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1.0 SUMMARY

This final report brings together the two major study efforts of the
second half of the contract. The first poETion of the repdrt presents the
results of a study of process variables and solar cell variables. Emphasis
in this portion is on identifying interactions between variables and their
effects upon coﬁfrol ranges of the variables, The second porfioﬁ of this
report presents the results of a defailed cost analysis for manufacturing
solar cells. This cest anafysis includes a sensitivity analysis of a
number of key cost factors.

The Appendix presents material which was included in the Annual Technical

Report of this program, but which has required |ittle or no change since then.



2.0 INTRODUCT | ON

Phase | of }he Automated Array Assembly Task, LSSA Project,  is concerned
with a comprehensive assesémenf of the improvements in existing technology
that may be needed to develop, within a period of no more than 10 years, an
industrial capability for low cost, mass production of very durable silicon
solar photovolfaic medules (and arrays). ‘

This portion of the Phase | study involves the definition and analysis of
control parameters of Individual process steps as well as the integrated
process sequence, and of the effects of these conirol parameters on the

final solar cet!! (and module} structure, performance, and cost effectiveness.



3.0 ANALYSIS OF VARIABLES

3.1 DEFINITION OF SOLAR CELL AND SOLAR CELL VAR[ABLES

Studies of control variabtes for solar cell manufacfuring must start
with a definifion of The desired solar cell siructure, which can be related
to the properties of the cell, and,.in turn, related to desired process
resulfs for given process steps and sequences. Ultimately, it is desired fo
relate solar cell varjables (and their variations) to process variables
(and their control limits}).

The solar cell which is considered for these studies is a silicon solar
cell with a shallow (<1u) metallurgical P-N juncfion)a back surface high-low
Jjunction (enhancement layer), and patterned front and full back contact
mefa{lizafions. The cell also has an antireflection coating covering é
texture-etched front surface.

The solar ceil may be characterized by a variety of operational and
diagnostic variables, which can be classed as electrical, physical, or
mechanical, and primary or secondary. Ultimate observation of the cell
will be based upon the operational Vagiables, while control of these operational
variables will rely heavily upon control of the diagnostic variables.

Operaticonal variables are those properties of the solar cell which are
observed when The cell is either being interconnected and encapsulated or
when the cell is funciioning in ftest or service.

Cell variables which af%ecf the coperational variables are classed as
diagnostic variables. Changes in operational variable values for a solar cell
should be capable of correlation with changes in one or more of the diagnostic

variables.



Table 1 lists the primary operational variables and Table 2 lists the
primary diagnostic variables for solar cells.

in addition fto the quantitatively defined variables shown in Tables 1
and 2, an additional primary cell variable is the degree of front surface ‘
(and/or back surface)} deviation from fiaTness due either to surface texiuring
. or to warpage. Attempts will be made to quantify this %acTor.

Two other primary variables are of major importance to the LSSA Project,
but are considered beyond the scope of this study. First, potential inter-
facial interactions within the module (such as surface chemical reactions,
interfacial migration, electrochemical processes, and +herma| stressing) are
too complex to analyze adequately in The period of tTime devoted fo this study.
Second, reliability of a solar cell in its envirconment as part of a module is
a_subject which would requi}e iong ferm testing of appreciable numbers of
modules. ]n both ;ases, vide variaTipné in modufe design and construction
by the solar module industry make current studies of entiré configurations

premature.



TABLE 1

PRIMARY SOLAR CELL OPERAT!IONAL VARIABLES -

Shori Circuit Current, !sc (T
Open Circuit Voltage, VOC (M
Maximum Power, P (m)

max
Cell Conversion Efficiency, n (T)
Voltage at Maximum Power, VP (T)

max

Current at Maximum Power, lP (T)
max

Fill Factor, FF (T) = P__ /(1 _Y(V_))
max  SC' ocC

Cel!l Series Reéisfance, R .
series

Ceil Shunt Resistance, R
shunt

Cell Thickness, T ’

Cel'l Diameter, D

Cell Length, L

Cell Width, W

Cell Area, A

Cell P-N Junction Area, AJ

Metallization Area, AM

Metallization Coverage, AM/AJ X 100%

L

Metaliization Pattern Dimensions, TM’ WM' "

Contact Placement



TABLE 2

PRIMARY SOLAR CELL DIAGNOSTIC VARIABLES

P-N Junction Depth, xJ

Mefallizafiop Penetration Depth, X
‘P-N Junction Layer Sheet Resistivity, psj
Metal Sheet Resistivity, Pam (for each metallization width)
Back Surface (enhancement ltayer) Sheet Resistivity, pg back

Back Surface High-Low Junction Depth, xj back
Substrate Bulk Resistivity, p

Front Surface'DopanT Concentration, CS

Back Surtace Dopant Concentration, CS back

Dopant Profites, ¢ (x); C {(x).

back
Crystal Orientation, (hKkl)
Disiocation Density Ny
Spectral Response of Short Circuit Current, ISC (x)
Minority Carrier Lifetime, -

Diode Dark Characteristics, | vs V

Surface Recombination Velocity, S

Front Surface Reflectivity, R (X)

Base Thickness, WB

Metal Adherence, M

Uniformity ©f Operational and Diagnostic Variables over the Surface of the

sofar cell.)



3.2 DISCUSSION OF MAXIMUM SOLAR CELL SIZE

The lateral dimensions of silicon sheets to be fabricated into solar cells
and encapsulated into modules are of major importance with respect to sheet
(or crystal) greowth, solar cell effiéiency; manufacturing cog#s, and inter-
connection and encapsulation cosfs;

THe current and power generated from a solar cel! are area dependent.
Accordingly, fo a first approximation, it may be assumed that the same power
can be generated from several large celis having the same total silicon area
as many small cells. Upon closer examination, however, it can be seen that
Trade-offs exist as the céll size increases, placing a limit on the size of a
solar cell from the standpoints of both cell oufput efficiency and cost effec-
tiveness.

The primary argument for increasing solar cell size is o achieve
economies resdlfing from minimizing the number of units being handled through a
processing seqﬁence_and the number of cells to be interconnected prior'To
encapsulation. This argument assumes that the equipment utilized can process
units at approximately the same ra+§, regardless of size, and that equipment
for handling different sizes of sheets costs nearly the same amount. A
great deal of support for this argument can be made by analogy
to the overall semiconductor industry. ‘There, wafer size has increased from
early diameters of 0.7 inch through 2 and 3 inches and up To 5 and 6 inches in
the course of less than fifteen years. This dramatic size increase is justified
primarily on The basis of handling economy. There are many recorded cases of
severe yield reduction when larger waters were introduced into various semi-
conductor device and integrated circuit product lines. Specific process R&D
effort has gone a long way towards improving yields with larger silicon wafers.
However, even though the yield in Terms of good units per unit area of silicon

may be lower for larger wafers than for smaller ones, the increased throughpuf



and reduction of edge loss c&mbine to make the use of larger wafers economically
favorable.

For solar célls, however, other factors |limit the maximum favorable size
of the device. As cell size increases, processing equipment must become more
sophisticated (and expensive) in order +o achieve confrol and uniformity over
the larger ;rea, ultimately offsetting economies of handling. |f any yield-loss
mechanisms which are fundamentally area dependent exist, larger cells would mean
higher costs due to increased yield loss. Conceptually, at least, future
technology advances could minimize the effects of these limifations.

The most important limiting factor on large solar geil dimensions is a
fundamental design consideration: increased cell size ultimately requires
increased percentage metallization coverage in order to maintain a constant
voltage drop per unit area in an effof? to maximize cell outpuf power. Increased
metal coverage, however, results in shadowing of active cell’area and reducing
available power generating area. Hence, active area must be +raded‘againsf
increased series resistance, in order fto achieve an optimal design to minimize
efficiency loss as cell size increases.

While these (and similar) arguments have been widely discussed, few attempfs
have been made to put the limitations on cell size on a quantitative basis.

An approach is presented in the following discussion fo quantify these design
trade~offs and to evaluate the cost effectiveness of increased solar ce}l

sizes.

3.2.1 EFFICIENCY CONS|DERAT JONS

in order to study quantitative efifects of solar cel!l dimensions on per-
formance and cost effec+iveness, it is necessary to establish a reference

model| for a sclar cell on which catculations and discussion can be based. Such



a reference cell has been formulated, haviﬁg parameters whiéh are of high
quality. |t is recognized that volume producfion may resul% in solar cells:

of lower quality than %he model. The high qual}Ty cell has been chosen; however,
to identify optimum conditions for deTermining‘ceiI dimengions and cost effect-
iveness, recognizing'fha¥ in practice a cell of this qual ity must have. smal ler
QEmensions than calculated here, ‘Res?aTed, this approach identifies magimum
desirable dimensions, with actual dimensions perhaps being smaller.

This approach, in ?u}n, will place an upper limit on the size goals that
}he sheet and crystal growers may utilize in defining their processes.

The reference solar cell "is chosen fo bé an ideal silicon diode with
glecfrical contacts at the. perimeter. Wheﬁ exposed to a solar jnso!étion (air
mass one) of 1OOmW/cm2, the reference céi{ is assumed‘fo have a generafign
current density, Jgen’ of 40.0mA/cm% and_aﬁ open circuit vol+age;Voc, of 0.600"

"voit. These properties relate to the séljcon substrate, ﬁ—n ‘junction, and =
silicon surface condition. -The effec+ of metal covering (and thus shadowing)
the front surface must still be included. Using fhé ideal diode equafién, %he

_geheration current density and open circuit voltage may be used to calculate

the diode saturation current density, JsaT' Thus, &
Jouf = Jgen - &SaT,exp[qV/kT]; 1(1)
0= Jgen - J§a+ EXp[quc/kT]; )
J r i
= 4en : (3)

JSa'l‘ Texp qVOC/RTL

From equation (3),.the reference cell has a saturation current .density of
3.48 x 10 “mA/cme.
As stated earlier, power output and conversion efficiency will depend

directly on solar cell size. Larger.cell sizes generate greater currents and



require Ionger metal paths from the cell center to the perimeter. Longer current
conduction paths require |ncreased front surface metal -coverage, or lncreased
metal thickness, if series resistance is not fo be increased. Increases in
series resistance result directly in reduced cell efficiency. Therefore, the
relation between cell surface area, series resistance, énd power conversion
efficiency must be evaiuated. This is done by utilizing the ideal diode equation.
Let A be the Total solar ceil front surface area (in cmz, including metal
coverage), and let R be the series resistance (in ohms). The equation describing

the electrical .behavior becomes

- _ q_
Ay E A exp( [V+RA UJF]) (4)

J

out and J: sat “are calculafed on the basis of total values and tofal

surface area of the solar cell, so That

Jouf = EouT/A - (5)
= /A
and Jsa+ ’saT ﬂ (63
J is the photogenerated current pér unit area of exposed gurface,

gen

and ¥ is the fraction of the cell surface that is not covered Qifh meta!l

(i.e., the fraction of cell surface is exposed).

1

Solving the above equations for voltage, V, yields

, -
v = KL ln[ _gen 0”1’] - RA J (7)

q Jsaf out

Power, P, is voltage times output current.

P=VMOW ‘ (8)
fJ -J
p=KL oy p|—gen_oul | ps?2 (9)
q out sat OUT
Di fferentiating,
_de = A gl_tn [quen ~ Jou%} (equation continued)
dJou‘i' sat

10



J

sat
—AEJOT[J1 ]{fd _— ] —2 RA° +
a ou sat gen out ou (10)

By definition, at maximum output bower the voltage V=Vm and The current

densiTty JouT = Jm. To solve for Jm’ set dP/d Jouf = 0.

The resulting non-linear equation is

1T kKT quen - Jm Jm
RA = 5 == 7~ in . iy _— an
a m sat gen m

. . iy . 2
where RA is expressed in K cm2 when the current densities, J, are in mA/cm .

From equations (7) and (11),

KT fJ - J
v = £, gen ml _ ga (12)
m q sat "
fJ -J J
v = l-EI-%ln |- gen nJ * m_ 5 }_ (13)
m 2q Ysat J fJge” " m

A graphical solution to these equations can be obtained by determining

values of RA and of V for various Jm values. By forming the product of Vm
m

and Jm’ the maximum power density Pdm (in mW/cmz) is obtained. Since the solar
input power density is assumed to be 100mW/cm2, tThe Pdm value is numerically

equivalent to percentage cell efficiency, n. Values of P, (and/or n) are

dm
plotted against RA in Figure 1 as a function of [100(1-f)], the percentage of
the fotal front surface area covered by metal. Values used for Jgen and JsaJr
are those assumed for the reference cell discussed earlier, If can be observed
that as the RA product increases, cell efficiency falls off rapidly,
asymptotically approachiqg zero independent of metal coverage. As the.RA

product is reduced, cell efficiency saturates at a level dependent upon

shadowing by the front surface metal. Note that at a reasonable value of 5%

11
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metal covérage, the parameters assumed fér t+he reference cell allow a maximum
ceil efficiency of 15.6%. The reference cell has been assumed to be a very good
qua!I%y solar cell.

Discussion up fo this point has been general, nofispecifying the actual
geometry of the ceit or its metallizajion pattern. To undefstand the manner
in which cell size infiuences cell efficiency, a specific example will be
considered. Bo%ﬁ cell shape and metal pattern design must be specified, as well
as the diffused layer sheet resistance. To keep things as fundamental as
possible, the cell is assumed to be fabricated on an infinitely long rectangular
ribbon (to avoid accounting for end effects) which can be increased in width
from a minimum of 2em to any desired vajue. (This infinitely long ce‘ll
assumption is a convenience for calculations, and does not materially effect
the resﬁlfing conclusions}. The metal patiern is assumed. to be a grid of parallel
lines running across the width of the ribbon and wrapping around both sides to
eliminate the need for additicnal metal busses on the Top ce{i surface. As a
'resuif, external electrical contacts +o both Sides of the ribbon are made on
the boitom suffacé where the grid lines wrap ar&und. -As long as ‘'such electrical
confécfs are constrained to be at the perimeter of the cell (rather than through
holes or channels within the center of the ceil area) this metal pattern shouid
be representative of a near-opftimum design. |t should be notéd at this time
that, external wraparound contacts at all edges would.allow a lower series-
resistance for the front surface pattern than aliowing these contacts oniy at
Two edges,eccommodafing a somewhat larger solar cell.size with the same performance
as a smaller cell with contacts at two edges. This effect is maximum for a
square geometry; the effect decreases as the rectangular shépe inpreasingfy
deviates from that of a square. For shapes with an aspect ratio of three. or
four with respect to edge lengths, the fwo-edge contact assumption is reason-

ably accurate for present discussions. (Round cells have sufficiently poor

13



modute packing factors that fthey are not considered here.)

The analysis is simplified by considering a 2cm long slice from the
center of the ribbon as shown in Figure 2. The infinitely qug ribbon can be
considered fo be an infinite number of these two-centimeter-long segments
connected in parallel. In the data to be presented, the width of the segment
was varied from 2cm to greater than 250cm. Therefore, the starting reference
point is a 2cm x 2cm cell. The p-n junction is assumed to have been formed
such that the front surface [ayer sheet resistance is 40 ohms per square.

The meta! pattern is assumed to have eight grid lines in the 2cm segment and
the metal itself is assumgd to have a sheet resistance of 0:01 ohms per square,
a reasonable value for low cost metals. (Other calculations are presented in
which the number of grid lines and the resistivity of the metal aré varied.)

The task is now to determine cell efficiency (oufput power dénsity) versus
cell size (in this example, versus the ribbon cell width) for various percenfages
of metal coverage, for different metal thicknesses, and for different densities
of metal lines, This can be accomplished by computing the solar cell resistance
as a function of the parameters above, forming the product of Tesisiance and
cell area and then using the curves of Figure 1 to determine efficiency or outf-
put power density. —

For this purpose, solar cell regisfance is calculated in a fashion
identical to base spreading resistance calculations for transistors: resistance
is equated }o average voltage loss divided by total output current. Lateral
conduction of current fhréugh the diffused surface region and conduction of
current through the metal paths each contribute a component to the voltage loss.
I+ is assumed that the resistance to current flow vertically through the silicon
substrate is negligible. The total solar cell is divided into units as shown
in Figure 3, each unit haying a single metal stripe. Accounting for the

distributed effect of current generation and collection, the resistance of a
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- single unit is

w/z2 4 S
m M * 12 Ps W/2 (14)

; ¢ :
- (15)

2

1
e P

2=

1
U6DMI S
where pm is The sheet resi§+ance of the metal and Pg is the surface sheet
resistance of the silicon. If the number of the metal stripes in the 2cm length

of the cell is N, then there are 2N unit celis in parallel and the total

resistance is

’ ZN
e N D AR
R = [pm M Ps ] an
Forming the RA product yields’ .
‘RA = [R] [2w] {18)
W fow, s ‘
RA = &N [pmM+psW:l_ . (19

Equation (19) can now be used with the graphical solutions shown in Figure 1
to illustrate celli eff{ciency as a function of solar cell w}afh for the particular
mode| chosen and for variations of variou; front surface metal configurations.
These new graphical solutions are shown in Figures 4, 5, and 6. Figure 4 shows
the effect of varying metal ling width éuch that front surface shadowing varies
from 2.5% to 40% (using 8 lines per 2cm segment for all five cases shown.)

Figure 5 shows the results of holding surface metal coverage at a constant 10%
but varying the number of lines per 2cm segment from 4 to 8 to 16. Figure 6
exhibits the effect of doubling the metal line thickness (not width) such that
sheet resistance is halved. “'In all cases, The clurve shapes are identical,
being saturated at a level of efficiency determined by metal shadowing until’

the ribbon width is increased by a factor of five or ten, then falling rapidly
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and asympotitically approaching zero efficiency for ribbon widths greater than
one hundred times the original Zcm. |
The curves presented for the examples of Figures 4, 5, and 5 may be used,
Then, to determine a maximum allowable ribbon width if solar cell ef%iciency
_is not to drop below some arbitrary level such as 15% or 10%. As a general
summary, these data {ndiéafe that ribbon width greater than about 20cm will

lead To excessive losses of cell efficiency.

3.2.2 COST _EFFECTIVENESS CONS|DERATIONS

Of course, the primary interest is not in cell efficiency alone but raTher'
in the cost effective trade-offs involved in making cell size (ribbon width)
‘farger at the expense of cell efficiency. As previousiy descyibed,-fhe impetus
to increase cell size is the assumption' that large area celis may be fabricated
and processed more inexpensively than an equivalent silicon area comprised of -
smal ler area celis. The cosfzeffec?iVéness of losing cei]’ef%iciency'while
increasing cell size and reducing proééssing costs can beibisualized‘by extend-
ing the example_ana[&sis presented above with a few basic assumptions abcut cost.

Assume first that the silicon cost per unit area is constant, indepeﬁdenf ‘
of ribbon widfﬁ W. The ;alidify of this assumption is questionable since it jg
anticipated that the cost qf si[icon‘ribbon gr‘sheéf as a funcfion!of ribbon
width will pass through a minimum makingiéne width cheaper Than o%hers. .As
ribbon and sheet technofogies mature, however, the basic cost of siliéon will
be a domiganf facfor, [le] +he_curvé of ribbon cost vs. width wiIEJpass ?Hrough
a broad minimum, and the validity of this assumption is easily suffici;n+ for
this discussion. tin addkfion, the cost peé unit aréa of méferials expended
during cell and module fabricaT}on and materials incoréora?ed into the cell

and encapsulation is also assumed constant. This assumption is expected to

be generally valid. Therefore, a cell material cost per unit area, CM’ is
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defined equal to silicon cost plus cell fabrication materials cost plus
encapsulation materiais cost.

Next assume that the processing cost per unit cell length is constant,
independent of W. That is, cells of different widths, W, can be processed
with identical throughputs and expense. In practice, it may not be possible to
process very wide ribbons as inexpensively per unit length as narrow and moderafe
width ones. AT any rate, a cell processing cost per unit length, CP’ is de~
fined to include all costs other than materials, i.e., labor, depreciation,
etc., for fabricating, inferconnecting,. and encapsulating cells. The cell
‘processing cost per unit area then becomes CP/W. Hence, The larger the
ribbon width processed, the lower the net processing cost per unit area.

The total encapsuiated sofar cell cost per unit area, CT’ is now given by

%

CT=C;V‘+—W— , ' (20)
the sum of materials and processing costs, where CM and CP are both constants.
A relation between CM and CP can be determined by considering & baseline cell
fabrication and encapsulation process. Let the Zcm wide ribbon detailed in
the previous calculations serve as the baseline. Processing'fhis material
would be similar fo fabricating 2cm x 2cm solar cells, and the costs of materials
and processing for such cells are well known. :

It is now necessary to assume some relation befween the materials cost and
the processing cost. Let k be defined as the ratio of materials cost per unit
solar cel! area o processing cost per unit area for the baseline W=2cm case.
The value of k will be varied; but as a discussion point, a reasonable value

for reference might be k=2, for which materials cost is 2/3, and processing

cost is 1/3, of the total cost per unit area. Forming the ratio,

k="M = M (21)
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Therefore,'
_ 2
CP E-CM . (22)

As cell width increases beyond the baseline width, the total cost per unit

area will decrease below the baseline cest.value. Substituting equation

2
[ K CM ] (25}
_ 2
= CM [1 + '—'kw] . (24)

Equation (24) expresses the total cost per unit area as a function of cell

(22) into.equation (20} gives

|
o
+

1
Cr=Cw ¥y

with, W, and a given assumed value of k.

In considering cost tradeoffs, it is desirable to minimize The total
cost per watt of power output. Thus, the total cost per unit area, CT[
should be divided by the output power density. An equivalent figure of merit
is obtained by dividing C; by cell efficiency n. Both C; and n are functions

of cell with W. From equation (24),

C

T (W) e E X ;%] i

n (W M KWi ndw) . (25)
Values for n (W) may be obtained fromthe curves of Figures 4, 5, and 6.
The parameter C; (W)/n(W) can be expressed as a percentage of the constant
CM’ the materials cost per unit area.

Equation (25) is plotted in Figure 7 for several values of k for the case
of 10% mefal coverage, 8 lines per 2cm ribbon segment length, pm=.0]Q/t), and
p5=409/tl. For the reascnable value of k=2, the minimum o5 per watt occurs
for a ribbon width between 8 and 10cm. Other k values give different minima.
For the more extreme case k=0.2, where processing costs are five times greater
than materials costs (for Zcm width), the most cost-effective width is about

17cm.  Note, however, that this case implies a higher cost per watt and a lower

solar cell efficiency (as seen in Figure 4).
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It must be noted that as processes are developed +o maturity and
automated, the materials costs will be an increasing proportion of the total
cosT;\The value-of k will increase as a function of time. "As the value of k
increases, the most cost effective cell size decreqses, but the sensitivity
to cell size decreases below some maximum size. |t shouid be observed that the
paramefric curves in Figure 7 were referenced to a 2cm cell width for an
infinifely long cell. |+, in fact, the reference cell had been assumed to be
20cm wide, the curve labeled k=1 would instead be labeled k=10. This in no
way changes the concept that, regardless of chosen size, when materials costs
become predominant over processing costs, the |ower curves of Figure 7 (those
having +he highest values of-the parameter k) show the limiting cost effect-
iveness of acThaE sizes. it is the projection here, that.the optimum sclar
cell size will be less than 10em. The attendant conclusion is that efforts to

grow sheet greater than this size should not bé pursued.
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. 3.3 SELECTION OF PROCESSES AND PROCESS SEQUENCES

A solar cell is manufactured by a number of process §+ebs which form a .
process sequence. As has been emphasized throughout this contract, there are
many interactions between the individual process steps which must be considered
in forming a process sequence.

Five pkocess sequences which have a h1éh probability of meeting the
long range LSSA Project goals are presented in Tables 3 through 7.7 ~

The first process sequence, Table 3, utilizes only diffusion processes
for junction formations; a pianar p-n junction is produced. |In this process
sequence, one side of the substrate is téxture etched while the other side is
protected by a resist during texturing and heﬁce remains flat. ‘The Texture-
etched surface 'is then protected with an undoped spin-on (spray—oh) silicon
dioxide layer +to mask against a boron diffusion on the back surface. Follow-
ing back surface diffusion, the front surface is patterned to form the planar
p-n junction ‘area, followed by a'phosphorous diffusion +5 form that junction.
All dielec?r{cs on the cell are now stripped, followed by deposition of a
silicon-nitride layer to form the antireflection coating. At this point, two
options exist. The firsT, and simpler, option is to paitern the cell frqnf
dielectric with the desired metallization pattern and sirip the back surfacg
dielectric. This is followed by a plated and solder coated metatiization.

‘The second op%ion, if it is desired to obtain a deeper p-n junction under fthe
contact metal, is to medify the sequence to add an addiTioAaI phosphorus
diffusion into the contact areas. While forming the front surface contact
pattern, the back surface dielectric is protected, leaving it to serve as a
diffusion mask. Foilow}ng the contact enhancement diffusion, this back surface
dielectric is stripped and the cell metallized.

The seaond process sequence, Table 4, combines diffusion and ion implan+a+foﬁ

+ . .
steps to form junctions. A blanket p boron diffusion is performed simultaneously
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with the growth of an oxide layer. One side of the subsTraTe is fhen protected
while the other is stripped of'oxide‘and Texture etched. The substrate is
then coated with & film of silicon nitride, which, &mong other functions,
will ultimately act as the antireflection coating. The metallization pattern
is formed by eTching'info the silicon nitride iayer, simultaneously clearing
the back surface. The substrate is then ion implanted to form the P-N junction,
during which The edges of the subsTrefe are mechanical ly masked so that the
P-N junction wil! be planar. Implantation ie performed such Tﬁaf peak dopant
concentration occurs near the silicon-dielectric interface, enhancing the electric
field configuration for Improved*carrier collection. Implantation into the
contact areas is deeper and produces a higher concentration than in areas
covered by snllcon nitride, resulting in a deeper P-N junction depth beneath
the me+a!l|za+[on areas. After The nexT step of activation annealing, the
cell isxmeTaIWi;ed by plating and soldering. ‘

The third process sequence utilizes only ion implantation for junction
formations, Table 5. As in the first sequence, The wafer is texture-efched
on one side. WNext, the silicon niftride antireflection coating is deposifed,.
patterned on the front surface and stripped from the back surface. Two ion
implantation steps follow: P+ (boron) into the back surface.and N+ (phosphorus},
again mechanically masked to form é planar junction, into fﬁe front surface.

Both implants are simultaneousiy activated Through an anneél, fol lowed by

1 H

metallization plating and soider_coa?iﬁg.
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The fourth process sequence, Table 6, is an all diffusioo process sequence.
A blarket P+ boron diffusion is performed on both sides of the silicon
substrate, s:mulfaneously growing a silicon dioxide Iayer The water back
" is Then proTecTed the front oxide removed The resist removed, and the exposed
silicon surface texture etched. A phosphorous diffusion is then performed info
the textured-front surfacé.’ Followiné.fhis diffusion, the wafer is resisted,
front and back, pa++erned on the fronm, and mesa etched on the substrate edge.
The cell is then coated with an anfireflecfioo layer of silicon nitride,
passivating the P-N junction. Next, the silicon oifride is eftched in a phofo-
resism step to form the front metallization pattern, while removing all di-
electrics from the back surface. The cell is Then metaltized by plating and
solder coating. This process sequence is more closely related to traditional
solar cell manufacturing fechniques and will be studied as a comparison
baseline for the other process sequeﬁces. |
The fifth process sequence, Table 7, is an ail ion impianted (!2) process
sequence which differs from the sequence presenfed in Table 5 primarily
in the order of the process steps. This difference, howevef, modifies the
steps themse | ves dramatically. The sequence starts with a resis? application
to one side of the silicon substrate, the TexTure efching of the' other side,
and the removal of the resist. Following substrate cleaning, the wefer is
first boron implanfed on the back surface and then phosphorus implanted on
the front through a mechanical mask to form the planar P-N junction. These
implants do not pass through a dielectric fiim and, thus, must be performed
at much lower voltages than in the sequence presented in Table 5 in which
implahfs are performed Through a dielectric fi1m. Following"implénfafion, an

activation anneal is performed; this is followed by deposition of the silicon
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TABLE 3 All diffusion process sequence resulting in
planar fype P-N junction, Option (b)is to increase
P-N junction depth beneath metailization contacts.

Resist back, Texture front, strip resist
Spin-on oxide, front
P* (boron) diffusion (back)
Pattern front (protect back) to forﬁ pfanér pattern
Phosphorous diffusion to form plamar P-N junction
Strip both surfacgs, and AR coat (both surfaces! with dieleéfric (silicon
nitride)
(a) 7. Pattern front, strip back

8. Metal
{b) 7. Pa++erﬁ front, protect back

8. Phosphorous diffusion - contact area

9. Sirip back

10. Metal
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TABLE 4: Combined diffusion and ion implantation process
sequence resuiting in planar P-N junction.

P+ (boron) diffusion, front and back, and oxide growth
Strip front and texture etch

AR coat -~ dielectric

Pattern front, strip back

I2 front - phosphorous (planar)

Activation anneal

Metal
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TABLE 5: "All ion implanted process seguence
with planar P-N junction. '

Resist back, texture etch front, strip resist and clean
AR coat - dielectric

Pattern front, sifrip back -

2 )

|~ back - boron

12 front - phosphorous (planar)

Activation anneal

Metal
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TABLE 6 :

ALL DIFFUSION PROCESS INCORPORATING PASSIVATED
MESA-ETCHED P-N JUNCTION PERIMETER

P+ (boron) diffusion, front and back, and oxide
growth.

Strip front and texture etch.
Phosphorus diffusion

Mesa Etch

AR coat-dielectric

Pattern front, strip back -

Metal
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TABLE 7

ALL [ON IMPLANTATION PROCESS WITH PLANAR
JUNCTION. BARE SILICON SURFACE IMPLANTATION.

Resist back, texture etch front, strip resist and clean.

|2

back - boron.

12 front - phosphorqs (planar)
Activation Anneal

AR coat - dielectric

Pattern front, strip back.

Metal
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nitride antireflection coating. The antirefiection coating is then patterned
during a photoresist step to form the front metal pattern and fo clear
dielectric from the back surface. The cell is then metallized and solder
coated.

The five process sequences which have now been presenfed are comprised
of many common process steps. |In some cases, a process step may be performed
by severa! different fechniques. A summary of distinct process steps which

are being analyzed during this study is shown in Table 8,

3.4 DEFINITION OF PRIMARY PROCESS VARIABLES

Each of the process steps in Table 8 can be utilized in a satisfactory
process sequence. Accordingly, to facilitate choicé of an optimized process
sequence, it is necessary that process variables be defined for each step .
in order to specify the details and control limits for each. This study is
centerad around the primary process variables,:which, like solar cell variabies,
are those variables which can be controlled by the operator before and during
performance of a process, while diagnostic variables are those variables
which are measured after completion of a process step to determine changes

effected by the step. In some cases, These diagnostic variables will also

be the same as solar cell variables.

in order to effectively study the interaction of process and cell
variables, some process variables may be séepified in a process step definition.
For example, a phosphorus diffusion could be performed from a variety of
sources, the type of source being considered a variable. This could lead
to a nearly infinite study matrix. To maintain a manageable study, one
phosphorus source, phosphine (PHS)’ will be "defined" as part of the process

step for a phosphorus diffusion. This will increase the effectiveness of
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TABLE 8:

PROCESS STEPS AND OPTIONS FOR [NCLUSION [N
’ PROCESS SEQUENCES BEING STUD{ED

Patterning Operations
a. Photoresist Application-
1. Spin
2. Spray
b. Photoresist Removal
1. Wet Chemistry
2., Plasma
¢. Photoresist alignment, exposure, development
. Spray development
2. Ilmmersion development
d. lon implantation shadow masking
Etching Operations
a. Dielectric etching
1. Wet Chemisiry
2. Plasma
b. Silicon etching
1. Wet Chemistry
2. Plasma
¢. Texture etching
Cleéning Operations
a. Wet Chemistry
b. Centrifuge rinsing and drying
c. Plasma :
d. Scrubbing
Dielectric -Deposition
a. Silicon nitride
b. Spin-on (Spray-on) Oxide
Doping Operations
a. Diffusion
1. Boron
2. Phosphorus

3, Arsenic



TABLE 8: (continued)’

b. lon: implantation
1. Boron
2.  Phosphorus
3. Arsenic
c. Annealing {(activation)
6. Metallization
a. Plating
b. Sintering
c. Solder Coating
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this study by allﬁwing more attention to variables of processing which can
be controlled by the process operator. Similar situations may exist for
other process sfepsland choices wil] be made to !imit the scope of the study.
0f course, considerable judgment must be exercised in sdch choices to
quarantee That the se!ecfeﬁ process is at least near optimal for performance
of the particular function.

The following tables (9 through 24) define the primary process variables
for the chosen process steps. Where variables are common, processes have

been grouped together for ease of presentation.
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TABLE 9:

PROCESS VARIABLES FOR PHOTORESIST
APPLICATION AND SPIN~ON OXIDE APPLICATION

OPERAT IONAL VARIABLES

SPINNING SPRAY NG

Spin speeds Pressure

Application Sequences Nozzle Configuration
Table Speed

Application Sequences

Type of Resist or Spin-on Material

Viscosity

Dispepse time and amount

Preparation of Surface

Bake time, temperature, heat source, and ambient
Substrate surface quallity and texture

Wafer carrier: Capacity, configuration, Thermal mass

DIAGNOSTIC VARIABLES

Coverage Thickness
Coating uniformity
Adherence

tch resistance

Index of refraction (oxide)
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TABLE 10x

PROCESS YAR!IABLES FOR PHOTORESIST REMOVAL

OPERAT IONAL_VARIABLES

PLASMA WET CHEMISTRY

Gas Composition " Chemical Composition
Gas Pressure Temperature

Gas Flow Rate Time

Gas Flow Pattern Spacing

RFf Power and Fregquency Agitation

Time Rinse Cycle(s)
Chamber Size Bath Size

Chamber Geometry

DIAGNGST IC VARIABLES

Visible Residue

Contamination, e.g., metallic ion residues
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TABLE 11:

PROCESS VARIABLES FOR PHOTORESIST ALIGNMENT,
EXPOSURE, AND DEVELOPMENT

OPERATIONAL VARIABLES

Type of process (proximity, projection, contact)

Variations in substrate dimensions

Thickness of photoresist

Substrate positioning

Mask type

Light Intensity and uniformity

Exposure time

Surface quality

Development Method:
Spray -- pressure and nozzle configuration
Immersion -- agitation

Development Time

Developer Temperature

Developer composition

Rinsing and drying cycles

Bake time, temperature, and ambient

DIAGNOST IC VARIABLES.

Pattern dimensions

Pattern location

Pattern integrity

Completeness of pattern development
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TABLE 12:
PROCESS VARIABLES FOR ION IMPLANTATION SHADOW MASKING

OPERAT [ONAL VARIABLES

Variations in silicon dimensions
Mask and holder design and tolerances

Material of mask construction
(knock-on impurities)

DIAGNOST|IC VARIABLES

Pattern (junction edge) position
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TABLE 13:

PROCESS VARIABLES FOR WET ETCHING AND CLEANING
OF DIELECTRICS AND SILICON

OPERAT IONAL VARIABLES

Dielectric or silicon characteristics )
(Thickness, doping, composition, etch rate, stain, efc.”y

Bath composition and purity of chemicals
Bath temperature
Time of etching {and end point determination)
Agitation
Bath size, life, and loading factors
Substrate preparation
Substrate rinsing
Wafer carrier:; spacing, idad
DIAGNOSTIC VARIABLES

Adequate removal criteria
Pattern definition (if applicabie)
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TABLE 14:

PROCESS VARIABLES FOR PLASMA ETCHING AND CLEANING
OF DIELECTRICS AND SILICON

OPERAT IONAL VARIABLES

Dielectric or silicon characteristics
(Thickness, doping, composition, etch rate,
strain)

Gas composition and purity
Gas flow rates and pressure
Substrate spacing

RF power and frequency

Etch and cleaning cycle times
Chamber size

End point detfection

DIAGNOST IC VARIABLES

Adequate removal criteria
Pattern definition (if applicable)
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TABLE 15:

PROCESS VARIABLES FOR TEXTURE ETCHING

OPERATIONAL VARIABLES

Bath composition
Bath temperature
Etching Time‘
Purity of chemicals

Substrate starting surface
(mechanical condition and doping level)

Agitation
Bath size, life, and loading factors

DIAGNOSTIC VARIABLES

Completeness criferia

Qual ity and uniformity of texturing
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TABLE 1lé:

PROCESS VARIABLES FOR CENTRIFUGE
RINSING AND DRYING

OPERAT IONAL VARIABLES

Spin speed

Time

Temperature

Water pressure and purity

Gas pressure, purity, and Type

Loading and balancing factors

DIAGNOSTIC VARIABLES

Comp leteness of drying

Filming or spotting by residues
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TABLE 17:
PROCESS VARIABLES FOR HIGH PRESSURE SCRUBBING

OPERATIONAL VARIABLES.

Pressure
Water purity

Nozzie configuration
Time

Dry spin-speed

DIAGNOST[C VARIABLES

Cleanl iness critferia
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TABLE 18:

PROCESS VARIABLES FOR DIELEGTRIC DEPOSITION
(e.g.,. LOW PRESSURE CHEMICAL VAPOR DEPOS!TION OF SILICON NITRIDE)

OPERATIONAL VARIABLES

Reactor temperature and temperature profile
Reactor geometry

Substrate configuration in reactor
Sequence and time of cycles

RF energy (if used)

Gas compositions and purities

Preséure

Substrate surface preparation

DIAGNOSTIC YARIABLES

Film Thickness
Film .index of refraction
Uniformity:

across substrate

throughout reactor
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TABLE 19:

PROCESS VARIABLES FOR DOPING BY DIFFUSION
(Selected source such as PH3, BCIB)

OPERATIONAL VARIABLES

Furnace temperature and profile

Time, including portions of the cycle start and finish.
Gas mixture(s) and flow rates

Gas purities

Furnace tube size

Furnace cleanliness

Substrate spacing and orientation to gas flow

Insertion transients '

. Removal +transients

DIAGNOSTIC VARIABLES

On a test wafer:
sheet resistivity
junction depth
oxide thickness and index of refraction
bulk lifetime
surface layer lifetime

Uniformity: across substrate, down furnace length
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TABLE 20:
PROCESS VARIABLES FOR 10N IMPLANTATION DOPING

OPERAT {ONAL VARIABLES

Dopant species
Voltage (or voltages)
Analysis quality
Beam currents and Times: dose levels
Beam power density (heatingl); substrate Temperature
Substrate surface quality -
" Substrate crystal orientation (channel ing)
Dielectric surface layer species and thickness

Surface angle

DIAGNOSTIC VARIABLES

On a Test wafer after activation annealing:

Sheet resistivity

Junction depth

Uniformity over & subsirate
Uniformity substrate-to-substrate
Bulk |ifetime

Surface layer lifetime
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TABLE 21:

PROCESS VARIABLES FOR ACTIVATION ANNEALING

OPERATIONAL VARIABLES

Temperature

Time and heating rate

Dose, species, and energy of impiant

Ambient gas(es) and flow rates

Substrate spacing |

Wafer carrier: size, capacity, thermal mass
DIAGNOSTIC VARIABLES

Sheet resistivity

Junction depth-

Unlformity over a substrate
Uniformity subsirate-to-substrate
Bulk lifetime

Surface {ifetime
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TABLE 22:

PROCESS VARIABLES FOR PLATING

OPERAT IONAL VARIABLES

Bath composition and purity of components
Bath temperature

Immersion time

Agitation

Substrate dopant fype and level

Bath size, life, and loading factfors
Substrate spacing

Substrate surface preparation

Substrate rinsing time and temperature

Drying process

DIAGNOSTIC VARIABLES

Metal Thiékness and uniformi}y
Metal series resistance
Metal-silicon contact resistance
Adhesion

Uniformity of subsequent solder coating
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TABLE 23:

PROCESS VARIABLES FOR METALLIZATION SINTERING

OPERAT [ONAL VARIABLES

Temperature

Times of sequences for cycle
Ambient gas and gas flow rate
Substrate spacing

Wafer carrier, size, capacity, thermal mass

DIAGNOSTIC VARIABLES

Metal adherence (pul! Test)

Metal penefraTion'in+o silicon

Contact resistance

Photovoltaic parameters ([sc’ Voc’ F.F., Rsh’ RS)
Color changes (if silicides or oxides form)

Uniformity of subsequent solder coating
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TABLE 24:

PROCESS VARIABLES FOR SOLDER COATING

OPERAT IONAL VARIABLES

Solder composition

Flux

Dross inhibitor

Temperature of solder

Time in solder

Method of substrate support
Contamination and bath life

Cleaning solution(s)

DIAGNOSTIC VAR!ABLES

Uniformity and thickness of solder coating
Series resistance of solar cell '

Solar celt cleanliness
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3.5 RELATIONSHIPS BETWEEN PRIMARY PROCESS VARIABLES AND CELL VARIABLES

The primary process variables listed in Tables 9 through 24 are related,
in varying degrees, to the primary sclar cell variables listed in Tables 1 and
2. In fact, it is recognized that neariy all of the ceil variables and process
variables are interrelated, so that changing any one will affect many others.

The direct and indirect relations between primary process variables and
primary cell variables are presented, in a qualitative faséion, in Tables 25
through 41. FEach of these tables is separated into two portions, A and B,
with the "A" tfables relating primary process variables (both operational
and diagnostic) to primary solar cel! operational variables and the "8"
tables relating the same process variables to the solar cell diagnostic
variables.

for each of these tables, the following key is used:

X Strong or direct relationship
(X} Weak or indirect reiationship
* Primary process variable and solar cel!l variable are the
same, by definition.
Definitions of the terms. for the solar cell variables are listed in
Tables 1 and 2.

Since .neariy all of the designated variables are interrelated, showing
such relations on fthese tables would result in the tables being mostly filled,
reducing their usefulness. Accordingly, enfries on the tabies are restricted
to the several variables most strongly affected and those which would most
readily and likely be evaluated for changes.

There are several judgements 1o be exercised in determining whether a
relationship between a process variable and a solar cell variable is direct,

indirect, or sufficienfly remote that the interaction would be noted only
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TABLE 25A:
VARIABLES FOR PHOTORESIST APPLICATION

OPLRATIONAL SOLAR CELL VARIABLES

&y

(1]

OPERATIONAL PROCESS VARIABLES

" SPINNING
;Spin Speeds
Application Sequences
SPRAYING H
Pressure
Nozzle Configuration
Table Speed
Application Séqueﬁces
Type of Resist
Viscosity
Dispense time and amount

Bake time, temperature, heat source,
and ambient

Substrate surface quality and texture

DIAGNOSTIC PROCESS VARTABLES

Coverage thickness
Coating uniformity
Adherence

Etch resistance

(X)

(x)

6.9)

(X)




DIAGNOSTIC SOLAR CELL VARIABLES

- .

TABLE 25B: & .
VARIABLES FOR PHOTORESIST APPLICATION ¥/ ¥ B & s &
ST S & o O & ) s /o
N AV LAY VA 5T AV W EWEWE YA
OPERATIONAL PROCESS VARIABLES
SPINNING
Spin Speeds - (X)
Application Sequences
SPRAYING
* Pressure ' : ' (x)
Nozzle Ceonfiguration ' 10.9]
Table Speed 0.9
o Application Sequences
Type of Resist (x) (X}
Viscosity : (x)
Dispense time and amount (X)
Bake time, temperature, heat source {X) (X) %
and ambient
Substrate surface quality and texture
DIAGNOSTIC PROCESS VARIABLES
Coverage thickness ) X
Coating uniformity " . | 1%
Adherence i
Etch resistance . X




OPLRATIONAL SOLAR CELL VARIABLES

$
TABLE 26A: 5l
VARIABLES FOR MASKING SPIN-ON OXIDE APPLICATION ) gf 5? é:g
_ /A O ﬂ,égfo (/Y a—‘oé%‘? % /v R \y$ e *»"7/
OPERATIONAL PROCESS VARIABLES
SPINNING
Spin Speeds
Application Sequences (X)
SPRAYING
Pressure
Nozzle Configuration
Table Speed
N Application Sequences (X)
Viscosity
(x)

Dispense time and amount
Preparation of surface

Bake time, temperature, heat source,
and ambient '

Substrate surface quality and texture

DITAGNOSTIC PROCESS VARIABLES

Coverage thickness
Coating uniformity
Adherence

Index of refraction




DIAGNOSTIC SOLAR CELL VARIABLES

7

~zf
TABLE 26B: v/ - § D
VARIABLES FOR MASKING SPIN-ON OXIDE APPLICATION ‘ 5.8 /)3 = > =
] of /N o S ofon) o /o ) SR WAVAYETA
OPERATIONAL PROCESS VARIABLES
SPINNING
Spin Speeds x)
Application Sequences )
SPRAYING
Pressure (X3
Nozzle Configuration (X)
Table Speed X)
o Application Sequences
Viscosity (X)
Dispense time and amount (X)
Preparation of surface X 3
Bake time, temperature, heat source, (X) (X3
and ambient
Substrate surface quality and texture t X
DIAGNOSTLC PROCESS VARIABLES
Coverage thickness X
Coating uniformity _ *
Adherence X

Index of refraction




OPERATIONAL, SOLAR CELL VARIABLES
v , ﬂ\o

)
A
TABLE 27A: &
VARTABLES FOR PHQTORESIST REMOVAL ’é? & W:g
e A, - . \
< i, Y /) nd [, ..,
- () AN 28 o A‘S.Q,&A',‘Q.- &Q, acofaa/ ., & /S~ S < < - \'S"‘:v Yy Pl V_?/

66

OPERATIONAL PROCESS VARIABLES
© PLASMA
Gas Composition (X) (x)

Gas Pressure
Gas Flow Rate
Gas Flow Pattern v
RF Power and Frequency
Time '
Spacing

Chamber Size ) X | X | X 10
Chamber Geometry ‘ XX | x [ ' )
WET CHEMISTRY

Chemical Coﬁposition (X} " (X)
Temperature
Time

Spacing
Agitation
Rinse Cycle(s) )
Bath Size 1 . . X1 X | X O

DIAGNQOSTIC PROCESS VARIABLES .
Visible Residue ‘ X 1 XD (Xl'(X) (X101
Contamination, e.g., metalllc ion residues | (X)f X | (X)[EX) (X} (X)| X [(X)} X




// DIAGNOSTIC SOLAR CELL VARIABLES

&
TABLE 27B: - & “
Ay, e v
VARIABLES FOR PHOTORESIST REMOVAL &/ & S ~ O a
‘ s/ S e S N ATATE &
: ¥ ol LY o fofunf o S0 S SRS S

OPERATIONAL PROCESS VARIABLES .
PLASMA
Gas Composition x) X) (X)

Gas Pressure

Gas Flow Rate

Gas Flow Pattern

RF Power and Frequency
Time

Spacing

Chamber Size

Chamber Geometry -
WET CHEMISTRY
Chemical Composition X3y 6.9 (X)

Temperature
Time
Spacing
Agitation
Rinse Cycle(s) : (X} (X)
Bath Size °

DIAGNOSTIC PROCESS VARIABLES
Visible Residue , X XX}

Contamination, e.g., metallic ion . X3} XXX
residues .




/’ OPLRATTIONAL SOLAR CELL VARIABLES

TABLE 28A:

VARIABLES FOR PHOTORESIST ALIGNMENT, EXPOSURE,
AND DEVELOPMENT

n
7] éJ ék i/ é’
NG5 OS 0 & o A RGRAT & o)

e

OPERATIONAL PROCESS VARIABLES

Type of process (proximity, projection, . ‘ XX
contact) :

Variations in substrate dimensions 6:911¢:9)

Thickness of photorésist

Substrate positioning

Mask type

Light intensity and uniformicy

Exposure time

Surface quality

Development Method:
Spray -- pressure and nozzle configuration
Immersion -~ agitation

Development time

Developer temperature

Developer composition

Rinsing and drying cycles (X} (X) (X)

Bake time, temperature, and ambient (X) , (X) x| -

DIAGNOSTIC PROCESS VARIABLES
Pattern dimensions (X)) |(X) (X)) [ X [ X
Pattern locaticn D

Pattern integrity : (X0 | (XD (X) 1 )
Completeness of pattern development . 691169 XY (X)) (X) (X) ] (XD




TABLE 28B:

VARIABLES FOR PHOTORESIST ALIGNMENT, EXPOSURE,

AND DEVELOPMENT

DIAGNOSTIC SOLAR CELL VARIABLES

o)}
RN

OPERATIONAL PROCESS VARIABLES

Type of process (proximity, projection,

contact)
Variations ;n substrate dimensions
Thickness of photoresist
Substrate positioning
Mask type
Light intensity and uniformity
Exposure time
Surface quality
Development method:

Spray -~ pressure and nozzle
configuration

Immersion -- agitation
Development time
Developer temperature
Developer compogition
Ringing and drying cycles

Bake time, temperature, and ambient

DIAGNOSTIC PROCESS VARIABLES

Pattern dimensions
Pattern location

Pattern integrity

Completeness of pattern development

(x)
)

6.9)
(X)

(x)

x)

(X)

(X)




OPFRATIONAL SOLAR CELL VARIABLES

<9

e\g
AN
3
FIGURE 29A: &
VARTABLES FOR ION IMPLANTATION SHADOW MASKING .Q? 1:? \;,\%
o) of & s/ & A ~
. _ &,Q'OAO .Q'é'b’ o AQ@;\,Q, ,é‘v Q’-O‘JWQ;'@ w /SN ':é v/ % v‘_-}\‘_c’\ W &=
OPERATIONAL PROCESS VARIABLES
Variations in silicon dimensions * |k * | % |
Mask and holder design and tolerances X 1) (X) X [X | X1 XXX (%)
Material of Mask Construction XX XX X X
(knock-on impurities)
DIAGNOSTIC PROCESS VARTIABLES
Pattern (Junction edge) position X X (X) (X) XIX| X {XI|X x|




;7 DIAGNOSTIC SOLAR CELL VARIABLES

v9

TABLE 29B: /
VARTABLES FOR ION IMPLANTATION SHADOW MASKING .
4 ~ g £
& o ¥ L
2 U [10] ™ ™ ATy o]
Y &) of of X/ F .y S 5?
A AN A VI LI EYAS & f & S
OPERATIONAL PROCESS VARIABLES
Variations in silicon dimensions X

Mask and holder design and tolerances

Material of Mask Counstruction
(knock-on impurities)

DIAGNOSTIC PROCESS VARIABLES

Pattern (Junction edge) position

X

0.9/
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OPBRATIONAL SOLAR CELL VARIABLES

Si
TABLE 30A: p
VARTABLES FOR WET ETCHING AND CLEANING OF &/ « ~
PIELECTRICS AND SILICON A &':r g Ty
. < oo o, S{b o) . ‘5 N
L ~O/SOL RES o aRGRT & ooz SATIRTATAVE A VAYA
QPERATIONAL PROCESS VARIABLES
Dielectric or Silicon Characteristics X | X[ x X)X} .(X) X
(Thickness, doping, composition,
etch rate, strain, etc.)
Bath composition and purity of chemicals X)) | X)X X
Bath temperature (X)) (X)
Time of etching (and end point )| (X) X)X
determination)
Agitation (X)| (X} XX | X [ &
Bath size, life, and loading factors {X) 1 (X) XX 5 x| X
a Substrate preparation '
Substrate rinsing (X)) (X (XD
DIAGNOSTIC PROCESS VARIABLES
Adequate removal criteria (X)| (X) X)) (X)) (X))
Pattern definition (if applicable) XEE X X




/f DIAGNOSTIC SOLAR CELL VARIABLES

TABLE 30B: Q’EF
VARIABLES FOR WET ETCHING AND CLEANING OF &/ ¥ 9 NYAA
DIELECTRICS AND SILICON , Ff & B/ ES S g ' -
., =
‘ AN fo YN o foofunf o o )OSR S0 o fm )

99

OPERATIONAL PROCESS VARIABLES

Dielectric or Silicon characteristics X X |(RX X
(Thickness, doping, compositiom,
etch rate, strain, ete.)

Bath composition and purity of X }E) X)) | (X)
chemicals
Bath temperature : ' (X)
Time of etching (and end point x) x)
determination)
Agitation . xX) X
Bath size, life, and loading factors . T X
Substrate preparation . X

Substrate rinsing

DIAGNOSTIC PROCESS VARIABLES

Adequate removal criteria

Pattern definition (if applicable) x)




AV OPERATIONAL SCLAR CELL VARIABLES

o\o

S
TABLE 31A: ‘ n\:f
VARIABLES FOR PLASMA ETCHING AND CLEANING OF -,S? & ‘ N
DIELECTRICS AND SILIGON of v/ & of &/ . . NV
OO RS & RINAT S S/l S [N S s S5 S N VTS

L9

OPERATIONAL PROCESS VARIABLES

Dielectric or Silicon Characteristics X | X |X) | x ‘ X X)X X X
(Thickness, doping, composition,
etch rate, strain, etc.)

Gas composition and purity X)X X| X} X

Gas flow rates and pressure ¢:911¢9)

Substrate spacing ¢:911¢:9] ' (XXX X | X

RF power and frequency 0:9]1¢:9) XXX
Etch and cleaning cycle times X)) ) X{E)EIE] XX
Chamber size . X XX | X [(xX)

End point detection GO ) (X) (XS

DIAGNOSTIC PROCESS VARIABLES
Adequate removal criteria X Xy (X) [(X) | (X)
Pattern definition (Iif applicable) (DI X X




TABLE 31B:
VARTABLES FOR PLASMA ETCHING AND CLEANING OF
DIELECTRICS AND SILICON

DIAGNOSTIC SOLAR CELL VARIABLES

8%

OPERATIONAL PROCESS VARIABLES

Dielectric or Silicon Characteristics
(Thickness, doping, compositionm,
etch rate, strain, 'etc.)

Gas composition and purity
Gas flow rates and pressure
Substrate spacing

RF power and frequency

Etch ahd cleaning cycle times
Chamber size

End point detection

DIAGNOSTIC PROCESS VARIABLES

Adéquate removal criteria
Pattern définition (if applicable)

x)

(X)

(X)

0.9

6.9/

6.9)

X3

(X)

x)

169,

(X}
X)

e8]

&)




OPERATIONAL SOLAR CELL VARIABLES

TABLE 32A:
VARIABLES FOR TEXTURE ETCHING &
v & &7 m é? M§$
NTINOL & & ARGNAT & S/ o S S S S )N
OPERATIONAL PROCESS VARIABLES
Bath composition (X)
Bath temperature (x)
Etching time (X)
Purity of chemicals $:9) $.9)
Substrate starting surface
(mechanical condition and doping
level) .
Agitation (X2
o Bath size, life, and loading factors X X
)
DIAGNOSTIC PROCESS VARIABLES
Completeness criteria X (X)
Quality and uniformity of texturing (X) X)
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TABLE 32B:
VARIABLES FOR TEXTURE ETCHING

DIAGNOSTIC SOLAR CELL VARIABLES

v

éf ﬁ' 3"\ “ﬁ
A
S f FfE

& :
Q) G/ YN o foufief ¢ /o

v
]

o™
o

A

OPERATIONAL PROCESS VARIABLES

Bath composition
Bath temperature
Etching time
Purity of chemicals

Substrate starting surface
(mechanical condition and doping
level) .

Agitation

Bath size, life, and loading factors

DIAGNOSTIC PROCESS VARTABLES

Completeness criteria

Quality and uniformity of texturing

(X2

(X)
(x)
0.9)

(X)

(X5

(X)

(x>

x)

(X)

x)




TABLE 33A:
VARTABLES FOR CENTRIFUGE RINSING AND DRYING

/

OPERATIONAL SOLAR CELL VARIABLES

s
&9/

s
&
&

LY

Q

~

K%

e
%)
S
A

N
",

bL

OPERATIONAL PROCESS VARIABLES

Spin speed

Time

Temperature

Water pressure and purity

Gas pressure, purity, and type

Loading and balancing factors

DIAGNOSTIC PROCESS VARIABLES

Completeness of drying
Filming or spotting by residues

Breakage of substrates

‘

X)

(x)

x

(X)

(X)

(%)

X)

(X)

(X)




TABLE 33B: . '
VARIABLES TOR CENTRIFUGE RINSING AND DRYING

DIAGNOSTIC SQLAR CELL VARIABLES

A

OPERATIONAL PROCESS VARIABLES

Spin speed

Time

Temperature

Water pressure and purity

Gas pressure, purity, and type

Loading and balancing factors

DIAGNOSTIC PROCESS VARIABLES

Completeness of drying
Filming or spotting by residues

Breakage of substrates

(X)

(x)

0.9

(X)

x)




TABLE 34A:

VARIABLES FOR HIGH PRESSURE SCRUBBING

OPERATTONAL PROCESS VARIABLES

Pressure

Water purity

Nozzle configuration
Time

Dry spin-speed

DIAGNOSTIC PROCESS VARIABLES

Cleanliness criteria

Py

ﬁx)

X)

(X}

(XD

(x>

(X)

(X)
X)

X)

(X)

(X)
(X)

x)
6:9)
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DIAGNOSTIC SOLAR CELL VARIABLES

54
TABLE 34B: o/ ) & ~
VARIABLES FOR HIGH PRESSURE SCRUBBING 5/ 9 & ~/ ~ < A ~
S B/ < < & .
%/* o foafons o fo ) SR ST o))

OPERATIONAL PROCESS VARIABLES

Pressure

Water purity x) (X)

Nozzle configuration

Time (X)

Dry spin-speed (x)
DIAGNOSTIC PROCESS VARTABLES

Cleanliness criteria XX | XD (X)

vi




TABLE 35A:

VARIABLES FOR DIELECTRIC DEPOSITICN

(e.g., LOW PRESSURE CHEMICAL VAPOR DEPOSITION
OF SILICON NITRIDE}

OPERATIONAL SOLAR CELL VARIABLES

TA

OPERATIONAL PROCESS VARIARBRLES

Reactor temperature and temperature
profile

Reactor geometry

Substrate configuration in reactor
Sequence and time of cycles

RF energy (if used)

Gas compositions and purities’
Pressure

Substrate surface preparation

DIAGNOSTIC PROCESS VARIABLES

"ilm thickness
Film index of refraction
Uniformity:

across substrate

throughout reactor

.9

XD
(X)

(X)
(X)

(X)
(%)

(x)

X

X)
)

6.9

X)
(X)

X)

(X)
(X)

6.9/

X)
(X)

(X)
(X)




// DIAGNOSTIC SOLAR CELL VARIABLES

TABLE 35B:
VARIABLES FOR DIELECTRIC DEPOSITION

*
(e.g., LOW PRESSURE CHEMICAL VAPOR DEPOSITION </ . (é} -~
OF SILICON NITRIDE) &/ 183 &

-~ . Q3 = [N

OPERATIONAL PROCESS VARIABLES

Reactor temperature and temperature {xX) (X) )X )0 (x> x)
profile

Reactor geometry . x)
Substrate configuration in reactor - (X)
Sequence and time of cycles
RF energy (if used)

Gas compositions and purities ’ X k
Pressure . . (x)

Substrate surface preparation ' ' 6.9

DIAGNOSTLIC PROCESS VARTABLES
Film thickness ' X X

Film -index of refraction X X
Uniformity: %
across substrate . %

throughout reactor




OPERATIONAL SOLAR CELL VARIABLES

o

TABLE 36A: S
VARIABLES FOR DOPING BY DIFFUSION ‘\
(Selected source such as PH,, BC1l,) _\..,-
ﬁﬁ & ™
< ’1;’%' {4’.“:'Y '\‘:'? A S A
NSO A o RGNAT S [ o)) S [ S S [ A S RS
OPERATTONAL PROCESS VARTABLES
Furnace temperature and profile &) (X (X)
Time, including portions of the cycle start X)) [(X)
and findish
_Gas mixture(s) and flow rates (X) |(X) () X)) (XD | (X) (X
Gas purities (xX) (xX) (X)
Furnace tube size ' X IX | X |
Furnace cleanliness X)) 1(X) X X )
Substrate spacing and orientation to gas flow (X X | X { X (X)X
3 Insertion transients x)
Removal transients (X)
DIAGNOSTIC PROCESS VARIABLES
On a test wafer:
sheet resistivity X X (X)) |(X) (X} ()
junction depth X (0] xX) @) (O] @] |®
oxide thickness and index of refraction
bulk lifetime X | X [(X)[EHE) XX
surface layer lifetime X ]COFEO){CO I O
Uniformity: across substrate, down (X) X)
furnace length




DIAGNOSTIC SOLAR CELL VARIABLES

7

8L

TABLE 36B: & / /.
VARIABLES FOR DOPING BY DIFFUSION ¥ ¥ ¥ ~ é-\ I~ . &
(Selected source such as PHB’ BClS) o & .45”' & \%\ @ §\ e o @ s _'b?
e Q% & Q 2/ o wofue) o /o NI LT ATV o/ /% &
OPERATIONAL PROCESS VARIABLES
Furnace temperature and profile (X) (X) X) (X)) X |X | X | X X) X} (X)
Time, including portions of the cycle (x) (X) (X) (X0 X |X |X|X x) (x) ()
start and finilsh T~
Gas mixture(s) and flow rates x) (x) (X) {X) x) X
.Gas purities XX X X
Furnace tube size X
Furnace cleanliness ENE| X (X X (X)
Substrate spacing and orientation to gas X
flow
Insertion transients X) (X) x) x)
Removal transients x) x> (X) (X)
DIAGNOSTIC PROCESS VARIABLES
On a test wafer:
sheet resistivity (X) * * (X)) (X) [(X) | (D[ (XD X) |(X) [ (XD
junction depth * (X (X)| * (X)X X GO X 0O {X)
oxide thickness and index of refraction ¢.91[¢:9) (X) X
bulk lifetime X Xp* 11X
surface layer lifetime X X X)X | (K) | (XD XX X )
Uniformity: across substrate, down *
furnace length




/’ OPERATTONAL SOLAR CELL VARIABLES

o

i A%
Y
TABLE 37A: &
VARIABLES FOR ION IMPLANTATION DOPING & /) N
A 2, ey 3iﬁ
&7 g
NGNS RS o ARFAT & [l & [ [ s S [ SVa/as

6L

OPERATIONAL PROCESS VARIABLES

Dopant Species I X)
Voltage (or Voltages) e911¢9)] (X)
Analysis quality (X) 16.9) (x)
Beam currents and times: dose levels ° [(X)|(XD] - (X)
Beam power density (heating); substrate
temperature
Substrate surface quality (X)) X (X 1 (XD
Substrate crystal orientation : (X} () xX) (X)
(channeling) _ ‘
Dielectric surface layer species and O
thickness )
“Surface angle X (XD

DIAGNOSTIC PROCESS VARIABLES

On a test wafer after activation

annealing:

Sheet resistivity : @) 2 |®@ @ [ le ol x
Junction depth . X[ GOIEX) 1K) (X)) ] (XD X)
Uniformity over a substrate (X)) & 1

Uniformity substrate-to-substrate
Bulk lifetime X1 X|[(X) (X)) | X)X (X)
Surface layer lifetime XXX () X)) | (X)) X




08

DIAGNOSTIC SOLAR CELL VARIABLES

4

oy .
? . v -~ »
zgﬁkéég'mr{ ION IMPLANTATION DOPING j’e ,Qfg’k Q‘vav » :: o) S ; > ,@S
&Y o8 oo/ S/ @ S ofon) o o/ SIS JES S T E S
OPERATIONAL PROCESS VARIABLES
Dopant Species X X G X)) X &
Voltage (or Voltages) X X X | x| X1 X X {(X) x)
Analysis quality X X ) -
Beam currents and times: dose levels | X X XX X | X1 (X X X1
Beam power density ‘(heating); X (XD x) (X)
substrate temperature
Substrate surface quality (X) xX) () | () X
Substrate crystal orientation (x) (x> )| X x)
(channeling)
Dielectric surface layer species and X X X)X X
thickness)
Surface angle x) (X) (X) | (X (X)
DIAGNOSTIC PROCESS VARIABRLES
On a test wafer after activation
annealing:
Sheet resistivity X) * ¥ | (X) X)X | 0911093 10.9] |
Junction depth @] o] s | o] ojm x| |® x)
Uniformity over a substrate *
Uniformity substrate-to-substrate - *
Bulk lifetime X X 1=* X
Surface layer lifetime X X (X) 101 Q0 XX X




/ OPERATIONAL SOLAR CELL VARIABLES
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TABLE 38A: : o/ A
VARTABLES FOR ACTIVATION ANNEALING. A &AS' £ ‘v\"ﬁ
<
&,@OQO q,é'v o A»Q,G'N‘L é‘r QQQJQ-%Q w/lR SN S w /v 'er‘v\ C:‘.’"b Ry

18

OPERATIONAL PROCESS VARIABLES

Temperature (XG0 ' (X) XX |x 11X
Time and heating rate 0. 93[0:9] ‘ XXX (X
Dose, species, and energy of implant X IR G .
Ambient gas(es) and flow rates X |- (X) X)X |0

Substrate spacing - ' XXX IO

DIAGNOSTIC PROCESS VARIABLES

Sheet resistivity ENX|E X EIEX
Junction depth ' XXX X &E| X (X}
Uniformity over a substrate (X} (X)

Uniformity substrate-to-substrate
Bulk lifetime XXX EIEED]E
Surface lifetime X | (O (X) | (X)X | K ()| ()




TABLE 38B:
VARTABLES FOR ACTIVATION ANNEALING

DIAGNOSTIC SOLAR CELL VARIABLES

e
5>

s

zg

OPERATIONAL PROCESS VARIABLES

Temperature o -

Time and heating rate

Dose, specles, and energy of implant
Ambient gas(es) and flow rates

Substrate spacing

DIAGNOSTIC PROCESS VARIABLES

Sheet resistivity

Junction depth

Uniformity over a substrate
Uniformity substrate~to-substrate
Bulk lifetdime

Surface lifetime

6:9]
(X)

(X)

(%)

(X)
X)

(X)

(X)

6.9)
(X)

(X)

®

(x)

x)
(X)

x>

(X)
X

(%)

(X)

6.9
6.9/

6.9

X)

(X)
x)

(X}

(%)

X)

x)

(x)

(X)
(x)

X)
(X)

(X)

o3
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OPLRATIONAL SOLAR CELL VARTABLES

6\0

A3
TABLE 39A: ., o
VARTABLES FOR PLATING . &:’? §’ ?\‘3
*véﬂé‘éJ‘Lé?-b :y%éa¢% & qréyqrgr WYL YEYEVES Yﬁb.qyé' <r%-é4?‘q
OPERATIONAL PROCESS VARTIABLES .
Bath composition and purity of components [(X) [(X) (X) x) (X)
Bath temperature ‘ (X) X
Immersion time (X) X
Agitation (X)
Substrate dopant type and level (X)
Bath size, life, and loading factors XX X1 &) X211
Substrate spacing '
® Substrate surface preparation (x) X
Substrate rinsing time and temperature (X) 1D X) {(X)
Drying process (x)
DITAGNOSTIC PROCESS VARIABLES
f\ Metal thickness and uniformity X X ,
13 Metal series resistance (X) X XX X
Metal-silicon contact resistance (X) X X (X) {0
Adhesion - (X) |(X) [ (X) X [ (x) (X)) X)) [(X)
Uniformity of subsequent solder coating x) X ' (XX




DIAGNOSTIC SOLAR CELL VARIABLES

) : roav Y
ffﬁ%ﬁl&ggg'mk PLATING & j & > 3;’ 5 s/ /a A @"s
= VAYZY Q‘ﬁq@@"v” QS o";o & 7 o\_ T S/ o 5/ e Q-\‘ oy~ JF
OPERATIONAL PROCESS VARIABLES
Bath composition and purity of X X |(X){ X KX) X
components '
Bath temperature 9] X | X x)
Immersion time X X1 X (x)
Agitation 6:9) X)) X
Substrate dopant type and level (X) (X) X | X X)X
Bath size, life, and loading factors X
Substrate spacing X
o Substrate surface preparation (X) (X) X | XN X X | X
- Substrate rinsing time and temperature (X (X)) | (X [(X) X)
‘Drying process XX
DIAGNOSTIC PROCESS VARIABLES
Metal thickness and uniformity X X | X X X | X
Metal series resistance (X2 | (X X X &)X
Metal-silicon contact resistance X) | (X} X | X X |X |X
Adhesion X X X . *
Uniformity of subsequent solder coating X - X)X




OPLRATIONAL SOLAR CELL VARIABLES
/

Se
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TABLE 40A: o /¥
VARIABLES FOR METALL1ZATION SINTERING ’Cﬁ" 5’?’ v\"%
&/~ s v A fS A
OPERATIONAL PROCESS VARIABLES
Temperature XTI XX
Times of sequences for cycle EH XXX (XX &)X
Ambient gas and gas flow rate (X) (X) x)
Substrate spacing (X)
DIAGNOSTIC PROCESS VARIABLES
Metal adherence (X) (X)
Metal penetration into silicon G XX X X 0.9
o Contact resistance XX X X)X ‘
7 Effects on photovoltaic parameters ° N EE|EE [ @OE 1D
Color changes (if silicides or oxides (X)
form) -
Uniformity of subsequent solder coating (XX XY X X




DIAGNOSTIC SOLAR CELL VARIABLES

TARLE 40B: .
VARIABLES FOR METALLIZATION SINTERING

98

OPERATIONAL PROCESS VARTIABLES

Temperature XXX | (X)) | )X | (XD Izt xlx X 1(X)
Times of séquences for cyecle @1 XX I X)X |X) (X) X)X X)) | X [(X) O I
Ambient gas and gas flow rate x| (X (x) (X) (XD X){ X |
Substrate spacing ' ' ‘ . XX

DTAGNOSTIC PROCESS VARIABLES

Metal adherence X (X) | (X) 4 * 1(X)
Metal penetration‘info silicon %* (X) : ‘ X XX 1X) X | X
Contact resistance X ' X | X (X)X XX
Effects on photovoltaic parameters XX | X E (X)) [ K 1 (XD X X1 XX X 1X
Color changes (if silicides or oxides X |

form)
Uniformity of subsequent solder (X) (X)| X

coating




OPLRATIONAL SOLAR CELL VARIABLES -

No

S
TABLE 41A: v
VARTABLES FOR SOLDER COATING g
& o
o 5 Y Ty
YA 7y WV
&R/ o S VA VTN AN AN
OPERATIONAL PROCESS VARIABLES .
Solder composition (xX) (XX (XD
Flux (X) XXX
Dross inhibitor x) X T
Temperature of solder 6:9) x) (X)
Time in solder xX) (X)
Method of substrate support X x) Xi X j X
Contamination and bath life' XD IEIE) X)X X | X1 X
Cleaning solution(s) ' (X) (x)
3 S
DIAGNOSTIC PROCESS VARIABLES' . | .
" Uniformity and thickness of solder’ (X X E (X)] X XXX
coating . u
Series resistance of solar cell (X)| (O] X) (X)] * (X) JS:9) D XX | X
Solar cell cléanliness (X) [(x) (X |




// DIAGNOSTIC SOLAR CELL VARTABLES

TABLE 41B: &
VARIABLES FOR SOLDER COATING

OPERATIONAL PROCESS VARIABLES

Solder compesition X _ X
Flux ' x> , (X)
Dross inhibitor ‘ x> x) X
Temperature of solder x) « X (X) (X)
Time in solder (XD (x) () - 1(X)
Method of substrate support '

LR A e o T < -

Contamination and bath life X - X

Cleaning solution(s) : I (0.9

DIAGNOSTIC PROCESS VARIABLES

Uniformity and thickness of solder X X X
coating

Series resistance of solar cell (X) X} X X

Solar cell cleanliness (X)) (xX) (X)




atter eliminating several other more direct interactions. The principal

guideiine for a direct relationship between a cell and process variable has

been chosen fto be that there is a strong, empirically observable |ink between

changes in a process variaple resulting in changes in solar cell characteristics.
For This analysis, it Is'asshmed that the chosen process is opera+iona{.

{1+ must be noted that, if the solar cell process were to be developed from

scratch, the tables wéu[d contain many, many more relations. To do so, however,
would be to ignore today's state-of-the-art.) The tables, then, forﬁ a diagnostic
Téo! To allow observéfion of the effects of cﬁanging the va]ues of the variables.
¥ is infended that this is interactive from both the cel! and the process
parameters. For example, it may be utilized as a guide for Tréubie shooting

when the cell parameters -change advgrsely. On the other hand, it can be

utilized to identify which‘processes andlprocess variables should be studied

for improving ceil performénce above scme previ;us standard. -

A furThér observaticn must be presénfed: %requenfly, there are direct
relations between operational process variabies-and diagnostic process variables
which give only an indirect relation +o some ce!l variables. For example,
the spin-speed during a photoresist application has a direct relation to the
photoresist thickness, but only an indirect refation to the linewidth of a’
pattern etched after exposing and developing that photoresist. Similarly,

a change in a cell variable (as a result of a process variable) can result in
direct effects-on other cell variables, but generally will have only indirect

effects on process variables.
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3.6 SELECTION OF EVALUATION TECHNIQUES

The process variables have been defined as either operational or diagnostic.
For purposes of selecting evaluation techniques, the diagnostic variables are,
by definition, parameters which‘can be measured experimentally. If is clear,
thus, that an experimental measurement technique wiil be the most suitable
method for.evaluafing the diagnostic variables. On the other hand, categorization
as an operational variable may indicate suitability for an experimental
evaluation, an analytical evaluation, or both experimental and analytical
evaluations.

In the process steps enumerated in previous reports, there is offen
redundancy of operational variables between process steps. For example,
such variables as temperature, chemical purity, and substrate spacing occur
in many individual process steps. For the sake of clarity and convenience,
it is useful To reclassify the operational variables info categories which
minimize this redundancy. This reclassification of the operational process
variables, then, simplifies the definition of evaluation fechniques. The
categories chosen for this reclassification are listed below, along with

examples for each category.

CATEGORY EXAMPLES
1. Fundamental Time, Temperature
2. Mechanical Size, Spin Speed
3. Chemical Composition, Purity
4, Logical Diffusion Cycle, Etching Cycle
5. Energy Related Light Intensity, RF Power

in Tables 42 - 46, the operational variables have been reclassified. Since

some variables are best evaluated by direct experimental techniques, some

S0



by analytical or theoretical techniques, and some requirg both experi-
mental and theoretical analysis for optimum gvéluafion, the selected evalua-
Fion technique is also identified in these tables.

It is necessary to recall, when the process variables were defined, that
it was assumed that the process step was itseif defined, i.e., the process
was running. The process variables defined are those primary variables
which are necessary to specify and control, to actually allow the process
to continue to perform in a satisfactory manner. This assumpfion, thus,

recognized that a certain level of knowledge and sophistication exists in the

industry today.

3.7 PERFORMANCE OF PRIMARY VARIABLE EVALUATION

Evaluation of the process variables and establishment of control ranges
for these parameters is extremely process sequence dependent. Fur+her;
establishment of a process sequence is heavily dependent on the design and
performance of the desired solar ceill. Even having defined the exa;f design
and s+r;c+u%e of the cell, there are numerous choices of process sequences
which can be ufilized to fabricate the desired cell.

Either diffusion or ion implantation, for exampile, can‘be uTi]ized o
form a p-n junction. Each has many primary process variables which can be
varied to achieve the same cel! parameters. The implant must then be annealed,
again giving rise to numerous process variable choices. Each could be done
intfo either plane o; textured surfaces. Each could be followed by either a
plated or printed metallization. These, in turn, require dramaTicafly different
sequencing for application of the antireflection coating.

Evaluation of the performance of a process step through its many primary

variables is, thus, extremely complicated and extremely dependent upon cel |
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TABLE 42

OPERAT IONAL PROCESS VARIABLES WHICH ARE
FUNDAMENTAL IN NATURE,AND SELECTED EVALUATION TECHNIQUE

EVALUATION BY:

VARIABLE ANALTY ICAL EXPERIMENTAL
Pressure (gas, water for rinsing X
and scrubbing, low pressure
in CVD reactor)

Time (dispense, bake, anneal, heat, X
etching, cleaning, rinsing,
scrubbing, drying, exposure,
development, ifon implant,
plating, in solder)

Temperature (oven, furnace,
reactor, bath, gas, substrates)
Temperature profile {(furnace,

reactor, bath) X

Votume (bath, dispense) X
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TABLE 453

OPERATIONAL PROCESS VARIABLES WHICH ARE MECHANICAL
IN NATURE, AND SELECTED EVALUATION TECHNIQUE

EVALUATION BY
VARITABLE ANALYTICAL EXPERIMENTAL

Size and Geometry (plasma chamber, X
furnace tube, bath)

Orientational and Spacing (cleaning, X
diffusion, CVD, plasma)

Substrate Support {all processes) X

Dimensions, Tolerances, Positioning X
(masks, carriers, photoresist)

Substrate Surface (dimensions, X
gqual ity, texture)

Substrate Crystal Orientation X X
(oxidations, ion implant)
SubsTra+e'Erepara+ion ) X X
Speeds (Spin, centrifuge, tabie) X
Flow rates (gas, water, photoresist) X
Flow Patterns (gas, water, photoresist) X X
Viscosity (photoresist, spin-ons) X X
Spraying Nozzle Configuration X
Agitation (rinsing, etching) X X
Residues (solid, ionic, etc.) X X
Coverage Thickness (photoresist, X

metal, dielectrics)

Coverage Uniformity (photoresist, X
metal, dielectrics)

s
>

Adherence (photoresist, metal,
dielectrics)
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TABLE 44

OPERAT IONAL FPROCESS VARIABLES WHICH ARE

CHEMICAL IN NATURE,AND SELECTED EVALUATION TECHNIQUE

VARIABLE

Composifion (gas, chemicals, baths,
|- shadow mask, metals, solder,
flux, dross inhibitor)

Purity (chemical, gas, rinsing)

Ambient

Contamination

Residues

lon Beam Analysis

Dielectric Layer Composition

Doping Levels (dielectrics, silicon,
ion implantation, diffusion)

Dopant Species (diffusion, ion
implantation)

Baths (size, life, loading factors)

Substrate Preparation (all chemical
processes)

Etch Resistance (rate)
Efching‘End—PoinT Determination
Resist Composition

Spin-on Composition

Adherence

94

EVALUATION BY

ANALYTICAL

X

EXPERIMENTAL

X



TABLE 45

OPERAT {ONAL PROCESS VARIABLES WHICH ARE
LOGICAL IN NATURE,AND SELECTED EVALUATION TECHNIQUE

EVALUATICN BY

VARIABLES | ANALYTICAL EXPER|MENTAL
Application Sequences X
Rinsing and Drying Cycles X
Etching Cycles X
CVD Sequences (Si3N4, Diffusion) X
Insertion Transients (heéfing rates) X
Removal Transients (cooling rates) X
Equipment Cleaning Cycles X
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TABLE 46

OPERAT IONAL PROCESS VARIABLES WHICH ARE

ENERGY RELATED,AND SELECTED EVALUAT ION TECHNIQUE

YARIABLES
Type of Heating (RF, [R, resistance)
RF Power and Freguency (plasma)
Energy Density
Light Intensity (photoresist and
exposure)
len lmplantation:
Voltage
Dose

Dose Rate

86

EVALUATION BY
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EXPERIMENTAL

X
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X



design, performance, and process sequence. [T is so complicated, in fact,

that it doesn't make sense fo generalize a primary variable specification or
evaluation. A far more logical procedure is to first specify a process sequence
and cell design, empirically vary the process steps to achieve the desired
result, modifying the process sequence if necessary. Only at that point deoes

it truly make sense to perform a detailed evaluation of the process variables.
Following this evaluation, the process sequence may be further modified to

allow choice of optimum process control ranges.

3.8 CORRELAT ION AND [INTERPRETATION

The correlation of process variables to cell variables, as well as to
other process variables, is imperative if a high yield process is to be
achieved. Both process and cell brimary variables have now been defined,
identifying both operational and diagnostic variables of each type. Further,
firet order relationships between cell and process variables have beén -
defined.

Foliowing the establishment of a viable process sequence, it is possible
t+hen to correlate process and cell variable interactions in a direct
manner. In order for this to be useful, a feedback loop must be established
between the functioning process. steps in the sequence, and the evaluation
of variables for both the cell and processes. The feedback must, in
addition, be rapid and direct fo the variable (or variables) which must be
ad justed.

At this point, evaluation of the choice of process sequence and
process steps must be reviewed. There must be effective ways to interporet
and correlate the performance of the process variables with the cell

parameters in a timely manner. There must also be no process step which
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is critically dependent upon a process variable which has been evaluated to

require critical control.

39 ESTABLISHMENT OF CONTROL RANGES

Due to the massive complexity of the interrelations of process and cell

variables, the establishment of confrol ranges for each variable must be an

itferative process. Following choice and initiatl verification of a process

sequence, a nominal control value and range must be specified for each

primary process. variable. Presumably these nominal values are those which
have been used to establish initial feasibility of the process sequence.

At this point each variable should be studied, one at a Time, within
the nominal range specified. Evaluation of the interactive eiffects with
other process and cell variables can be defermined. |f process and cell
parameters improve toward either end of the chosen range, the range shouid
either be shifted or broadened. The best performance should place The'
optimum control value of a variable near the most cost effective region of

+hat variable's control range. This may be at the center of the range, or

perhaps skewed from Tthe center.

Sufficient iTera?ioﬁ;“}hrough the process sequence must be berformed +6

establish that each of the variables s optimum within the control range

for that variable. This is nof, however, adequate fo ensure process

control. A method of monitoring each variable is necessary. This monitor-

ing may be continuous or by routine spot-checking, dependent upon the

variable and the criticality of its control. Monitoring and controlling will,

of necessity, add to the cost of performing the process. This cost must be

traded off against the cost savings resulting from such confrol. The most

cost effective tevel of monitoring and controlling will occur when the cost of
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narrowing the control limits and the cost savings gained by reducing .the

number of rejects are equivalent.

I+ 1s obvious that each variabie should be maintained at or near its
optimum contro! value. I+ is very imporfant, in addition, that fhe
variable should be monitored adequately so that corrective ad justment of the
variable can be made as it approaches either of its control limits, not
when it reaches the {imit. In other words, there should be an optimized
probability that the variabie could actually reach the limit of the control
range. Conversely, the control range must be sufficlientiy broad, when
compared to the sensitivity of the monitoring technique, that there is little
chance of the limit being reached; control should be easily mainfained in

the cost effective region of the control range.

N —
A large number of process steps has been identified and evaluated

" for possible use in process sequences which can be utilized to reach the
long range goals of volume and price for solar cell modales. Utilizing
technology available today, we believe that adequate control can be reached

for every primary variable in the identified process steps.
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4.0 COST, EQUIPMENT, AND FACILITY ASSESSMENT FOR 1982

This section.presents the results of a detailed cost analysis of a
factory which manufactures flat plate-siiicon solar photovolfaic modules.
The goal of this study is o evaluate the feasibility of establishing a
factory which is caﬁable of manufacturing solar cell modules to be sold
profitably at $2.00 per peak watt in 1982 (or earlier). Accordingly, the
major emphasis of this study is placed on the utilization of near term

technology.

4.1 ANALYSIS APPROACH

There are numerous apbroaches which could be chosen in the cost analysis
of an as-yet unbuilt factory. Motorola, in this study, has chosen the option
that the factory, equipment, direct labor, and overhead structures can be
opfimized for +the specific function of manufacturing solar cell modules and
need not be pa++erned after any exisfiﬁg factory. In.addition, a very strong
and basic assumption is made that The facfdry wi'tl méﬁufacfuré_Eﬁly one
standardized product, allowing complete redundancy for all processing equipment

performing the same function.

4.1.1 TECHNOLOGY READINESS

The present study assumes that the desired factory will be manufacturing
at full capacity in 1982 with a chosen technology. Due to 1} factory
construction, 2) equipment purchase, construction, and installation, and
3) factory start-up (including personnel fraining) a significant lead time

is necessary fo achieve full capacity operation. The emphasis of the present

100



study, thus, is to include primariiy manufacturing technology and equipment
which is available in 1977, with any exceptions being technology now under
developﬁenf, but -which will be secure no later than the end of 1978.

The technology readiness assumption has several significant areas of
impact on costs. The most important result of this assumpfioﬁ is that the
factory will have a {imited useful life, ultimately being entirely repiaced
by an advanced ‘technology whi&h is capable of producing soilar cells at a
greatly reduced cost. Specifically, a factory which utifizes 1977 - 78
technology may be capable of $2.00/peak watt in 1982, but will probabiy not
be capable of $1.00/watt in 1984 or $.050/watt by 1986. Beyond fundamental
technojogy constrictions, other impacts are seen. Utilization of near term
technology (and limited factory Ii%e) impiies only moderate automation. This,
in Turn, leads to higher labor costs than would be seen with more complete
automation.

A further impact of 1977 - 1978 technology is related fo module reliability
considerations. With the goal of a minimum 20 year useful life, present
technology dictates stringent encapsulation requirements to protect the solar
cells, leading to appreciable encapsanTion costs. While this may not
change significantly with advanced fechnology developments, the possibitity
exists that solar cell structures more reliable under harsh environments,
or more effective cheap encapsulants, will evolve to result in lower costs.

in éddiTion to identifying costs for 1982 manufacturing, a néar ferm
technology study provides an additional very important result: fIdentification
of areas In which technology advancement will be most fruitful for cost
reduction in the next generation production plant. Technologies which have
little or no possibility of meeting 1986 (and beyond) goals may be eliminated

from further consideration.
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4.1.2 MARKET AND FACTORY SIZE

This analysis first assumes that the factory under study witl manufacture
25 megawatts in 1982 and that the entire factory is dedicated to a single
product. This assumption, in turn, assumes that the marké+ size is a minimum
of 25 megawatts and that everything manufactured can be sold. The factory size
assumption is made in order to assure that economies of scaile, which optimize
both equipment and fabor, are utilized. (This assumption Is later refined to
allow variations in factory size in order to identify the cost dependence
on factory size.)

A total market size in 1982 of 25 megawatts is a major increase over
today's market. At $2.00/watt, this market size means total sales of $50
million. While this is Earge compared to current solar photovolfaic module
'sales, it is a small portion of today's total semiconductor market. The
technologies utitized in solar cell manu%ac+uring are closely related to those
employed in the semiconductor indusfry. The fechnology driving force for the
1982 time frame, thus, is primarily the semiconductor industry. For later
times, both larger markets and present (and future) government funded programs
will contribute to ilarger technology advances for solar cell modules indepenﬁenf

of the semiconductor industry.

4.2 SCOPE OF PRESENT STUDY

The present study is to determine whether or.not $2.00/peak watt is a
reasonable goal for 1982 (or earlier). Included in this study are identification

of specific equipment, proposed factory layouts, and specific process sequences.
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Motorola, during this study, nhas performed multipie cost analyses from
which broader concluslons may be drawn. First, three different process
sequences have been analyzed, ftwo processes utfilizing +odé§'s technology and
a third with an advanced, longer range technology ye% to be completely deveioped.
Today's technology process sequences are a diffusion based sequence and an
ion implantation sequence incorporating machines pregenfly-availabie. The
advanced process sequence looks at the effects of a much higher beam current
ion implanter than is available today.

The cost analysis in each process sequence inclgdes all steps following
polycrystalline silicon formation. This analysis includes, thus, single
crystal growth, crystal -slicing, wafer preparaticn, cell processing, cell
testing, module assembly and module testing. For the process sequences
investigated ih this study, effects of celi size are evaluated for the
enTi}e sequence. The individual process sequences studied involve variations
in only the cell processing portion of anoverall sequence, leaving both the
substrate formation and encapsulaTionfporTions unchanged. The two basic
cell processing sequences are listed in Tables 47 and 48. 'Thesé process
sequences have been discussed exTengiveEy in previous reporfg.

Three separate solar cell size options have been evaluated. Constraints
imposed on these size options are that a single solar cell module, including
borders, must fit within a 120 em (~45") square and that the modufe must -
contain an integral number of series strings of solar cells having a minimum
of 33 cells per string (fo guarantee a 12V battery charging capability under
worst case conditions). Each cell is assumed o have an encapsulated
efficiency of 14%, representing a 15% bare cell efficiency. This value is
also treated as a variable, ranging from 5% to 20%, to measure cost sensitivity

Yo this factor. The actual cell and module dimensions chosen are:
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TABLE 47

SOLAR CELL DIFFUSION PROCESS SEQUENCE OQUTLINE

1. Blanket P+ Diffusion, Oxide Growth
2. Féonf Strip and Texture Etch

3. Nt Diffusion

4, Mesa Etch

5. AR Coat

6. Front Pattern, Back Strip

7. Metal

TABLE 48 -

SOLAR CELL ION IMPLANTATION PROCESS SEQUENCE OUTLINE

1. :Back Resist, Texture Etch
2. AR Coat

3. Front Pattern, Back Strip
4. Back 12 - P+

5. Front 12 (Masked) - N+

6. Activation Anneal

7. Metal
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CELL DIAMETER MODULE

7.6 em | 118 cm x 116 cm
12 cm 119 cm x 120 cm
12 cm, halved 110 em x 113 cm

Ail of these sizes have been evaluated for each of the three process sequences.

Cost analyses are performed from single crystal growth through .encapsulation.
As a result of the 1977 - 1978 technology restriction, ingot crystal growth is
assumed -- in particular, Czqchralski crystal growth. This report first
incorporates, as defined, a polycrystalline sikicon cost of $25.00/Kg, but
varies this cost later in'fhe study to obssrve total sensitivity to the cost
of polycrystalline silicon.

Other parameters which affect costs have been varied in this analysis
to identify their cost sensitivities. In addition to the annual production
volume -of the factory aﬁd the cost of polycrystatiine silicon, interest rate,
electrical power rate, production |ife of the factory, and the encaﬁsulafed
solar cell efficiency have each‘been treated as variables to determine their
infiuence on 50§Ts.

As sf§fed[earlier, no fgcfory‘now exists which can be identified with
this analysis. In order To achieve such a factory, it must be bpilf, equipped,
and staffed before fulli producfion capacity can be achieved. Accordingly,
this analysis incorporates these starf-up costs and freats each of the

sequential phases as a cost item of variable duration.

4.3 ASSUMPT | ONS

I+ is necessary fo fix certain cost inputs and assumptions in order to
perform a cost analysis. These inpuf assumptions must be carefully

scrutinized when comparing separate cost analysis studies or when making

105



absolute judgements concerning the validity of a particular cost analysis.
This section presents the assumptions and cost inputs utilized

in this analysis.

4.3.1 DEFINITION OF COST CATEGORIES

In order o account for all .of The costs associated with the factory,
individual cost items are allocated to specific cost categories. Separate
assumptions are made for each individual cost category, allowing ready
examination of the costing basis of any item. The cost categories are !isted
and discussed in.the following paragraphs. Specific assumptions for each

category are then detailed in subsequent sections.

4.3.1.1  MATERIAL |TEMS

Items which appear in the final product and can be readiiy identified.

4.3.1.2  EXPENSE |TEMS

ITems which are expended in The .manufacture of product but do not
appear in That product. Additional expense items not directly related fo the

manufacturing processes have been included in the Overhead category.

4.3.1.3  LABOR

~ Direct labor personne! salaries including burden and fringe benefifs.

4.3.1.4  OVERHEAD ITEMS

This category contains all indirect iabor, including such items as
management, data processing, café?eria, legal, training, efc. In addition,
building services, indirect expense items, and all maintenance functions are

included in this cost category.
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4.3.1.5 INTEREST

Interest paid on all borrowed money.

4.35.1.6  DEPRECIATION

Depreciation on both buildings and capital equipment. Capital equip-
ment is separated into that used directly for manufacturing, and that used

for suppert functions.

4.3.2 CREATION AND LIFE OF THE FACTORY

This cost analysis assumes that the desired factory does nof currently
exist and must be started from the drawing-board., Four distinct phases -of
factory life have been identified: +the building phase, equipment phase, labor

fraining and buifd-up phase, and production phase.

4,3.2.1  PHASE 1: BUILDING PHASE

In the building phase, a minimum staff is required to supervise the
design and construction of the facility. These personneil and their several
expenses are included in the first phase overhead section. Operating capital
must be borrowed fo pay these overhead expenses, construct the factory, and
pay interest on this money during the first phése. Equipment is.idenfified

and ordered during this phase but no equipment capifal is expended.

4.3.2.2 PHASE 11: EQUIPMENT PHASE

In the equipment phase, all capital equipment is purchased and installed.
The-debt incurred in Phase | is carried into this phase. Additicnally, that
debt must be increased fo incliude capifal equipment expenditures as well as

Phase || expense, overhead, and interest costs.
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4.3.2.3  PHASE 111: LABOR PHASE

During this period, the labor force is bullt~up and trained such that,
at its conclusion, the factory is capable of running at full capacity. As in
Phase 1!, all debts previously incurred must be included in this, the Labor
Phase. Phase ||| material, expense, labor, overhead, and inferest costs must
be added to the overall debt. Although some revenue is realized from product
manufactured in This'phase, it is assumed That it will oécur at the end of

the phasé and not significantly effect the magnitude of the debt.

4.3.2.4 PHASE |V: PRODUCTION PHASE

The factory is defined as running at full manufacturing capacity during
this phase. AT fhe end of this phase, there is no tapering down of the
operation —-- production is assumed To cease abruptly.
During this phase, income from the sale of product will be realized. It
‘is assumed Tthat the sum of all debts incurred in the first three phases and
the debt incurred in this phase will be paid on a straight line basis over
the duration of Phasg IV. As a result, for the purposes of calculating interest,
it is assumed that on The average half the fotal debt is owed over the entire

duration of this phase.

4.3.2.5 FACTORY LIFE SUMMARY

The cost and income categories utilized during the four factory phases
described in Tthe previous sections are represented schematically in Figuresg .
In tThe detailed cost analysis, each phase is freated separately. Further, the
duration of each phase is freated as a variable, allowing sensitivity fo each

phase for the cost of the final solar cell modules 7o be studied.
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COSTS (NOT TO SCALE)

CINT 4
OVR 4
LAB 4
EXP 4
MAT 4
INT 3
OVR 3
LAB 3
EXP 3
MAT 3
EOPT $ .
PHASE 3
INT 2 DEBT
OVR 2 PHASE 2
EXP 2 DEBT
INT 1
| NCOME
PHASE 1 :
OVR | /,,ll,r:ic@rﬁ,ﬂ,,,,
PHASE 1 BHASE 2 PHASE 3 PHASE 4
TIME
FIGURES : A-SCHEMATIC REPRESENTATION OF COSTS AND

INCOME DURING EACH PHASE OF THE FACTORY

LIFE.
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4.3.3

GENERAL INPUTS AND ASSUMPT IONS

In addition to specific assumptions which can be identified with each

cost category (listed in later sections) certain general assumptions ang

inputs must be made to form a basis for thg factory. These general assumptions

are listed below:

1.

"The factory produces only one product and supplies less than ten

customers.,

2. Annual production level: Treated as a variable, but 25 megawatts
unless otherwise stated. |

3. Solar cell efficiency: Treated as a variable, but 14% encapsulated
(15% bare) unless otherwise stated.

4, Solar cell efficiency is independent of cell area.

5. Insolation assumed at 1 kilowatt/M? (peak).

6. Silicon wafer thickness, as sawn, is 0.008 inch.

7. Wafer diameters; 7.6 cm, 12.0 cm, and halved 12.0 cm.

8. Only one module type fabricated in the factory, chosen from three
options dependent upon the cell size.

9. Total work days/year = 240, (260 - 20, vacation, holidays, etc.)

4.3.4 MATERIALS AND EXPENSE ASSUMPTIONS _

The costs and sizes of specific items utifized in this analysis are

| isted below:

MATERIALS

Polycrystalline silicon - Treated as a variable, but

$25.00/Kg unless otherwise

stated.
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Cold Rollied Steel

Nylon Coating

Gilass

Silicone

Polysulfide gasket
Interconnect

Feedthroughs

.1. WATER

Volume Rate

ELECTRICITY

Power rate

ACIDS

Hydrofluoric
Acetic
Nitric

Hydrochloric

T

$0.225/1b (0.020 inch thick),
$0.204/1b (0.030 inch thick),
based on 99% yield and density
of 7.83 g/cm3.

0.003 inéﬁ powder coating at
$0.0225/mi 1/ 2.

3/16 inch clear tempered glass
at $10.91/4 ft+. x 4 ft+. sheet,
99% yield.(incoming)

0.009 inch thick, $3.75/1b

(in 800 Ib. drums) at 8 Ibs/
gallon.

$0.60 (bésed on $6/gallon).
$0.60/1%, 99% yield (incoming)

$0.60, (2 at $0.30 each).
$0.0031/gal.

Treated as a variabie, but
$0.025/ki lowatt-hour unless

otherwise stated.

$ 2.90/Gal.

$ 3.95/Gal.

$ Z.éS/éaI.

$ 2.97/Gal.



Sul furic - $ 2.45/Gal.

Buffered Hydrofluoric - $ 2.95/Gal.
Waste Treatment - $ 0.0020/Gal. X DiH,0 consumption
SOLVENTS
isopropyl Alcohol - $ 1.05/Gat.
Acetone - $ 1.15/Gal.
Butyl Acetate - $ 2.60/Gal.
VMP - $ 0.75/Gal.
Photoresist (44 cps) - $55.19/Gal.
Deionized Water (DIH,0) - $ 0.0031/Gal.
J100 - $ 7.25/Gal.
GASES
Nifrogen - $ 0.0033/CF
Argon - $ 0.1172/CF
Oxygen - $ 0.002/CF
BCIS - $10.6061/CF
PH - $28.0702/CF
Hydrogen - $ 0.044/CF
HZSFC!Z - $ 8.6331/CF
NH3 - $ 1.0619/CF
'SOLUTioNS
Nickel Plating - $ 0.48/1iter
Paliadium Plating - $ 2.137/1iter
Texture Etching - $ 2.38/Gal.
{MPLANT SOURCES
Enriched Boron .- $200/1b.
Phosphorous - $ 2.76/gram
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4.3.5 DIRECT LABOR ASSUMPTIONS

A number of assumptions are made for direct {abor, many of which are
also ufilized for indirect labor. As discussed in the overhead assumptions,
Section 4,3.8, however, each labor category has its own salary assumption.

. One work day = 3 shifts = 22.5 work hours; (24~1.5 lunch)

2. First shift, second shift, third shift - 8, 8, 6.5 hrs. respectively

3. Second and third shift premium = 10% |

4. First shift salary rate = $4.00/hour

{(Rate with burden and fringes = $5.96/hour)

Absentee/turnover time loss factor = 5%

L9511
.

6. Miscellaneous laboratory supplies (paper toweis, record forms,
pencils, efc.), protective clothing, and safety equipment are
assumed to be $325/year for each direct labor'empioyee.

Examples of burden and fringe accounts are given below:

TABLE .49

‘BURDEN ACCOUNTS
(EXAMPLES)

r

1. Utility Operators

2. Employee Instruction fime

3. Set-up tTime

4. Clean-up time

5. Coffee breaks and rest room Time
6. Material handling and transfer

7. Data compilation and transfer
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4.3.6

TABLE 50

EMPLOYEE FRINGES
(EXAMPLES)

1. Vacation

2. Holiday

3. Refirement Fund

4. Insurances |
5. Cafeteria

6. F.l.C.A.

7. Unemployment Taxes
8. Credit Union

9. Employee Sales

i0. Recreation Activities

BUILDING, DEPRECIATION, AND INTEREST ASSUMPTIONS

Assumptions, utitized in defermining building, depreciation, and interest

costs are listed below:

1.

2.

Construction cost for production space is $éO/sq. ft.
Consiruction co;f for support space is $30/sq. tt.

Depreciation on buiiding: Straight line for 40 vyears.
Depreciation on manufacturing equipment: Straight line over life
of factory, starting after equipment is instalied (at the end of
Phase 2).

Depreciation on support equipment: Straight line for

eight years.

Interest rate: Treated as a variable but 7% unless otherwise stated.
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7. Bui]ding and support equipment sola at end of production phase to

exactly offset closedown costs.

4.,3.7 PROCESS STEP AND EQUIPMENT SPECIFICATIONS AND ASSUMPTIONS

This section defines the equipment specifications and assumptions for
each process step utilized in all of the process sequences. Since the number
of individual process steps is large, a common format is utilized foF
consistency. Each step is numbered for identity in the final costing data.

The format utilized is as follows:

CAPITAL EQUIPMENT ASSUMPT IONS

. *
- Type of equipment (Manufacturers -model where possibie)

- Cost of eguipment

-~ Maximum capacity of equipment (showing calculations)

- Flocr space requirements {(equipment and aisle and work area)
- Labor requireﬁenf ‘

EXPENSE ITEMS

- Equipment facility requirements (electrical, exhaust, water, gases, etc.)

- Chemical and maferia! consumption (showing calculations)

- Parts used on equipment requiring periodic replacement

- Non capitalized items necessary to perform the process (e.g., furnace
Tubes{ beakers, etc.)

MATERIAL ITEMS

- Items appearing in finished product, (e.g., silicon, mefal, moduie parts).

* .
The specification of a given manufacturer does not necessarily mean that

Motorola would prefer that manufacturer or equipment item over a competitive
product. In most cases, competitive equipment exists and may be comparable
or superior. ldentification in this report, however, allows substantiation
of information and allows direct comparison with other possible choices to
defermine suitability of the cost assumptions with those of other cost
analysis studies.
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4.3.7.1 STEP 1, CRYSTAL GROWTH

Capital Equipment Assumptions

For these calculations, a Hamco CG 2000 Czochralski crystal puller
costing $125K is used. Thé maximum capacity of this eguipment is @ 60 inch
pull length and 20 Kg charge. Pulling rates are assumed to be'I Kg/hour
for 7.6 cm diameter crystals and 1.5 Kg/hour for 12 cm diameter crystals.
Fioor space is 40 f+2. One operator can run three crystal pul]ers. In
order to defermine the usable crystal from this equipment, the following
assumptions are made.

7.6 cm diameter cells are cut from a crystal which is grown fo a
06350 -

diameter = 7.6 cm £ 0000 CM (7.9175 cm diameter average)

12 cm diameter cells are cut from a crystal which is grown fo a diameter

_ L6350 . X
=12 cm % .OOOO(JH(12.3175 cm diameter average)
the cropping from the tapered upper portion of the crystal wil! have

a tength of d (edual To_The diameter) and an approximate volume of nd3/8.
the cropping from the tapered bo%fom portion of Thé crystal will have a
length of d and an additional cropping from the cylindrical portion,
also of length d, will result in a total cropped length of 2d and an

approximate volume of 3ﬂd3/8.

only the portion cropped from the top of the crystal will be reclaimed.

Crystal Growth Calculations

Definition of Symbols:

Density of silicon = 2,33 g/cm3

Psi- =
B = Mass of crucibie charge (maximum of 20 Kg)
v, = Vol f ¢ =18
1 = Volume of cropped upper end = 3
xd?L
V2 = Volume of useful portion of crystal = 1
3
V= Volume of cropped lower end = é%g—
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r~
1l

Length of useful borfion of crystal

Q.
1}

Diameter (average) of as-grown crystal

Calculations

(Psi) ( 3)= 1

M

( g, wdlL 3wd3)
(Psi) 8 % 8/ =1

3
=1 - (Psi) (%%M)

e (%)

—
|

or

il

M= (o) (Yy T V2 + Vs

EQE_+ ﬂdzL
fsi 2 4

For the 7.6 cm diameter cell,

d = 719175 cm {average), giving

L = 158.5 em = 62.4 inches (for M = 20 Kg).
Since the maximum pulli Ienéfh of the crystal growth machine is 60 inches,
this Iimits the actual growth of the crystal. Accordingly, the maximuni actual

useful cr?s+al tength is.%he'equipmenT limitation minus the cropped end lengths.

L 60 inches - 3d

L = 50.65 inches = 128.65 cm
Solving for the useful melf éize,
M= 16.57 Kg
Following growth, the crystal is cropped and ground to a diameter of 7.6 cm.
The resultant volume is the usable crystal for subsequent sawing. ThaT vo bume

has a mass of 13.6 Kg, representing 82% of the original polycrystalline silicon

melt material.
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For the 12 ¢m diameter cell,

d = 12,3175 cm kaverage), giving

L

47.40 cm-= 18.7 inches (for M = 20 Kg).

This length, utilizing a 20 Kg melt, is much shorter than the capacity of the

crystal puller and hence is crucible limited. This will eventually iead to

larger crucibles or muftiple pull techniques. For this analysis, however, the

conservative assumption will utilize single pulls and 20 Kg melts. Following

growth, cropping and grinding, the amount of usable silicon crystal prior to

sawing is 12.49 Kg, representing 62.5% of the original melt.

The crystal growth cycle is specified below:

7.6 cm Diameter

(Minutes)
Charge, pump down 90
Melt down 120
Sfab{lize _ 30
Pull time
neck 30
shoulder 60
straight 885 (1 Kg/hr)
end 90
Cool down 120
Crystal removal - ciean up a0
SUB TOTAL 1515
X 1.05 for maintenance and repair 1591 minutes

26.5 hours

12 cm Diameter
(Minutes)

90
120

30

30
60
526 (1.5 Kg/hr)
90
120

90

1156
1215 minutes

20.25 hours

Using the growth rates calculated in this section and the sawing parameters

of step 4 (Section 4 .3.7.4), the crystal growth capacity is shown below in

wafer equivalent form.
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1 wafer 50.65" i crystal _
0155" X Grystal * 26.50 hrs.~ '23-25 wafers/hour

1 water 28.7" t crystal _ '
0155 X crystal 20.25 hrs. 59.50 wafers/hour

7.6 cm:

12 cm;

Expense {tems

tacilify requirements are:

Electrical 55 KW

Exhaust 40 CFM
Argon 35 SCFH
Chilled HZO 30 GPM

Additional expense items include:

Crucible (12") $47 for each crystal

4.3.7.2 STEP 2: CRYSTAL GRIND

Capital Equipment Assumptions

Grinding of the crystal to 7.6 cm or 12 cm diameter is necessary
both for subsequent processing and for modulesunimormity. Grinding equip-
ment costing. $50K is capabie of handling lengths of 40 inches/hour for 7.6
cm diameter crystals and 25 inches/hour for 12 cm diameter cryéfals. This
equlpment requires 97 ffz and one cperator can control four grinders. The

maximum length capacity for a single crystal is 23".

Expense [ftems

Facility Requirements

"Electrical 1.5 KW
Exhaust 40 CFM
Additional expense Items include:
Grinder coclant @ $3/m2 of crystal surface
Silicon lost during the grinding operation Is considered an

expense item -~ in this step, it is assumed that the crystal
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is grown to an average diameter of 7.91?5 cmoor 12.3175 cm

and ground to a final diamefer-of 7.6 cm or 12 cm respectively.
The length of the crystal is either 128.65 cm or 47.40 cm
respectively. From these numhers, the volume of wasted silicon
from the grinding operation can be calculated. The voiume of
silicon ground off is the volume of the useful as-grown crystal

minus the volume of the crystal ground fo size.

Definition of Terms

Calcuiations

i}

H

[}

Vs

Volume losT during grinding

Mass of ground crystal

As—-grown diameter

Final crystal diameter

Length of useful portion of silicon

Thickness of as-sawn wafer,gigg tThickness of sawiég kerf
Number of wafers/crystal

Density of silicon (2.33 g/cm3
,Price_of polycrystalline silicon ($/Kg)

Cost of ground-off crystal surface material/1000 wafers
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For the 7.6 cm diameter cell

x (128.65 cm) [(7.9175cm)2 - (7.6 cm)2]

6 - ]
_ . 3
Ve = 497.8cm |
My = (497.8 cm’)(2.33 g/em’) = 1.16 Kg
- (128.65 cm) _
Ne 0.0%94 omfwafer) ~ ~207 wafers
c. = [=2=18X9 } (5 y(1000) =$0.355 P_ per 1000 wafers
G 3267 wafers p : p

For the 12 cm diameter cell

7(47.40 em) [(12.3175 em}? - (12.0 cm)?]

Ve = 2
_ : 3

VG = 287.4 cm

My = (287.4 an)(2.33 g/em’) = 0.670 Kg
- (47.4 cm)  _

NG - (0.0394 Cm/wafer = 1204 wafers
) 0.670 Kg .

“ (1204 wafers)(Pp) (1000) = $0.556 Pp per 1000 wafers

43.7.3 STEP 3: CRYSTAL CROPPING

Capital Equipment Assumptions

Crystals to be sawed into wafers must first be cropped and sawed into
appropriate length pieces Yo fit into the wafer sawing appéra+us. The
equipment used to perform this operation is an 0.D. diamond saw costing
approximately $8000 inclu&ing the necessary fixtures, Floor space is expected
To be 40 ffz. Cutting time is based 0& 3"/minute .plus 30 seconds/cut set-up

time.

Expense |tems

Facility requirements include:
Electrical = 6 KW

Exhaust = 100 CFM
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Additionally, blades must be replaced after 10,000 cuts. Assuming 14
cuts for 7.6 cm diameter crystals and 6 cuts for 12 cm diameter crystals
which result in 3267 wafers and 1204 wafers respectively then 2333571 and
2006667 wafer equivalents can be expected for each $425 blade resulting in
a blade expense of $0.1821 per thousand wafers for 7.6 cm diameter crystals
and $0.2118 per thousand wafers for 12 cm diameter crystals.

in this step, the upper and lower portions of the crys%ai are removed,
each having volumes of ﬁd3/8 and 3ﬁd3/8 respectively, with d = 7.9175 or
12.3175 cm. {f the upper portion of the crystal is reclaimed for remeit, the

resultant joss of silicon from the jower end is then Bﬂdé/a.

Definition of Terms

VYolume of lower cropped ernid

<z
]

3
M3 = Mass of cropped lower crystal end
Pgi = Pensity of silicon
Ng = Number of wafgrs/crysfa1
t = Thickness of as-sawn wafer plus thickness of sawing kerf
L = Length of useful portion of silicon crystal
dI = As—-grown diaéefer of crystal
Pp = Price of polycrystalline silicon ($/Kg)
C3 = Cost of cropped lower end of crystal/1000 wafers

Calculations

_ 31!63
V3 = i
8
MB - V395|
- L
NG - ..!.

(@]
I

Mz )
5 (ﬁg) (Pp)(moo)
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For the 7.6 cm diameter solar cell,

31 (7.9175 cm)

= = 3
V3 5 584.7 cm
= 3 3y =
My = (584.7 cm”)(2.33 g/cm™) = 1.362 Kg
Ny = 3267 wafers (from p}ocess step #2 calculations)
1.2362 Kg
C3 (3267 wafers (Pp)(1000)

$0.417 Pp per 1000 wafers

for the 12 cm diameter solar cell,

3

v, = 3% (12.3175 em}”  _ 2202 cm3
8
_ .3 3.
My o = (2202 cm™)(2.33 g/em™) = 5.13 Kg
NG = 1204 wafers (from process step 2 calculations)
- 5.13 Kg
C3 (1204 wafers (Pp)(1000)

$4.26 Pp per 1000 wafers

4.3,7.4 STEP 4: CRYSTAL SAWING

Capital Equipment Assumptions

The sawing operation will require a wire saw which costs $30K for cuiting
7.6 cm diameter crystals and $35K for cutting 12 cm diameter crystals. It
will need a 40 f+2 floor space and 0.1 and 0.05 operators per saw respectively.
7.6 cm wafers will be cut at the rate of 86 wafers/hour. 12 cm wafers will
be cut at the rate of 34.4 wafers/hour. As—cu¥ wafer thickness is 9.02032

cm (8 mils).

Expense !tems

Facil ity requirements:
Electrical T KW

Raw Water 1 GPM
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Kerf loss for a saw cut is assumed fo be 0.01905 cm (7.5 mil) for all

crystal diameters). The number of cuts to produce 1000 wafers will be af least 999.

Definition of Terms

Volume of kerf/1000 wafers

-
I

K
N, = Number of cuts/1000 wafers
dF = Diameter of final crysfai
Pp = Price of polycrystalline silicon ($/Kg)
p.; = Demsity of silicon = 2.33 g/cm®
TK = .Thickness of kerf per cuf
Ce = Cost of kerf silicon/1000 wafers
Calculations 2
y _ NK TKTrdF
K 4
G = Yk®si Pp

For the 7.6 cm diameter solar cell,

" 0.01905 cmy /1 2
Ve = (999 cuts) (“'“ERHT‘“_9 (4) (7.6 cm)
_ 3
VK = 863.3 cm .
C, = (863.3 cm”) (2.33 g/em>) (1 Kg/1000 g) A
CF = $2.01 Pp per 1000 wafers
N\ N .

For the 12 cm diamefer solar cell,

- (0.01905 cmy /7 2
Vi (999 cuts) \—~—25¥————9 (4) (12 cm)
3
VK = 2152 cm
Cc = (2152 cm3) (2.33 g/cmg) (1 Kg/1000 g) Pp
CK = $5.01 Pp per 1000 wafers
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Addifiohéi major expense items are the cost of supplies used during the
sawing operation which include slurry, wire, wire guides, and miscellaneous

supplies. These expenses +otal $13.79 per square meter of silicon wafers.

4.3.7.5 STEP 5: CLEAN ETCH

Capital Equipment Assumptions

This process step is intended to remove from the silicon wafers damage
induced during the sawing operation. An in-line ultrasonic tank containing
a caustic efch wili be used., This equipment costs $75K, requires one operator
2

and 360 f17; 228 wafers can be cleaned and efched in 10 minutes resulting in

a process rate of 1368 wafers/hour.

Expense !tems

Facility requirements are:

Electrical 10 KW
Exhaust 600 CFM
DIHZO 5 gpm
In this process step, 0.5 mil will be etched from both sides of each

wafer resulting in a 1 mil (.00254 cm) silicon loss per wafer.
An additional expense item is the caustic efch. 15% NaOH:H,0 will be

used in a 22 gal. tank, changed daily and costing $0.05/gal. = $5000/year.

Definition of Terms

Tw = Thickness of final wafer

+E = Thickness of silicon efched from sawed wafer
dF = Final diameter of wafer‘

Pei = Density of silicon

VE = Volume of etched silicon/1000 wafers

Pp = Price of polycrystalline silicon ($/Kg)

Cc = Cost of etched-away silicon/1000 wafers
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1]

Volume of wafers after etching/1000 wafers

Cost of silicon in final wafers/1000 wafers

|
Il

W

Calculations

md 2
Ve = (TE) F (1000)
a4
R L
2
v = () (T2 (1000)
4
CW - VW Psi Pp

For the 7.6 cm diameter solar cell,

ve = @siem (O (7.6 em?

V.o o= 11523 o

G = (115:23 ) (2.33 g/em) P, (1 Kg/1000 g)
CE = $0.268 Pp per 1000 wafers

For the 12 cm diameter solar cell,

Ve o= @stam B (2w’

Ve = 2873 cm’

Cc =  (287.3 cm’)(2.33 g/en) P, (1 Kg/1000 g)
CE = $0.669 PP per 1000 wafers

Material |tems

Silicon wafers are treated in This step, for the first and only fime,

as a material item. Wafer thickness is assumed to be 7 mil (0.0178 cm).

For the 7.6 cm diameter wafer,

2
v, =  (17.8 cm) (ﬁ) (7.6 cm)
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3

v, = 807.5cm
C, =  (807.5 cm)(2.33 g/cm ) P, (1 Ka/1000 @)
Cy = $1.88 Pp per 1000 wafers

For the 12 cm diameter wafer,

. . ,
Vg = (17.8 cm) (4)(12 cm)

Vw = 2013 cm3

Cy = (2013 cn’)(2.33 g/om) P, (1 Kg/1000 @)
Cw = $4.69 Pp per 1000 wafers

4.3.7.6  STEP 6: CENTRIFUGE

Capital Equipment Assumptions

Cost estimates are based on the use of a Fluoroware K-100 rinser-dryer
with a #1150 frame and a #1231 cradle, all of which are intended to process
7.6 cm diameter wafers. This apparatus wifl hold six 25 wafer cassettes
and aists $2500.: Use of a different cradle will allow the processing of four
25 wafer (12 cm diameter) cassettes for the Qame price. For both wafer
diameters, a 15 minute cycle time (inciuding joad and unload) will be assumed,

resulting ina throughput of:

for 7.6 cm diameter wafers,

25 wafers 6 casséTfes 4 runs - 600 wafers
cassettie machine hour machine-hour

for 12 cm diameter wafers,

25 wafers 4 cassettes 4 runs _ 400 wafers
cassette machine hour machine-hour
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Floor space required for this equipment is estimated to be 30 f+2.

One operator will run four units.

Expense |fems

Facility requirements include:

Elecirical 1 KW (115 VAC - 8.5 A)
D[H20 1.6 GPM @ 40 psi
N, 13.2 #/min @ 40 psi

Assume fwo wafer carriers for each slot in the cradle, one in use and

. one being loaded or unloaded.

7.6 cm: 12 carriers x $19.20/carrier = $230.40/machine

$256.00/machine

I

T 12 em: 8 carriers x $32.00/carrier

4.3.7.7 STEP 7: TEXTURE ETCH

Capital Equipment Assumptions

Equiﬁmenf used in the texture etch process includes a six foot laminar
flow exhaust hood (IAS LV6 - 30X) containing six etch tanks (7" wide x 6"
deep x 20" long) and a chemical recirculating system (Fluorocarbon Model
50003 whiéh is used tfo mainTain the etch integrity. The cost of the hood
is $4500 and the recirculating system costs $7500 resulting in a Total system

cost of $12K. Assuming a one hour process time:

7.6 cm cell: 50 wafers X 4 carriers o 6 sinks _ 1200 wafers
carrier sink hood hour

50 wafers 3 carriers 6 sinks - 900 wafers
carrier sink hood hour

12 cm cell:

Floor space is 45 sz and one operator is necessary for two such hoods.
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Expense |téms

Facility requirements include:

Electrical 1.6 KW

Exhaust 500 CFM
Assumptions used in the cost analysis for chemicals are as follows:
7.6 cm: Displacement of carrier and 50 wafers is 300 cm3.

Assuming a 1lquid level of 4" when four loaded carriers are

placed in the tank, then:

(9177 cm3 _ 300 cm3) '(% carriens) 6 tanks X 2.64 x 10_4_gal _ 12.6356 qgal

tank carrier +ank hood cm” - hood
Utilizing a recirculating system to maintain etch solufion integrity,
it is assumed that, on the average, the entire solution will be
replaced every four days, which resulfs in 60 annual chemical

replacements. Therefore:

12.6356 gal X $2.38 % 60 _ $1803 (chemical cost)
hood o ogal. year year

- per hood

= $0.28/1000 wafersif the equipment is fully utilized.

1Z cm: Dispiacement of carrier and 50 wafers is 515 cm3.
Assuming a ligquid level of 6" when three loaded carriers are

placed in the tank, then:

(13765 on® 515 an) (% carrier%) 6 tanks  2.64 x 10 %qal _ 19.3567 gai.

tank carrier tank hood cmo ~~ hood
Using the same assumptions as for 7.6 cm wafers,

19.3567 qgal X $2.38 60 _ $2762 (chemical costs)
hood gal. year year

per hood

= _$0.57 . . o
500 wators | T The equipment is fully utilized.
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Additional expense items include:

Carriers:

7.6 cm: 2 X 4 carriers . 6 sink . $19.20 _ '
sink X rood X mrriar = $921.60/year per hood

$0.14/1000 wafers if fully utilized.

12 em: 2 % 3 carriers ., 6 sink ., $32.00 _
ik X Trood X ecarrier - $1152.00/year per hood

$0.24/1000 wafers if fully utilized.

Quartzware: Assume $1/in2 for quartz liners which results In

2
464 in 6 liners , $1  _
liner rood X 357 = $2784/hocd

These |iners should have a ftwo year |ife resulting in $1392/year
cost. The liner cost is thus $0.21/1000 wafers (7.6 cm) and

$0.27/1000 wafers (12 cm) assuming 100% equipment utilization.

4.3.7.8 STEP 8: COAT, BAKE, AND STEP 11: ETCH STOP APPLY

Capital Egquipment Assumptions

Equipment specified for this process is a Macronetics coater-oven unit
capable of containing four separate tracks, each costing $13,365. Additional
costs for this unit are a cabinet costing $3,000 and a hood (IAS LV10-30}
costing $2,500. Assuming a complete, four track unit, To%al capital cost
of $58,960. Each track is capable of processing 250 wafers/hour and a unit

. 2
will require 80 f+°. One operator can control two four *Track systems.

Expense [tems

Facitity requirements are:
Electrical 1.1 KW + 2.5 KW/track

Exhaust 120 CFM/track
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Additional expense items include the cost of photoresist. For this
analysis, it is assumed that an excess of resist is used whiie coating and
that both 7.6 cm and 12 cm diameter wafers can be coated at 9470 wafers/gal[on;
Cost of the photoresist is $55.19/gallon resulting in an expense of $5:83/1000
wafers,

All assumptions apply to both process steps (8 and 11).

4.3.7.9 STEP 9: ALIGN, EXPOSE

Capital Equipment Assumptions

A Kasper 2001P aligner with automatic loading, costing $30,000, has
been specified for this operation. A hood costing $1250 will be used for
this equipment, and total capacity is assumed to be 200 wafers/hour. Floor

space is 40 ffz and one operator is required for each aligner.

Expense |tems

Facility requirements are:
Eltectrical 1.5 KW
Exposure lamps which have an average life of 1500 operating hours and

cost $42 add $151.20/year to the operating expenses - $0.14/1000 wafers.

4.3.7.10  STEP 10: DEVELOP, BAKE

Capital Equipment Assumpticons

This process step utilizes a Macronetics developer-oven unit capable
of containing four separate itracks, each costing $13,100. Additional costs
for this unit are a cabinet costing $3,000 and a hood (1AS LV10-30) costing

$2,500. Assuming a complete, four track unit, total capital cost if $57,900.
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Each track is capable of processing 250 wafers/hour and a unit will require

80 szl One operator can control eight individual tracks (or fwo sysfems).

Expense |tems

Facility requirements aré:
Elec%rica[ ‘ .1 KW + 2.5 KW/track
Exhaust 120 CFM/track
Additional expense items include the cost of developer at $1.675/gallon.
This developer. can process 240 wafers (7.6 cm or 12 cm diameter) resulting

in a $6.98/1000 wafer expense.

4.3.7.11 STEP 12: BORON DIFFUSION

Capital Equipment Assumptions

This process step assumes a Thermco eight-tube diffusion module, Type
4000572 per Spec 19000 with load station, source cabinets and appropriate
options at $49,271. Process controllers are estimated to be $2,000/tube,
resulting in a total system cost of $65,271.

One operator will run the system, assuming a one hour average process
time. Using 25 wafer dump transfer type boats, 125 wafers/tube or 1000 wafers/
hour can be processed. Floor space required for-this diffusion system is

275 f+2.

Expense ltems

Facility requirements are:
Electrical 140 KW

Exhaust 125 CFM
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Doping and carrier gases:

BOl5 € 04138 ce 805743 _ 54 1546/1000 wafers

3 wafer 1000 cc
3
N @ 3+t $0.0033 ., 1 hour 1 run _
2 rour X 3 g — X 155 wafers = $0.0792/1000 wafers

Quartzware: (assumes tubes and boats replaced annually) = $769/year per tube

= $1.14/1000 wafers, assuming 100% utilization of the equipment.

4.5.7.12 STEP 13: PHOSPHORUS DIFFUSION

Capital Equipment Assumptions

This process step assumes a Thermco eight-tube diffusion moduie, Type
4000572 per Spec 19000 with Load'sfafion, source cabinets and appropriate
options at $49,271. Process contrellers are estimated to be $2,000/+ube,
resulting in a total system cost of $65,271.

One operator will run the system assuming a one hour average process
time. Using the 25 wafer dump Transfer type boat, 125 wafers/tube or 1000

wafers/hour can be processed. Floor space required for this diffusion system

is 275 sz.

Expense |tems
Facility requirements are:
Efectrical 140 KW
Exhaust 125 CFM
Doping and carrier gases:

PH, 8 0.1164 1> _ $28.07 _  $3.27

3 1000 wafers~ f13 . -~ 1000 wafars

Argon @ 14.8 £t . $0.1172 _ _$§1.73.
1000 wafers - 1000 wafers
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Quartzware: (assume tubes and boats replaced annually = $769/year per tube

$1.14/1000 wafers,

assuming 100% utilization -of the equipment.

4,3.7.13 STEP 14: DRIVE-IN DIFFUSION

Capital Equipment. Assumpiions

This process step assumes a Thermco elght~tube diffusion module Type
4000572 per Spec 19000 with load station, source cabinets and appropriate
options at $49,271. Process controlliers are estimated o be $2,000/tube
resulting in a fotal system cost of $64,271.

One operator wil! run the system, assuming a one hour average process
time. Using the close pack (50 wafer) dump fransfer type boat, 250 wafers/
tube or 2000 wafers/hour can be processed. Fiéor space required for this

diffusion system is 275 sz.

Expense ltems

Facility requirements are:

Electrical 140 KW per module

Exhausfi 125 CFM per module
N, 3 &/min. per tube
34 60 min. . .0353 CF _ 5400 hr. . $.0033 _ '
i A e X ) X year oF $113.25/year per tube

Quartzware: (assume fubes and boats replaced annually = $769/year per tube.
N, and Quartzware, thus, represent $0.084 and $0.57,
respectively, per 1000 wafers assuming 100% utilization

of the equipment.
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4,3,7.14 STEPS 15 AND 38: 1ON IMPLANTAT ION

Capital Equipment Assumptions

Today's available implantation technology has been used to estimate the
cost of an ifon impliantation process. The equipment specified is an Extrion
200-1000 implanter which costs approximately $300,000. Maximum throughput
for 7.6 cm diameter wafers is 80/hour. By modifying the wafer hoider, it
is anticipated that 12 cm diameter wafers caﬁ be processed at the rate of
40/hour. Floor space requirement is 400 sz and one operator can control

2 implanters.

Expense ltems

Facility requirements include:

Electrical 20 KW
Exhaust 200 CFM
DIH20 5 GPM

Additional expense items are:

LN..- 548 3 shift X 240 day ¥ 28.32 CF X $.0026 _ $265

20 Shift X day year 2 CF ™ year
Assuming 100% utitization of the equipment, the cost of LN2 is:
7.6 cm:  $0.61/1000 wafers
12 cm: $1.22/1000 wafers
Wafer holders are assumed to be included in the original capital cost.
For phosphorus implants,

6.0225 X 1023 atoms _ 1.944 X 1022 atoms

30.9738 g {(Phos) gram

At 10% efficiency, available source = 1.944 x 104! atoms/gram.

Selecting an implant of 2 x 1015 afoms/cmz, Then:
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7.6 cm diameter cells

2 X 1015 atoms . 45.36 cm2 $2.76 1 gram _ $0.1288

X
cmé

12 cm diameter cells

2

wafer gram 1.944 x 1047 atoms =~ 1000 wafers

2 X 1015 atoms ,, 113.097 cm $2.76 1 _gram . 30.3211

X

cm< wafer " gram 1.944 X 104! atoms = 1000 wafers

For boron implants,

23
6.0225 x 107~ atoms _ 22
10.811 g (Boron) 2-2707 X 10

atoms/gram

At 2% efficiency, available source = 1.1141 X'TO21 atoms/gram
Selecting an impiant of 1 X 1015 afoms/cmz, then:

7.6 cm diameter cells

1 x 10'7 atoms ., 45.36 cn” , $0.4409 1_gram _ __%0.018
cmZ wafer gram 1.1141 X 1041 atoms ~ 1000 wafers
12 cm diameter cells
1 x 10" atoms ., 113.097 cm” . $0.4409 i_gram :
cmé water gram 1.1141 X 1047 atoms ~ 1000 wafers
Vacuum pump oil is expected fo be changed on a bi-monthly basis.

At $17.42/bottle, total annual cost is expected to be’ $418.
Pump oil is:
7.6 cm: $0.97/1000 wafers

12 cm:  $1.94/1000 wafers

4.3.7.15 STEPS 16 AND 37: ADVANCED ION IMPLANTATION

This system will use an unanalyzed ion beam system. Current cost and
capacity estimates anticipate that a 100 mA phosphorus system and a 10 mA
boron system can be purchased for $85K. Utilizing a beif transport system

through a differentially pumped vacuum chamber, implant times will probably
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be mechanically limited to 0.5 sec/wafer.

implant fimes and throughputs.

15

Phosphorous (2 X 10 7 @ 100 mA)

Boron (1 X 1012 @ 10 mA)

14

Boron (8 X 10 € 10 mA)

Phosphorous (2 X 1015 € 100 mA)

15

Boron (1 X 10 @ 10 mA)

1

Boron (8 X 104 @ 10 mA)

Floor space is assumed to be 400 f+2

impianter.

Expense 1tems

tlectrical
ExhausT

DiH20

The qharf below shows estimated

7.6 cm Cell
Calculated Machine Throughput
time (sec) time (sec) (WPH).
L2686 .5 7200
1.3429 1.5 2400
1.0743 1.25 2889
12 cm Cel |
Calculated Machine Throughput
time (sec) time (sec) {(WPH)
. 6696 .75 4800
3.348 3.5 1030
2.6784 2,75 1310

and one operator is required for each

50 .KW
40 CFM

10 GPM

Expense ifems for LNZ’ vacuum pump oil, and ion sources listed in Section

4.,3,7.14,

4.3.7.16  STEP 17:

SILICON NITRIDE

Capital Equipment Assumptions

This process step assumes a Thermco eight~tube diffusion module, Type

4000872 per Spec 19000 with load station, source cabinets and appropriate
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options at $49,271. Process contfrollers estimated to be $2,000/tube result
in a total system cost of $65,271.

One operator will run the system, assuming a one hour average process
time. Using the close pack (50 wafer) dump transfer type boat, 250 wafers/

tube, or 2000 wafers/hour, can be processed. Floor space required for this

system is 275 f+2.

Expense lItems

Facility requirements are:
Electrical 140 KW
Exhaust ‘ 125 CFM

Gases used in the formation of this dielectric anti-reflection layer

are shown below:

3 . -5
10 cm X 60 min X 5400 hr X 3.53 X 10 ~ CF X $8.6331 _ $987.50

HQS'CiZ: e e voar g o7 -
A5 om® . 60 min . 5400 hr . 3.53 X 10° CF . $1.0619 _ $181.25
NH. : - X X 5) X =
3 min hr year cm CF year
Assuming that this equipment is 100% utilized, H25i012 and NH3 represent
costs of $0.73/1000 wafers and $0.13/1000 wafers, respectively.
Quartzware: (assume tubes and boats replaced annually) = $769/year per tube

= $0.57/1000 wafers, assuming 100% utilization of the equip-

ment.

4.3.7.17 STEP 18: HIGH PRESSURE SCRUBBER

Capital Equipment Assumptions

This process step uses a Macronetics HPC-1000. To normalize floor space,

a four frack unit is suggested. CosT items are as follows:
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$51,700

Scrubber @ $12,925/track =

Four track cabinet = 3,000

Laminar flow hood = 1,795
TOTAL $56,495

I+ is anticipated that a four track unit can process 1000 wafers/hour

and will require one cperator. Floor space is estimated to be 45 ffz.

Expense |tems

Electrical 1.1 KW + 0.25 KW/track
Exhaust 80 CFM/track
DIHZO 0.8 GPM/track

4,3,7.18  STEP 19: PLASMA CLEAN

Capital Equipment Assumptions

1t is anticipated that a two chamber unif, each capable of containing
two 50 wafer carriers; yil! be used. A complete cycle will be 15 minutes
including pump down, ash, and venf. Since only one chamber can be operated
with rf power at a time, the other will be vented, unloaded, loaded, and
pumped down and waiting for the 10 minute ashing cycte. Thus, six runs/
hour X 100 wafers/run result in a throughput of 600 wafers/hour. It is
expected that a plasme asher of this type can be bought for $15K. Floor

space is 30 sz and one operator can run tTwe units.

Expense |tems

Electrical 1.5 KW
Exhaust 40 CFM

. $17.42 ., 24 bottles _ $418.08 _ $0.13 R
Yacuum pump oil € bottle X year T year 1000 wafers

assuming 100% utilization of the equipment.
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4.3.7.19 STEPS 20, 21, 22: MESA ETCH 1 and 2, RINSE, DRY

Capital Equ{pmen? AssumPTions
The sequence used for these process operations is:
1. 30 sec silicon etch in a 5:1:4 HNOB:Acefic:HF mixture
2. 5 min DIHZO rinse
3, 3-min ripse-dry
4. 15 min plasma clean
5. 15 sec In a 4:1 NH4:HF solution
6. 5 min DiHZO rinse
Operations 1 and 2 will be performed in a six foot laminar flow exhaust
hood (IAS LV¥6-30X) containing six etch tanks (7 inches wide X 6 inches deep
X 20 inches long) and a wafer carrier transport system. Three of the tanks
will contain the etch solution and three wil] be utilized for the DIHZO rinse
operafion.' Each wafer carrier will contain 50 wafers. Cost of this hood

is $4.5K, Floor space is 45 f+2 and one operator is required. These two

operations will require 6 minutes (10/hr) and resuit in the following hood
capacity:
7.6 cm cell- 200-wafers ,, 3 sinks . 10 runs _ 6000 wafers
’ ’ tank hood houtr hour
12 cm cell: 150 wafers ¥ 3 sinks X 10 runs _ 4500 wafers
) tank hood hour hour

The third operation of this process is that of a rinse and dry procedure
as is described in Section 4.3.7.6. The shorter time will resuit in capacities
of 1800 wafers/hour and 1200 wafers/hour for 7.6 cm and 12 cm diameter wafers
respectively.

— Next, photoresist is removed by plasma technology as is described in

Section 4 .3.7.18.
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Oxide is then removed (Opsrations 5 and 6) utitizing a hood as described
in operations 1 and 2 of this process. All physical assumptions and
calculations for operations 5 and 6 are the same as Those used in operations

1 and 2.

Expense items

Cost of 5:1:4 HNO3:Ace+ic;HF - assume chemicals changed daily

_ 2 [$2.45/qa} (HNOz)] + $3.95/gal (Acetic) + 4 [$2.90/gal (HF)] _ $2.78

10 gal
} . 6.318 gai $2.78 . 240 days _ $4215 _ _ $0.13
1:6.cm ,- 3 fanks: hood gal year  vyear 1000 wafers
_9.6784 gal , $2.78 ,, 240 days _ $6457 _ _ 30.27
1z em, 3 fanks: hood gal X year year 1000 wafers

Annual cost of 4:1 NH4F:HF @ $2.97/gallon using the same calculations as

above is:

I

7.6 cm: $4503/year = $0.14/1000 wafers

12 cm:  $6899/year = $0.28/1000 wafers
Additional expense items include carriers and quartzware which were
previously described in Section 4.3.3.7. - The costs, assuming 100% equipment

utilization, are:

7.6 cm $922/year - carriers = $0.028/1000 wafers
$1392/year - guartz = $0.043/1000 wafers

12 cm $1152/year - carriers = $0.047/1000 wafers

$1392/year - quartz = $0.057/1000 wafers
Facil ity requirements are:
Electrical 1.1 KW hood (operations 1-2 & 5-6)
1 KW Rinse-dry
Exhaust 450 CFM Hood (operations 1-2 & 5-6)
D1H,0 1.6 GPM ~ Rinse-Dry

3 GPM - Hood (operations 1-2 & 5-6)
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4.%.7.20 STEP.23: DIELECTRIC ETCH (WET)

Capital Equipment Assumptions

Wet chemistry etching of dielectrics utilizes the same hoods described
in Section 4.3.7.19. As was stated in that discussion, three tanks will
contain etch and three will be used for a short DIH20 rinse. Cost of this
hood is expected to be $4500; it requires 45 fTZ and one operator. Assume
10 minutes/batch (load + 1.5 min. etch + unload + 5 min DIHZO rinse), thus,

6 batches/hour.

6 batches ., 200 wafers % 3 tanks _ 3600 wafers
hour sink batch =  hour

7.6 cm cell:

6 batches 150 wafers ¥ 3 tanks _ 2700 wafers
hour sink batch hour

12 cm cell:

Expense Items (assume chemicals changed daily)

 6.3178 gal , 240 day . $2.97 _ __ $4503 _ _ $0.23
1:6 cm cell: day/hood year X gal  year/hood 1000 wafers
> om eofq: 9:6784 gal . 240 day , $2.97 _ _$6899 _ __$0.47
Lem el day/hood year gal ~ year/hood ~ 1000 wafers

Other expenses which. are explained in Section 4.3.7.7 include:

7.6 cm $922/year - carriers $0.047/1000 wafers

$1392/year - quartz $0..072/1000 wafers

$0.079/1000 wafers

12 cm $1152/year - carriers

$1392/year - quartz $0.095/1000 wafers
Facility requirements are:

Electrical f.1 KW

Exhaust 450 CFM
DIHZO 3 GPM
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4.3,7.21 _STEPS 24, 25, 26, 27, 28: ELECTROLESS PLATING

Capital Equipment Assumptions

This process step assumes severai indepéndenf sequential operations
which are outlined below:

1. 10:1 HZO:HF efch + D[HZO rinse

2. Sensitize surface

3. Electroless plating (Pd)

4. DIH,0 rinse and dry (centrifuge: Section 4.3.7.6)

5. Sinter

6. 10:1 HZO:HF etch + DlHZO rinse

7. Electroless plating (NI)

8. DIH,0 rinse and dry (centrifuge: Section 4.3.7.6)

Y
9. Sinter

Using this process, the first operation would require a hood as described
in Section 4.3.7.7 (excluding the chemical recirculating system) where three
of the Tanks contain 10:1 HZO:HF and the remaining three tanks are used for
the DIHZO rinse. (Experise items are the same as discussed in the previous
section.} The longest portion of this process is The DIHZO rinse, which is
estimated to be 10 minufes; Since the etch portion of This process is approx-
imately 5 seconds, the total process time will be assumed to be 10 minutes.

Five minufes is added for load and unload.operations, permitting four cycies/

hour.
Thus:
50 wafers _ 4 carriers ., 3 sinks ., 4 cycles _ 2400 wafers
7.6 cm: arrier X sink X hood X hour " hood-hour
12 cm: 50 wafers 3 carriers ., 3 sinks 4 cycles _ 1800 wafers

carrier sink . hood hour  hood-hour
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The next operation requires sensitize, rinse, and Pd plating steps.
Again, using a six sink hood, two sinks can be used for each step. These
steps require times of 75 seconds, 10 minutes, and one minute respectively.

As above, assuming that four cycles can be performed each hoyr, a throughput

1600 (7.6 cm) wafers and 1200 (12 cm) wafers
hood-hour hood-hour

of can be achieved.

Following the first plating gperafion, a DIHZO rinse and dry operation
is required. For this analysis, the centrifuge step, Section'4.3.7.6, will
be utilized.

Once the wafers are rinsed and dried, an anneal must be performed. The
most probable cost effective method is to fransport the wafers fhrough s
furnace on a continuous belt. Assume Two carriers, each containing 50 wafers,
are placed on a belt. Also, assume The time necessary for these carriers
To pass through the furnace is 30 minutes and that two new boats of wafers
can be phaced on the belt every 30 seconds. After fthe first 30 minutes, two
boats containing a fotal of 100 wafers will emerée ebery.SO seconds. This
resuits in a throughput of 200 wafers/minute = 12,000/hour. For this process
step, a belt furnace costing $35K and requiring 132 f+2 is assumed. Each
furnace will require an operator.

The next process operations evaluated include %n etch, DIH20 rinse, and
electroless Ni plating operation. This is assumed to occur in a hood similar
to that described in the sensitize, rinse, and Pd plate operaticn. The Ni
plating operation will take five minutes. This results in only three operations/
hour being performed in one hood, resulting in a Throughput of 1200 wafers/hour
for 7.6 cm diameter wafers and 900 wafers}hour for 12 cm diameter wafers,

Next, a DIHZO rinse and dry operation, as previously described, is performed.

Finally, a low temperafure (200°C - 400°C) anneal is accompiished in

a belt furnace similar to that already described. For this analysis, a throughput
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twice that of the first anneal wil! be assumed.

Expense and Material |tems

The Ni and Pd platings will each cover 100% of the wafer back and 8% of
the wafer front from solutions that have a plating efficiency of 35%. The
unused Ni solution will not be reclaimed.

The Ni plating solution costs $0.48/%. Of this, $0.0157/% is Ni and
can be associated with material plated onto the cell. Since 631.5 wafers
(7.6 cm diameter) can be plated from a |iter of solution, then a material
cost of $0.0249/1000 (7.6 cm diameter) wafers can be identified. The remainder,
$0.4648/4%, can be associated with expense items in the Ni plating operation
or $0.74/1000 wafers. Since the plating cost is a direct function of the
area being plated and the ratio of plated aéeas for 7.6 c¢m diameter cells
to 12 cm diameter cells is 2.4931 then the material portion of the nickel
operation on a 12 cm diameter cell will be $0.062/1000 wafers and the
expense borfion_will be $1.84/1000 wafers.

In the case:of the Pd plating operation, the solution cost is $2.137/12.
From this solution, 105 7.6 cm diameter wafers can be plated resulting in
a cost of $20.36/1000 wafers (materials). The unpiated Pd remaining in:
solution is reclaimed at 2/3 original cost resulting in an expense of $4.13/
1000 wafers. Using the area ratio developed above, 12 cm diameter wafers
will cost $30.77/1000 wafers (materials) and $10.30/1000 wafers (expense).

Additional expense items include those |isted in Sections 4.3.7.6 and

4.3.7.7. -

Material ltems

These costs are shown In the expense calculations above.
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4.3.7.22 STEP 29: SOLDER COATING

Capital Equipment Assumptions

This process step assumes an automatic solder system which contains a
flux applicator, pre-heater, solderer, and a cleaning and drying section.
including a wafer transport system this apparatus is estimated to cost $50K.
Other assumptions include:

solder fountain width is 15"
transport speed is 10 ft/min
Using these assumptions, four 7.6 cm diameter wafers or three 12 cm diameter

wafers can be processed simultaneously. |f the wafers are transported with

one diameter spacing, Then 20 “afeTs (7.6 cm) X 4 tracks = 80 wafers = 4800 vafers .
min. min. hour
Similarly, 12.7 wafers (12 cm) X 3 +racks = 38.1_wafers . 2286 wafers
min. min. hour
Expense |tems
_Facility requirements include:

Electrical 15 KW

Exhaust 4000 CFM

DIHZO 10 GPM

Flux will coat 200 fTZ/gal = 185,806 cmz/gal. Since both sides of the
wafer must be fotally fluxed, areas are 2X single side area. Therefore, 2048

(7.6 cm diameter) wafers and 1643 (12 cm diameter) wafers can be fluxed. A+

$10/gal :
7.6 cm: $10 1 gal _ $4.88
——— gal " 2048 wafers 1000 wafers
12 cm: $10 5 1 gal - $6.09

1643 wafers ~ 1000 wafers
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Material |tems

Solder:

© $2.68235/1b - $14,86
180,51 (7.6 cm diameter) wafers/ib 1000 wafers

Using the ratio of areas, 12 cm diameter wafers will cost $37.04/1000

wafers.

4.3.7.23 STEP 30: ELECTRICAL TEST-CELLS

Capital Equipment Assumptions

This process step requires an auvtomatic wafer transport system, cell
alignment stage, data acquisition system, and illumination source. These

items are estimated fo cost:

Wafer ftransport system $20K
Cell alignment stage 5K
Data acquisition 16K
Il lumination source 1K
Temperature controlled sfage 4K~

TOTAL $46K

IT is estimated that a cell can be tested inh 5 seconds resulting in a
throughput of 720 cells per hour. Floor space is 100 ffz and one operator

is required for each czl! test station.

Expense ltems -

Elecirical 2 KW
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4,3.7.24 STEPS 31, 32, 33, 34, 35: MODULE FABRICATION

Capital Equipment Assumptions

Equipment assumptions used in-this analysis are, in many cases, based
on equipment not yet developed. The procedure of panel assembly is listed
below:

1. Cell align (afiggs and attaches cells by reflow fo interconnect

substrate)

2. Clean (removes flux)

3. Assembly (places substrate with cells attached into pan, injects

silicone, and places glass over cells)

4, Rivet/Weld (attaches bezel)

5. Cure (thermally cures silicone)

Using the process outlined above, the following equipment assumpiions
are made: ;

1. Cell Align - For this operation, the inferconnect substrate is
attached To an indexing X-Y -table. Cells are aligned for X, Y and 6 and
placed on the substrate. Using localized heating, the cell is attached at
This tTime. Following éach cell attachment, the X-Y table indexes ahd another
cell is aligned and placed on the substrate. |t is anticipated that, by
using a hybrid of today's technology equipment, this step can be achieved in
this manner. Estimated cost of such.a machine is $80K. The area required
for such a machine is expected to be 10" X 10'. Including support space, a
total area of 200 f+2 is necessary. Alignment time is assumed to be 5 seconds/

cell resulting in a panel alignment time of 20 minutes for 7.6 cm diameter

cells (238 cells X 5 sec./celi} and 8.25% minutes for 12 cm diameter celis
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(99 cells X 5 sec./cell). Using a cassette fed system, one operator can
handle this process step.

2. Clean - Affer cells are attached by solder reflow to the inter-
ceonnect substrate, solder flux must be removed. For this process step,
assume a belt transport system which will spray a cleaning agent. An
aquecus flux is suggested such that the spray can be water. The floor
space, throughput, and operator requirements are assumed fo be 350 f+2,

15 panels/hour based on a 5 foot wide belt moving at 1 ft/min., and one
operator. Capital cost is estimated to be $35K.

3. Assembiy - Cleaned interconnect substrates containing attached
solar cells are placed into a pan assembly, covered with silicone from
injector apparatus, and have a glass cover plate placed over the array.

It is assumed that an automatic, belt Transport system Ean perform this
process at the same rate as described above in a machine requiring 500 fTZ
costing $55K and requiring one operaTdr.

4. Rivet/Weld - Assembled panelg are iﬁdexed info an area where a bezel
is placed over the panel after a peripheral sealant has been injected. Riveting
occurs at a rate of 1 panel/minute = 60 bane!s per hour. This equipment is
estimated to cost $50K, require 144 f+2 and one operator.

5. Cure - The final process used in panel assemély is'a Temperature
cure which requires 2 hours. Assume a 6' high oven which is loaded from a
belt and will contain 24 panels (2“/pané| + {" space). |If a panel can be
inserted into the oven in 5 seconds, then 2 minutes are necessary to load the
oven (this can be included in the 2 héur cure timeg. Floor space is estimated
to be 25 fTZ (5' X 5") for the oven plus 400 ffz (20" X 20') for staging
and loading apparatus. plus 175 ffz for work area = 600 f+2 total. It is

estimated that the oven will cost $15K and the load apparatus 320K, for a

total of $35K. One operator will be required.
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Expense |tems

Panel Assembiy

s Cost Area Capacity Power Exhaust DIHﬁO Né Staff

.6 cm [tem (K$) (f+°)  (PPH) (KW (CFM)  (GPM) (2/m) . (CPI)
Cell Align .80 200 3 1.5 — - —-— 1
Clean 35 350 15 1 400 10 25 ) 1
Assembler 55 500 15 4 400 — - 1
Riveter 50 144 60 2.5 — - - i
Cure 35 600 12 10 200 -— - ]

The only difference in this equipment and that required for 12 cm dia-
meter cells is in the celi align step where the capacity will be.5.91 PPH

(panels per hour).

Material liems

Pan Requirements

. Size: 48" X 48" X .02"-= 2304 In2 "X .02" = 46.08 in3

. Material: Colid rolled steel

Bezel requirements, four pieces

. 4 X 2.57 X 48" X .03" = 480 inZ X .03 = 14.4 in>
7.6 cm 12 cm
{tem Unlt $ $/W $/W
Pan $ 3.2145 \ .0213 .0205
Bezel 0.8394 .0056 .0054
Coating 2.7937 .0185 .0178
Glass 11.0202 T .0729 . .0703
Feedthrough ;60 .0040 , .0038
Insulator .092 .0006 .0006
|nterconnect 9.6970 0642 C L0619
Silicone 5.4857 .0363 .0350
Gasket .60 . 0040 .0040
TOTAL $34.3425 .2272 .2191

oo
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4.5.7.25 STEP 36: : ELECTRICAL TEST - MODULE

Capital Equipment Assumptions

Panel fesfiﬁg is assumed to use a Spectrolab LAPSS pulsed lamp system
which costs $80K. Auiomatic indexing of panels into the test arsa is
expected to add $15K to the equipment cost. A room 8' wide X 22' lfong is
necessary for uniform iliumination of a 4' X 4' panel. Additional area
for the panel indexing system is expected fo require that a To?a{ area of
250 ffz be provided for this process step. One operator is necessary for
this equipment. 15 seconds will be allowed for this operaticon resulting

in a 240 panel/hr rate.

Expense |tems

Electricail 2.5 KW

4.3.8 OVERHEAD ASSUMPTIONS

The specific categories which confribute to overhead costs are presented
in this section. Each category is itemized; in no case is any category merely
taken as a percentage of some quantity, such as labor. Specific categories

are presented below:

4,3.8.1 DIRECT FACTORY OVERHEAD

This section includes one foreman per shiff and is independent of the
range of factory sizes to be evaluated (a conservative assumption}. Super-
visors are required at one per 15 direct |abor personnel in crystal and wafer
processing aresas and one per 25 direct labor personnel in the panel assembly
area. Annual salaries are assumed to be $16K for foreman and.$10K for super-

visors. Foreman are hired during Phase || and supervisors are added in-Phase
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11l as needed to accommddaPe the -increasing direct labor employment level.

Direct factory expense items are listed in a separate expense category.

4.3.8.2 ENGINEERING

The engineering area will maintain process integrity and perform Q.A.
functions. The following engineering staff will remain constant over the
range of annual production to be evaluated.

(1) Manager @ $23K/year

(3) Engineers @ $20K/year each

(3) Technicians @ $280/week each
Capital equipment is expected to cost $185K and will be depreciated over.B
years on a straight line basis. Associated expenses are assumed o be 25%
of the total engineering cost, excluding depreciation. All engineers will

be hired in the first phase with technicians being added in Phase II.

4.3.8.3  PRODUCTION CONTROL

Since this factory produces only one Eroducf and the number of customers
will remain essentially constant, annual producticon volume will only minimally
affect the size of the production confrel operation. The following personnel
will staff this area:

(1) Manager @& $22K/year

(1) Secretary @ $172/week

(1) Scheduler @ $18K/year

(2) Clerks @ $160/week

(1) Customer Service Engineer € $18K/year

(1) Order Eniry Clerk @ $172/week

(4) 1Inventory Control @ $174/week
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This group will remain constant up to 5 MW annual production at which +ime
one invenfory control person will be added for each additional 5 MW of annual
produéTion. It is assumed that this group wil! provide warehouse personnel
requiremenis. Capital equipment, depreciated as support equipment, will
‘include fork-1ifts, pallet trucks, and the storage racks. - Expense items are

assumed o bs 5% of salaries. Produc+jon control will be initiated in Phase [11.

4.5.8.4 . BUILDING SERVICES

This cost category includes |ighting and HVAC which are esTim@Ted to’
be 48¢/f?2/monfh; taxes and insurance which are estimated to be 25.3¢/f+2/
month; and custodial services which are estimated to be 0.118 man/1000 f+2
@ $180/week. The square footage of the faciii?y is based on the following
assumptions. The total area figure (TOTAL.SQ. F7.) presented later in '
Table 57 represents only that area which is used for direct manufacfuriné.
in order %o estimate the cost of the building as well as area related costs,

an estimate of Tthe fotal factory size must be made. These estimates assume:

TOTAL 5Q. FT. X 1.3 = DFA (Direct Factory Area)

This additional 30% is inciuded In the overall factory size to account
for hallways and storage areas within the manufacturing area.

DFA X 1.2 = FTL (FACTORY TOTAL)

It is assumed that an additional 20% of the manufacturing area is
regquired to warehouse a 36 day product Inventory.

FTL X 1.3 = TBA (Total Building Area)

This additional 30% of the total factory area is utilized for all

support functions. -

153


http:TOTAL.SQ

The results of this division of area are:

49% = direct manufacturing area
15% = hallway and storage areas within the manufacturing area
13% = warehouse area

23% = support area
Construction costs are assumed fo be $80/f+2 for manufacturing areas and $30/ft
for all other areas. The average cost to buiid a factory is then: .49 x ($80/f+2)
+ .51 X ($30/f+2) = $54.50/f?2. Two distinct factory areas are identified in
this cost anaiys}s. The first is direct manufacturing area which is determined
by‘adding the areas required for each piece of ejuipment used in the several
production areas. This manufacturing area, listed in Table57 as TOTAL SQ. FT.,
represents 49% of the total factory area and, due fto the high degree of
utility facilitization, construction costs are estimated to be $80/f+2. The
remaining, non-facilitized, support area (i.e., office, warehouse, etc.)
represents 51% of the total factory area and cén be constructed for an
estimated $30/f?2. Using these ratios of construction costs and factory
utilization, an average construction cost of $54.50/f+2 for the total factory
area was determined. In this-analysis, the method used fo calcuiate fotal
factory construction costs is to multiply the area required for direct
manufacturing by the average construction cost ($54.50) and divide by
the percentage of area used for manufacturing (49%). This artificially
al locates all of the construction costs o the direct manufacturing area
for calculation purposes only, and resuits in an effective
construction cost of $111.20/ﬁ'2 direct manufacturing area. The fotal
construction cost of the factory, thus, is the product of this effective

construction COST/fTZ and the TOTAL SQ. FT. from Table 57.
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The cost of industrial property varies significantiy throughout the U.S.
For example, Phoenix, Arizona has industrial property in Thé $12 - 15K/acre
ranée while San Francisco sells similar property for $95 - 125K/acre. The
national average is approximately $l/f?2 or £44K/ acre. In order +o achieve
anaverage cost estimate for a solar cell manufacturing plant, $1/f+2 will
be used in this analysis. Furthermore, it will be assumed that the fotal
area of the building will be 30% of the total property area. Since the
manufacturing area (TSQFT) is 49% of the factory and the factory is 30% of
the fotal property, the effective construction costs of $111.20/f+2 of direct
‘ manufacturing space will be increased to include property by $6.80 resuiting
in an effective cost of $118/manufacturing fTZ. Area calculations are utilized
in the building services costs. Factory building costs form the base for the

interest and depreciation figures. Buiiding services are initiated in Phase

N

4.3.8.5 MAINTENANCE

Assumptions here are that one administrator at $30K/year (1st shift only)
and one supervisor at $20K/year per shj%T for each 10 technicians are employed.
Mechanical/electrical technicians at 515K/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 mainfenance,fechnician
requi}emenfs for a particular process. Expense items are qssumed‘fo be 1.5X
technician tofal salary,and material items are assumed to be 1/3 of the total
maintenance cost, (payroll + fringes + expense)/3. ¥ is further assumed that
the administrator and three supervisors are empioyed in Phase || with the

remaining staff to be added in Phase |11,
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4.3.8.6 _ MANAGEMENT

The management section of overhead is assumed fo contain a general
manager at $50K and four staff members at $30K each. Expenses are 20%
of these salaries. The general manager is Included in Phase 1, a staff

member (finance manager) is added in Phase |t, and the remaining staff is

added in Phase |11.

4.3.8.7  MARKETING/SALES

Due fto the small customer base, the staff in this group is assumed fo
remain constant and to comprise one product marketer and one salesman, each
with annual salaries of $20K, and one clerk at $172/week. Expenses are 1/2
of these salaries and commissions are 2.4 X salesman's salary. It is.also
assumed that there are no applications activities. The product marketer

will begin in Phase || with the remaining staff added in Phase II1.

4.3.8.8  PURCHASING

The purchasing function is assumed to remain constant with one purchasing

agent at $22K/year and expenses of 20% of salary. This category is initiated

in Phase I.

4.3.8.9  FINANCE

Finance personnel include one accounts payable clerk, one accounts
receivable clerk, and one.payroll clerk each at $172/week. Expenses are 20%
of salaries. The accounts payable clerk and the payroil clerk are employed
This

in Phase | and the accounts receivable clerk is employed in Phase LI},

function is assumed independent of volume.
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4.3.8.1C SECRETARY POOL

Two secretaries and ftwo clerks, each with salaries of $172/week, are
assumed for This section. Expense items are assumed to exist in the several
areas in which Theée employees work. One secretary begins {n Phase | with

the remaining three personnel beginning in Phase 111,

4.5.8.11 DATA PROCESSING

H

This operation is constant and utilizes a leased computer and peripheral

equipment at $3500/month. The computer will provide inventory tracking,
direct fabor reporting, reject analysis, and management information services.
One programmer/operator at $20K is required. -Expenses are assumed to be $10K

per year.

4.3.8.12 TRAINING

Training is considered to be one o% the most important functions in
the overhead section. As a result, one organizer at $22K, nine trainers for
crystal growth and wafer processing at $170/week and three frainers for
assembly at $170/week will be ehployed in Phase |l to become familiar with
equipment and processes. In Phase ||, these people perform an extensive
training proaram for direct labor personnel: In Phase lV +hé training staff
is reduced to five trainers in crystal growth and wafer processiné and to
one in assembly. In both situations, expenses are assumed to be 10% of

salaries.

4,3.8.13 PERSONNEL

This section requires one employee in Phase | at $22K with an additional

clerk at $170/week to be added in Phase |i. Phases |11l and |V include +hese
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two employees when volume is equal to 10 MW or less plus an additional employee
at $22K/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.

4.3.8.14 CAFETERIA

Equipment for the cafeteria is estimated to cost $60K. Assuming that the
cafeteria is self-sustaining and operates at a breakeven point, no |abor or
expense need be included. Depreciation on the equipment will begin in Phase

4.3.8.15 LEGAL

It is assumed that all legal matters will be performed by a coniract

attorney for $18K/year beginning in Phase |.

4.3.8,16  SECURITY

Security guards wil! be employed in Phase |il on a one employee per

shift basis at $170/week.

4.3.8.17 HEALTH

Nurses will begin in Phase Il on a one nurse per shift basis at $200/

week. Expenses are 10% of salary.

4,3.8.18 FRINGE BENEFITS

For all indirect labor employees, fringe benefits are assumed to be

$2.3K/year times the number of employees regardless of salary or grade.
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4.3.9 PROCESS YIELD AND MACHINE EFFICIENCY ASSUMPTIONS

The cost of performing any given process step (and.the entire process
sequence) is, in addifion to expenses already defined, heavily depenaenf upon
the yield through each process step. The yield of a given process step is
simply defined as the number of acceptable units out of the process step
divided by the number of acceptable units started into the process step. . If
a process step has well defined control ranges and is operated wiTh}n Those
ranges, the yield shouid be 1.00 (or 100%). Since some variations can
always be expected outside the control limits {including breakage from
handl ing), the practically observed yields are always less than 1.00. Based
upon volume exfrago[afions from today's knoﬁh technology,.yields have been
assumed for each of the individual process steps which could be incorporated
into the factory under consideration.

The yield of the overall process sequence is merely the product of the
yields of each of the individual process steps in the sequence. A poor yield
at any one process step, thus, can dramatically affect the +otal yvield. Further,
to obtain 100 units out of the process sequence, the number of units started
must be 100 divided by the yield. This, of course, is also true for any
individual process step or group of steps. All substratés which are started
but which do not finish, thus, are wasted and have a great impact on the cost
of a step (and the overall sequence). One of tThe most cost sensitive sefs
of assumptions is the set of process yield assumptions. Since +these assumptions
must be, in fact, estimated, they are more subjective thap many of the other
assumptions previously discussed. A careful evaluation of +he results of

1

This cosT analysis must critically evaluate these yield assumptions.
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A second set of assumptions which are partially subjective and which atso
are highly influential on processing costs are related to machine durability.

in this analysis, it is assumed That each piece of processing equipment will

be broken down and incperative a certain portion of fthe time. |t is further
as§uﬁed that the more complex machinery will have more down-time. An ion
“implanter, therefore, will have sighificanfly more down-time than a chemical

exhaust hood.

The process step vield and machine efficiency assumptions are listed in

Table 51.

4.35.10 ELECTRICAL AND DI WATER CONSUMPTION ASSUMPTIONS

Electrical consumption in the factory includes the requirements for
-operation of building services and equipment as well as the specific
requirements for heating, ventilating, and air conditioning (RVAC) in each
of the processing areas. The total electricai consumption assumes:

(1) Steady~state operation of equipment requires 50% of the name-

plate power (a 50% load factor).

(2) Exhaust power is rated at 100% load factor based on 8766 hours per

year.

.(3) HVAC -power is rated at 40% load factor, based on 8766 hours per

year.

(4) Lighting requires 4 watts per square foot.

It is further assumed that:

(5) Exhaust power requirement is 0.46 KW/1000 CFM and is assumed to

operate continuousiy.
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TABLE 51

PROCESS STEP YIELD AND:MACHINE EFFICIENCY
ASSUMPT IONS FOR. EACH INDIV LDUAL PROCESS STEP.

PROCEZZ  sMACHIME
YIELD®% EFFICIEMCY

CPY=ZTRL GRONTH RIURT a0

1

= CPYZTAL GRIND - - &<,4ap- . &g
] CRVYETARL CROPPIMSG 2,90 =1y
4 CPY=THL =ZAhL s 04 A
5 CLERH-ETCH QU_E0 =3y
= CENTPIFUGE Q.80 L9
7V TE.-TUFE ETCH S99, 20 i
2 COART-BAREKE 99,40 . =5
B =1 =K1

AL IBH-EAFPOLE can gy T
DEYELOP-EBAKE ) S G0
- ETCH 2TOP APPLY S, 1]
= EOFOM DIFFUZICH S, ) .
i PHOZFHOPUS LIFF. =12 1 1 S

.
el o)
| LA

s 1T 0030 Tia [

wD-r 0 Q0 Q0 00 D 00700 W L e

14  DRIVE-IH DIFF. a9, 40 )
15 10H IMPLAMT H - 99.20° .20
15 i0M IMPL-ADY M a9,.810 =Ty
¥ EILICON NITPIDE . 9920 . 28
18  HI PFPET:. ZCRUE YR, LS5
19 . PLAIMA CLEAM. S, 80 .97
2 MEZA ETCH 1 SSLE0 =i
21 MEZFR ETCH & 49,24 -k
2 FINZE-DRY -3 =11
23 DIELECTRIC ETCH SSLED LS
&4 PLATING ETCH Caa, an) -y
25 P FLATE S99, G0 .25
2E MI PLATE" SR, 00 e
a7 IIMTER 1 a9, 30 T
25 ZINTER 2 QS Er L 9s
&3  :DOLDEF CORT 2550 =T
21 CELL TE:T -~ T, S0 .95
31 FELL ATTARCH Q9,70 .88
3T MODULE CLERAN o, 9 =T
2% MOIMJILE ASSEMELY a9,.95 ' _ag
34 RIMET-MWELL .. - -34,45 oo
25 CURE 9%, 95 .37
An MODULE TEST . - 99,810 .as
a7 I0M IMFPL-RATY P QG20 LE20
E ION ITMPLAMT P SG, 30 LA
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(6) HYAC requirements must account for:
{(a) Equipment heat dissipéfion equél to 12.5% of name-plate
rating and
{b) conditioning of make-up air at 15 KW/1000 CFM.
DI water consumption assumes a 5400 hour work year. Total electrical and DI
consumption for each equipment item and for the total factory can now be ,
calculated utilizing these assumptions.

The consumption of electrical and D! water in the- factory is dependent
_upon the particular buildinglservice or type of equipment and process step.
Consumption can be classed either as continuous or as demand, and costs
have been determined for each piece of equipment accordingly.

Many of the build}ng services and pieces of equipment require full
time usage of a particular service whether material is being processed or
not. For this continuous usage, consumption is equal to The nuﬁber of pieces
of process equipment required, multiplied by both the ‘individual equipment
service requirement and the machine efficiency value (presented earlier in
the equipment and process step assumptions). Those pieces of equipment that
require the usage of a particular service only when material is being processed
will use that service at a rate equa! to the product of the machine utilization
factor and, again, the product of the number of pieces of that equipment,
the individual equipment service requirement, and the machine efficiency
value. Demand electrical items are then muitipiied by 0.616, {5400 work
hours/year) /(8766 hours/year), In order that weekends and holidays can be
eliminated in determining the total annual etécfrica[ consumpfién; it

should be noted that the machine utilization is factored into electrical
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and DIHZO consumption oniy;'exhaust is assumed to operate continuously.

Once totals are established for each‘faci|{+y requirement in each
process sequence, annual consumption is determined by multiplying the total
by 8766 annual hpurs for electrical consumption and by 5400 annual work

hours for DIHZO consumption.

4.4 PREL IMINARY RESULTS

During the first-month of fhi;_epsf'gfudyf a"preliminary .analysis was
performed utilizing early. estimates of cosf-co%ponénfs. The "first-cut™
analysis was intended to identify ?he'bas}c feasibility 6f a $2.00/watt solar
cell utilizing near term féchnology while Iimi?iﬁg the scope of the sfpdy to
areas of future inferest. 'These prel.iminary re§uJ+§\of the costing study are
shown in Tables 52, 53, and54. Each table is presented in arﬁaf}ix form
relating the effects of each of Three eéjl sizes aﬁaiyze& for each of the
three specified process sequences. These preliminary results incorporate
an assumed annual prodchi?n volame of 25‘megawa+ts as well as other nominal
values for the variable asgumpfions. I+ must be realized +ha% the numbers
are only relative since assumptions far less sophisticated than described

here were utilized for these calculations.
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TABLE 52

PRELIMINARY RESULTS FOR PROCESS SEQUENCE TOTAL COST
(Dollars per Watt)

{ON - ADVANCED

[MPLANT  DIFFUSION  ION IMPLANT
7.6 cm 2,351 1.753 " 1.410
Cells
12 cm 2.012 1.444 1.259
Cells
12 cm )
Half Cells 2.042 1.471 1,286

e ¥

Ty 164



TABLE 53

PREL IMINARY RESULTS FOR EQUIPMENT CAP{TALIZATION
(Mil.lions of Dollars)

1ON ADVANCED

IMPLANT ~ DIFFUSION  |ON ‘IMPLANT
e w s
éngz 79 21 17
gzlimCelis & -2z 18
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TABLE 54

PRELIMINARY RESULTS FOR FACTORY REQUIREMENTS
(Thousand Square Feet)

10N ADVANCED
IMPLANT DIFFUSTON tON IMPLANT

7.6 cm ’ .

corls 200 74 55
12 cm ‘

Colis 156 43 40
12 cm

Half Cells 156 48 41
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Table 52 shows preliminary resul+s for the costs of the TOTaL-pFOCGSS
sequence. These costs are highest for the sma@lér, 7.6 cm diamefér céJis
and for today's ion implan+a%jon technology, being near $2:35/wéTT. For
all process sequences, the 12 cm diameter solar cells exhibit the towest
cost. The halved 12 cm diameter cells are more expensive Th;n the whole 12 ¢m
cells due To the operation costs of .haiving the ceils. The fact that haif
cells can result in a mere efficient module packing-facfo}, reduciné the effective
encapsulation cost/watt, cannot overcome +he costs and vield losses éssociafed.
with the halving operation. O0Of today's available technologies, the diffusion
process sequencé is projected to cost less than $2.00/watt for all cell”
sizes studied, with the 12 cm cell costs being less than $1.50/watt. The pro-
Jected advanced ion implgnfa#ion process Is the most cost favorable, but it
is not yet available.

The major reasons for the higher costs associated with the present ifon
implantation technoiogy are seen from analyzing the information in TablesS3
and 54. Table 34 presents preliminary factory size requiremenf;. The inefficiency
of today's ion implanfgrs is reflected in both very heavy capitalization and
targe floor space projections. Again, the diffusion process sequence coﬁpares

favorably to present ion implantation technology, while ultimately being
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supplanted by an advanced ion implanfation technology. Since capital equip-
ment depreclation is a major cost contribution, factory life is extremely
important in determining the amount of depreciation per year. This is
discussed in defail in a later section of this report.

As a resuit of this preliminary analysis, further comparison of the 12 cm
diameter half-wafer solar cells fo the whole 12 cm diameter cells was deemed

to be unnecessary. As a result, no further cost analysis was performed on

half-water cells.
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4.5 CALCULATIONS FOR THE COST ANALYSIS.

For the calculations iq this cost analyqjs, some of +be-assump+}ons
common to each evaLuaT}oé\are held constant, while others are treated as
variables in order to determine the sensitivity of the results to the
assumptlions. FPFarameters which are'TreaTed'ag constants in all céléulafions
include such ifem; as unitt chemical éosTs,‘!abor rates, process step yields,
‘ﬁachine capacities, and machine efficieﬁé%es. Parameters which are treated
as variables‘are annual production volume; cell efficiency (encapsulated},
polycrystaliine silicon cost, the iéng?h of each of the phases of The facTory{
interest rate, and eiecTrical‘power raTe.‘ As a result of varying the life
of the factory in each phase, the depreciation rate also becomes a.variable,
assuming complete deprecfa?ion by the end of jhe factory life.

* Lach of the variable parameters is given a nominal value within ifs.
variable range for The calcula?ions: These values have been ‘chosen such that
smatl- changes from the nominal value do not result in wide excursions in the
final cost: This allows a more valid sTud* of the sensitivity of “final costs
o variations in cost analysis parameférs.' The range of each ofiThe variables,
. and Their'mominal values,.are listed in Table 55. ngple-calculafions, each
based upon a 12 cm diameter solar cell manufactured by a diffusion process
at an annual volume of 25 megawatts are presented in the following sections.

These calculations are typical of those utilized for all resul+s.
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VARIABLE PARAMETER RANGES AND NOMINAL VALUES

TABLE 55

PARAMETER
Annual Production Volume
Cell Efficiency
(Encapsulated)

Polyerystalline Silicon
Cost

Building Phase
(Phase 1)

Equipment Phase
(Phase 1)

LLabor Phase
{(Phase [11)

Production Phase
(Phase V)

Interest Rate

Power Rate

RANGE

0.5 to 100
megawatis

5% to 20%

0 to $50/Kg

6 To 12 months
6 to 12 months
6 to 12 months

6 To_72 months

5% to 15%

2¢ to 25%/KWH
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NOMINAL VALUE

25 megawatis

14%

$25/Kyg

6 months

6 months

6 months

60 months

7%
2.5¢/KWH



4.5.1 CALCULATIONS FOR PROCESS SEQUENCE YIELD

The average hourly solar cell output volume required to meet any given’
annual production goal can be readily calculated when the solar cell size and
efficiency are specified. This hourly number is that which would result
from a process with a 100% procesg yiel&. Knowing The required output rate
and the individual process step yields, the number of solar cells started
info any process sequence can be calculated from the cumulative yield of the
individual process steps. (The cumulative yield at a given process step is
the product of all the individual process step yields including and following
that step.} An example of this calcutation, for a diffusion process utilizing
12 cm diameter cells at an annual production of 25 megawatts, is shown in

the first three columns of Table 96.

4.5.2 " YIELDED MACHINE CAPACITY

Having defined .both a machine capacity and a machine efficiency in the
assumptions, a yielded machine capacity is calculated from the product of the
capacity and efficiency. This information is shown in the last three columns

of Table 26. The key for the table is:

STEP YLD (%) = Step yield (%)

CUM YLD (%) = Cumulative Yield (%) .
WAFERS PER HR = Wafers per hour

MACH EFF = Machine Efficiency

MACH CAP = Machine Capacity -

YIELD CAP = Yielded Machine Capacity
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TABLE 56

BIFFUSION PROCESS 12.0 €M BIAMETER CELL

2%. 0 MEGA WRTT ANNUAL FPRODUCTION 14 % CELL EFFICIENCY

STEP cuM - -WAFERS | MACH MARCH © YIELD
PROCESS STEP YLD D YLD CoO PER HR EFF CAP CAF
CRYSTAL GROWTH 9.0 68.8 4250 310 60 a4
CRYSTHL GRIND 99.9 6.4 38295 910 161g 14351
CRYSTAL CPOPPING 99.9 76.9 3821 =90 5796 S2i6
CRYSTHL SHU 93.0 -1 3817 <90 24 31
CLEAN-ETCH 99.8 80.6 3627 <30 1368 1231
PLASMA CLERH 99.3 20.8 3619 .97 hE0 532
HI PREZS. SLPUE S9%.6 . 80.9° 3E6le - 95 250 237
BORON DIFFUS1ON 99.10 81.3 3598 .83 125 110
DRIVE-IN DIFF. 93.4 82.1 3562 .95 250 240
ETCH STOP APPLY 99.4 82.6 3540 .22 250 o220
DIELECTRIC ETCH 99.8 33.1 3519 .93 2700 2511
CENTRIFVJGE 99.3 3.3 331ie .35 400 324
PLASMA CLERN 9.3 83.4 3505 97 500 - 532
TEXTUFPE ETCH 3,8 2.6 3498 .93 a0 237
CENTRIFUGE" 99.3 84,3 3470 .75 401 224
PHOSPHOFLS DIFF. 99,0 84.4 3453 .82 125 110
ETCH STOP HFPPLY 99.4 85.3 3428 .32 250 2340
CORT-BAKE 93.4 85.8 3402 .9 25 &30
AL IGH-EXPOSE 99.8 86.3 3337 .94 200 188
DEYELOP-BRKE 99.4 5.5 3351 -9 230 238
MESH ETCH 1 99.8 a8v. 0 3350 «93 4300 4185
RINSE-DRY ©9.8 87.2 3354 .96 1200 1152
PLASMA CLEAN 99,8 87.49 3347 L97 500 532
MESA ETCH 2 99.8 87.5 3348 -93 4500 4135
CENTRIFUGE T 99s 87.7 - 3333 . 95 400 384
PLASMAH CLERN 9.3 87.9 3387 -97 &0 S8e
HI FPRESS. SLCPUE 299.6 83.1 - 3329 .95 &3d 237
SILICON MITPIDE 299.2 88.4 3307 .38 250 - 220
COAT-BRKE 99. 4 89.1 3290 .92 a5t 230
AL IGN-EXFOSE 99,8 39.7 36l .94 260 138
DEVELDOP-BAKE 99.4 89.8 354 .32 230 230
DIELECTRIC ETLH 93.8 S0.4 3239 933 z70n 2211
PLASMA CLERN 99,58 S0.6 32e8 .97 600 53z
HI PRE:S. SCFUE 99.6 S0.8 3222 .55 250 237
PLATING ETCH 93.8 S91.1 3209 .93 1864 1674
PB PLATE 99. 0 1.3 3a02 .33 1206 1056
CENTPIFUGE 99.3 2.2 3170 .96 400 334
SINTER 1 99.8 92.4 3164 .96 12800 11526
NI PLATE $9.0 26 3158 .58 S00 79z
CENTPIFUGE 65,3 2.5 3126 .95 400 334
TINTER 2 99.8 93.7 3120 .96 24000 23040
SOLIER COART 99.3 3.9 3114 - .83 2286 eelz
CELL TEST 24,3 94,1 3107 .99 e 534
CELL ATTRACH . . 99,7 99.3 2945 .33 van 634
MODULE CLERN 9T o 29.5 2937 .88 14895 1307
MODULE RASSEMELY 9.9 93.7 2934 .82 1485 1307
RIVET-WELD ag.a 29,7 2933 .38 5940 S5cev
CLURE 99,9 99.8 2931 .97 1188 1152
MODULE TEST 93,3 93,3 29340 . 9% 23750 ceS7e
FINISHED PPODICT 10,0 18¢.0 2923.
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4.5.3 CALCULATIONS FOR MACHINE COST, LABOR, AND FLOOR SPACE REQUIREMENTS

Results of the previous ca[éulafions are used fo calculate total equip-
ment requirements from an actual number standpoint as well as capital cost
and floér space requiéemen#s, Table 57, The equipment {machine) require-~
ments in-boTh decimal and rounded-up (actual) “form are shown in fh%s Table
to iI[usfraTe the effect of machine utilization. The actual number of
machines required in a particular step is then mulfiplied‘by capltal cost,
tabor requirements, and floor space requirements. Similar to the machine
data, the.labor also represents a rounded-up integer for each step.
(Reduction in this one shift labor figure will! oeccur in later calculations
utilizing process grouping fechniques.) Totals at the bottom of Table 57
show The cost of capital equipment necessary to fabricate product and the
nécessary floor space to perform this task.

The key for Table 57 is:

# MﬁCH {DEC) = Number of machines in decimal form

# MACH (ACT) = Number of machines in rounded-up form
K$ MACH - Individual machine cost in $1000 units
TOTAL K% . = Total cost of machines in $1000 units
LABOR MACH ) = Direct labor ‘o operate one machine
TOTAL DL = Direct labor, rounded-up, to operate

all machines
SQFT MACH = individual machine floor space (ffz)

TOTAL SQFT = Total machine floor space (ffz)
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TABLE é?

DIFFY<ION PPOCESS 12.0 CM BIAMETER CELL

25.0 MEGA WATT ANNUAL FPOTUCTION 14 % CEil EFFICIENLY

#MACH #MACH K$ TOTAL LAEBOF TOTAL SOFT  TOTAHL

PROCESS 3TEF CDEC>  ACT>  MACH 3 MACH L MACH IGFT
CRYSTAL GFOWTH F3.70 79 125. 0 9875 .33 27 49 3871
CRYSTHL GRIND 2.64 3 S0.0 150 2D i - e8s
CRYSTAL EFPOFPING .73 b3 8.0 3 1.00 1 40 40
CRYSTAL SRU- 122.13 124 33.0 4340 .05 7 490 4961
CELEAN-~ETCH 2.95 3 5.0 225 1.008 3 360 1450
FLASMA CLERN 6.22 s 15.0 105 .50 4 36 210
HI PRE3S. ILRUB 15.24 15 S6.49 225 .22 4 45 184
EOFPON DIFFULIOM 32.71 EE 63,2 ars -1e 5 273 1135
DRIVE-IM DIFF. 14.34 15 65.3 i3 .12 e 275 516
ETCH 3TOP APPLY 15.39 16 59.1 236 -12 2 30 328y
DIELECTRIC ETCH 1.40 e 3.5 4 1.00 2 45 Ll
CENTRIFUGE 9.15 10 2.5 25 .29 3 30 300
PLASMA LLERMN o, 02 7 15.0 105 -50 4 30 el
TEXTURE ETCH 4.18 S 12.0 60 .50 3 49 225
CENTRIFUGE 9.04 10 2.5 a5 29 3 30 300
PHOSFHORUS DIFF. 31.43 ze £5.3" === .12 4 2v3 1101
ETCH STOFP APPLY 14.90 15 5%.1 ee2 .12 2 8¢ 320
CORT~BARKE 14.82 15 S9%.1 ece .12 e g0 320
AL IGN-~-EXPOSE 12.02 13 31.3 593 1.00 19 41 el
DEVELOP-ERKE 14.70 15 57.9 218 .12 e S0 3290
MESH ETCH 1 .84 r 4.5 4 .00 1 45 45
RINSE-DRY ic. 31 3 2o 7 .25 1 30 S0
PLASMA CLEAN - = 5.73 5 15.0 30 =1y 2 30 180
MEZR ETCH 2 .80 1 4.5 4 1.00 1 45 45
CEMTRIFUGE B.68 2 2.9 ee .29 3 30 arn
PLASMA CLEAN 5.7e 5 15.0 99 .27 3 20 130
HI PRESS. SLRLE i4.01 15 S6.4 etz .29 4 43 130
SILICON MITRIDE 15.03 16 £33 131 -1z "2 2r9 S50
COAT-BAKE 14.26 is 59.1 aea .12 2 80 3E0
AL IGHM-EXPOSE 17.35 18 31.3 568 1,00 13 48 re=1);
DEVELOP-EBRKFE 14.15 152 S7.9 213 .12 2 80 3210
DIELECTRIC £TCH 1.29 2 4.5 9 1.00 2 43 0
PLASMA CLERN 5.5%9 & 15.0 90 .20 3 30 130
HI PRESS. SCFUB 13.5% ., 14 56.4 199 .23 4 49 180
PLATING ETCH 1.92 s 4.5 9 1.00 =4 42 S
FD PLRTE 3.03 4 4.5 13 1.08 4 42 1890
CENTPIFUBE B.26 ] 2.5 e .0 3 - a0 270
SINTER 1 N 1 3.0 35 1.00 1 132 132
N1 PLATE 3.99 4 4.5 i 1.60 4 45 120
CENTRIFUSE G.14 9 2.5 a2 .25 3 368 )]
SINTER 2 .14 1 35.0 35 1.00 1 rag 132
SOLEEP COAT 1.95 2 S6.0 100 1.00 2 100 200
CELL TEST 4.94 =] 4n. 0 230 1,048 5 too 500
CELL ATTACH 4.05 3 g3, 90 400 1,00 ) 200 1660
MODULE CLEAN 2.25 3 35.0 105 1.08 3 3540 1050
MODULE ASTEMBLY z.24 2 5.0 165 1.00 2 SO0 15680
RIVET-HELD « 06 1 S58.0 =11 1.00 1 144 44
LEURE . 2.54 3 35.8 105 1.0¢ 3 500 iz0n
MODULE TEST «13 1 5.0 a5 1.00 1 250 25
TOTRL R 26577 - 130 27593
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4.5.4 GROUPING OF LABOR WITHIN PROCESS CATEGORIES

The direct Iébor headcount for a single shift, shown in Table 57, is
higher than necessary. |+ can be lowered by grouping processes together
To‘more efficiently utilize available labor. This reduction reflects
the fact that while an integral number of mééhines is necessary, oniy a
fractional nuhber of machines would be necessary to fulfill production
requiremenfs.. These calcuEaTionsAare shown in Table 58,

The key for Table 58 is:

EQPT UTL (§) = Equipment Utilization (%)

LABOR UTL (%) = Labor Utilization (%)

LABOR/STEP = Labor per step

LABOR (DEC) = Direct labor represented in decimal
forﬁ

LABOR (ACT) = Direct labor, next highest integer

after factoring for absenteeism and

Turnover
Equipment utilization is the ratio of the decimal number of machines over the
actual number of machines and represénfs the percentfage of time (after factoring
of maintenance Time) a particular item must operate in order to produce the
desired volume. Labor utilization is defermined by multiplying the actual
number of machines required for a particular step by the labor per machine
vigure (which was identified in the assumptions) and dividing by the integerized
direcf.labpr value from Table 57 Using the assumption that the number of
direct labor personnel specified for a particular process step can perform

that operation when the equipment is 100% utilized, then the actual labor
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TABLE 58
DIFFUSION PROCESE 12.0 CM DIRMETER CELL

25.0 MEGA WATT ANMURL PFODUCTION 14 % CELL EFFICIENCY
PPOCESS GPOUPING
EDOFT LABOF LAROR LAEOR LAEBOR
PROCESS STEF UTL (=3 UTL %2 ~3TEP (DEL) CACT?
CRYSTAL GFOMTH .
CRYSTAL BREOMTH 99.% 6.2 27 26.10
CRYSTAL BRIND B7.9 £5.9 1 -7
CRYSTRL CROPPING 73.3 73.3 1 .7
TOTAL 29 27.4 29
WAFER PREF
CRYSTAL SHW 99.3 7.9 rs 6.2
CLEAN-ETCH 98.¢ GB.& 3 2.9
. TOTAL - 10 - 9.1 10
PHOTOL ITHOGPAPHY
ETCH STOP AFPLY 95.2 95.2 2 1.9
DIELECTRIC ETCH 70.1 0.1 =4 1.4
CENTRIFLUZE 291.5 7E.E 3 2.3
PLASMA CLERN 85.0 75.3 4 3.0
TEXTUFE ETCH 83.6 69.7 3 2.1
ETCH ETOP HFFLY 93,4 93.a 2 1.9
COAT-BRAKE 98.8 92.6 2 1.9
AL IGN-EXFOSE 94.¢ S94.8 19 16.0
DEVELOF-ERAKE 98. 4 91.9 2 1.8
MESH ETCH 1 80.73 38.3 1 -8
RINSE-DRY 97.0 7e.2 1 .7
PLASHMA CLERN 95.8 95.8 3 2.9
MESA ETCH & 79.8 79.3 1 «8
CENTRIFUGE S6.4 2.3 3 2.2
COART-BAKE 95.1 3%9.1 c 1.8
ALIGN-EXPOSE 965.4 95.4 i3 17.3
DEVELOP-BRKE 294,73 28.4 2 1.8
DIELECTRIC ETCH 64.4 4.4 c 1.2
PLASMA CLEAN S52.4 92.4 3 2.3
HI PRESS. ILRUB 97.1 85.0 4 3.4 "7
TOTAL . 79 70.0 74
JCT-DIELECT FORM
PLASMA CLEAN =25.8 7.7 4 3.1
HI PRESS. SLPUE 995.3 95.3 4 3.8
BORON DIFFUSIDON 99,1 321.9 = 4.1
DRIVE-IN DIFF. 5.9 92.3 z 1.8.
CENTRIFUGE 90.4 v5.3 3 2.3
PHOSPHOPUS DIFF. 93.4 98.4 4 3.9
PLASMA CLEAN 95.3 95.3 3 2.9
HI PPESS. SCFUE 93.4 87.6 4 "3.5
SILICON NITPIDE 93.9 o93.9 2 1.9
TOTAL 31 e7.3 29
METRLLIZATION
PLATING ETCH 25.38 95.8 =4 1.9
PD PLRTE 75.8 75.8 4 3.0
CENTRIFUGE 91.7 53.8 32 2.l
SINTER 1 27.2 27.5 1 .3
NI PLATE 99.7 99,7 4 4.0
CENTRIFUGE QB S 67.8 3 2.0
SINTER 2 13.5 13.5 i -1
SOLDER COART 774 r. =4 1.5
TOTRL. . - e0 15.9 15
ASSEMBLY
CELL TEST 90.8 S0.8 5 4.5
CELL ATTHLCH 9.2 2.9 S 4.6
MODULE CLEAN v4.9 73.9 3 2.2
MODULE AZSEMEBLY 74.8 T4.8 3 2.2
RIVET-MWELD . S5.1 F5.1 1 5
CUFE g24.8 84.8 i) 2.5
MODULE TEST 13.0 13.0 1 ~1
TOTHL B . 2t 16,9 18
PPOCESS TOTAL - 176
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utilization figure, lisfed in Table 58, is the product of the figure calculated
above and machine ufilization. For each process step, the decimal labor
requirement is determined by multiplying the labor per step figure from Table
?1 by the labor utilization figure in Table 58. Toé determine the actual
direct labor required in a particular process category, the sum of all the
individual process steps (decimal labor) within Thaf'aarficular category

are mulf}plied by 1.05 to account for a 5% absentee/turnover rate and

rounded up to the next highest integer. The purpose of |isting labor
requirements in both decimal and rounded-up form is to defermine if
sufficient personnel- exist within a process category to perform the
miscellaneous, tasks not directly related Yo the manufacturing of product.
Note that equipment utilization should not be confused with the actual per-
centage of time that a particular piece of equipment is used, but that it
represents the percentage of available time +that the piece of equipmen% is
used; available fime being total time reduced'by maintenance, cleaning, and

any other time in which equipment cannot be used.

4.5.5 "FACILITY REQUIREMENT CALCULATIONS

Facility requirements aré calculated for each. process step and for the
process sequence utilizing the requirements for individual pieces of equip-
ment. The facilities necessary o perform each process step are shown in
Table 39.

The key for Table 59 is:

PWR KW (1st) = Maximum rated (name-plate) electrical

power in kilowatts for one machine.
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TABLE 59

DIFFUSION PROCESS 12.0 CM DIAMETER CELL
-25.0 MEGA WATT FANNUAL PRODUCTIGH 14 % CELL EFFICIENCY
IND EQPT FROCE:S STEP

FRCILITY REP . FACILITY RE®

PUR VYENT WTR ] PR YENT wTR MACH ERPT
PROCESS STEP Kb CFM GPM MACH K CFM GPM EFF UTL®
CRYSTAL 6FOWTH 99 40 -0 79 2399 2343 o .50 93.6
CRYSTAL GPIND 1 40 . 0 3 2 107 o .90 gv.9
CRYSTAL CROPPING 5 108 .0 1 2 89 1] 50 73.3
CRYSTHL SAatl 1 3] .0 124 B3 1] i .90 99.3
CLEAN-ETCH 10 500 5.0 3 26 1619 13 .20 298.2
PLASMA CLEARN i 40 0 7 S a7t 0 .97 85.8
HI PRE3S. SLFUB 2 3220 3.2 16 3 1215 12 .99 95.3
BORON DIFFUSION 140 1295 .0 33 503 453 ¢ .88 9.1
DRIVE-IN DIFF. 149 125 .Q 15 251 2ad ) - 35 9.9
ETCH STOP APPLY 11 430 « B 16 44 1766 0 .92 96. &
DBIELECTRIC ETCH. 1 450 3.0 2 c 837 S ..93 0.1
CENTRIFUGE 1 )] i.6 10 5 6 14 .96 1.9
PLASMA CLERN 1 40 ° .9 7 S 271 1] .97 86.10
TEXTURE ETCH 1 500 -0 5 7 e3a5 o .93 832.6
CENTRIFLGE 1. o 1.6 10 =} g 13 £ 96 0.4
PHOSPHORUS DIFF. 140 i25 .1 32 492 439 o .38 98.4
ETCH STOFP APPLY 11 430 -0 15 41 1656 o .9e 99.4
COART-BAKE 11 480 D 15 41 1656 - © .92 93.5
AL IGN-EXPOSE 1 g .0 19 15 ) 0 .94 94.3
BEVELOP—-BRKE 1t ' 480 - .0 15 41 1656 0 - 9%.0
MESH ETCH 1 LI 4 450 3.0 1 1 418 2 .93 80.3
RINSE-DRY i 9 1.6 3 i 0 4 - 95 97. 90
PLASMAR CLERN 1 40 -8 ) 5 232 0 .97 95.3
MESR ETCH 2 1 451 3.0 1 1 413" 2 .93 9.3
EENTRIFUGE 1 0 1.6 9 S 6 13 .96 96.4
PLASMA CLERN 1 40 -8 ) 5 232 0 .97 95.73
HI PPESS. SCPUB e 2210 3.2 i5 8 1139 12 -9 9.4
SILICON NITRIDE 140 125 -0 ) 246 219 fi .85 93.9
cOAT-BRAKE 11 - 430 .0 15 41 1636 0 .92 95.1
AL IGH-EXFPOSE 1 . 0 .0 18 is o 0 .34 95.4
DEYELOP-BAKE - 11 430 .8 i 41 1656 9 .92 D4.3
DIELECTRIC ETCH 1 450 3.0 2 2 37 5 .33 54.4
PLAZMA CLEAN 1 44 .0 & 4 232 0 .97 2.4
HI FRESS. SCPUE [ 326 3.2 14 s 1663 11 .95 7.1
PLATING ETCH 1 458 3.0 f=4 -2 837 S -k 5.8
PD PLATE 1 450 2.0 b 3 . 1583 4 - 35 5.8
CENTRIFUSE 1 0 1.6 9 4 o 12 .95 1.7
SINTER 1 15 100 <0 1 14 . 95 g .95 2v.5
NI FPLATE 1 450 2.0 4 3 1583 7 - .88 99,7
CENTRIFUSE - 1 0 1.6 9. 4 6 iz .95 0.5
SINTER 2 15 100. .0 i - 14 25 0 95 13.5.
SOLDER CORT 15 4080 14.0 < 12 7039 i3 .88 7.4
€ELL TEST 2 Q -8 S 3 G- 0 =95 90.8
CELL RTTRACH -1 400° .0 S [=2 1759 0 .83 S2.9
MODULE CLEAM 1 g0 10,0 3 1 1055 19 -58 4.2
MODULE ASSEMELY 4 400 .0 3 4 1055 0 .83 4.3
RIVET-WELD 2 o .0 1 1] 0 D .88 6.1
CURE - 1 200 .0 3 15 532 o .97 24.8
MODULE TEST 2 0 .0 i 0 g 1] ) 13.8

TOTHL 4452 41235 190
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VENT CFM =
WTR GPM =
# MACH =

PWR KW (2nd) =

VENT CFM ‘o=
WTR GPM =

MACH EFF =

EQPT UTL % =

E%hausf in cubic feet ﬁer minute

for one machine

‘Deionized water in gallons per minute
for ‘one machine

Number of macHines required for the
process step -

Electrical power in -kilowatts for

- the number of machines in the step

(includes machine efficiency, ufilization
and demand, but not-50% locad factor)
ExhausT in cubic feef.per minute

for the proéess,sfep

Deionized water in gallons ﬁer minute

for the process step

Machine efficiency

Equipment utilization %

CALCULATIONS

4.5.6 TOTAL EXPENSE AND MATERIAL

Utilizing data assumed and calcuiated previously, expense items for the

individual process steps and process sequence can now be calculated.

Table 60 illustrates total incurred expenses, which include process

expenses, elecirical expenses, and DIHZO expenses. Also presented in Table

60 are the total material cost items.

Process expenses are the sum of all

expendable Items used in the manufacturing of solar ceils. These items

include, for example, chemicals, and are calculated by determining the cosT .
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DIFFUSION PROCESS
25.9 MEGR WATT FAHMUAL PRODUCTION
- SILICON = $25.00/KILOGRAM

R EXPENSE & MATERIAL ITEMS

e

- ] PROCESS
PROCESS STEP EXP (K$)
CRYSTAL SROMTH  2465.0
ERYSTAL SRIND 988. 6

CRYSTAL LFPOFFING 2201.2
CRYSTAL SAW 5791.1
CLEAN-ETCH 342.6
PLASMA CLEAN 2.9
#l PRESS. SCRUB .0
BOROM DIFFUSION 29.8
DRIYE-IM DIFF. 13.2
ETCH STOP APFLY 111.4
BIELECTRIC ETCH
CENTRIFUGE 2
PLASMA CLERM 2
TEXTURE ETCH 23.
EENTRIFUGE 2
PHOSPHOFUS DIFF.
ETCH STOP APPLY
CODRT-BAKE

AL 16N~-EXPOSE
DEYELOFP—BAKE
MESA ETCH 1
RINSE-DRY
PLASMA CLEAM
MESA ETCH 2
CENTRIFUGE
PLASMA CLEAN

HI PRESS. 3CRUB
SILICHN NITPIDE
CORT~BAKE

AL IGN-EXFOSE
TEYELOP-—BAKE
DIELECTRIC ETCH
PLASMA CLEAN

HI PRESS. SCRUB
.PLATING ETCH

PD PLATE
CENTRIFUGE
SINTER 1

NI PLATE
CENTRIFUGE
SINTER 2

. SOLDER CORT
CELL TEST

CELL ATTACH
MODULE CLEAN
MODULE -RSSEMELY
RIVET=WELD

CURE

MODULE TEST

NI%:JN =~

e
iy oM

—
0

H
MeRR=ROn NwihRnw

L R I )

-
(=1

TOTAL ) 1 13100.9

COCoOOOAYRNVWRLONAPUNWRORWNAR M

TABLE 60

T .

.

ELECT WATER

EXP (KB EXP (KS
293.3 .0
.4 .0
.4 )

8.2 R

5.5 13.6
1.1 . .0
2.7 -12.9
61.9 .0
30.7 -0
7.9 .0
1.4 5.6
.7 14.1
1.9 .0
4.2 .0
.6 13.9
0.0 .0
i .0
7.4 .0
1.9 -0
Ted . - . a0
.7 2.8
o2 4.5
.0 .0
.7 2.8
.5 13.4
.9 .0
2.6 12.1
38.0 .0
7.4 .0
1.8 .0
7.4 .0
1.4 5.5
.9 .0
2.5 11.2
1.4 5.6
2.7 7.1
.6 12.7
1.9 .0
2.7 7.1
- 12.6
1.9 .0
-11.5 13.7
.6 0
5.0 .0
1.6 19.9
2.1 - .0
.1 .0
2.7 .8
.0 .0
598.7 191.0
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12.0 CM DIRMETER CELL
14 % CELL EFFICIENCY

POWER RATE =

2.5 CENTS-/KWH

oo oeYoCoooOoeooRooo

R . - ——
TOTAL MATL
EXP (KS$) kS
2v58.3 -0
988.4 -0
2201.6 - .0
~579%.3- - - 0
361.7 2296.4
T 4.8 - .0
15.6 -0
g91.7 - G
43.9
119.3 -0
21.1 .0
17.3 -0
4,0 -0
27.6 " -0
17.1 0
178.1 -0
115.3 - -0
114.7 -0
. 4.4‘ -0
134.8 .0
10.9 -
5.5 .
3.5 .
i1.2 .
16.3 .
3.9 -
14.6 .
57.8 .
110.7 .
. 4.3 -
130. 0 .
20.4 -
3.4 -
13.7 .
13.4 - .
198.1 8r7.
15.6 -
3.8 -
55.0 1.
15.4 .
3.8 | .
127.56 622.
-6 "
6.0 - -
21.5 -
2.1 .0
-1 « 0
2.7 -0
.0 5488.6
13889.7 9286.7

e e ——



per 1000 wafers produced mulfjplied by the number of wafers processed in
a pér?icular process step per hour and the number of production hours in a
year (5400). .Wasfed‘silicon is included in this category. Aisoﬁincluded
in this category are ifemsxwhich are dependeET on the number of machines used
as well as E+emg’which depend on the number of machines used factored by
that machine's efficiency and u%ilify factor. Electrical expense is the
péoducf of Thé total elecT}ical power (as defined in Secfion 4.3.10), 8766 annual
hours, and a variable power rate which s nominally 2:¢/KWH. DEHZO
expense is the product of deionized water consumed per year times $.0031/gallon.
Material items are calculated on a per 1000 wafer basis as well as & variable
iniTial silicon cost figure.
The key for Table 60 is:
PROCESS EXP (K$) L= Process expenses in 1000 deliar units
ELECT EXP (K$) = Electrfical power expenses jn 1000
‘ dollar unifs
WATER EXP (K$) = Deionized water e§penseé in 1000

dollar units

TOTAL EXP " (K$) = Total expenses in 1000 dolliar
units

MATL (K$) = Material costs ip 1000 dollar units

4.5.7 OVERHEAD CALCULATIONS

Calculations of the overhead associated with each of the four factory
phases are presented in Tables 61 through 64 In each phase, the tfotal
indiract labor census, payroll, and associated costs are identified. In

addition, the indirect expenses, depreciation, interest, materials, and
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TABLE 61 ;
BIFFUSION PPOCESE

25.0 MEGR WATT ANMUAL PPODUCTION

DIRECT LABOP CENSUS = 528

OVERHMEAD <K%>
CENSUS PAYPOLL FRINGE EXP
.0
46,10

.0

PHASE 1 =

DIRECT FACTORY
ENGINEERING
PRODUCTION CONT
BLDG SERVICES
MAINTENANCE
MANAGEMENT
MARKET ING-SHLES
PURCHAS ING
FINANCE
SECRETAPY POOL
DATAR PROCESSING
TRRINING
PERSONNEL
CAFETERIA

LEGAL

SECUFRITY

HERLTH

TOTAL
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TABLE 62

+ DIFFUSION PROCESS
25.°0.MEGA “WATT ANNUAL PRODUCTION
DIREGT. LABORP CENSUS = 523

4 ;' DYERHERD <K$»
- CENSUS FPRYPOLL FRINGE  EXP

DIFECT FACTORY 3 24.0 3,4 .0
ENG INEERING 7 67.2 8.1  25.3
FRODUCTION CONT O - D .0 .9
BLLG SERVICES 1 4.7 1.1 247.7
MAINTENANCE * 4 45.10 4.6 5.0
MANAGEMENT - 2 40,0 2.3 3.0
MARKETING/SALES 1 16.0 1.1 5.0
PURCHAS ING 1 11.0 1.1 2.2
FINANCE z 19.4 2.3 3.9
SECFETAPY POOL 1 4.4 1.1 .0
DATA PROCESSING 0 .0 .0 iy
TRATNING 13 £4.0  14.9 6.4
PERSOMNEL 2 2e. o 2.3 2.2
CRFETERIA 0 .0 .0 .
LEGAL 0 .0 .0 a.0
SECURITY 0 .0 .0 .0
HERL.TH 0 .0 .0 .0

TOTAL 37 312.5 423 314.7

i82

& oooowoooYNooooolo

12.0 ©M DIAMETEP LELL
14 % CELL EFFICIENCY

POWER RATE
& MONTHS

2.5 CENTS/KWH

DEP  WAT  COM
.0 .0 .0
.0 .0 .0
.0 .0 .0
.0 .0 .0
.0 0 .0
. 0 .0 .0
.0 0.0
.0 .8 .0
.0 0 .0
.0 .6 .0
.0 .G .0
.0 .0 .0
.0 Y
.0 .0 .0
.0 -0 .0
.0 .0 .0
.0 .0 .0
.0 L0 .0

12.0 CH DIAMETEP CELL
14 % CELL EFFICIENCY

POMER PATE =
PHAZE 2 = & MONTHS
LEF ~ MAT  COM

2.9 CENTS/FUH

.
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TABLE O3

DIFFUSION FROCESE 1.0 CM RIAMETER CELL

25. 0 MEGH WATT AHBUAL FPODUCTION

DIFECT LABDRP CENILEI = 522

OYERHEAD «k%> PHASE 3 = 6 MONTH:

CEMSUS PRYPOLL FRINGE EXF BEF

DIPECT FACTOPY el 159.0 34.5 «0 -0
EHEINEEFRING 7 B7.3 8.1 23.3 11.6
FPODUCTION COMT 15 2g2.3 17.2 3.3 6.2
BLDz TERVICES 7 32.9 3.0 247.7 .0
MAINTENAMCE 106 832.5 121.9 1046.2 .0
MAMAGEMENT 5 25.0 5.0 iv.0 - U
MARKETING-SALES 3 24.4 3.4 12.2 .0
PUFCHASING 1 11.0 1.1 2.2 .U
FINAMCE 3 13.3 3.4 2.7 .0
SECFETRPY FOOL 4 17.9 4.8 < 0
DHRTH PFROCESSING 1 in.n 1.1 26. 0 .0
TRAINING 13 64.0 14.9 6.4 .0
PERZONNEL 4 37.4 4.6 3.7 .90
CRFETEPIR 0 -0 0 3.7 .0
LEGHL 0 .0 .0 9.0 .0
SECURITY 2 13.2 3.4 .0 .0
HEALTH 3 15.6 3.4 1.5 -0
TOTAL 205 14n6.5 236.0 1407.1 17.8

TABLE 64 .

*
J.
h

L R P L T T T R R T T R R 1

Y cooooopocooococvooo

666,

MAT

DIFFUSI0OM FPOCETS t2.0 €M DIAMETER CELL

25.0 MEGHR WMATT AHNUAL PRODUCTIOHN
DIPELT LABOR CENIUS = 529

OVERHERT k%)
CENSUS PAYROLL FRINGE EXP DEF

PHAZE 4 = &0 MONTHS

DIFELT FRLCTORY 4 2i90. 8 4332. 1 -0 .0
ENGINEEPIHNG T B78.0 80.5 253.4 155
PRODUCTION CONT 15 823.5 172.3 32.9 82.5
BLDA SERVICES K Ies.0 30.5 g2476.6 .0
MAINTEMANLCE 105 2325.0 1219.0 10462.5 .0
MANAGEMENT = a50.0 B0, 0 179.0 ~ .0
MAPKETING-ZRAILEE 3 244.5 34.9 122.5 D
PLFCHAT THi 1 110.8 11.5 22. 0 .0
FINRNLE 3 133.5 34.5 - 27.0 .0
SECRETHRY PODL 4 17v9.0 45,0 -0 .0
DATA PPUCESTING 1 100.0 11.5 25, 0 .0
TPAINIMG 7 3r5. 0 280.5 37.5 .0
PEP SONNEL 4 374.0 45. 0 37.4 .
CAFETEFIH 1 « 0 -0 37.9 .0
LEGAL ) «0 -0 26,0 . 0.
SECURPITY 3 132.95 34.5 .0 WO
HERLTH 3 156.0 34.5 15.5 0

TOTAL 211 156006.5 2429.0 14d44.4 178,08
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sales costs are’ identified for each phase and for each overhead category.

4.5,8 CALCULATION SUMMARY

For each phase, the computer program allows a variable time input.
A summary of costs for each of the four phéses is shown in Table 63.

Included in this table are material, expense, labor, overhead, interest,

and depreciation for each phase. Totals of costs within each phase, totals

of costs within a category for all four phases, and a total cost for The

life of the factory are included in this fable. This information.is |isted

in actual K$, $/W, and percent of total cost for each category. Additionally,
*x
the seiling price is determined by:

. . _ Total Cost
Selling price ($/Wath) = s E e Produced X .65

Where Total Watte Produced of Phase 1V Months .25 Phase 1] Monﬂ_\s)

12 months 12 months
X Annual VWatts Produced.

Three further assumptions are that the manufacturer is in a 50% tax

bracket, after tax profit is 7.5%, and 25% of the annual productionrate is

realized in Phase I11.

« . .
I+ is recognized that different methods of determining profit can be utilized

in these calculations. Accordingiy, it has been left as the last calculation.

The reader can, if he chooses, utilize the manufacturing cost value presented

in Table 65 to calculate a selling price based upon his own method of profit

determination.
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TABLE 65%

DIFFLAZION FFOCE:C 12.0 M DIAMETER CELL _
£5. 10 MEGR WATT ANMNHUAL FFODUCTION 14 = CELL EFFICIEHNCY
JILICON = E25. 00-t ILDGPAN POMEF RATE = 2.5 LCEHTZ KWK
DIFECT LRAEODF CEHIL: = S22 INTEPELT RﬁTE = T.0 %

A CuMAPY ok T
FRCTORY LIFE MAT E-F LHE OvF INT IEF TOTAL
FHHZE 1 o MO o L L 10 e i (=X 31
FHRIE = e MO 0 a0 n &70 T332 3a tevn
FHRZE 3 o MO o322 I3TE 1955 2503 1189 1993 14726
FHRZE 4 <0 MO ded2d 59345 SOIFE T84El 5654 19321 2101%0
TOTAL COIT $E7IS VeRSsl 31127 43109 2420 22012 Z2en37E
TOTAL  3-WATT L3805 .S594 2420 (3364 0257 L1712 1.7602
. Z1.95 2.2 12.5 i9.0 3.7 9.7 10¢.0

SELLIMG PRICE = 2.05 - MATT

*
in the previously distributed Quarterly Report No. 6, an error had been made

in tThe interest calculation. The error made the interest too high by nearly
a factor of 3, resuiting in the total cost being approximately 5.6% too high.

This error has been corrected in the present calcuiations.
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4.6 RESULTS AND DISCUSS ION

Resulfs of the cost analysis are presented in this section. The results
are shown in'graphicai form, and illustrate a sensitivity analysis of major
cost parameters.

Due to the breadth of assumptions and variables incérporaTed into this
analysis, erroneous conclusions could be drawn if a single value of cost for
a manufacturing process were given. Accordingly, the results presented here
examine the sensitivity to a group of important variable parameters. These
parameters, presented earlier in Table 55, are the cell size, the manufacturing
process, the cost of polycrystalline silicon, the encapsulated solar cell
efficiency, the interest rate on'borrowed money, the electrical power rate,
the annual production voiume, and the effect of production phase duration.
Each of these parameters was assigned a nominal value, chosen such that +the
overall cost was relatively insensitive to small changes in this (nominal)
value. Each of these parameters was individually varied over a broad range.
of values while all other parameters were held constant at their nominai
values, allowing examinaiion of cost sensitivity To the indiVidual'para—
-mefers.

Specific results for a glven set of assumptions may, of course, stiil be
obtained from the data. Such specific results must be viewed with the caveat
that The result is only as accurate as the inpuT assumptions. The absolufe
value of the cost data will change as a function of the assumptions. The
trend of The costs, as a function of the key parameters varied here, is the
most Important information in the presented data, with the absolute value of
the data being considered as being within an error band dependent upon the

assumptions.,
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Each of the cost sensitivity graphs has costs plotted as a function of
two solar cell diameters, 7.6 cm and 12 cm, for the chosen diffusion process
sequence. |T is reasonable Yo assume That the true costs will fall within
the range of these two cost curves. In addition to +he diffusion process
sequence curves, a curve is also shown for the advanced ion implantation
process sequence, incorporating an ion implanter yet to be developed. This
curve is probably the lower bound for manufacturing costs for the 1982 time-
frame. On each graph, the nominal value of the varied parameter is indicated
by a dashed line.

A reminder is necessary at this time. A major cost assumption dealt
with technology readiness for this study for the 1982 time-{rame. This
assumption |imits the technology and automation of the process o essentizlly
the present status. This cost analysis; fthus, should not be utilized to
make projections for 1985 and beyond! There should be no concern,’ thus, that

$0.50/watt is not shown on the curves presented here.

4.6.1 INFLATION FACTORS AND COST/PRICE CONS|DERATION

The present cost analysis is being performed Qifh the most current
technology and equipment information. Accordingly, all prices and 905?;
used here reflect dollars with mid;1977 values. These, of course, can te
directly compared only 7o other mid-1977 cost analyses unless a scaling factor
to adjust for inflation is utilized. The dollar value basis for the LSSA Project
is in 1975 deliars, and is defined as the value of dollars on January 1, 1975.
A generalized inflation factor, which lumps all cost categories fogether, has
been defined and is listed in Table 66. Accordingly, fo arrive at approximate

1975 dollars, the costs identified in this study may be-divided by a factor between

1.156 and 1.17. Different cost tactors have inflated at different rates,
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TABLE 66

LSSA PRICE DEFLATOR TABLE
DATED FOR 1978

QUARTER 1975 1976 1977 1978

1 1.024 1,081 =~ 1.}36 1.198 (C)
2 1.036 1.094 1.156 1.211 (C)
3 1,053 1.107 1.170 ‘ 1,230 (C)
4 .07 1.121 1.183 (C) -

For a given year and quarfer divide price b& that
number in table. Result = that price in January 1, 1975
dollars.

C = extrapolations
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however, giving only an approximate valuc for the 1975 reference if such a
factor is utilized. A procise adjustment would roquire different inflation
ad justments for each individual éosf item in labor, materials, overhead, etc.
Since this cost analysis has many assupptions and, as specified earlier,

is intended primarity to show sensitivity to certain important cost para-
meters, it has not been deemed fruitful +o +ry to incorporate the additional
complexity associated with utilizing such precise inflation adjustments.
Further, due to its imprecise nature, the general inflation factor from
Table 66 has not been utilized In this study. Accordingly, -the cost data

reported here are in mid-1977 dollars. - Inflation adjustments are left to

the reader.

The reader is reminded that data presented here aremanufacturing cost
data, while goals are selling price figures. The cost will be less than the
price by an amount equal to the pretax profit. Since, in addition, the
costs reported here are in mid-1977 dollars and price goals are quoted in’
1975 doltars, confusion may arise in later discussions. [+ is suggested
that, within the accuracy of the other assumptions, the pretax profit may
be considered to be approximately equal to the deflator factor between
1975 and mid-1977 dollars. In this case, the data presented here as costs

can be considered as comparable to 1975-based prices.

4.6.2 EFFECT OF POLYCRYSTALLINE SILICON COST ON MANUFACTURING COST

Tﬁe effect of varying the cost of polycrystalline silicon over the range
of zero to $50/Kg is shown in Figure 9. %he relation is linear against +the
manufacturing cost. For the smaller, 7.6 cm diameter solar cell and the nominal
Tixed values of the other parameters, the manufacturing cost is greater Than
$2.00/watt at all prices of polycrystalline silicon. For these same nominal

values a polycrystailine silicon cost of near $40/Kg can result in a manu-

189



061

FIGURE 9.

CREECT OF POLYCRYSTALLINC SILICON COST ON MANUFACTURING COST

MANUFACTURING COST “($/WATT)

Annual Production Volume = 25 Megawatts
Cncapsulnled Celt Efficiency = 14%
Building Phase = 6 Months'

Equipment Phase = 6 Months
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Production Phase = 5 Years

Interest Rate = 7%

Power Rate = 2.5¢/KWH
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facturing cost of less Than $2.00/wa++ for 12 cm diameter .solar cells produced

by a diffusion process.

4.6.3 EFFECT OF ENCAPSULATED CELL EFFICIENCY ON MAMUFACTURING COST

The manufacturing cost is heavily dependent upon encapsulated solar cell
efficiency, as shown in Figure 10. As the efficiency increases, such categories
as Iabor,-encapsulafion materials, and caplital investment (especially in the
crystal growth area) decrease rapidly. At the nominal values cited, the
diffusion process sequence requires greater than a 1}? encapsufated cell
efficiency for the larger diameter cell to achieve $2.00/watt manufacturing

COST.

4.6.4 EFFECT OF INTEREST RATE ON MANUFACTURING COST

Over the broad range of interest rates from 5% to 15%, the manufacturing
cost for solar cells changes by Eesg than 15%, Figure 11. The manufacturing
cost, thus, is relatively insensitive to this parameter when cqmpared with

sensitivities to other parameters.

4.6.5 EFFECT OF ELECTRICAL POWER RATE OM MANUFACTURING COST

The manufacturing cost of solar cell modules is, over a wide range of
power rates, quite insensitive to the electrical power rate. Analysis
ranging from 2 cents per kilowatt hour to 25 cents.per kilowatf Eour, shown
in Figurei2, indicates only an approximate 10% change in manufacturing cost
between extremes of The range. The manufacturing cost is least sensitive

t+o this important parameter (of all the parameters studied for sensitivity).

4.6.6 EFFECT OF ANNUAL PRODUCTION VOLUME ON MANUFACTURING COST

Manufacturing costs are exfremely sensifive to annual production volume

as seen in Figure 13. Manufacturing costs cannot approach $2.00/watt until
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FIGURE f],IEFFECT OF INTEREST RATE ON MANUFACTURING COST
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MANUFACTURING COST ($/WATT)

FIGURE 12. EFFECT OF .ELECTRICAL ﬁOWER RATE ON MANUFACTURING COST
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MANUFACTURING COST (8/4att)

FIGURE ¥3' EFFECT OF ANNUAL PRODUCTION VOLUME ON MANUFACTURING COST
Encapsulated Cell Efficiency = 14%
Polycrystalline Silicon Cost = $25/Kllogram
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annual volumes above 5 megawatts are achieved. The cost category contributors
to this large production volume sensitivity are illustrated in Figuresi4 and
15 for the 12 cm diameter cell| manufactured by the diffusion sequence. Figure
14 plots each cost category as a function of The_dollar contribution, while
Figure 15 replots the same data for each cost category as a percent of the
total cost. The méﬁﬁfaé¥u5ing'cos+ sensifivif§ is overwhelmingly predominated
by one cost category: overhead. The overhead assumptions, Section 4.3.8
indicate that there are certain fixed costs which must be diluted with volume
to reduce cosfts.

Beyond the overhead contribution, the interest, depreciation, and lsbor
cost categories indicate more efficient labor, factory, and equipment utilization
with increased volume (an expected result). Expense and material items pre-

dominate at increased volumes, requiring reductions in consumed materials

to reduce long range costs.

4.6.7 EFFECT OF FACTORY LIFE ON MANUFACTURING COSTS

The duration of the production phase of factory life is very influential
on manufacturing costs, while the duration of the buiiding, equipment, and
labor phases is much less significant. _These factors are plotted in Figure ig
for each of the three size-process sequence combinations shown in previous
figures. The production phase must be at least of 3 vyears duration to approach
$2.00/wa+% manufacturing costs.

Contribution of individual cost categories to the total cos% are shown
for the 12 cm cell manufactured by the diffusion process in Figure 17 as actual
cost contributors, and in Figure !§ as a percentage of the total cost. For
short factory production +imes, depreciation is +he dominmant cost factor.

This reflects the fact that equipment must be fully depreciated by the end of
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FIGURE 16. EFFECT OF THE PRODUCTION PHASE DURATION OF MANUFACTURIMG COST
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FIGURE. .17 EFFECT OF PRODUCTION PHASE DURATION ON MANUFACTURING COSTS
SHOWN AS DOLLAR FUNCTIONS OF INDIVIDUAL COST CATEGORIES
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the factory life. Also, consumed materials, reflected as expense and

materials iftems, predominate for long factory |ives.

e " *

Two major effects of factory life associated with depreciation and total

costs become apparent. The first deals with salvage value of the equipment,

and +he second involves introduction of advanced manufacturing fechnologies.

4.6.7.1 SALVAGE VALUE OF EQUIPMENT

The argument has been presented in numerous forums that outmoded equip-

ment from solar cel!l manufacturing can be absorbed at a reasonable salvage

value in;o the existing semiconducTor'indué%Ey. While‘This may be facfuél
at very low solar ce!l_produc+ion volumes, it is fallacious at reasonable solar
cell volumes.

As will be presented in Section 4.7, the majﬁr equipment capital invest-
ment is in the crystal growth area. Absorption of crystal pullers of the
size assumed in this study (the so cal;ed "olympic class"‘size) must occur
into -the. silicon semiconductor indhsfry.

An evaluation of the marketability of this equipment 'in the 1978 = 1985
+ime frame shows, that at best, |imited resale can be achieved. Specifically,
crystal pullers in the "olympic class®, (x 20 Kg melt capacity) that have an
origiﬁa[ value of $125K each represent nearly 50% of the initial capital
equipment investment and greater than 4% of fhe total manufacturing cosft.

For an annual manufacturing volume of 25 MW, about 80 such crystal pullers are
necessary. This quantity of crystal pullers represents approximately 40%

of the estimated number (200) of large pullers currently existing in The world.
i+ is further found That of the 200 uniTs:now in exisfanée; utilization may
currently. be something less than 50%. Smaller capacity pullers are now

rapidly becoming obsolete, saturating a resale market. The semiconductor
manufacturing market could not be expected to absorb the quantity of crystal

pullers estimated here.
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It is, therefore, concluded that the total. depreciation of equipment

within the factory life is s reasonable requirement.

4.6.7.2 OBSOLESCENCE BY NEW TECHNOLOGY |INTRODUCTIONS

Cost projections for solar cell modules show an anticipated price
(in 1975 dollars) of $2.00/watt in 1982, $1.50/watt in 1983, $1,00/watt in

1984, and $0.50/watt by 1986. [t is assumed that this price reduction will

be achieved through major technology advances which wiill reduce the cosfs of
polycrystalline silicon, single crystal silicon substrates, solar cell
processing, and encapsulation. Further, it is assumed that these technology
advances will be so significant that present technology will, in essence,

be obsoleted.

The more optimistic date presented in previous sections show manu-
facturing costs with present technology and large volumes to reach nearly
$1.50/watt. Little or no further reductions can be expected beyond that
point, and even that point may not be achievable with present technclogy.

A manufacturer deciding to build a factory which utilizes present
technology (a necessary factor if the factory is to be operative in 1982)
to achieve a selling price near $2.00/wa++‘f§ées extreme risks. |[|f the
price goal of $1.50/waitt for 1983 or $1.00/watt for 1984 is realized by a
competing advanced technology, and if %he manufacturer'!s cost in his 1982,
$2.00/watt factory is above,$1.50/wa++,.he cannot compete in the market in
1983, and must close or lose money. The factory life, then, is essentially one
year. Observing the data in Figurei16, the manufacturer cannot achieve a
cost of $2.00/watt with a one vear factory life. A further restraint exists.
If the total available ﬁarkef in 1982 is 25 megawatts, no one manufaciurer
is likely to control much more than 5 to 10 megawatis 5f that market.
Refering back to Figurei3 for manufacturing costs at 5 to 10 megawatts annual

production and combining that information with +he data in Figurelé, an
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even Eigher manufacturing cost resulfs. The obvious conclusion is not fo

buitd The factory.

Several alternatives exist to this argument, but risks must be assumed

by some group in any case.

. The first option is to build the factory as soon as possible such that

product manufactured at a $2.00/watt cost can be sold at a premium in 1980

_aﬁd17§81, lengthening production life and increasing profitability usinét

today's technology. Alternatively, the manufacturer may forward contract

his production for 1983 and 1984 at $2.00/watt fo a customer who doubts the
availability of cheaper modules in that time-frame. In either case, sufficient
market must exist to purchase his entire production. (It must be further
assumed that a sufficiently sized market will exist only if fthe price is low
enough to support it1) l

Another alternative is merely +o.w§if until the technoiogy advances
occur, and implement them in the facfofy_which drives the $2.00/watt faéfory
out of businéss, In doing so, the manUfacturer must assume thaf he cah capture
sufficient market share with his new fechnology and low price that he "is not
excluded. from entering the market at that .late date, risking his business on
a sudden volume jump rather than on a continuously increasing volume.

Stitl another alternative is that the advanced fechnology will not be
Timely: I f advances are sufficient|y slowed, by 2 years, for example, the
factory could be justified economically. On the conirary, however, if ftech-
nology advancesxwere accelerated, it is already too late to build the $2.00/
watt factory,

If a majér portion of the costs could be eliminated, -the factory could
be built. From tThis study, fthe most effectively reduced major costs are those
associated with capital equiémenf. I¥ such equipment were provided, or if
a market could be found to absorb it cost-effectively at the end of a short

factory 1ife, the factory could be bullt and run profitably.
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4.7  DISTRIBUTION OF MANUFACTURING COSTS BETWEEN PROCESS AREA GROUPINGS

The manufacturing process sequence for fabrication of solar cell modules
can be conveniently considered o be composed of three process sub-sequences:
silicon wafer {or sheet) forma#ion; cell manufacturing, and module fabricaTion
(inciud};g interconnection and encapsutaTiéﬁ):--Faé the defined ncminal values
of-all variable paramsters, a cost breakdown has been made (for each of the
cost categories) between these three process sub-sequences. Data are presented
in Tables 67 through 70. Table 67 shows calculafed dollar costs for each
category by sub-sequence. Table 68 shows these calculated dollars as a per-
centage of the total cost. Table 69 shows the percentage by individual cost
category totals of each sub-sequence. Table 7¢ presents the percentage costs
by cost category within each process sub-sequance. While many observations
can be made, several of them are striking. First, the single largest cost
item involves expenses incurred in water fabrication. This is orimarily a
result of silicon wasted from crystal cropping and wafer sawing. Major cost
reductions can be envisioned with a direct sheet growth process. Second, the
largest capital contribution (seen as a function of depreciation} is again
in the wafer fabrication area, Third, aufomation of cell processing is a
fruitful cost reduction measure. Finally, reduced encapsulation reguirements

for cells will dramatically reduce encapsulation materials costs.

4.8 A SAMPLE FACTORY LAYOUT: 5 MEGAWATT ANNUAL PRODUCTION

The factory layout shown in Figures 19 and 20 represents the equipment
facilitization, and area necessary to fabricate 5 megawatts of silicon solar
cell modules annually. For this iliustration, 12 cm diameter cellils and a
diffusion process are selected. Al! other variables are the “nominal™ values

used throughout this repori. This facility was sefected for illustration
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"TABLE g7: Costv, in dollars, in each cost category for wafer
preparation, cel{ fabrication, and module
fabrication. Costs are for a 12 cm diameter
cell manufactured by a diffusion process, All
variable parameters are at the defined nominal

vaiues.

" COST CATEGORY ,wAkgéjmm_wh CELL  MODULE TOTAL
Materia) K$ 12166 7962 29327 49455
Expense K$ 63613 9192 145 72950
Labor K$ 6910 21945 2303 31158
Overtfiead K$ 24699 15216 3190 43105
Interest K$ 3680 3848 918 : 8446
Depreciation K$ 11912 - 7354 279 22616

TOTAL K$ 122980 65517 38679 27076

ar g am e AEE e e i e e me T wme e memr mr— maem g e e  m—h i i i e —am Er P e s e e e e — e

TABLE 68: Costs from Table 67 as a percent of the total
cost for each cost category and process sub-

sequence,
WAFER CELL MODULE TOTAL
Material % 5.4 3.5 12.9 21.8
Expense % 28.0 4,0 0.1 32.1
' Labor % 3.0 T 9.7 1.0 13.7 .
Overhead % 11.0 6.7 . 1.4 19.1
Inferest i 1.6 1.7 0.4 3.7
Depreciation % 5.2 3.2 1.2 " 9.6
TOTAL A 54,2 28.8 17.0 100.0
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TABLE 69; Costs from Table 67 as a percent of

@ach cost category.

WAFER CELL MODULE TOTAL
Material g 24.6 16, 1 59.3 100
Expense % 87.2 12,6 0.2 100
Labor % 22.2 70.4 7.4 100
Overhead g 57.3 35,3 7.4 100
Interest S 43.6 45.6 10,8 100
Depreciation % 54.0 33,3 12.7 100

TABLE 70 : Costs from Table 67 as a percent of each

process sub-sequence.

WAFER CELL MODULE
Material % 9.9 12.2 75.8
Expense % 51.7 14.0 0:4
Labor P 5.6 33.5 6.0
Overhead % 20.1 23.2 8.2
interest % 3.0 5.9 2.4
Depreciation % 9.7 11.2 7.2
”“TOTAL - 100.0 100.0 100.0
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purposes to show the sizé of a fachfy +hat would probably be‘neceséary
based on potential market size and the probable market share of any given -

manufacturer.

n ———

In the crystal growth area, sixteen [érgé.;oiume Czochralski crystal
pullers are shown. These crystal pullers are 98.4% utilized and the afea
requires six direct labor personnel per shift.

The wafér preparation area contains all crystal sawing and efching
operations. It is from this area that all scolar cell material is prepared.

The three silicon solar cell processing areas (junction formation,
phetol ithography, and metalfization) are located contiguous to eaéh other
in order to establish an efficient maferialﬁflow between The several process-—
ing steps. In each aréa, the machinery used, its utilization, and labor
requirements are determined for maximum cost effectiveness.

Testing of finished silicon solar cells, assembly of fhese cells info
modules, and subsequent Tes?ing of modules is located in the assembly area.
The output from this area feeds directly into a shipping warehouse which is
designed to accommodatea one month manufacturing volume.

The remainder of the factory, which is not shown in detail, 1s intended
for all manufacturing support functions, Required'indusfrial senvices are
shown on the corner of the building in clgse proximity to all of the required
usage points.

For this.example, a total of 111 direct labor personnel and 93 indirect

personnel are required. Parking and other related facilities are designed for

this number of people.
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CONCLUS 10NS

A number of significant conclusions may be drawn from these studies.

5.1 ANALYSIS OF VARIABLES

A solar cell model has been described, and solar cell variables defined
as operational and/or diagnostic. These variables have been identified and
listed. Solar cell dimensions {size) have been identified as primary solar
cell variables having the greatest impact on performance, and yet a quantitative
analysis of This interreiationship has never been undertaken. Accordingly,

a quantitative technical and economic anal?sis has been presented to identify
the maximum cost effective size of a solar cell. This analysis indicated fthat
the optimum narrow dimension of a solar cell will bé near (or smailer than)

16 cm.

Five process sequences have been identified as potentially satisfying
the long range ERDA goals. A list of process steps, combining The steps of
the five process sequences, is presented. The primary process operaftional
and diagnostic variables for each process step are then identified.

The primary‘process variaples are related, in a matrix, to the primary
solar cell variables. ‘The interrelations befween variables are broad and
complex, demanding confrol of many far-reaching effects to ensure overat|

successful process sequence operation.

5.2 EVALUATION OF VARIABLES

Several general conclusions have been reached. First, selection of
evaluation techniques has been established for the primary process variables.
Second, interpretation and correlation of process variable evaluations is

extremely dependent upon the process sequence chosen and must be performed
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for each ;pecific case. Finally, adequate control ranges are capable of
being determined for process steps within a given process sequence; The
establ ishment of these con%rol ranges is an iterative process for each
process sequence and cell design.

As a result of this work, it is appareﬁf Théf nc study can possibly
establish a thorough quantitative description of process variables and their
interactions. The task is enormous, and much of the information does not
exist or is nol published. Rather, tThe formalized categorization that has
rgsulfed from this program can assist in The establishment of 1) meaningful
set of primary process variables (operational and diggnosfip) for a particular
proce;s sequence, 2) the relationships between process variables and solar
cell variables, and 3) definition of evaluation techniques for production
control. In this way, the necessary continued advances in solar module

production should be made possible with a minimum of wasted time, effort and

material.
5.3 COST ANALYSIS
5.3.1 CELL EFFICIENCY

Future solar cell moduies must have high conversion efficiency to be
cost effective; the higher the efficiency the better. Solar cells with less
than 13% to 14% encapsulated efficiency are unlikely to meet a $2,00/watt
selling price goal jf Czochralski crystal growth, sawing, and high quality
encapsulation are required. At the defined nominal values of the variable
parameters, a cell efficiency of greater than 13% is required, At lower
production volumes or in factories with useful |ives less than five vears,

a still greater cell efficiency would be required. Processes for either
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wafer production or cell fabrication which result in lower cell| efficiencies

are unsuitable for future goals.

Ui
|

3.2 INCREASED ELECTRICAL POWER COSTS

As electrical power costs escalate in the future, the effect on the
manufacturing cost of solar cells is relatively smali. This leads To the
conslusion that as alternative energy sources increase in price, solar cell

energy production becomes increasingly cost effective and attractive.

5.3.3 COST INFLUENCES OF THE BUSINESS CYCLE

The manufaciuring cost of solar cell modules is relatively insensitive
to the interest rate on borrowed money. Accordingly, manufacturing costs for

solar cell modules will be stable in the normal business cycle of fluctuating

interest rates.

5.3.4 RISKS FOR THE 1982 - $2.00/WATT GOAL

The. risks, without additional incentives, are too great for a manu-
facturer fo build a factory utilizing available technology to meet a $2.00/
watt goal in 1982. Technology adgances can readily obsolete such a factory
before it can be run long enough To be profitable. Due to competition, it is
probable that no single manufacturer will have a market share of greater
than 5 to 10 megawaits in a total market near 25 megawatts in 1982. This
volume is marginal in effecting sufficient efficiency of operation to meet
the $2.00/watt goal.

One {or both} of two courses is open to achieve the $2.00/watt goal at
volume. First, forward contracting of several years produciion at $2.00/watt

can be considered. Second, capital egquipment costs can be significantly
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reduced..ln either case, the government is the oniy probable source of such

funding. Without.such funding, it is questionable whether or not $2.00/watt

can be achieved In 1982,

5.3.5 RESEARCH AND DEVELOFMENT FUNDING

Several areas of technology advancement would be especiall9 fruitful in
reducing costs. Significant savings can be achieved if capital and expense
costs can be reduced in the crystal growth and sawing areas. The cost of
polycrystalline silicon should be minimized, buf, by itself, is not sufficient
to reducevcosfs to very long range goals. The crystal growth and sawing
capital costs could be reduced if there is developed by that Time an effective
direct silicon sheet growth technology (which will, later, permit ultimate.
goals to be achieved): Other fruitful areas include automation of processing
to reduce labor contributions fo costs, and minimization of encapsulation

requirements to lower costs of materials consumed.
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6.0 APPENDIX: DESIGN AND PROCESS [INTERACTIONS

6.1 DESIGN [MPROVEMENTS

In order to effectively evaluate processes and process sequences, it
was first necessary.to establish minimum, or baseline, design considerations
for the solar cell and its constituent elements. |t has been Motorola's
contention throughout this contract that it is necessary 1o develdp a solar
cell design model (or design models) which effectively characterize the
highest efficiency silicon solar cell capable of being produced utilizing
current or anticipated semiconductor processing Techniqueé,_subjec# to The
major constraint that the estimated cost in dollars per watt of %he final
assembled and instalied array of silicon solar cells be minimized. Any process
sequence, Thus, must be based on a solar cell design mode! which reflects
current sfafe~of—+h§~ar+ practices as well as additional concepts not currentiy
incorporated in solar cells but envisioned as likely to contribute to future
solar cell improvement. The following sections first freat basic design

considerations, and then discuss specific solar cell design features.

6.1.1 BASEL INE_DESIGN MODEL CONS | DERAT IONS

A solar cell can be considered as a co—ope?afive group of individusl
elements, incfuding an antireflection coating, the front surface, a junction
region, a substrate, a back surface, and front and back metallizations. Each

element can be characterized with a list of desirable properties.

6.1.1.1 ANTIREFLECTION COATING

Desirable features of an antireflection coating on a solar cell include
those which:
(i) optimize the transmission of incident photons into the silicon material;
(ii) promote the lowest conceniration of surface-state recombination centers

at the coating-silicon interface;
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(iii) aid in establishing an eleciric field within the silicon {(near
the surface) which retards minority carrier flow toward the front
surface and recombination at the front surface; and

(iv) passivate and isclate the P-N junction perimeter.

©6.1.1.2  FRONT SURFACE

The silicon sclar cell should possess a sificon front surface conaifion
which:
(i) minimizes surface defects and maximizes minority carrier life-
t+ime near the silicon surface;
(ii) minimizes surface recombination velocities;
(iii) maximizes the absorption of incident photons by the silicon,
complementing the antireflection coating;
(iv) refracts the incident light fo optically enhance the possible

photon path lengths through the silicon substrate;

(v) EpromoTes t+he adhesion of metal ohmic contacts.

The surface may be that of an as-grown sheet of silicon, or it may be
polished or efched. When the orientation allows, as discussed Section 6.1.2,
fexture efching can provide a highly confroliable, cost-effective way of
obtaining most of the properties listed above while accruing additicnal bene-
fits for solar cell design. A model for a texftured front surface is discussed

in further detail in Section 6.1.2 of this report.

6.1.1.3 JUNCTION REGION

We consider in our baseline design model only the case of the

216



silicon P-N junction solar cell, which must have a thin, front surface region
with an electrical conductivity opposite that of the substrate {(e.g., N type
surface region on a P type substrate} which:
(i) . forms a metallurgical P-N junction;
(i1} is amenable to formation of an ohmic contact without significant
degradaiion of solar cell performance;

(iii) has a low surface recombination velocity, or is designed +o
effectively minimize surface recombination effects (e.g., has a
large built-in drift field);

(iv) has sufficiently high minority éarrieé lifetime;

(v) has a sufficiently low value of sheét resistance; and

(vi) maximizes the coltection efficiency for short wavelength photons.
Property (vi) impiies that the P-N junction depth below the front surface be
as shaiiow as can be allowed, subject to satisfying the other five requirements.
Traditionally, only junction depths of about 0.5 micron or less have been used,
and The best (violet-type) cells have junction depths closer to 0.1 micron.

This requirement makes attainment of property (v) more difficult.

6.1.1.4  SUBSTRATE

The solar cell must have a silicon substrate which:
(i) has high minority carrier |ifetime for a maximum photo-current
generation;
(i1} bhas a sufficiently high impurity doping level to obtain high open
circuit voltage and low electrical resistance;
(iii) is optically thick enough to efficiently absorb an appreciable

fraction of incident long wavelength photons but is mechanically
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thin enough to conserve silficon; and
(iv) has a low minority carrier recombination velocity at The back sur-
face, or is designed fo have a large drift field to effectively

minimize back surface recombination effects.

Minority carrier lifetime is of extreme importance to efficient silicon
solar cell performance; however, lifetime values practically obtainabie may
eventually be dictated by economical silicon purification processes. Under
more immediate control, and of particular interest insofar as a design model
is concerned, is the optical Thicknesé-of the silicon substrate. The optical
thickness may be enhanced (for a given mechanical thickness) by.forcing
absorption paths to be other than perpendicuiar to the ceil plane (or P-N

junction), and additionally through multiple internal reflections.

6.1.1.5  BACK ‘SURFACE

The solar cell should have a silicon back surface condition-which:
(i) - minimizes surface defects and maximizes minority carrier |ife-
Time near the silicon surface;
(ii) minimizes surface recombination velocity; and
(i1i) reflects unabsorbed incident radiation which passes through the
substrate and reaches the back surface.
By reflecting photons reaching the back surface, the optical thickness of
the substrate can be at least twice as great as the physical Thickness.
Moreover, unusable infrared wavelength photons can be re-radiated from the front

of the solar cell rather than absorbed at (or near) the back surface.

218



6.1.1.6  METALLIZATIONS

The solar cell must have metallization contacts to both front and back
surfaces which:
(i) provide ohmic electrical confa;f to the opposite sides of
the P-N junction;
(ii) allow retiable, low-loss interconnection with other solar-cells
and with external circuits;
(iti) minimize solar cell infernal series resistance;
{iv) cover (and therefore shadow) a minimum of the cell front surface
area;
(v) allow optical reflection from as large a fraction as possible of
the back surface area; and
(vi) are corrosion resistant.

©,1.2 TEXTURED SURFACE

A textured surface, consisting of a uniform distribution of minute
pyramids as shown schematically in Figure 21, causes light refiected from
the first impingement on the solar cei; surface fo strike the solar cell at
least a second Time (assuming initial normal incidence).‘ This second impinge~
ment increases the amount of |ight absorbed in the solar cell, improving cell
efficiency by reducing the total amount of light reflected. from the cell.
Incoming, reflected, and refracted ray traces of light norma!ly incident To-
the overall solar celil, Figure <22, show the multiple reflection features of
this surface Topography.

Another major effect of front surface texturing is that, since light is
refractfed info the silicon at an angle To the normal of the overal!l solar cell
plane, more light is absorbed within a given thickness of silicon than would

occur with normally incident sunlight on a smooth-surfaced solar cell. This
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Cross-sectional diagram of silicon (100) wafer showing
geometry of textured surface having {111} faceted pyramids.
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FIGURE 22:

Diagram of reflectéd and refracted ray traces and angular relations
for light normally incident to the substrate (100) plane of a
textured surface solar cell.



property can be separated into its effects in two regions: a microscopic
region involving the volumes immediately adjacent to the p-n junction, and a

more macroscopic region involving the bulk of +he sificon below the junction.

In The.%icroscopic region near the Jjunction, it is first assumed Tﬁaf the
surface relief of the pyramidal s+ruc+yres is large (averagipg greater than 10u)
compared to the p~n junc+fon depth (less than 0.5u§. Light normally incident
to a textured surface solar cell strikes the surface facets at an angle near
55°. Figure 23 diagrammatically demonstrates the refracted paths of a normal
incidence light beam on a smooth surface cell and also in an analogous fashion
on a textured surface facet. The opticai path length of the refracted beam
within the region of the junction is greaTer-Than the normal path length- by

in the case of the textured surface. This increased path

a factor of a
Cosd
length has an effect equivalent to increasing the absorption coefficient of
light in the silicon by the same factor (over the smooth cell normal incidence

beam). Thus, within the region near the junction, more light is absorbed,-creating

more carriers, and increasing cell efficiency for very shallow junctions. -Assuming
Q

that the index of refraction of silic¢on is 3.75, the angle ¢ iS'apprdemaTely‘12.6

and is approximately 1.025. While this near surface (microscopic) .

cosd
phenomenon is effective throughout the solar ;PecTrum, it is most significant
_in The short wavelength end of the solar spectrum where the silicon absorption
coefficient is greatest. The phenomenon is, thus, expected to eqhance some-—
what the blue response of the solar cell.

A larger effect is seen in the macroscopic region within the bulk of
the ceil below the microscopic junction region. Light incident normal +o.
the plane of the overall cell is refracted by the ftextured surface through
an angle of 12.6° from the normal fo the facet. (Figure 22). This is

equivalent to an angle of 42.2° from the normal of the overall cell, i.e.,

¢=42.2°, Figure 23, so that the path length through the bulk is increased
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tength of lextured surface 1ight ray frace
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by a factor of equal fo 1.35. This is the equivalent of increasing

cos42.2°
the path length through the bulk by 35%, making each three units of solar
cell thickness look like four units of thickness. Restated, the numper of
carriers created in an optical path length of four Thickness units is generated
within three mechanjcai thickness units of the front surface and the p-n
Junction. -This makes the cell far more responsive to the longer wavelengths
of incident sunlight,-which have smaller absorption coefficients in silicon
than the short wavelengths.

A further effect of The‘angle of travel of the refracted beam through the
bulk occurs at the back surface of the cell. [f the back surface of the cell
is not textured and is a plane, all light refracted through the front fexiured
surface can be shown to sfrike the back surface of the cell at an ang{e exceeding
a cri+ica| angle, resulting in fotal reflection from The back. surface toward the

front surface. {(The condition for total in+erﬁal reflection

N.. sini& = n
Si ext

vields angles of about 15.5° for air and near 24° for most plastics and Sioz.)
Total internal reflection occurs when the, angle ¢ exceeds The angle €, Figure
24. The angle ¢ for normal incidence on the textured front surface i's 42.2°,

Thus satisfying the condition for ftotal internal reflecfion. Non-normal

incidence will produce different values for the angle ¢, but the angle ¢
will always satisfy ftotal internal reflection conditions.

ToTa{M{HTer&é} refle;;ion from the back surface can be advantageously
utilized in one of two ways. First, the iinternally reflected beam will be

further absorbed on its second pass through the material, again creating more
carriers and increasing cell efficiency. Alternately, a thinner cel! (conserving
siticon) could be made to display the same efficiency as a thicker standard

celi. The magnitude of The effect of the second pass absorption will be, of
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FIGURE 24.

Path of beam refracted from textured surface
illustrating tota! infternal raflection from
back surface if the brewster angle e < 42.29.



course, é function of the total ce!l thickness and the minority carrier fife~
Time of_The cell subsirate.

More subtle advantages aiso occur with a textured surface. The fextured
surface, formed by etching, leaves a surface which is relatively free of work
damage. A plane surface, on the other hand is often achieved by polishing,
leaving a, finife degﬁee of work damage in‘fhe crystal surface layer. Such
damage is known to adversely affect both carrier |ifetimes and surface recom-
bination velocity; it can propagate during high temperature processing,
aggravating the demage. This additional advanfage of Textured surface efching
will not apply to solar cells fabricated from silicon ribbon (if it is
directly grown to have smooth, damage-free surfaces), or from chem-etched
wafers.

For any unit area in the plane of the substrate, the (100) plane, The
corresponding area of the textured surface described above will be a factor
of /3 times larger. When ohmic metal contacts are applied, this increased
surface area will serve to reduce the magnitude of the confact resistance. -
FurThermore,_The textured surface itself can promote better metalf adhesion
to the silicon surface.

Finally, the mechanism causing reduced reflection of incident 1ight
discussed at the outset of this section will also lessen the requirements
on antireflection. coatings chosen for the solar cell surface. For exampie,
the differences in tota] reflection obtained when using a perfectly. matched
anfireflection coaTing and when using a somewhat less than perfect one will
be much less pronounced, perhaps allowing coatings to be chosen for increased

cost-effectiveness and convenience of processing.
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6.1.3 FRONT SURFACE METALLIZATION

Metal coverage and series resistance Tradeoffs are major |imiting design
considerations on the shape and maximum useful size of solar cells, and the
concomitant material process for producing silicon sheet. A critical evaluation
of existing metallization geometries has revealed that efficiency may suffer
if these designs are extended to large area ribbon or sheet cells. Accordingly,

improved contact metallization designs were investigated. ODesigns which show

the greatest promise over existing designs for improved cell performance

have mulTiple contacts; hence the interconnect and packaging systems should
consider the possible need for multipie-contacts-per-wafer. Also, efficient
design seéms to favor long, narrow rectangular ribbons rather than large area
square 6r round sheet solar cells.

In particular, the front surface metal pattern of a silicon sclar cell
will influence the performance of both solar cells and modules because of three
requirements: 1) +the pattern must provide area for an interface point (or
points) for electrical connection to other cells; 2) the pattern must
provide sufficient area for efficient {low resistance) flow of current, since
the metal pattern itself (as well as the cell below) will have an internal
series resistance; and 3) +the pattern should shadow the least possible area
To maximize current generation. Some preliminary conclusions regarding
constraints on metal patfern design and on solar cell size can be drawn quickly
by considering infteractions of these fThree requirements.

Assume that a silicon soiar cell is available with any desired surface
area or shape but is constrained to have a fixed, minimum value of surface
sheet resistance above the P-N junction. Series resistance of the celi will

then depend on the thickness of metal used for a particular front ohmic contact
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pattern and the resistivity of that metal. |f the metal pattern coverage

is |limited to a reasonable percentage of the front surface area (say, > fo
10%) and a particular metal system and thickness are adopted (defining sheet
resistance), then series resistance depends on pattern tfopology. The metal
"ecurrent collection” fingers on the cell surface may contribute appreciably
to series resistance. For a single contact region solar cell, as the cell
surface area becomes larger (and the metal current-conducting paths become
longer) a point will be reached where series resistance has increased beyond

an acceptable vajue. In effect, the permissible surface area of the solar cell

has been limited.

This is éof true if more than one exTerna} electrical contact can be
made to the celi. In this case, only one lateral dimension of the solar cell
surface needs to be limited. For example, a solar cell| fabricated on a rectang-
ular ribbon substrate may be infinitely long if electrical contacts are made
along its edges at small intervals, but there must be a practical !imit on the

-width of the cell if acceptably low internal voltage loss (i.e., series

resistance) is To be mainfained., Calculations have shown that as ribbon widths
surpass 10cm, loss of efficiency increases so rapidly that such cells are no

longer cost effective, Section 3.2. The same principle holds for circular solar

cells. Constrained to a fixed area of front surface metal, é circular‘celi
may require multiple confact points around the perimeter to maintain a low
series resistance. A larger diameter cell would require more contacts than
a smaller diameter cell; and in the limif, as cell diameter becomes s+il|
larger, overall cell efficiency mast suffer.

The nei effect of using multiple electrical contacts at the perimeter
of a solar cell is to shift some of the burden of summing the photo-current

generated by the active surface of the cell away from the metal pattern on the
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cel] surface to external electrical busses. When such a ;oiar cell is assembled
in an array of cells, an additional benefit accrued is increased reliability

achieved through partial redundancy of the multiple cell contacts.

6.1.4 BACK SURFACE METALLIZATION

The physical configuration of the back surface of a solar cell will
influence ifs optical properties. It is important from a design standpoint
to know, as a function of wavelength, the degree of light absorption, reflect-
ion, and transmission at the cell back surface, since these factors will
influence cell efficiency as a function of thickness (multiple light pass
from reflection) and heating effects (absorption at the back surface).

Ancther variable affeciing optical performance at the back surface is
the configuration of the front surface. 1f the front surface is texture-
etched and the back surface.}s néﬁ-absorbing, for example, total internal
reflection from the back surface should always occur,

Experiments have been performed to measure, as a function of wavelength,
The reflection of light from the back surface of-a silicon wafer with various
front surface and back surface configurations. The purpose of these experiments
was to determine if any cell performance advantages can exist with a patterned
back metal. Samples with both polished (or isoTrbpicaliy etch-pol ished) and
texture-etched front éurfaces were utilized for each back surface configuration.

Testcells were prepared from 0.8 - 1.20cm p-type silicon wafers. The
starting wefers were isotropically etched on one side and polished on the other.
Some of the test wafers utilized the polished side as the back surface, and
ofhers used the etched side as the back surface. The front surfaces of al l
tesT wafers were prepared such that one-half of the wafer was Texture-etched.
The entire front surface of each test wafer was Then coaféd with 700A of silicon

nitride fo serve as an antireflection coating.
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Malt of the back surface of sach test wafer was similarly coated with
700A of silicon nitride while the other half was covered with a thick metal
film. The back was configured in such a way as to divide the entire fest
wafer into four classes of front/back surface condition combinaffons:

1. textured front/dielectric back;

2. textured front/metal back;

3. smooth front/dielectric back;

4. smooth front/metal back.

Integrated sphere reflection tests were then performed. Data were taken
over waveleng?h; from 0.35um to 2.0um to determine the reflectance character-

istics of the interface at the test wafer back surface.

vln each case where the back surface was covered with metal (which had
been sintered) the empirical reflectance curves agreed perfectly with theoretical
curves for reflectance from the front surface of the silicon wafers. The
smooth front surface reflectance approached a value of 30% at 2.0um, and the
textured front surface reflectance approached a value of 10% at 2.0um. In
both cases where the test wafer back surface was covered with dielectric (and,
during the measurements, backed by an extremely efficient abSOfber) a back
surface reflecfance effect was observed. For wavelengths below 1.1um where
the silicon wafer absorption i; good, reflectance curve shapés aré identical
far both dielectric-covered and metal-covered back surface wafers. (The wafers
utilized in these measurements were sufficiently thick to Tofally absorb any
light in tThis wavelength range reflected from the back surface.) However, for
wavelengths longer than 1.1um, where silicon becomes transparent, an additional
reflectance component was observed for wafers with dielectric coated backs. The

smooth front surface test wafer reflectance approached 50% at 2.0pm, and the
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textured front surface test wafer approached 50% reflectance at 2.0um. There-
fore, in going from a metal backed cell to a dielectric backed cell, the smooth

front surface wafer shows a 33% ingrease in reflectance while the fextured front
surface wafer shows a 400% increase in reflectance. Th}s large increase in
reflectance for fextured surface wafers is a result of the total internal
reflection condition inherent to textured wafers.

The possibitity of patterning the back su;¥ace metal in order to ufi]ize
refiection of the longer wavelength portions of the solar spectrum back foward
+he front surface has ramifications other than increased absorption of useful
light. For example, infrared wavelengths longer +than 1.2 micrometers can be
refiected from the back surface and ultimately out of the module, réducing cell
and module operating temperature and increasing module efficiency. Also,

a cost trade-off occurs between the additional cost of patferning the back

surface metal, the cost savings of decreased metal consumption, and the effect-

ive cost reduction brought about through increased cell efficiency.

6.1.5 METALLIZATION TEST PATTERN

As discussed in the two previous seéfions, a major factor in determining
solar cel! performance is the metallization pattern. The ﬁefallizafion must
efficiently collécf current while shadowing the minimum active area. In
achieving optimum designs, thus, it is necessary to determine allowable
contact metallization line widths, both from an acSieveable fabricaticn
feasibility standpoini and from a series resistance standpoint.

The limitations of metal contact pattern linewidfhsnwiil vary wiTh the
surface flatness of the silicon. Accordingly, two types of surfaces were
studied: polished and textured efched. These two fypes of surfaces represent

extremes in surface microscopic smoothness. Both, however, are on macro-
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scopically plane surfaces and will not necessarily present the effects of
surface warp or ripple possible from sheet or ribbon growth. The effects of
these latter parameters must be evaluated when sufficient representative ribbon
samples become available.

A test pattern photoresist mask, Figure 25, was designed with linewidths
ranging from 0.0003 inch fto 0.0500 inch. Dielectrics (or metais) can be
patterned on the desired surfaces by standard photolithographic techniques.

The evaluation technique, on both polished and textured test wafers,
included tThe formation on the surface of a dielectric, either silicon dioxide
or silticon nitride, and patterning the dielectric with the test pafttern. The
patferns were visual ly inspected and evaluated. The patterned wafers were
then electroless nickel plated and solder coated. Optical inspections

indicated minimum |inewidth |imitations due to photoresist procedures, and

electrical continuity measurements deTérmiﬁed Iiﬁe ;és}sfance after soldering.
Sheet resistance versus metal linewidfth was tabulated for both textured and
polished surfaces fto determine the relative ohmic properties of a smal’l number
of wide lines versus a large number of narrow Iihes for solar cell current-
col lecting patterns. ‘

Results indicated that there iIs no problem in obtaining the smallest
(0.6003 inch) line width on poiished wafer surfaces using standard photo-
lithographic ftechniques and equipment. To the contrary, textured surfaces
present a special problem. In order o maintain the integrity of the dielectric
covering the peaks of the fextured surface pyramids in areas where no preohmic
paetiern is To appear, a much more viscous photoresist must be used, as
discussed in a Section 6.1.6. Apblicafiop of this viscous resist produces a
much thicker layer in the "troughs" of +he textured surface, and this, in

combination with the optical properties of the textured surface itself,
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FIGURE 25:

Metallization and solder test pattern. The
pattern contains |inewidths ranging from 0.0003
inch to 0.0500 inch. Pattern is designed such
That lines are withdrawn from solder coating at
horizontal, vertical, and angular directions. In
addition, the pattern contains included angles of
45°, 90°, and 135°.
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seems To set a précticai lower limit on. preohmic line width resolution.
P@TTerné were formed by contact printing from the magk. Enspecfron has shown
that line widths smaller than 0.001 inch have not been clearly and consistently
opened. Texturéd surface pyramids may have base widths on the oﬁdgr of 10
microns; therefore linewidths of 0.0005 inch (12.7 microns) may encompass
only a single pyramid. Pyramid heighfé on the order of 10 microns prevent
true contact printing. Thus, light scattering among the pyramids contributes
To an in%erenT 1imit of line width resolution. Exposing with a more collimated
light source, such as is used with projection or proximity printing, should
help to minimize these effects.

Wafers used for .photolithographic studies, as well as a comparable set
of polished test wafers, were plated with nickel and solder-dipped to obtain
maximum metal build~up for a given line width. These lines were fThen measured
for sheet conductance/resistance.

Experiments have beéh pérf&?ﬁediﬁg;ﬁm;exfured-;urface wafers coated with
silicon dioxide and prepared using standard viscosity (44 cp) phOTdreéisT
to allow formation of soldered metal [ines with widths between 0.0003 inch and
0.0500 inch. For line widths less thah or equal to 20 mils, soldered line
sheet resistance p(in Q/sq.) is given by

log p = ~1.09 - 0.75 log W,

where W is the line width in mils. This means p is proportional to w“3/4.
(1f the solder bead build-up were hemicylindrical, then p would be proportional
To W_1.) For line widths greater than 20 mils the capi[la;y effect of %Ene
|ines fends To become suppressed and the sheef resistance tends to become
independent Qf line width, indicating a constant thickness at the larger widths.

The relation between sheet resistance and line width (given above) for

lines less than 20 mils wide impiies that, for a given area of metal line
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coverage, one wide contact finger will introduce more series resié?ance.fhan
two contact fingers distributed over the same active céll area, but each
finger being half as-widé. Thus, for.spldered confacT systems of egual total
area, many narrow fingers are more efficient +han fewer ﬁide fiﬁgers, as tong
as the thinnest lines are at least 0.001 inch-w%de to preserve physical and

electrical continuity.

6.1.6 TEXTURED SURFACE-PHOTORES|ST INTERACT!ONS

Solar cell fabrication is accompiished by berforming a number of
individual proéess s%eﬁs in a process seqﬁence. Whiie-isoléfed indiquﬁél"
ﬁrocess steps may appear 5a+isfa§+ory when assessed alone, experience in the
semiconductor indusitry has shown +ha?,mos+‘procéss steps réquire‘modificafion
and +rade—o%fs when Incorporated inTo'an opfiﬁum process sequence. Such
moaificafions may necessarily bé drastic, making an otherwise seemingly
desirable individua! process step undesirable when utilized in the sequence.

As an example of process step }nfe;acfions, a process sequencing study
investigated .photoresist coverage of textured surfaces. The sfudy identified

an.undesirablg effec{, resulting iq correcf{;é modifjcéfions to the photo-
resist pr;ced;re.
A process‘infe;ac+ion beTweep pho+oli+bography of dielectrics on %exfured
surfaces and plating of metal contacts was observed. The dielectric is deposited
on The texfured surface to act both as an antireflection coating and as a
plating mask. Folliowing dielectric eros}fion, the dielectric is patterned
photolithographically fo define the metal contact pattern; and the metal contacts
are plated into the pattern openings. (The retained areas of dielectric serve

i

as a plating mask.) Failure of -the dielectric as a plating mask can be observed
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in a scanning gﬁéc%ron microscope (SEM) pﬁofomicrograph (5000X), Figure 26 .
Here, metal has plated onto unintentionally exposed silicon Eeaks of .the
textured surface.

In our laboratory, normal photoresist procedure for polished wafers
utilizes thin, 44 cp (0.044 N'S/mz) photoresist and spin speeds of 5000 rpm.
This procedure was applied initially To patterning silicon nitride: dielectric
layers depqsifed on textured surfaces, and resulted in exposure of silicon
peaks and their subsequent plating with metal. Following identification of
this phenomenon as a photoresist problem, the photoresist technique has been
médified. Complete photoresist protection appears 1o be achieved by increasing

photoresist viscosity to 240 cp (0.24 N-S/mz) and reducing spin speeds fo

3000 rpm.
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FIGURE 26: SEM Photomicrograph of electroless
nickel plated surfaces of unprotected
pyramid peaks, 5000X, 60° til+t.
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6,1.7 SCHOTTKY BARRIER SOLAR CELLS

Siticon solar cells can be broadly classified as either Schottky barrier
solar cells.or P-N junction solar cells. Either, in theory, could meef the goals
of the LSSA Projécf. In order to obtain the LSSA Project goal of silicon solar
cell modules which operate with at least 10% efficiency, it is necessary that
+the individual cells operate.at greater than 10% efficiency. This is required
since module optical transmission losses, thermal resistance, cell packing
density, and space utilization will lower the overall efficiency.

A survey of the recent literature on Schottky-type cells has been per-
formed, and a list of references in chronological order appears at the end of
this section. No reference has been found which reporis large area silicon
Schottky-type solar cells which exhibit greater than a 9.5% effigiency.g

15+

(Schottky-type cells with 15% efficiency have been réporfed on GaAs. 7)

Recent professional society conferences have given no indication that a break-
through In fhe present state-of-the-art of silicon Schottky cell technology
is imminent, although studies are continuing. In fact, although theoretical
computations have been mentioned in the |iterature claiming that the upper
limit on conversion efficiency is slightly better for the'Schottky barrier
cell than for a P-N junction cell,7 the state of the technology is guite the
opposite.

Metal-semiconductor selar cells reported to date exhibit inherently low
output volfages. This effect is a consequence of high diode "saturation
(dark) currents and low metal-semiconductor barrier heights. Thus, the
possibie high photo-generation current densities theoretically available with
Schottky celis are offset by low output voltages.

‘ Metal-~oxide-semiconductor so[ar ceilss’12 have been fabricated, exhibiting

open circuit voltages as high as 0.52 voli‘s.18 In such cells, current flow
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requires Tuﬁneting through the interfacial layer. The best such cells have

8,16 indicating reduced current

shown only an 8% conversion ef%iciency,
col lection efficiency (through the interfacial layer) compared to the metal-
semiconductor cells.

No experimental results have been shown to give credence to the possibility
of obtaining increased Scﬁokay cell voltages while maintaining high currents.
On the other hand, the high generation current possibilities ascribed to such
cells can be approached by P-N junction cells. In fact, high generafioﬁ current
densities along with high open circuit voltages have been reported for P—N.
Junction solar cell structures fabricated incorporating violet-cel!l and textured
surface techniques.

[T is offen stated (or implied) that Schottky cells are easily fabricated,
giving an inherent processing simplicity (and cost) advantage over junction
cells. This is a major misconception. Schottky cells require precise control
of metal depositions in the thickness ranges of less than 100A in order to
optimize trade-offs between conductivity and reflectance: Such confrél.is
difficult by evaporation, and more con%rollable sputtering techniques have
resulted in lower open circuit voltages, presumably due to penetration of
sputtered atoms through the interfacial layer into the silicon.19 Yield,
efficiency,‘and cost problems can be expected to continually plague this fab-
ricatjon step. Schottky-type solar cells require the same highly conductive
metal collection grid and anti-reflection coating deposition as do P-N juncfion
cells. Rather than being simpler, the fabrication complexity for a good silicon
schottky solar cell would be about the same that of a good silicon P-N junction
solar ce!ll. it is Motorola's conclusion that the technological uncertainties
that mus? be resolved in order to demonstrate the (slight) theoretical advant-

ages of the silicon Schottky solar cell are much foo great to permit considering

it as a serious contender at this time.
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6.2 PROCESS ADAPTATION AND TECHNICAL ASSESSMENT

A major portion of the contractual effort involved a technical assessment
of potential process steps for manufacturing silicon solar cells. ‘Firsf, a
matrix of possible processing steps was assembled. Second, a group of evaluation
c-iteria was defined to allow a technical evaluation of the usefulness of each
individual process step when examined as an isolated step for manufacturing
sofar cells. Most of the individual process steps were then evaluated, either

directly in the laboratory or through indirect methods such as |iterature
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surveys, vendor contacts, and detailed discussions with procesg engineers

in the Motorola manufacturing and research areas (fof both discrete and
integrated circuit products). This technical evaluation process resulted in
the categorization of these individual process steps fo reflect both technical
readiness and an estimation of future technical .utiiity. This section
identifies the various process steps, Théir evaluation, and their technical

categorization.

6.2.1 EVALUAT ION CRITERIA

Evaituation criteria were sstablished to consider both the individual
process step itself and also effects on properties of a solar cell resulting
from its incorporation in the cell manufacturing sequence. Among the evaluation
criteria were:

CostT
Labor
MaTeria{
Capital

Expense |tems

Performance

Controllabiiity

Amenabi | ity to automation

State of readiness

Reliability considerations

Amenability to future sheet (ribbon) geometries.

Whenever applicable, each of these criteria was applied to both the process

itself and To properties of the resulting solar cell. A poor rating in either
case would result in an overa|l unsatisfactory rating. Performance of surface

lapping silicon, for example, is judged favorably as an isolated process step,
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but lapped siticon is rated poorly as a starting surface when considering its
effects on solar cell performance. [T mus% be understood That process steps .
do not stand on their merits as individuats, but on their abitity fo contribute
synergistically to a process sequence. Each step must, then, be evaluated
first, by itself, and second, as a member of a process sequence:-

in this technical evaluation phase, cost criteria were applied in onty
a qualiftative manner, reflecting only estimated and relative costs of competing
processes. A detailed process step cost study was subsequently performed, and
is reported in a tater section.

The only other criterion which may no% be self-explanatory is That involv-
ing sheet gecmetries. This requires an evaluaT}on of a process step's suit-
ability for application fo a sheet which may have an irregular shape and also
may be non-planar in nature. The sheet may, for exampie, be a ribbon which
varies in edge shape, has surface ripples, and is warped. Some processes are
relatively insensitive to these factors, whi]e others become virtually useless.
As-grown sheet is considered as having more severe geomeirical problems than
large area sliced sheets, which may also be utilized and must be considered as

potential long-range substrates.

6.2.2 TECHNOLOGY ASSESSMENT CATEGORIES

A set of initial technology assessment categories was established at Tﬁe
beginning of the program. During the course of detailed process é?ep eQaIua#ion,
the set of categories was modified to reflect more accurately the requirements
for evaluation of projected usefulness. The updated categories were as follows:

Category 1: Processes which are judged unlikely to be utilized in any

recommended process sequence.

Cateogry 2: Processes which appear fo require a major technological

advancement to ensure usefulness. Technology in these areas
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musfube continuatl ly monitored +o assess future applicabf]ify.
Cateogry 3: Processes which appear potentially promising, but which have
required evaluations or equipment noT available during the
time—-frame of this contract. Additional efforts should be
expended on These processes.
Category 4: Proven processes which have a high chance of successfui

incorporation info future process sequences.

6.2.3 STARTING CONDITION OF SILICON SURFACE

The starting condition of the silicon surface plays a crifical role in

subsequent processing steps and in cell efficiency.

6.2.3.1 SAWED SURFACE (CATEGORY 1)

I+ is unlikely that silicon will be utilized in the as-cut condition.
Aithough this form of silicon is the cheapest available today, near-surface
damage (and possible contamination from the saw blade and coolant) can badly
degrade the crystal properties upon subsequent processing. Heating of the
sawed surface can resultf in polyganization or recrystallization, converting
the areé in which The p-n junction is to be formed into a polycrystalline region.
Heating may also propagate surface damagé far Into the bulk, resuifing in a
heavily dislocated, low lifetime material. All of these fac}ors can degrade
efficiency in a severe, uncontrolled manner.

One possible exception to this conclusion exists, however. Severe
surface damage mayibe utilized to getter undesirable impurities from the bulk
silicon below. High temperature annealing of a sawed surface may produce
this desirable result. Subsequent to annealing, an undamaged silicon surface.

could be revealed by efching the sawed surface, hopefully removing both the
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damage and the impurities. There is at this time insufficient information

available to draw conclusions; additional studies should be undertaken.

6.2.3.2 SAWED AND ETCHED SURFACE (CATEGORY 4)

This is the besT caﬁdidafe broadly available today. Etching is‘ufiiized
to remove the sawing damage and contamination. Efching wafers can leave ‘
surfaces that contain only gradua! undulations of a magnitude so small that
no pattern having !inewidths of interest to solar cell production should
experience any masking difficulties because of surface non-planarity. Thus,
apart from the future realization of direct sheet growth, +this combination
produces the cheapesf-maTerial suitable for solar cells and has indeed been
used to manufacture solar cells. Sawing kerf loss, and material removed by
etching, are major drawbacks, however, fo this being the most economical

approach for long range utifizaton.

6.2.3.3 | APPED AND/OR POLISHED SURFACE (CATECGORY 1)

Lapping produces a matte appearing surface on a silicon wafer. It will
be.a fiat surface, and, if done carefully, both sides of a wafer-can be made
plane and parallel by lapping them both. Lapping doesn't necessarily produce
a sgrface having less damage Than careful sawing, but a sawed surface will
not be as flat as a lapped surface. This process is slow, batch orientated,
and labor intensive, and hence is too expensive for ultimate solar pell use.

Polishing is a process like lapping, in which successively finer grit
media are used to end up with a mirror-fiat scratch-free surface. This degree
of smoothness is necessary in order to obtain, by photographic means, The
very fine line geometries utilized on many semiconductor devices and integrated
circuits. However, solar cell geometries are about an order of magnitude

coarser, so polished surfaces are not required for solar cell processing even
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where paTTerniné is done photegraphically. Furthermore, polishea surfaces
Typicall& contain more mechanical crystal damage than efched surfaces, making
them potentially less satisfactory for solar cell use.

Both lapping and polishing are too costiy for incorporation info a

process sequence to make inexpensive solar cellis,

6.2.3.4 CLEAVED SURFACE_ (CATEGORY 2)

Direct cleaving of silicon waférs or sheets from crystals would eliminate
kerf losses, and could possibly produce smooth surfaces directly. To date,
however, no process has been developed for cleaving wafers from a boule with
anything approaching a satisfactory vield. |[f a major breakthrough in this
area could be realized, it would be very cost competitive. No work appears fo

be currentiy underway in This area, however.

6.2.3.5 AS-GROWN SHEET SURFACE (CATEGORY 2)

This is the responsibility of several confractors in the LSSA Program
Tésk 1. Breakthroughs in technology are stiil required to make as-grown sheet
practical in the large scale necessary. However, judging by the progress made
to date, and the potentialities of the process, it must be assumed that the
probability of success is high. The various processes being studied all have
}he possibility of providing as—-grown surfaces suitable for efficient solar
cell processing.

The geometrical variations in silicon sheet, however, can greatly influence
the usefulness of some solar cell processing, fabrication, and encapsulation
choices. It mustT be made clear that two separate philosophies may be pursued.
The first simply states that the large area sheet must conform to certain
geometrical limits in order fo allow solar cell proceésing and encapsulation

to be performed by essentially conventional silicon wafer processiné methods.
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The second, the converse of the first, states that whatever the shape that
results from the sheet growth method, it will be used, forcing soclar cell
processiné and encapsulafibn.fo conform to the delivered geometry.

The most iikely ultimate choice, of .course, will be a compromise between
the fwo extreme philosopﬁies in order fo achieve cost effectiveness. The
compromise may, however, provide non-planar, rough surfaced sheets as compared
to today's surface texture and flafness standards for wafers. Accordingly, -
later processes which are recommended under this Task |V study must have the
flexibility of handling such future material, or must be clearly labeled as

appiicabie only To optimum surfaces.

6.2.3.6  TEXTURE-ETCHED SURFACE (CATEGORY 4)

Texfpre—efching has been shown to be a repeatable and uniform process on
(100) oriented silicon surfaces. Texture-etching can be performed on any of
the previously discussed silicon surface-conditions. Costs of texture-efching
are equél to, or-less than, %hose for oTher‘Technigues for silicon eTching,
producing silicon costs only marginally above those of present sawed and etched
wafers. For this additional cost, a surface with distinct optical advantages
(and attendant efficiency, increases) is produced. The textured surface is
dramatically different in nature from polished or etched surfaces now used
widely in the semiconductor IndusTry.‘ This requires certain modifications
of other steps in & process sequence .utilizing textured surfaces. These mod-

i fications are easily achieved. ' ‘

The main caveat which must be kept in mind is that texture-etched surfaces
currently require (100) oriented surfaces. If future sheet processes cannot
produce (100) surfaces, texture-etching development must be attempted for other

si-licon orientations. If, in the future, a choice must be made between two
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sheet growth processes of otherwise similar properties, the advantage will

lie with the sheet process which can be fexture-etched.

6.2.4 IN-PROCESS SURFACE. CLEANING OR ETCHING

Any solar cell manufacturing process will require cleaning steps af
some stages. Further, most manufacturing sequences will require efching
steps.

6.2.4.1  WET CHEMICAL CLEANING OR ETCHING {CATEGORY 4)

Processes in this category are widely utilized in the, semiconductor
industry with a high degree of success. Several major concerns exisi at this
time, however. First, it is possible to have unwanted contamination from wet
chemicals. For any given process sequence and for each different manufacturing
area, control limits will havé to be defined for possible contaminants. At
+his time, no difficulties are seen in this area. Second, ‘the use of wet
chemicals limits the level of fu%ure ¢ost reductions to the cost of those
chemicals consumed, a serious limit if large quantities of chemicals are
required. (This must include D.l. water which is consumed in rinsing after
wet chemistry steps.)} A fhird consideration is the disposal of waste chemicals.
This can contribute additional materials and facilities costs to the utilization of
wet chemistry. Nevertheless, because of its current strong position in the
semiconductor industry, wet chemisiry must still be considered a majér

possiblity for future use.

6.2.4.2 PLASMA CLEANING OR ETCHING (CATEGORY 4)

This is a dry process incorporating an RF field fo excite a plasma.

The energetic plasma is then used to remove material from the surface, either
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through bombardment by inert energetic plasma ions, or by reactive ions
{iberated from molecules injected into the plasma. Based on their increasing
acceptance by the semiconductor industry, plasma etching and cleaning steps
have a high likelihood of supplanting at least some of the more fraditional
wet chemistry process steps.

A silicon nitride film for examp |le, may be patterned utilizing a plasma
etching process with excellent resulis. The plasma etching process, when
compared to the weT chemistry process for efching, is less complicated and
less time consuming. After application, alignment, and development of a
photoresist film, etching of the exposed dielectric requires the following

steps for the plasma and wet chemistry processes:

PLASMA WET CHEMISTRY
Load .in eich carrier Load in etch carrier
Etch in plasma Etfch in solufion
Remove photoresist Rinse in D.1}. H20
Dry

Remove photoresist

‘ Not only is the plasme step simpler, it consumes only a small amount ofmaterial

{etching gas)as compared to consumed acid and D.l. water for wet chemistry efching.
Piasma removal of photoresist ("ashing") has a similag appeal for process

simplicity and consumed méferials. Photoresist materials. have inoriodsly

contained metallic contaminants which, if left on the wafer surface and heated

in subsequent process steps, could migrafe-in*o the silicon and degrade

minority carrier lifetime. If i's possible that photoresist removai by plasma

Téchniques alone could leave such metallic impurities on the wafer surface.

Evaluation of this aspect of plasma processing for solar cell fabrication,where

high lifetime must be maintained,must be performed at a future date.
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6.2.4.3  VACUUM BAKING AND REVERSE SPUTTERING (CATEGORY1)

While results are reportedly adequate, the comparative capital costs are

prohibitive for further consideratipn.

6.2.4.4  TEXTURE-ETCHING (CATEGORY 4)

Rather than texture-etching as a pre-processing step, it can be incorpor-

ated within a. process sequence. The previous discussion is applicabie here.

6.2.4.5 CLEANING BY SCRUBBING (CATEGORY 4)

A technique relatively new to The semiconductor industry is cleaning of
silicon wafers by the mechanical scrubbing of their surfaces with brushes.
Until recently, such scrubbing was avoided to eliminate possibie mechanical
damage to the silicon surface. Studies have shown, however, that removal of
+ightly adhering (and otherwise difficult to remove) dirt particles can be
achieved through scrubbing without silicon damage. The removal of these
particulates is seen to improve process control, device quality and performance,
and overall process yield.

Mechanical scrubbing, however, may -not be possible on warped or rippled
surfaces such as may be forthcoming from fufture large area sheet production,
or on textured surfaces thEh may house impﬁrifies in valleys too Tiny to be
effectively reached by-brush bristles. Manufac?urers have recen?i§ indi;afedg
however, that cleaning equivalent to mechanical scrubbing may be accompiished
hydraul ically with a pressurized spray of water. -

Numerous vendors now have automatic and semi-automatic scrubbing equipment
of both types available. Yield increases of several sem{éonducTor }ines within
Motorola (precise data is considered proprietary) indicate that scrubbing

is technical ly advantageocus.
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6.2.4.6__ GAS STREAM DRYING (CATEGORY 4)

Wet chemistry steps reqire a subsequent drying operation. Drying by
exposure to a (hot) gas flow has been one of the standards in the industry.

IT is forgiving of shape-and is the prime contender for sheet geometries,

6.2.4.7 GRAVITY (CENTRIFUGE) DRYING (CATEGORY 4)

For round wafers, centrifuge or "spin" drying has become another of-the
semiconductor industry standards. In that indusiry, wafers are thicker and
smaller than those tikely to be utilized for future solar cells. This Tech-
nique may require special adaptation for very large area, thin solar cel!

substrates such as long ribbons.

6.2.5 LIFETIME ENHANCEMENT AND PRESERVATIOM (CATEGORY 3)

Solar cell processing may requirelminorify carrier lifetime improvement
of the starting material, and must incorporate special precautions (and possibly
specific techniques) to preserve |ifetime during processing. Such processes
fall into four general categories of |ifetime enhancement: Complexing and
removal of impurities, temperature-time profiling, leaching, and precipitation
of impurities on damage sites or defects.

A literature survey on gettering of impurities in silicon has been performed;
initial observations are that a variety of gettering processes has been
investigated, and that the technology of impurity gettering is comp lex and
far from developed to its full potential. In short, these processes all fall
precisely within the definition of Category 3. Future efforts must be directed
toward This area. A brief review of gettering is given here, followed by a

bibliography of gettering references.

251



6.2.5.1 LITERATURE SURVEY OF GETTERING

In original invesfigaﬂorfs1 into the removal of metallic impurities from
sificon, the basic approach was to grow (or .deposit) some type of oxidé layer
onto the surface of the silicon. Tﬁe basic idea was that at high temperatures,
+he metallic impurities would diffuse to the surface and become trapped in the
oxide layer. Various oxides, including phosphorus -, borén -, vanadium -, and
lead - silicon oxides, were used. |t was found fhat phosphorus glass did the
best job.

3,10,13 1 Ve shown that the metallic impurities are

Since then, studies
not gettered infto the phosphorus glass, but instead.aregettered to the
heavily doped silicon under the glass. Apparently, the mechanism is one of
increased solubility of metallic impurities in the phosphorus-doped silicon.
Removal of impurities from the silicon, thus, requires removal of not only
+he oxide layer, but also the surface layer of silicon ivself.

Normally, in bipolar ﬁrocessfng, bhosphorhs geTTering is used to fransport
metal lic impurities away from active device areas to an unused porstion of the
wafer (i.e., the isolation diffusion or the back of the wafer). In MOS
processing; a phosphorus glass is deposited on fop of the passivation oxide
to getter sodium impurities from the gate 0xide11; this glass, Qowever,
appears to do |ittle gettering of metallic.impurities from the bulk of the
silicon.

I+ has also been shown that a preoxidation gettering of The backside
of the wafer will reduce the generation of oxide~induced stacking faul't"s]4
(QISF). It is believed that OISF act To precibiTaTe metallic impurities and
thus degrade device characteristics. It is also believed that OISF are sites

of enhanced phosphorus diffusion, and thus cause emitter-coliector piping

defects in bipolar devices.

252



I+ has been found that the use of various chlorine compounds during

. . . X . - - 7
oxidation will getter both metallic impurities from fhe bulk silicon 4,7,8

and sodium impurities from the oxides that are grown5’6’9’12

. Chtorine-
gettering can be used only during oxidation because it could ofherwise
cause extreme etching and pitting of the silicon4. Chlorine gas has been
used with some success, but it may cause etching of the silicon. Hydrogen
chloride has been the most successiul gettering compound.

The chlorine gettering mechanism is believed to be diffusion of metaiiic
impurities to the surface, followed by formation at the surface of volatile
metaliic chlorides which are then carried away by fthe gas flow. The gettering
effect impréves with increasing temperature {especially above 1000°C) and
increasing amounts of HC!. The timiT to the amount of HCl used occurs when
significant etching of the éiiicon begins, or condensation of hydrochloric
acid dropiets takes place in the cooler portions of the furnace fube. The
optimum mixture of HCI is about 5 - 10% HCI by volume in dry 02.

It has also been discovered that the use of HCl will clean the furance
tube of metallic impurities, and Thus reduce contamination from that source
to virtually ni|6. The process uséd is 10% HCI in dry oxygen at 115009 for 6
hours.

It should be noted that the use of HCI with steam instead of dry O2 will
still getter Na and the oxides-Thus grown, but will not as effectively
getter the metallic impurities from the bulk. IT is believed that the accelerated
oxidation of metallic Impurifies in ;Team inhibits the forma+ion of.voIaTiIe
metal chiorides.

¥ is well known that various Types of crystallographic defects in silicon
will tend to precipitate metallic impurities. This principle has been used to

getter impurities by deliberately introducing defects in the back of the wafer,

using them to frap wetallic impurities migrating from the active device
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regions. |+ should be emphasized that this method does not }emove metallic
impurifties from Thé wafer, but merely moves them around. Methods of inT}oducing
defects include mechanical abrasion and ion implantation of Ar, 0, P, 51,

As, or B. As was suggested earlier, sawing damage may also be an appropriate
starting point.

Boron diffusions have been used to getter metallic impurities from silicon,
but are not as effective as phosphorus3. The mechanism is apparently the
formation of metal precipitates, rather than any increased solubility of pair—
ing.

Some gettering action has also been observed with the use of Si3N4.Iayer
Gettering can also be achieved through the appropriate use of controlled
heating and cooling rates, and the temperature range of confrolled heaiing
and coeling. These cycles apparently function through a precipitation process,
removing impurities from electrically active sites.

Since solar cell efficiency.is extremely dependent upon |ifetime, gettering
cycles to improve or preserve lifetime seem appropriate for future incorporation
info solar cell process sequences. The exact choice (or choices) will require

further experimental work, however.
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." T.E. Seidel, "A Description of Gettering Processes," ECS Meeting Abstracts,

163 - 166, (1976).

G.A. Rozgonyi, "Dislocations, Stacking Faults, and Native Defect Centers
in Silicon Wafers - || Defect Elimination and Device Correlations," ECS
Meeting Abstracts, 171 ~ 173, (1976).

P.M. Petroff, G.A. Rozgonyl, and T.T. Sheng, "Elimination of Process -
Induced Stacking Faults by Preoxidation Gettering of Si Wafers - 1, Si3N4
Process,™ J. ELECTROCHEMICAL SOC., 123 (4), 565 - 570, (1976).

G.A. Rozgenyi and R.A. Kushner, "The Elimination of Stacking Faults by
Preoxidation Geftering of Silicon Wafers - 11, - Defect Etch Pit Correlation
with p-n Junction Leakage,” J. ELECTROCHEMICAL SOC., 123, (4), 570 - 576,
(1976).
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6.2.6 JUNCTION FORMAT 10N

' The most complex and critical steps in solar cell processing involve
Junction formation. In order fto stay within the design requirements of an
efficient solar cell, The Jjunction depth must bé control led to be consistently
fess than 0.5 micrometers, and preferably less than 0.2 micrometers. This
places sfr{ngenf control problems on Thé techniques utilized for junction

formation.

6.2.6.1 EPITAXY (CATEGORY 1)

Motorola has obtained long and continued experience in automated silicon
epitaxial growth. Silicon deposition is accomplished in RF-heated, cocld-
walled chambers by chemical vapor deposition at temperatures near 1100°C.
Present and projected state-of-the-art haég shown that accgrafely controlled
deposition of silicon at thicknesses of (or below) 0.25 micrometers will he
impractical. In +his range, thickness ’is difficult to control. Interdiffusion
of impurities is appreciable at these high deposition temperatures, resulting
in further contfrol difficultfies, and degrading performance. Projected yields
and resulting costs make this method unlikely.

The only foreseen possibility is a low %emperaTure plasma-aided or
vacuum—aided deposition. Af‘fhis Time, these processes are considered specula~

tive.

6.2.6.2 DIFFUSIbN (CATEGORY 4)

Biffusion is a generic term utilized to déscribe,Thermal mo%ion of‘
impurities employing a broad variety of doping techniques. Diffusion is
normally accomplished by deposition of a shallow (source) region of impurity
in The silicon, followed by a high temperature redistribution; these items

take place either sequentially or simultaneously. All diffusion processes
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have The commoﬁ feature of rather isotropic introduction of a dopant into
exposed surfaces, with first order junction depth control being accomplished
by time and Teﬁperafure. Control of surface concentration is commonly
obtained by utilizing solid solubility of an impurity in silicon to establish
an easily controlled Tmpurity source. Temperature is frequently utilized as
the controlling parameter for the level of solid solubility, lower doping levels
occurring at lower Tgmperafures. Since diffusion is a high temperature process,
unwanted effecis confributing to reduced |ifetime can occur during the high
temperature exposure. For example, fast-diffusing impurities serving as
efficient recombination centers in the silicon lattice can bé accidentally
added; crystal sfr;cTure deterioration, particularly at near-surface regions
(e.g., oxidation-induced stacking faults and their subsequent evolution into
more complex defects) can be introduced; and oxygen precipitates of various
types can be formed. Hence, choice of a diffusion process seguence must
consider fthe resultant lifetime that-can be reproducihly obtained, as well as
the formation of the P-N junction itself.

Deposition of diffusion sources by chemical vapor deposition (CVD) or
by vapor transport are the most widely utilized techniques in the,semiconductor
industry. These technologies are fairly mature and have been successfully
applied fo the fabricaTioq of high eff?ciency solar cells.‘

Spin-on application of diffusion sources is also commonly used in areas
of the semiconductor industry today as an alternative to the more conventional
gaseous carrier methods. Further, spin-on Jiffusibn sources can'be utilized
as antireflecticn coatings on solar cells.

Most present uses of spin-on diffusion sources are on round wéfers which can
be readily spun af high speeds during application. Such spinning processes
may not be ftransferrable to rectangular ribbon or very large sheet geometries,

but may require spray-on or roll-on technology to be developed. Other than the
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exact application method, however, the remainder of the technology should be
directiy applicable to future geometfries.

Typical spin-on sources consist of a solution of an organic silicate, an
alcoho!, and a small proportion of an organic compound of the desired dopant
element. The liquid is usually filtered, and is in the form of a solution
rather than a suspension. It is applied to the wafers using standard photo-
resist spinners. Subgequenf heat treatment forms a doped si[icon oxide lavyer
on the surface of the wafers, the organic components of being driven off.

This densified layer acts as the dopant source during diffusion.
Spin—-on diffusion sources can be formulated for.specific dopants and dopant

2, 3, 4 In addition, as is the case for gaseous diffusion

concentrations.
sources, sheet resistivity and junction depth can be controllably varied by
changing the diffusion femperature and time. ODopant surface concentrations have
been varied up to solid solubility and have been controiled experimentally by
the dopant concentration of the spin-on film. 4
Wafer-to-wafer dopant uniformity has beeh shown to be ex;ellenf. A
lot of 52 wafers, for example, boron diffused from a spin-on source showed a
mean standard doping deviation of-3%.'5 Production performance has also been
tested on small signql PNP transistors mangfacfured-sole[y from 5pin~oq
sources. Such transistors met all The DC electrical specifiéafions for devices
manufactured from conventional gaseous diffusion sources.
Since diffusion occurs from a doped oxide film, diffusion of djfferent
dopants and/or concentrations can be performed simultaneousiy on opposite sides
of the wafer without concern for cross-contamination. This feature could atliow,
for example, P-N junction formation simultaneous with back surface field diffusion.
Textured silicon surfaces, as well as ribbon or other surfaces with irregular-

ities in the macroscopic range, may cause some problems with spin-on diffusion

sources. It is possible, for example, that the pyramids of & textured surface:
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might cause. uneven film thickness, being thicker Than average in the valleys

between pyramids and being correspondingly thinner at the tips of the pyramids.

All of Tthese considerations indicate the need for studies of aiternate

spin-on diffusion source application methods.

SPiN-ON B!BLIOGRAPHY

A bibliography of spin~on diffusion sources by personnel consulted on

this program is |isted below:

1.

\Ji

J.N. Smith, S. Thomas, and K. Ritchie, "Auger Electron Speciroscopy
Determination of,The Oxygen/Silicon Ratio in Spin-On Glass Films'".

Journal of the Elecfrochemical Society", 121 (6}, (1974).

U.5. Patent 3,789,023, "Liquid Qiffusion Copant Source for Semiconducfors",
Kim Rifchie assigned {o Motorola.

U.S. Patent 3,832,202, "Liquid Silica Source for Semiconductors",

Kim Rifchie assigned to Motorola. -

K.M. Mar, "Diffusion Characterization of Spin-On Borosilica Films- for
Application in Wafer'Processing“; Flectrochemical Society Meeting,
Washington, D.C., May 2 - 7, (1976).

S.P. Sykes and K.M. Mar, "Investigation of the Factors Affecting the
Doping Uniformity Using a Spin-On Borosilica Diffusion Source",
Electrochemical Society Meeting, Las Vegas, October 17 - 22, (1976).
K.M. Mar and R. Foo, "Application of Doped Spin-On Glasses ad Diffusion
Sources for Transistor Fabrication', Electrochemical Society Meeting,

Toronto, May 11 - 16, (1975).

6.2.6.3 10N IMPLANTATION (CATEGORY 4)

lon implantation of the dopant, unlike diffusion, is not isotropic, but

is unidirectional, with depth dependent upon implantation energy. ion
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implantation can be performed with extremely pure, mass analyzed dopants,
avoiding any undesired contamination. Surface concentration can be controlled
by ion dose. The main drawback to ion implantation is the high capital

cost. lon implantation may be utilized to form the P-N junction directly,

or the implanted layer may serve as a well-controlled source of impurity for

a subsequent diffusion step. [|f a subsequent aiffusion is not performed, the
‘implanted dopant must at least be activated by a high temperature anneal. This
Temperature may be as great as 900°C if resistance furnace heating is used and
high doping efficiency is to be maintained.

For solar cell applications, fthroughput is dependent on ion beam current.
Machine technology has progressed to the point of producing sufficientiy high
dopant ion beam currents to be a serious contender for solar cell processing.
Still greater beam currents appear feasible, making ion implantation compatible

with the longer range LSSA Project cost goals.

As will be discussed in a later section, efficienflsolar cells have
been fabricated at Motorola utitizing an ion implanted junction,.establisning

ion implantation as a viable process technique for P-N junction formation.

6.2.6.4  ALLOY (CATEGORY 1)

This original technique for P-N junction formation was largely bypassed py
other processes due fo its lack of control and its intractability for anything
but simple patferning. For sofar cell use, the alloying material would have
to .be removed, exposing the {liquid phase epitaxy) regrown region below.

Since the surface region is grown from solution, its impurity profile may
not be controlled as desired to produce a drift aiding field. There appears
to be no new development on the horizon to create renewed interest in alloying

for solar cell P-N junction formation.

6.2.7 CONTACT METALLIZATION

Metallization constitutes the interface between the silicon and the module

and because it is a critical interface, often determines both modulé performance
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and module reliability. On one hand, solar cel! contact metalliization must
cover the minimum possible area while achieving minimum resistance. On The
other hand, the metallization must provide excellent mechanical adherence to
the cell in environments wHich contain moisture, apply mechanical stress and in
some applications, experience high volftage between solar cells and the

package. The metallization system is almost always involved in the failure

of semiconductor components, and it is expected to be a critical component of

solar module reliability.

6.2.7.1  YACUUM DEPOSITION (CATEGORY 1)

Vacuum deposition is the predominent metallization method utilized in the
semiconductor industry. For most semiconductor devices and integrated circuits,
a metal (or layers of metals) is deposited by evaporation or sputtering onto
the entire wafer surface and subsequently patterned into small geometries in
a photolithography {(photoresist) step. ‘Sotar cell metal lization, on the other
hand, employs a large geomeiry patitern with (by comparison) coarse lines.

Some patterns can be made amenable to evaporation through-a mask, thus eliminating
the photoresist step. Totally redundant multiple contacts cannot however, be
patterned through a metal mask if all metallization lines are to be directly
interconnected on the cell surface. (Portions of the masking pattern would

be unsupported and would fall out.) . Evaporation through a mask and photo-

l ithographic removal are both very wasteful of material, Typically utilizing

no more than é% of the metal consumed. Further, both processes require

further chemical consumption for efching the excess metal, either from the
wafer or the evaporation mask. Capital cost of vacuum equipment is higher than
that for any other metal deposition technique. Vacuum deposition is not
expected to be a viable contender for future solar cell application. (A

more detailed discussion of cost information is presented in Section 3.6.)
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6.2.7.2 __ PLATING (CATEGORY 4)

Piated contacts which satisfy all| contact metallization criteria have been
produced in the Motorola Soiar Energy R&D Laboratory, Accordingly, plating
is considered to have a high probability for future usage in solar celli
contact metallization. Plated contacts are amenable to automation. Costs
for materials are moderate, but labor and capital costs are low. Most import-
ant, piating is the most forgiving of all metal processes to surface and

geometrical irregularities.

62.7.3 CHEMICAL VAPOQ DEPOSITION (CATEGORY 1)

Chemical vapor deposition of metal contacts employs the decomposition
of a metal-bearing gaseous éompound, offen in the presence of a second gas.
Primary candidates are metal-organic compounds (which are generally very
expensive) and material waste is appreciable. It is doubtful That cost
savings over estabiished vacuum +e6hnology can be reafized. Metaliization
by means of chemical vapor deposition should be considered only via an
evolution of potentially useful new systems, decreased raw materials costs,

and improved material utilization.

5.2.7.4  PRINTING (SILK SCREENING) (CATEGORY 4)

Printed contacts are painted (and simultaneously patferned) directiy
onto the silicon solar cell surface. Printed contacts for solar cells have
considerable appeal due to the possible lower cost of this approach when compared
to more conventional methods of contacting silicon, such as metal evaporation
or spu?fering.' The printing process itself is not only fast, but the capital
cost of equipment is low. The line widths required for solar cells are
close to the iimits of resolution for printing, however, and may limit its

use to plane surfaces.
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Prin+§d contact materials utilize a carrier or binder. Following
application, printed contacts must be heat treated {"fired") Yo promote
electrical contact and physical adhesion to the silicon, and to enhance
conductivity of the film., The carrier is removed during firing, but it still
must be inert with respect to the silicon so that junction quality is
preserved.

Adhesion and ceontact resistance of printed contacts require special
attention. Typically, present prinied metal systems are either copper or silver
based, and have been designed for adherence to ceramic parts rather than silicon
surfaces. Since neither copper nor silver forms inherently strong mechanical
bonds with silicon, adhesion may be promoted through the incorporation of gtass
frits into the printing material; these frits sinter to an oxide film on the
silicon surface. Incorporation into the printing material of other metais,
in addition to frits, is also-utilized in an effort to enhance adHesion. The
dependence of glasses for adhesion of printed contacts can produce unsatis-
factorily high elecirical contact resistance due to reduced metal-silicon con-
tact area. Trade-offs occur, thus, between frit quantities, silicon surface
preparation, metal combinations, metallization patterns, and contact firing
temperatures. |t has been observed that low temperature firing of contacts
vwill.result in poor contact adherence and poor interconnection refiability,
while high temperature firing can generate yield and éfficiency losses due to
alloying, shorving, or lifetime degradation when applied over very shallow
p-n junciions.

Six conductive ink samples were given a preliminary eva!uaf%on
during This program period. They are formulated and classified as:

. Silver with frit

2. Silver without frit

3. Silver with 2% palladium with frit
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4. Silver with 2% palladium without frit
5. . Silver with 2% platinum without frit

6. Copper with frit

In order to evaluate contact resistance and adhesion, These samples were
applied to silicon surfaces with both an intentional oxide thickness and a
minimum oxide thickness. In the first case, a layer of silicon dioxide was
formed in the contact areas to a thickness of approximately 100A. This
thickness of SiO2 is slightly greater than that which would normally form on
a silicon wafer which has been stripped and exposed to the ambient for a period
of several days. The metal inks were then applied and processed according
to the manufacturers' suggested Temperature cycies To test their ability to
penetrate a native layer of SiOZ. The second case, confact areas were cleared
with hydrofluoric acid, rinsed, and dryed immediately prior fo conductive
ink applicéTion. This technique produces the minimum possible oxide thick-
ness under the metal without the use of vacuum techniques; it provides that
thickness of SiO2 seen'in most semiconductor indusiry metallization processes.

In order to reduce the influence of other unwanted variables, all gjx
formulations were applied to individual .large area planar diodes on a single
silicon wafer. The diodes were approximatiey 2.5cm2 in area with a contact
area approximately O.2cm2. All diodes were N on b, with the P-type sups?ra+e
common to all diodes. The diodes were fabricated by ion imp!anfafion‘and had
textured surfaces. The junction depth under each contact area was greater
than that of the surrounding areas, being near 1.2 micrometers. As N-fype
regions of the diodes were elecirically isolated from each other, it was possible
o process the wafer as a unit and perform TesTing on the individual segments
without scribing or oftherwise interfering with the integrity of the wafer.

Firing temperature cycles utilized were those suggestéd by the manu-
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facture of the silver containing formulations, and befow the recommended 600°C
to 1000°¢ firing temperature for the copper formulation. The Teméerafure

rise and fall rate was approximately 50 degrees per minufe, and The peak
temperature was 550 degrees €. The atmosphere was air, and the wafers were
allowed to stay at the final femperature for three to five minutes. After
firing, the wafter segments.were tested for adherence, and electrical parameters
were measured To evaluate series and shunt resistances resulting from poor
ohmic contact or diode degradation respécfively.

Adherence of the inks to the diodes was first observed. As anticipated,
the copper formulation showed extremely poor adherence and will have to be
treated separately. All five of the silver formulations, however, showed
reasonable physical adherence in a "Scotch tape test”.

The-electrical performance of each ink was Then evaluated. MNone of
‘fhe inks showed significénT penetration through the infentionally formed SiO2
layer, while-ail-exhibi?ed elecfrical contact to the HF etched surface. This
indicates that sftorage without an etching step immediately prior To ink
application is inadvisable.

With freshly-etched surfaces, the series resistance was frequentiy high,
indicating ThaT.eiTher a high contact resistance was present or that the applied
fayers were too thin to adequately carry the desired current. The former poss-
iblify implies the desirability of a more controllable formation and/or a more

severe heaf treatment. The latter suggests either a thicker layer or a sub-

sequent soider coating. In none of the above experiments was any significant
degradation of the diode characteristics due to shorting or lifetime killing
observed.

Among the unknowns of prinfed metallization is the tong term refiability of
modules operating in the terrestiral environment, and how +his depends on

processing and formulation variables.
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If is a current conclusion that extensive developmental work on printable
contact metallization formulations for silicon solar celis is needed. Attend-
ant fto this formulation development 1s the necessity for further process
definition and development for solar cell application. A basic understanding
of printed contact-silicon interfacial physics shoﬁld be obtained. Sufficient

promise exists for such commitment.

6.2.7.5 LAMINATION (CATEGORY 2)

The attachment of pre-shaped metallization patterns by lamination,
such as a tape transfer technique, is also.pofenfially attractive. Further
development is necessary before it can be considered viable. Potential
problems are simitar to those facing prinfed metallization. No lamination

research is being reported at this time.

6.2.7.6 SOLDER COATING (CATEGORY 4)

in many céses, solar cell metallization systems will be composed of a
base mefai system for electrical and mechanical contact o the silicon surface,
and a solder éoafing which will be thick enough to act as the primary current-
carrying metal. Sophistication of processing already exists in the solder
coating areas, and litTle development work is required. However, it is
necessary that. the surface of the underiying metallizafion be amenable fo

controllable solder coating, implying that the soldering cycle may have 1o be
+ailored to the metallurgical properties of the contacT metallization.

6.2.8 ANTIREFLECTION (AR) COATING

A necessity for achieving maximum efficiency from The solar cell is a
high quality antireflection coating system. In some cases, this antireflection

coating may be used for P-N junction passivation.

£.2.8.1 VACUUM DEPOSITION (CATEGORY 4)

The same basic comments made for metal vacuum deposition apply here,

except that it is seldom required to pattern the AR film since it is generally

266


http:implyi.ng

applied after metallization (a mechanical mask may be used to prevent AR film

deposition on the bonding pad areas). Film thickness controt is critical.
While suitable technology is now available, other methods appear fo be cost
preferable. On the other hand, vacuum deposition is the best current method
for appiying some materials as AR films.

v

6.2.8.2 CHEMICAL VAPOR DEPOSITION (CATEGORY 4)

Silicon nitride could-constitute an excellent choice for the anti-
reflection coating on silicon solar cells. In addition to i+s useful refractive
index (n=2.0), it is the best silicon P-N junction passivant known to the
semiconductor industry. |t is extremely stable and inert. .Siiicon nitride
can be deposited by low temperature CVD processes in a "soft" state which
permits easy patterning using standard STO2 efching processes, and fthen can be
transformed by a modest thermal cycle into its high density state. The CVD
process could be much chéaper than a vacuum deposition process, and compérab!e
to {or cheapfer‘Than) a spinning process if the deposition reactor capacity can
be made large. ____\

Silicon nifride has been deposited at 600°C in a hot wal l, quartz Iined.
furnace. The nitride is deposited from the reaction of silane (SiH4) and
ammonia (NH3> inja nitrogen carrieﬁ gas. Deposition cycles of approximately
50 minutes have resuited in silicon nifride-!ayers of 1050A° & IOOAO, this
excel lent uni%ormify applying to both variations within a run and variation
from run-fo-run. As established, the process deposits the niTriée on wafers
placed horizonTalIy‘in the furnace; as a result this deposition system is
capable of processing only five 3" wafers per run. This low +hroughp¢? would
be unacceptable for fong range LSSA Project goals.

As an alternative deposition approach, greatly increased area throughput
has been reporfed by silicon nitride deposition at a reduced (less +han 1

atmosphere) pressure. Such a system has been utilized to simultaneously coat
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seventy-five 3 inch diameter wafers with silicon nitride filims having a

thickness uniformity of +5%.

0,2.8.3  DIRECT GROWTH (Si02) (CATEGORY 1)

The index of refraction of 5i0, is essentially equal to those of all of
the proposed encapsulant materials, making purposeful growth of 3702 as an
AR coating unnecessary. |f bare cells are considered, the SiO2 would be a
reasonable AR material. If it forms a better surface material for encapsulant

bonding in a package, SEO2 may be reconsidered; this event is considered

uniikely.

6.2.8.4 PLASMA DEPOSITION (CATEGORY 2)

Deposition of antireflection die!éc+ric coatings can be performed by
plasma~aided CVD reactions at much lower ftemperatures than are possibie by
thermally activated CVD. This area is receiving considerable attention by the
semiconductor industry, but it still needs technological advancment prior fo

extensive consideration for the LSSA Project.

6.2.8.5 SPIN-ON OR SPRAY-ON DEPOSITION (CAGEGORY 3)

Antireflection coating compounds can be applied in the same man&er as
photoresist, followed by a bake cycle to complete chemical reactions
and/or to drive off solvents. Further heat treatment is frequentty necessary
to densify the film in order to realize optimum optical properties of the material.
Spin-on sources fo deposit antireflection coatings of tantalum oxide
or titanium oxide have been commercially formulfated. As an example, a single

application of spin-on can give a TiO2 film which can be patterned in the as-
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deposited condition. Following a 925°C densification, it has a thickness
ranging from 800 to 1100A, is resistant to HF etching, and has an index of
refraction of approximately 2.0. Appficafion following metaliization requires
much lower temperature annealing sfeps..ZSOOC for 30 minutes can be used to
give an AR coating of usagle qualiity; reliability of such low tTemperature-

fired films needs to be ascertained.

While'sa}n—on antireflection coatings may‘Bé useful on round, polished:

wafers, they will most likely be unsatisfactory for solar cells of rectangular
shape or with surface roughness teither ripple, an as-grown surface, or a
texture-etched surface). As discussed in Section 6.1.6, photoresist application
by spinning on textured surfaces results in non-uniform thicknesses of photo-
resist over the surface features. It is anticipated ThaT‘fuTuré appiication

of this type of antireflection coating must be by spray-on techniques. 'AT

this point in time, it appears that spray-on thickness control! and uniformity

are not suitable for quality antirefiection coating.

6.2.9 ANNEAL [NG

All solar cell manufacturing process sequences require some high.temp-

erature annealing.

6.2.9.1 RESISTANCE FURNACE HEATING {(CATEGORY 4)

This is the almost universal semiconductor industry tool. As currently
utilized, its energy consumption is high. However, in a continuous, automated
environment, the energy dissipation per unit area of silicon is capable of
appreciable reduction from today's practices. Uniformity and control exist

now, even for large area sheets, and the technolfogy is proven.
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6.2.9.2 DIRECT RADIANT HEATING:

HIGH TEMPERATURES (CATEGORY 2)

LOW_TEMPERATURES (CATEGORY 4)

This technique has had only limited application in semiconductor tech-
nology %or high femperatures, and has several inherent problems. The litfe of
high ‘intensity radiant sources is short, and output is somewhat variable during
that iifeTime. Uniformity and efficiency of heating requirg:reflqcfiye
surfaces for radiant energy manipulation; these can also degrade with use.

When employed for high femperature (where radiant energy absorption is good)
heating of silicon, direct radiant heating of large areas to a specific temp-
erature is hard to control. Major technological advances are requi}ed for high
temperature applications.

Low femperature applications, such as for solder reflow or phoforesist

baking, are well developed and are considered viable at this time.

6.2.9.3 LASER AND ELECTRON-BEAM HEATING (CATEGORY 3)

These emerging technologies show promise of excellent controf and good
efficiency. Application fo semiconducfpr Technology has been, however, limited,
and requires further study before conclusions can be drawn. E-beam heating
is being explored on another program under,LSSA Task tV. Laser heating can
be accomplfshed in any aimosphere, but E-beam heating must be performed in a

vacuum.

6.2.9.4 RF HEATING (CATEGORY 1)

RF heating is broadly used in silicon epraxy To obtain high temperatures
in a "cold-wall" (and thus:noncontaminating) system. Heating of the silicon
for epitaxy is indirect, however, in that a conducting susceptor is first

heated by the RF field; this susceptor, in turn, conductively heats fhe silicon.
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This process is energy inefficient. A cold-wall system is not considered
necessary for solar cell processing. Silicon wafers could be directly heated

by RF energy, but the temperature control has been shown to be poor.

6.2.10 PATTERNING

Metallization, antireflection coatings, and dielectric layers for diffusion

masks may require patterning in any given solar cell fabrication process.

6.2,10.1 PHOTOL1THOGRAPHY (CATEGORY 4)

Photolithography can be accomplished by either contact printing (direct
mask contact to the silicon) or by projection or proximity (out-of-contact)
masking Techniques. Both proximity and projection require sophisticated
optics, but can give extremely long mask {ife and well defined patterns on
irregular surfaces. Both are far preferable, thus, to contact printing.
tn any case, mask alignment to the silicon substrate shoula be primarily
mechanical, as opposed to optical, and realignments should be avoided if.
possible because they tend fo be expensive. Exposure will continue to be by
ultraviolet or visible light unless soms technological breakthrough occurs in
either laser, E-beam, or X-ray exposure. . Application is expectad fo be |imited

to dielectric patterning.

62,10.2 SHADOW MASKING:

VACUUM METALLIZATION (CATEGORY 1)

PRINTED METALLIZATION (CATEGORY 4)

ICN IMPLANTATION {CATEGORY 4)

This technique is too wasteful of material 4o be utilized for vacuum metal-

tization of solar cells. On the other hand, planar P-N Jjunctions can be formed by
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shadow masking during ion implantation with excellent results anq fow cost.
[f planar junctions are utilized with ion implantation, masking will definitely
be done by this fechhique;

Printed contacts are generally applied through a screen which, in effect,
is a shadow masking operafién. Printing contacts (in a manner analogous To
operation of a.printing press) would yield direct applicaf}on in the desired

pattern; this technique, however, appears fo be receiving no current develcpment.

6.2.11 INTERCONNECT 10N

Intferconnections of solar cells into modules pose some stringent require-
ments for performance and reliability. The interconnection scheme must not
contribute a substantial series resistance, or performance of the module can
be sericusly degraded., Experience derived from the semiconductor industry
would suggest that metallurgical interactions are the most likely failure
mechanisms. These can lead to reduced ocutput, for example, as a result of
increased series resistance, or interference with the optical pgfh, or; peéhaps

more commonly, opened conhections.

©.2.11.1 SOLDER REFLOW (CATEGORY 4).

The most widely used, and probably the most cost effective, solar cell
intferconnection scheme utilizes solder refiow. The technology is ready and
has proven reliability. Properly applied, it can be used for the simuifaneous

formation of all interconnects in a module.

6.2.11.2 THERMAL COMPRESSION AND ULTRASONIC LEAD BONDING (CATEGORY 1)
Though widely used in the semiconductor industry, thermal compression
bonding is useful mainly on small diameter (less than about 100um} wires

where deformation is accomplished by pressures low compared o the fracture
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strength of silicon. Where miilimeter sized bonds are required, %his process

is expected fo be too damaging to the substrate to warrant furThe} consideration.
Ultrasonic bonding is a low pressure process which utilizes ultrasonic

energy o smear metal surfaces fogether, thereby establshing intimate contact

for a metallurgical bond. It is not area lLimited, as is thermal compression

bonding, but can damage substrates. 1 is also an unlikely future choice.

6.2.11.3 WELDING (CATEGORY 3)

Welded contacts are potentially as viable as those made by solder reflow.
Welding, however, requires higher temperatures than soldering and can result
in damage to the solar cell. Welding is used on small space cells, but its
application to high current terrestrial cells will require additional innovation.
Further detailed study is required before recommendation for future use can be

made.

6,2.11.4 FILLED ADHESIVES (CATEGORY 2)

Metallic filled adhesives have had |ittle or no application for bonding
wires To solar cell metallizations. Filled adhesives are used in the semi-
conductor industry for relatively large area bonding (e.g., die attach). These
materials have poorer electrical conductivities than metals, and.the better
ones (e.g., gold filled) are expensive. In a solar panel, where thermally or
mechanical ly induced tensiie stresses on the interconnect wires may be expected,
the reliability of filled adhesive bonds is questionable. However, this field

is continually changing, and should be monitored.

6.2.11.5 CLAMPED CONNECTORS (CATEGORY 1)

A direct clamping 1o the cell metallization is possible, especially if

metal smearing at The contacts can be achieved without damage fo the cell
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itfself and pressure can be maintained in the package. Without such smearing,
moisture ingression fto the contacts would incréase resistance and reduce
module reliability. Tooling would be expected to be complex T; provide
smearing without fracturing cells, with liftle assurance of control or

reliability. This process is deemed unlikely o succeed for solar cells.

6.2.12 CATEGORY 4 PROCESSES

The processes which at this time appéar to have a very high probability
of incorporation into a future production process are tabulated here as a
separate groupof category 4 items.
1. Starting Condition
a. Sawed and Etched Surfaces
b. Texture-Etched Surfaces
2. In-Process Surface Cleaning or Etching
a. Wet Chemical
b. Plasma
¢. Texture-Etching
d. Scrubbing
e. Bas Stream Drying
f.. CGravity (Centrifuge) Drying
3. Junction Formation
a. lon Implantation
b. Diffusion
4. Metaltization
a. Plating
b. Prinfing

é. Solder Coating
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the cells, are insufficient to protect cell structures for

long term terrestrial
service. Until the MTBF of unencapsulated celis can be projected to 20 years,

Motorola feels both front and back covers should be incorporated into the

encapsulation system to meet the reliability goals of the LSSA Project.

I+ is anticipated that The most common failure modes for solar cell
modules will be one of two types:
1. Failure of a solar cell interconnect within the package, as a resdlf
of strains due to thermal stresses or mechanical motion, or,as

a result of chemical or electrochemical corrosion.

2. Localized interference of the optical path, by delamination or physical

coverage, i.e., by a leaf, localized debris, or wildlife.

6.3.1 | NTERCONNECT 1ON

The above failure modes are most severe for single contact, series
interconnected cells, suggesting future use of both redund9n+ cell contacts and
parallel-oriented cell interconnections. In aiming towards an MTBF of 20 years,
it must be expected that some interconnect failures wiil occur in a large
array. In a ;eries—connecfed panel, failure of an interconnect internal to
the package (open circuit to either side of a solar ceil) will cause entire
module failure (open circuit). The use of redundant contacts to each solar
cell will greatly reduce the magnitude of the effect of a single contact
faiture on the module performance. Instead of an open cirCQiT, the output
current wili be reduced by some nominal factor (e.g., 5%, but dependsnt upon
defailed ceil design) if a single front surfaée contact opens.

Shadowing by relatively small objects is perhaps the most objectionable
failure mode of the series-connected solar cell panel. Although intermitfent,

shadowing by leaves, debris, or wildlife on the external surface of a module
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5. Antireflection Coating

a. Vacuum Deposlition

b. Chemical Vapor Deposition
6. Annealing

a.. Resistance Furnace Heating

b. Low Temperature Radiant Heating
7. Pafterning

a. Proximity Photolithography

b. Projection Photolithography

c. lon Implantation Shadow Masking
8. Interconnection

a. Solder Reflow

6.3 INTERCONNECT ION AND ENCAPSULAT ION

In order fo establish working systems of useful size, individual solar
cells must be interconnected in some manner, and then encapsulated. inter-~
connection and encapsulaﬁion both play.a major role in establishing (and
enhancing) module reliability.

There is a trade-off between solar cell durability in harsh environments,
and encapsulation requirements to protect the cell from these environments.
This frade-off must be considered in terms of a méinimum twenty year service life
for the encapsuiated cell.

The cost effectiveness of any particular encapsulation structure is
heavily dependent upon the expected 1ife (MTBF, or mean time before failure)
cf a totally unprotected cell as compared To the expected |ife of that cell
within the encapsulation structure. It is presently felf by Motorola that
single sided encapsulation structures, such as mounting on a qlass cover, or

using an epoxy=-fibarboard substrate plus a sillcone adhesive and covar ing for
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will cause failure: almost f&Téﬁ open cir#uif if an entire cell is shadowed,
and reduced current output if the cell is only partially shadowed.

_Tﬁese Types of faiiufes may be alleviated by incorporating redundancy
within a module through the use of a parallel or series-parallel cell inter-
connection schemes. Some schemes increase'module {(and system! reliability
while insuring at least equivalent total system performance.

Any interconnection (and encapsulation) design, thus, should permit

incorporation of some degree of parallel interconnections.

6.3.2 MODULE MATERIALS AND ENCAPSULAT ION

‘ Materials must be chosen for solar cell modules, both for interconnection
and for encapsulation, on the basis of functicnal compatability, long term
reliability, and cost. The emphasis, while shared between these criteria,
cannct cémpromise long term reliability. Accordingly, a set of encapsulant
and interconnect materiais was chosen for study on this program, with emphasis
on proven histories of stabjlity in ferrestrial environments. Interconnection
pf cells is accomplishgd by solder reflow. ‘The encapsulant system consists
of a front glass cover, a stainless steel back plate, silicone poiting, and
a stainless, steei bezel to act both as a structural member and as a sealing
surface for formed-in-place gasketing. This struciure has been shown to resist
moisture ingression during sfress testing as discussed in Section 3.4.4. The
structure has good thermal dissipation and should offer long service life.
Solar ce}l encapsulation has been successfully performed'ufilizing this

system.

6.3.3 PROTECTIVE COATINGS FOR METAL ENCAFSULANT PARTS

A metal back plate may be utilized in encapsulating solar cells. It

must be corrosion-resistant fo achieve the fwenty year |ife expectancy of

o4
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the module. Both aluminum and stainliess. steel are possible materials, with

sTainles; steel having the more suitable thermal expansion properties.

Atuminum is particularly susceptible to corrusion in cnvironments containing
certain pol lutants (e.g., salt, some industridl waste gases).

In order to reduce the overal! cost of encapsulating solar cells, if
would be desirable to utilize a material cheaper than stainless steel. Use
of cold rolied steel would result in a savings of 5X (i.e., stainless steel
= 60¢/f+2-- celd rollied = 12¢/fT2). These prices reflect the cost of sheets
15 - 18 mils thick. |1 appears that éold rolied can be used if properly

protected from the environment. A material, Rilsan Nylon Il, has been used

for approximately 25 years to coat items such as gas ci]inders, undefground
piping, ship parts and ouftdoor furniture. It apparently has excellent wear
properties for these and other applications. Application of the material is
achieved by electrostatic spraying or fluid bed dipping followed by a heat
treatment to fuse the powder. Electrostatic spraying can provide layers of
approximately 3 mils while fiuid bed applications have a minimum thickness
of 8 - 10 mils. Material cost of 2&¢/mii/f+2 results in 7¢/f?2 for the
electrostatic process and 18¢ - 25¢ for the fluid bed process. 6pplica?ion
costs range from 2 to 5 times material cost. Hence, electrostatic spraying
of nylon on cold roiled steel could reduce costs and give acceptable long
term reliability. Furthermore, numerocus colors can be applied, thereby

improving reflecting and radiating qualities of the package.

6.3.4 MOISTURE INGRESSION

Semiconductor industry experience on reliability and failure modes indicates
that the solar cell metallization and interconnect system can be expected 7o

be perhaps the region most vulnerabie to failure resulting from'package moist-
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ure ingressﬁon. Absolute exclusion of moisture from a solar cell module for

a period of fwenty years would require hermefic seals, and hence would place
severe economic strains on the encapsulation system. A far preferable solution
would be a moisture resistant cell metallization and interconnect system.

Some current solar cell metallizationh systems, such as Titanium- -
silver, have already shown reliability problems in moist ambients and would
require special protection techniques to achisve a fwenty year minimum service
life. This is not unexpected from the experience in the semiconductor industry.
Design choices for future solar cells éhoutd be based on metallization system
reliability in moist ambients, and the final choice may be dictated primarily
by this criterion.’

I+ is not just moisture, but the combination of moisture and contaminants
in The environment surrounding the metallization and contacts, and the effects
of applied or generated electric fields and contact potentials, that must be
considered. Even gold, which is considered to be quite inert, has been shown
to exhibit severe degradation via elecirochemical attack in plastic-encapsulated
silicon-integrated circuits, and also in hermetic packages that were sealed with
some moisture inside.

A stress testing method for measuring moisture ingression into pofenfi?I
encapsulation and ma‘terials configurations has been invesTigaTed. The fechnique
involves impregnation of co{or—indjcafing-dessicaﬁ+ materials into mock-ups
of module designs. |In a preliminary test, a color indicaf%ng dessicanwaas
impregnaTed info a silicone potting compoun& in dummy modutes with a glass
cover and a stainless stee! backplate. The modules were then boiled in water
for Times up to two weeks, periodically inspecting the dessicant. An approx-
imate value for both interfacial and bulk moisturz ingression can be obtained

merely by visual inspection. This Technique is one of those being utilized

Toevaluate encapsulation designs and materials.
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6.4 COST ANALYSI!S

Analysis of the costs of performing both individual process ;Teps and process
sequences was performed. This analysis was based upon today's technology pro-
Jected to Iarge'volhme production, and has been performed in a format conforming
to the informa}ion chart utilized by JPL for summary of Task 1V data. This

format identifies the following items:

Maferiél
Expense
Labor
Overhead
Interest
Depreciation
Capital Equipment
Facilities
The three primary assumptions made in this cost analysis are:
1. The factory produces only one product and sells that product to less than
ten customers at a rate of 500 peak megawatts/year.
2. The costs reflect today's technology in terms of the level of automation,
throughput, maturity of process, éfcﬂ
3. Overhead charges can be defined for a new, dedicated factory and need not

be patterned after any existing factory.

In order o perform a detalled cost analysis, a methodology was first
developed with general inputs and assumptions being defined. [t must be
cautioned at this time that Motorola's methodology may differ from methodologies
used by the other Task 1V contractors performing a similar study. This means,

thus, that differences in assumptions and cost inputs by each contractor will
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requ+ in differén% cost allocations per category. The most meaningful
comparison between varioug contractor's cost analyses must be made on the Total
Cost bgsis. Further, costs were develgped on an individual process step basis,
but meaningful cost analysis for solar cell maﬁufa;furing g%n only be madé for
a total process sequence. éaéh process step cost must, then, be plécgd ina

viable process sequence, and adjusted for the total process sequence yield

fo[lowiﬁg_%haf step in order fo have a Trde significance in manufacturing
cost analysis. In order to allow Tﬁis ad justment to be made, individual

processing step costs are being calculated on a 100% yleld basis, with a

probable process yield percentage being estimated for use in subsequent
process sequence yvield calculations. .

Results of the costing study of each process step are presented in

Table 6&-1.
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TABLE 6-1
COST SUMMARY
TODAY'S TECHNOLOGY

(é\fn ($/WATT) a {{/\/Q
Q O N
‘?\f" ¢ Y o) & * ol &
N ) i > < S PR N
PROGESS STEP vf\(& ~’$® & {8@@ & Q?Q&’ TOTAL 990(0 % Q’Ygs\q\‘\ ?9\\’
[PROCE W < S S N S < Q <
1. Brushing 0.0 L0073 0134 0066 L0023 .0031 .0327 99.5 0205 .0053
2, Plasma (Dielectric 0.0 .0031 .0084 . 0050 . 0064 .0096 .0425 99.8 0663 .0053
Etch)
3. Standard Solutions 0.0 0041 [. .0061 .0042 .0006 .0005 .0155 99.8 L0031 L0032
4, Centrifuge Drying 0.0 .0014 . 0042 .0035 .0003 .0002 L0096 99.8 .0013 .0015
5. Silicon Etching 0.0 .0124 L0243 ..0102 L0012 0012 .0493 99.5 0076 .0063
{one side) ‘
LJ6. Silicon Etching 0.0 0161 .0243 L0102 L0012 .0012 .0530 99.5 0076 . 0063
8 (two sides)
7. Texture Etch 0.0 . 0097 .0243 0102 | .0012 001 .0465 99.6 . 0068 .0063
8. Edge Grinding 0.0 .0209 .0z69 L0113 .0046 .0061 .0698 ? .0407 0106
9. Photo-Resist 0.0 L0107 .0403 +.0159 L0073 0097 .0839 99.4 .0648 .0160
(Apply-Expose~Dev. )
10. Photo~Resist (Remove) 0.0 .0213 .0061 L0042 . 0006 . 0006 .0328 99.7 .b034 .0032
1. Plasma (P.R. Remove) 0.0 .0009 .0084 . 0049 . 0004 .0003 .0149 99.9 0016 .0026
12. Dielectric ETCh (WeT) 0.0 0044 . 0081 .0047 .0004 .0004 .0180 99.6 .0023 . 0021
13.  Etch Stop (Apply) 0.0 ©.0091 .0067 .0044 L0023 .0031 0256 99.8 L0211 L0047
"14. Spin-On 0.0 .0154 L0067 . 0044 .0023 L0031 0319 - 021 :0047




COST SUMMARY

TODAY'S TECHNOLOGY

_ ($/WATT) ' O
¥ \'f‘e\&\% o l S \‘?:K\OV\ o o & N\
«ﬁFA% Qfs@ s éggb <§?b @@53 , Qﬁgg% §g<§§§¢* g¢3§

PROCESS STEP W o N o N * TOTAL /% IRAL

15,  Spray-On 0.0 | .0152 | .0034 0032 | .0011 | .0014 | .0243 - L0095 | .0023
16. Drive-In (Diffusion) | 0.0 .0099 | .0102. | .0057 | .o026 | .0032 | .0316 | 99.5 .0212 | .0081
17. Silicon Source (Softd) 0.0 }..0173 | 0407 o161 | L0053 | L0065 | .0859 | 98.0 0423 | .0162
18. Gas Depositon and 0.0 0174 | 0102 | .0057 | .0026 | .0032 | .0391 | 99.0 .0212 | .0081

Diffusion . )
19. Doped Oxide (CVD) 0.0 .0174 | .0102 | .0057 | .0026 0032 | L0301 | 99.0 0212 | .oo081
20. lon Implant 0.0 |..0097 | .o746 | .0357 | .1406 | .2020 | .4635 | 98.0 {1.390 1723
21. lon Implant (Advanced| 0.0 [ .0014 | .0022 4 .o0s0 | .o0s7 | .ot01 | .0232 | 99.5 | .o695 | .o00%2
22. gaéuKT Metal | ization .0024} .0490 | .0318 | .0146 | .0236 | .0326 | .1540 | 99.0 2211 | L0413
u,

23. Thick Film Ag Front .0457) .0040 | .0060 | .0040 | .0011 | .0016 | .0624 | 99.8 .0107 | .o0018
24, Thick Film Ag Back 1088] .00s0 | o060 | .c0s0 | .co11 | .00t | .2155 | 99.8 .0107 | o018
25. Electroless Plating 0305 .0256 | .0145 | .0089 | .0011 | .0012 | .o818 | 99.6 .0073 | .0049
26. Electrolytic Plaf}ng, +.0305| .0256 | .0145 | .0089 | .0011 | .00tz | .0818 | 99.6 0073 | .0049
27. Solder Coating .0223{ .0002 | .0014 | .0025 | .0002 | .0003 | .0269 | 99.8 .0021 | .0005
28. Silicon Nitride (GvD)| 0.0 .0098 | .0102 | .0057 | .o026 | .0032 .} .0315 | 99.8 0212 | .0081
29. Oxide Growth 0.0 .0049 | .0051 | .0039 | .0013 | .0016 | o168 99.8 0106 | .0040




COST SUMMARY
TODAY'S TECHNOLOGY

{<€§5~ (S/WATT) o &

<§§¢§5 Q€§$. o Q§§9 @é; qé5ﬁ% o Q<Qﬁ§§3 \\5
PROCESS STEP & < W ot & N TotAL /o % C§;§9g «®
30. Spin-On 0.0 0079 | .0067 | .0044 | .0023 | .0031 | .0244 | 97.0 | .o211 | .0047
31. Evaporate 0019} L0022 | .0318 | .0146 | .0236 | .0326 | .1067 | 99.0 2211 | L0413
32. Add Solder .0014| .0001 [ .0007 | .0022 | .oo0t | .0001 | .o046 | 99.8 .0008 | .0002
33. Reflow Solder 0.0 0001 | 0170 | .0032 | .0008 | .oo11. | .0222 | 99.8 .0074 | .0015
34. Conductive Adhesives .0045] ..0002 | .0060 { .0040 | .0011 | .00t | .0174 | 99.5 .0107 { .0018
35. Glass Superstrate 1817 .0004- | .0006 | .0027 | .o012.] .00t0 | .1876 | 99.a .0057 | .0074
36. Glass with Substrate 3448} .0004 | .0006 | .0027 | .0013 | .0011 |,.3509 | 99.0 .0063 | .0081
37, EIeTTrgcal Test 0.0 .0001 | .0085 | .o048 | .o008 | .0012 | .0154 | 99.8 .0079 | .0011

Cetls

38. Electrical Test 0.0 .0000 .0003 . 0021 . 0001 .0001 .0026 99.8 L0010 . 0002
{modules) .




A more detailed cost analysis with refined assumptions was performed during

the second year of this contract and is reported in Section 4.
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