the entry

0.09869. This figure reflects the fact that the surface area of the 10 cm x 10 cm

cell is 98.69 cm2 due to the rounded corners.

In Table 4.5, 1ines six and seven contain the values 3 and 2.153
respectively. The process sequence for which Table 4.5 was used contained
two process steps In which a (-1) was in the thirteenth column, process step
number 1, CRYSTAL GROWTH, and process step number 3, CRYSTAL CROPPING. These
two data entries represent the 3 Kg of silicon left in the crucible, and
the sum of 1.47 Kg and 0.683 Kg of silicon lost due to sawing of the ingot
into usable sizes. As can be seen here, when an ingot technology is being
avaluated, the numbers entered on lines six and beyond are done so Iin terms
of the mass (iIn Kg) of silicon consumed by a process step and are entered in

the order in which the process step is encountered in the process sequence.
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? Additional calculatiors occur within the program in order to determine the expense
and material requirements for siiicon usage, but are not necessarily associated with

the Inputs from the Cell Dimension File. These calculations will be discussed in

B T T

deti i | when the body of the program Is described.

g : The final list of information required by the program in order to perform a

E costing simulation is shown In Table 4.6. In Table 4.6, & number of Iinputs are

; requested by the program and are described below. The first request from the program
f % determines whether a single set of data will be evaluated or whether a sersitivity ‘4
analysis will be performed. Table 4.6 Illustrates the form of requests required by
the program for a single set of data. Entry of a (0) In this first lIine indicates
that the data will be entered from the terminai. Similarily, the seccnd line
requires a response which will determine whether the results of a simulation are
printed at the terminal or are routed to a file which may be sent to an offiline,

l high speed printer. A zero (0) response will provide Immediate printing of a
simulation at the users terminal while z one (1) response will store the information
in a file named REPORT, The third |ine requests the name of the file that

describes the process name. The entry of "COMPARE1" in this example calis into the
program the data contained in Table 4.3 which has been discussed earlier in this
report. In much the same manner, the fourth request calls for the name of the

file that describes the ceil dimension. Table 4.4, "POLY1" contains the

data required for this entry. Following these entries, each element o* the

e i L e e 2

costing analysis that 1s considered most |ikely fo have the greatest inpact on
variations in total cost are entered as a variable.

The first of these variables is associated with the annual production
; capacity of the factory and Is entered In terms of mega-watts; 50 megawatts is

entered in the example shown in Table 4.6. Cell efficiency Is the second variable
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TABLE 4.6
TERMINAL INPUTS

TERMINRL s yFILEr=l) =7y

“R INTERSLOCRL « 0 s OFFLINEC)) =71

SROCESS NAME = 7COMPRRE]

CELL DIMENSION =7POLY1

ANNLUAL MEGH=WATT S =730

veLl, EFFICIENCY W)=Y ld

LOLAR CONSTANTS ctuns) =c1

POLY SILICON COST B -KILOY =/, 4 ] o
HUMBER OF MONTHS 1IN ERCH PHASE"4 INPUTS) =12 12 12 ==
ANNDRL INTEREST PRTE (%) =73,239

FUMER RRTE CCENTS/KiH) =74

DIRECT LRBOR RRATE (B-HOUR)=¢& .

FOLY ILICON THICKNESSC(PRE-ETCH MICRONI »=71409

WHICH TRBLE«1 TO 8¢ 9 FOR RLL) =79

TABLE 4.7

OVERHEAD CATEGORIES

1 » o000 oxnic! FACYORY
2 e o010 SNG WEERING
S - 3,000 PROIDY ten CUNY
J e 4,000 ALNG 9 ‘{'EGS
S e Sevly nlzmv,naq
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n e a,000 pungﬂpglwc
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L4 [ ] U LY
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required by the program and Is entered in percont, 14 In this example. One of the
; capabilities of this costing program Is that concentrator solar cells can also
be evaluated. The request tor Solar Constants (Suns) by the program simply

f'? relates to the insolation falling on the cell where 100 mW/em? = 1 and 1 W/cm® = 10,

fs
F L Any value may be entered here.
E A major concern of the photovoltaic industry is assoclated with the cost

L e

of polycrystalline silicon., The elghth request in Table 4,6 and fourth variable

f é : evaluated addresses this concern. When ingot technology is used the entry is
usually 10 ($/Kg) reflecting DOE goals or 85 ($/Kg) reflecting typical,

current market prices. Any value, however, may be entered here. Motorola,

in its process development programs, has established a procedure for forming
polycrystalline silicon sheets directly from a silicon bearing chemical.

- Those that have been evaluated include SIHCIS, SICI4, and SIH4. For this example,
the SICI4 approach has been selected and the entry of 0.4 ($/Kg) shown in Table 4.6
reftects the cost of SIC!4 per kilogram, Conversion efficlency of this and

the other silicon bearing chemicals into usable silicon sheets Is contained within

the body of the nrogram and will be discussed in detall later. :
This program assumes a stand alone factory which does not currently exist, é

; In order for it to exist, tour separate phases of factory |ife have been

} identified, each of which requires some variable period of time to complete. These

four phases reflect the following times in the life of the factory.

o Phase | The tirst phase of the factory represents that time required to

construct and facilitize the bullding. Included in this phase are site selection

o and preparation, environmental considerations, as well as the physical construction

of the building and installation of the necessary plant services. Personnel
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statfing and other indirect expenses during this and subsequent phases are
contained In four overhead files, These files will be discussed when the main
program Is described.

Phase 2 In the second phase, time is allotted for the Installation of all
manufacturing equipment. Ouring this phase equipment will be turned on and de-bugged.

Phase 3 This phase is established to provide n training period for direct
labor personnel., |t has been assumed that during the first haif of the phase,
direct labor personnel will learn to operate equipment but will not manutacture
product. ODuring the second half of this phase, product will begin to be produced
with full production capacity being achieved at the end of the phase. It has been
assumed that the growth In production output will be |inear during the second half
of this phase, thus, resulting in an output ot 25% of the annuallized production
capacity when averaged over the total length of Phase 3.

Phase 4 This final phase represents the time during which full production
is achleved. Level production at the volume defined In line four of Table 4.6
is assumed throughout the remaining life of the factory. For simplicity, the
factory Is assumed to terminate at the end of this fourth phase; replaced by a
new and different technology.

In the example shown in Table 4.6, the first three phases are assumed to each be
12 months in duration and phase four Is assumed to be 96 months in duration. As
with the other inputs, any values may be used.

Contained In ea.h of these four phases is a bottom-up analysis of each cf
the indirect (overhead) requirements for the factory and some assumptions as to
how the requirements are allocated. Tha list shown in Table 4.7 shows the cverhead
categories that have beer identified in this analysis. A description of each of

these overhead categories and the assumptions contaimed within them follows.
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1. DIRECT FACTORY OVERHEAD, This section Inciudes one foreman per shift

and Is Independent of the range of factory sizes to be evaluated (a conservative
% f assumption). Supervisors are required at one per 15 direct labor personnel In
crystal and wafer processing areas and one per 25 direct labor personnel in the

panel assembly area. Annual salarles are assumed to be $28.3K for foreman and

$22.9K for supervisors. Foreman are hired during Phase 2 and supervisors are

i
b
% added In Phase 3 as needed to accomodate the increasing direct labor employment '

level. Direct tactory expense items are listed in a separate expense category.

b 2. ENGINEERING. The engineering area will maintain process integrity.

The following engineering staff will remain constant over '..e range of annual

production to be evaluated,
| (1) Manager e $43.3K/year |
i (1) Secretary €  $13K/year -
| (9) Engineers e $32K/year each }
(12) Technicians e $17K/year each
Capital equipment is expected to cost $500K and will be depreciated over 8
’ years on a straight line basis. Assoclated expenses are assumed to be 1/3 of
the total engineering cost, exciuding depreciation. The engineering manager,
secretary and all engineers will be hired In the first phase with technicians
being added In Phase 2.
| é 3. PRODUCTION CONTROL. Since this factory produces only one product and )
, i the number of customers will remaln essentially constant, annual production volume
; will only minimally effect the size of the production contrcl operation. The
é ; following personnel will staff this area:
;
%
%
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(1) Manager e $32K/year

(1) Secretary e $13K/year

(1) Scheduler @  $20K/year

(2) Clerks [ $10.9K/year each
(1) Customer Service Engineer e $25K/year

(1) Order Entry Clerk e $10.9K/year

e

(4) Inventory Control $13K/year each

This group will r-main coristant up to the 5 MW annual production at which

time one Inventory control person will be added for each additional! 5 MW of

annual production. |t is assumed that this group will provide warehouse personnel
requirements, Capital equipment of $100K, depreciated on an 8 year straight lin~

will include fork-iifts, pallet trucks, and the storage racks. Expense Items are

assumed to be 5¢ of salaries. Productisn control will be initiated in Phase 3.

4, BUILDING SERVICES. This coust cagegory includes |ighting and HVAC which

are estimated to be 48¢/f72/monfh; ta:es and Insurance which are estimated to be
25.3¢/ft2/monfh; and custodlial services which are estimated to be 0.118 ﬁan/lOOO ffz
@ 10.4K/yeui . The square footage of the facllity is based on the following
assumptions., The total area figure (TOTAL SQ FT.) represents only that area
which Is used for direct manufacturing. In order to estimate the cost of the
building as well as area related costs, an estimate of the total factory size
must be made. These estimates assume:

a) TOTAL SQ. FT. x 1.3 = DFA (DIRECT FACTORY AREA)
This additior:! 30% is included in the overall factory size to account for
hal iways and storage areas within the manufacturing area.

b) DFA X 1.2 = FTL (FACTORY TOTAL)

It is assumed that an additional 20% of the manufacturing area Is required to

Jarehouse a 30 day product inventory.
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c) FTL X 1.3 = TBA (TOTAL BUILDING AREA)
This additional 308 of the total factory area is utilized for all support functions.
The results of this division of total buildina area are:
49% = direct manufacturing area
158 = hallway and storage areas within the manufacturing ares
13%
23%

warehouse area

support area

Two distinct factory areas are identified In this cost analysis. The first
Is direct manufacutring area which is determined by adding the areas required
for each plece of equipment used In the several production areas. This manufacturing
area, represents 49% of the total factory area and, due to the high degree of
utility facilitization, construction costs are estimated to be $120/ff2. The
remainlng, non-facilitized, support area (i.,e., office, warehouse, etc.) represents
51% of the total factory area and can be constructed for an estimated $55/f+2.
Using these ratios of construction costs and factory utilization, an average
construction cost of 586.85/ff2 for the total tactory area was determined. In
this analysis, the method used to calculate total factory construction costs is to
multiply the area required for direct manufacturing by the average construction
cost ($86.8%) and divide by the percentage of area used for manufacturing (49%).
This artificially allocates all of the construction costs to the direct
manufacturing area for calculation purposes only, and results in an effective
construction cost of $177.24/ff2 for the direct manufacturing area. The total
construction cost of the factory, thus, is the product of this effective
construction cosf/ff2 and the TOTAL SQ. FT. The cost of industrial property
varies significantly throughout the U.S. For example, Phoenix, Arizona has
industrial property in the $12 - 15K/acre range while San Francisco sells similar
property for $95 - 125K/acre. The national average Is approximately $1/ff2 or

$44K/acre. In order to achleve an average cost estimate for a solar cell
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manufacturing plan, Sllf*z w! il be used in this analysis. Furthermore, it

will be assumed that the total area of the bullding will be 30% of the total
property ares. Since the manufacturing area (TSQFT) Is 49% of the factory and the
tactory Is 30% of the total property, the effective construction costs of
3177.24/ft2 of direct menufacturing space will be increased to include property

by $6.80 resulting in an effective cost of $184.04/manufacturing ffz. Area
calculations are utilized In the bullding services costs. Factory building

costs form the base for the interest and depreclation figures. Building services
are initiated In Phase 2 with the employment of one person @ $10.4K/year followed

by the addition of custodial! personnel in Phase 3 as per the formula.

5. MAINTENANCE. Assumptions here are that one administrator at $32K/year
(1st shift only) one supervisor at $23K/year per shift for each 10 technicians
are employed. Mechanical/electrical techniclans at $17K/year each are determined
by the number and type of equipment used. Each type of machine Is designated
a maintenance coefficient In the data file to determine maintenance technician
requirements for a particular process. Expense items are assumed to be 1.5X
technician total salary and material items are assumed to be 1/3 of the total
malntenance cost, (payroll + fringes + expense)/3. The maintenance staff is

employed in Phase 2.

6.  MANAGEMENT. The management section of overhead is assumed to contain

a general managzsr at $52K and four staff engineers at $43.3 each. Expenses are
20% of these salaries. The general manager is included Iin Phase 1, a staff member

(finance manager) is added in Phase 2, and the remaining staff is added in Phase 3.
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7. MARKFTING/SALES. ue to the small customer base, the staff in thi:

group Is assumed to remain constant and to comprise one product marketer, two
salesmen, each with annual salaries of $30K, and 5 clerks at $10.9K/year. Expenses
are 1/2 of these salaries and commissions are 2.4 x salesmen's salary, !t is also
assumed thut there are no applications actlivities. The product marketer and one

salesman will begin in Phase 2 with the remaining staff added in Phase 3.

8.  PURCHAS ING. The purchasing function is assumed to remain constant

with one purchasing agent at $28K/year and expenses of 20% of salary. This

cateogry is Initiated in Phase 1.

9, FINANCE. Finance Personnel Include one accounts payable clerk, one

accounts receivable clerk, and one payrol!l clerk at $10.9K/year. Expenses are
20% of salarles. The accounts payable clerk and the payroll clerk are employed
In Phase | and the accounts recelvable clerk is employed In Phase 3. This function

Is assumed |Independent of volume.

10. SECRETARY POOL. Two secretaries at $13K/year and 3 clerks at $10.9K/year

are assumed for this section. Expense items are assumed to exist in the several
areas win which these employees work., One secretary begins in Phase 1 with the

remaining four personne! beginning in Phase 3,

11, DATA PROCESSING. This operation Is constant and utilizes a leased

computer and peripheral equipment. The computer wil' provide inventory tracking,
direct labor reporting, reject analysis, and management information services.
One programmer/operator at $28K is required. Expenses are assumed to be $52K

per year.
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i 12. TRAINING, Training Is considered to be one of the most important
’

: functions In the overhead section. As a result, one organizer at $28K, nine
L trainers for crystal growth and wafer processing at $15.6K/year and three

trainers for assembly at $15.6K/year will be employed in Phase 2 to become
fami{iar with equipment and processes. In phase 3, these people perform an

extensive training program for dlrect labor personnel. In Phase 4 the

training statf is reduced to five trainers in crystal growth and watfer

processing and to one In assembly. iIn both situations, expenses are assumed

to be 10% of salaries.,

> 13, PERSONNEL. This section requires one employee in Phase 1| at $28K

with an additional clerk at $10.9K/year to be added In Phase 2. Phases 3 and 4
' Include these two emplioyees when volume is equal to 10 MW or less plus an
L additional employee at $28K/year for each additional 10 MW of annual
production. Expenses are 10% of salaries. The manager for this section is

included In the Management section.

14, CAFETERIA. Equipment for the cafeteria is estimated to cost $60K.

Assuming that the cafeterlia Is self-sustaining and operates at a breakeven point,
no labor or expense need be included. Depreclation (8 year S.L.) on the

equipment wil! begin in Phase 3.

15. LEGAL. |t is assumed that all legal matters will be performed by a
contract attorney for $30K/year beginning in Phase 1. This Is considered an

expense |tem,
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16, SECURITY. Securlty guards will be employed in Phasa 3 on a two

emp loyee per shift basis at $16K/year.

Tt

17. HEALTH., Nurses will begin in Phase 3 on a one nurse per shift

f 4 basis at $18K/year. Expenses are 10% of salary.

18. A. The Q.A. function Is initiated In Phase 3 and consists of one
inspector at $12K/year for each 5 MW of annual production. Expenses are assumed

to be 10fof payroll and depreciation Is assumed to be $200 per person per year.

For all Indirect labor employees, fringe benefits are assumed to be $3.1K/year
times the number of employees regardless of salary or grade. Personnel

| contained in each of these categories s calculated (where appropriate) and taken

iaalb o

. to the next highest integer; thus, there are no fractional employees.

et

The assumptions contained in these 18 overhead categories are entered into

the costing program from four files, vie for each phase of factory life. Table 4.8a ?

through 4.8d show the data format used for these inputs. As can be seen in these

tables, entries may be numeric, zero, or negative integer. Numeric entries

imply that the specific Item identified by that entry Is Independent of changes

; in the several variables analyzed by the program. For example, engineering is
assumed to remain constant within a phase regardiess of other variables.

P Entries ldentified by a zero simply imply that the overhead category In question

does not apply in that particular phase or sub-category. Examples are that

building services are not included before the bullding is bullt end that

commissions are paid on sales only. Negative number entries are codes which

PN P YRR Y (TR e

suggest that the overhead category or a portion of that category will vary as a
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OVERHEAD INPUTS, PHASE 3
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function of some change in the several factory variables, Bullding services,

for example, change as floorspace changes. Direct factory costs vary as a function

of changes In direct labor headcount. Manufacturing volume and the number of pieces

of manufacturing equipment also contribute to variations In the cost of specific
overhead categories. When these negatie numbers are encountered by the computer
program, speclfic calculations occur within the program to determine the value
that should be printed in a simulation. These calculations will be discussed
later.

The sixth variable shown In Table 4.6 and entered into the program is the
annual interest rate charged on borrowed money. In this costing approach, it has
been assumed that all funds required to establish the solar factory are borrowed
and accumulated as necessary and are paid for from the proceeds of sales
during the last half of Phase 3 and during Phase 4.

A question often directed towards the manufacturing of solar photo-
voltaic modules is associated with energy payback time. The entry of the
seventh variable, electrical power rate, does not specifically calculate the
energy payback time, but does identify the significance of electrical energy
costs with respect to the total manufacturing cost.

The eighth variable input allows the program to calculate the effect on
total cost of varying direct labor personnel salai'ies. A significani value of
this calculation is the ablility to determine the allowable skill level of the
direct labor work force.

One of the major cost factors that must be evaluated in the production
of solar cells and modules Is the effect of silicon cost and silicon consumption
due to a |imited supply. This problem has been addressed, In part, by the

inclusion of the cost of polycrystalline silicon or the cost of silicon bearing
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chemicals used. The ninth variabie input in Table 4.6 allows the thickness
of the substrate to vary. The figure entered here Is used for e¢lther slliced
ingot or direct sheet growth technologles. In the example shown in Table 4 6,
the value Is Input as 105 um. This Input is for RTR sheet which will be
etched to 100 um prior to the recrysinlilzation process.
The final entry required in this series of inputs allows the user to
select all or any individual table from the analysis. Each of the several tables
that is avallable in this computer analysis will be discussed in detal! later.
Returning to the first Iine of Table 4.6, note that an entry of a (1) witl
access Inputs from a file. This approach is used when a sensitivity analysis is
desired. The format of the required file is illustrated in Table 4.9. In this
tile, each of the variable inputs that are described above must be entered on a
Iine ot data in the same order as presented In Table 4.6. For example, lines 1-10
vary annual manufacturing volume from 0.5 MW per year to 500 MW per year while
fixing cell efficlency at 14%, solar concentration at 1, polysilicon cost at $0.4
per kilogram, phase 1-4 months to 6=-6-6-96 respectively, annuyal interest rate at 109,
electrical power rate at 4 cents per kilowatt hour, direct labor rate at %6 per
hour, and substrate thickness to 200 um. Simitarily, lines 11-22 fixes each of
the variable as shown and saries cell conversion efficliency from 9% to 20%. Lines
23-34 varies the solar concentration from 1-100, while lines 35-47 vary the cost of
polycrystalline silicon from $0.1 per kilogram to $1.50 per kilogram. The
remaining lines, 48-61 vary both cell efficlency and solar concentration in order
to reflect the actual Increases In cell efficlency as a function of soiar
concentration. As can be sezn from this example, each of the variables can be
adjusted over any range and the number of Iterations is Iimited only by the length

of the file created.
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when the sensitivity analysis approach is used, the |ist of terminal inputs
requirad is not the same as Table 4.6. Only four inputs are required from the

terminal. These inputs include al) the namo of the file to be used such as that

L

iilustrated in Table 4.9 (PVFILE for example), b) the name of the process fo be

evaiuated (see Table 4.3), c¢) the cell dimension for the particular analysis

v (see Table 4.4), and d) the form in which the output is to be displayed. Tables

I

4,108 and 4.10b illustrate the two display options.
in Table 4.10a, Analysis 1 has buen selected. This analysis Is used

when the distribution of costs associated with the several cost categories,

Materials, Expense, Labor, Overhead, Interest, and Depreciation are desired. The

? variables, Annual MW, Cell Efficiency, Solar Concentration, and duration of each of
the four phases are also listed.
If the percentage of costs assigned to the different cost categories is not
required in the print out, Analysis 2 shown in Table 4.10b should be used. In this

printout, each of the input variables are listed 3s well as the "bottom" |ine

manufacturing cost !n $/watt.

A thoughtful approach to the accurate creation of each of the files described
in this section can provide a valuable tool to critically evaiuate any solar photo-
voltaic manufacturing procass. Each of the variables directly related to a process
step have been identified and inciuded in this analysis. In the next section sach

of the printouts of a simulation are discussed.

T T T T T T
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3.4,3 DESCRIPTION OF SIMULATION OUTPUT REPORTS

The Motorola solar photovoltaic computerized costing method contains seven
individual output reports which may be accessed individually or as a group. Each
of these reports |s preceded by a heading which contains the name of the process
being evaluated, the cell configuration, annual production volume, cel!
efficiency, solar concentration, substrate thickness, and direct labor rate.
Each of these inputs have been entered at the terminal and were described in
the preceding section. Some of the Iinformation ~~ntained In the reports is re
directly from one of the several flles that are used by the program while other
information is the result of costing calculations. Each row and column of figures
contained In the several‘reporfs generated by Motorola's photovoltaic costing
program are described in this section.

The first report generated by the Motorola costing program is shown in
Table 4.11, This and subsequent report tables contain the standard heading as is
shown in the example of Table 4.11. On the left side of this table is a Iist of each
of the process steps used. The order in which this list Is presented Is the order
of the process sequence. The first column on this table depicts the estimate
yleld In percent of each process step. These values are read from the table of
process step assumptions illustrated in Table 4.2 and described In the previous
section.

The second column of figures represents the product of each of the process
step yield ruumbers, starting from the last step of the process sequence and workling
toward the first step. In this example, the overall process sequence yield is 76.8%.
Once these yleld figures are known, the number of substrates or substrate equivalents
requirad at each process step can be calculated. This calculation is based upon

the inputs of total watts produced each year, the cell efficiency, c¢olar
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concentration, and cell size (to determino the peak power generating capaclty
of a single solar cell), and vhe total number ot manufacturing hours in a year
(5400 is assumed) which Is contained in the body of the computer program. As
can de seen in Table 4.11, 8617 substrate equivalents must be manufactured
each hour In the SICL4 POLY step in order to achleve an output of 6613
tinished, encapsulated solar cells per hour, the number required to produce

50 MW of peak power generating capacity in one year,

Columns four and five of Table 4.11 are read from the process step
assumptions (Table 4.2) and represent the expected fraction of operating time
compared to the total number of work hours, and the maximum output of each
plece of equipment respectively., Column six is simply the product of columns
four and five and Is intended to represent the actual, yielded capacity of each
ploce of equipment.

Table 4,12 continues to evaluate each process step within the process sequence.
for the purpose of maintalning continuity with the discussion on the several tables
described in this section, and the detailed discussion on the computer program to be
presented later, the first column in Table 4,12 will be referred to as the seventh
column of the analysis, In this seventh column, the decimal number of machines is
calculated. Those figures are the result of dlviding the yielded hourly capacity of
vach particular pisce of manufacturing equipmont into the required hourly rate for
sach process step.  For example, In the Plasma Patterning process step shown in
Table 4,11, 7254 substrates must be processed euch hour by pieces of equipment
capable of producing 279 substrates per hour. Therefore, 26 pleces of equipment
are required to perform this function. As can be seen in column seven, fractional
placey of equipment are usually required. Since smaller machines will not be

obtainod to perform this lower production requirement, the value in column saven
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COLUMN NUMBER:
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is raised to the next highest integer when fractional needs are present.

Column eight reflects this increase In equipment requirements and is identified

as the actual number of machlines required. Notice that iIn the case of the Plasma
Pattern process step, that exactly 26 machines are required, thus, there is no increase
in the actual machine raquirement category.

In column nine, the capital cost of a single plece of equipment is entered
from Table 4.2, These fligures in column nine are multiplied times the
corresponding figures in column eight in order to determine the total equipment
capltal dollar requirement for each process step. Column ten contains these total
equipment capital figures for each process step as well! as a total capital
dollar cost tor the entire manufacturing process sequence. The one anomaly to this
sot of calculations Is associated with the Silicon Nitride process step. As
was explained in the previous section, when a diffuslon furnace operation is used,
the cquipment is obtained in an integral unit containing elght iIndividual tubes.
Table 4.12 shows the need for 34 such tubes In the Silicon Nitride process step.
Fivo, eight=-tube units are required (since fractional machines are not
obtained) at a cost of $320K per clght-tube unlt. Thus, there is a requirement
tor a total of 1.6 million dollars for this particular process step.

Column eleven In the analyslis shows the estimated direct labor requirement for a
sinqle plece of equipment for each procoss step. These figures are multipliad
times the actual number of machines required for their corresponding step to
obtain the total direct labor requirement (rounded up to whole people) for each
step and for the process sequence.

The final two columns in Table 4,12 (columns thirteen and fourteen of the
analysis) are associated with the floor space requirements within the manu-

facturing area. Column thirteen of the analysis cuntains the fioor space, as

143




definnd in the previous section, for a single plece of equipment. Column
fourteen represents the total f{loor space requirements for each procecs step

and for the process sequence. The value represented here as total manufacturing
area (TSQFT in the previous sectlon) Is assumed to be 49% of the total factory
floor space. The remalning 51% of total factory floor space is consumed by
Indirect functions such as offices, restrooms, corridors and the |like.

In Table 4,13, process steps are grouped into categories, each of which
contain similar or related processing functions. Those process categories that
are jncluded in this example include CRYSTAL GROWTH, JUNCTION and TIELECTRIC
FORMATION, METALLIZATION, and ASSEMBLY. The flrst column on thils table (column
flfteen of the analysis) shows how effectively each piece of manufacturing
nquipment Is used. These values sre simply the decimal number of machlines required
(trom column seveon) divided by the actual number of machines (column €ight), A
teview U dhe o viitues can be used to evaluate the basic equipment assumptions.
sor oxample, in the case of TEDLAR PREP, where the equipment is utilized less than
half of iho time, it may be dousirable to define and use a lower cost, more
ftutly utiliced, piece of equipment.

Cotumn sixteen porforms a similar calcuiation tc determine how effectively
labor is being utllized for each process step. As can be seen In Table 4,13, iabor
utilication and aquipment utilization are for the most rart identical. In some
af the process o»teps, however, the labor utilization ic less tran the equipment

ititization, These vccurrances are du2 to the fact that the labor value printegs

in column twelve has been integerized to the next highest value when fractional labor

was (alculated for a particular step. For example, if seven pleces of equip-
ment were required and each direct labor equipment operator could run two
ot them, then 7,5 operators would be required. Column twelve would, however, show

s requirement for four operators. As a result, since labor utilization is
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(19)

(16) an (18)

(15)

COLUMN NUMBER:
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calculated by muitiplying the fractional time the equipment is utiliized
(EQUIPMENT UTILIZATION), times the number of whole machines, times the labor
requlirement per machine, divided by the total Integer labor requirement for all
machines in a process step, then labor utilization may be less than equipment

utilization. Using the sample above,

7 whole machines X 0.5 operators per machine _ , gq5
4 operators e

Thus, labor utitization would equal equipment utilization times 0.875.

In order to obtain a realistic direct labor value, the labor utilization
factor in column sixteen is multiplied times the integerized labor value in
column seventeen to obtain the fractional labor requirement shown in column
eighteen. The values contained in column seventeen are identical to those in
column twelve, Table 4,12, Within each process category, the fractional values of
labor in each process step are totalled and multiplied times 1.05 (to account
for absenteeism and turnover) to acquire an actual labor requirement for each
process cateqory, These values contained in column nineteen are the next highest
integer value for labor requirements within a process cagegory. By example, the
Crystal Growth process category requires:

36.4 X 1.05 = 38.22 + 39 direct labor personnel.

The vaiues for each process category are totalled to reflect the total direct
fabor requirements for the entire process sequence. Had the total iabor require-
ment of 96 at the bottom of column twelve, Table 4.12, been mulitiplied times 1.05
and integerized upward, 101 direct labor personnel would be required. Using the
technique of process categorization, as shown in this example, results in a

direct labor reduction of approximateiy 8% over that which would otherwise be

required.
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The next report produced by the costing program, Table 4.14, addresses
the process requirement for major factory facilities and services. Included are
electrical power, fume exhaust, and delonized water requirements. Column twenty
represents the actual or estimated name plate power requirement in kilowatts

for each individual plece of equipment of a process step (where multiple pleces

of equipmaent may be used.) Columns 21 and 22 represent the fume exhaust requirements

(VENT) in cubic feet per minute and the delonized water consumption In gallons
per minute respectively. Each of these three requirements are read directly
from the process step assumption table that was Illustrated in Table 4.2 and
described in the previous section. The values contalned In column 23 are
identical to those In column eight, Table 4,12, This and the several other
columns which have been printed on more than one report table are done so when
the figures contained in them effect the calculations on that particular report.
For example, in Table 4.14, columns 23, 27, and 28 are each contained in other
tables, They are on this table as well because they are used to calculate the
values contained in columns 24, 25, and 26.

Column 24 is arrived at in a number of ways. In order to determine the way
in which the calculation occurs, it must be determined whether the equipment
operates continuously or only upon demand. The process by which this determination
is made Is described Iin the previous chapter in the section describing column 14
of Table 4.2. If it Is determined that a particular piece of equipment operates
continuously, then the value printed In column 24 is the product of the number

of machines used in the process step (column 23), the name plate power rating

for a single piece of equipment (column 20), and the machine efficiency (column 27).

It is assumed that power is not consumed during maintenance and other non-
productive times. |f this type of equipment is capable of producing product but

is not required to do so because of a iower than 100% demand, power Is assumed
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to be corsumed anyway. For example, a diffusion furnace is not turned off
when product Is not being fabricated.

On the other hand, if it is determined that a plece of equipment requires
electrical power only when product |s demanded, then the values calculated above
are further multiplied by the equipment utillzation factor (column 28) and the
factor 0.616. This value, 0,616, is the ratio of assumed annua! work hours (5400)
divided by the annual calendar hours (8766). Subsequent calculations will
utillze these figures in column 24 to determine the cost of electrical power., Some
additlional factors have been applied for multiple track or multiple tube pieces

ot equipment In order to excliude power consumpticn for the unused portions of that

particular plece of equipment,

Similar calculations are used to arrive at the requirements for ventiiation
and deionized water which are contained In columns 25 and 26. Ventilation
calculations assume that fume exhaust will be required to operate at all times
that the equipment Is operational. Thus, exhaust figures are the product of
vent!lation requirements per machine (column 21), the number of machines per
process step (column 23), and the machine efficliency (column 27), Delonized
water consumption Is usually assumed to be on a demand basis so the figures
contained In column 26 represent the product of the deionized water consumption
for cach machine (column 22), the number of machines utilizing deionized water
(column 23), the machine efficiency (column 27), and the machine utilization
factor (column 28). |f, however, it Is determined that deionized water must be
consumed at all times that the equipment Is operational, the machine utilization
factor (column 28) will be excluded from the calculation. The mechanism
forr this determination, as has been discussed In the previous section, is contained

in column fourteen of Table 4.2. |

149

il e x oy G ek SRR T LTI — ul




Ty

The next report, Table 4.15, presents a summary of direct expense and
matorial items requirad by each of the process steps and for the process sequence.
included with the standard heading that has appoarod at the top of each
preceding table Is the cost of silicon in doliars per kilogram, and the electrical
power rate, both of which are input at the terminal at the beginning of the
simylation., These variables have been entered on this table as they are germane
to the calculations used to obtain some of the figures presented.

Column 29, Process Expenses, is arrived at in the following way., Expense
items are defined as those commodities required to produce the product that do not
appear in the final product. Columns 10, 11, and 12 of Table 4.2 contain these
expense ltems In the form of expense dollars pur thousand substrates, constant
expense dollars per machine, and variable expense dollars per machine respectively.
The values contained in column 29 are the sum of these figures, For example,
the first step of this process sequence is SICL4 POLY. From Table 4.2 column
ten it has been assumed that expenses of $27 per thousand substrates are consumed.
From Table 4.11, |t has been determined that, in order to procduce in one year
enough -olar cells to generate 50 MW, 3617 substrate equivalents must be producer

each hour at this first process step. Since [t has been assumed that there

are 5400 work hours In a work year then process expenses wlil be:
$27 8,617 (Thousand Substrates) 5400 Hours
Thousand Substrates X Hour X Year $1256.4K

Returning to Table 4.2, it is seen that columns 11 and 12 contain zeros, Indicating
that no equipment related dlrect expenses have been identified. Had entries been
contalned in these columns, they would have resulted in additior ! process

expenses which would be added to the substrate related expenses already calculated.

For entries contained in column 11, Table 4.2 the value is simply muitiplied times
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the numbor of machines required for the process step, column eight, Table 4,12,
For entries containad In column 12, Table 4.2, the calculation Is the product
of that number, the number of machines for each prccess step (column eight, Table
4,12), the equipment utilization tactor (column 15, Table 4.13), and the machine
efficiency factor (column four, Table 4.11).

The cost of electrical power directly related to the manufacturing of product
s contained in column 30 of Table 4.15, The values contained here inciude the
power necessary to operate each piece of manufacturing equipment, the power
required to opurate the exhaust ventilation equipment, and *he power required to
alr condition the heat load produced by each plece of equipment plus the make-up
alr requirement due to ventllation, The assumptions used in this calculation are
as follows, The actual equipment operating electrical power is assumed to be 50%
of the "nameplate" figures listed in column 24, Table 4.14. The electrical power
required to operate the exhaust ventilation system Is assumed to be 0.46iW per
1000 CFM of exhaust as defined in column 25, Table 4.14. Air conditioning
requlrements are assumed to be 40%of the sum of equipment power (colurn 24) divided
by eight, and 15 KW per 1000 CFM of exhaust from column 25. These three values are
totalled, multiplied by the electrical power rate (in cents per kilowatt hour) as
input at the terminal at the beginning of the simulation, and by 8766 hours to
detarmine the annual cost, in thousands of dollars, of direct electrical power.

Column 31 reflects the annuul cost of deionized water. The calculation which
datermines the cost of this commodily assumes that . 3 quantity of deionized water
used (column 26) is used for 324,000 minutes (5400 hours) per year and costs 0.31
cents per gallon., Column 32 is simply the sum of columns 29, 30, and 31 and reflects
the total cost of all direct expenses.

The final column of this report, column 33, displays the cost of each of

the direct materials used to fabricate solar cells and modules. Contained in
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this column are the costs of such Items as silicon, nickel, copper, interconnects,
and module hardware, The cost of each of these items is identified at the first
process step In which they are encountered. |t should be noted here that the

values representing materials costs are entered as though the process sequence

)

yield from that step forward is 100%. Becsuse the actual yield wil! be less than
1007, some of the direct materials used in a given step will be expended in later
steps and not actually appear in the final product. Nevertheless, It Is desirable
to account for such lost materiais as a material cost rather than an expense
because this emphaslzes the yielded material requirements of the important
primary commodities which appear In the finished product.

in general, the calculation used to determine the fligure entered in column

33 is simply the product of the number of substrates required per hour for the

|

particular process step in guestion (column 5, Table 4.11), the cost per thousand
substrates processed (co.umn 13, Table 4.2), and the number of working hours in

a year (5300), In the special case of silicon substrates, however, a different
approach is used.

The calculation that occurs for silicon sheet processes is the product

of the number of substrate equivalents required per hour (column 3, Table 4.11),
the number of working hours 1w a year (5400), the area of a single substrate (as
read from a file), the thickness of a single substrate (as read from the terminal

at the beginning of the simulation), the cost of the sillicon bearing chemical

o ook kgl i D R L Lt pma ad

(also read from the terminal at the beginning of a simulation), and a value which
reflects the efficiency by which sillicon sheets are formed from the silicon bearing
chemical. This value is the estimated mass of silicon bearing chemical (in kilo-

grams) required to produce 1000 cm3 of silicon sheet.
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The values contained in the program to account for the efficiencies of
forming silicon sheets trom silicon bearing chemicals are based on the following
assumptions. For SiHC|3, it Is assumed that a conversion efficlency of 35% will
be achieved In the reaction that produces silicon from this chemical. Of tne
remaining amount of chemical, 58,5% of the original quantity will be converted
to SiCl4 and be recliaimable at $0.40 per kilogram, The remaining 6.5% is lost
as waste., This waste is treated as an expense category dett ard the recliaimable
portion is treated as a credit to the expense cateqgory. |In the case of SiCIa, a
conversion efficiency of 65% is assumed. |t is further assumed that the value of
that which Is reclaimed Is equal to the cost to reclaim it, thus resulting in a
net zero cost. Ffor Sin, It is assumed that 100§ of the chemical can be convertes
to sillce Therefore, the mass of silicon bearing chemicals (in kilograms)
required to produce 100 cm3 of siiicon sheet from SiHCI3, SiCI4, or SiHa is
11.2562 Kg, 14.1198 Kg, and 2.663% Kg respectiveliy.

Frr a silicon ingot technology, the value in column 33 is the product of
the substrate area, the substrate tnlickness, the cost of polycrystalline silicon,
the density of silicon (2,33 Kg/1000 cm3), the number of substrates required per
hour, and the number of work hours per year. It is assumed that silicon substrates
produced from an ingot are first identified as a material at the crystal sawing
step.

These first 33 columne of the costing analysis output represent each of the
direct requirements of the manufacturing process. The information contained in
these tables as well as some additional Information, which will be described, is
utilized to create subsequent tables containing indirect manufactur~ing requirements

and to create an overall summary of the simulation.
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Tables 4.16a through 4.16d iilustrate the cout of overhead by category for each
of the four phases of the factory |ife. |In addition to the standard heading, each
table displays the number.of direct {abor employees and the number of months
within the particular phase. These t ' .. = contain eight columns of information
which reflect the labor, aggregate payroll, fringe benefits, expenses,
deprecliation, materials, commissions, and totals for each overhead cateogry.

At the bottom of each of these tables is a total for each of the columns. The
dollar figures (expressed in thousands of doilars) represent the actual expenses
incurred for the duration of the phase. |f an entry is $100K for a 12 mcnth
phase, with all other things being equal, the value would be $50K for a six month

phase. The census figures, however, remain corstant with changes in the phase

duration since they represent the number of people employed within each functional
category. Only integer numbers of employees are considered in this program. For

the purpose of including these overhead costs in total costs, fractional years

within o phase or multiple years within a phase are annualized in order to
perform further costing calculations.
;

Ihe final reports contained in the simulation are Illustrated in i
Tables 4,17a and 4.17b. Each of these tab.es serves to summarize the overall “
costs of manufacturing solar cells and modules. Summarized In each of these
tables are all of the inputs such as process name, cell dimension, annual
power generating capacity of cells produced, celtl efficiency, solar concentration,
substrate thickness, direct labor rate, cost of siticon, electrical power rate,
and interest rate. The number of months in each phase is contained in the left
hand column of Table 4.17a and a listing of process steps is contained in the lef1

hand column of Table 4.17b. Each table also contains the calculated fiqure for
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total direct labor requirements fcr all three shifts, The summary of costs

are contained in columns which assign the costs to materials, expenses, l|labor,
overhead, Interest, depreciation, and total. |In Table 4.17a these are displayed

in terms of the actual cost incurred during each of the four phases, the total

cost which represents the sum of these four phases, the cost in dollars per watt

and the percentage of total cost assigned to each cost account category. Table 4.17b
further summarizes these costs by determining the cost in dollars per watt for

each cost account category for each process step.

These last two tables are most helpful when determining cost drivers within

a particular process sequence. An evaluation of Table 4.17b clearly shows that

the cost of module parts, i.e. glass and frames for example, represent the
greatest contribution to the materials costs. Expenses or waste, however, are
most significant in the SiCl4 poly silicon and texture etching process steps
while labor is most intensive in the E-Beam RTR process step. Overhead cost
drivers occur in the SICI4 Poly, E-Beam RTR, and Plasma Patterning process steps,
perhaps suggesting a high maintenance or high labor condition. Interest and
depreciation, which are most significant in the SiCl4 Poly and E-Beam RTR process svens,
indicate that much higher capital equipment costs or floor space requirements
are associated with these process steps than with the other steps in the process
sequence. Each of these observations of cost drivers in the different cost
account categories, in conjunction with the supporting data from previous tables,
are invaluable to pinpointing the areas where cost reduction efforts must be first
applied. Significantly high cost drivers in this table may lead to modification of
the assumptions that contribute to that cost.

This section has attempted to display each of the costs attendant to

manufacturing solar cells and solar modules. The accuracy of the calculations i
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directly related to the validity of each of the various Inputs and should be treated
as such. Of more Importance than absolute accuracy, this program serves to ldent!fy
the relative costs of a wide variety of cost components and to compare them, one

to another. This comparison process, as has been shown, accurately ldentiflies

those areas In a manufacturing process that require the greatest attention

In order to achleve the lowest manufacturing cost.

3.4.4 DESCRIPTION OF MOTOROLA PROGRAM SOFTWARE

The Motorola solar costing program has been written in the Xerox Sigma 5-9
Extended FORTRAN IV language. Xerox Sigma 5-9 Extended FORTRAN IV is basically
compatible with other FORTRAN systems. |t essentially conatins (as subsets) most
other FORTRAN languages, Inciuding the following:

ANS1 (American National Standards Institute) XE.4 Standard FORTRAN

ISO (International Organization for Standardization) TC07/SC5 FORTRAN.
Xerox 9300 FORTRAN |V,

Xerox 900 Series FORTRAN |1,

IBM System 360 FORTRAN |V,

IBM 7090/7094 FORTRAN |1 and IV.

In the Motorola costing program, which Is named SOLCOST, calculations
occur in tne order that was presented In Section 3.4.3, tables 4.11 - 4,17, These
calculations occur in the same manner for both a single simulation and for &
sensitivity analysis; only the printing format Is changed. Each term used in
this program is described in commentary (llnes 4-127) at the beginning of the
FORTRAN program listing. Figure 4.1 shows a block diagram of each of the
required inputs for operation of the program. Each of these Inputs has been
described fully in the preceeding sections. Figure 4,2 shows a simplified block

diagram of the computer program's operation. Additional detail regarding the
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] costing calculations as well as the overall program operation Is contained In

the Iisting of the program In the next sectlion.

: 3.4.5 LISTING OF FORTRAN PROGRAM
% This section simply Iists the actual FORTRAN program, SOLCOST, as written

to run on the Xerox Sigma 9 computer system. As noted In Section 3.4.4, numerous
E comments which describe program terminology precede the maln body of the program.
The total listing includes 1106 statement lines and Is given on the following

14 pages.

S i

3.4.6 EVALUATION OF SAMIS METHODOLOGY

As part of the Low=Cost Solar Array Project, Jet Propulsion Laboratories,
in conjunction with the National Aeronautics and Space Administration, and the
U.S. Department of Energy, has created a computer program for the purpose of
; estimating the manufacturing costs of a photovoltaic industry. Thls program,

entitled the Standard Assembly-Line Manufacturing Simulation (SAMIS), was

designed to model a hypothetical U.S. industry which manufactures sillcon
! solar modules, |t use has been primarily limited to exlsting contractors

to the several agencles adminlstering photovoltaic contracts, applications for new B
‘ contracts, and agenclies such as JPL, SERI, and Sandla Laboratories. The

purpose of SAMIS is to provide a common approach whereby each of the several

; photcvoltaic manufacturing processes can be compared. This section will serve to

evaluate the SAMIS methodology In terms of reasonabllity and accuracy, and to

compare it to an independent costing approach developed by Motorola.

3,4.6.1 SAMIS EXECUTION AND COST

Utilization of SAMIS requires the use of a computing system capable of

operating in the computing language SIMSCRIPT, as described In Digltal Compiicr

User's Handbook, p. 1-264,
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SIMSCRIPT |s based upon the notion that the state of 2

system can bo described as entities (the things or objects

of which the system is composed), attributes (properties
associated with entities), and sets (groups of entities).

The user Is asked to specify all entities explicitly with

a complete |ist of thelr attridbutes and possible set
memberships, as the first step in developing & simulation model.

Most users of SAMIS do not have an in-house SIMSCRIPT computing capabllity and
are thus required to obtain an account with National CSS, !nc., a nation-wide
timeshare computer service. The JPL-SAMIS program Is contained on this system
and can be copled Into the user's account. This copying process encompasses &
number of flles which contain elements of the simulations to be performed as well
as routines for scheduling and running the program. Among this |ist of
required files are seven data files. A |imited description of each follows.

The largest of the required files is known as the -EXPENSE DATA file. This
file contains each of the cost account items used In a simulation. Contained
in this =EXPENSE DATA file are a catalog listing of Facilitles, Personnel,
Utilities, Byproducts, Commodities, and Resources. Information contained in
this file for each of the elements (entities) within each of these categories

includes a description of the entity, a cost versus quantity table for a given

¢co t year, an inflation rate figure, and a listing of each of the requiirements that

any particular entity may have. For example, fork |ifts require fork |ift operators

and fuel oil, This file as copled from SAMIS contains in excess of 5000 |istings;
however, u. .rs may find that one or more entity required for thelr process

mav not exist in the -EXMINSE DATA file and that additional Information must be
added to it, SAMIS provides a mechanism to do ihis; however, when these new
entities are added, the entire flle must be loaded into core in order to assure
t &t the new ent!ty Is uninue -- a very costly process. Moreover, each time a
simulation ts performed, the entire -EXPENSE DATA file must be loaded into core

even though most of the commadities are not selected by the program. An
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example of the cost of loading the -EXPENSE DATA flle Is illustrated by a session
in which JPLSAM!S was attached and ten expense |tems wore created and saved as a
group, resulting Iin a cost of more than $150.

Another large file required by SAMIS Is the -PROCESS DATA flle. This flle
contains a description of each of the requlrements (attributes) of an individual
process step. Any number of process steps riay be contained In this file with
no fewer than 35 attributes per process step. This flie contains the information
that is entered on the JPL Format A, The cost of bullding and saving this
information Is somewhat less than that for the cost account catalog data. Two
examples |llustrate this lower cost. In the first example the fol lowing steps
were performed,

LOGIN

LINK SUNY

SET CORE 1280

ATTACH JPLSAMIS AS X

CREATE (1) PROCESS

DILPLAY ALL

SAVE PROCESS

STOP

LOGOUT
This procedure resulted in the use of 100 ARU'S (an ARU Is a unit of computer
resources used during a terminal session) at $0.20 per ARU plus 0.12 connect
hours at $15 per connect hour or a total cost of $21.8¢ The second example
is muct the same as the first; however, sixteen processes were created and
saved as a group resulting in the use of 238.3 ARU'S and 1.77 connect hours

or $74.2: This would suggest that much of the cost is assoclated with attaching

JPLSAMIS and that entities should be created dulrng a single session and saved as a

group rather than individually.
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Two additional files which define the nature of a users simulation aro
called -COMPANY DATA and -INDUSTRY DATA. These files represent the Information
contained on the JPL Format B and Format C forms respectively. As a part of the
-COMPANY DATA file, which contains 48 individual attributes, an ordered listing of
the processes used In the process sequence Is entered. This |ist provides a
mechanism by which the program can read and place in order the information
contained in the -PROCESS DATA file. The =INDUSTRY DATA flle, which contains
only ten attributes, identifies the product performance and ties together companies
within the industry if more than one Is used.

The remaining data files are called -RUN DATA, =-STANDARD DATA, and =-COMMAND
DATA. The =RUN DATA file contains 20 attributes which are designed to specify the
size of the industry and to detarmine the reports that a simulation will generate
and the mode and format by which they will be printed. The =STANDARD DATA flle
contains 85 attributes, most of which deal with accounting procedures. In
addition, this file contains such Information as the manufacturing year, number
of shifts, calendar information, and work hour information. The =COMMAND DATA
tile is a short file which contains the instructions that a user would type in
io initialize a simulation in the terminal mode. These Instructions are used
for an off=line print simulation only, and simply replace those instructions
that the user would have typed in had the simulation been of the immediate type.

In addition to the data fliles that are described above, five executive flles
must be copled from JPLS/MIS, These files are:

DEMAND EXEC
BATCH EXEC
SCHUDLE EXEC
RUNB EXEC

OFFP EXEC
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These files are required to perform simulations, particularily Iin the offline
mode. Some modification Iis required in order to assure the user that the

run Is done In the desired mode and that results of the simulation are routed
to the user's nearest NCSS printer.

During the process of bullding these several files, the user will most |ikely
enter some Information whicih 1s Incorrect and will require editing. The editing
process represents one of the more difficult and time consuming elements of
operating the JPLSAMIS program. First time or infrequent users of JP.SAMIS find
that during the process of editing a file, it Is not necessarily apparent whether
the section to be edited requires o “igh-level manipulation command or a low-level
manipulation command. The syntax Is dlfferent for each and tho user may occasional ly
find himself in a situation in which the correct entry is not obvious. Contlrued
entry of incorrect commands will result In the disconnecting of JPLSAMIS and the
subsequent loss of all Information entered (and not previously saved) during the
session. When this occurs, JPLSAMIS must be re--connected and ali of the
information lost must be re-entered. Close examination of the users
quide shows that, In some cases, examples of recovery from some types of errors
are not |isted. Moreover, those examples which are contained In the users guide
are spread throughout the text in such a way that they are difficult to locate.

It is suqggested that the JPLSAMIS users guide contaln a centrally located table
of appropriate commands in addition to a more complete indexing of their
location within the text,

As can be seen ‘rom this |ist of required files, a significant amount of user
preparation i< reguired in order to use SAMIS (at a computing cost of several
hundreds ot dollars for the preparation alone.) Additionally, once thesc
files are established they are usually maintained in the users account for po..ible

future use. Storage costs are in the vicinity of $180 per month.
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A detalled breakdown of the cost of performing a SAMIS simulation are

T .

contained Irn the following two tables. These tables ropresent a billing from

R T T e g

NCSS for o period In which each of the flles required for a simulation was

prepared and an offline simulation was performed. Table 4,18 shows a breakdown

—
i

4

E he

; . of the connect, cure, and ARU charges for each record type used by the computer,
E Table 4.19 takes this information and rank orders it to highlight the cost

drivers, As is readily seen, the ARU charges represent the most significant

{ portion of the total cost, nearly 70%. Approximatiey 90% of these ARU charges are
§ directly attributable to use of the SIMSCRIPT language. |t should be noted that
charges associated with the use of the SIMSCRIPT language contain a surcharge

and, in this example, represent a cost to the user of $346.

By comparison with the $2766.22 session charges in Table 4,18, the computing

‘ charges assigned to performing o simllar simulation on the Motorola costing program
! are loss than $90,
?

5,4.6,2 COMPARISON OF SAMIS AND SOLCOST TECHNIQUES

In many aapects, SAMIS and the Motorola computer costing methods are
simitar, Tor oxample, both requlre the creation of files which identify
process steps and o process sequence as well as information which allocates
f\ indirect costs,  The way in which allocation of indirect costs is performed is the
arca whero SAMIES and Motorola differ the most. The primary difference here is
that SAMIS approaches direct needs in a classical hlerarchial way in which every
? : fanctlion is related to every other function through a needs-implication structure. f
. i For exampla, the number of research enginears is based upon the tctal number
of production persont-| when in fact the number of production personnel has no i
: direct bearing on the research function, particularily when evaluating a rapidly

i changing photovoltalc industry. The Motorola approach to indirect needs views ;
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TABLE 4.19: SAMIS SIMULATION COST DRIVERS
RECORD TYPE CHARGE AMOUNT UNITS  COST PER UNIT
‘ SIM 25 ACCES ARU $1730.02  62.5 8641.413 @ $0.20/ARU
' INTERACT I VE CORE 26%.84 9.5
} SCR4 TCH 20 CONNECT 255. 30 9.2 17.02 @ $ 15/hour
'] INTERACT | VE CONNECT 210.50 6.2 13.93 @ § 15/hour
: INTERACT IVE ARU 159,89 5.8
rg SET ACINFO CONNECT 36,15 1.3
'y SET AC INFO CORE 32.60 1.2
b SET CORE CORE 25.00 .9
f SET CORE CONNECT 18.75 7 |
& SET ACINFO ARU 18.07 .7 4
. BATCH 2 ARU 7.13 3 '
| SET CORE ARU 5,97 2
g PRINT 1INDLN OTHER 3,00 X .
TOTAL $7766.22 ) ‘
)
L CHARGE TYPE
ARU $1921.08  69.5
CONNECT 520.70  18.8
ADD CORE 321.44  11.6
OTHER 3,00 0.1
TOTAL $2766.22 0.0
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these needs as unique and perhaps unrelated to the manufacturing function. In
‘act, the Motorola approach uses the jame approach that was used to identify
direct neads to !dentify Indirect needs, That is, the several functions required
to operate a business were identifled and some assumptions were made as to the

minimum needs of the particular function as well as its relationship to other

i aspects of the factory. Table 4,20 Illustrates the concept of varying different
overhead categories in different ways, As can be seen in this table, most of the
i ! functions are constant, hased on the assumption that both the product and

customer bases are small. Those areas that do vary, vary in accordance with the

function most nearly related to them,

I1lustrations of the SAMIS approach are shown in the next several tables
and figures. Table 4,21 shows the Job functions that are implied by the number of
) production personnel. Figures 4,3a through 4.3d show the remaining implications
& of these indirect job functions as well as the direct personnel reporting structures.

in thase figures, 80 separate Job functions, excluding secretsries, are implied. %

figure 4.4 shows the complexity with which 137 separate entities are generated
and related when floorspace is required from the Format A during a 3
simulation., lIncluded in this list are 43 facility entities, 74 personnel

entities, 13 utility entities, 2 byproducts, 2 commodities, and 3 resources., A

St} o M sl e e Lk

similar structure would be genrated when direct labor personnel are required.
In additlion, close examination of the chart shows that many of the entities
imply themselves in an iterative way. Examples of this self implication
process are shown in Figure 4.5, The number of interations conducted by the
program are |imited for this process so that the effect on cost of these

iterations remains small.

A
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TABLE 4.20: OVERHEAD CATEGORY DEPENDENCIES

VARIES AS A FUNCTION OF:

; OVERHEAD LABOR _ FT® _ CONSTANT _ VOLUME  EQPT.
i DIRECT FACTORY X
3 ENGINEER ING X
; PRODUCT ION CONTROL X
{ BUILDING SERVICES X
- MA INTENANCE X .
- MANAGEMENT X |
? MARKET ING/SALES X !
PURCHAS ING X
| F INANCE X
SECRETARY POOL X |
, DATA PROCESS ING X 5
o TRAINING X ;
o PERSONNEL X 3
CAFETERIA BREAK-EVEN i
LEGAL :
NURSE X
0.A. X |
’
) .
b .
o
-
*‘{
|
L‘
186 §
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TABLE 4.21:

A

SAMIS RELATIONS OF OVERHEAD PERSONNEL TO PRCODUCTION PERSONNEL

# OF B50501
(TOTAL PRODUCTION PERSONNEL.

600
600
190
600
100
600
100
150
50
200
100
100
100
300
300
300
100
100
500
1000
2000
100
500
1000
2000
600
300
200
200
*200
200
200
200
200
190
50U

— e \N}

.
— e\

16.2
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REFERENT

B10161
810321
B.0481
B11121
B11281
812081
B12401
B13361
B13521
B14001
B14481
B2008!
820321
820801
821121
B209F |
B21441
B21601

B21761
B2208!
B22401

B22561
B31288
B31921
B32088
B32161
B3224B
B32408
B32568
B32728
B3288|
833521

JOB DESCRIPTION

Administrative Assistant
Auditor

General Clerk

Director Pub., Relations
Employment Interviewer
Lawyer

Mall Clerk

Nurse

Personnel Clerk
Receptionist

Tralning Supervisor
Accountant

Bookkeaper

Computer Operator
Keypunch Operator
Financial Analvst
Payrol! Clerk
Procurement Clerk

Programmer
Purchasing Agent
System Analyst

Treasurer

Chemical Engineer

Mechanical Draftsman

Electronics Engineer

Engineering Aide i
Industrial Engineer %
Mechanical Engineer

Production Planner i
Q.C. Zngineer

Research Engineer

Production Supervisor Assistant
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3.4.6.3 SAMIS CRITIQUE

The preceding discussion suggest three problem areas assoclated wlth the use
of SAMIS., These are cost, comple """y, and credibility. The cost of performing
a computer simulation for photovoltalc Industry costing purposes could be greatiy
reduced If the code were written in a language more universully accepted. Analysis
of the computing costs Indicates that the SIMSCRIPT languoge !s much more
expensive to operate than Fortran, particularlly when considering the 5¢ nar ARU
surcharge, a 25% Increase over the Lasic rate.

Much of the basic information required by SAMIS would be required by any
computerized cost.rj program. However, if the purpose of a computerized costling
simulation for the photovoltalc industry Is to estimate the manufacturing cost of
a particular process and evaluate the sensitivity ¢ this estimated cost to a
number of key veriables, then SAMIS requlres too much information from the
user. Perhaps most of the information required by the STANDARD and the COMPANY
files should be contained in a separate default file that would only require
access If a speclfic change in one of the Inputs was desired. Further
simplification should be incorporated Into the file bullding process in terms
of writing the users guide in a file-oriented format rather than a
command-oriented format. The current approach is very confusing to the
inexperienced user who is most [lkely not familiar with the appropriate
commands necessary for the file he is working on.

in terms of credibillty, the SAMIS costing model is based upon the notion
that the solar photovoltaic industry will be structured in much the same manner
as the semiconductor industry. It is believed that, although semiconductor
processes are used, the photovoltaic industry, due to stringent cost requirements,
will not look like the semiconductor industry, especially In the Indirect
structure. Furtner, it is expected that indlrect requirements will vary

considerably with various prccesses, both in terms of the kinds of indirect

194
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requirements and the amounts of those Indirect requirements. Flgure 4.4, thus,
Is probably not valid tor many factory scenarlos.
Another problem with the use of SAMIS in terms of cost projections Is the

fact that cost account ltems are Infiated at a rate contalned In the cost

account catalog for sach entity to the year 1986. They are subsequently deflated

to a nearer term manufacturing year at o fixed (8%) rate, which Is usually
significantly lowsr than the average Inflatlon rate. As a result, the
calculated cost of most of the inputs to a manufacturing facllilty appear higher
In manufacturing years prior to 1986 than they would be if they were simply
inflated directly to the manutacturing year In the first place.

In review, SAMIS Is a computerized costing method which s capable of
performing a slde-by-side cost comparison of varlous photovoltalc manufacturing
processes., Its value s that it performs this task In a consistent way In an
attempi to normallze the assumptions from process to process. Unfortunatley, It
cannot (nor can any costing program) evaluate the completeness . correctness of
the input data., Further, It cannot accurately predict the unique indirect
requlirements of one company compared to another. Thls report suggests then
than SAMIS probably Is a valuable tool to JPL to make rough cost comparisons
between the several proposed manufacturing processes, but It Is probably too
costly In both time and money, and too subjective, to be of much use to a

photovoltalc manufacturer.
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4,0 _CONGLUSIONS

Concluslions are orqanlzod bolow according to the four main toplcs of the

g tachnical discussion. i

-
F | 4.1 PROCESS TECHNOLOGY |

(1) The use of substrate surface praparation technlques such as texture

etching must be evaluated separately for each Individual cholce of non-Cz substrate

material, since dif¢erent non-Cz materials will react differently in the texturing . ;
crystalline) material will be less than for optimalily orlented single crystal

|
i » process. In general, the increase In optical absorption for non-Cz (multi-
i
i wubstrate.., The eoffectiveness of texturing becomes an economic trade-off.
E (7) The use of caustic otching (sodium hydroxide solution) proved to be a
) useful tochnique for isotropically smoothing and preparing various non-Cz surfaces.
! (3) With respect to investigations of solar cell substrate drying, tentative 3
conclusions are:
(a) Oven or forced hot air drying may be especailly useful for
processed, passlivated cells before encapsulation.
(h) Maechanical drying methods such as centrifugation or air blast
are capable of producing clean surfaces but are generally too
l time-consuming and stress-producing to permit use on fragile
substrates,

(c¢) Displacement drying appears tc provide the cleanest wafer surfaces,

; while providing fast and gentle processing. .

e T ——

1.2 CELL DESIGN
s
; Proper metalllzation pattern design is often neglected but wlill be extremely
| ; important in obtaining maximum performance from low cost, non-Cz substrates. A cood
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design requires a carcful tradeoff of cell performance parameters, metalllzation
goemetries, and ohmic losses. This Is best done by computetional procedures
which can be exercised to arrive at an optimum design for the specific cell being

fabricated.

4.3 METALL I ZATION

(1) The plated nickel=-copper metalilzation system is a viable, high
performance ohmic contact and conductor system for solar cells fabricated on
non-Cz substrates.,

(2) Electroless nickel and electroless copper technologles provide feasible
means of plating the nickal-copper metallization onto silicon substrates.

(3) Care must be exercised not to exceed certain temperature |imits (which
are a function of the particular non=Cz substrate materlial and solar cell design)
during solar cevil sintering, iInterconnection, and encapsulation operations If high
performance Is to be realized and cell |-V characteristic degradation Is to

be prevented.

4.4 COST ANALYSIS

A costing program which allows Inexpensive simulations and sensitivity
analyses |s extremely valuable for refining cell process sequence cholces. The
value of costing procedures Is not just to establish costs and prices, which
are generated, but also to determine specliflic cost drivers and parameters which

influence them.

197
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5.0 __ RECOMMENDATIONS

(1) Cost-effective and gentle drying techniques sultable for non-Cz solar

cell substrates will be required for any process sequence presently envisioned.
Accordingly, further development work should be conducted on the promising drying
methods identiflied, with particular emphasis on handling and material transfer
considerations.,

(2) As part of this contract, a computer program was written in the BASIC
language to effect optimum design of front surface metal grid patterns for
roctangular non-Cz solar cells. It Is recommended that this program, along with
empirical data for solar cell and metal conductor performance, be widely appllied
as a deslign tool for achieving maximum cel!l performance.

(3) 1t is recommended that selectively plated nickel-copper metalllzation
be chosen for cost-effective, terrestrial, non-Cz solar cell fabrication. Both
nickel and copper may be applied using electroless plating chemistries.

(4) Feasliblility of eiectroless copper plating for solar cell metallization has
been demonstrated. It is recommended that advanced development of electroless
copper processing for solar cell applications be carried forward. Speclfic
ompriasis should be placed on developing and adapting high volume, high throughput
plating equipment suitable for fragile solar cells.

(5) Solar cel!l manufacturing cost and price estimations are an integral part
of developing cost-effective fabrication technologies. Since absolute cost
astimates are very difficult to formulate by any method, the cost estimation
technique must be capable of making ready cost comparlsons and cost sensitivity
analyses. |t is recommended that a costing methodology (such as the Motorola
solar cell/module costing program) which satisfles the requlrements above at

very low operating expense, be used by the photovoltalc Industry.
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6.0 NEW_TECHNOLOGY

No reportable items of new technoloy were identifled.
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7.0 ACPENDIX A: ZONE ELEMENT CHARACTERISTICS
7.1 SURFACE _VOLTAGE DROP_AND OHMIC DISSIPATION
Consider the cell surface to be of unlform sheet resistance, RS’ and to carry
one=dimensional current and potential distributions, i(x) and v(x), that arise from
a net junction current density, J(x), as [llustrated in Figure Al, These distributions

are governed by

di/dx = 2J (A1)

1

dv/dx = - \Rs/l)l. (A2)

Under conditions of uniform photogenerated current density and for
52 < (15/2) (kT/qRSJ(o)), it can be shown that J(x) asymptotically appioaches
a spatially constant value. Consequently, under these conditions the relations

above can be satisfied by the distributions

X
I(x) = J j’uc)dc (A3)
[e]
% 1)
vix) = = Rg -!ME) dg (A4)

where J is the net junction current density at the operating point of the
substrate and (£} is the dimension of the rone normal to the current flow

at the general point, §, as illustrated in Figure A2. for a pattern boundary
such that 2(x) is of degree less than second, corresponding to present practice,
the integrals can be evaluated with sufficient accuracy by means of the

trapezoidal and Simpson's rules to yleld the first-order approximations.

- R(x) + k(o)
H(x) = (1/2) J.2(x) [—-——1125—-—{] (A5)

iRl sl R s Craela
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2 2(x) = £(0)
vix) = = (1/2) JRx" {1 - (1/3)[ ) ] ). (A6)

These expressions are exact for |inear pattern boundarles and adequate
first-order approximations for second degree boundaries as long as the change
in length between adjacent collectors is a few percent of their length.

The several restrictions introduced to thls point limit the discussion to
patterns of relatively close-spaced collectors., It will be seen in what
fol lows, however, that better performance requires such close spacing. In this
sense, the discussion Is being limited to cases of practical importance.

It follows from (A6) that the maximum voltage drop across the clear surface
of the zone element is given by

~

" ol g - R
Vmax'5 (1/8) JRSb {1 (1/3) [ ) ]} (A7)
where i is the larger of 2+, L~, as defined in Figure A2, which also defines s.
The ohmic power dissipation over the clear surface of the zone element
Is of the form
P =% -‘-355—’« (AB)
Q,s s R(E)
where the integral is over the ciear surface of the zone element. Evaluation

to first order yields

+ -
- 25 o3, &+ &
Ph,s = (1/12) J RSS 2 (__EE-—-) (A9)
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The ares of the zone element,
A, = Jreerae (A11)

where the integral Is over the entire zone element, bucomes, to flirst order,

+

AL = (2/3) (W/F) 11+ (1/2) & 2: .y . (A12)

Consequently, under uniform |liumination of the zone eiement with intensity P‘,

the fractional ohmic dissipation due to surface currenits, to the first order, is

given by
2 (1=F)°> NN
(Pu/Pl) = (I/S)KJRSW' — [+ (—T_)] (A13)
s F

where K = (1/12) (J/P').
It Is seen that the contribution of the surface currents to the fractional ohmic
dissipation of the zone element is Independent of the area of the zone element.

in the case of a |inear zone boundary it Is also iIndependent of 2. The principal

geometric dependence is upon the quantity w2 (I-F)S/Fz, Iindicating an advantage
in small linewidths, for the same value of F, l.e., closely-spaced collectors
of small |inewidth,

7.2 COLLECTOR VOLTAGE DROP AND OHMIC DISSIPATION

The surface current distribution, (A5), leads to the first-order collector

current distribution.

ity) = JA_CI-F) (2=y)/y (A14)

with reference to Figure A2.
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Characterizing the collector resistance per unit length as unlform and
of the form Rc/w, where R

leads to a maximum vrltage drop across the collector of the form
JRc
vmax.c - fl(y)dy (A15)

which ylelds, to the first order

2 (I=F) F)

v = (1/3) JR A [+ (1/2) <‘ " £ . (A1e)

max,C

For |inear zone boundaries, and for zone boundaries of second degree with

sufficlently close=spaced collectors, this becomes

- 2
Vmax,c = (I/Z)JRCI (1=F)/F. (A17)
The ohmic dissipation over the colliector,
Pn (A18)
is given, to first order, by
- 2, 22 2
Pn,c (1/3) 4 RcAé (/W) (1=F) (A19)

which leads to the collector contribution to the fractional ohmic dissipaiion

of the zone element.
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2
(Ph/P')c - JKJRCAO(L/H) (1=-F" (A2

This quantity Is seen to be proportional to the zone element ares and to the
length=to-width ratio of the collector, indicating the desirabliity of zone

element of small dimensions for a given value of F,

7.3 CHARACTERISTICS OF THE ZONE ELEMENT

The fractional power loss due to shadowing by the collector can be written,

to the first order, as:

+ -
‘PsH/Ps’o = ww/h = (3/2) F (1 + (/e =y, (A22)

The total fractional ohmic dissipation over the zone element is the sum of

(A13) and (A20), which can be written in the form,

(Py/P\) = KIRg tasw? LD e <&._tJ£_,]
(o}
. - 2
v (8/3) (R/RG 22 [1 + (/) d—tty D) . (A22)

The maximum voltage drop assoclated with the zone element Is the sum of

(A7) and A17);

2.1- F 2
Voax,o = (1/8) JRg (W () [1-(1/3) <—;—)1

+ -
182 (1 + (1/8) ( 2] ";F’ . (A23)
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