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1.0 SUMMARY

This annual report is a critical review and compilation of work performea
to analyze, both technically and économically, Tﬁe‘sfafe of Teéhﬁofogy'readinésé
for the automated production of solar cells and modules. The fong-term
objective solar module characteristics include a selling price of less than
$.50/peak watt and a mean-time-before-failure (MTBF) of 20 years in any
Terreéfrial environment. While efficiency is important to afTainfng'fhe
cost goal, it is a most significant faéfér in afray economics; accordingly,
this program has stressed high efficiency, with a suggesfed cell goal ot
15%.

The analysis emphasized technical evaluation of individual process
steps first, and then concentrated upon process sequences for making solar
celis and modules. " Further analysis was performed-to yield a deTaifed cost
study of individuai process steps; This was applied to fhe-cosf analysis of
potential process sequences. Potentially economiéal process sequences formed
from process steps deemed to have high technical merit were then identified.
Potentially promising technalogies needing further dbvélopmenf:+o achieve .
| saTisfacTofy maturity were then ideﬁfified. It is the conclusion of this
study that, while speéific areas of technology need advanced development and
the source of silicon needs definition, no fundamentally new technology needs
vfo be developed to permit manufacture of solar cells which will meet the

1985 LSSA Program cost goals.



2.0 INTRODUCT ION -

Phage I of the AufomafedAArray Assembly Task, LSSA Program, is concerned -
wi%h a comprehensive assessment of the improvements in existing technology
that will be needed to develop, within a period 6f no more than 10 years, an
indusTria] capability for low cost, mass pfoducfion of very durable,efficient
silicon solar photovoltaic modules and arrays.

- This program was organized +o'incorporafe solar cell design, process:
adaptation, - process séduencing opfimiZafion, Technology‘assessmenf,'solar
_ cell fabrication, interconnection and encapsulaTion; and cost analysis in
an interrelated way such fﬁéf the final choices for particular process
sequences would be realistic and have a high brobabilify for success.v~0u+
of the sTQdy would also come the identification of areas of Teéhno\ogy that
could contribute signffican+1y to the long term objectives dependent onn
the successful conclusion of additional, specific R&D effort.

There have beeﬁ'inferacfions and heavy fnderdependence upoh other Tasks
of the LSSA'Program, especially upon the +asks responsible for develbpmenf
of a process to supply silicon sheet for solar cell'fabricafion, and encapsul-
ation of solar'cell panels. This interdependence has required, in some
ihsfances, assumptions about future resulT; in order to permit progression

toward meaningful'conclusions in the time frame of this program.



%0 TECHMICAL D1SCUSS TON

. DESIGN IMPROVEMENTS

L&)

Ih order to effectively evaluéfe processes and process sequences, it
was first necessary to establish minimum, or baseline, design considerafions
for #he solar cell.and its constituent elements. |t has been Motorola's
contention fhrohghouf this contract that it is necessary to develop a solar
cell design modet (or deéign models) which effectively characterize the
highest efficiency silicon solar cell capable of being produced utilizing
current or.anticipated semiconductor processing techniques, subject to the
major constraint that the estimated cost in dollars per watt of the final
assembled and installed array of silicon solar celis be minimized. Any process
sequence, thus, must be based on a solar cell design model which reflects
current state-of-the-art practices as well as addifiona!lconcepfs not currenfly
incorporated in solar cells but envisioned as likely to contribute to future |
solar cell improvement. The following sections first treat basic design

considerations, and then discuss specific sokar cell design features.

3.1.1 BASELINE DESIGN MODEL CONSIDERAT |ONS

A solar cell can be considered as a co-operative group of individual
elements, including 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.

3.1.1.1 ANTIREFLECT ION COATING

Desirable features of an antirefiection coating on a solar ceill include
those which:
(i) optimize the transmission of incident photons into the silicon material;
(ii) promote the lowest concenfrafion of surface-state reCombinaTion centers

at the coating-silicon interface;

LW



(ii1) aid in establishing an electric field within the silicon (near
the surface) which retards minority carrier fiow toward the front
surface and recombination at the front surface; and

(iv) passivate and isolate the P-N junction perimeter.

3.1.1.2 FRONT SURFACE

The silicon solar cell should possess a silicon front surfacg condition
which:
(i) minimizes surface defects and maximizes minority cgrrier life-
time néar the sificon surface; |
(ii) minimiies surface recombination velocities;
(iii) maximizes the absorption of fncidenT phofons by the sificon,
complementing the antireflection coating;
(iv) refracts the incident light to optically enhance the possible
photon path lengths through the silicon substrate;

(v) promotes the adhesion of metal ohmic contacts.

The surface may be that of an as-grown-sheet of silicon, or it may be
polished or etched. When the orientation alles, as dichssed_Seéfién 3.1.2,
texture  etfching cah providé'a highly controllable, cost-effective way of
obtaining most of the properties Iisfed‘above while. accruing additional bene-
fits for solar cell design. A model for a textured front surface is discussed

in further detail in Section 3.1.2 of this report.

3.1.1.3  JUNCTION REGION
A- study performed on this contract, and included in Section 3.1.3, has
concluded that Schottky barrier celis are less favorabie than those utilizing

P-N junctions. Accordingly, we consider in our'baseline design model only the



5ilicon P-N juncfioh solar cell, which must have a thin, front surface reqion
with an eiecfricél conducfivify opposite that of the substrate (e.g;, N type
surface region on a P type substrate) which:
(i) forms a metallurgical P;N junction;
(ii) is amenable TQ formation of an ohmic contact without significant
degradation of solar cell performance;

(iii) has a low surface recombination velocity, or is designed to
effectively minimize surface recombination effec+s (e.g., has a
large built-in drift field);

(iv) has sufficiently high minority carrier lifetime;
(v) has a sufficiently low va]ue of sheet resistance; and
(vi) maximizes the collection efficiency for short wavelength photons.
Property (vi) implies that the P-N junction depth below the front surface be
as shal low as can be al lowed, subject to satisfying the other five requirements.
Traditionally, only junction depThé of about 0.5 micron or less have been used,
and the bésf (violet-typé) éells have junction depths closer to 0.1 micfon.

This requirement makes attainment of property (v) morc difficulft.

3.1.1.4  SUBSTRATE

The solar cell must have a silicon substrate which:
(i) has high minority carrier |ifetime for a maximum photo-current
generation;
(ii) has a sufficientiy high impurity doping level to obtain high open
circuit voltage and low Qlecfrical resistance;.
(iii) is optically thick énqugh to efficiently absorb an appreciable

'fracfion df incident long wavelength photons but is mechanically



thin enough to conserve silicon; and
(iv) has a low minority carrier recombination velocity at the back sur-
face, or is designed to have a large drift field to effectively

minimize back surface recombination effects.

Minority carrier lifetime is of extreme imporfan;e to efficient silicon
solar cell perforhance; however, |ifetime values practically obfaihable may
eventually be dictated by-economical silicon purification processes. Under
more immediate control, and of particular interest insofar as a design mode!
is concerned, is the optical thickness of the silicqn substrate., The optical

‘fhickness may be enhanced (for a given mechanical +hickness)'by forcing
absorption paths to bé other than perpendiculaf to the cell plane (or P-N-

junction), and additionally through multiple internal refiections.

3.1.1.5  BACK SURFACE

The solar cell should have a silicon backzsurface condifion which:
(i) minimizcs surfoce defects and maximizes minorily cartier |1fe-
time near the silicon sur face;
(ii) minimizes surface recombination velocity; and
(iii) reflects unabsorbed incident radiation which passes fhfbugh Thé
substrate and reaches the back surface.
By reflecting photons reaching the back surface, the optical +hickne$s 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.



3.1.1.6  METALLIZATIONS

‘The solar cell must have metallization contacts to both front and back
surfaces which: .
(i) provide ohmic electrical contact to the opposite sides of
the P-N junction; |
(ii) allow relféble, low=-loss inTercénneéfion with other solar celis
and with exfernal circuits;.
(iii) minimize solar cell infernal'series resistance;
(iv)‘ cover (and fherefore'shadow5 a minimum’of The»cell front surface
area; and
(v) allow optical reflection from as large a fraction as possible of
The back surface area; and
‘ (vi). are corrosion resistant. - :

3.1.2 TEXTURED SURFACE

A textured surface, consisting of a uniform qigfribufiqn of minute
pyramids as-shown schematically in Figure 3-1, causes fighf reflected from
tho first iﬁpingomonf on tho sofar cell surface 16 strike the solar cell at
least a second time (assuming initial normal .incidence). This second impinge-
ment increases the amount of Iight absorbed in the séfar cell, improving cell
efficiency by reducing the total amount of light reflected from The cell.
Incoming, reflecfed, and refracted ray traces of light normally incident To.
the overall solar cell, Figure‘3—2, show the multiple reflection features of
this surface topography.

Another major effect of front surface texturing is that, since light is
refracted into.the silicon at an angle to the normal of the overall solar cell
plane, ﬁore light is absorbed within a given thickness df silicon than would

occur with normally incident sunlight on a smooth-surfaced solar cell. This
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FIGURE 3-1: Cross-sactional diagram ot siticon (100) water showing
geometry of textured surface having {111} faceted pyramids.



FIGURE %-2: Diagram of reflected and refracted ray traces and angular relations
forr tight 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 invoiving the volumes immediately adjacent to the p-n junction, and a

more macroscopic region invoiving the bulk of the silicon below the junction.

In the microscopic region neé?nfhe jﬁaéfion, iT'is firsf'assumed that fhe
surface relief of the pyramfdal structures is large (averaging greater than 10p)
compared to the p-n junc+ion depth (less than 0.5u). Light normally incident
to a textured surface solaf cell strikes the surface facets at an angle near
55°. Figure 3-3. diagrammaticaliy demonstrates the refracted pafhé of a normél
incidence light beam on a smooth surface cell and also in an analogous fash}on
on a textured surface facet. The optical path léngfh of the refracted :eam
within the region of the junction is greater than the normal path length by

a factor of ]
e

0S¢ ‘ '
length has an effect equivalent to increasing the absorption coefficient of

in the case of the textured surface. This increased path

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 efficlency for very shallow junctions, Assuming

o
that the index of refraction of silicon is 2.75, the angie ¢ is approximately 12.6

is approximately 1.025. While this near surface (microscopic)

and Ccos¢
phenomenon is effective throughout the solar spectrum, it is most significant
in Thé short wavelength end of .the solar spectrum where the silicon absorption
coefficient is greafesf. The phenomenon is; Thgs, expected to enhance some-
what the blue response of the solar cell.

A larger effect is seen in the macroscopic region within the bulk of
the cell below the microscopic junction region.. Lighf incident normal to
the plane of the overall cell is refracted by the textured surface through
an angle of 12.6° from the normal to the facet. (Figure 3.2). This is

equivalent to an angle of 42.2° from the normal of the overall cell, i.e.,

$=42.2°, Figure 3-3, so that the path length through the bulk is increased

10
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1
cos42.2°

the path .length through the bulk by 35%, making each three units of solar

by a factor of , equalifo 1.35. This is the equivalent of increasing
cell thickness ook like four units of thickness. Restated, the humber of
carriers created in an opTicél path length of ‘four thickness units is generated
wifhiﬁ three mechanical Thickﬁess units of the front surface and the p-n
junction. This makes the cell far more responsive to the loﬁger wavelengths

of incident sunlfghf, which héve smal ler absorption coefficients in silicon
than the short wavelengths.

A further effect of'The angle of travel of the refracted beam +hrough the
bulk occurs at the back surface of The cell. " 1f the back surface of th celi
is not Texfﬁred and is a plane, all light reffacTed through the front textured
sur*ace can be shown to strike the back surface of the cell at an angle excéeding
a critical angle, resulting in total reflecTion ffom the back surface toward the
front surface. (The condition for total internal reflection

N.. Sin € = n
Si ext

yields angles of about 15.5° for air and near 24° for most plastics and 910,
Total fnfernal reflection occurs when the angle ¢ exceeds the angle e, Figure
3-4. The angle ¢ for normal! incidence on the textured front surface is 42.2°,
_THus sa+isfying the condition for ToTal,infernél reflection. Non-normal
incidence will produce different values for the angle ¢, but the angle ¢

will always satisfy total internal retlection conditions.

Total internal reflection from the back surface can be advanfageou;.
utilized in one of two ways. First, the internally refiected beam will be
further absorbed on its second péss Through the ma+erial, again creafing more
carriers and increasing cell efficiency. . Alternately, a thinner cell‘(coﬁserving
sjlicon) could be made to display the same efficiency as a thicker standard

cell. The magnitude of the effect of the second pass absorption will be, of

12
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Path of bzam refracted from textured surface
illustrating total internal reflection from
back surface if the brewster angle & < 42.2°.



course, a function of the.total cell Th}ckness and the minority carrier life-
Time of the cell substrate. | |

More subtle. advantages also occur with a Texfured surface. The textured
surface,_formeq by efchihé, leaves a surface which is relafivéfy free of wdrk
damage. 'A.planefsurface, on the other hand is offenAachievéd,by'polishing,
ieaving a~fiﬁi+e dégrée of work damag¢ in the crystal surface layer. Such
daﬁage is known to adversely affect both carrier lifetimes and surface recom—‘
bination velocity; it can propagate during high temperature processing,
. ‘aggravating the damage. This additional advantage of textured surface etching
wi|L'h§T‘appIy to golér cells fabricafed from silicon ribbon (if it is
directly grown to have smooth, daMage-free surfaces), or from chem-etfched
wafers., | | |

For‘any unit area in fﬁe plane of the supsTraTe, the (100) blane, the
éorresponqing area of the textured surface deséribed above will beia factor
of /3 times 1arger. When ohmic metal cohfacfs are”applied, this increased
surface area will serve to, reduce the magnitude nf the contact reeictance.
'Fuffhermore, the textured surface itself can promote better metal adhesion
to The‘sflfcon surface. |

Finally, the meéhanism cauéfng redﬁced,reflecfion of‘incidenf light
discussed at the outset of this section will aiso lessen the requiremeﬁfs ‘
on antireflection coatings chosen forAThe‘sblar.cell Surface...For examhle,
The‘differénéés in total reflecfion obtained when using a pérfécfly matched
antireflection coating énd when using a somewhat less Than:perfecf one will,
be much less pronéunced, perhaps allowing. coatings to be-chosén for increased

cost-effectiveness and convenience of processing.

14



So1.5 SCHOTTKY BARRIER SOLAR CELLS
Silicon sélar cells can be brdadly classified as either Schottky barr{er
solar cells or P-N juaction solar cells. Eifhér, in Theory, could meet the goals
of The LSSA Project. In order to obtain the LSSA Project goal of silicon solar
cell modules which'opérafe with at least 10% efficiency, it is hecéssary That
the individﬁal cells operate at greater than 10% efficiency. This is required

since module optical Transﬁission losses, thermal resistance, cell packing
densif?, and space utitization will Iéwer the overall efficiency.A
A survey of the recenf lfferafurc on Schottky-type cells has been per-
formed, and a list of references in chronologicél order appears at Thg eﬁd of
this section. No reference has been found which reports large area silicon
Schottky~type solar éells which exhibit greater than a 9;5% effi'cienc‘y.9
(Schottky-type cells with 15% efficiency have been reported on GaAs.15)
Recent professional society conferenceé have given no indication Tha% a break-
through in the present sfa+e-of—+he—ar+,of silicon Schottky cell technology
is imminent, although studies are continuing. In fact, although theoretical
computations have been mentioned in the IiTerafuré claiminq.fhaT”The upper
limit on conversion efficiency is slightly better for the Schottky bérrier
cell than for a P-N Junction cell,7 the éfate of the technology is quite the
opposite. | ‘ .
. : s
Mefal—semiconducfof solar cells reported to date éxhibiT inherentily low
output voltages. This_effecf i; a consequence of high diode "saturation™
(dark) currents and low mefar-semfconducfor barrier heights. Thus, the
possible high photo-generation cuffenf densities fheorefiéally availabte with
Schottky cells are offset by low output volfagés. |
5,12

beal-dxide—semfconducfor solar cells have been fabricated, exhibiting

L ' . 8
open circuit voltages as high as 0.52 volfs.] fn such cells, current flow

15



requires tunneling through the interfacial layer. The best such cells have
shown only an 8% conversion efficiency,8’]6 indicating reduced curfenf
collection efficiency (through the interfacial layer) coﬁpared to the metal-
semiconductor cells.

No experimental results have been shown to give credence to the possibility
of obtaining increased Schottky cell voltages while maintaining high currents.
On the other hand, the high generation current possibilities ascribed to such
cellé can be approached by P-N junction cells. In fact, high generation current
densities along with high open circuit volfages'have been reported for P-N
juﬁcfion solar cell structures fabricated incorporating violet-cell and textured
sdrface techniques.

[+ is often stated (or implied) that Schottky cells are easily fabricated,
giving an inherent processing simplicity (and cost) advantage over juncfion
cells. This is a majof misconception. Schottky cells require precise control
of metal depositions in the thickness ranges of less than 100A in order to
optimize Tréde-offs between conductivity and reflectance. Such control is
difficult by evaporation, and more controllable sputtering techniques have
resulted in lower open circuit voltages, presumahly 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-
rication step. 'Schottky-type solar cells require tho samc highly conduclive
metal collection grid and anti-reflection coating deposition as do P-N junction
cells. Rather than being simpler, the fabrication complexity for a good silicon
Schottky solar cell-would be about the same Thaf of a good silicon P;N Junction
solar éell. It is Motorola's conclusion Thaf the technological uncertainties
that must be resalved in order to demonstrate the (slight) Ihéoreflcél advant-
ages of the silicon Schottky solar cell are much too great to permit considering

it as a serious contender at this time.
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3.1.4 FRONT SURFACE METALLIZATION

Metal coverage and series resistance tradeoffs are major limiting design
considerations on the shape and maximum useful size of solar cells, and the
concomitant material process for producing silicén sheet. A critical evaluation
of exisfiég meTalJizaTidn geometries has revealed that efficiency may sufferA

if these designs are extended to large area ribbon or sheet cells. Accordingly,

improved contact metallization designs were investigated. - Designs which show



the greatest promise. over existing desiqns for improved cell performance

have multiple contacts; hencé the interconnect and packaging systems should

| consider the possible need for muIfiple—confacfs4per—wafer. Also, efficient
desiqgn seems to faQor fong, narrow récfangular ribbons rather than large area
squére or round sheet sqlar cells.

In parTicuIar, the frénf surface metal pattern of a silicon solar ceil-
will influence the performance of both solar cells and modules because of three
requirements: 1) the pattern mgsT provide area for én interface point (or
points) for electrical connection to other cells; 2) the pattern must
provide sufficienf area for efficienf.(low resistance) ffow of current, since
the mefal'paffern ffself (as well as the cell below) will haye‘an internal
serieé-resis+ance; and 3) the pattern should shadow the least possible area
to maximize current generation. Some preliminary conclusions regarding
constraints on metal pattern design and on solar cell size can be drawn quickiy
by considering interactions of these three requirements.

Assume that a siiicon solar cell is availabie with any desired surface
area or shape but is constrained fo'have a fixed, minimum value of surface
sheet resistance above the P-N juncfion. - Series resistance of the cell will
then depénd on the thickness of metal used for a particular front ohmic’ contact
pattern and the resistivity of that metal. Ififhe metal pattern coverage
is limited to a reasonab |e percen+age bf +hé.fron+ surface area -(say, 5 to
10%) and a parTicu]ar metal system and thickness are adopted (defining sheet
resisjanCe), then series.reSisTénce depends on pattern topology. The‘méfal
"current col lection" fiﬁqers on the cell surface may contribute appreciably
To'series resistance. For a single contact region solar ce}I,Aas the cell
surface area becomes iarger (and the metal current-conducting paths become
longer) a poin+ yill be‘reached where series resistance has increased beyond

an acceptable value. In effect, the permissible surface area of the solar cell

has been limited.



This i% not true if more than one external electrical contact can be
made: to the celi. |In this case, only one fateral dimension of the solar cell
surtace needs to be limited. For example; a solar cell fabricated on a rectang-
ular ribbon substrate may be infinifély long if electrical confacf; are made
along its edges at small intervails, but there must be a précfical limit on the

width of the cell. if acceptably low internal voltage loss (i.e., series

resistance) is to be maintained. Calculations have shown that as ribbon widths
. surpass 10cm, loss of efficiency increases so rapidly that such cells are no

longer cost effective. The same principle holds for circular solar

cells. <Constrained to a fixed area of front surface metal, a circular ceil
may require mulffple confécf points around the perimeter to maintain a low
series resistance. A larger diamefér cell would require more confacfs than
a smal ler diameter cell; and in the limit, as cell diameter becomes still
larger, overall cell efficiency mus+ suffer.

The net 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 acTiQe surface of the cell away from.the metal pattern on the
celil surface to éxfernal electrical busses. When such a solar cell is assembled
in an array of cells, an additional benefit“accrued . is increased reliability

achieved through partial redundancy of the multiple cell contacts.

3.1.5 BACK SURFACE METALLIZATION

The physical configuration of the back surface of a solar cel!l will
influence its optical properties. It is important from a desigh standpoint
~ to know, as a function of wavelength, the degree of Iighf absorption;, reflect-
ion, and transmission at the cell back surface, since‘fhese factors will
~influence cell efficiency as a function of thickness (multiple light pass
from refle;fion) and heating effects (absorption at the back surface).

Another variable affecting optical performance at the back surféce is

the configuration of the front surface.- If the front surface is texture-

20



etched and the back surface is non-absorbing, for example, TéTaI internal
reflection from the back cﬁrface ;hould always occur.

Experiments have been performed to measure, as a fﬁncfion of wavelength,
the reflection of light from the back surface of a silicon wafer with various
front surface and back surface configurafiohs. The purpose of these experiments
was to determine if any cell ‘performance advantages caﬁ exist with a patterned
' back metal. Samples with both polished (or isotropically etch-polished) and
Te%fure-efched fronfgsurfaces were utilized for each back surface configuration.

Test wafers were prepared from 0.8 - 1.2Qcm p-type silicon wafers. The
starting wafers were isofropically eftched on one side and polished on the other.
Some of the test wafers utilized the polished side as the back surface, and
others used the etched side as the back surface. The front surfaces of all
test wafers were prepared such that one-half of the wafer was texture-etched.
The entire front surface of each test wafer was then coated with 700A of silicon
nitride to serve as an antiretlection coating.

Hal f of.The back surface of each test water was similariy 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 combinations:

1. textured front/dielectric back; |

2. fexfured front/metal back;

3. smooth fronT/qieIecfric back;

4.' émbofh fronT/ﬁeTal back.

Infeyrdled spvhere refiecyion tests were then pertormed. Data were taken
over wavelengths from 0.35um to 2.0um to determine the reflectance cﬁaracfer-’

istics of the interface at the test wafer back surface.
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In each case where the back surface was covered with metal (which had

been sintered) the embiricalireflecfance curves agreed perfectly with theoretical
curvés for reflectance from the front surface of the silicon wafers. The
smooth front surface reflecfancé approached a value of 30% at 2.0um, and the
textured front surface refleqfance approached a value of 10% at 2.0um. In

both cases where the test waferaback surface was.covered with dielectric (and,
during the measurémen+s, backed by an extremely efficient absorber) a back
surface reflectance e%fecf was observed. For wavelengths below 1.1um where

the silicon wafér absorption is good, reflectance curve shapes are identical

for both dielectric-covered and metal-covered back surface wafers. (Th. wafefs
utilized iﬁ these measurements were sufficiently thick to totally absort any
.lighT in-this wavelength Fange reflected from the back surface.)_ However, for
. wavelengths longer than 1.1um, where silicon becomes TranspérenT; an additional
reflectance component was observed for wafers with dielectric coated backs. The
smooth fronf‘surface test wafer reflectance appFoached 50% at 2.0um, and the
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 water shows a 33% increase In reflectance while the textured front

surface wafer shows a 400% incréase in reflectance. This large increase in
reflectance for textured surface wafers is a result of the total internal
reflection condition inherent to textured wafers.

The possibility of patterning the back surface me+a| in order fo utilize
reflection of the longer wavelength portions of the solar spécfrum back tfoward
the front surface has ramifications other than increased absorption of useful
light. For example, ‘infrared wavelengths longer Than 1.2lmicromefers can be
reflected from the back surface and ultimately out of the module, reducing cell
and module operating Tehperafure and increasing module efficiéncy. Additionally,

a cost trade-off occurs between the additional cost of patterning the back
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surface metal, the cost savings of decreased meTal'consumpfion, and the effect-

ive cost reduction brought about through increased cell efficiency.

3.1.6 METALLIZATION TEST PATTERN

As discussed in the two previous sections, a major factfor in determining
solar cell performance is the metallization pattern. The metallization must
efficiently collect cufrenf while shadowing the minimum active area. In
achieving optimum designs, thus, it is necessary to determine allowable
contact metallization line widths, both from an achieveable fabrication
feasibility standpoint and from a series resistance standpoint.

‘The Iihifafions of mefai contact pattern linewidths wiil vary with the
surface flatness of the silicon. Accordingly, two types of surfaces were
studied: polished and textured etched. These two types of surféces represent
extremes in surface microscopic smoothness. Both, however, are on macro-
scopically piane surfaces and will not necessarily present fhe effects of
surface warp or ripple possible from sheet or ribbon growth. The effects of
these latter paréméfers must be évaluafed when sufficiénf representative ribboh
samples become available.

"A test pattern photoresist mask, Figure 3.5, was designed with linewidths
ranging from 0.0003 inch to 0.0500 inch. Dieleéfrics (or metals) can be
paTTernéd on-Thé desired surfaces by standard photolithographic techniques.

The.evaluajion Technjque, on boTh polished and TexTufédATesf wafeké,
included the formation on the surface of a dielectric, eiTher.éiiicon dioxide
or éilicon nitride, and patterning the dielectric with The test pattern. The
patterns were visually inspected and evaluated. The patterned wafers were
then elecholess nickel plafed.and solder coated. Optical inspecfions

indicated minimum [inewidth limitations due to photoresist procedures, and
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FIGURE 3-5:

Metall{ization and solder test pattern. The
pattern contains |inewidths ranging from 0.0003
inch fo 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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electrical continuity measuremehfs determined Iine.resisfance after soldering.
Sheet resistance versus metal [inewidth was tabulated for both textured and
polished surfaces to determine the relative ohmic properties of'a small number
of wide lines versus a large number of narrow !ines for solar cell current-
collecting patterns.

Results to date indicated that there is no problem in obtaining the smaliest
(0.0003 inch).line width on polished wafer surfaces using our standard photo-
lithographic techniques and equipment. To the confrary, textured surfaces
present a spebial préblem. In order to mainfain the iﬁfegrify of Thé dielecfric
covering the peaks of the textured surface pyramids in areas where no preohmic
pattern is to appéar, a much ‘more viscous photoresist must be used, as
discussed in a later section. Application of this viscous resist produces a
much thicker layer in the "troughs'" of the textured surface. and this, in
combination wifh‘fhe optical properfies of the textured sﬁrface itsel,
seems 1o .set a practical lower limit on preohmic line width resolutfion.
Patterns were formed by confacf printing from the mask. Inspection has shown
that line widths smaller than 0.001 inch have not Seen clearly and consistently
opened. Texfﬁred surface pyramids may have basé widtns on Tﬁe order of 10
microns; therefore Iinewid#hs of 0.0005 inch (12.7 microns) may encompass
only a siﬁgle pyramid. Pyramid-hejghfs on The‘order 6f 10 microﬁs prevent
true contact printing. Thus, fight scattering among the pyramids conTrfbuTes
to an inherent limit of |ine width reéolufion. Exposing with more collimated
light source, such as is used with projection or provimity. printing, should
help to minimize these effects.

Wafers used for photolithographic studies, as well as a comparable set
of polished test wafers, were p1a+ed with nickel and solder-dipped to obtain
maximum metal build-up for a given lineAwdeh. These lines were then .measured

for sheet conductance/resistance..



Experiments have been performed Qifh textured surface wafers coated with
silicon dioxide and prepared using standard viscosity (44 cp) phoToresisf
to allow formaffon of soldered metal lines with widths between 0.0003 inch and
0.0500 inch. For line widths less than or equal fo 20 mils, soldered line
sheet resistance p(in Q/sq.) is given by

logp = -1.09 - 0.75 log W,

where W is the line width in mils. This means p is proportional to W_3/4.
(If the solder bead build-up were hemicylindrical, then p would be proportional
to W—].) For line widths greaTer than 20 mils the capillary effect of fine
I}nes tends to become suppressed and the sheet resisfénce tends to becrme
independent of line Qidfh, indicating a-constant thickness at the large: widths.

The relation between sheet resistance and line width (given above) for
lines less than 20 mils wide implies Thaf, for'a given area of metal line
coverage, one wide contact finger will introduce more séries resistance than
two contact fingers disTribuTed over the same active cell area, but each
finger being halt as wide. Thus, for soldered contact systems of equal total
area, many narrow fingers are more effiéiehf than fewer wide fingers, as - long

as the thinnest lines are at least 0.001 inch wide to preserve physical and

electrical continuity.

3.2 PROCESS ADAPTATION
A major portion of the contractua! effort involved a technical assessment
of potential process steps for manufacturing silicon solar cells. First, a
matrix of poésible ﬁrocessing steps was assembled. Second, a group of evaluation
riteria was defined to allow a technical evaluation of the usefulness of each
individual process step when examined as an isolated step for manufacturing
solar cells. Most of the individual process steps were then:evaluated, either.

directly in the laboratory or through indirect methods such as literature
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surveys, vendor contacts, and defailed discussions'wifh process engineeors.

in Thé Motorota manufacfuring'and research areas (for both discrete and
fnfegrafed circu{f pfoduéfs). This technical evaluation process resulted in
the cafegorizafioh of these individual process steps to reflect Sofh‘fechnical
reaqiﬁess and an eéfimaffon of future technical utility. This section
identifies the vari0ué process steps, their evéldafion, and their technical

categorization.

3.2.1 EVALUAT ION CRITERIA

Evaluéfion criteria were established to consider both the individual
process step iftself and alsd‘effecfs on propertics of a solar cell resulting
f rom iTsAincorporaTion in the cell manufaCTUEjng sequence. Amohg>+he evaluation
criteria were: |
Cost
| Labor
Material
‘Capifél

Expense |tems

Per formance
Controllability
.. Amenébiiify to automation
State of readiness
Reliability considerafiéns
Amenabil ity To fufuré'sheef (ribbon) geometries.
Whenever applicable, each of these criferia.was applied to both the process
fTself and to pfoperfies of the resulting solar cell. A poor rating in either
case would resdlf in an overall uﬁsafisfacfory-rafing. Performance of surface

lapping silican, for example, is' judged faveorably as an isolated process sfcp,

27



but iapped silicon is rated poorly as a starting surface when considering its
effects on solar cell performance. It must be understood that process steps

do not stand on their merits as individuals, but on their ability to contribute
synergisfically to a process sequence. Each step must, then, be evaluated
first, by itself, and second, as a member of a process sequence.

In this Techniéal evaluation phase, cost criTe}ia were applied in only
a qualitative manner, reflecting only estimated and relative costs of competing
processes. A detailed process step cost study was subsequently performed, and
is reported in a later section.

The oniy ofhef’criferion which may nofibe<self—exp|ana+ory is that involv-
fng sheet geometries. This requires an evaluation of a process step's suit-
ability for application fo a sheet which may have an irrequiar sﬁape and a!so
may be non-planar in nature. The sheet may, for example, be a ribbon-which
varies in edge shape, has surface ripples, and is warped. Séme processes.are_
relaTively insensitive o these factors, while others become virtually useless.
Asfgrown‘sheef is considered as having more sevefe'geomeTrical probléms than
large area sliced sheets, which may also be utilized and must be considered as

potential long-range substrates.

3.2.2 TECHNOLOGY ASSESSMENT CATEGORIES

A set of initial technology assessment categories was eSTablished at the
beginning of the program. During the course of detailed process step evaluation,
the set of categories was modified to reflect more‘accurafely the requirements
for evaluation of préjecfed usefulness. The updated caTegoriés were as follows:

Category 1: Processes which are judged unlikely to be utilized Tnvany

recommended process seguence.

Cateogry 2: Processes which appear to require a major technological

advancement to ensure usefulness. Technology in these areas



must be continually monitored to assess future épplicabifify.
Cafeogry 3. Processes thch appear~poTenfially promising, but which have
required evaluations or eq;ipmenf not available during the
time-frame of this contract. Additional efférfs should be
v expended on these processes.
Category 4: ~Pr0ven'brocesses which have a high chance of successfui

incorporation into future process sequences.

5.2.3 STARTING CONDITION OF SILICON SURFACE

The starting condition of the silicon surface plays a critical role in

subsequent brocessing steps and in cell efficiency.

3.2.3.1 SAWED SURFACE (CATECORY 1)

It is unlikely that siliéon will be utilized in The as-cut condjfion;
Although this form of silicon is The-cheapesf available today, near-surface:
damage (and possible contamination from the saw blade and coolant) can badly
deqrade the crystal properties upon suhsequent processing. Heating of the
sawed surface can result in polyganization or recrystallization, converting
the area in which the p-n junction is to be formed into a‘polycrysfalline region.
"Heating may also propagate surface damage far into the bulk, resulting-in a |
heavily dislocated, low lifetime material. All of these factors can degrade
efficiency in a severe, unconTroerd manner.

One possible exception to this conclusion exists, however. Severe
surface damage may be utilized to getter un&esirable impurities from the bulk ’
silicon below. HIgh temperature annealing of a sawed surface may produce
AThis desirable result. Subsequent to annealing, an undamaged silicon surface

could be revealed by etching the sawed surface, hopefully removihg both the
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damaqge and the impurities. There is at this time insufficient information "

available to draw conclusions; additional studies should be undertaken.

3.2.3.2  SAWED AND ETCHED SURFACE (CATEGORY 4)

'This is the best candidate broadly avaitable today. Etching is utilized
to remove the séwing damage and contamination. Etching wafers can leave
surface; that contain only gradual undulations of a magnitude so smalt that
no pattern having linewidths of interest to solar cell production should
experience any masking d{fficulfies because of surface non-planarity. Thus,
apart from fhe future realization of direct sheet growth, this combinat’ on
produces the cheapest material suitable for solar cef[s and has indeed b:en
used to manufacture solar celis. Sawing kerf loss, and mafe}ial removed by
eTching,'are major drawbacks, thever, To This'being the m@sT economical

approach for long range utitizaton.

‘3.2.3.3. ~ LAPPED AND/OR POLISHED SURFACE (CATEGORY 1)

Lapping produces a matte appearfng surface on a silicon wafer. It will
be a flat surface, and, if done carefully, both sides of a wafer can be made
plane and parallel bykiapping them both. Lapping doesn't necessarily produce
a surface having less damage than caréful sawing, but a sawed surface will
not be as flat as a lapped surface. This process is slow, batch orientated,
and labor intensive, and heﬁce is too expensive for ultimate solar cell use.

Polishing is a process like lapping, in which successively finer grit
media are used to end up with é mirror-flat 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 abbuT an order of magnitude

coarser, so polished surfaces are not required for solar cell processing even
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where patterning is doné phofogfaphically. ZFurThermore, polished surfaces
typically conTa%n more mechanical crystal damage than etched surfaces, making
them pofen+ially less satisfactory for solar cell use.

Bofh lapping and polishing are ftoo costly for incorporation into a

process sequence to make inexpensive solar cells.

3.2.3.4  CLEAVED SURFACE (CATEGORY 2)

DiregT cleaving of silicon wafers or sheets from crystals wouid eliminate
kerf losses, and could ppséibly produce smooth surfaces directly. To date,
hoWever, no process has béen developed'fof cleévihg wafers from a boule with
anything approaching alsafisfacforyAyield. | f a major breakthrough in this
area could be realized, ‘it would be very cost compeTiTivé. No work éppears to

be currently underway in This area, however.

3.2.3.5 AS-GROWN SHEET SURFACE (CATEGORY 2)

This is the responsibiiify of several contractors in the LSSA Proéram
Task 1. Breakthroughs in Technoloéy are still required to make as-grown sheet
practical in the large scale necessary. However, judging by the proéress made
to date, and the potentialities of the process, it must be assumed that the
probability of success'is high. 'The various.processés being studied all have
the possibility of providing as-grown surfaces suitable for efficient solar
cell processing.

The geometrical variaTioné in s}licon sheet, however, can éreafly inflﬁence
the usefulness of some so]ar cefl processing, fabrication, and encapsulation
choices. It must bé'made clear that two separate philoéophies @ay be pursued.
The first simply states that Thé férge area sheet must conform to certain
geohefrical timits in order to allow solar cell proéessing and eﬁcapsulafion

to be performed by essentially conventional silicon wafer processing methods.
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The second, the conversé of the first, states that whatever the shape that
results from the sheet growth method, it will be used, forcing solar cell
processing and encapsulation to conform to the delivered geometry.

The most likely ultimate choice, of course, will be a compromise between
the +w6 exfreme philosophies in order to échieve cost effécTiVeness. The
compromise may, however, provide non-planar, rough.surfaced sheets as compared
to today's surface TexTuré and flatness standards for wafers. Accordingly,
later processes which are recommended under this Task [V study must ha?e the
flexibility of handling such future material, or must be clearly labeled as

applicable only to optimum surfaces.

3.2.3.6  TEXTURE-ETCHED SURFACE (CATEGORY 4)

:Téxfure-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-etching
are equal to, or less than, those for o%her techniques for silicon etching,
producing silicon costs only marginally atove those of present sawed and etched
wafcrs. For this additional cost, o surfacc with distinet optical advontoges
(and attendant efficiency increéses) is produced. The textured surface is
dramatical ly different iﬁ nature from polished or etched surfaces now used
widely in the semiconductor industry. This requires certain modifications
of other steps in a process sequence utilizing textured surfaces. These mod-
itications are eaéily 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

silicon orientations. |f, in the future, a choice must be made between two
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‘sheet growth processes of otherwise similar properties, the advantage wilf

lie with the sheet process which can be texture-etched.

3.2.4 _IN-PROCESS SURFACE CLEANING OR ETCHING

Any solar cell manufacturing process will require cleaning steps at
some stages. Further, most manufacfuring sequences will require etching
steps.
5.2.4.1 WET CHEMICAL CLEANING OR ETCHING (CATEGORY 4)

Processes in this cafégbry are widely utilized in The semiconductor
industry with a high degree of success. Several major concerns exist at this
time, however. First, it is possible to have unwanfed,cdnfaminafion from wet
chehicals. For any gﬁveﬁ process sequeﬁce.and for each different manufacturing
. area, control limits will have to be defined for possiblé contaminants. AT
this time, no difficﬁlfies are seen‘ih this area. Seéond; the use'of wet
cﬁemicals iimiTs the levef of future cost reductions to the cost of Those
chemicals ‘consumed, ansofious lihif if Iargé quanTiTies nf Chemical% are
required. (This must include D.l. water Which‘is consumed iﬁ rinsiné after
wet chemistry steps.) A third considéfafion is the aisposal of waste cﬁemicals.
This can contribute additional materials and facilifieé costs to fﬁe utilization of
wet chemistry. NeverTheless; becéuse of its current strong position in the
sehiéonduc+or industry, wet chemisTry'mUs+ still be considered a major

.possiblity for future use.

3.2.4.2  PLASMA CLEANING OR ETCHING (CATEGORY 4)
This ‘is a dry proceés incorporating an RF field to excite a plasma.

The energetic plasma is then used to remove material from the surféce, either
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'Thrpugh bombardment by inert energetic plasma ions, or by reactive ions
liberated 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 traditional
wet chemistry process steps. .

A silicon nifride.film for example,may be patterned utilizing a2 plasma
etching process with excellent results. The piasma etching process, Qhen
coméargd to the wet chémisTry process for etching, is |éss complicated and
less time consuming. After application, alignment, and development of‘a'
photoresist film, éfching~of the exposed dielectric requires the follow 1g

steps for the plasma and wet chemistry processes:

PLASMA WET CHEMISTRY
Load in etch carrier Load fn etch carrier
'Efch in plasma Etch in solution
Remove photoresist | Rinse in D.t. HZO
ny-

Remove photoresist

Not iny is the plasma step simpler, it consumes only a small amount ofmaterial
(etching gas)as compared to consumed acid and D.l. water for wet chemistry etching.

Plasma removal of phofofesisf ("ashing™) Has a similar appeal for nrocess
simplicity and consumed materials. Photoresist materials have notoriously
contained metallic contaminants which, if Ief+'on the wafer surface and heated
in subseqUeﬁT process steps, could migrate into the silicon and degrade
minority carrigr lifetime. |t is possible +haf photoresist removal by plasma
techniques alone could leave such metaliic impurities on the wafer surface.
Evaluation of This aspect of plaéma brocessing for solar cell fabrication,where

high‘lifefime must be maintained,must be performed at a future date.
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5.7.4.5  VACUUM BAKING AND REVERSE SPUTTERING (CATEGORY1)

While results are reporfédly adequate, the comparative capital costs are

prohibitive for further consideration.

3.2.4.4  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 applicable here.

3.2.4.5 CLEANING BY SCRUBBING (CATEGORY 4)

A technique relatively new to the semi;OnducTor industry is cleaning of
silicon wafers by the mechanfcal scrubbing of their surfaces wffh brushes.
Until recénfly, such scrubbing was avoided to eliminate possible mechanical
damage to Tﬁe sflicom surface. Studies have showﬁ, however, that removal of
tightly adhering (and otherwise difficult to remove) dirt par+ic|es canlbe
achieved through scrubbing without silicon damage. The removal of these
particulates is seen-Td imprqve process control, device. quality and performance{\
and overall process vield.

Mechanical scrubbing,~howevér, may not be bossible on Warped or rippled
surfaces such’as may be forthcoming from future large area sheet production,
or on textured suffaces which may house impurities in valleys too tiny to be
effecT{Vely reached by brush bristles. Manufacturers have recently.indicated,
howeQer, that cleaning equivalent to mechanical scrubbing may be accomplished
hydrauiically with a pressurized spray of water. |

Numerous vendors'now have auTomaTic and semi-automatic scrubbing eauipment
of both types available. Yield Increases of several ‘semiconductor lines within

Motorola (precise data is considered proprietary) indicate that scrubbing

is technically advantageous.
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3.2.4.6  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.

I+ is forgiving of shape and is the prime contender for sheet geometries.

3.2.4.7 GRAVITY (CENTRIFUGE) DRYING (CATEGORY 4)

For Founq wafers, centrifuge or "spin" drying has become another of the
semiconductor industry standards. |In that industry, wafers are thicker and
smal ler than those likely to be utilized for future solar ceils. This tech-
nfque may require special adaptation for very farge area, thin solar ce |

substrates such as long ribbons.

3.2.5 LIFETIME ENHANCEMENT AND PRESERVATION (CATEGORY 3)

)
Sotar cell processing may require minority carrier |ifetime improvement

of the s+ar+ing'maferial, and must incorporate special precaufigns (and possibly
specific techniques) to preserve lifetime during processing. Such processes
fall into four general categories-of l|ifetime enhancement: Complexing .and
removal of impurities, Témperafure-fime profiling, leaching, and precipiféfion
of”impurifies on damage sites or defects.

A literature survey on gettering of impurities in silicon has been performed;
initial observations are that a variety of’geTfeFing processes has been
investigated, and that the Technology.of impurity gettering is complex and
far from developed to its full potential. In short, these processes all fall
precisely within the Qefinifion 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.
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5.2.5.10  LITERATURE SURVEY Of GETTERING

In original invesfigafions1 into the removal of meTaIlic'impuriTies from
silicon, the basic approach'was to-grow (or deposit) some type of oxide layer
onto the surface of the silicon. The basic ideq was that at high temperatures,
the metallic impurities would diffuse tfo the surface and become trapped in the
oxide layer. Various oxides, including phosphorus -, boron -, vanadium —}'and
lead - silicon oxides, were used. |t was found that phosphorus glass did the
best job.

Since then, éfudies).’]o’]3

have shown that the metallic impurities are
not gettered into the phosphorus glass} but instead.aregettered To'fhe
‘heavily doped silicon under the glass. Apparently, the mechanism is one of
increased solubility of metallic impurities in the phosphorus-doped silicon.
Removal of impuritiess from the silicon, thus, requires removal of not only
the oxide layer, but also the surface layer of silicon itself.

‘Normally, in bipolar prdcessing, phosphorus gettering is used to transport
metallic impurities away from active device areas to an unused portion of the
wafer (i.e., The isolation diffusion or the back of the wafer). In MOS
processing, a phosphorus glass is deposited on top of the passivation oxide
to getter sodium impurities from the gate oxide]1; this glass, however,
appears to do little gettering of metallic impurities from the bulk of the
siticon.

I+ has also been shown that a preoxidation gefféring of the backside
of the wafer will reduce the generation of oxide-induced stacking faulfs]4
(QISF). it is believed that CISF act to precipitate metallic impurities and
.thus degrade device characteristics. It is also believed that OISF are sites

of enhanced phosphorus diffusion, and thus cause emitter-collector piping

lefects in bipolar devices.
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I't has been_}ound that the use of various chlorine compounds during

oxidation will getter both metallic impurities from the buik silicon 4.7,8

5,6,9,12 Chiorine

and sodium impurities from the oxides that are grown
gettering can be used only during oxidation because it could otherwise

cauée extreme etching and pitting of the silicon4. Chlorine gas has been

used with some success, but it may cadse etching of the silicon. Hydrogen
chloride has been the most  success ful QeTTering compaund.

The chlorine gettering mechanism is believed to be diffu;ion of metallic
impurities to the surface, followed by formation at the surface of volatile
metallic chlorides which are then carried away by the gas flow. The gettering
effect improveé with increasing temperature (especialfy above 1000°C) and
increasing amounts of HCI. The limit to the amount of HC| used occurs when
significant efching of the silicon beéins, or condensation of hydrochloric
acid droplefs takes place in the cooler portions of the furnace tube. The
optimum mixture of HCI is about 5 - 10% HCI by volume in dry 02.

It has also been discovered that the use of HCI wfll clean the furance
tube of metallic impurities, and.Thus reduce contamination from that source
~to virtually nil6. The p}ocess used is.10% HCI in dry oxygen a+ 1150°C for 6
hours.

]T should be noted that the use of HCl with steam insfead of dry~O2 will
still getter Na and the oxides thus grown, but will not as effectively
getter the metallic impurities from the bulk. |t is believed that the accelerated
oxidation of metaliic impurities in steam inhibits the formation of volatile
mcfal chiorides.

It is well known that various types of crysTaIIogréphic defects in silicon
will tend to precipitate méfallic impurities. This prinéiple has heen used to

getter impurities by deliberafe]y introducing defects in the back of the wafer,

using them to trap metallic impurities migrating from the active device
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reqgions. |t should be emphasized that this method does not remove metallic
impurities from The wafer, but merely moves them-around. Methods of introducing
defects include mechanical abrasion and ion implantation of Ar, O, P, Si,

As, or B. ‘As was suggested earlier, sawing damage may alsc be an appropriate
starting point. o

Boron diffusions have been used to getter metallic impuri%ies from silicon,
but are not as effective as phosphorusB. ‘The mechanism is apparénfly‘fhe
formation of metal precipitates, rather than any increased solubility of pair-
ing. -

Some gettering action has also been observed wi+h the use of'Sf3N4 Iayer]8
Gettering can also be achieved through the appropriate use of conTrolied‘
heating and~coo|ipg rates, and the temperature range of control led heéfiné
and cooling. These cycles’apparenTiy function through a precipi%afion process,
removing impurities from electrically active sites." |

Since solar cell efficiency is extremely dependent upon Iifefime; gettering
cycles to improve or preserve lifetime seem appropriate for future incorporation
into solar cell process sequences. The exact choice (ar choices) will requirc

further experimental work, however.

N
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3.2.6 JUNCTION FORMAT ION

The most complex and critical steps in solar cell processing involve
Junction formation. In order to stay within the design requirements of an:
efficient solar cell, the junction depth must be controlled to be consistently
less than 0.5 micrometers, and preferably less than 0.2 micrometers. This |
places stringent control problems on the techniques ufiljzed for junction

formation.

3,2.6.1  EPITAXY (CATEGORY 1)

Motorola has obtained iong and continued experience in automated silicon

~epitaxial gfowfh. Silicon deposition is accomplished in RF-heated, cold-

walfed chambers by chemical vapor deposifion a+ femperatures near 1100°C.
Present and projected, state-of-the-art have shown that accuréfely cbnfro[led
deposition of silicon at thicknesses of (or beiow) 0.25 micrometers will be
impractical. In this }ange; thickness is difficdlf to.control. Interdiffusion
ot impurities is appreciable aT these h{gh deposition temperatures, fesulfing
i further control difficulties, and degrading performance. Projecfed~y1elds
and resulting costs make this method unl}kely. |

The only foreseen possibility is a low temperature plasma-aided.or
vacuum-aided deposifion. At this time, these processes. are considered‘specqla—

tive.

3.2.6.2 DIFFUSION (CATEGORY 4)

biffusion is a generic Term‘uTiliééd to describe thermal motion of
impurities employing a broad variety of doping techniques. Diffusion is
normélly accomplished by deposition of a shallow (source) region of impurity
in the siiicon, foliowed by a high temperature redistribution; these items

take place either seduenfially Or'simulfaneously. All diffusion processcs
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have the common feature of rather isofropic introduction of a dopant into
exposed surfaces, with first order junction depth control being accomplished
by time and temperature. Control of surface concgn*ra*ion is commonly
obtained by ufilfzing solid solubiIiTyvof an impurity iﬁ.silicon to establish
an easily controlled impurity source. Temperafure is frequently utilized as
the controlling parameter for fheylevel of solid sofubiliTy, lower doping levels
occuhfing at lower'TemperaTures; Since diffusion is a high temperature process,
unwanted effects contributing to reduced Iiféfime can occur durihg Thé high
temperature exposure. . For example, fast-diffusing impurities serving as
efficient recombination éenférs in the silicon laf%ice can .be accidente 'y
added; crystal structure deterioration, parfiéularly at near-sﬁrface regions
(e.qg., oxidation-induced stacking faults and their subsequent evolution into
more complex'qefecfs).can be introduced; and oxygen precipifafes of various’
types can be formed. Hence, choice of a diffusion process sequence must
consider the resuttant |ifetime that can be reproduéibly 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 faifly mature and have been successful ly
applied to the fabrication of high efficiency solar cellis.

Spin-on application of diffusion sources is alsn cﬁmmnnly nsed in areas
of the semiconductor indus*ry‘foday as an alternative to the more conventional
gaseous carrier methods. Further, spin-on diffusion sourcés can be ufiiized:
as antiréflecfion coatings on solar cells.

Most present uses of spin-on diffusion sources are on round wafers which can
Ee readily spun at high speeds during application. Such spinning proéesses
may not be transferrable to rectangular ribbén or very large shéeT geoméTries,

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 fhe<fechnology‘should be
directly apb{icable to future geometries.

Typical spin-on sources consist of a solution of an organic silicate, an
alcohol, and a.small proportion of an organic compand of the desired dopant
element. The liquid is usually filtered, and is in the form 6f a solution
rather than a suspension. It is applied to the wafers using standard photo-
resist spinners. Subsequenf-heaf freafmenf.forms a doped silicon oxide layer
on Fthe surface of the wafers, the organic componenfs of being driven.off. ]
This densified fayer acts as Thé dopant source during diffuéion.

Spin-on diffusion sources can be formulé+ed 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 Tehpefafure and time. Dopant surface concentrations have
been varied up to solid solubility andAhave been controltied experimentally by
the dopant concentration of the spiﬁ—on film., 4
Wafer-to-wafer dopant uniformity has been shown to be excellent. A
lot of 52 wafers, for example, boron diffused from a spin=on sourcc showed a
mean standard doping Qeviafion of 3%.'5 ‘Producfion performance has alsq been
tested on small signal PNP transistors manufactured solely from spin-on
sources. Such transistors met all the DC electrical specifications for devices
manufactured from conventional gaseous diffusion sources.
Since diffusion occurs from a doped oxide film; diffusion of different
dobanfs and/or coﬁcenfrafions can be performed_simu]faneously on opposite sides
of the wafer without concern for cross-contamination. This feature could allow,
for egamble, P-N junc+ibn furmal ion slmulfaneousvwifh'back surface field diffusion.
TexTured sificon.surfaces, as well as ribbon or other surfaces with irregular-

ities in the macroscopic¢ range, may cause some problems with spin-on diffusion

sources, |t is possible, for example, that the pyramids of a textured surtace
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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 these considerations indicate the need for studies of alternate

spin-on diffusion source application methods.

SPIN-ON_BIBLIOGRAPHY
A bibliography of spin-on diffusion sources by personnel consulted on
this program is |isted below:
1. J.Nf Smith, S. Thomas, and K. Ritchie, "Auger Electron Spectroscopy
Determination of the Oxygen/Silicon Ratio in Spin-On Glass Films".

Journal of the Electrochemical Socfefy", 121 (6), (1974).

2. U.S. Patent 3,789,023, "Liquid Diffusion Dopant Source for Semiconductors',
Kim Ritchie assigned fto Motorola.

3. U.S. Patent 3,832,202, "Liquid Silica Source for Semiconductors",

Kim Ritchie assigned to Motorola.

4. -K.M. Mar, "Diffusion Characterization of Spin-0On Borbsilica Films fér
Application in Wafer Processing", Electrochemical Sociefy,Meefing,
Washington, D}C.,'May.Z -7, (1976).

5. 8.P. Gykes and K.M. Mor, "Invcstigation of the Factors Affecting +he
Doping Uniformity Using a Spin~On Borosilica Diffusion Source",
Electrochemical Society Meeting, Las Vegas, October 17 - 22, (1976).

6. K.M. Mar and R. Fuwu, "Application of Doped Spin-On Glasscos ad Diffusion
Sources for Transistor Fabrication'", Electrochemical Society Meeting,

Toronto, May 11 - 16, (1975).

3.2.6.3 1ON_IMPLANTAT ION (CATEGORY 4)

fon implantation of the dopant, unlike diffusion, is not isotropic, but

is unidirectional, with depth dependent upon implantation energy. fon
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implantation can be performed with extremely pure, mass analyzed dopants,
avoiding any qadesired-confaminafidn. Surface concentration can be controlled
by ion doset The main dfawback to ion implantation is the high capital |
~cost., IQn'implanfaT{on may be uT?Iized to form the P-N Junc*ibn directly,

or the implanted layer may serve as a well-controlled source of impurity for

a subsequent diffusion step. |f a subsequent diffusion is not pérformed, the
implanted dopanf must at least be activated by a high temperature anneal. This
temperature méy be as great as 900°C if resistance furnace heating is used and
'high doping efficiency is to be maintained.

For solar ceil applications, throughput is dependent on ion beam current.
Machine technology has progressedrfo the point of pfoducing sufficiently high
dopant ion beam currents to be a serious conTender'for"soiar cell processing.
Sfill greater beam currents appear feasib]e, making ion implanfafioh compatible

with the longer range LSSA Project cost goals.

As will be discussed in a later section, efficient solar cells have
‘been fabricated at Motorola utilizing an ion implanted junction, establishing

ion implantation as a viable process technique for P-N junction formation.

'3.2.6.4  ALLOY (CATEGORY. 1)

.This original technique for P-N junction formation was'largély bypassed by
other processes ‘due to ifs lack of control andliTs intractabi ity for anyfhing
but. simple patterning. Ffor solar cell use, the alloying material onId have
to oe remdved; exposinQATﬁe (liquid phase epitaxy) regrown region below.

Since the surface region is grown from solution, its impuriTy_profiIe may
not be controllea as desired to produce a drift aiding field. There appears
to be no new development on the horizon to create renewed interest in alloyinQ”

for solar cell P-N junction formation.

3.2.1 CONTACT METALLIZATION

Metallization constitutes the interface between the silicon and the module

and because it is a critical interface, often determines both module performance
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and module reliability. On one hand, solar cell contact metallization must
cover the minimum possible area while achieving minimum resistance. On the
other hand, the metallization must provide excellent mechanical adherence to
the céll in environments whichbconfain moisture, apply mechanical sfress and in
some applications, experience h?gh volfage between solar cells and the

"package. The metallization syéfem is almost always involved in the failure

of semiconductor componénfs, and it is expected To be a critical componenf of

éolar module reliability.

3.2.7.1 VACUUM DEPOSITION (CATEGORY 1)

Vééuum deposition is the predomiﬁenf metallization method utilized in the
semiconducfor'indusfry. Fér most semiconductor devices and integrated circuits,
a mctal (or fayers of metals) is deposited by evaporation or sputtering on%o
the .entire wafer surfaée and subsequently patterned into small geometries in
a photolithography (photoresist) step. Solar cell metallization, on the other
hand, employs a large geometry pattern with (by comparison) coarse |ines.

Some patterns can be made amenable to evaporation through a mask, Thus ellminating
the photoresist step. Totally redundant muttiple conTacTs‘cannoT however, be
patterned through a metal mask if all mefallizafion'lines are to be directly
interconnected on the céll surface. (Portions of the masking pattern would

be unsupported and Would‘fall'ouf.) :Evaporafion fhrough a mask and pho+o;
.lithographic removal are both very wasteful of material, typically utilizing
no more than 5% qf the metal consumed. Further, both pfocesses‘requjre
further chemical consumption for etchinyg the excess mc+al, 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 nof
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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3.2.7.2  PLATING (CATEGORY 4)

Plated contacts which safigfy all contact metailization criteria have been
produced in the beoroIa Sotar Enefgy R&D Laborafbry. Accordingly, pléTing
is considered to have a high probability for future usage in solar cell
" contact metallization. Plated contacts are amenable to automation. Costs
for materials are moderate, but labor and Capifal costs are low.. Most import-
ant, pJaTing is tThe most forgiving of all metal processes to surface and

geometrical irregularities.

3.2.7.3 CHEMICAL VAPOR DE#OSITION (CATEGORY 1)

Chemical .apor deposition of metal contacts employs the decomposition
of a metal-bearing gaseoué compound, often in the presence of a second gas.
Prihary candidates are.mefal—organic compounds (which are generally very
expensive) and material waste is appreciable. It is doubtful that cost
savings over established vacuum technology ‘can be realized. Metallization
by means of chemical vapor deposition-should be considered only via an
evolution of pbfenfially useful new systems, decreased raw materials costs,

and improved material utifization.

3.2,7.4  PRINTING (SILK SCREENING) (CATEGORY 4)

Printed contacts are painted (and simultaneousiy patterned) directly
onto the silicon solar cell surface. Printed contacts for solar cells-have
considerable appeal due to the possiblie lower cost of this approach when compared
tc more conventional methods of contacting silicon, such as metal evaporation
or sputtering. The brinfing process itself is not only f%sf, but the capiTéI
cost of equipment is-low.A The line widths required for solar cells are
close to the limits of resolu+ion for printing, however, and may limit its

use to plane surfaces.
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Printed contact materials utilize a carrier or binder. -Following
application, printed contacts must be heat treated ("fired") to promote
eleéfrical contact and physical adhesion to the silicon, aqd to enhanceA
conducfiyify of the film. The carrier is removed during firing, but it still"
must be inert with respect to the silicon so Théf‘juncfion quality is
preserved.

Adhesion and contact resfsfance of printed contacts require special
attention. - Typicajly, present printed metal sysfemé are either copper or silver
based, and have been designed for adhérence to ceramfc parts rafher than silicon
surfaces. Since neither copper nor silver formsinherently sfﬁong mechar ical
bonds with silicon, adhesion may be promoted Thrbugh the incorporation oi glass
frits into the brinf[né material; these frits sinter to an Qxide‘film on the
silicon surface. Incorporation into the prinTing matérial of other metais,
in éddifidn to frifs,is also utilized in aﬁ efforT»to enhance adhesion. The
dependence of glasses féf adhesion of printed contacts can produce unsatis-
factorily high etectrical contact resistance due to reduced metal-silicon con-
Tac} area. Trade~offs occur, Thus, between frit quanfifies, silicon surface
preparation, metal combinations, meTalIizafién patterns, and conTacT‘firing
temperatures. |t has been observed that low temperature firing of contacts
will result in poor contact adherence and poor inferconnecfion reliabilffy,
while high temperature firing can generate yield and efficiency losses due to
alloying, shorting, or tifetime degradation when applied 0vef very shal fow
p-n junctions.. |

Six conductive ink sampies were given a breliminaryAevaluaTion
during this program period. They are formu!éfedland classified as:

1. 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. Silvor with 2%-platinum without frit

6. Copper with frit

in.order to evaluate contact resistance and adhesion, these samples were
applied to sjficon surfaces with both an intentional oxide thickness and a
minimum oxide thickness. |In the first case, a layer of silicon dioxide wés
formed in fhé contact areas to a thickness of_approximafely 100A. This
thickness of Si02 is slighfly 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 cyctes to test their ability to
penetrate a native layer of-SiOz.‘ The second case, contact areas were cleared -
with hydrbfluofic acid, rinsed, and dryed immediately prior to cohdu;five
ink applicafion.‘ This technique produces the minimum possible oxide thick-
ness under the metal without the use of vacuum techniques; it provijdes that
Thiékness of SiO2 seen in most semiconductor industry mefallizaffbn processes.

In order to reduce the influence of other unwanted variables, all six
formulations were appfied to individual large area planar diodes on a-single
silicon wafer. The diodes were approxfmafley 2.5cm2 in area with a contact
area approximately O.2cm2. All diodes were N on P, with The P;Type'subs+raTe
common to all diodes. The diodes were fabricated by ion implantation aﬁd 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-type
" regions of the diodes were electrically isolated from each other, it was possible
to process the wafer as a unit and perform testing on the indiv}dual segments
Wi%houf scribing or otherwise interfering with the integrity of the wafer.

‘Firing temperature cycles utilized were those suggested by the manu-
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facture of the silvér con%aining formulations, and below the recommended 600°C
to 1000°C firing temperature for the coppér formulation. The temperature

rise and fall.rafe was approgimafely 50 degrees per minute, and the pe;k
temperature was 550 degrees C. The aTmosphere'was air, and the wafers were
allowed fto stay at the final Tehperature for three to five minutes. Affef
firing, the wafer segments were +és+ed for édherence, and electrical parameters
were measured to evaluate serie§ and shunt resistances resulting from poor
ohmic conTécT or diode degradafion'réspecTively.A |

Adherence of the inks to the diodes was first observed. As anticipated,
the copper forﬁulafion‘shqwed extremely poor adherence and will have to be
treated separately. All five of the silver formulafions, however, showe.d
reasonable physical adhereﬁée in a "Scotch tape test".

The elecfrfcal performance of each ink was then evéluafed. None of
the inks showed significant penetration Thfough the iﬁTenfionally formed SiO2
layer, while all exhibited electrical contact to the HF etched surface. This
indicates that storage without an etching step immediately prior to ink
application is inadviéable.

With freshly-etched surfaces, the seriés resistance was trequently high,
indicating that either a high contact resisfaﬁée was present or that the apptied
layers were too thin to adequately carry the desired current. The former poss-—
iblity implies the deéirabilify of a more controllable fofﬁafion ahd/or A more

severe heat treatment. The latter suggeéfs either a thicker layer or a sub-

sequent solder coating, In none of the above exporiments wos any significan+
deyradation of the diode characteristics due to shorting or lifetime killing
observed.

Among the unknowns of printed metallization is the long term reliabl!lity of
modules operating in the terrestiral environment, and how this depends on

processing and formulation variables.
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I+ is a current conclusion that extensive developmental work on printable

confacf metallization formulations for.silicon solar cellé is needed. ATTeﬁd—,

ant to this. formulation development is the necessity for further pfotesé

~definition and deyelopmenf for solar cell application. A basic undersfanding 

of printed contact-silicon interfacial physics‘should be obtained. Sufficient

promise exists for such commitment.

3.2.7.5 - LAMINATION (CATEGORY 2)

The attachment of pre-shaped meTallizaTioﬁ paTTerné by lamination,
such as a tape transfer technique, is also potentially aT#racTiveT//?urTHer
develdpmenf is necessary before it can be considered viable. ;Pofenfial-'
problems are similar to those facing prihfed metallization. No lamination
research is being reported at this time. |

3.217.6 __SOLDER COATING (CATEGORY 4)

In many cases, sofar cell meTalIizaTion systems will be composed of a
base ﬁefal system for élécfrical and meéhanical contact to the silicon surface,
and a solder coating which will be thick enough to act as fhe.primary current-
carrying ‘metal. Sophistication of processing already exists in the solder
,coaTing'areas, and Iiffle}developmenr‘wurk is required. However, it is
necessary that the surface of the unde}lying metaliization be amenable to

confrollable solder coating, implying that the soldering cycle may have to be
~tailored tn the metallurgical prdper#(es of the contact metallization.

3.2.8 ANTIREFLECTION (AR) COATING

A necessity for achieving maximum efficiency from the solar cell is a
high quality antirefiection coating system.  in some cases, this antireflection

coating may be used for P-N junction passivation.

3.2.8.1  VACUUM DEPUSITION (CATEGORY 4)

The samé;basic comments made for metal vacuum deposition apply here,

except that it is selidom required to pattern the AR film since it is generally
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applied affer metallization (a mechanical mask may be used to prevent AR film

deposition on the bonding pad areas). Film thickness control is critical.

While suitable technology is now available, other methods appear to be cost
preferable. On the other hand, vacuum deposition is the best current method

for applying some materials as AR films.

3.2.8.2 CHEMICAL VAPOR DEPOSITION (CATEGORY 4)

Silicon nitride could constitute an excelient choice fér the anti-
reflection coating-on silicon solar cetis. |In addition to its useful refractive
index (n;2.0){ it is the best silicon P-N junction passivaﬁf known to the
semiconductor industry. It is extremely sTabie and inert. Silicon nitride
can be deposited by low temperature CVD processes in a "soft" state whicn
permits easy patterning using standard Si02 etching processes, and then can be
transformed by a modest thermal cyc]e into its high density state. The CVD
process could be much cheaper than a vacuum deposition process, and comparable
to (or cheapter than) a spinning process if the deposition reactor capacity can
be made large.

Silicon nitride has been deposited at 600°C in a hot wall, quartz lined
furnace. The nitride is deposited from the reaction of silane (SiH4) and
ammon i a (NHB) in a nitrogen carrier gas. Deposition cycles of approximately
50 minutes have resuited in silicon nitride layers of 1050A° + 1OOAO, this
excellent unlformity applying to both variations within a run and varialion
from run-to-run. As established, the process deposits fpe nitride on wafers
placed horizontal ly in the furnace; as a resuit this deposition system is
capable of processing only five 3" wafers per run. This low throughput would
be unacceptable for long range LSSA Project goals.

As an alternative deposition approach, grcatly increaséd area throughput
has been reported by silicon nitride deposition at a reduced (iess than 1

atmosphere) pressure. Such a system has been utilized to simultaneously coat
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sevenfy-five 3 inch diameter wafers with silicon nifridé films having a

thickness uniformity of #5%.

'3.2.8.3  DIRECT GROWTH (Si03) (CATEGORY 1).

The fndek of refraéfidn'of SiO2 is essenfially'equal fo those of all of
the proposed encapsulahf maferials, making purposeful gfowfh of SiOé as an
AR coating unnecessary. |f bare cells are considered, the SiOZ would be a
reaéoﬁable AR material. |f it forms a better surface material for encapsulénf
bonding in a.packagé, SiOz’may be reConsideredf this eveqf'is.considered

Unlikejy.

3.2.8.4 PLASMA DEPOSITION (CATEGORY 2)

.Deposifioh of antireflection dielectric coatings cah be perfqrhed by
blasma4aid¢d CVD reactions at much lowef +emperé+ures than are poésible by
thermally activated CVD. This area,is receivfng éonsiderabje attention by the
semiconductor industry, buf‘if still needs technological advancment priof to

~extensive consideration for the LSSA Project.

3.2.8.5 - SPIN-ON OR SPRAY-ON DEPOSITION (CAGEGORY 3)

Antireflection coating compounds can be applied in fhe‘same.manner as
photoresist, followed by-a bake cycle to complete chemical reactions
and/or to drive off solvents. 'FurTher heat Tréafmenf is frequently neceséary
to densify the film in ordef to realize optimum opffcal properfiés of the material.
Spfn-on sources to deposit antireflection coatings of tantalum oxide
or titanium oxide have been COmmercialfy,formu]éTed. 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 densifica%ion, it has a thickness
ranqging from 800 to 1100A, is resistant to HF etching, and has an index of
refraction of approximately 2.0. Application foliowing metallization requires
much lower temperature annealing steps. 250°C .for 30 minutes can be used to
give an AR coating of usagle quality; reliability of such low Tempefafure—

fired films needs to be ascertained.

_While spin—oh antireflection coatings may -be useful on round, poliéhed
wafers,‘fhey will most likely be unsatisfactory for solar cells of'recfangular
shabe or with surface roughness (either ripple, aﬁ as—-grown surface, or a
Téxfure—efched surface). As discussed in Section 3.3.1, phofore§is+ application
by spinn}ng on textured surfaces results in non-uniform thicknesses o% photo-
resist over the surface features. |t is anticipated that future application
of this type of antireflection coating must be by spray-on techniques. Af
this point in time, it appears that spray-on thickness control and uniformity

are not suitable for quality antireflection coating.

3.2.9 ANNEAL ING

All solar cell manufacturing process sequences require some -high temp-

erature annealing.

3.2.9.1 RESISTANCE FURNACE HEATING (CATEGORY 4)

This is Thé almost universal semiconductor industry tool. As currently
utilized, its enekgg 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 technology is proven.
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- 3.2.9.2  DIRECT RADIANT HEATING:

HIGH TEMPERATURES (CATEGORY 2) o .

LOW TEMPERATURES (CATEGORY. 4)

This Technique'has had only limited application in semiconductor tech-
nology fér highlfemperafures,'and haé several inherent problems.‘ The life of
high Lnfeﬁsify radiant soufces is short, and output is-somewhat variable during
that lifetime. Uniformity and efficiency of'heafing require reflective
surfaces for radiant energy manipulation; these can also degrade with use.
AWhen employed for high temperature (where radiant energy abéorpfion is good)
heating of silicon, direct radiant heating of Iérge areaé‘fo a specific temp-
erafure is hard to control. Major technological advances are requfred for high
temperature applicafions. |

| Low temperature applications, such as for solder reflow or pho*oreéisf

baking, are well developed and are considered viable at .this time.

3.2.9.3  LASER AND ELECTRON-BEAM HEATING (CATEGORY 3)

These-emergihg technologies show promise of excel lent control and good
efficiency. Apblicafion to semiconducfor +echnoldgy.has beeﬁ, however, |imited,
and~requires further sfudy before conclusioné can be drawn. E-beam heating
» is being explored on énoTher prégram under LSSA Task V. Laser heating can

be accomplished in any atmosphere, but E~beam heating must be pertormed in a

- vacuum.

3.2.9.4  RF HEATING (CATEGORY 1)

| RF heating is brqadly‘uséd in silicon epitaxy to obtain high temperatures
‘in a ”céld-wall" (and thus noncoﬁfaminafing) system. Heating of the silicon
for epitaxy is indirect, however,'in that a conducting suséépfor'is first

heated by the RF field; This_suscepfor, in turn, conductively heats the 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.

3.2.10 PATTERNING

MeTéllizaTion, antireflection coatings, and dielectric layers for diffusion

masks may require patterning in any given solar cell fabrication process.

3.2.10.1 PHOTOLITHOGRAPHY (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 wel | defined patterns on
irregular surfaces. Both are far preferable, thus, to contact printing.

In any case, mask alignment to the silicon substrate should be primarily'
mechanical, as opposed to optical, and realignments should be avoided if
possible because they ftend to be expensive. Exposure will continue to be by
ultraviolet or visible lighf unless some technological! breakthrough occurs in
either laser, E-beam, or X;ray exposure. Applicafibn is expected to be limited

to dielectric paTTerning.

3.2.10.2 SHADOW MASKING:

VACUUM METALLIZATION (CATEGORY 1)

PRINTED METALLIZATION (CATEGORY 4)

{ON IMPLANTATION (CATEGORY 4)

This technique is too wasteful of material to he utilized for vacuum mctal- "~

lization of solar cells. On the other hand, planar.P-N junctions can be formed by
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shadow masking during ion implanTafioﬁ with excellent results and itow cost.
If planar juncffons are utilized with ion implanTa*fon, maékfng will definitely
be doné,by this technique. |

Printed contacts are generally applied tThrough a screen which, in éffecf,
is a shadow masking éperafion. Printing contacts (in a manner analogqus'fo
operéfion of a printing press) wouid yield direct'applicafion in the desired
pattern; this technique, however, appears to be receiving no current development.

3.2.11, INTERCONNECT ION

Inferqqnnecfions of solaf cells into modules pose some sTrfngenT~require-
ments for performance and reliability. The interconnection scheme must not
contribute a substantial series resistance, or performance of the module can
be seriously degréded. Experience derived from the semicbnduéfor industry
would suggest that mefallurgical inferactions éfe the most likely failure
mechanfsms. These can lead to reduced Qufpuf; fdr example, as a fesulf of
‘increased éeries resistance, or interference with the pricaI path, or, perhaps

more commonly, opened connections.

3.2,11.1 SOLDER REFLOW (CATEGORY 4)

| . The most widely used, and probably the most cost effécfive, solar cell-
‘infercbnnecfign scheme utilizes solder refjow. The technology is feady and
has proven reliabilify;' Prbpefly applied, it can be used for the simultaneous

formation of all interconnects in a module.

3.2.11.2 THERMAL COMPRESSION AND ULTRASONIC LEAD BONDING (CATEGORY 1)
Though widely used in the semiconductor industry, thermal compression .

bonding is useful mainly‘bn smail diameter (less than about 100um) wires

where deformation is accomblished by pressures low coﬁpareq to the fracture
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strength of silicon. Where millimetor sized bonds are required, this process

is expected to be too damaging ToAfhe substrate to warrant furfher consideration.
Ultrasonic bonding is a low pressure process which utilizes ultrasonic

energy to smear metal surfaces together, thereby establishing intimate contact

for a metallurgical bond. It is not area limited, asAis thermal compression

bonding, but can damage substrates. |t is also an unlikely future choice.

3.2,11L3 WELDING (CATEGORY.S)

Welded contacts are péfen+ially as viable as those made by solder refiow.
Welding, however, requires higher temperatures than soldering and can reéulT
in damage to the solar cell. Welding is used on small space cells, hut its
application to high current terrestrial cells will require additional innovation.
Further detailed $+udy‘is required beforc recommendation for future use can be

made.

3.2.11.4 FILLED ADHESIVES (CATEGORY 2)

Metallic filled adhesives have had |ittle or no application for bonding
wires to solar cell metallizations. ‘Filled adhesfves are used in the semi-
conductor industry for relatively large area honding (e.g., die attach). These
materials have poore; elecfﬁical conductivities than metals, and the better
ones (e.g., gdid filled) are expensive. In é solar panel, where thermally or
mechanically induced tensile stresses on the interconnect Wires méy be expected,
the reliability of filled adhesive bonds is questionable. However, this field

is continually changing, and should be monitored.

3.2.11.5 CLAMPED CONNECTORS (CATEGORY 1)

A direct clamping to the cel! metallization is possible, especially if

metal smearing.at the contacts can be achieved without damage to the cell
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itself and pressure can pe maintained in the package. Without such smearing, -
moisture ihgression fo the contacts would increase resistance énd reduce
module reliability. Tooling would be expeqfed'fd be cdmplex to provide
»émearing without fracturing cells, with fittie assurance of control or

reliability. This process:is'deemed unlikely to succeed for solar cells.

3.2.12  'CATEGORY 4 PROCESSES

The processes which at this time abpear to have a very high prbbabilify
of incorpora*fon inTo'a-fuTure production processlare Tébulafeq'here as a
separate groupéf category 4 items.
| 1. Starting Condition
a. Sawed and Etched Surfaces
b. .Tex¢ure—E+ched'Surfaces
2. In-Process Surface Cleaning or Etching
a. Wet Chemical
b. .Plasma
c. Texture-Etching
'd; Scrubbing
e. Gés Stream brying
f.. Gravity (Centrifuge) Drying
3. Junction Formation
a. lon Implénfainn
b. Diffusion |
4. Metallization
a. Plating
b. 'Prinfing

c. Solder Coating

65



5. Antireflection Coating

a. Vacuum Deposition

b. Chemical Vapor Deposition
6. Annealfng

a. Resistance Furnace Heafing'

b. Low Temperature Radiant Heafing
'7; Patterning

a. Proximity Photolithography

b. Projecfion Photol i thography

c;, lon implantation Shadow Masking
8. InTerconﬁecTion

a. Solder Reflow

5.3 PROCESS SEQUENCING OPTIMIZATION AND SOLAR CELL FABRICATION

Solar cell fabrication is accomplished by performing a number of
individual process steps in a process sequence. While isolated individual
prccess steps may appear satisfactory when assessed alone, experience in the
semiconductor industry has shown that most process sTeEs require modilication
and trade-offs when incorpbrafed into an optimum process sequence. SuchA
modifications may necessarily be drastic, making an otherwise seeminély —
desirable individual process step undesitable when uliiized in +he scquonco.
This study portion of the program was undertaken to identify and opTimize over-

ail process sequences.

3.3.1 TEXTURED SURFACE-PHOTORESIST INTERACTIONS

As an example of process step interactions. a process sequencing study

investigated photoresist coverage of textured surfaces. The study identified
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an undesirable effect, resulting in corrective modifications to the photo-
resist procedure.

A process interaction between photolithography of dielectrics on textured
surfaces and plating of metal contacts was observed. The dielectric is deposited
on the textured surface to act both as an antireflection coating and as a
plating mask. Following dielectric deposition, the dielectric is patterned
photolithographically to define the metal contact pattern; and the metal contacts
are plated into the pattern openings. (The retained areas of dielectric serve
as a plating mask.) Failure of the dielectric as a plating mask can be observed
in a scanning electron microscope (SEM) photomicrograph (5000X), Figure 3-6.
Here, metal has plated onto unintentionally exposed silicon peaks 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 deposited 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
modified. Complete photoresist protection appears to be achieved by increasing
photoresist viscosity to 240 cp (0.24 N-S/m2) and reducing spin speeds to

3000 rpm.

Dl & PROCESS SEQUENCE SELECTION

Process sequences were selected utilizing the process steps placed in
Category 4. The process sequences are amenable to either P-on-N or N-on-P
cells. (For the sake of conciseness and convenience of presentation, the

processes outlined will result in N-on-P type cells.) The process sequences
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FIGURE 3-6: SEM Photomicrograph of electroless
nickel plated surfaces of unprotected
pyramid peaks, 5000X, 60° tilt.
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also chosen from process éTeps tolerant of ahyAsilicon substrate geomefry

are
and to varying degrees ofAsQrface'waviness, warp, etc.
3.3.2.1 ION IMPLANTAT ION/DIFFUSION PROCESS SEQUENCE

and

A process sequence utilizing ion implantation to form the P-N junction
diffusion to form the back ‘surface field is Iisted belbw:

Perform P+ dfffusipn-over entire wafer, simultaneousl|y growing Iayer of.
Si02. This forms the back surface ffelq.

Apply rgsisf to one side, remove SiO2 on opposite side, remove

resist. |

Texture etch exposed_silicon sur%ace}

Deposit silicon‘nifridé (CVD) over wafer surfaces.

Paffern metal grid into siiiﬁon nitride on Texfuréd surface using photo-
jithographic techniques, simu1taneously.cleaning dielécfrib from back
surface. | |

lon jmplanf front (textured) surface with N-type dopant to form N-P
junction. Iqﬁs ake.mechaniéally ﬁaskedAfroﬁ wafer edge to form planar
junction. - |

Anneal waférs to activate Implanted ions. P=N Junction in metal grid
openings is deeper than beneaTh-nifride.

PIaTe and sinter metallization, front and back.

Solder coat.

3.3,

2.2 DIFFUSION PROCESS SEQUENCES

‘Two process sequences utilizing diffusion for both P-N junction and. back-

surfacg field formation are idenTiffed below:
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DIFFUSION PROCESS SEQUENCE 1
1. Perform Blanket P+ Diffusion, Oxide Growth
2. Apply Phéforesisf, Protect Back, Etch Planar Junction Pattern in Oxide.
3. Texture Etch Exposed Fronf Area.
4. Diffuse Planar Junction
5. Remove Diffusion Oxide, Deposit Siticon Nitride
6. Photoresist Metallization Pattern, Protect Back
7. Metal Contact Diffusion
8', Strip Back, Clear Contact Areas
9. Plate and Sinter Metallization, Front and Back

10. Solder Coat

DIFFUSION PROCESS SEQUENCE ||
1. Perform Blanket P+ Diffusion, Oxide Growth
2. Apply Photoresist, Protect Back, Etch Planar Junction Pattern in Oxi de
3. Texture Etch Exposed Front Areas
4. Diffuse Planar Junction
5. Remove Diffusion Oxide, Nepnsition Silipon Nitride
6. Photoresist Metallization Pattern
7. Plate and Sinter Metallization, Front and Back
8. Solder Coat
The primary differenée between the two diffusion process sequénces is that
the first provides a deep P-N junction beneath front metal contacts while the

second sequence does not.
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3.3.% __ SOLAR CELL FABRICATION

Solér cells have been fabrlcafed.in our laborafory ufiliziﬁg both ion
impianfafion and diffusion process sequénces for P-N junction forhafion.
These cells were THen evaluated and compared. Evaluafion was based ubon
" short ci}cuif'currenf, open circuit voltage, maximum power point, and.prOCess
yield. | |
fon implanted cells have been evaluated under AMO spectrum, 100mW/cm
i1lumination. A three inch diameter cell with a blanar implanted junction in a
Texfufed 5urface‘exhibifed a maximum power point near 565mW. The blanar
juncfibn area, including retallization area, is approximately 43cm2, while the
wafer area is near 45cm2. This indicates an AMO conversion efficiency éf |
Aapproximéfely 13.1% based upon junction area and 12.6% based upon total wafer
area. These'efficiency fiéures would, of course, be higher if considered under
“AM1 illumination, and.indicafe that fon implanfafion is a viable procesé
technique -for high efficiency. solar cells.
Diffused-jdncfion cells have been similarly évaluafed, but under tungsten
Iliuminalion calibrated to yield tho same test as those obtained on ion
implantation is a yiab!e process technique for high efficienéy solar

cells.

tn all solar cell fabrication tests, P-N junction depth was near 0.5

micrometer, deeper than optimum for maximum short wavelength response and

overall cell efficiency. For shallower junctions, however, it was found that
yields were higher for diffusion and ion impfanfafion process sequences
which had deeper junction areas under the contact metailization regions than

for diffusion pfocess sequences lacking that teature.
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3.4 INTERCONNECT ION AND ENCAPSULAT ION

In order to establish working systems of usefui size, individual solar
cells must be interconnected iﬁ some manner, and then encapsulated. Inter-
connection and encapsulation both play a major role in establishing (and
enhancing) module reiiability.

~ There is a trade-off between solar cell durabi|i+y.in harsh environments,
and encapsuifation requirements to protect the cell from these envirqnmenfs.
This trade-off must be considered in terms of a minimum twenty year service life
for the encapsulated cell.

The cost effectiveness of any particular encapsulation structure i
"~ heavily dependent upon the expected Iffe.(MTBF, or mean time before failure)
of a totally unprotected cell ‘as coﬁpared +o the expected |ife of that cell
within the encapsulation structure. It is presently felt by Motorola that
single sided encapsulation structures, such as mounting on a glass cover, or
using an epoxy-fiberboard substrate pIqSAa silicone adhesive and covering for
~ the cells, are insufficient to protact cell structurcs for long leirm lerrestrial
service. Until the MTBF of unencapsulated cells can be projep*ed to 20 years,
Motorola feels both front énd back covers should be incorporated into the
encapsulation sysTemATo meet the reliability goals of fhe LSSA ProjécT.

It is anTicipaTed‘ThéTLThe most common failure modes for'solar cell
modules will be one of two types:

1; Failure of a solar cell jnferconnecf within the backage, as a result

of strains due to fherhal stresses or mechanical motion, or .as

a result of chemical or electrochemical corrosion.
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2. Locatlized interferonce of tho optical paTh,'by delamination or physical

coverage, ‘i.e., by a leaf, localized debris, or wildlife.

3.4.1  INTERCONNECT ION

. The above failure modes are most severe for Singlevconfacf, series
intferconnected cells, suggesting future use of both redundant cell contacts and
parallel-oriented celil interconnections. In aiming towards an MTBF 6f 20 years,
it must be expected-that somé interconnect failures will occur in a large
array. In a series-connected panel, failurerf an interconnect internal to
the package (open circuit to either side of a solar cell) will cause entire
module failuré (open circuit). The use of redundant contacts to each solar
cell will greatly reduce the magnitude of the effect of a single contact
failure on the module performance. Instead of an open circuit, the output
current will be reduced by some nominal factor (e.g.,'5%, but dependent upon
detailed cell design) if a singie fronT'surface contact opens.

Shadowing by relatively small objects is perhaps the most objectionable
fairure.mode of the series-connected solar cell panel. Although intermittent,
sﬁadowing by leaves, debris, of wildlife on the exTernal surface of a module
will céusé failure: almost Toféj open circui+ if an entire cell is shadowed,
and réduced current dufpuf if the cell is iny‘parfially shadowed.

These types of failures-may46e alleviated by incorporating redundancy
within a mddule Tﬁrough the use of a parallel or series-barallel cell inter-
connection scﬁemes. Some schemes increase module (and system) reliability
while insuring at least equivalent fotal system perfofmance. |

Any* interconnection (and encapsulaTién) désigh, thus, should'perm{f

incorporation of some degree of parallel interconnections.
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3.4.2 MODULE MATERIALS AND ENCAPSULAT ION

Materials must be chosen for solar cefl modules, both fof interconnection
and for encapsulation, on the basfs of functional compatability, long term
reliability, and cost. The emphasis, while sharéd between these criteria,
cannot compromise long term reliability. Accordingly, a set of encapsuiant
and interconnect maTérjals was chosen forléfudy on This>program, with emphasis
on proven histories of stability in terrestrial environments. Intferconnection
of cells is accomplished by solder reflow. The encapsulant system consists
of a front glass cover,-a stainiess steel back plate, silicone poTTing, and
~a stainless steel bezel to act both as a Sfrucfural member and as é sealing
surface for formed-in-place gasketing. This structure has been shown to resist
moisture ingression during stress testing as discussed in Section 3.4.4. The
;TrucfdreAhas good thermal dissipation and should offer long'service life.
Solar cell encapsulation nhas been successfully performed utilizing this

system.

3.4.3 PROTECTIVE COATINGS FOR. METAL ENCAPSULANT PARTS

A metal back plate may be utilized in encapsulating solar cells. |+
must be corrosion-resistant to achieve the twenty year |ife expectancy of
the module. Both aluminum.and stainless steel are possible materials, with

stainiess steel having the more suitable thermal expansion properties.

Atuminum 1s particulariy susceptible to ‘corrosion in environments containing
certain pollutants (e.g., salt, some industrial waste gases).

In order to reduce The'overall cost of encapsulating solar cells, it
would be desirable to utilize a material cheaper than stainless steel. Use
of cold rolled steel would result in a savings of 5X (i.e., stainless steel
= 60¢/ff2-— cold rolled = 12¢/ff2). These prices reflect the cost of sheeTts
15 - 18 mils thick. |t:appears that cold rolled can be used if properly

protected from the environment. A material, Rilsan Nylon ||, has been used
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for approximafely 25 yeers to coat items such as gae:cylinders, underground
piping, shfp parts and outdoor furnffure. It apparentiy has excellent wear
properties for these aﬁd other applications. Application of the maTer}al fe
achieved by electrostatic sprayjng.or fluid bee dipping follewed by a heat
treatment to fuse The powder. Elec+rosfafic spraying can provide layers of
approximately 3 mils while fluid bed applications have a minimum thickness
of 8 - 10 mils. Material cost of 2ﬁ¢/mil/fT2 results in 7¢/$12 for the
eleefrosfafic'process and 18¢ - 25¢ for the fluid bed process. Application
costs range from 2 to 5 Times material cost. Hence, electrostatic spraying
of nylon on cold rolled sfeel could reduce costs and give acceptable long
term reliebilify. FurThermore; numerous colors can'be applied; thereby |

imbroving reflecting and EadiafingAqualifies of the package.

3.4.4 _ MOISTURE INGRESSION

Semiconductor industry experience on reliability and failure modes indicates
that the solaf cell metallization énd>inTerconnec+ system can be expected to
be perhaps the region m55+ vulnerable to failure resulting trom package molst-
ure ingression. Absolute exclusion of moisture from a solar cel |l module fer
a period of twenty years would require hermetic seaTs, and hence would place
severe cconomic straine on the encapsulafion system. A far preferable solution
wquld be a mois#ere resfsfanf cell metallization and interconnect system,

Some current solar cell metallization systems, such as T{Tanium—
silver, ﬁave already shown reliabilify-problems in moist ambients and would
- require special protection techniques to achieve a twenty year minimum service
life. This is not unexpected from the experience in the semiconductor industry.

Design choices for future solar cells should be based on metallization system



reliability in moist ambients, and the final choice may be dictated primarily
by This.criferion..

It is not just.moisture, but. the combination of moisture and contaminants
in the environment surrounding the metallization and contacts, énd the effects
of applied or generated electfric fields and contact pofenffals, that must be
considered; Even gold, which is considered to beiqUiTe inert, has been shown
to exhibit severe degradation via eIecTrochemicél 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 moisturc ingression into potential
encapsulation and materials configurations has beén investigated. The fechnique
involves impregnation of color-indicating-dessicant materials into mock-ups
of module designs. In a preliminary test, a color indicating dessicant was
impregnated into a silicone potting compound in dummy modules with a glass
cover and a stainless steel backplate. The moduleé wére then boiled in water
for times up to two weeks, periandically inspecting the dessicont. An approux=
imate value for both interfacial and bulk moisture ingression can be obtained
merely by visual inspection. This technique is one of those being utiliized

toevaluate encapsulation designs and materials.:

3.5 COST ANALYSIS

Analysis of the costs of performing both individual process steps and process
sequences was performed. This énalvsis was based upon today's technology pro-
Jected to iarge volume production, and has been performed in a format conforming
to the information chart utilized by JPL for summary of Tésk IV data. This

tormat Identifies the tollowing items:
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Material

'EXpense

Labor

Ovérhead

Interest

Depreciation

Capital Equipment

Facilities

The “three prjmary‘assumpfions maae in this cost analysis are:’

1. The factory produces only one producf.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_oftfhe'level of automation,
Throughpuf,'mafunify of prOcesg, etc.

3. 'Overhead charges can be defined fdr a new, dedicated factory and need not

be patterned after any existing factory.

In order to perform a defajfed cost analysis,:a methodology was first
'developea with general inputs and assumptions being defined. . 1t must be
cautioned at this time that MoToroLa's'meThodology may differ from me#hodologieé
used by the other Tésk IV contractors performing a similar study. fhis means,
Thug, that ditterences in assumptions énd.cosf inputs by each contractor Qili
result in different cost allocations per category. . The most meaningful |
comparison between various contractor's cost anélyﬁes must be made on the Total
Cost basis. Further, costs were developed on an individual process step basis,
but meéningfd! cost analysis for solar cell manufa;furing can only be made for
a total process sequence. Each process step cost must, then, be pléced in al

viable process sequence, and adjusted for the total process sequenée yield
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fol lowing that step in order To'havo a true significance in manufacfur?ng
cost analysis. In order to allow this adjustment to be made, Individual
processing step costs are being calculated 6n a 1007 yield basis, with a
probable process yield percentage being estimated fér use in subsequent

process sequence yield calculations.

3.5.1 GENERAL AND SPECIFIC COST ASSUMPTIONS

" The following pages present in tabular form the assumptions and inputs

utilized for the processing cost analysis.

Electrical power conéumpfion‘ﬁés been allocated between the overhead
account and Tﬁe expénse account. In calculating the overhead allocation,
the base level of building services for lighting and HVAC (heafing, venffjafing,
and air,cohdifionfng) was assumed and al located on the basis of fioor space.
qu the expense allocation, .identifiable elecTriéal consumption for each
process (including equipment power and HVAC for power dissipation, exhaust
and make-up air, and body heat contributed by personnel) was utilized.

In addifion to chemicals, electricity, D.l. water, and waste Treafmenf,
some process steps have significant consumption of expendable items. Where
possible, items such as quartz, brushes, pump oil, holders and carriers, masks,

screens, and adhesives have been identified and included in the expense column.
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GENERAL INPUTS & ASSUMPTIONS

Factory produces only one product and supplies less than ten customers

79

' 2. Annual production fevel = 500,000,000 peak watts |
3. :Tofal work’days/year,= 240; (260-20, vacation, hol.iday efc.)x
4. One work day-= 3 shifts = 22.5 work hours; (24=1.5 lunch)®
5. First ‘shift, second shift, third shift - 8, 8, 6.5 hrs. respectively
6. Second and third shift premium = 10% '
7. Balanéed‘line’operafion for. all three shifts resulting in-an effective
labor rate of 1.064 fimes the first shift rate.
8. First Shift Rate = $4.00/hour
9. Silicon sfarTing'haTerfal cost = $0
10. Starting material. sheets =3 inch:(7.6cm)_Dia, Siffcon wafers; Area = 45cm2.
11, One module = 48.sfarTiﬁg material sheets’
12;"Efficién¢y/¢erl - 15% (average) '
13. Output power/cel] = 0.667 peak watts (average/cell)
14, Output power/module = 30:peak watts (average/module)
15. -Ihdividuél proéessgsfep cost esffmafes are based on 100% processfng;
- step yields. " (Actual process step cost is achieved by multiplying the
true process step yields for the overall process sequence)
16. Elecfkiéify cost = 2.5¢/KWH | |
17. Burden and fringes = 40% of labor
18. Iﬁferest:rafe = 9%/year
‘19. Depreciafion on equipﬁen+<='SL 7 yearé
'20. Debreciafion on Bﬁflding = SL'40 years
21. Support electrical consumption = $I.36/f+2/year4(|9clddes fighting at
4 waffs/ffz; HVAC at 40% duty cycle of 10 watts/ft“ and yearly run rate
of 6800 hours or 100% work week plus 10% weekend factor). o
22. Other utilities (water) = $O;06/f12/year (In part, dependeaf.on total
number of employees but assumes a density of people per ft’ consistent
with automated production level of Assumption 2.)
‘237 Miscellaheous buiIding serviéés =$O.45/f+2/year (estimated)



DEFINITION OF ACCOUNTS

Materials

Items which are incorporated into the final cell which can be identified
in their original form, e.g., (silicon, solder, steel, glass, etc.)

Expense |tems

Items that are consumed in the manufacturing operations that do not
appear (in their original form) in the final cell e.g., (acids, solvents,
gases, dopants).

. Labor

Actual direct labor costs increased by burden and fringes (40%) (Examples
of burden and fringe accounts are shown in attachments).

Overhead

All other costs not identified as material, expense, labor, interest, or
depreciation (examplés shown In attachment),

Interest

Fee paid on investment debt, (9% of capital: Equipment + Facilities).

Depreciation

Straight line 7 year dépreciafioh on equipment (|4.3% of capital), 40 year
depreciation on facilities (2.5% of facilities).

. Totals

Sum of materials, expense items, labor, overhead, interest, and depreciation.

Process Yield

Estimated thru-put yleld; net good units/input units.  (Process scquence .
yield product of process step yields.)
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10.

BURDEN ACCOUNTS
(EXAMPLES)

Utility Operators

"Employee instruction time

Set-up Time'

Clean-up time

Coffee breéks and rest room time
Material handiing and transfer

Data compilation and transfer

'EMPLOYEE FRINGES
 (EXAMPLES)

Vacation

Hol i day

Retirement Fund
Insurances
Cafeteria

F.1.C.A.

Unemp loyment Taxes
Credit Union
Employee~Sales

Recreation Activities
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ASSUMPT IONS FOR
BUILDING & MANUFACTURING

Factory floor space will be 70% production, 30% support (offices, warehouses,
;afeferias, etc.)

Construction cost for production space is $80/sq. ft.
Construction cost for éupporT space is $30/sq. ft.
Construction cost for factory is $65/sq. ft.

One factory sq. f+.. = 1.43 machine sq. ft.

Interest Rate = 9%/year.

Depreciation Costs =_| / year
40

Taxes & Insurance = 5%/year

Summary & Cost ldentification
- Average Factory Space -

a. Depreciation ='(—lﬁ (65)

$1.62/sq. ft./year

40
b. Interest = (9%) (65) = $5.85/sq. ft./year
c. Taxes & Ins. = (5%) (65) = $3.25/sq. ft./year
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N

OVERHEAD ACCOUNTS.
SPECIFIC_ASSUMPTIONS

Committed Costs: Floor space charges, taxes and insurance, at 9% of
construction cost.

Direct Factory Overhead: Payroll for supervisors and foreman;
expense items not covered previously such as telephone, office supplies,

“protective clothing, filters, plant supplies, electronic parts, carrier

supplies, equipment maintenance, etfc.

$12,000/year + 25% Fringes

2.1 Pay Rates: Supéryisor !
: $16,000/year + 25% Fringes

Foreman
Maintenance
Tech

$11,500/year + 25% Fringes
2.2 Labor Ratio: S:F:MT:Operator = 3:1:6:100

....This results in an effective rate of 15.0% of direct labor
on a three shift basis factoring in premiums.

2.3 Other Expense: 3% of Direct Labor

Indirect Factory Overhead:

$14,000/Yr + 25% Fringes
$17,000/Yr + 25% Fringes
$16,000/Yr + 25% Fringes
$12,000/Yr + 25% Fringes

3.1 Pay Rates: Production Control
Ind. Engineer
Cust. Service
Inventory/Audit

3.2 tLabor Ratio:
’ PC:1E:CS:IA:OPERATOR = 12:3:1:4:1000

...This results in an effective rate of 3.8% of Direct Labor
on a three shift basis factoring in premiums.

Material Support: Chemical mixing and preparation, purchasing,

inventory control, material control, warehouse.

4,1 Pay Rates: Chem. Mix . $8,300/Yr + 25% Fringes
Purchasing $16,000/Yr + 25% Fringes
Inv./Mat'l Control = $14,000/Yr + 25% Fringes
Warechouse . = $12,000/Yr + 25% Fringes

4.2 ‘Labor Ratio: A ‘
CM:P: IM:W:0PERATOR = 3:2:8:12:1000

++.This rosults in an otfective rate of 3.7% of direct labor on
a three shift basis factoring in premiums. ‘
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Building Services: Janitorial, security, plant engineering, maintenance,
electricity and other utilities at rate for supporT floor space (back-

ground).

5.1 Support electrical consumption = $1. 36/fT /year (|ncludes lighting
at 4. waTTs/sz- HVAC at 40% duty cycle of 10 watts/ft2 and yearly
run rate of 6800 hours or 100% work week plus 10% weekend factor).

5.2 Other utilities (water) = $O.O6/f+2/year level of 500,000 peak watts
per year.)

5.3 Miscellaneous building services = $0.45/ff2/year (estimated)

Quality Assurance: QA and AC at 1.5% of direct labor (includes equipment
calibration but not process control)

Sustaining Engineering:

AY

$11,500/year + 25% fringes
$17,000/year + 25% fringes

7.1 Pay Rates: Technician
Engineer

S hn

7.2 Labor Ratio:
T:E'OPERATOR = 15:15:1000

.This results in an effective raTe of 5.4% of direct ilabor on-
a fhree shift basis factoring in premiums.

R&D Engineering: Assumed constant at $10,000,000/year and constant 10
step process sequence. Therefore, $1,000,000 will be arbitrarily

al located to each process step. For example, the R&D costs would be
equivalent to a 4% of gross sales for the factory at $0.50/watt.

Ma jor FacforyARevisiOns: Equipment and facilities construction, machine
shop, étc. Assumed at zero net cost. Any designed and implemented changes
must be ottset by an quivalenf cost savings.
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~ ACIDS

SOLVENTS

'HZSiCI

HF

Acetic
Nifric
HCI _
Sulfuric
NH4:HF

Waste Treatment

Ethylene GchoI
léo Alcohol
Acetone _
Butyl Acetate
VMP

Resist 44cps |
DIH,0

2
J100

Nifrdgen

Helium

Argon

Oxygen
8CI
PH3
Hydrogen

3

2

NH3

EXPENSE_COSTS .

2.90/Gal .
3.95/Gal .
2.45/Gal .
2.97/Gal .
2.45/Gal .
2.97/Gal.

P A A A A A &

$19.20/Gal .
$ 1.05/Gal.
$ 1.15/Gal.
$ 2.60/Gal.
$ 0.75/Gal .
$55.19/Gal .

$ 0.0031/Gal.
$ 7.25/Gal.

$ 0.0033/CF
$ 0.044/CF
$ 0.1172/CF
$ 0.002/CF

‘$ 3.4091/CF -

$28.0702/CF
$ 0.044/CF
$ 8.6331/CF

" $ 1.0619/CF

.85

0.0020/Gal. X DIH

O consumption



The following table shows the specific assumptions made with respeéf

to-capital equipment, floorspace, power, and labor for each processing éfep.
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EQUIPMENT DEFINITION

SPECIFIC ASSUMPT IONS

Q A é(x Y
A S Q NS
_ A o o | & O [ 2 « S
P 3/?‘ Y > Q\Q . SOEA N N\ ‘ \) ?‘5 O AN
PROCESS STEP ITEm CE[FE [LE [ & [ & RO AR
1. Brushing Scrubber (HF) 14.825 45 250 12 80 .2 33 88
Hood for scrubber 1.435 .24
2. Plasma Plasma (etchings) 65.0 36 200 5.0 20 . 165 .88
(Dielectric
etch)
3. Standard 6' Acid Hood 4.5 45 800- 1.1 1 1800 1.5 .5 92
Solutions 6' Solvent Hood 3.8 45 800 1A . 1800
4. Centrifuge Rinser-Dryer 2.5 30 600 1.0 1.6 23.2 .25 .88
Drying
5. Silicon 6' Hood Barrel-etch| 5 45 | 200 .5 900 2 .5 .92
Etching
(one side)
6. Silicon 6" Hood Barrel-etch 5 45 200 .5 900 2 .5 .92
Etching
(two sides)
7. Texture Efch |6' Hood Texture etch 4.5 45 200 1.1 1800 ° .5 .92
8. Edge Grinding Edge Grinder '16.1 45 125 1.1 80 .33 , .88
9. Photo-resist : A ;
(App ly-Exposet .Coater-Oven 18.120 80 250 2.4 120 3.96 .88
Develop}. Deve loper-0Oven ~15.005 250 2.4 120
Alignment Tool 30.718 45 200 1.2
10. Photo-Resist |6' Acid Hood 4.5 45 400 .| 11 1800 1.5 .5 .92"
(Remove) 6' J100 Hood - 4.5 45 ~400 1.1

1800




EQUIPMENT DEFINITION
SPECIFIC ASSUMPTIONS

88

$ o~ Sof @ S
) R BTSN PN AN Nl
PROCESS STEP I TEM T[S [N O [FE o7
. .
11. Plasma (P.R. | Plasma (ashing} 1. 18 100 1. . 165 .88
Remove)
12. Dielectric 6' Acid Hood 4.5 45 400 1. 13800 .5 .92
Etch (Wet) -
13. Etch Stop Ccater-Oven 33,3¢ 80 500 4.8 120 .33 .88
- (Apply)
14. Spin-On Diffn] Ccater-Oven (3fin) 33, 80 500 4, 120 .33 .88
15. Spray-0On Coater-Oven (5gray)| 33. 80 500 4.8 120 .33 .88
Diffn.
16. Drive-In (Diffusion-Driwe 67 275 1000 | 140 125 24 .88
(Diffusion) In) Ciffusion FCE
17. Silicon (Solid Source) 67. 275 500 | 140 125 24 .88
Source Diffusion FCE
(Solid)
18. Gas Depositiod (Gas Dep. + Diff'n)| 67. 275 1000 | 140 125 24 .88
and Diffusion]| Diffusion FCE
19. Doped Oxide (CVD) Diffusion FCE| 67. 275 1000 | 140 125 24 .88
(CVD) Diff'n
20. lon Implant I2 - 2mA 300. 400 80 20 200 .5 .75
21. lon Implant 12 - .1A 500. 400 2500 50 230 .5 .75
(Advanced)
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EQUIPMENT DEFINITION

SPECIFIC ASSUMPT IONS

\«* \\c.)'\ N\ <( 3 \2\\%‘((,’\~k
- < 1N RN X N A RO SRS OPAN N
, 5% 2 A \ XN SN NI AR SIS
PROCESS STEF I TEM P [ o Qo“?’\@% N [ \Qg*\ \\\Q\ ECAS '
22. Vacuum (box coater) 112 225 160 12 20 6 .5 .88
Metal lization| E-Beam Evap.
Cu, Al
23. Thick Film Screen Printer 37.55 | 40 2000 1 : 757
Ag Front ‘Annealing FCE 20 64 2000 8 125 15 1 '
24. Thick Film Screen Printer 37.55 40 2000 1 1 .75
Ag Back Annealing FCE 20 64 2000 8 125 15
25. Electroless Electroless Plate .90
Plating - (1) 6' Hocd 4.5 45 1 7200 1.1 1800 0 1
(2) 6" Hocds 9 90 7200 2.2 -1 3600 3 1
(2) 6' Hoods 9 90 7200 2.2 3600 0 1
(2) 6' Hoods . 9 30 7200 2.2 3600 [ 3 1
(12) Rinser-Dryer { 30 360 7200 12 0 19.2 3.
(2) 8-pack FCE 134 550 7200 280 250 0 48 2
(2) 6" Hoods 9 90 7200 2.2 3600 0 2
(2) 6' Hoods 9 90 7200 2.2 3600 3 1
- (12) Rinser-Dryers | 30 360 7200 2 0 19.2 3
TOTAL 244 1765 7200 316.1 20050 47.4 48 15 .90
26. Electrolytic Etectroplate 244 1765 7200 316.1 20050 47.4 48 15 a0
Plating
27. Solder Flux Dip Hood 20 60 7500 5 200 1 -88
Coating Pre-Heat Oven
Solder Pot :
Aqueous Cjeaner 30 60 7500 2 200 3
or

Solvent Hood
Rinser-Dryer
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EQUIPMENT DEFINITION

SPECIFIC ASSUMPTIONS

: &
< < < o Nq < AR
e b Y A [ & P [T o A 2L AT
PROCESS STEP ITEM "Jd:s WO T [T R [ S RO O
28. Silicon (CVD) Diffusion FCE| 67 275 1000 140 125 1 .88
Nitride (CVD)
AR
29. Oxide Growth | Diffusion FCE 67 275 2000 140 125 [02) 24 1 .88
AR
30. Spin-On AR Coater-Oven (Sain) 33.39 80 500 4.8 120 <33 .88
31. Evaporate AR | (box coater) 12 225 160 12 20 .5 .88
E-Beam Evap.
32. Add Solder Flux Applica-or - yA) 60 7500 5 200 .5 .88
Wave-Solder
Conveyor
33. Refloa Solder{Cell Align 79 150 3000 10 200 20 1 .88
Belt Furnace :
Conveyor
34. Conduztive Screen Printer 37.55 4C 2000 1
Adhesives Annealing FCE 29 64 2000 8 125 15 1 .75
Panels
35. Glass Alignment Fixture 12 24 720 .5 2 .88
Superstrate (12) Siticone Mix- 35 4327 720 12 600
Dispense
(24) Vacuum Chamber | 283 172¢€ 720 36 1200
(36) Oven 283 648C 720 360
TOTAL 6214 8664 720 408.5 1800 2 .88
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EQUIPMENT DEFINITION

SPECIFIC ASSUMPTIONS

. A N \ & M) ) 2 A
. P &N W [ 0 LN T YT IR AN
PROCESS STEP A ITEM SIS | ?SL\(\ CF‘Q. \\‘\Q\e\ 0 \“5\ <R \Cf \‘?"L\qu‘\ \\\\x\ %«\,g \OQ\' \S\\\,
36. Glass with Same as 35 + 624 8664 720 .408.5 1800 2 .88
Substrate (2) Riviter 6 48 7 1.0 '
TOTAL 630 -|.8712 720 409.5 | 1800 2 .88
37. Electrical Solar Simulator 30 45 1200 2 i .83
Test (Cells) |[Electronic Load
Data Acquisition
Cell Stage ’
Electrical Solar Simulator 95 250 720 " 4.5 1 .88

38.

Test (Modules

Electronic Load
Data Acquisition

Panel Stage




3.5.2 PROCESS STEP COSTS

Results of the costing study of each process step are presented in

the next tables.

—— e,

92




COST SUMMARY
TODAY'S TECHNOLOGY

S “($/WATT) N .
'\Q’Q\ - Q$ \Q/\’ . =)
7 ¢ o < & ; A N
(8*\' Q§C) @ Qf(} Qfo% . Q,Q\ % N Q\Q’% O
PROCES ¥ K > & & 3l TotaL /e % SR >
PROCESS STEP ¥ < S D N} N - /< /&
1. Brushing . 2.0 .0073 0134 .0066 .0023 .0031 | .0327 99.5 .0205 .0053
2. Plasma (Dielectric 0.0 L0031 .0084 . ]. .0050 .0064 | .0096 .0425 99.8 .0663. .0053
Etch) » '
3. Standard Solutions | 0.0 .0041 f .0061 | .0042 { .0006 | .0005 | .0155 | 99.8 .0031 | .0032
4. Centrifuge Drying 0.0 .0014 .0042 -} .0035 .0003 .0002 .0096 99.8 .0013 .0015
5. Silicon Etching : 0.0 .0124 .0243 .0102 .0012 | .0012 .0493 | 99.5 >.0076 .0063
-(one side)
6. Siticon Etching {1 0.0 .0161 .0243 .0102 .0012 .0012 .0530 99.5 - .0076 .0063
(two sides)
7. Texture Etch | 0.0 .0097 | .0243 | .0102 .0012 .00 .0465 99.6 .0068 .0063
8. Edge Grinding | 0.0 | .0209 | .0269 | .o0113 .0046 | .0061 .0698 ? .0407 .0106
a. APhofo—ResisT 0.0 .0107 .0403 .0159 .0073 .0097 .0839 99.4 .0648 .0160
(Apply-Expose-Dev.)
1¢. Photo-Resist (Remove) 0.0 .0213 .0061 | .0042 | .0006 .0006 .0328 99.7 .0034 .0032
11. Plasma (P.X. Remove) 0.0 . 0009 .0084 | .0049 . 0004 .0003 .0149 99.9 .0016 .0026
iz. Dielectric E+ch (Wet) 0.0 .0044 .(081 | .0047 .0004 | .0004 .0180 99.6 .0023 .0021
"I, Efch Stop (Apply) 0.0 .0091 . 0067 .0044 .0023 .0031 .0256 _ 99.8 .| .0211 .QO47
4. Spin-On 0.0 .0154 [ .0067 .0044 .0023 .0031 .0319 - .0211 .0047
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COST SUMMARY
TODAY'S TECHNOLOGY

(S/WATT) o
v ~’\<‘§\% E A Y:\\\OV\ <« v & ¢
. ,\QS*\\X QF\C;O ) oF QSSJ‘Q ‘\Qg&% g Q;’&\ @&;’P ?52\’\\;\“‘\9\§ 0\\'\/\

“PROCESS STEP e K & o N\ N TOTAL /% AL

15.  Spray-On 0.0 0152 | .0034 | .0032 | .o011 | .c014 | .0243 | -- .0095 | .0023
16. Drive=In (Diffusion) | 0.0 | .0099 | .o102 | .0057 | .o026 | .c032 | .0316 | oo. .0212 | .0081
17. Siticon Source (Solid)| 0.0 0173 | .0407 | .o16t | .0053 | .0065 | .0859 | 9s. 0423 | .o0162
18. Gas Dspositon aid 0.0 | .0174 | .0102 | .0057 | .0026 | .0032 | .0391 | 99. .0212 | .0081

Diffusion
19. Doped Oxide (CVD) 0.0 |.0174 | .0102 | .0057 | .oc26 | .0032: | .0391 | 9. .0212 | .0081
20. lon Impiant 0.0 [ .0097 |[.0746 | .0357 | .1406 | .2029 | .a635 [ 98.0 {1.300 | .1723
21. lon Implant (Advanced| 0.3 | .0014 | 0022 | .0030 | .0067 | .ot01 | .023¢ | 9. .0695 | .0052
22. Vacuum Metallization | .0624| .049C [ .0318 | .0146 | .0235 | .2326 | .1540 | 99. 2211 | L0413
u, A

23. Thick Film Ag Front .0¢57| .0040 | .0060 | .0040 | .oo11 | .2016 | .0624 | 99. .0107 | .0018
24. Thick Film Ag Back .1988| .0040 | .0060 | .0040 | .0011 | .00t [ .2155 | 99. .0107 | .0018
25. Electroless Plating .0505| .0256 |..0145 | .0089 | .oot1 | .0012 | .0818 | 99. .0073 | .0049
26. Electrolytic Piating | .0305] .0256 | .0145 | .0089 | .o011 | .0012 | .0818 | 99.6 | .0073 | .0049
27. Solder Coating :0223| .0002 | .0014 | .0025 | .0002 | .0003 | .0269 | 99. .0021 | .0005
28 Siticon Nitride @D)| 0.0 | .0098 | .010z | .0057 | .026 | .002 | .0315 | oo, .0212 | .0081
29. Oxide Growth 0.0 | .0049 | .005t | .0039 | .0013 | .o016 | .o168 | 99. .0106 | .0040
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COST SUMMARY
. TODAY'S TECHNOLOGY

(modules)

~ ($/WATT)
A\Q}‘\% '\\QV\ <<’\,o
A W A oF Fa Wt/
' : & & & (838, Q,QS(’CJ & chvc’ / ?\,\Q\“ W
PROCESS STEP WS AR o A SR A AT
30. Spin-On 0.0 .0079 | .0067 | .0044 | 0023 | .0031 | .0244 | 97.0 0211 | .0047
31. Evaporate .0019] .0022 | .0318 | .0146 | .0236 | .0326 | .1067 | 99.0.-| .2211 | .o0a13
32. Add Solder .6014f .0001 } .0007 | .0022 | .0001 | .0001 | .0046 | 99.8 .0008 | .0002
33. Reflow Solder 0.C .0001 .0170 .0032 .0008 | .0011 .0222 | 99.8 .0074 .0015
34. Conductive Adhesives | .c045| .0002 | .0060 | .0040 | .00t1 | .o016 | .0174 | 99.5 .0107 | .0018
35. Glass Superstrate . 1817} .0004 .0006 .0027 .0012 .0010 -] .1876 99.4 .0057 0074
36. GIass'wiTh‘SubsfréTe .3448] .0004 .0006 .0027 .0013 0011 .3509 99.0 .0063 .0081
37. Electrical Test 6.0 .0001 .0085 .0048 .0008 .0012, .0154 99.8 .0079 .0011
' (cells) :
38. Electrical Test 0.0 .0000 .0003 .0021 .0001 .0001 .0026 99.8 .0010




3.6 PROCESS SEQUENCE CHOICE

‘ Once the costs for each process step-and a projected prdcessing yield for
that step have been formulated, the cost and yield of specific process sequences
can be determined. Based upon both technical and cost data, future prccess
sequences will contain The'fbllowing steps:

1. Brushing (or pressure scrubbing)

2. CenTrifuge-drying

3. Texture etching (orientation permitting)

4. lon-implanfafion

5. Antireflection coating

6. Eilher printed or plated metallization

7. Solder reflow interconnection -

8. Glass covered encapsulation (with metallization reliability

determining backing requirement)

The choice between printed metallization or plated metaliization has
dramatic influence on the process choié¢es for the prucessing scquonco. The
printed metaliization demands that the antireflection coating be placed on the
cell after metallization to avoid a costly realignment. Conversely, the piated
metal requires a patterned mask, preferably +the antireflection coating,
for alignment. This patterned plating mask will most likely require a photo-
resist sequence. Based upon consumed maferials‘and technology arguments,
such a photoresist sequence cbuld well utilize plasma process sTepS for
both etching and ph6+oresis+ removal. Thus, the single choice between
plated and printed metallization demands different brocess step deveiopment
as well as process sequence development.

Specific examples of procegs sequences and cost data are presented . .in

~ The following tables.
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3.7 COST LIMITS, PROJECTIONS, AND PROCESS AREAS REQUIRING ADVANCED

DEVELOPMENT

Direct processing costs can be conveniently separated into the three
distinct categories of labor, material, and capital. |If, as is the goal
of Task IV, an automated factory with a high volume throughput is realized
in the 1980's, some definitive statements can be made concerning each of
these direct cost categories. FirsTﬂ if.a truly automated factory is
achieved, direct labor costs will be minimized and will not form a major cost
confribution. Second, if the automated equipménf can achieve a high volume
throughput, the capital cost per unit will be low. Finally, material costs
will be optimized by achieving maximum material utilization, but costs cannot
be below some minimum value needed to physically form the solar celis. In
- the limit of these argumenfé, if labor costs approach zero and capital equip-
ment throughput approaches fnfinify, the limiting cost factor is Tﬁe cost of
consumed materials in manufacturing solar cells.

The effect of this arugmeﬁf is apparent when the cost data presented
in this report are scrutinized. Labor is a major factor in the costs based
on today's leclmology, with capital rosts also beinq high. For processes up
to encapsulation, projections look reasonable for ERDA goals for 198b.
(Encapsuiation costs, however, appear less promising and willlrequire considerable
innovation to reach The goals.) |t can be stated at this Time, houwever, that '
certain technology areas require advanced development in order to ensure
processing cost goals. These areas are:

1. Loﬁ implantation with increased beam current.

2. Plasma efching and cleaning processes to eliminate wet chemistry

steps.
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" 3. Printed metallization Technology to.reduce costs and increase
reliability. |

4, Plated mefallizafion'To increase'conffol and reduce costs.

5. Spray-on technologies to ensure‘effecf%ve cqafings for any solar

cell substrate, geomefry, and surface condition.

DévelopmenT of both printed and plated metallization fechniques,}s
recommended at This‘fime; t0o ensure that aT least one meTa!IizaTéoh sysfem
with suberior reliability can be found and advanced to the state of economical
processing. Such a‘sysfém is necessary to assurejlqng term Térfesfrial

reliability utilizing projected ehcapsulafion materials and technologies.

3.7.1 DEVELOPMENT OF AUTOMATION AND SCALE-UP CONCEPTS

‘Cost studies included in this report have assumed that a machine in the.
" process lfne will be ufiliied less Than 100% of the time due to operafdr
breaks and lunch hours as.well as machine mainTenancé and repair time.
tach piece of equipment.in.the processing facfory will be inoperative for
random and varying periods-éf time due to repairs and maintenance. It 15 an
- obvious objective To_ensbre,fhaf if one piece of equipment is jhoperéfivé,
the overal | rate of produéfion through the processing line should not be
halted as a result. The factory design, Thus, should allow for equipmeﬁf
downtime .

Equipmenf failure or routine downtime cén be elimihafed if, fqr ea;h
process step, many machinesroperafe in parallel with a queuing area before
i+. As each machine bscomes avaflable for processing, materials from the
queuing areas are fed to iT.' Any machine that is fnoperafive is merely by-
passed until it is again available for processing. This ié a necessary
concept: for prbper uTiIi;aTion of all equipment and minimization Qf capffal

equipment and facility investment.
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4.0 CONCLUS IONS

This program has emphasized the evaluation of individual processing
steps and complete procéss sequences for technical feasibility and cost
effectiveness. The overall conclusion from this study is that no fundamentally
new development in processing technology is required to meet the long range
LSSA Program goal of large scale sofar panel production at a selling price
of $0.50/peak watt. in order to achieve that goal, however, it will be
essential to further develop (and subsequently automate) existing technologies.
Some highly promising processing areas, including ion imptantation, plasma
etching aﬁd cleaning, plated contacts, and printed metallization, should be
the subjects of specific advanced development work to permit full evaluation
of their potential technical and economic contributions. An understanding

of cost effective. control limits on process steps is also necessary.
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!t

.0 RECOMMENDAT [ONS
No speCific recommendations, other than technological areas identified
and recommended In Sections 3 and 4 for further development, are méde in

this report périod.

6.0 CURRENT PROBLEMS

No .speci fic problems have occurred to the date of this report.

7.0 WORK PLAN STATUS

The work plan is on schedule.

8.0 LIST OF ACTION |TEMS

No ifems'requiring unusual acTion'have come to light during this report

périod;_~
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