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1.0 SUMMARY 

This annual report is a critical review and compilation of work performed 

to ahalyze, both technically and economically, the state of technoiogy ·readin~s~ 

for the automated production of solar eel Is and modules. The long-term 

objective solar module characteristics include a sel I ing price of less than 

$. 50/peak watt and a mean-ti me-before-fa i I ure. CMTBF) of 20 years in any 

terrestrial environment. While efficiency is important to attaining the 

cost goal, it is a most significant factor in array economics; accordingly, 

this program has stressed high efficiency, with a suggested eel I goal ot 

15%. 

The analysis emphasized technical evaluation of individual process 

steps first, and then concentrated upon process sequences for making solar 

eel Is and modules. · F~rther analysis was performed· to yield a detailed cost 

study of individual process steps; this was app'I ied to the cost analysis of 

potentia·1 process sequences. Potentially economical process sequences formed 

from process steps deemed to have high technical merit were then identified. 

Potentially promising technnlnoia~ needing further dcivclopment to achieve. 

satisfactory maturity were then identified. It is the conclusion of this 

study that, while specific areas of technology need advanced development and 

the source of si I icon needs definition, no fundamentally new technology needs 

to be developed to permit ~anufacture of solar eel Is which wi I I meet the 

1985 LSSA Program cost goals. 



2.0 INTRODUCTION 

Phase I of the Automated Array Assembly Task, LSSA Program, is concerned 

with a comprehensive assessment of the improvements .in existing technology 

that wi I I be· needed to develop, within a period of no more than 10 years, an 

industrial capabi 1·ity for 16w cost, mass production of very durable, efficient 

si I icon solar photovoltaic modules and arrays. 

This program was organized to incorporate solar eel I design, process 

adaptation, process sequencing optimization, technology assessment, solar 

cell fabrication, interconnection and encapsulation~ and.cost analysis in 

an interrelated way such that the final choices for particular process 

sequences would be realistic and have a' high probabi I ity for succe~s. ·Out 

of the study would also come the identification of areas of technology that 

co~ld contribute significant·ly to the long term objectives dependent upon 

the successful conclusion of additional, specific R&D effort. 

There have been interactions and heavy inderdependence upon other Tasks 

of the LSSA Program, espec~al ly upon the tasks responsible for developm~nt 

of a process to supply si I icon sheet for solar eel I fabrication, and encapsul­

ation of solar eel I panels. This interdependence has required, in some 

instances. assumptions about future results in order to permit progression 

toward meaningful conclusions in the time frame of this program. 
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3. 1 DESIGN IMPROVEMENTS 

In order to effectively evaluate processes and proc~ss seq~ences, it 

was first necessary to.establish minimum, or baseline, design considerations 

for ~he solar eel I and its constituent elements. It has been Motorola's 

contention throughout this contract that it is necessary to develop a solar 

ce I I design mode I (or design mode Is) which e·ffect i ve I y characterize the 

highest efficiency si I icon solar eel I capable of being produced uti I izing 

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 si I icon solar eel Is be minimized. Any process 

sequence, thus, must be based on a solar cell design model which reflects 

current state-of-the-art practices as wel I as additional concepts not currently 

incorporated in solar eel Is but envisioned as I ikely to contribute to future 

solar eel I improvement. The fol lowing sections first treat basic design 

considerations, and then discuss specific sol:ar eel I design features. 

3. 1. 1 BASELINE DESIGN MODEL CONSIDERATIONS 

A solar eel I can be considered as a co-operative group of individual 

elements, including an antireflection coattng, the front surface, a junction 

re~ion, a substrate, a back surface, and front and back metal I izations. Each 

element can be ·characterized with a I ist of desirable properties. 

3.1.1.1 ANTIREFLECTION COATING 

Desirable features ·of an anti reflection coating on a solar eel I include 

those which: 

( i) optimize the transmission of incident photons into the si I icon material; 
\ 

(ii) promote the lowest concentration of surface-state recombination centers 

at the co~ting-si I icon interface; 



(iii) aid in establishing an electric field within the si I icon (near 

the surface) which retards minority carrier flow tow~rd 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 si I icon solar eel I should possess a si I icon front surface condition 

wh f.ch: 

(i) minimizes surface defects and maximizes minority carrier I ife­

time near the si I icon surface; 

(ii) minimizes su~face recombination velocities; 

(iii) maximizes the absorption of incident photons by the si I icon, 

complementing the antireflection coating; 

(iv) refracts the incident I ight to optically enhance the possible 

photon path lengths through the si I icon substrate; 

(v) promotes the adhesion of metal ohmic contacts. 

The surface may be that 6f an as-grown-sheet of si I icon, or it may be. 

polished or etched. When the orientation al lows, as disc~ssed Section 3. 1.2, 

texture etching can provide a highly controllable, cost-effective way of 

obtaining most of the properties I isted above while accruing additional bene­

fits for solar eel I design. A model for a textured front surface is discussed 

in further detai I in Section 3.1.2 of this report. 

3.1.1.3 JUNCTION REGION 

A stttdy performed on this contract, and included in Section 3.1.3, has 

concluded that Schottky barrier .eel Is are less favorable than those uti I izing 

P-N junctions. Accordingly, we consider in our base I ine design model only the 

4 



si I icon P-N junction solar eel I, which must have a thin, front surface re~ion 

with an electrical conductivity opposite that of the substrate (e.g., N type 

surface region on a P type substrate) which: 

(i) forms a metallurgical P-N junction; 

(ii) is amenable to formation of an ohmic contact without significant 

degradation of solar eel I performance; 

(iii) has a low surface recombination velocity, or is designed to 

effectively minimize surface recombination effects (e.g., has a 

large bui It-in drift field); 

(iv) has sufficiently high rninority carrier lifetime; 

(v) has a sufficiently low value of sheet resistance; and 

(vi) maximizes the collection efficiency for short wavelength photons. 

Property (vi) imp I ies that the P-N junction depth below the front surface be 

as shallow as can be al lowed, subject to satisfying the other five requirements. 

Traditionally, onl~ junction depth~ of about 0.5 micron or less h~ve been used, 

and the best (violet-typ~) cells have junction depths closer to 0.1 micron. 

This requirement makes attainment of property (v) more difficult. 

3.1.1.4 SUBSTRATE 

The solar eel I must have a si I icon substrate which: 

(i) has high minority carrier 1.ifetime for a maximum photo-current 

generation; 

(ii) has a sufficiently high impurity doping level to obtain high open 

circuit voltage and low electrical resistance~ 

(iii) is optically thick enough to efficiently absorb. an appreciable 

fraction of incident long wavelength photons but is mechanically 

5 



thin enough to conserve si I icon; 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 I ifetime is of extreme importance to efficient si I icon 
> 

solar eel I performance; however, lifetime values practically obtainable may 

eventually be dictated by economical si I icon purification prncesses. Under 

more immediate control, and of particular interest insofar as a design model 

is concerned, i.s the optical thickness of the si I icon substrate. The optical 

thickness may be enhanced (for a given mechanical thickness) by forcing 

absorption paths to be other than perpendicular to the eel I plane (or P-N · 

junction), and additional 1·y through multiple internal reflections. 

3.1.1.5 BACK SURFACE 

The solar eel I should have a si I icon back surface condition which: 

( i) minimize::; ::iurfoee defect3 e:ind rne:.:irniz~:; ;11i11u1 i ly 1...dr 1 il::jr II fe-

time near the si I.icon surface; 

(ii) minimizes surface recombination velocity; and 

(iii) reflects unabsorbed incident radiation which passes through the 

substrate and reaches the back surface. 

By reflecting photons reaching the back surface, the optical thickness of 

the substrate can be at least twice as great as the physical thickness. 

Moreover, ·unusab I e infrared wave I ength photons can be re-radiated from the front 

of the solar eel I rather than absorbed at (or near) the back surface. 

6 



3.1.1.6 MF.TALLIZATIONS 

The solar eel I must have metal I ization contacts to both front and back 

surfaces which: 

Ci) provide ohmic el~ctrical contact ·to the opposite sides of 

the P-N junction; 

(ii) al low reliable, low-loss interconnection with other solar eel Is 

and with external circuits;. 

(iii) minimize solar eel I internal series resistance; 

(iv) cover (and therefore shadow) a minimum of the eel I front surface 

area; and 

(v) al low 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 distribution of minute · 

pyramids as shown schematically in Figure 3-1, causes I ight reflected from 

tho first impingement on tho solar eel I surface fo stril<c the solar eel I at 

least a second time (~ssuming initial normal .incidence). This second impinge-

ment increases the amount of I ight absorbed in the solar eel I, improving eel I 

effi~iency by reducing the total amount of I ight reflected from the eel I. 

Incoming, reflected, and refracted ray traces of I ight normally incident to 
. . 

the overal I solar eel I, Figure 3-2, show the multiple reflection features of 

this surf~ce topography. 

Another major effect. of front surface texturing is that, since I ight is 

refracted into the si I icon at an angle to the normal of the overal I solar eel I 

p f'ane, more I i ght is absorbed within a given thickness of s i I icon than wou Id 

occur with normally incident sun I ight on a smooth-surfaced solar eel I. This 

7 



(\) 

SILICON 

(100) 

FIGURE 3-1: Cros~-sectional diQgram ot si I icon (100) wafer showing 
geometr1 ~f textJred surface having {111} faceted pyr~mids. 
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FIGtmr:: "·-2: Diugr·,1111 of reflected and retr3ctecl r·uy traces and angular relations 
foi"' light normally incident to the substr·<:ite ( 100) plane of a 
i'l1xtiin~d ~:;urf<Jce solur eel I.· 



propert~ can be separated into its effects in two regions: a microscopic 

region involvi'ng the volumes immediately adjacent to the p-n junction, and a 

more macroscopic region involving the bulk of the si I icon below the junction. 

In the microscopic region near the junction, it is first assumed that the 

su~face relief of the pyramidal structures is large (averaging greater than 10µ) 

compared to the p-n junction depth (less than 0.5µ). Light normally incident 

to a textured .surface so I ar ce 11 strikes the surface facets at an ang I e near 

55°. Figure 3-3. diagrammatically demonstrates the refracted paths of a normal 

incidence I ight beam on a smooth surface eel I and also in an analogous fashion 

on a textured surface facet. The optical path length of the refracted : earn 

within the region of the junction is greater than the normal path lenath by 
. 1 

a factor of -- in the case of the textured surface. This increased path cosq> 

length has an effect equivalent to increasing the absorption coefficient of 

I ight in the si I icon by the same factor (over the smooth eel I normal incidence 

beam). Thus, within the region near the junction, more light is absorbed, creatinq 

morn carrier-~,, and increasing eel I efficiency for ver·y sh;:il low junctions-, A5sumiw:i 

that the index of refraction of si I icon is 3.75, the angle·+ is approximately 12.6 

and --1- is approximately 1.025. While this near surface (microscopic;) 
cosq> . 

µllenomenon Is effective throughout the solar spectrum, it is most significant 

in the short wavelength end of.the solar spectrum where the si I icon absorption 

coefficient is greatest. The phenomenon is, thus, expected to enh<3nCP. some-

what the b I ue response of the so I a.r ce I I . 

A larger effect is seen in the macroscopic region within the bulk of 

the eel I below the microscopic junction region .. Light incident normcil to 

the plane of the overal I eel I is refracted by the textured surface through 

an angle of 12.6° from the normal to the facet. CFia11re 3.2). This is 

equivalent .to an angle of 42.2° from the normal of the overal I eel I, i.e., 

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

10 
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by a factor of cos42 _20 , equal to 1.35. This is the equivalent of increasing 

the path .length thro~gh the bulk by 35%, making each three units of solar 

eel I thickness look I ike four units of thickness. Restated, the number of 

carriers created in an optical path length of ·four thickness units is generated 

within three mechanical thickness units of the front surface and the p-n 

junction. This makes the eel I far more responsive to the longer wavelengths 

of incident sun I ight, which have smaller absorption coefficients in si I icon 

than the short wavelengths. 

A further effect of the angle of travel of the refracted beam through the 

bu I k occurs at the back surface of the ce I I. If the back surface of th ce I I 

is not textured and is a plane .• al I I ight refracted through the front te;.dured 

surface can be shown to strike the back surface of the eel I at an angle exceeding 

a critical angle, resulting in total reflection from 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 SiO~.l 
L 

Total internal reflection occurs when the angle¢ exceeds the angle£, Figure 

3-4. The angle¢ for normal incidence on the textured front surface is 42.2Q, 

thus satisfying the condition for total. internal reflection. Non-normal 

incidence wil I produce different values for the angle¢, but the angle¢ 

wi I I always satisfy total internal retlection conditions~ 

Total internal reflection from the back surface can be advantageou-:.• 

uti I ized in one of two ways. First, the internally reflected beam wi I I be 

further absorbed on its second pass through the material, again creatin~ more 

carriers ~nd increasing eel I efficiency .. · Alternately, a thinner eel I (conserving 

si I icon) could be made to display the same efficiency as ~ thicker standard 

ce I I. The ma~n i tu de of the effect of the s.econd pass absorption w i I I be, of 

12 



VJ. 

FIGLJ~[ 3-4: Path of b::?am refracted from textured surface 
illustrating total internal reflection from 
back surface if the brewster angle~ < 42.2°. 



course, a function of the total eel I thickness and the mincirity carrier I ife­

t ime of the ce I I substrate. 

More subtle.advantages qlso occur with a textured surface; The textured 

surface, formed by etching, .leaves a surface which is relatively free of work 

damage. A.plane surface, on the other hand is often achieved by polishing, 

l~aving a· f~nite degr~e of work damage in the crystal surface layer. Such 

damage 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 11 not apply to solar eel Is fabricated from si I icon ribbon (if it is 

directly grown to have smooth, damage-free surfaces), or from chem-etched 

wafers. 

For any unit area in the plane of the substrat~, the (100) plane, the 

corresponding area of the textured surface described above wi 11 be a factor 

of {3+imes ·larger. When ohmic metal contacts are_/applied, this increased 

surface area wi 11 serve to. reduce thP. mnonit11rlP rif thi;i contact rec istanco. 

Furthermore, the textured surface itself can promote better metal adhesion 

to the. s i Ii con surface. 

Finally, the mechanism causing reduced reflection of incident I ight 

d.i scussed at the outset of this section w i I I a I so I essen the requirements 

or1 anti reflection coatings chosen for the solar.eel I surfac:e .. For example, 

the differences in total reflection obtained ~hen using a perfectly matched 

anti reflection coating and when using a somewhat less than· perfect one wi 11 

be much le.ss pronounced, perhaps al lowing coatings to be chosen for increased 

cost-effectiveness and convenience of processing. 
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-~. 1 • -~ SCHOTTKY BAW< I El< SOLAr~ CELLS 

Si I icon solar eel Is can .be broadly classified as either Schottky barrier 

solar· eel Is or P-N ju1ction solar eel Is. Either, in theory, could meet the goals 

of -the LSSA Project. In order to obtain the LSSA Project goal of si I icon solar 

eel I modules which operate with at least 10% efficiency, it is necessary that 

the indivi~ual eel Is 6perate at greater than 10% efficiency. This 1s required 

since module optical transmission losses, thermal resistance, eel I packing 

density, and space uti I ization wi 11 lower the overal I efficiency. 

A survey o.f the recent Ii teraturc on Schottky-type ce I Is has been per-

formed, and a I ist of references in chronological order appears at the end of 

this section. No reference has been found which reports I arge area s i I icon 

Schottky~type solar eel Is which exhibit greater than a 9.5% efficiency. 9 

15 (Schottky-type ce I Is \W i ·t·h 15% efficiency ·ha.ve been reported on G~As. ) 

Recent professional society conferences have given no indication that a break-

through in the present state-of-the-art of si I icon Schottky eel I technology 

is imminent, although studies are continuing. In fact, although theoretical 

computations have been rnBntinnP.rl in the literature claiminq that·the upper 

I imit on conversion efficiency is slightly better for the Schottky barrier 

7 eel I than for a P-N junction eel I, the state of the technology is quite the 

opposite. 
/ 

Meta~-semiconductor solar eel Is reported to d~te exhibit inherently low 

output voltages. This effect is a consequence of high diode "saturation" 

(dark) currents and low metal-semiconductor barrier heights. Thus, the 

possible high photo-generation current densities theoretically avai I able with 

Schottky eel Is are offset by low output voltages. 
. . . . . . 5 12 
Metal-oxide-semiconductor solar eel Is ' have been fabricated, exhibiting 

open circuit voltages as high as 0.52 volts. 
18 

In such eel Is, current flow 

15 



requires tunneling through the interfacial layer. The bes+ such eel Is have 

I 8% . f f . . 8 ' 1 6 . d . t . d d t shown on y an conversion e 1c1ency, 1n 1ca 1ng re uce curren 

collection efficiency (through the interfacial layer) compared to the metal-

semiconductor eel Is. 

No experimental results have been shown to give credence to the possibi I ity 

of obtaining increased Schottky eel I voltages while maintaining high currents. 

On the other hand, the high generation current possibi I ities ascribed to such 

eel 15 can be approached by P-N junction eel Is. In fact, high generation current 

densities along with high open circuit voltages have been reported for P-N 

junction solar eel I structures fabricated incorporating violet-eel I and ~extured 

surface techniques. 

It is often stated (or imp I ied) that Schottky eel Is are easily fabricated, 

giving an inherent processing simplicity (and cost) advantage over junction 

eel Is. This is a major misconception. Schottky eel Is require precise control 

of metal depositions in the thickness ranges of less than JOOA in order to 

optimize trade-offs between conductivity and reflectance. Such control is 

difficult by evaporation, and more control lab le sputtering techniques have 

resu I ted l n I ower open circuit vo I tages, prns11mnh I y due to panet ration of 

sputtered atoms through the interf.acial layer into the si I icon. 19 Yield, 

efficiency, and cost problems can be expected to continually plague this fab-

rication step. Schottky-type solnr cells rnquira tho same highly conuuclive 

metal collection grid and anti-reflection coating deposition as do P-N junction 

eel Is. Rather than beina simpler, the fabrication complexity for a good si I icon 

Schottky so I ar ce I I · wou Id be about the same that of a good s.i Ii con P-N junction 

solar eel I. It is Motorola's conclusion that the technological uncertainties 

that must be reso I vP.rl in order to demonstrate the ( s I i ght) I l1eoret I ca I advant-

ages of the si I icon Schottky solar eel I are much too great to permit considering 

it as a serious contender at this time. 

16 



3. 1. 3. 1 SCHOTTKY BARRIER SOLAR CELL_~IBLIOGRAPHY 

1. S.S. Li, F.A. Lindholm, and C.T. Wang, "Quantum Yield of Metal-Semiconductor 

Photodiodes", J. Appl. Phys., 43, 4123, (1972). 

2. W.A. Anderson and A.E. Delahay, "Schottky Barrier Diodes for Solar Energy 

Conversion", Proc. IEEE, 60, 1457 - 1458, (1972). 

3. E.J. Charlson, A.B. Shah, and J.C. Lien, "A New Si Ikon Schottky Photovoltaic. 

Energy Converter", IEEE Electron Devices Meeting, (1972). 

4. R. J. Stirn and Y.C.M. Yeh, "Solar and Laser Energy Conversion with 

Schottky Barrier Solar Ce! Is", IEEE Photovol_taic Specialists. Converence, 

lQ, 1 5 , ( 1 9 7 3 ) • 

5. M.A. Green, F.D. King, and J. Schewchren, "Minority Carrier MIS Tunnel 

Diodes and Their Application to Electron and Photo-Voltaic Energy Conversion­

!. Theory", Sol i,d_ Sta·re E lee., ll_, 551 - 561, ( 1974). 

6. J. Schewchun, M.A. Green, and F.D. King "Minority Carrier MIS Tunnel 

Diodes and Their Application to Electron - and Photo-Voltaic Energy 

Conversion - II Experiment", Solid State Elec., ll_, 563 - 572, (1974). 

7. D.L. Fulfray and R.F. McQuat, "Schottky 8nrriP.r Solnr-Cell Calculations". 

Appl .. Phys. Lett.,£.! (4), 167 - 169, (1974). 

8. W. A. Anderson, A.E. Delahay, and· R.A. Melano, "An 8% Efficient Layered 

Schottky-Barrier Solar Cell", J. Appl. Phys., 45 (9), 3913 - 3915, (1974). 

9. W.A. Anderson, R. A. Milano, "1-V Characteristics for Si I icon Schottky 

Solar Cells", Proc. IEEE, 63, (1), 206 - 208, (1975). 

_ 10. S.J. Fonash, "The Role of the lnterfacial Layer in Meta.I-Semiconductor 

Solar Cells", J. Appl. Phys., 46 (3.), 1286 - 1989, (1975). 

11. R.F. McQuat and D.L. Pulfrey, "Analysis of Si"licon Schottky Barrier Solar 

Cells", IEEE Photovoltaic Specialists Conf., lb 371 - 375, (1975). 

12. S.J. Fonash, "Metal-Thin Fi Im lnsulator-Semicond.uctor Solar Cel Is'.', 

IEEE Photovoltaic Specialists Conf., l.l, 376 - 380, (1975). 

17 



13. Y.C.M. Yeh and R.J. Stirn, "Improved Schottky Barrier Solar Cells", 

IEEE Photovoltaic Specialists Cont., l!_, 391 - 397, (1975). 

14. R. J. Stirn and Y.C.M. Yeh, "The AMOS Cel I-An Improved Metal-Semiconductor· 

Solar Cell", IEEE Photovoltaic Specialists Cont., .!1_, 437 - 438, (1975). 

15. R.J. Stirn and Y.C.M. Yeh, "A 15% Efficient Antireflection-Coated Metal­

Oxide-Semiconductor Solar Cell 11
, Appl. Phy$. Lett.,'?:]_, (2),.95 - 98, (1975). 

16. · E.J. Charlson and J.C. Lien, "An Al p-Si I icon MOS Photovoltaic Cel I", 

J·. App I. Phys., 46, (9), 3982 - 3987, ( 1975). 

17. S. Shevenock, S. Fonash, and J. Geneczko, "Studies of MIS Type Solar 

Cel Is Fabricated on Si I icon", IEEE Electron Devices Meeting, 211 - 212, 

(1975). 

18. M. Peckerar, H.C. Lin, and R.L. Kocher, "Open Circuit Voltage of MIS 

Schottky Diode Sol·ar Cells", IEEE Electron Devices Meeting, 213 - -216, 

(1975). 

19. W.A. Anderson, S.M. Vernon, A.E. Delahoy, K.K. Ng, P. Mathe, and T. Poon, 

"Variables Which Influence Si I icon Schottky Solar Cel I Performan<;e''," 

IEEE Electron Devices Meeting, 217 - 219, (1975). 

20. W.A. Anderson, "Si I icori Schottky Photovoltaic Diodes for Solar Energy 

Conversion", Quarterly Progress Report, NSF/RANN/SE/AER73-03197/PR/75/3, 

PB-246-154, (1975). 

3. 1.4 FRONT SURFACE METALLIZATION 

Metal coverage and series resistance tradeoffs are major· I imiting design 

considerations on the shape and maximum useful size of solar eel Is, and the 

concomitant material process for producing si I icon sheet. A critical evaluation 

of existing metal I ization geometries has revealed that effici~ncy may suffer 

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

imp roved contact meta I I i zat ion designs we·re investigated. Designs which show 
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the greatest promise over existing designs for improved eel I performance 

h~ve multiple contacts; hence the interconnect a~d packaging systems sh6uld 

consider the possible need for multiple-contacts-per-wafer. Also, efficient 

desi~n seems to favor long, narrow rectangular ribbons rather than l~rge area 

square or round sheet solar eel Is. 

In particular, the front surface metal pattern of a si I icon solar eel I 

w i I I inf I uence the performance of both so I ar ce I Is and modu I es because of three 

requirements: 1) the pattern must provide area for an interface point (or 

points) for electrical connection to other eel Is; 2) the pattern must 

provide sufficient area for efficient (low resistance) flow of current, since 

the metal pattern itself (as wel I as the eel I below) wi 11 have an internal 

series resistance; and 3) the pattern should shadow the least possible area 

to maximize current generation. Some pre I iminary conclusions regarding 

constraints on metal pattern design and on solar eel I size can be drawn quickly 

by considering interactions of these three requirements. 

Assume that a si I icon solar eel I is avai I able with any desired surface 

area or shape but is constrained to have a fixed, minimum value of surface 

sheet resistance above the P-N junction. Series resistance of the eel I wi I I 

then depend on the thickness of ~etal used for a particular front ohmic contact 

pattern and· the resistivity of that meta I . If the meta I pattern coverage 

is I imited to a reasonable percentage of the front surface area .(say, J to 

10%) and a particular metal system and thickness are adopted (defining sheet 

resistance), then series resistance depends on pattern topology. The metal 

"current collection" finqers on the eel I surfa~e may contdbute appreciably 

to series resistance. For a single contact region solar eel I, as the eel I 

surface area becomes larger (and the metal current-conducting paths become 

longer) a point wi I I be reached where series resistance has increased beyond 

ah acceptable value. In effect, the permissible surface area of the solar .eel I 

has been I imited. 
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lhis is not true if moro than on0 external electrical contact can be 

mi.1d(·i 1·0 !"lie co I I. In th i ~; case, on I y one I atora I dimension of the so I ar co I I 

'·;urface nec:ids to be I imited. For ~xample, a solar eel I fabricated on a rectang­

ular ribbon substrate may be infinitely long if electrical contacts are made 

a 1 ong its edges at sma I I i nterva Is, but there must be a pract i ca I I i mi t on the 

width of the eel I if acceptably low internal voltage loss Ci .e., series 

resistance> is to be maintained. Calculations h9ve shown that as ribbon widths 

surpass 10cm, loss of efficiency increases so rapidly that such eel Is are no 

longer cost effective. The same principle holds for circular solar 

eel Is. Constrained to a fixed area of front surface metal ,_a circular eel I 

may require multiple contact points around the perimeter to maintain n low 

series resistance. A larger diameter eel I would require more contacts than 

a smaller diameter eel I; and in the I imit, as eel I diameter becomes sti I I 

larger, overal I eel I efficiency most suffer. 

The net effect of using multiple electrical contacts at the perimeter 

of a solar ce 11 is to shift some of the burden of summing the. photo-current 

generated. by the active surface of the eel I away from the metal pattern on the 

eel I surface to external electrical busses. When such a solar eel I is assembled 

in an array of eel Is, an additional benefit-accrued .is increased rel iabi I ity 

achieved through partial redundancy of the multiple eel I contacts. 

3. 1. 5 BACK SURFACE METALLIZATION 

The physical configuration of the back surface of a solar eel I wi I I 

influence its optical properties. It is important from a design standpoint 

to know, as a function of wavelength, the degree of I ight absorption; reflect­

ion, and transmission at the eel I back surface, since these factors wi 11 

influence -eel I efficiency as a function of thickness (multiple I ight pass 

from reflection) and heating effects (absorption at the back surface). 

Another variable affecting optical performance at the back surface is 

the configuration of the front surface. If the front surface is texture-
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etched and the back surface is non-absorbing, for example, total internal 

reflection from the bar.k :.urfoce should always occur. 

Experiments have been performed to measure, as a function of wavelength, 

the reflection of I ight from the back surface of a si I icon wafer with various 

front surface and back surface configurations. The purpose of these experiments 

was to determine if any eel I performance advantages can exist with a patterned 

back metal. Samples with both polished (or isotropically etch-polished) and 

texture-etched front surfaces were uti I ized for each back surface configuration. 

Test wafers were prepared from 0.8 - 1.2ncm p-type si I icon wafers. The 

starting wafers were isotropically etched on one side and polished on the other. 

Some of the test wafers utilized the polished side as the back surface, and 

others used the etched side as the back surface. The front surfaces of ~I I 

·test wafers were prepared such that one-ha If of the wafer was texture-etched. 

The entire front surface of each test wafer was then coated with 700A of si I icon 

nitride to serve as an antiretlection coating. 

Half of the back surface of each test water ~as simi·larly coated with 

700A of si I icon nitride while the other half WAS r.nvered with a thick metal 

ti Im. The back was configured in such a way as to divide the entire test 

wafer into four classes of front/back surface condition combinations: 

1. textured front/dielectric back; 

2. textured front/metal back; 

3. smooth front/dielectric back; 

4. smooth front/metal back. 

l1rleyrdleJ StJhere retieC'i'iOn tests were then performed. Data were taken 

over wavelengths from 0.35µm to 2.0um to determine the reflectance character­

istics of the interface at the test wafer back surface. 
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In oach c<Jsr:) whero the back surfaco was covered with metal (which had 

boon sintered) the empirical reflectance curves agreed perfectly with theoretical 

cur·ves for r-eflectance from the front surface of the silicon wafers. The 

smooth front surface reflectance approached a value of 30% at 2.0µm, and the 

textured front surface reflectance approached a value of 10% at 2.0µm. In 

both cases where the test wafer back surface was covered with dielectric (and, 

during the measurements, backed by an extremely efficient absorber) a back 

surface reflectance effect was observed. For wavelengths below 1. lµm where 

the si I icon wafer absorption is good, reflectance curve shapes are identical 

for both die I ectr i c-covered and meta I -covered back surface wafers. <Tl .. ; wafers 

ut i t i zed in these measurements were s·uff i c i ent I y thick to tot a I I y absorL any 

. tight in· this wavelength range reflected ftom the back surface.) However, for 

wavelengths longer than 1. lµm, where sit icon becomes transparent, an additional 

reflectance component was observed for wafers with dielectric coated backs. The 

smooth front surface test wafer reflectance approached 50% at 2.0µm, and the 

textured front surface test wafer approached 50% reflectance at 2.0µm. There­

fore, in going from a metal backed eel t to a dielectric backed eel I, the smooth 

front surface water shows a 33% increase In reflectance while the textured front 

surface wafer shows a 400% increase 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 possibi I ity of patterning the back surface metal in order fo uti I ize 

reflection of the longer wavelength portions _of the solar spectrum back toward 

the front surface has ramifications other than increased absorption of useful 

1 ight. For example, ·infrared wavelengths longer than 1.2 micrometers can be 

reflected from the back surface and ultimately out of the module, reducing eel I 

and module· operating temperature and increasing module efficiency. Additionally, 

a cost trade-off occurs between the addit.ional cost of patterning the back 
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surface metal, the cost savings of decreased metal consumption, and the effect-

ive cost reduction brought about through increased eel I efficiency. 

3. 1.6 METALLIZATION TEST PATTERN ·--··-·---

As discussed in the two previous sections, a major factor in determining 

solar eel I performance is the metal I ization pattern. The metal I ization must 

efficiently collect current while sh.adowing the minimum active area. In 

achieving optimum designs, thus, it is necessary to determine allowable 

contact metal I ization I ine widths, both from an .achieveable fabrication 

feasibi I ity standpoint and from a series resistance standpoint. 

The I imitations of metal contact pattern I inewidths wi I I vary with the 

surface flatness of the si I icon. Accordingly, two types 6f surfaces were 

studied: polished arr.ct textured etched. These two tyres of surfaces represent 

extremes .ih su~face microscopic smoothness. Both, however, are on macro-

scopical ly plane surfaces and wi·I I not necessarily present the effects of 

surface warp or ripple possible from sheet or ribbon growth. The effects of 

these latter par~meters must be evaluated when sufficient representative ribbon 

samples become avai I able. 

A test pattern photoresist mask, Figure 3.5, was designed with I inewidths 

ranging from 0.0003 inch to 0.0500 inch. Dielectrics (or metals) can be 

patterned on the desired surfaces by standard photo! ithographic techniques. 

The evaluation technique, on both polished and te~tured test wafers, 

in~luded the formation on the surface of a dielectric, either. si I icon dioxide 

or si I icon nitride, and patterning the dielectric with The test pattern. The 

patterns were visually inspected and evaluated. The patterned wafers were 

then electroless nickel plated and so~der coated. Optical inspections 

indicated minimum I inewidth I imitations due to photoresist procedures, and 
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FIGURE 3-5: Metal I ization and solder test pattern. The 
pattern contains I inewidths ranging from 0.0003 
inch to 0.0500 inch. Pattern is designed such 
that I ines 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 n::easurements determined I ine resistance after $Olderi-ng. 

Sheet resistance versus metal I inewidth was tabulated for both textured and 

polished surfaces to determine the relative ohmic properties of a smal I number 

of wide I ines versus a large number of narrow ! ines for solar eel I current­

col lecting patterns. 

Results to date indicated that there is no problem in obtaining the smallest 

(0.0003 inch) I ine width on polished wafer surfaces using our standard photo-

1 ithographic techniques and equipment. To the contrary, textured surfaces 

present a special problem. In order to maintain the integrity of the dielectric 

covering the peaks of the textured surface pyramids in areas where no·preohmic 

pattern is to appear, a much more viscous photoresi?t 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 with the optical properties of the textured surface itse11. 

seems to set a practical lower I imit on preohmic I ine width resolution. 

Patterns were formed by contact printing from the mask. Inspection has shown 

that I ine widths smaller than 0.001 inch have not been clearly and consistently 

opened. Textured surface pyramids may have ~ase wldtns on the order of 10 

microns; therefore linewidths of 0.0005 inch (12.7 microns) may encompass 

only a single pyramid. Pyramid heights on the order of 10 microns prevent 

true contact printing. Thus~ I ight scattering among the pyramids contributes 

to an inherent I imit of I ine width resolution. Exposing with more col I imated 

I ight source, such as is used ·with projection or proyimity. printing, shn11lr:J· 

help to minimize these effects. 

Wafers used for photol ithographic studies, as wel I as a comparable set 

of polished test wafers, were plated with nickel and solder-dipped to obtain 

maximum metal bui Id-up for a given I ine width. These I ines were then measured 

for sheet conductance/resistance. 
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Experiments have been performed with textured surface wafers coated with 

si I icon dioxide and prep~red using standard viscosity (44 cp) photoresist 

to al low formation of soldered metal I ines with widths between 0.0003 inch and 

0.0500 inch. For I ine widths less than or equal to 20 mi Is, soldered I ine 

sheet resistance p(in Q/sq.) is given by 

log p = -1.09 - 0.75 log W, 

where W is the I ine width iri mi Is. This m~ans p is proport·ional to w- 314 . 

(If the solder bead bui Id-up were hemicyl indrical, then p would be proportional 

-1 
to W . ) For I i ne widths greater than 20 mi Is the cap i I I ar,y effect of fine 

I ines tends to become suppressed and the sheet resistance tends to becnme 

independent of I ine width, indicating a constant thickness at the target widths. 

The relation between sheet resistance and line width (given above) for 

I ines less than 20 mi Is wide imp I ies that, tor· a given area of metal I ine 

coverage, one wide contact fiAger wi I I introduce more series resistance than 

two contact fingers distributed over the same active eel I area, but each 

finger being half as wid~. Thus, for soldered contact systems of equal total 

area, many narrow fingers are more efficierit than fewer wide fingers, as -long 

as the thinnest I ines are at least 0.001 in~h wide to preserve physical and 

electricQI continuity. 

1.2 PROr.ESS ADAPTATION 

A major portion· of the contractual effort involved a technical assessment 

of potential process steps for manufacturing si I icon solar eel Is. First; a 

matrix of possible processing steps was assembled. Second, a group of evaluation 

criteria was defined to al low a technical evaluation of the usefulness of each 

individual process step when examined as an isolated step for manufacturing 

solar eel Is. Most of the individual process steps were then· evaluated, either 

din".ctly in the laboratory or through indirect methods such as literature 
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surveys, vendor ccintacts, and dctai le~ discussions with process engineors. 

in the Motorola manufacturing and research areas (for both di~crete and 

integrated circuit products). This technical evaluation process resulted in 

the categorization of these individ~al process steps t~ reflect both technical 

readiness and an estimation of future technical uti I ity. This section 

identifies the various process steps, their evaluation, and their technical 

categorization. 

3.2. 1 EVALUATION CRITERIA 

Evaluation criteria were established to consider both the individual 

process step itself and also effects on properties of a solar eel I resulting 

from its incor·poration in the eel I manufactiiring sequence. Among the evaluation 

criteria were: 

Cost 

Labor 

Materi a I 

Capital 

Expense Items 

Performance 

Control labi I ity 

Amenab i Ii ty t6 automation 

State of readiness 

Rel iabi I ity considerations 

Amenabi I ity to future sheet (ribbon) geometries. 

Whenever applicable, each of these criteria was applied to both the process 

itself and to properties of the resulting solar eel I. A poor rating in either 

case would result in an overall unsatisfactory rating. Performance of surface 

lapping si I icnn, for exampl8, is· judg~d favorably a~ an isolated process step, 
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but lapped si I icon is rated poorly as a starting surface when considering its 

effects on solar eel I performance. It must be understood that process steps 

do not stand on their merits as individuals, but on their abi I ity to contribute 

synergistical ly to a process sequence. Each step must, then, be evaluated 

first, by itself, and second, as a member of a process sequence. 

In this technical evaluation phase, cost criteria were applied in only 

a ~ual itativo manner, reflecting only estimated and relatlve costs of competing 

processes. A detailed process step cost study was subsequently performed, and 

is reported in a later section. 

The only other ~riterion which may not be self-explanatory is that involv­

ing sheet geometries. This requires an evaluation of a process step's suit­

abi I ity for application to a sheet which may have an irregular shape and a!so 

may be non-planar in nature. The sheet may. for example, be a ribbon which 

v~ries in edge shape, has surface ripples, and is warped. Some processes are 

rnlo-tively insensitive to these factors, while others become virtually useless. 

As-~rown sheet is considered as havinq more severe geometrical problems Hian 

large area sliced sheets, which may also be uti I ized 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 modi.tied to reflect more accurately the requirements 

for evaluation of projected usefulness. The updated categories were as fol lows: 

Category 1: Processes which are judged uni ikely to be uti I ized in any 

recommended ~.wuc8SS sequence. 

Cateogry 2: Processes which appear to require a major technological 

advancement to ensure usefulness. Technology in these areas 
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3. 2. 3 

rnu'.:~·t bf:! (:ontinual ly rnonitor8d to a~;~;e::,s future appl icabi I ily. 

Cateo~JrY :>: Procx1'..;sos which appear potentially prorni'.:;ing, bu·t which havr~ 

r-equired evaluations or equipment not avai I able clurin~J the 

time-frame of this contract. Additional efforts should be 

expended tin these processes. 

Category 4: -Prciven processes which have a high chance of successful 

incorporation into future process sequences. 

STARTING CONDITIONOF SILICON SURFACE 

The starting condition of the si I icon surface plays a critical role in 

subsequent processing steps and in eel I efficiency. 

3.2. 3. 1 SAWED SURFACE (CATEGORY 1) 

It is uni ikely that si I icon wi I I be uti I ized in the as-cut con~ition. 

Although this form of si I icon is the cheapest avai I able today, near-surface· 

damage (and possible contamination from the _saw blade and coolant) can badly 

deqrade the cry st a I propert iAs 11r0n s1.1bsequent processing. Heating of the 

sawed surface can result in polyganization or recrystal I ization, converting 

the area in which the p-n junction is to be formed into a polycrystal I ine region. 

Heating may also propagate surface damage far into fhe bulk, resulting in a 

heav i I y dis I ocated, I ow I .i fet i me mater i a I. A I I of these factors can degrade 

efficiency in a severe, uncontrolled manner. 

One possible exception to this conclusion exists, however. Severe 

sur·face damage may be uti I ized to getter undesirable impurities from the bulk 

si I icon below. High temperature annealing of a sawed surface may produce 

this desirable result. Subsequent to annealing, an undamaged si I icon surface 

could be revealed by etching the sawed surface, hopefully removing both the 
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damn~0 ~nd the impurities. There is at this time insufficient information 

avai I able to draw conclusions; additional studies should be undertaken. 

3.2.3.2 SAWED AND ETCHED SURFACE (CATEGORY 4) 

This is the best candidate broadly avai I able today. Etching is uti I ized 

to remove the sawing damage and contamination. Etching wafers can leave 

surfaces that contain only gradual undulations of a magnitude so smal I that 

no pattern having I inewidths of interest to solar eel I production should 

experience any masking difficulties because of surface non-planarity. Thus, 

apart from the future realization of direct sheet growth, this combinat·~n 

produces the.cheapest material suitable for solar eel Is and has indeed b3en 

used to manufacture solar eel Is. Sawing kerf loss, and material removed by 

etching, are major drawbacks, however, to this being the most economical 

approach for long range uti I izaton. 

).2.3.3 LAPPED AND/OR POLISHED SURFACE (CATEGORY 1) 

Lapping produces a matte appearing surface on a si I icon wafer. It wi 11 

be a flat surface, and, if done carefully, both sides of a wafer can be made 

plane and para I lei by lapping them both. Lapping doesn't necessarily produce 

a surface having less damage than careful sawing, but a sawed surface wi 11 

not be as flat as a lapped surface. This process ls slow, batch orientated, 

and labor intensive, and hence is too expensive for ultimate solar eel I use. 

Polishing is a process I ike lapping, in which successively finer grit 

media are used to end up with a mirror-flat scratch-free surface. This degree 

of smoothness is necessary· In order to obtain, by photographic means, the 

very fine I ine geometries uti I ized on many semiconductor devices and integrated 

circuits. However, solar eel I geometries are about an order of magnitude 

coarser, so polished surfaces are not reqwired for solar eel I processing even 
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where patterning is done photographic~I ly. Furthermore, polished surfa~es 

typically contain more mechanical crystal damage than etched surfaces, making 

them potentially less satisfactory f.or solar eel I use. 

Both lapping and polishing are too costly for incorporation into a 

process sequence to make inexpensive solar eel Is. 

3.2.3.4 CLEAVED SURFACE (CATEGORY 2) 

Direct cleaving of si I icon wafers or sheets from crystals would eliminate 

ker·f losses, and could possibly produce smooth surfaces directly. To date, 

however, no process has been developed for cleaving wafers from a boule with 

anything approaching a satisfactory yield. If a major breakthrough in this 

area could be realized, it would be very cost competitive. No work appears to 

be currently underway\ in this area, however. 

3.2 .. 3. 5 AS-GROWN SHEET SURFACE <CATEGORY 2) 

This is the responsibi I ity of several contractors in the LSSA Program 

Task I I. Breakthroughs in technology are sti I I required to make as-grown sheet 

practical in the large scale .necessary. However, judging by the progress made 

to date, and the potentialities of the pro~ess, it ~ust be assumed that the 

probabi I ity of success is high. The various processes being studied al I have 

the possibi I ity of providing as-grown surfaces suitable for efficient solar 

c::e I I processing. 

The geometrital variations in si I icon sheet, howevej, can greatly influence 

the usefulness of some solar eel I processing, fabrication, and encapsulation 

choic~s. It must be made clear that two separate philosophies may be pursued. 

the first simply states that the l~rge area sheet must conform to certain 

geometrical I imits in order to al low solar eel.I processing and encapsulation 

to be pedormed by es sent i a 11 y convent i ona I s I I icon wafer processing methods. 
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The second, the converse of the first, states that whatever the shape that 

results from the sheet growth method, it wi I I be used, forcing solar eel I 

processing and encapsulation to conform to the delivered geometry. 

The most I ikely ultimate c~oice, of course, wi I I be a compromise between 

the two extreme philosophies in order to achieve cost effectiveness. The 

compromise may, however, provide non-planar, rough surfaced sheets as compared 

to today's surface texture and flatness standards for wafers. Accordingly, 

later processes which.are recommended under this Task IV study must have the 

flexibi I ity of handling such future material, or must be clearly labeled as 

appl.icable only to optimum surfaces. 

3.2.3.6 TEXTURE-ETCHED SURFACE (CATEGORY 4) 

·Texture-etching has been shown to be a repeatable and uniform process on 

(100) oriented si I icon surfaces. Texture-etching can be performed on any of 

the ·previously discussed si I ice~ surface conditions. Costs of texture-etching 

are equal to, or less than, th~se for other techniques for si I icon etching, 

producing si I icon costs only marginally a~ove those of present sawed and etched 

wafers. For this additional cost, a surface with distinct optical odvontoges 

(~nd attendant efficiency increases) is produced. The textured surface is 

dramatically different in nature from polished or etched surfaces now used 

widely in the semiconductor industry. This requires certain modifications 

of.other ste~s in a process sequence uti I izing textured surfaces. These mod­

ifications are easily achieved. 

The main caveat which must be kept in mind is that texture-etched surfaces 

currently require (100) oriented surfaces. If future sheet processes cannot 

produce (100) surfaces, texture-etching development must be attempted for other 

si I icon orientations. If, in the future, a choice must be made between two 
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sheet growth processes of otherwise similar properties, the advantage wi I I 

I ie with the sheet process which can be texture-etched. 

IN~PROCESS SURFACE CLEANING OR ETCHING 

Any solar eel I manufacturing proc~ss wi I I require cleahing steps at 

some stages. Further, most manufacturing sequences wi I I require etching 

stops. 

3.2.4. 1 WET CHEMICAL CLEANING OR ETCHING (CATEGORY 4) 
~~~~~~~~~~ 

Processes in this category are wid~ly uti I ized in the semiconductor 

industry with a high degree of success. Several major concerns exist at this 

time, h.owever. First, it is possible to have unwanted.contamination from wet 

chemicals. For any ~iven process sequence.and for each different manufacturing 

area, control I imits wi 1.1 have to be defined for possible contaminants. At 

this time, no difficulties are seen in this area. Second, the use of wet 

chomicals I imits th~ level of future cost reductions to the cost of those 

chem i ca I '.:i con'.:iumcd, a sGr i ous I i mi t if I arge quantities of i:-hAm i r.r1 I c; r1 rP. 

required~ (This must include D.I. water which is consumed in rinsing after 

wet chemistry steps.) A third consideration is the disposal of waste chemicals. 

This can contribute additional materials and faci I ities costs to the uti I ization of 

wet chemistry. Nevertheless, because of its current strong position in the 

semiconductor industry, wet chemistry must sti I I be considered a major 

.possibl ity for future use. 

PLASMA CLEAN I NG OR ETCH I NG (CATEGORY 4) . 

This is a dry process incorporating an RF field to excite a plasma. 

The energetic plasma·is then used to remove material from the surface, either 
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thr~ugh bombardment by inert energetic plasma ions, or by reactive ions 

I iberated from molecules injected into the plasma. Based on their increasing 

acceptance by the semic6nductor industry, plasma etching and cleaning steps 

have a high. I ikel ihood of supplanting at least some of the more traditional 

wet chemistry process steps. 

A si I icon nitride ti Im for example, may be patterned uti I izing a plasma 

etching process with excel lent results. The plasma etch in~ process, when 

compared to the wet chemistry process for etching, is less comp I icated and 

less time consuming~ After application, alignment, and development of a 

photoresist fi Im, etching ·of the exposed dielectric requires the fol low 19 

steps for the plasma and wet chemistry processes: 

PLASMA WET CHEMISTRY 

Load in etch carrier Load in etch carrier 

Etch in plasma Etch in solution 

Remove photoresist Rinse in D. I. H20 

Dry 

Remove photoresist 

Not only is the plasma step simpler, it consumes only a smal I amount of material 

(etching gas) as compared to consumed acid and D.I. water for wet chemistry etching. 

Plasma removal of photoresist <"ashing") has a similar appeal for process 

simplicity and consumed materials. Photoresist materials have notoriously 

contained meta I Ii c contaminants which, if I eft on the via fer surface and heated 

in subsequent process steps, could migrate into the si I icon and degrade 

minority carrier I ifetime. It is possible that photoresist removal by plasma 

techniques alone could leave such metal I ic impurities on the wafer surface. 

Evaluation of this aspect of plasma processing for solar eel I fabrication,where 

high I ifetime must be maintained, must be performed at a future date. 
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).2.4.3 VACUUM BAKING A~D REVERSE SPUTTERING CCATEGORYl> ·---

While results are reportedly adequate, the comparative capital costs are 

prohibitive for further con~ideration. 

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.:; CLEANING BY SCRUBBING (CATEGORY 4) 

A te~hnique relatively new to the semicbnductor industry is tleaning of 
' 

si I icon wafers by the mechanical scrubbing of their surfaces with brushes. 

Unfi I recently, such scrubbing was avoided to eliminate possible mechanical 

damage to the si I ico~ surface. Studies h~~e shown, however, that removal of 

tightly adhering (and otherwise difficult to remove) dirt particles can· be 

achieved through scrubbing without si I icon damage. The removal of these 

particulates is seen to improve process control, device qua I ity and performance,, 

and overal I process yield. 

Mechanical scrubbing, however, may not be possible on warped or rippled 

surfaces such as may be forthcoming from future large area sheet product~on, 

or on textured surfaces which may house impurities in ·valleys +oo tiny" to be 

effectiyely reached by brush bristles. Manufacturers have recently· indicated, 

however, that cleaninq equivalent to me.chanical scrubbing may be accomplished 

hydraul ic~I ly with a pressurized spray of water. 

NurrK:wuu'.:i vendors now have automatic and semi-automatic scrubbing eauioment 

of both types avai la~le. Yield Increases of several ·semiconductor I ines within 

~'1otorola (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. 

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

3.2.4.7 GRAVITY (CENTRIFUGE) DRYING (CATEGORY 4) 

For round wafers, centrifuge or "spin" drying has become another of the 

semi conductor industry standards. In that industry, wafers are thicker and 

smaller than those I ikely to be uti I ized for future solar eel Is. This tech­

nique may require special adaptation for very large area, thin solar ce I 

substrates such as long ribbons. 

3.2.5 LIFETIME ENHANCEMENT AND PRESERVATION (CATEGORY 3) 

Solar eel I processing may require minority carrier I ifetime improvement 

of the starting material, and must incorporate special precautions (and possibly 

specific techniques) to preserve I ifetime during processing. Such processes 

fal I into four general categories of lifetime enhancement: Complexing .and 

removal of impurities, temperature-time prof i I ing, leaching, and precipitation 

of impurities on damage sites or defects·. 

A I iterature survey on gettering of· impurities in si I icon has been performed; 

initial ob~ervations are that a variety of gettering processes has been 

investigated, and that the technology of impurity gettering is complex and 

far from deve I oped to its tu I I potent i a I . In short, these processes a I I fa I I 

precisely within the definition of Category 3. Future efforts must be directed 

toward this area. A brief review of gettering is given here, fol lowed by a 

bib I iography of gettering references; 
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-~. 7. • ') • 1 LIT[fV\TUl{E SURVEY OF CETHJ~IMG 

In original investigations 1 into the removal of metallic impurities !Tom 

si I icon, the basic approach was to grow (or deposit) some type of oxide layer 

onto the surface of the si I icon. The basic idea was that at high temperatures, 

the metal I ic impurities would di ff.use to the surface and become trapped in the 

oxide layer. Various oxides, including phosphorus-, boron -, vanadium - and 

lead - si I icon oxides, were used. It was found that phosphorus glass did the 

best job. 

Since then, ~tudies 3 • 10 • 13 have shown that the metal I ic impurities are 

not gettered into the phosphorus glass, but instead.aregett~red to the 

'heavily doped si I icon under the glass. Apparently, the mechanism is one of 

increased solubi I ity of metal I ic impurities in the phosphorus-doped si I icon. 

Removal of impuritie~ from the si I icon, thus, requires removal of not only 

the oxide layer, but also the surface layer of si I icon itself. 

Normally, in bipolar processing, phosphorus gettering is used to transport 

metal I ic impurities away from active device areas to an unused portion o.f the 

wafer (i.e., the isolati¢n 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
11 

this glass, however, 

appears to do I ittle gettering of metal I ic impurities from the bulk of the 

. I. s 1, 1 con. 

It has also been shown that a preoxidation gettering of the backside 

of the wafer wi I I reduce the generation of oxide-induced stacking faults 14 

<OISF>. It is believed that OISF act to precipitate metal I ic impurities and 

thus degrade device characteristics. It is als.o believed that OISF are sites 

of enhanced phosphorus diffusion, and th~s cause emitter-collector piping 

jefects in bipolar devices. 
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It· hus been found that the use of various chlorine compounds during 

oxidation w i I I getter· both meta I I i c impurities from the bu I k s i I icon 4 ' 7 ' 8 

and sodium impurities from the oxides that are grown 5•6•9• 12 Chlorine 

gettering can be used only during oxidation because it could otherwise 

cause extreme etching and pitting of the sil icon 4• Chlorine gas has been 

used with some success, but it may cause etching of the si I icon. Hydrogen 

chloride has been the most· successful gettering compound. 

The chlorine gettering mechanism is believed to be diffusion of metal I ic 

impurities to the surface, fol lowed by formation at the surface of volatile 

metal I ic chlorides which are then carried away by the gas flow. The gettering 
. 0 

effect improves with increasing temperature (especially above 1000 C> and 

increasing amo~nts of HCI. The I imit to the amount of HCI used occurs when 

significant etching of the si I icon begins, or condensation of hydrochlori~ 

acid droplets takes place in the cooler portions of the furnace tube. The 

optimum mixture of HCI is about 5 - 10% HCI by volume in dry o2 . 

It has also been discovered that the use of HCI wi I I clean the furance 

tube of metal I ic impurities, and thus reduce contamination from that source 

to vi rtua I I y n i 16 . The process used is-, 10% HC I in dry oxygen at 1150°C f6r 6 

It should be noted that the use of HCI with steam instead of dry o2 wi I I 

sti I I getter Na and the oxides thus grown, but wi I I not as effectively 

getter the metal I ic impurities from the bulk. It is believed thnt the accelerated 

oxidation of metal I ic impurities in steam inhibits the formation of volatile 

metal chlorides. 

It is wel I known that various types of crystallographic defects in si I icon 

wi I I tend to precipitate metal Ile impurities. This principle has been used to 

getter impurities by deliberately introducing defects in the back of the wafer, 

using them to trap metal I ic impurities migrating from the active device 
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rnq ion:;. It shou Id be erriphas i zed that this method does not remove meta I I i c 

impurities from the water, but merely moves them around. Methods of introducinq 

defects include mechanical abrasion and ion implantation of Ar, 0, P, Si, 

As, or 8. As was suggested earlier, sawing damage may also be an appropriate 

starting point. 

Boron diffusions have been used to getter metallic impurities from silicon, 

3 
but are not as effective as phosphorus ·The mechanism is apparently the 

formation of metal precipitates, rather than any increased solubi I ity of pair-

ing. 

18 
Some gettering action has also been observed with the use o"f Si.

3
M

4 
layer 

Gettering can also be achieved through the appropriate use of control led 

heating and cooling rates, and the temperature range of control led heati.ng 

and cooling. These cycles apparently function through a precipitation process, 

removing impurities from electrically active sites.· 

Since solar eel I efficiency is extremely dependent upon I itetime, gettering 

cycles to improve or preserve lifetime seem appropriate tor future incorporation 

into solar eel I process sequence~. The exact choice (or ~hni~es) wi I I require 

further experimental work, however. 

3. 1. S.2 GETTERING BIBLIOGRAPHY 
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3.2.6 JUNCTION FORMATION 

The most complex and critical steps in solar eel I processing involve 

junction format.ion. In order to stay within the design requirements of an: 

efficient solar eel I, the junction depth must be control led to be consistently 

less than 0.5 micrometers, and preferably less than 0.2 micrometers: This 

pfaces stringent control problems on the techniques uti I ized for junction 

formation. 

3.2 .6. 1 EPITAXY (CATEGORY 1) 

Motorola has obtained long and continued experience in automated si I icon 

· ep i taxi a I growth. Si Ii con deposition is accomp I i shed in RF-heated, cold-

wa I led chambers by chemical vapor deposition at temperatures near 1100°c. 

Present and projecte~state-of-the-art have shown that accurately controfled 

deposition of si I icon at thicknes~es of (or below) 0.25 micrometers wi I I be 

impractical. In this range, thickness is difficult to.control. lnterdiffusion 

ot impuritJes is appreciable at these high deposition temperatures, resulting 

ir{"forther control difficulties, and deqradinq performance. Pro,jected vields 

gnd resulting costs make this method uni ikely. 

ThA only foreseen possibi I ity is a low temperature plasma-aided.or 

vacuum-aided deposition. At th1s time, these processes are considered specula­

tive. 

3.2.6.2 DIFFUSION <CATEGORY 4) 

Diffusion is a ge11E:ir·ic term uti I ized to describe thermal motion of 

impurities empl6ying a broad variety of doping techniques. Diffusion is 

no1·ma I I y accomp I i shed by deposition of a sha I I ow (source) region of impurity 

in the s11 icon, fol lowed by .a high temperature redistribution; these items 

take pfa~e either sequenti~I ly or simultaneously. Al I diffusion proccss~5 
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h<Jve tho common toai-urc'! of r·ather isotropic introduC't-ion of a dopant into 

exposed surfaces, with first order junction depth control being accomplished 

by tirne and tornperature. Control of surface concent.ration is commonly 

obtained by uti I izing sol id solubi I ity of an impurity in si I icon to establ i·sh 

an easily control led impurity source. Temperature is frequently uti I ized as 

the control I ing parameter for the_ level of sol id solubi I ity, lower doping levels 

occurring at lower temperatures~ Since diffusion is a high temperature process, 

unwanted effects contributing to reduced I ifetime can occur during the high 

temp~rature exposure .. For example, fast-diffusing impurities serving as 

efficient recombination centers in the si I icon lattice can .be accident~· ly 

added; crystal structure deterioration, particularly at near-surface regions 

(e.g., oxidation-induced stacking faults and their subsequent evolution into 

more complex defects) can be introduced; and oxygen precipitates of various 

types can be formed. Hence, choice of a diffusion process sequence must 

consider the resultant I ifetime that can be reproducibly obtained, as wel I as 

the formation of the P-N junction itself. 

Oepoiition of diffusion sources by chemical vapor deposition CCVD) or 

by vapor transport are the most widely uti I ized techniques in the semiconductor 

industry. These technologies are fairly mature and have been successfully 

applied to the fabricati6n of high efficiency solar eel Is. 

Spin-on application of diffusion sourc-l?s is <?15() r:-()mrmnly 11c;P.rl in i=trP.i'lS 

of the semiconductor industry to~ay as an alternative to the more conventional 

gaseous carrier methods. Further, spin-on diffusion sources can be uti I ized 

as anti reflection coatings on solar eel Is. 

Most present uses of spin-on diffusion sources are on round wafers which can 

be readily spun at high speeds during application. Such spinning processes 

may not be transferrable to rectangular ribbon or very large sheet geometries, 

but may require spray-on or rol I-on technology to be developed. Other then the 
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nx.:1ct application method, however, the remainder of the technology should be 

directly ap~licable to future geometries. 

Typical spin-on sourtes consist of a solution of an organic si I icate, ~n 

alcohol, and a smal I proportion of an organic compound of the desired dopant 

element~ The liquid is usually fi lter~d, and is in the form of a solution 

rather than a suspension. It is app I i ed to the wafers using standard photo-

resist spinners. Subsequent heat treatment forms a doped si I icon oxide layer 

on the surface of the wafers, the organic components of being driven off. 1 

This densified layer acts as the dopant source during diffusion. 

Spin-on diffusion sources can be formulated for specific dopants and dopant 

t t
. .2, 3, 4 concen ra ions. In addition, as is the case for gaseous diffusion 

sources, sheet resistivity and junction depth can be control I ably varied by 

changing the di ff us i o,n temperature and ti me. Dopant surface concentrations have 

been varied up to sol id solubi I ity and have been control led experimentally by 

the dopant concentration of the spin-on f i Im. 4 

Wafer-to-wafer dopant uniformity has been shown to b.eexcel lent. A 

lot of 52 wafers, for example, boron diff11sArl from a spin-on source showed a 

mean standard doping deviation of 3%. ·5 Production performance has also been 

tested on smal I signal PNP transistor~ manufactured solely from spin-on 

sources. Such transistors met all the DC electrical specifications for devices 

manufactured from conventional gaseous diffusion sources. 6 

Since diffusion occurs from a doped oxide film, diffusion of different 

dopants and/or concentrations can be performed simultaneously on opposite sides 

of the wafer without concern for cross-contamination. This feature could al low, 

tor example, P-N junction f0i·111dlion simultaneous with back surface field diffusion. 

Textured si I icon. surfaces, as wel I as ribbon or ot~er surfaces with irregular-

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

sources, It is possible, for example, that the pyramids of a textured surface 
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might cause uneven f i Im thickness, being thicker than average in the valleys 

between pyramids and being correspondingly thinner at the tips of the pyramids. 

Al I of these considerations indicate the need for studies of alternate 

spin-on diffusion source applicat.ion methods. 

SPIN-ON BIBLIOGRAPHY 

A bib I iography of spin~on diffusion sources by personnel consulted on 

this program is I isted below: 

1. J.I~. Smith, S. Thomas, and K. Ritchie, "Auger Electron Spectroscopy 

Determination of the Oxygen/Si I icon Ratio in Spin-On Glass Films". 

Journal of the Electrochemical Society", Rl. (6), (1974). 

2. U.S. Patent 3,789,023, "Liquid Diffusion Dopant Source for Semiconductors", 

Kim Ritchie assigned to Motorola. 

3. U.S. Patent 3,832,202, "Liquid Si I ica Source for Semiconductors", 

Kim Ritchie assigned to Motorola. 

4. ·K.M. Mar, "Diffusion Characterization of Spin-On Borosi I ica Films for 

Application in Wafer Processin9", Electrochemicai' Society.Meeting, 

\'lashington, D.C., May 2 - 7, (1976). 

'.i. S.P. Syl<.t::s and l<.M. Mor, "lnvcstig;:;ition of tha Factors Affl?.t:"Tina ThP. 

Doping Uniformity Using a Spin-On Borosi I ica Diffusion Source", 

Electrochemical Society Meeting, Las Vegas, October 17 - 22, (1976). 

6. K.M. Mar and R. Fuu, "Application of Doped Spin-On Glasses ad Diffusion 

Sources for Transistor Fabrication", Electrochemical Society Meeting, 

Toronto, May 11 - 16, (1975). 

3.2.6.3 ION IMPLANTATION (CATEGORY 4) 

Ion implantation of the dopant, unllke dltfusiur1, is not isotropic, but 

is unidirectional, with depth dependent upon imptantation energy. Ion 
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implantation can be performed with extremely pure, inass analyzed dopants, 

0voiding any undesired contaminati6n. Surface concent~ation tan be control led 

by ion dose. The main drawback to ion implantation is the high capital 

cost. Ion· implantation may be uti I ized tci form the P-N juncti6n directly, 

or the implanted layer may serve as a wel I-control led source of impurity for 

a subsequent diffusion step. If a sub.sequent diffusion is not performed, the 

implanted dopant must at least be ~ctivated by a high temper~tur~ anneal. This 

temperature may be as great as 900°C if resistance furnace heating is used and 

high doping eff1ciency is to be maintained. 

For solar eel I applications, throughput is dependent on ion beam current. 

Machine technology t1as progressed .to the point of producing sufficiently high 

dopant ion beam currents to be a serious contender for solar eel I processing. 

Sti I I greater beam currents appear feasible, making ion implantation compatible 

with the longer range LSSA Project cost goals. 

As wi 11 be discussed in a later section, efficient solar eel Is have 

been fabricated at Motorola uti I izing 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 largely bypassed by 

other processes due to i+s lack of control a.nd its intractabi I ity for anything 

but. simple patterning. For solar eel I use, the alloying material would have 

to oe removed~ exposing .the (I iquid phase epitaxy) regrown region below. 

Since the surface region is grown from·solution, its impurity prbfi le may 

not be control lea as desired to produce a drift aiding field. There appears 

to be no new development o~ the horizon to create renewed interest in al loyin~ 

for solar eel I P-N junction formation. 

3.2.7 CONTACT METALLIZATION 

Metal I ization constitutes the interface between the si I icon and the rrir:-;rliile 

and because it is a critical interface, often determines both module performance 
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and module rel iabi I ity. On one hand, solar eel I contact metal I ization must 

cover the minimum possible area while achieving minimum resistance. On the 

other hand, the metal I ization must provide excel lent mechanical adherence to 

the cell in environments which contain moisture, apply mechanical stress and in 

some application~. experience high voltage between solar eel Is and the 

·package. The metal I ization system is almost ~lways involved in the failure 

of se~icondu~tor components, and it is expected to be a critical component of 

solar module rel iabi I ity. 

3. 2. 7. 1 VACUUM DEPOSITION <CATEGORY 1) 

Vacuum deposition is the predominent metal I ization method uti I ized in the 

semiconductor industry. Fbr most semiconductor devices and integrated circuits, 

a meta I (_or I a_ ye rs of meta Is) is deposited by evaporation or sputtering onto 

the entire wafer surface and subsequently patterned into smal I geometries in 

a photol ithography Cphotoresist) step. Solar eel I metal I ization, on the other 

hand, e~ploys a large geometry pattern with (by comparison) coarse I ines. 

Some patterns can be made amenable to evaporation through a mask, iht..i5 el lmlridtin~~ 

the photoresist step. Totally redundant multiple contacts cannot however, be 

patterned through a meta I mask if e I I meta I I i zat ion Ii nes are to be direct I y 

interconnected on the eel I surface. (Portions of the masking pattern would 

be unsupported and would fal I o~t.) Evaporation through a mask and photo-

. I ithographic removal are both very wasteful of material, typically uti I izing 

no more than 5% of the metal consumed. Further, both processes rnquire 

further chemical consumption for eh;hir1y the excess metal, either from thP. 

wafer or the evaporation mask. Capital cost of vacuum equipment is higher than 

that for any other metal deposition technique. Vacuum deposition is not 

expected to be a viable contender for future solar eel I 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 satisfy al I contact metal I ization criteria have been 

produced in the Motorola Solar Energy R&D Laboratory. Accordingly, plating 

is considered to have a high probabi I ity for future usage in solar eel I 

contact metal I ization. Plated contacts are amenable to automation. Costs 

for materials are moderate, but labor and capital costs are low. Most import­

ant, plating is the most forgiving of al I metal processes to surface and 

geometrical irregularities. 

3.2.7.3 CHEMICAL VAPOR DEPOSITION (CATEGORY 1) 

Chemical apor deposition of metal contacts employs the decomposition 

of a metal-bearing gaseous compound, often in the presence of a second gas. 

Primary candidates are metal-organic compounds (which are generall·y very 

expensive) and.material waste is appreciable. It is doubtful that cost 

savings over established vacuum technology ·can be realized. Metal I ization 

by means of chemical vapor deposition·should be considered only via an 

evolution 6f potenti~I ly useful new systems, rlA~rAasAd raw materials costs, 

and impr·uved material uti I ization. 

3 . 2 . 7 . 4..:___;_P.:..;.R.;.;.I N..;..;T..:.I ~NG~(:....::S:....:.1-=.L.:...:.K ....:S:..:C:.:....R.=.E.;::;EN~I N.:...:.G..;..)--'-( C:....A_:T_;_E_GO_R_Y_4_) 

Printed contacts are painted (and simultaneously patterned) directly 

onto the si I icon solar eel I surface. Printed contacts for solar eel ls:have 

considerable appeal due to the possible lower cost of this approach when compared 

to more conventional methods of contacting si I icon, such as metal eva.poratlon 

or sputtering. The printing process i~self is not only fast, but the capital 

cost of eq~ipment i.s low. The I ine widths required for solar·cel Is are 

close to the I imits of resolution for printing, however, and may I imit its 

use to plane surfaces. 
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Printed contact materials uti I ize a carrier or binder. Fol lowing 

application, printed contacts must be heat treated ("fired") to promote 

electrical contact and phy?ical adhesion to the si I icon, and to enhance 

conductivity of the fi Im. The carrier is .removed during firing, but it sti 11 

must be inert with respect to the si I icon so that junction qua I ity is 

preserved. 

Adhesion and contact resistance of printed contacts require special 

attention.· Typically, present printed metal systems are either copper or si Iver 

based, and have been designed for adherence to ceramic parts rather than si I icon 

surfaces. Since neither copper nor si Iver forms inherently strong rnecha1,ical 

bonds with si I icon, adhesron may be promoted through the incorporation or glass 

frits info the printing material; these frits sinter to an oxide fi Im on the 

si I icon surface. Incorporation into the printing material of other meta is,· 

in addition to frits, is also uti I ized in an effort· to enhance adhesion. The 

dependence of glasses for adhes1on of printe4 contacts can produce unsat~s­

factori ly high electrical contact resist;;ince due to rnrl111.Arl rnAtnl-si I icon con­

tact area. Trade-offs occur, thus, between frit quantities, si I icon surface 

preparation, metal combinations~ metal I ization patterns, and contact firing 

temperatures. It has been observed that I ow temperature firing of contacts 

wi 11 result in poor contact adherence and poor interconnection rel iabi I ity, 

while high temperature firing can generate yield and efficiency losses due to 

alloying, shorting, or I ifetime de~radation when applied over very sh~I low 

p-n junctions. 

Six conductive ink samples were given a pre I iminary evaluation 

during this program period. They are formulated and classified as: 

1. S i I ve 1- w i t I 1 fr it 

2. Si Iver without fri+ 

3. Si Iver with 2% palladium with frit 
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4. Si Iver with 2% palladium without frit 

5. Si l~or with 2% ·platinum wi~hout frit 

6. Copper with frit 

In .order to evaluate contact resistance and adhesion, these samples were 

applied to si I icon surfaces with both an intentional oxide thickness and a 

minimum oxide thickness. In the first case, a layer of si I icon dioxide was 

formed in the contact areas to a thickness of approximately lOOA. This 

thickness of Si02 is slightly gr~ater than that which would normally form on 

a si I icon wafer which has been ~tripped 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 cycles to test their abi I i~y to 

penetrate a native layer of Si02 . The second case, contact areas were cleared 

with hydrofluoric acid, rinsed, and dry~d immediately prior to coriductive 

ink application. This technique produces the minimum possible oxide thick­

ness under the inetal without the use of vacuum techniques; it· provjdes that 

thickness of Si02 seen in most semiconductor industry metal I ization processes. 

In order to reduce the influence of other unwanted variables, al I six 

formulat.ions were applied to individual large area planar diodes on a-single 

si I icon wafer. The diodes were approximatley 2.5cm2 in area with a contact 

area approximately 0.2cm2 Al I diodes were Non P, with the P~type·substrate 

common to al I diodes. The diodes were fabricat~d by ion implantation and had 

textured surfaces .. The j~nction depth under each tonta~t 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 individual segments 

without scribing or otherwise interfering with the integrity of the wafer. 

Firing temperature cycles uti I ized were those suggested by the manu-
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0 facture of the si Iver containing formulations, and below the recommended 600 C 

to 1000°c firing temperature for the copper formulation. The temperature 

rise and fal I rate was approximately 50 degrees per minute, and the peak 

temperature was 550 degrees C. The atmosphere was air, and the wafers were 

al lowed to stay at the final temperature for three to five minutes. After 

firing, the wafer segments were tested for adherence, and electrical parameters 

were measured to evaluate series and shunt resistances resulting from poor 

ohmic contact or diode degradation respectively. 

Adherence of the inks to the diodes was first observed. As anticipated, 

the copper formulation showed extremely poor adherence and wi I I have tG be 

treated separate I y. A I I five of the s i Iver formu I at ions, however, showe.j 

reasonable physical adherence in a "Scotch tape test". 

The e I ectr i ca I performance of each ink was then eva I uated. ~~one of 

the inks showed significant penetration through the intentionally formed Si02 

layer, while al 1. exhibited electrical cont~ct to the HF etched surface. This 

\ indicates that storage without an etching step immediately prior to ink 

application is inadvisable. 
I 

With freshly-etched surfaces, the series resistance was frequently high, 

indicating that either a high contact resistance was present or that the applied 

layers were too thin to adequately carry the desired ·current. The former poss­

ibl ii·y imp Iles the desirabi I ity of a more control l~ble formation and/or a more 

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

sequent so Ider coating, In none of thP. above axpor i mcnt3 was any s i y11 i f leant 

J~yr~datlon Of the diode characteristics due to shorting or· lifetime ki I llng 

observed. 

Among the unknowns of printerl metal I ization is the long terir1 n~I iabl I ity of 

modules operating in the terrestiral environment, and how this depends on 

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

contact metal I ization formulations for.si I icon solar eel Is is needed. Attend-. 

ant to th i S· formu I at ion deve I opment is the necessity for further process 

definition and dev.elopment for solar cell appl"1cat·1on. Ab · as1c understanding 

of printed contact-si I icon interfacial physics should be obtained. Sufficient· 

promise exists for such commitment. 

3. 2. 7. 5 · .LAM I NAT I ON <CATEGORY 2) 

The attachment of pre-sha~ed metal I ization patterns by lamination, 

such as a tape transfer techn'ique, is also potentially attractive-:--Further 

development is necessary before it can be considered viable. ·Potential 

problems are similar to those facing printed metal I ization. No lamination 

research is being reported at this time. 

3.2.7.6 SOLDER COATING <CATEGORY 4) 

In many cases, solar eel I metal I ization systems wi 11 be composed of a 

b~se meta I system for e I ectr ka I and mech.an i ca I contact to the s i I icon surface, 

anJ a solder coating which wf I I be thick enough to act as the primary c~rrent-

carrying metal. Sophistication· of processing already exists in the solder 

. coating ·areas, and I i tt I e . deve I opmer11· wurk is required. HowevAr, it i $ 

necessary that the surface of the underlying metal I ization be amenable to 

control I able solder coating, implying that the soldering cycle may have to be 

ta i I ored tn the meta 11 urqi ca I p rope rt i.es of the contact meta I Ii zat ion. 

3.2.8 ANTIREFLECTION (AR) COATING 

A necessity for achieving maximum.efficiency from the solar eel I is a 

high quality antireflection coating system. In some cases, this antireflection 

coating r:nay be u.sed for P-N junction pass I vat ion. 

3',2.8. 1 VACUUM DEPOSITION (CATEGORY 4) 

The same.basic comments made for metal vacuum deposition apply here, 

except that it is seldom required to pattern the AR fi Im since it is generally 
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applied after metal I ivition (a mechanical mask may be used to prevent AR fi Im 

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

While suitable technology is now avai I able, 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 __ C_H_E_M_l _CA_L_V_A_P_OR_D_E_P_O_S _I T_l_O_N_C C_A_T_E_GO_R_Y_4_) 

Si I icon nitride could constitute an excel lent choice for the anti-

reflection coating on si I icon solar.eel Is. In addition to its useful refractive 

index (n;2.0), it is the best si I icon P-N junction pas~ivant known to the 

semiconductor industry. It is extremely stab.le and inert. Si I icon nit:-ide 

can be deposited by low terr.perature CVD processes in a "soft" state whic.n 

permits easy patterning using standard Si02 etching processes, and then can be 

transformed by a modest thermal cycle 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. 

Si I icon nitride has been deposited at 600°c in a hot wal I, quartz I ined 

furnace. The nitride is deposited from the reaction. nf ~i lane (SiH4> and 

atl'li'r\Ohia (NH
3

J in a n'itrogen carrier gas. Deposition cycles of approximately 

50 minutes have resulted in si I icon nitride layers of 1050A0 
± 100A0

, this 

excel lent uniformity applyinq to both varintions within a run and varial iun 

from run-to-run. As established, the process deposits the nitride on wafers 

placed horizontally in the furnace; as a result this deposition system is 

c.apdlJle uf processing only five 3:i wafers per run. This low throughput would 

be unacceptable for long range LSSA Project goals. 

As an alternative depositinn approach, greatly increas~u area throughput 

has been reported by si I icon nitride deposition at a reduced (less than 1 

atmosphere) pressure. Such a system has been uti I ized to simultaneously coat 
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seventy-five 3 ·inch diameter wafers with si I icon nitride films having a 

thickness uniformity of ±5%. 

3.2.8.3 DIRECT GROWTH (Si02) (CATEGORY 1 ). 

The index of re~racfion of Si02 is essentially equal to those of al I of 

the proposed encapsulant materiais, making purposeful growth of Si02 as an 

AR coating unnecessary. If bare eel Is are considered, the Si02 would be a 

reasonable AR material. If it forms a better surface material for encapsulant 

bonding in a package, Si02 may be reconsidered; this event i5 considered 

un Ii ke I y. 

3.2.8.4 PLASMA DEPOSITION (CATEGORY 2) 
. . . 

D·e,position of an'tireflection dielectric coatings can be performed by 

plasma-aided CVD reactions ~t much lower temperatures than are possible by 

thermally activated CVD. This area .is receiving considerable attention by the 

semiconductor industry, but it sti I I needs tec~nological advancment prior to 

extensive consider~tion for the LSSA Project~ 

3. 2. 8. 5 · SPIN-ON OR SPRAY-ON DEPOSIT ION CCAGEGORY 3) . 

Anti~eflaction coating compounds can be applied in the same manner as 

photo resist, fo I I owed by ·a . bake eye I e to comp I ete chem i ca I · reactions 

and/or to drive off solvents. Further heat treatment is frequently necessary 

to density the f·i Im in order to realize optimum optical properties of the material. 

Spin-on sources to deposit antireflection coatings of tantalum oxide 

or titanium oxide have been commercially.formulated. As an example, a single 

app I i cation of spin-on can give a Ti o2 f i Im which can be patterned Ln the as- · 
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depos I ted cond it I on. Fo I I owl ng a 925°C dens if i cation, it has a th i cknc:Jss 

ranging from 800 to 1100A, is resistant to HF etching, and has an index of 

refraction of approximately 2.0. Application fol lowing metal I ization requires 

0 much lower temperature annealing steps~ 250 C .for 30 minutes can be used to 

give an AR coating of usag I e qua I i ty; re I i ab i I i ty. of such I ow temperature-

fired films needs to be ascertained. 

While spin-on anti reflection coatings may be useful on round, polished 

wafers, they wi I I most I ikely be unsatisfactory for solar eel Is of rectangular 

shape or with surface roughness (either ripple, an as-grown surface, or a 

texture-etched surface). As discussed in Section 3.3. I, photoresist application 

by spinning on textured surfaces results in non-uniform thicknesses of photo-

resist over the surface features. It is. anticipated that future application 

of this type of antireflection coating must be by spray-on techniques. At 

this point in time, it appears that spray-on thickness control and uniformity 

are not suitable for qua I ity anti reflection coating. 

3.2.9 ANNEALING 

Al I solar eel I manufacturing process sequences require some high temp-

·eraturc annealing. 

3. 2~ 9. 1 RESISTANCE FURNACE HEATING <CATEGORY 4) 

This is the almost universal semiconductor industry tool. As currently 

uti I ized, its energy c.onsumption is high. However, in a continuous, automated 

environment, the energy dissipation per unit area of si I icon is capable of 

appreciable reduction from today's practices. Uniformity and control exist 

now, even for iarge area sheets, and the technology is proven. 
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3.2.9.2 DIRECT RADIANT HEATING: 

HIGH TEMPERATURES <CATEGORY 2) 

LOW TEMPERATURES (CATEGORY.4) 

This technique has had only I imited application in semiconductor tech­

nology for high temperatures, and has several inherent problems. The I ife of 

high intensity radiant sources is short, and output is·somewhat variable during 

that lifetime. Uniformity and efficiency of heating require reflective 

surfaces for .radiant energy manipulation; these can also degrade with use. 

When employed for high temperature (where radiant energy absorption is good): 

heating of si I icon, direct radiant heating of large areas to a specific temp-. 

erature is hard to control. Major technological advances are required for high 

temperature applications. 

Low temperature applications, such as for solder ref low or photoresist 

baking, are wel I developed and are co~sidered viable at this time. 

3.2.9.3 LASER AND ELECTRON-BEAM HEATING <CATEGORY 3) 

These emerging technologies show promise of excel lent control and ,good 

efficiency. App I i cation to semi conductor tech no I ogy has been, however, I i mi ted, 

and requires further study before conclusions can be drawn. E-beam heating 

is being explored on another program under LSSA Task IV. Laser heating can 

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

vacuum. 

3.?..9.4 RF HEATING (CATEGORY 1) 

RF heating is brqadly used in si I icon epitaxy to obtain high temperatures 

·in a "cold-wal I" (and thus noncontaminating) ?ystem. Heating of the si I icon 

for. epitaxy is indirect, however, in that a conducting susceptor is first 

heated by the RF field; this susceptor, in. turn, conductively heats the si I icon. 
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This process is energy inefficient. A cold-wal I system is not considered 

nuces~ary for solar eel I processing. Si I icon wafers could be directly heated 

by F<F enerfJY, but the temperature contTo I has been shown to be poor. 

3.2. 10 PATTERNING 

Metal I ization, anti reflection coatings, and dielectric layers for diffusion 

masks may require patterning in any given solar eel I fabrication process. 

3~2. 10. 1 PHOTOLITHOGRAPHY (CATEGORY 4) 

Photo I ithography can be·accompl ished by either contact printing (direct 

mask contact to the si I icon) or by projection or proximity (out-of-contact) 

masking techniques. Both proximity and projection require sophisticated 

optics, but can give extremely long mask I ife and wel I defined patterns on 

irregular surfaces. ~oth are far preferable, thus, +o contact printing. 

In any case, mask alignment to the si I icon substrate should be primarily 

mechanical, as opposed to optical, and realignments should be avoided if 

possible because they tend to be expensive. Exposure wi I I continue to be by 

ultraviolet or visible I ight unless some technolo!=)ical breakthrough or.r.urc; in 

either laser, E-beam, or X-ray exposure. Appl lcation is expected to be I imited 

to dielectric patterning. 

3.2. 10.2 SHADOW MASKING: 

VACUUM METALLIZATION (CATEGORY 1) 

PRINTED METALLIZATION <CATEGORY 4) 

ION IMPLANTATION (CATEGORY 4) 

This -technique is too wasteful of. material t() .he uti I ized for vacuum met(] I-

I ization of solar eel Is. On the other hand, planar.P-N junctions can be formed by 

56 



shadow maskin~ during ion implantation with excel lent results and 1riw cost. 

If planar junctions are uti I ized with ion implantation, masking wi 11 definitely 

be done by this technique. 

Printed contacts are generally applied through a screen which, in effect, 

is a shadow masking operation. Printin~ contacts (in a manner analogous to 

operation of a printing press) would yield diract·appl ication in the desired 

, pattern; this technique, however, appears to be receiving no current development. 

3.2. 11 INTERCONNECTION 
~~~~~~~~~~ 

lnterc;:onnections of solar eel Is into modules pose some stringent -require­

ments for performance and rel iabi I ity .. The. interconnection scheme must not 

contribute a substantial series resistance, or performance of the module can 

be seriously degraded. Experience derived from the semiconductor industry 

would suggest that metallurgical interactions are the most I ikely failure 

mechanisms. These can lead to reduced output, for example, as a result of 

·increased series resistance, or interference with the optical path, or, perhaps 

mpre commonly, opened connections. 

3.2. 11. 1 SOLDER REFLOW (CATEGORY 4) 

.The most widely used, and probably the most cost effective, solar cell 

· interconnecti~n scheme uti I izes solder reflow. The "technology is ready and 

has proven rel iabi I ity. · Properly applied, it can be used for the simultaneous 

formation of al I interconne~ts in a module. 

3.2.11.2 THERMAL COMPRESSION AND ULTRASONIC LEAD BONDING CCAiEGORY 1) 

Though_ widely used ·in the semiconductor industry, th.ermal compression 

bonding is useful mainly on smal I diameter (less than about lOOµm) wires 

where deformation is accomp Ii shed by pressures I ow compared to the fracture 
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~;tr·nnqth of '.-;i I icon. Whore ml 11 irnfJtor sized bonds an:i roquirod, thir; pror.:<.J'.;:;~; 

is expected to be too damaging to the substrate to warrant further consideration. 

Ultrasonic bonding is a low pressure process which uti I izes ultrasonic 

energy to smear metal surfaces together, thereby establshing intimate contact 

for a metallurgical bond. It is not area I imited, as is thermal compression 

bonding, but can damage substrates. ft is also an uni ikely future choice. 

3.2. 11.3 WELDING (CATEGORY 3) 

Welded contacts are potentially as viable as those made by solder ref low. 

Welding, however, requires higher temperatures than soldering and can result 

in damage to the solar eel I. Welding is used on smal I space eel Is, h11t its 

application to high current terrestrial eel Is wi I I require additional innovation. 

Further detailed study is required before recommendation for· future use can be 

made. 

3.2. 11.4 FILLED ADHESIVES (CATEGORY 2) 

Metal I ic fi I led adhesives have had I ittle or no application for bonding 

wires to solar eel I metal I izations. ·Fi I led adhesives are used in the semi­

conductor industry for relatively large area bonding (e.g., die attuch). rhese 

materials have poorer electrical conductivities than metals, and the better 

ones (e.g., gold fi I led) are expensive. In a solar panel, where thermr=il ly or 

mechanically induced tensi IA stresses on the interconnect wires may be expected, 

the reliability of fi I led 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 eel I metal I ization is possible, especially if 

metal smearing.at the contacts can be achieved without damage to the eel I 
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itself and pressure can be maintained in the package.· Without such smearing,· 

moisture ingression to the contacts would increase resistance and reduce 

module reliability. Tooling would be expec_ted to be complex to provide 

.·smearing without fracturing eel Is, with I ittle assurance of control or 

reliability. Thi_s process is deemed unlikely to succeed for solar cells. 

CATEGORY 4 PROCESSES 

The processes which at this time appear to have a very high probabi I ity 

of incorporation into ·a future production process are tabulated here as a 

~eparate groupof category 4 items. 

1~ Starting Condition 

a. Sawed and Etched Surfaces 

b. Texture-Etched Surfaces 

2. In-Process Surface Cleaning or Etchin9 

a. Wet Chemical 

b. Plasma 

c. Texture-Etching 

d. Scrubbing 

e. Gas Stream Drying 

f. G~avity (Centrifuge) Dryi~g 

3. Junction ~ormation 

a. Ion Implantation 
· .. 

b • D i ·ff us i on 

4. Metal I ization 

a. Plating 

b. Printing 

c. Solder Coati~g 
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5. Anti reflection Coating 

a. Vacuum Deposition 

b. Chemical Vapor Deposition 

6. Annea Ii ng 

a. Resistance Furnace Heating 

b. Low Temperature Radiant Heating 

7. Patterning 

a. Proximity Photo I ithography 

b. Projection Photo I ithography 

c. I on I mp I antat ion Shadow Masking 

8. Interconnection 

a. Solder Reflow 

3. 3 PROCE,SS SE..QUENC I NG OPT I Ml ZAT I ON AND SOLAR CELL FABRICATION 

Solar eel I fabrication is accomplished by performing a number of 

individual process steps in a process sequence. While isolated individual 

process steps may appear satisfactory when assessed alone, experience in the 

s8micnnrluctor industry has shown that most process steps requlrE:l moui ficdt"ion 

and trade-offs when incorporated into an optimum process sequence. Such 

modifications may necessarily be drastic, ~.1aking an otherwise seemingly 

desirable individual process step undesirable wh~11 ul ii iLt!LI in the :::;cquonco. 

This study portion of the·program was undertaken to identify and optimize over­

al I process sequences. 

3.3. 1 TEXTURED SURFACE-PHOTORESIST INTERACTIONS 
·--~~~~-~~~--~-----------------------------

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

investi~ated photoresist coverage of textured surfaces. The study identified 
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an undesirable effect, resulting in corrective modifications to the photo­

re~ist procedure. 

A process interaction between photol ithography of dielectrics on textured 

surfaces and plating of metal contacts was observed. The dielectric is deposited 

on t he textured surface to act both as an antireflection coating and as a 

plating mask. Fol lowing dielectric deposition, the dielectric is patterned 

photo! ithographical ly 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, meta I has p I ated onto uni ntent i ona I I y exposed s i I icon peaks of the 

textured surface. 

In our laborator¥, normal photoresist procedure for polished wafers 

uti I izes thin, 44 cp (0.044 N·S/m2
> photoresist and spin speeds of 5000 rpm. 

This procedure was applied initially to patterning si I icon nitride dielectric · 

layers deposited on textured surfaces, and resulted in exposure of si I icon 

peaks and their subsequent plating with metal. Fol lowing 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 

5000 rpm. 

3.?_>._2~~-P_R_OC_E_S_S~S_E~Q~UE~N_C_E~S~E~LE~C~T_l_O_N 

Process sequences were selected uti I izing the process steps placed in 

Category 4. The process sequences are amenable to either P-on-N or N-on-P 

eel Is. (For the sake of conciseness and convenience of presentation, the 

processes outlined wi I I result in N-on-P type eel Is.) The process sequences 

67 



FIGURE 3-6: SEM Photomicrograph of electroless 
nickel pluted surfaces of unprotected 
ryramirl peaks, 5000X, 60° ti It. 
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are also chosen from process steps tolerant of any si I icon substrate geometry 

and to varying degrees of surface waviness, warp, etc. 

3.3.2. 1 ION IMPLANTATION/DIFFUSION PROCESS SEQUENCE 

A process sequence utilizing ion implantation to form the P-N junction 

and diffusion to form the back s~rface field is I isted below: 

1. Perform P+ diffusion· over entire w.afer, s i mu I taneous I y growing I ayer of 

Si02 . This forms the back surface field. 

2. App I y resist to one. side, remove Si o2 on opposite side, remove 

resist. 

3. Texture etch exposed silicon surface. 

4. Deposit si I icon nitride (CVD) over wafer surfaces. 

5. Pattern metal gri<l into si I icon nitride on textured surface using photo-

1 ithographic techniques, si~u1taneously cleaning dielectri~ from back 

surface. 

6. Ion Jmplant front (textured) surface with N-type dopant to form N-P 

ju11dion. Ions ara.mechanir.nl ly masked from wafer edge to form planar 

junction. 

7. Anneal wafer·s to ·activate Implanted ions. P-N junction in metal grid 

openings is deeper than beneath nitride. 

8. Plate and sinter me"t·al I ization, front and back. 

9. So I de r coat. 

3.3.2.2 DIFFUSION PROCESS SEQUENCES 

Two process sequences uti tizing diffusion for both P-N junctfon and. back­

surface field formation are identified below: 
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DIFFUSION PROCESS SEQUENCE 

1. Perform Blanket P+ Diffusion, Oxide Growth 

2. Apply Photoresist, Protect Back, Etch Planar Junction Pattern in Oxide. 

3. Texture Etch Exposed Front Area. 

4. Diffuse Planar Junction 

5. Remove Di f fus i on Ox i de, Deposit Si I icon Nitride 

6. Photo resist Meta I I i zat ion Pattern, Protect Back 

7. Metal Contact Diffusion 

8. Strip Back, Clear Co~tact Areas 

9. Plate and Sinter Metal I ization, Front and Back 

10. Solder Coat 

DIFFUSION PROCESS SEQUENCE I I 

1. Perform Blanket P+ Diffusi6n, Oxide Growth 

2. · Apply Photoresist, Protect Back, Etch Plana~ Junction Pattern in Oxide 

3. Texture Etch Exposed Front Areas 

4. Diffuse Planar Junction 

~. Remove Diffusion Oxide, DArnsltion Si I icon Nitrid~ 

6. Photoresist Metal I ization Pattern 

7. Plate and Sinter Metal I ization, Front and Back 

8. SOider Coat 

The primary difference between the two diffusion process sequences is that 

the first provides a deep P-N jun~tion beneath front metal contacts while the 

second sequence does not. 
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-1 7 -, 
-~· J•..) SOLAR CELL FABRICATION 

Solar eel Is have been fabricated in our laboratory utl I izing both ion 

implantation and diffusion process sequences for P-N junction formation. 

These eel Is were then evaluated and compared. Evaluation was based upon 

short circuit current, open circuit voltage, maximum power point, and process 

yield. 

Ion implanted eel Is have been evaluated under AMO spectrum, 100m\'J/cm2 

i I lumination. A three inch dlameter eel I with a planar implanted junction in a 

textured surface exhibited a maximum power point near 56.5mW. The planar 

2 junction area, including riietal I ization area, is approximately 43cm , while the 

wafer area is near 45cm2 . This indicates an AMO conversion efficiency of 

approximately 13. 1% based upon junction area and 12~6% based upon total wafer 

area. These efficiency figures would, of course, be higher if considered under 

AMl i I lumination, and indicate that ion implantation is a viable process 

technique for high efficiency. solar eel Is. 

Diffused-j~nction eel Is have been similarly evaluated, but under tungsten 

I I I um Ina I i ur1 ca Ii b1-~ted to y i e Id. tho same test as those obtained on ion 

impl~ntatlon is a viable process technique for high efficiency solar 

ce 11 s. 

In al I so:lar eel I fabrication tests, P-N junction depth was near 0.5 

mir.rometer, deeper than optimum for maximum short wavelength response and 

overal I eel I efficiency. For shallower junctions, however, it was found that 

yields were higher for diffusion and ion implantation process sequences 

w·hich had deeper junction areas under the contact metal I ization regions than 

for diffusion process sequences lacking that teature. 
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3.4 INTERCONNECTION AND ENCAPSULATION 

In order to establish working systems of useful size, individual solar 

ce I Is must be interconnected in some manner, and th.en encapsu I ated. Inter­

connect ion and en6apsulation both play a major role in establishing (and 

enhancing) module rel iabi I ity. 

There is a trade-off between solar eel I durabi I ity. in harsh environments, 

and encapsulation requirements to protect the eel I from these environments. 

This trade-off must be considered in terms of a m~nimum twenty year service I ife 

tor the encapsulated eel I. 

The cost effectiveness of any particular encap~ulation structure i~ 

heavily dependent upon the expected I ife CMTBF, or mean time before failure) 

of a totally unprotected eel I ·as compared to the expected I ife of that eel I 

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 plus a silicone adhesive and covering tor 

the eel Is, are insuffi<;:ient to prntArt r,~11 •tructurn::; for long 1~1111 l1::HTestrla1 

service. Unti I the MTBF 6f unencapsulated eel Is can be projected to 20 years, 

Motorola feels both frorit and back covers should be incorporated into the 

encapsu I at i•on system to meet the re I i ab i Ii ty goa Is of the LSSA Project· 

It is anticipated thatthe most common failure modes for solar cell 

modules wi I I be one of two types: 

1. Failure of a solar eel I interconnect within the package, as a result 

of strains due to fherma I stresses or mechan i ca I: motion, or .,as 

a result of chemical or electrochemical corrosion. 
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3.4. 1 

/.. Local irnd intorferunce of tho opt·ical path, by dolamination or phy:.ic;.il 

coverago, i.e., .by a leaf, local lze·d debris, or wildlife. 

INTERCONNECTION 

The above failure modes are most severe for single contact, series 

inte~connected eel Is, suggesting future use of both redundant eel I contacts and 

para I le I-oriented eel I inter.connections. In aiming towards an MTBF of 20 years, 

it must be expected that some interconnect failures wi II occur in a large 

array. In a series-connected panel, failure of an interconnect internal to 

the package (open circuit to either side of a solar eel I) wi I I cause entire 

module failure (open circuit). The use of. redundant contacts to each solar 

eel I wi I I greatly reduce the magnitude of the effect of a single contact 

failure on the modul8' performance. Instead of ~n open circuit, the output 

curr-ent wi 11 be reduced by some nominal factor (e.g., 5%, but dependent upon 

detailed eel I d~sign) if a sing1e front surface contact opens. 

Shadowing by r~latively small objects is perhaps the most objectionable 

tai !'ure mode of the series-connected soh:ir eel I 1-'d118I. ftlthough intermittent, 

shadowing by I eaves, debris, or w i Id I i fe on the extern a I surface of a mod.u I e 

wi I I cause failure; almost total open circuit if an entire eel I is shadowed, 

;:rnrl rnrlucerl current output if the eel I is only partially shadowed . 

. These types of fa i I ures mriy be a! I ev i ated by i ncorporat i nq redundancy 

within a module through the ~se of a para I lel or series-para I lel eel I inter­

connection schemes. Some schemes increase .module (and system) rel iabi I ity 

whl le insuring at least equivalent total system performance. 

Any' interconnection (and encaps11lation) design, thus, should permit 

incorporation of some degree of para I I e I interconnections. 
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3.4.2 rv'ODULE MATERIALS AND ENCAPSULATION 

Materials must be chosen for solar eel I modules, both for interconnection 

and for encapsulation, on the basis of functional compatabi I ity, long term 

rel labi I ity, and cost. The emphasis, while shared between these criteria, 

cannot compromise long term rel iabi I ity. Accordingly, a set of encapsulant 

and interconnect mater.i a Is was chosen for study on this program, with emphasis 

on proven histories of stabi I ity in terrestrial environments. Interconnection 

of eel Is is accomplished by solder ref low. The encapsulant system consists 

of a front glass cover, a stainless steel back plate, si I icone potting, and 

a stainless steel bezel to act both as a structural member and as a 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 

~tructure has good thermal dissipation and should offer long service I ife. 

Solar eel I encapsulation has been successfully performed uti I izing this 

system. 

3.4.) PROTFr.TIVf COATINGS FOR· METAL ENCAPSUL/\MT P/\nTS 

A metal back plate may be uti I ized in ~ncapsulnting solar eel Is. It 

must be. corrosion-resistant to achieve the twenty year I ife expectgncy of 

the module. Both aluminum and stainless steel are possible materials, with 

stainless steel having the more suitable thermal expansion properties. 

A!umlnum ·1s particularly susceptible to corr0sion. in Environments containing 

certain pollutants (e.g., salt, some industrial waste gases). 

In order to reduce the overal I cost of encapsulating solar eel Is, it 

would be desirab~e to uti I ize a material cheaper than stainless steel. Use 

of cold rolled steel would result in a savings of 5X (i.e., stainless steel 

= 60ct/ft2 --cold rolled= 12ct/tt2). These prices reflect the cost of sheets 

15 - 18 mi Is thick. It appears that cold rol 1.ed can be used if properly 

protected from the environment. A material, Rilsan Nylon II, has been used 
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for approximately 25 years to coat items such as gas cylinders, underground 

piping, ship parts and outdoor furniture. It apparently has excel lent wear 

properties for these and other applications. Appl ic.ation of the material is 

achieved by electrostat1c spraying or fluid bed dipping foJlowed by a heat 

treatment to fuse the powder. Electrostatic spraying can provide layers of 

approximately 3 mi Is while fluid bed applications have a minimum thickness 

of 8 - 10 mi Is. Material cost of 2*¢/mi l/ft2 r~sults in 7¢/ft2 for the 

electrostatic. process and 18¢ - 25¢ for the fluid bed process. Appl.ication 

costs range from 2 to 5 times material cost. Hence, electrostatic spraying 

of nylon on cold rolled ste~I could red~ce costs and give acceptable long 

term rel iabi I ity. Furthermore, numerous colors can be applied, thereby 

improving reflecting and radiating qua I ities of the package. 

3.4.4 MOISTURE INGRESSION 

Semiconductor industry experience on rel iabi I ity and failure modes indicates 

that the solar eel I metal I ization ~nd interconnect system can be expected to 

be perhaps the region most vulnerable to failure resulting trom package moist­

ure ingression. Absolute exclusion of moisture from a solar eel I module for 

a period of twenty years would require hermetic seals, and hence would place 

severe economic strains on the encapsulation system. A fnr preferable solution 

would be a rnois.ture resistant eel I metal I ization and interconnect system. 

Some current solar eel I metal I ization systems, such as titanium-

si Iver, have already shown reliability problems in moist ambients and would 

require special protection techniques to achieve a twenty year minimum service 

I ife. This is not unexpected from the experience in the semiconductor industry. 

Design choices for f~tur~ solar eel Is should be based on metal I ization system 
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rel iabi I ity in moist ambients, and the final choice may be dictated primarily 

by this criterion. 

It is not just.moisture, but. the combination of moisture and contaminants 

in the environment surrounding the metal I ization and contacts, and the effects 

of applied or generated electric fields and contact potentials, that must be 

considered. Even go Id, which is considered to be quite inert, has been shown 

to exhibit severe degradation via electrochemical attack in plastic._encapsurated 

si I icon integrated circuits, and also in hermetic packages .that were sealed with 

some moisture inside. 

A stress testing method for measuring moisturo ingression into potential 

encapsulation and materials configuratidns has been investigated. The technique 

involves impregnation of color-indicating-dessicant materials into mock-ups 

of module designs. In a pre I iminary test, a color indicating dessicant .was 

impregnated into a si I icone potting compound in dummy modules with a glass 

cover and a stainless steel backplate. The modules were then boiled in water 

for times up to two weeks, periorlir.rt! ly inspecting the dc'.J'.:iicant. An ~ppr·ox= 

imate value for both interfacial and bulk moisture ingression can be obtained 

mer·ely by visual inspection. This technique is one of those beinq utilized 

toevaluate encapsulation designs and materials. 

3.~ COST ANALYSIS 

Analysis of the costs of performing both individual process steps and process 

sequences was performed. This analysis was based upon today's technology pro­

jected to large volume production, and has been performed in a format conforminq 

to the information chart uti I ized by JPL for summary of Task IV data. This 

t.ormaT Identifies the to I" I owing i terns: 
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/ 

Material 

Expense 

Labor 

Overhead 

Interest 

Depreciation 

Capital Equipment 

Faci I ities 

The three primary assumptions m~de in this cost analysis are: 

1. The factory produces only one product and sells that product to less than 

ten customers at a rate of 500 peak megawatts/year. 

2. The costs reflect today's technology in terms of the level of automation, 

throughput,. matu" i ty of process, etc. 

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

be patterned after any exi$ting factory. 

II') order to perform a detailed cost analysis, a methodology was first 

developed with general inputs and assumptions being defined .. It must be 

cautioned at this time that Motoro1.a 1 s·methodology may differ from methodologies 

used by the other Task IV contractors performing a similar study~ This means, 

thus, that ditterences in assumptions and cost inputs by each contractor wi I I 

result in different cost al locations per category .. The most meaningful 

comparison between various contractor's cost analyses must be made on the Total 

Cost basis. Further, costs were developed on an individual· process step basis, 

~ut meaningful cost analysis tor solar eel I manufacturing can only be made for 

a total process sequence.. Each process step cost must, then, be placed in a 

viable process sequence, and adjusted for the total process sequence yi.eld 
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fol lowir1q th;:it· stop in ordor to havo a true significance in manufoctur·in~J 

cost analysis. In or·der to al low this adjustment to tw made, Individual 

processing step costs are being calculated on a 100% yield basis, with a 

probable process yield percentage being estimated for use in subsequent 

proce~s sequence yield calculations. 

3.5. 1 GENERAL AND SPECIFIC COST ASSUMPTIONS 

·The fol lowing pages present in tabular form the assumptions and inputs 

uti I ized for the processing cost analysis. 

Electrical power consumption .has been al located between the overhead 

account and the expense account. In calculating the overhead al location, 

the base level of building services for I ighting and HVAC (heating, ventilating, 
. . 

and air. conditioning) was assumed and al located on the basis of floor space. 

For the expense al location, identifiable electrical consumptiori 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 addition to chemicals, electricity, D. I. water, and waste treatment, 

some process steps have significant consumption of ex;:>endable items. Where 

possible, items such as quartz, brushes, pump oi I, holders and carriers, masks, 

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

1. Factory produces only one product and suppl les less. than ten customers 

2. Annua I production I eve I = 500 ,000 ,000 peak watts 

3. ·Total work days/year = 240; (260-20, vacation·, holiday etc.) 

4. One work day= 3 shifts= 22.5 work ho~rs; (24-1.5 lunch)' 

5. First ·shift, second shift, third shift - 8, 8, 6.5 hrs. respective.ly 

6. Second and third shift premium= 10% 

7. Balanced ·I ine o~eration for all three shifts resulting in an effective 
labor rate of 1.064 times the- first shift rate. 

8. · First Shift Rate= $4~00/hour 

9. Si I icon starting material cost = $0 

10. Starting materia.I sheet? =·3 inch (7.6cm) Dia. Silicon wafers; Area 

· 11. One module= 48. starting material sheets· 

12~ ·Efficiency/cell - 15% (average) 

13 .. Output power/eel I = 0.667 peak watts (average/eel I) 

14 .. Output power/module= ~O ·peak watts (average/module) 

2 = 45cm . 

15. Individual process step cost estimates are based on 100% processing 
step y i e Ids. · (Actua I process step cost is ·achieved by mu It i p I y i ng the 
true process step yields for the overal I process sequence) 

16. Elecfricity cost = 2.Sft/KWH 

11. Burden.and fringes= 40% of labor 

1 8. Interest· rate = 9%/year 

19. Depreciation on equipment = SL 7 years 

20. Depreciation on bui I ding = SL.40 years 

21; Support electrical consumption = $1.36/ft2/year ( l~cludes I ighting at 
4 watts/ft2; HVAC at 40% duty cycle of 10 watts/ft and yearly ruh rate 
of.6800 hours or 100% work week plus 10% weekend factor). 

22. Other uti I ities (water) = $0.06/ft2/year (In. part, depende~t on :01a1 
number of employees but assumes a density of people per ft cons1s1ent 
with automated prod~ction level of Assumption~.) · 

23. Mi see I laneous bui I ding_ services =$0.45/ft2/year (estimated) 

79 



DEFINITION OF ACCOUNTS 

1. Materlals 

Items which are incorporated Into the final eel I which can be identified 
in their original form, e.g., (si I icon, solder, steel, glass, etc.) 

2. fxpense Items 

Items that are consumed in the manufacturing operations that do not 
appear (in their origi~al form) in the final eel I e.g., (acids, solvents, 
gases, dopants). 

3. Labor 

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

4. Overhead 

Al I other costs not identified as material, expense, labor, interest, or 
depreciation (examples shown In attachment). 

5. Interest 

Fee paid on investment debt, <9% of capital: Equip_ment + Faci I ities). 

6. Depreciation 

Straight I ine 7 year depreciation on equipment <14.3% of capital), 40 year 
depreciation on faci I ities (2.5% of faci I ities). 

7. T0t;:'I ! s 

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

8. Proces~Yield 

Estimated thru-put yield; net yuod units/inpul· unit3. (Proce99 ::rnqucnce 
yield product of process step_ yields.) 
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1. 

2. 

3. 

4. 

5. 

Utility Operators 

BURDEN ACCOUNTS 

(EXAMPLES) 

Employee instruction time 

Set-up time 

Clean-up time 

Coffee breaks and rest room time 

6. Material hand I ing and transfer 

7. Data compilation and transfer 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

Vacation 

Ho Ii day 

Retirement Fund 

Insurances 

Cafeteria 

F. I .C.A. 

Unemployment Taxes 

Credit Union 

Employee·Sales 

Recreation Activities 

EMPLOYEE FRINGES 

(EXAMPLES) 
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ASSUMPTIONS FOR 
BUILDING & MANUFACTURING 

1. Factory floor space wi I I be 70% production, 30% support (off ices, warehouses, 
cafeterias, etc.) 

2. Construction cost for production _space is $80/sq. ft. 

3. Construction cost for support space is $30/sq. ft. 

4. Construction cost for factory is $65/sq. ft. 

5. One factory sq. ft. = I .43 machine sq. ft. 

6. Interest Rate = 9%/year. 

7. Depreciation Costs =~I· I year 
40 

8. Taxes & Insurance = 5%/year 

9. Summary & Cost Identification 
- Average Factory Space -

1 . 
- <40 ) (65) = $1.62/sq. ft./year a. Depreciation 

b. Interest 

c. Taxes & Ins. 

= (9%) (65) = $5.85/sq. ft./year 

= (5%) (65) = $3.25/sq. ft./year 
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1. Committed Costs: Floor space charges, taxes and Insurance, at 5% of 
construct ion cost. 

2. Direct Factory Overhead: Payrol·I for supervisors and foreman; 
expense items not covere<;t previously such as telephone, office supplies, 
protective clothing, filters, plant supplies, electronic parts, carrier 
supplies, equipment maintenance, etc. 

2. 1 

2.2 

Pay Rates: Supervisor = $12,000/year + 25% Fringes 
Foreman = $16,000/year + 25.% Fringes 
Maintenance 

Tech = $11,500/year + 25% Fringes 

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 

3. Indirect Factory Overhead: 

3. 1 Pay Rates: Production Control = $14,000/Yr + 25% Fringes 
Ind. Engineer = $17,000/Yr + 25% Fringes 
Cust. Service - $16,000/Yr + 25% Fringes 
Inventory/Audit = $12,000/Yr + 25% Fringes 

3.2 Labor Ratio: 
PC: IE: CS : I A: 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. 

4. Material Support: Chemical mixing and preparation, purchasing, 
inventory control, material control, warehouse. 

4.1 Pay Rates: Chem. Mix = $8,300/Yr + 25% Fringes 
P~rchasing· = $16,000/Yr + 25% Fringes 
lnv./Mat' I Control = $14,000/Yr + 25% Fringes 
Warehous6 = $12,000/Yr + 25% Fringes 

4.2 Labor Ratio: 
CM: P: IM: W: OPERA TOR =- 3: 2: 8: 12 : 1000 

.•• This results in an offoctive rate of 3.7% of .dir9ct labor on 
a three shift basi~ factoring in premiums. 
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5. Bui I ding Services: Janitorial, security, plant engineering, maintenance, 
.. e I ectr i city and other ut i Ii t ! es at rate for support f I oor space <back­

ground). 

5.1 Support electrical consumption= $1.36/~t2/year (.includes I ighting 
at 4-watts/ft2; 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 uti I ities (water) = $0.06/ft2/year level of 500,000 peak watts 
per year.) 

5.3 Miscellaneous bui I ding services= $0.45/ft2/year (estimated) 

6. Qua I i ty Assurance: QA and AC at 1 . 5% of direct I abor (inc I udes equipment 
calibration but not process control) 

7. Sustaining Engineering: 

7. 1 Pay Rates: Technician= $11,500/year + 25% fringes 
Engineer = $17,000/year + 25% fringes 

7.2 Labor Ratio: 

T:E:OPERATOR = 15:15:1000 

... This results in an effective rate of 5.4% of direct labor on 
a three shift basis factoring in premfums. 

8. R&D Engineering: Assumed constant at $10,000,000/year and constant 10 
step process sequence. Therefore, $1,000,000 wi I I be arbitrarily 
al located to each process step. For exampl~, the R&D costs would be 
equivalent to a 4% of gross sales for the factory at $0.50/watt. 

9. Major Factory Revisions: Equipment and faci I ities construction, machine 
Shop, etc. Assumed at zero net cost. Any designed and implemented changes 
must be ottset by an equivalent cost savin~s. 
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AC I Di 

HF 

Acetic 

Nifri c 

HCI 

Sulfuric 

NH4 :HF 

Waste Treatment 

SOLVENTS 

Et.hy I ene GI yco I 

lso Alcohol 

Acetone 

Butyl Acetate 

VMP 

Resist 44cps 

OIH20 

JlOO 

GASES --
Nitrogen 

He Ii um 

Argon 

Oxygen 

BC1 3 
PH3 
Hydrogen 

H2SiCl 2 
NH 3 

EXPENSE COSTS 

$ 2.90/Gal. 

$ 3.95/Gal. 

$ 2. 45/Ga I . 

$ 2. 97 /Ga I. 

$ 2.45/Gal. 

$ 2.97/Gal. 

$ 0.0020/Gal. X DIH20 consumption 

$19. 20/Ga I . 

$ 1.05/Gal. 

$ 1. 15/Ga I. 

$ 2. 60/Ga I. 

$ 0.75/Gal. 

$ 5 5 • 1 9 I Ga I • 

$ 0. 0031 /Ga I . 

$ 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 
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The fol lowing table shows the specific assumptions made with respect 

to capital equipment, floorspace, power, and labor for each processing step. 
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EQUIPMENT DEFINITION 
SPECIFIC ASSUMPTIONS 

C) 

,~~ :--. ~"' ~ PROCESS STEP ITEM <:> ~~- ,, 
\..G \.. 

1. Brushing Scrubber (HP) 14.825 45 250 .12 80 .2 .33 .88 
HO·::>d for scrubber 1.435 .24 

2. p·1asma Plasma <etchings) 65.0 36 200 5;0 20 • 165 .88 
{Die I ectri c 
etch) 

3. Standard 61 Acid Hood 4.5 45. 800 1. 1 1800 1. 5 .5 92 
Solutions 6' Solvent Hood 3.8 45 800 1. 1 1800 

4. Centrifuge Rinser-Dryer 2.5 30 600 1.0 1.6 23.2 .25 .88 ! Drying 
CD 
-...J 5. Si I icon 6' Hood Barrel-etch 5 45 200 .5 900 2 .5 .92 

Etching 
{one side) 

6. Si I i"con 6t Hood Barrel-etch 5 45 200 .5 900 2 . 5 .92 
Etching 
<two sides) 

7. Texture Etch 6' Hood Texture etc 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 
{Apply-Expos .Coater-Oven 18. 120 80 250 2.4 120 3.96 .88 
Develop). Deve I oper-Oven . 15.005 250 2.4 120 

P.1 ignment Tool 30. 718 45 200 1. 2 

10. Photo-Resist 6' Acid Hoot! 4.5 45· 400. 1. 1 1800 1. 5 . 5 .92:· 
(Remove) 5' J100 Hood 4.5 45 400 1. 1 . 1800 



EQUIPMENT DEFINITION 
SPECIFIC ASSUMPTIONS 

~'"\, :'I ~ 

~ '"" PROCESS STEP ITEM ,~ s'\ <§. 
'-'· \: 

11. Plasma <P.R. Plasma (ashingt 1.0 18 100 1. 5 . 165 .88 Remove) 

12. Dielectric 6 1 Acid Hood 4.5 45 400 1. 1 1800 1. 5 .5 .92 Etch (Wet) 

13. Etch Stop Ccater-Oven 33.3S 80 500 4.8 120 .33 .88 (Apply) 

14. Spin-On Di ffn Coater-Oven CS~in) 33.3S 80 500 4.8 120 .33 .88 

.15. Spray-On Cooter-Oven C3i:rayl 33.39 80 500 4.8 120 .33 .88 
Di ffn. 

CX> 16. Drive-In (Diffusion-Drive 67.0 275 1000 140 125 24 .88 CX> 

<Diffusion) In) Diffusion FCE 

17. Si I icon C-S.:::> I id Source 1 67.0 275 500 140 125 24 2 .88 
Source Diffusion FCE 
(So Ii d) 

18. Gas Depositio <Gas Dep. + Diff 1 n) 67.J 275 1000 140 125 24 .88 
and Di ff us ion Diffusion FCE 

19. Doped Oxide (CVDl Diffusion FCE 67.0 275 1000 14'.) 125 24 .88 
(CVDl Diff 1 n 

20. Ion Implant 12 - 2mA 300.00 400 80 20 200 .5 .75 

21. Ion Implant 12 - . lA 500. 400 2500 50 200 .5 .75 
(Advanced) 



.PROCESS STEF ITEM 

22. Vacuum (box coater) 112 225 
Meta I I i zat ion E-Beam Evap. 
Cu, Al 

23. Thi ck Fi Im Screen Printer 37.55 40 
Ag Front Annea I i ng FCE 20 64 

24. Thick Fi Im Screen Printer 37.55 40 
Ag Back Annea Ii ng FCE 20 64 

25. Electro less Electroles~ Plate 
:::0 Plating (1) 6' Hoed 4.5 45 
·.o (2) 6' Hoods 9 90 

(2) 6 1 Hoods 9 ·90 
(2) 6 1 Hoods 9 90 
(12l Rinser-Dryer 30 360 
(2) 8-pack FCE 134 550 
(-2) 6 1 Hoods 9 90 
(2) 6 1 Hoods 9 90 

.. ( 12) Rinser-Dryers 30 360 

TOTAL 244 1765 

26. Electrolytic EI ectrop I ate 244 1765 
Plating 

27. Solder Flux Di.p Hood 20 60 
Coating Pr-e-Heat Oven 

Solder Pot 
Aqueous Cleaner 30 60 

or 
Solvent l:lood 
Rinser-Dryer 

' 

EQUIPMENT DEFINITION 
SPECIFIC ASSUMPTIONS 

160 12 

:woo 1 
2000 8 

2000 1 
2000 8 

7200 1. 1 
7200 2.2 
7200 2.2 
7200 2.2 
7200 12 
7200 280 
7200 2.2 
7200 2.2 
7200 12 

7200 316. 1 

7200 316.1 

7500· 5 

7500 2 

20 

125 

125 

1800 
3600 
3600 
3600 

0 
250 

3600 
3600 

0 

20050 

20050 

200 

200 

~')...~\' 
'-' ~ 

6 .5 .88 

. 75 . 
15 

.75 
15 

.90 
0 1 
3 1 
0 1 
3 1 

·19 .• 2 3. 
0 48 2 
0 2 
3 1 

19.2 3 

47.4 48 15 .90 

47.4 48 15 .90 

.88 
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EQUIPMENT DEFINITION 
SPECIFIC ASSUMPTIONS 

"\"\ L ~s~ ~'1- \l'~ '1-'i c,\ ~l 
PROCESS STEP ITEM ~~'C-'-x_"\ (.;~<(~ '-~<( --i-"<"~ x"°"' '-'\ x.: '-CJ 

28. Si Ii Co)n ( GVD) Di ffusio.-i FCE 6? 27'j 1000 140 -125 .88 Nitri je ( CVD) 
AR 

29. Oxide Growth Diffusion FCE 67 
AR 

275 2000 140 125 02) 24 .88 

30. Sp i n-·)n AR Coater-Oven <S)in) 33. 39 80 500 4.8 120 .33 .88 

31. Evaporate AR (box coater) 112 225 160 12 20 6 . 5 .88 
E-Beam Evap. 

\0 
32. Add S)lder 0 Flux App I i ca-or 21) 60 7500 5 200 3 .5 .88 Wave-Solder 

Conveyor 

33. Ref Ion Solder Ce 11 Align 71) 150 3000 10 200 20 . 88 
Belt Furnace 
Conveyor 

-34. Condu::tive Screen Printer ?>l.55 4C 2000 1 
Adhesives Annea Ii ng FCE 20 64 2000 8 125 15 .75 

Panels 
35. Glass Alignment Fi xrure 12 24 720 . 5 2 . 88 Superstrate ( 12) S i I i cone ~ i x- 35 432 720 12 600 

Dispense 
(24) Vacuum Chamber 283 172E 720 36 1200 
( 36) Oven 283 48C 720 360 

TOT1\L 624 664 720 408.5 1800 2 .88 



PROCESS STEP . ITEM. 

36. Glass with Same as 35 + 
Substrate C2l Riviter 

TOTAL 

37. Electrical Solar Simulator 
Test (Cel Isl Electronic Load 

Data Acquisition 
Ce I I Stage 

38. Electrical Solar SimulatO!r 
Test (Module~ Electronic Load 

Data Acquisiti::m 
Panel Stage 

624 8664 
6 48 

630 .8712 

30 45 

95 250 

EQUIPMENT DEFINITION 
SPECIFIC ASSUMPTIONS 

-<,_--l. 

~rv' " v~~ ~~y.. 

720 408.5 1800 2 .88 
1.0 

720 409.5 1800 2 .88 

1200 2 . 88 

720 4.5 .. 88 



l 
3.5.2 PROCESS STEP COSTS 

Results of the costing study of each process step are presented in l the next tables. 
I 
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PROCESS STEP 

1. Brushing ·J.O .0073 .0134 

2. Plasma (Dielectric 0.0 .0031 .0084 
Etch) 

3. Standard Solutions o.o .0041 .0061 

4. Centrifuge Drying 0.0 .0014 .0042 

5. Si I icon Etching 0.0 .0124 .0243 
Cone side) 

•D 
6. Si I icon Etching o.o .0161 .0243 l_.N 

(two s i des) 

1. Texture Et::h 0.0 .0097 .0243 

B. Edge Grinding 0.0 .0209 .0269 

9. Photo-Resist 0.0 .0107 .0403 
CApply-Exp::>se-Dev.) 

1(o. Photo-Resist (Remove) 0.0 .0213 .0061 

11. Plasma CP. ~. Remove) 0.0 .0009 .0084 
' 

i 2. Dielectric Etch (Wet) 0.0 .0044 .0081 
. ., Etch Stop (Apply) 0.0 .0091 .0067 -·· 
14. Spin-On 0.0 .OJ54 .0067 

COST SUMMARY 
TODAY'S TECHNOLOGY 

. ($/WATT> 

.0066 .0023 

.0050 .0064 

.0042 .0006 

.0035 .0003 

.0102 .0012 

.0102 .0012 

.0102 .0012 

.0113 .0046 

.0159 .0073 

.0042 .0006 

.0049 .0004 

.0047 .0004 

.0044 .0023 

.0044 .0023 

.00.31 .0327 

.0096 .0425 

.0005 .0155 

.0002 .0096 

.0012 .0493 

.0012 .0530 

.0011 .0465 

.0061 .0698 

.0097 .0839 

.0006 .0328 

.0003 .0149 

.0004 .0180 

.0031 .0256 

.0031 .0319 

99.5 .0205 .0053 

99 .. 8 .0663~· .0053 

99.8 .0031 .0032 

99.8 .0013 .0015 

99.5 .0076 .0063 

99.5 .0076 .0063 

99.6 .0068 ;0063 

? .0407 .0106 

99.4 .0648 .0160 

99.7 .0034 .0032 

99.9 .0016 .0026 

99.6 .0023 .0021 

99.8 .0211 .0047 

.0211 .0047 



· PR:>CESS STEP 

15. Spray-On 0.0 .0152 

16. Drive-In (Diffusion) 0.0 .0099 

17. Si I icon Source (So I id) o.o .0173 

18. Gas Depositon a1d 0.0 .0174 
Diffusion 

19. Doped Oxide (CVD) 0.0 .0174 

'° 
20. Ion Implant O.•J .0097 

~ 

21. Ion Implant (Advanced 0.) .0014 

22. Vacuum Metallization .0(·24 .049( 
Cu, .6.1 

23. Thid; Fi Im Ag Front ,0L57 .0040 

24. Thi d; Fi Im Ag Back .1988 .0040 

25. Electroless,Plating .0::;05 .0256 

26. Electrolytic Plating .0305 .0256 

' 27. Solder Coating .0223 .0002 

28. S i I i con N i tr i de (CVD) 0.0 .0098 

29. Oxide Growth o.o .004'::1 

.0034 

.0102 

.0407 

.0102 

.0102 

.0746 . 

.0022 

.0318 

.0060 

.0060 

.. 0145 

.0145 

. 0014! 

.0102 

.0051. 

COST SUM'-1ARY 
TODAY'S TECHNOLOGY 

($/WATI) 

.0032 .0011 

.0057 .0026 

.0161. .0053 

.0057 .0026 

.0057 .OC26 

.0357 . 1406 

.0030 .0067 

.0146 .0236 

.0040 .0011 

.0040 .0011 

.0089 .0011 

.0089 . 0011 

.0025 .01)02 

.0057 .O::l26 

.0039 .0013 

.0014 

.0032 

.0065 

.0032 

.0032· 

.2029 

.0101 

.0326 

.)016 

.0016 

.0012 

.0012 

.0003 

.0032 

.0016 

.0243 .0095 .0023 

.0316 99.5 .0212 .0081 

.0859 98.0 .0423 .0162 

.0391 99.0 .0212 .0081 

.0391 99.0 .0212 .0081 

.4635 98.0 1.390 . 1723 

.0234 99.5 .0695 .0052 

. 1540 99.0 .2211 .0413 

.0624 99.8 .0107 .0018 

.2155 99.8 .0107 .0018 

.0818 99.6 .0073 .0049 

.0818 99.6 .0073 .0049 

.0269 99.8 .0021 .0005 

.0315 99.8 .0212 .0081 

.0168 99.8 .0106 .0040 



ProCESS STEP 

30. Spin-On 0.0 .0079 .0067 

31. Evaporate . 0019 .0022 . 0318 

32. Add Solder .0014 .0001 .0007 

33. Reflow Solder O.C· .0001 .0170 

34. Conductive Adhesives '.C045 .0002 .0060 

35. Glass Superstrate . 1817 .0004 .0006 

\() 36. Glass with Substrate .3448 .0004 .0006 U1 

37. Electrical Test o.o .0001 .0085 
( ce 11 s> 

38. Electrical Test 0. ci· .oooo .0003 
(modules) 

COST SUMMARY 
TODAY'S TECHNOLOGY 

($/WATT) --

.0044 0023 

.0146 .0236 

.0022 .0001 

.0032 .0008 

.0040 .0011 

.0027 .0012 

.0027 .0013 

.0048 .0008 

.0021 .0001 

.0031 

.0326 

.0001 

. 0011 

.0016 

.0010' 

.·0011 

.0012. 

.0001 

.0244 97.0 • 0211 .0047 

.1067 99.0 .2211 .0413 . 

.0046 99.8 .0008 .0002 

.0222 99.8 .• 0074 .. 0015 

.0174 99.5 .0107 .0018 

.1876 99.4 .0057 .0074 

'.3509 99.0 .0063 .0081 

.0154 99.8 .0079 .0011 

.0026 99.8 .0010 .0002 



3.6 PROCESS SEQUENCE CHOICE 

Once the costs for each process step and a projected processing 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 precess 

sequences wi I I contain the fol lowing steps: 

1. Brushing (or pressure scrubbing) 

2. Centrifuge drying 

3. Texture etching (orientation permitting) 

4. Ion implantation 

5. Antireflection coating 

6. · Ei·lller printed or plated metal I i7ntion 

7. Solder reflow interconnection 

8. Glass covered encapsulation (with metal I ization rel iabi I ity 

determining backing requirement) 

The choice between printed metal I izati.on or' plated metal I ization has 

dramatic influence on the process choices '!'or 'tilt! ~rut..es~ing ::icquonco. ThGo 

printed metal I ization demands that the anti~eflection coating be placed on the 

ce I I after meta I I i zat ion to avoid a cost I y rea I i gnment. Converse I y, the pi ated 

metal requires a patterned mask, preferably the antiref lection coating, 

for alignment. This patterned plating mask wi I I most I ikely require a photo­

resist sequence. Based upon consumed materials and technology arguments, 

such a photoresist sequence could wel I uti I ize plasma process steps for 

both etching and photoresist removal. Thus, the single choice between 

plated and printed metal I ization cjemands different process step development 

as wel I as process sequence development. 

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

the fol lowing tables. 
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----- ·····-······----·· --· 
.D~TA AS REAL FROM FILE 

PRO ~~ DES:CR I PT ION 

1 1 

. :::.: 14 

E:Rl.CH J ~16 ~-
:;; TAl'HIFil''It" .:~:ou-i::; •. 
TE:~TIJ~'.IZE NA,..,OH 

:4 S CENTRIFUGE 
5 45 :::: IL I CO.ti t-U TR IIIE 
.:. 15 PP APPLY . 
. ., ·-:- •""\ .. ,. .:. 

:) 1..:. . 

J 0 2:3 
11. ·20 
12 40 
13 4:3 
14 60 

DIELEC' ETCH(l,JED 
PP REMOVE 
ION IMP ADVAN~ED 
lat'i l1'1P AO'v'AfKEii 
·DRIV~-IN. DlFFUiN 
ELECTPOLES'S PLTN. 
SOL I•E~· . COAT I f·iG 
£LEC. TEST CELLS 

. MA.T 

• 0 
.o 
.o 
.o 
• 0 
• 0 
• 0 
• 0 
• 0 
• (I 

• I) . 

3.0 
=· ·J .__ . .._ 

• (I 

DATA AFTER FACTORING BY YIELDS 

PF:O •• I•ESCF: I PT I Of'f 

1 1 E:F'.USH I l'j6 
.~ 6 . :::Tf1rmA~·D .~:DUE. 
,:;: 14. TE:>;TuF: I ZE . nA-OH 
4 8 CENTRIFUGE 
5 4~5 Sf LI C:Jrf tHTP I !IE 
r.:. I 5 pi;- F"tFPLY 
7 72 DIELEC .ETCH(WET> 

PP. F.'EMO'v'E 
·;. 2::: · I Ol'i 1 MF' t=11'VFl!'ICED 

1 (I 2:3 
11 20 

!ON IMF ADVANCED · 
flf':IVE-Iti DI°FFUSN 

.12 4 0 ELECTROLESS PL TN 
-13 4:3 .·. :SOLitFR COAT I NG . 
14 60 ELEC. TEST CELLS 

TOTALS 

% 

MAT 

• 0 
• (1 
• (I 

• 0 .. 
• 0 
• 0 
.o 
• (I 

. 0 
• 0 
• (I 

3. 1 
2.2 

.o 

5.3 

10. ·:;. 

-:.' 
• I 

.4 
1 • (I 

• 1 
1 • (I 

. t • 1 
. . .; 
2. 1 

• 1 . 
• 1 

1 • (I 
2 .E. 

.o 
• (I 

.-. 
• ·=-
.4 

1 • (I 
• 1 

1. (I 
.1.1 

.5 
2.2 

• 1 
.• 1 
1 • (I 
2.6 

• 0 
.o 

11. 0 

.-.. ~ "' 
c..:. • ' 

LAE 

1 • :?. 
• '=· 

2.4 
.4 

1. 0 
4.0 

.8 

.2 
·:· . .._ 

1. 0 
1.4 

• 1 
·=· . ·-· 

LAE: 

1.4 
.6 

2.5 
.4 

1. l 
4.2 

..... .o 
• E.­

·:o .... 
·::. . .__ 

1 • 0 
1 .5 

• 1 

15.7 

:32 .2 

OVP 

..,. 
• I 

.4 
1. (I 

1 •. 6 
"" . '•. 

.4 

·:· . '-
C' 

• . J 

OVR 

-:> 
o I 

.4 
1 .1 

.4 

1 .6 
~5 
.4 

? . ·-· 
·:. . ·-· 

.9 
..;.., . .,;. 
C' 

•. J 

8.5 

17 .• 6 

INT 

.2 
• 1 
• 1 
• I) 

·-=· . ·-· 
-:.' 

• I 

• 1) 

• 1 
. ... 
• i 

·'7• . -· 
. l 

.• (I 

• 1 

nn 

=· . .._ 
• 1 
• 1 
• (I 

.-. . . ;~ 
·:· . ·-· 

• 0 
• 1 
• I 

-:.' 
• I 

• 1 
.o 
.1 

3.4 

7 .1 

DEF' . TOT 'l TEL I• 

. • 1 

• 1 . ;) 
.3 

l . i) 

• (1 

t. 0 
1 • (I 

·:.· . · .. • 
• 1 
• (I 

• 1 

DEF' 

::• . -· 
• 1 
• 1 
• (i 

1 • (1 

• 0 
• 1 

1. (I 
1 • 0 

• 1 
• 0 
. l 

4 -~ 

1 • 5 
4.6 
l . (1 

3. 1 
::: • 4 
1 • ::: 

·=· ·;, '- . ·.• 
..... .-. ..::. . _. . 
·J ·:.· · .. • . .__ 

:.· ··:-­
.__ • I 

1 • ~i 

·?·~ . ~=· 
':?'3' •. :: 

'7''::..? 

. ·:.1·:~ • t:· 
'~i';~ • ::·· . 

·~·~. :;:: 

TOT ...-1 ELI' 

::::.4 
1 • .:. 

. 4 .·? 
1 • •:: 

1 '::; 
::; • -l 
2.4 
2.4 
·j ·=· ._,. ~ 
·=· :· ...... ~ 
-::· / 
'- • I 

I c· .. ·-' 

·j·~ ~ ..:. 
·~·;. . -; 
·~·==-. ~: . 

·:~·?t • ,.: .. 
s- ·;. • ::: 

·~ ~. l 

'3.5 100.0 .. 



DATA AS READ FRO~ FILE PRINTED METAL TEXTURED BOTH SIDES EXCLUIHNC. P/\CKA!:lNC 

1 1 

·~: 14 
4 ::: 

;:. 2 :=: 
7 2(1 
::: .~:..;. 

10 45 
l 1 4:;: 
12 i::.o 

I:F:U::.H I hr:; 
= Tflt·l [1t=Wfl :: OLtE. 
TE:=<TUF; I ZE t!A-OH 
CEfiTF'IFU1~E 

llJll IMF' ftI1"/ftf1 1~£:.:0 

I Oti !t1F-· 1=W·/FH·1U:fl 
!.IF: I 'v'E- I ti DI FFU::;:r·i 
TH I Cf:: FI lt1 tiG FF: 
THICK FILM AG BA 
::. IL lCOr-i ti I Tl"'. I DE 
::OLDE!'"'. CDfi TI r-H:; 
ELEC. TE2T CELLS 

MAT 

• 0 
.o 
• 0 
• I) 

• I) 

• 0 
• I) 

4.6 
1 ·:;. • •:,. 

• 0 

.0 

DATA AFTER FACTORING BY YIELDS 

F'F:O .. DE:::cR I PT I mi 

1 1 

C" ·:··J ... ......... 

.,. ::::7 
1 (I 45 
11 43 
12 60 

I:F:1_1:~·H I f'11::; 
: Tt=ir•!:,f~FD s·ouc. 
r::.::-:ri.lF'IZE 11A-DH 
CEr·<rF I FUGE 
T iJri I t1F' Af1\IHl'iC ED 
I iJh I MP A!1\.'HilCED 
~PIVE-IN DlFFUSN 
THICK FILM AG FR 
TH I;-·~::· FI Lt1 AG I:;=. 
.: IUf"nt-i tHTF:lI1E 
.~:OLflER COATING 
ELEC. TEST CELLS 

TOTALS: 

• 0 
• 0 
• 0 
• 0 
• (I 

• (1 
• (I 

4 • tS 
21). 0 

.0 
•j ·::. ......... 

• (I 

.., ... 
.4 

1. 0 
• 1 
• 1 
• 1 

1 • ::r 
.4 
.4 

1. (I 
• I) 

• 0 

·=· . ·-· 
.4 

1 • I) 
• 1 
• 1 
• 1 

1. (I 
.4 
.4 

1. 0 
• (I 

• (I 

5.4 

LAB 

1 • :3 . .:. 
c=:. 4 

.4 

.2 
.-. . ..:: 

1.1) 

1. 0 
I 1 . ::; 

LAB 

1. 4 
• tS 

2.5 
.4 

·;:, ..... 
• C: 

1. (I 

.6 
1 • I) 

• 1 

'?. 7 

DVF.: 

-::' . ' 
.4 

1 • 0 
·:· . ·-· 
·-=· ..... 
·:· . ·-· 

.4 

.4 

.6 
·:· 

• L.. 

C' . ·-· 

O'·..'F: 

. ., ... 
.4 

1.1 
.4 

·:· . ·-· 
. .:. 
.4 
.4 . .:. 

·":-. ·-· 
C' . ·-' 

C' •=> ·-'. ·-· 
% 49.6 10.0 17.0 10.8 

98 

ItH 

• 1 
• 1 
• (i 

o I 

. ( 
.-.. . ·-· 

. 1 
• 1 
-. ·-· 

• (I 

• 1 

IrH 

.2 
• 1 
• 1 
• (I 

... 

. ,. 
··,:. . ·-· 

• 1 
. 1 

·;· 
• •...I 

• 0 
• 1 

j / 
'- o I 

4 q 

·") . ·-· 
• 1 
. 1 
• (I 

1 • (I 
1. (I 

·:· . ·-· 
=· ...... 

·:. . ·-· 
• (I 

• 1 

DEF' 

.·-, . .;. . 
• 1 
• 1 
• I) 

1. (I 
1.1) 

·-:· . ·-· 
.2 

• ::i 

• 1 

T!JT \'IEiLD 

·:· :· ·-· lo}·-· 

1 • 5 
4 • .: . 
1 • (I 

.•· .. ·. 

.::: . ·-· 
2 .. :~-· 
:. -· ··' ........ 
.- -·, r:: .• c 

21 • 5 
:~: • 1 

l . ~: 

·:1·~ . ·=-· 

... c 
··-' 

TOT '/IELD 

:~:. 4 
1 • ;~. 
4 ·-· . ·-· 
1 • (I 
2.4 
~· .4 
.: ... -: 
E .• . :· 

21 •I .-. .., 
.:· .. 1': 

2.7 
, c-.. ·-' 

·~-":.. . ~. 

:~: . 7 54 . 2 '?E. • :: 

,,:, • ::: 1 (I (I • (l 



.. ----
f1:-iTH Ft.: F:Eftll FF:fJM FILE INTERCONNECT & PACKAGING" 

PF:O .. DE:SCRIPT rmi MAT E:>·:P LAB OVF.: IrH DEF' TOT \l[i._[; 

1 50 HI1Ii SOLltEP 1 • 0 1· .2 (I (I <: ·:-;• .... • . . . . . _, . '.· 
2 r:;i FEFLOl .• l :::Cit.DER 0 0 1 

. .., ·'j J 1 2 ·j ·::. ·::. • ::·! . . . ( . ·-· . . • L.. 

:.~: 
C"~ 1:;L AS:? 1 .• IITH SU.BST. :34 C' 0 1 . ::;; 1 1 :::s. 1 ·:.·~ 

'°' 
_, ( . ··-' . . . . . 

4 61 ELEC TE:?.T t10DULE (J 0 • (I .2 (1 (I ··:1 ·~· '7-
-· . . . . . ·-· . ·:· 

I1t=iTA AFTER FACT CR I tiG E:'r' 'l I EL!1S: 

F'F:O .. DES:CP I PT !mi MAT E>~P LAB DVR ItiT DEP TOT '/IELI: 

1. 50 ADD SOL.DEF.: • 1 0 • 1 .2 0 • 0 c- ·j·~ 
,-, . . . _, • ·=· 

2 51 F.:EFLOl.,1 SOLIIER • 0 • 0 1 
.,. ·:· 1 1 2 ·:· ·?·~ .-. 

• I . ·-· . . . ·-' . -. -
·:· C'...,. GLASS t .• JITH SIJBST 34 .·:;i ·• (I • 1 .-. 1 1 .-.c- C' -~·3 1) ·-· ._.,. .. ;. . . .; .. _ .. ·-· . 
4 61 ELEC TES:T MODULE • 0 • 0 • 0 .2 I) .o - ·~·~ . ::: . -· . ·-· 

TOTALS :35. 0 . 1 1 • '3 1 • (I .2 ·:· . ._ -~~:3 . 5 ·?~:. .4 

~~ ·~ 1 0 .-. 4 • '3 ·=- 7 . .:. ..6 1 I) IJ • '-' . .~ ._ . I 
// 

99 . 



DATA AS READ FPDM FILE PRINTED METAL TEXTllRED ONE SIDF. INCLUDING PACKAGINr: 

PRO - DESCRIPTION 

i i:~:·u.S:H 1 t·l(::; 
2 6 21ANDAPD SOLNS. 
3 ~: CEIHR IFl.11:;E 
4 .::::3 
~ 73 
.:. 72 
7 14 

10 20 
11 :;:.:. 
12 37 
1:::: 4:. 
14 43 
15 60 
1 .::. ":. (1 

17 51 

1 ·::i (, 1 

1::fC DEF'. ~< n I FF. 
ETCH STOP APPLY 
Ii I ELEC ETCH (!.JET ,:o 

TE:=<TUF:IZE t·iA-01-i 
CEtHR I FU1:;E 
I on IMF AD'·/A~iCED 

D~IVE-IN DJF~USN 

TH IC¥ FI LI'! At::; FF: 
THICK FILM AG BA 
:~: 1 LI COtt t"i I TR I !IE 
SOL.I•ER COAT ItH:t 
El.EC. TE5. r CELL:s: 
A.t•fl :s.rn.I;FF' 
i:.:.EFLOIAI :S:[il_ DER 
1::Lt=tS::: hi I 1 H .S:Uf::::: T 
ELEC TE~T MODULE 

MAT 

• 0 
• (I 

• (I 

• 0 
• I) 

• 0 
• I) 

• 0 
• I) 

• (I 

4.6 
19.9 

• 0 .-. .-, 
.:. • c. 

• I) 

• 1 
• 0 

• lj 

DATA AFTER FACTORING tY YIELDS 

PF'D :~ DE:S:CF: I PT I Dti 

4 2:3 
~ ~--. 
·-' 1' -~· 

6 72 
7 14 

10 c:O 
11 3.:_:, 
12 :~:7 

13 45 
14 ·B 
15 61) 
16 51) 
l 7 51 
1 ::: 57 
1 ·1 .:.1 

:~:TAt·lDARI1 :~·cue. 

CEtHF: I Fl_l13E 
GA:S: I•EF. :'.., D f FF. 
ETCH :nOF·' AFPLY 
DI ELEC ETCH< l.o.if T) 
TE>=:TUF: I ZE f'iA-OH 
CEriTF: I fl)i~E 
IOt'i IMP AflVAhCED 
DRIVE-IN DIFFUSN 
THICK FILM AG FR 
THICK FILM AG EA 
:s: IL l cm~ r·i I TR I DE 
\UL.UEI" COAT HiG 
ELEC. TEST CELLS 
ADD :SOLDEF.'. 
F:EFLOl.o.I :S.OLI•EP. 
GL~5S WITH SUFST 
ELEC TEST MODULE 

TOTAL::: 

... ..• 

MAT 

• 0 
• 0 
• 0 
• !) 

• I) 

• 0 
• (I 

• (I 

.o 
• 0 

4.7 
20 .4 

• 0 
2. ·~: 

• (i 

• 1 
• I) 

:34. ·:;. 

.:.2. 4 

7 
• I 

.4 
• 1 

1. 7 
.? 
.4 

1. 0 
• 1 
• 1 

1 , (I 
.4 
. 4 

1. I) 
• (I 

• I) 

• (I 

.o 
• 0 
• 0 

.:3 

.4 
• 1 

1 • (I 
.5 

1. 0 
• 1 
.1 

1. 0 
.4 
.4 

1. 0 
• 0 
• 0 
• 0 
• 0 
• 0 
• 0 

LAI: 

1 • :::: 
.6 
.4 

t. I) 
.7 

·=· . ·-· 
2.4 

.4 

.2 
1 • I) 

1 • I) 
• 1 

·=-. ·-· 
• 1 

1 • 7 
• 1 
.o 

LAB 

1 • 4 
.6 
.4 

!'. 1 ..,. . ' 
2". 5 

.4 
':.O .... 

1.1 
.6 
.6 

1. 0 
• 1 
• ·31 
• 1 

1 • 7 
• 1 
• I) 

:::.::: J4.4 

100 

O'v'P 

·. 7 
.4 

• t_:. 

.4 
c­. ·-· 

1. (I 
·:~ . ·-· 

• :3 . .:. 
.4 
.4 

·:· ..... 
"' •. J 

·:· ..... 
• :3 

·'J . -· 
.2 

OVR 

..,. . ' 
.4 
.4 
• e, 

c: . ·-· 
.5 

1 • 1 
.4 

.4 

.4 

.6 

;::" . __ , 
·=-. '-
·'J 

• ·J 

•'J ..... 
.2 

lt'H 

. 2 
• 1 
• (I 

":• . ·-· .-.. . .::. 
.o 
• 1 
• I) 

7 o I . 

·:· . ·-· 
• 1 
• 1 

•I) 

• 1 
• 0 
• 1 
• 1 
• 0 

INT 

·=-...... 
• 1 
• I) 

=· . '-
• 0 
• 1 
• (I 

"' . ' 
'J . ·-· 

• 1 
• 1 

.-. .. :..• 
• I) 

• 1 
• IJ 
• 1 
. l 
• 0 

·:. ·:· . ;,_ . ,_, 

DEF' 

.-. .. ;-
• 1 
• (I 

":• . ·-· 
.o 
• 1 
.o 

1 • 0 
·:· . ·-· 
·=· ..... 
..... • c. .-. .. ;. 

• I) 

• 1 
.o 
• 1 
• 1 
• 0 

·:· . ·-· 
• 1 
• (I . .) 

:· . ·-· 
• (t 

• 1 
• 0 

1 • I) 
·:· . ·-· 

.2 
·:· . ·-· 

• (1 

• 1 

. l 
• 1 
• 0 

TOT 'YIELD 

..... .-, ·::. ·:. C" ·=· •. .:• ....• ·-' 
1 • 5 9'?. ::: 
1 • I) '?"? • :3 
:::: . ·:,. 
1 • 8 
4 • .:. 

1 • (I 
2.:;: .-. .-. ·=·. c 
.:. .2 

21 • 5 
3. 1 
2.7 
1. 5 

C' . _, 

:?5. 1 

·::c·:.i. 0 
99.8 
9•;.. 6 

9'? .5 
-~·?. 5 
·?·~ .:3 
·?·;. .·::: 
'3'? .:3 
·~·~. ;:: 
•j•j. ;3 

·:.'?. 0 
'?9 .8 

TOT YIELD 

1 • (! ·;:. ? • ::: 
4 • 1 "19 I (I 

1 • 9 99. 6 
4. ::: ·:;·:,. . .: . 
1. (I ?'? .::: 
~1 

• 4 . 1 ~1 ') • ~1 

:;: • :::: ·~·? • 5 
.: .. 4 ·~·~ . :?. 

22. 1 '?'?. ::: 

1 • .:. ·::i·::i. ::: 
. 5 ·~·? • :?, 

2 • ;: ·~-·? • ::: 



-riht~~Afl FROM' FIL't-w PLATED METAL TEXTURED BOTH SI __ D_E_S_W_I_T_H_P_L-AS-MA-----···--·-----·­

1 71 
2 1 
:3 14 
4 
~ 4~· 
i::. 15 
.7 2 
:~; 71 
·:;. 2::: 

1 IJ 2:?. 
11 20 
12 40 
1:3 43 
14 6(1 

15 5 (I 
16 ':11 
17 5? 

r:E:S:CF.: I PT I Dti 

pu=cMA F'R REMOVE 
I:Ru::·H I-t"iG 
TE>c:TUF.: I ZE t·iFt-OH 
CEt"iH: I FU1:;E 
:~.ILICON NITRIDE 
FF: APPLY 
F'LfCt1A 
F'L A:S.MA P,._ F.:El'lOVE 
I Oti I 1'1P F1 [1\.'f!tlCE D 
I Dr-i I MP flflVA~iCED 
I1PIVE-Iti DIFFU:::ti 
ELECTROLE:S::S PL Tt1 

· :::OLI•Ef".i: COAT I t-i(; 
ELEC. TES:T CELLS 
ADD :::OLDER 
F:EFLDliJ :::OLDER 
GLft:S::S IA! I TH SUBS:T 
ELEC TE:S:T MODULE 

INCLUDING PACKAGING 
MAT E:>=:P LAB 

• I) 

• (I . 

• 0 
• (I 

.• (I 

• I) 

.o 
• I) 

• 0 
• I) 

.o 
3.0 
·:::> ·::,. .... -~ 

• 0 
• 1 
.o 

34.5 
• (I 

• 1 
"? 

o I 

1 • I) 
• 1 

l . (I 
1.1 
1 • :3 

• 1 
• 1 
• 1 

1. 0 

• I) 

• 0 
• 0 
.o 
• (I 

• (I 

·=· ...... 
1 . :3 
2.4 

.4 
1. (I 
4. (I 

·=· . ·-· 

.2 
1 • 0 
1 ~4 

'· 1 
·=· . ·-· 

• 1 
1.7 

• 1 
.o 

OVF.: 

C" . ·-' 
.... 

1 • 0 

. ..:. 
1.6 

C" . ·-· 
~ 

• ·J 
•"j ...... 
·:· ...... 

. .:. 
·::,. ..... 
C" . ·-· 

... ;: 
·:· . ·-· 
·::o ..... 

DATA AFTER FACTORING BY YIELDS 

PF.:O ~: ItE:S:CI': I PT I ON 

1 ?1 
.2 l 

:~; 14 

~ 45 
t:. 15 
( 2 
:j 71 
·:i f: ::: 

1 (I 2:::: 
11 2 (I 
12 4 (I 
1:::: 43 
14 .:.o 
15 i:.(1 

16 51 
17 5? 
i::: 61 

PLASl'1A F·P REMOVE 
f:F:l_CH I t"iG 
TE:>-:TUPIZE t·iA-OH 
CEt"l TF.: I FUGE 
:~IL ICON til TR IDE 
F'P APPLY 
F'U::Ct1A 
F'Lft:S:MA PP F.:EMOVE 
I Of'i HlP Afl'./ANCED 
I Ot'i I MF' ADVAtiCED 
VF:IVE-IN DIFFUSN 
ELECTF'OLES::::;: P~ TN 
:::OLDER COF1T I r·iG 
ELEC. TE:S.T CELLS 
ADD :::OLDER 

. F:EFLOW S:OLI1ER. 
GLASS 1.J I TH :S:UB:ST 
ELEC TEST l'lDDULE 

TOTALS 

•.· .•. 

MAT 

• 0 
• 0 
.o 
• (I 

• 0 
.o 
• 0 
• (I 

.o 
• (I 

• 0 
:3 • 1 
2 .:3 ·. 

• I) 
• 1 
• 0 

34 .. ·;. 
.0 

40.4 

• 1 
.::,. . ,_. 

1. (I 
• 1 . 

1 • I) 
1 • 1 
1 .4 

• 1 
• 1 
• 1 

1 • I) 
2 .E. 

• 0 
• 0 
.0 
.o 
• I) 

• I) 

LAB 

1.4 
2 .E. 

.4 
. 1 • 1 
4.2 

.9 
·=· . ..._ 

.2 
1.1 
1.5 

• 1 
-·~ 
. 1 

1.7 
• 1 
• I). 

·:.-.7 1:3.3 

OVP 

C" . ·-· 
7 

o I 

1.1 
.4 
• t;. 

1 • 7 
C". . ·-· .. 
C" . ·-' 
·:. . ·-· 

• E . 

·:· . ·-· 
c: 

• .J 

·=· . '-
• :3 

·:· ...... 
.2 

4S.i:i 11.0 20.7 11.~ 

101 

ItH 

• 0 
·::,. . .... 

• 1 
• 0 

"? 
• I 

.6 
• I) 

. ,· ..,· . ( 
·:· . ·-· 

• 1 
• I) 

• 1 
• 0 
• 1 
• 1 

.• 0 

• (I 
·::o ..... 

. l 
• 0 

.-. 
• C• 

.7 
• 0 

7 
o I 

o I 

• 1 . 
• 0 
• 1 
• 0 
• 1 
. 1 
• I) 

4.3 

4 •::. . -· 

l!EF' 

• 0 
·:· . ·-· 

• 1 
• (I 

.. ;:.. 

1. (I 
1 • 0 

• (I 

1 • 0 
1 • I) 

• :3 
• 1 
• 0 
• 1 
• 0 
• 1 
• 1 
• (I 

DEP 

• (I 
·:· . ·-· 

• 1 
• 0 
• :?. 

1 • 0 
1 • 0 

• 0 
1 • 1 
1. 0 

~· . ·-· 
• 1 
• 0 
• 1 
• (I 

• 1 
• 1 
.o 

TOT 'r'IELD 

4.6 
1 • I) 
:~: • 1 
::: • 4 
4.2 
1 • 5 
·:· ·.: 
i..... • ·-· 

·":) ·:· ·-· . "-
•':J ·=· ·-· ........ 
.-, -:0 c. • :' 
1 • ~ . 

c: . ·-· -. -. ..: . ..:. 
35 .1 

·:· . ·-· 

·~·='. ·::-
':-''~ . ::.• 
·~·~. 5 

·~··?. :::: 
·~-:t·~~ • :::: 

''.!'9 • (I 

TOT YIELD 

1 .6 . 
.-, C'" 

·~· . ·-· 
4. ''.1 
1 • (1 

. :~: . ~: 
8. :~.: 
.... 4 

1 • E. 
·J ... ......... 
2.4 
·:· ":• ·-· . ·-· 
::: . 4 
:· -;­
..... o I 

l • 6 . 
~ . · ... · .-. .-, c. .. ;. 

·:.~·~. ·::-

·3·~. t:: . 
·~·?. :~: 

'?'? .5 
'j'? .• ~· 

9'? -~ 
'?-''~. :: . 

t: .• 6 100.t} 



DATA AS PEAP FROR-~ILE PRINTED. METAL TEXTURED ONE SIDE EXCLUDIN<; PACKJ\ClNC 

PPO •· f'E:S:CRIPT ION 

1 1 
2 6 
:3 8 
4 2:3 

7 14 
:3 8 
.;. 28 

1 (I 20 
11 :36 
12 :37 
1:;: 45 
14 4:3 
15 .:.o 

E:F.:U:S HI tiG 
:S:TAtift1=iPD :S-OLNS. 
CEtiTRIFUGE 
GAS: DEF'. ~-: DI FF • 
ETCH :;;TOP AF'PLY 
DJELEC ETCH(WET) 
TE::<TUR I ZE l'iA-DH 
CEtlTF.: I FUGE 
I Oti I MP ADVANCE fl 
DF.'.I'v'E-IN DIFFU:S:N 
TH I Cl< FI Ll't ff1; FR 
THICK FILM AG :E:A 
SILICDr"i tHTPIDE: 
SOLDER COAT HiG 
ELEC. TEST CELLS 

MAT 

• I) 

• 0 
• I) 

.o 
• 0 
• (I 

.o 
• 0 
• I) 

.o 
4.6 

19.9 
.o .-. .-, c.. c 
• 0 

DATA AFTER FACTORING BY YIELnS 

PF.:O •• DES:CPIPTIOl'i 

1 1 
2 6 

4 .-. -. 
C.·~· 

C' ·~·-· 
·-' ·i ·-=· 
.:. 72 
7 14 
··-. ,~, ·=· ·=· 

10 20 
11 .;:.:, 
12 37 
i:~: 45 
14 4:3 
15 60 

E:F.:USHING 
STHl'iDARD :sou-rs. 
CEtHF.: I FUGE 
i;;,::e DEF'. ~: DIFF. 
ETCH STOP APPLY . 
fl!ELEC ETCH(h.IET) 
TE:>:TUF.: IZE NA-OH 
CEl'1TP. I FIJ~E 
ION IMP ADVANCED 
DRIVE-IN DIFFUSN 
THICK FILM AG FR 
THICK FILM AG B~ 
SIL I COii l'H TR I DE 
SOLDER COAT I tiG 
ELEC. TEST ·CELLS 

TOTALS 

MAT 

• 0 
• I) 

• (I 

• 0 
• 0 
• (I 

• 0 
• (I 

• 0 
.o 

4.6 
;:: 0. (I 

• (I 

2.2 
• 0 . 

"7 
• I 

.4 
• 1 

1.7 
.9 
. 4 

1 • 0 
• 1 
• 1 

1 • 0 
. 4 
. 4 

1. 0 
• 0 
• I) 

EXP 

·=· . ·-· 
.4 
• 1 

1 .:3 
• ·3 
.5 

1. 0 
• 1 
• 1 

1. 0 
.4 
.4 

1. 0 
• 0 
• 0 

LAB 

1..3 . .: .. 
.4 

1 • I) 
-::-

• I 

2.4 
.4 

·:· ..... 
1.0 . .: . . .: . 
1 • (I 

• 1 
·=· . ·-· 

O'v'F.: 

...,. . ( 
.4 

·:· . ·-' 
.6 
.4 

C" . ~· 
1. 0 .-. 

• . J 

·-=· . ·-· 
.4 
.4 
.E. 

=· ..... 
C" .. ..) 

LAB OVR 

1.4 
.E. 
.4 

1.1 
·7 

o I 

·=· . ·-· 
.-. I:' 
.::. • . ..J 

.4 

.2 
1. 0 

. 6 

1. 0 
• 1 
• '3 

7 . ' 
.4 
.4 
.6 

C" . ·-· 
.5 

1. 0 
.4 
• :3 

.4 

.4 

.6 
·-=· . ·-· 

.5 

7.4 

43.8 14.1 20.3 12.1 
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·:· 
• L. 

• 1 
• (I 

.... 
• -:> 

·=· ....... 
• 0 
• 1 
• (J 

7 
o I 

·j . ·-· 
• 1 
• 1 

·:· . ·-· 
• 0 
• 1 

ItH 

.2 
• 1 
• (I 

·:· . ·-· .... . .::. 
• 0 
• 1 
• (I .., . ( 

•'J . ·-· 
• 1 
• 1 

'J ...... 
~ (I 

• 1 

·=- .­L:... • '.:• 

4 ·:. ..... 

DEF' 

·:· . ,_, 

• 1 
• (I 

·:· .. _, 

• (I 

• 1 
• 0 

1 • (I 
·:. .. _, 

.2 
·::. ..... 

• I) 

• 1 

DEP 

J . ·-· 
• 1 
• (I 

·"j . ·-· 
.3 
• (I 

.• 1 
• 0 

1. 0 
·:. . ·-· .-. .c .... . .:-. 
·"j .. ..., 

• (I 

• 1 

TOT YIELD 

•'j ·:· -·. ·-· 
1.5 
1 • (I 
:3. ·~ 
2 . .: . 
1 • :=: 
4.6 
1 • 0 
·j -"j 
L... • ·-· 

·:· ·:. 
•J. L... 

6.2 
21.5 

:3 • 1 
'J . ...,. ..... ( 

1 .5 

9·~. -:; . 
9·~ -~· 

·~·~ .5 
'?'? • :. 

.::,.:, ·:· .· -· . ·-· 

TOT 'tlELD 

3.4 
1 • -=· 
1. 0 
4. 1 

1 • 9 
4 -:· . ·-· 
1. 0 
2.4 

21.7 
·'j ·:· ... .. ~ 
2.? 
1.5 

'?'3'. 0 
·?·~ .. ::: 
-~·:.. ~.· 
·3 ·::i • ,::. 

·:.:. ·:. c::.'" -· -· . ·-' 
·=t·'.4 C' -· .• . ·-' 

·3·3 .:3 

:3 • 4 61. 4 ·:;.5 • 0 

5.5 lfJ(i.IJ 



DATA 82 PERD FPDM FILE PLATED METAL TEXTURED ONE SIDE, EXCLUDING PACKAGE 

1 · P.Pu::;:H I f'iG 
::TAl'WFfF·D :·au-rs .. 
CEFfTF.: I FUGE 

6 

4 2:3 
t "?·? ·-' . ' ._. 
.:: 7·~ ,_, ' '-
7 14 

1 (j 15 
11 72 
12 lb 
1 :3 2:3 
14 
15 
16 20 
17 40 
1 ::: 4:;: 
1 ·;i 6 0 

6FtS ftEP •. 1$, DI FF. 
ETCH STOP Af·PLY 
fl lELEC ETCH(l.1IET) 
TEi::TUP l ZE fiA-OH 
CENTRIFUGE 
::: IL I cm:l r-i I TP I ItE 
F'F.: APPL'/ 
IIJ ELEC ETCH(l,JET) 
F'P. F.:EMOVE 
I Dtf I MP nDVANCED 
STAr·1DARD sours:. 
C:Er-HPIFUGE 
DP I VE- I 1'1 DI FFUSf'I 
ELECTPOLES:S: F'L Hi 
::<DLIIER COAT HlG 
ELEC. TEST CELLS 

MAT 

.o 

.o 
• 0 
• (i 
•. (I . 

• 0 
• (I 

.o 
• 0 
.o 
.o 
• 0 
.o 
• 0 
.o 
• (I 

:3 • (I 
2.2 

.o 

"" . ' 
.4 
• 1 

.1. 7 
.9 
.4 

1 • (I 
• 1 

1 • (! 
1.1 

.4 
2. 1 

• 1 
.4 
• 1 

1. 0 
2.6 

.o 
• (I 

LAP.. OVF: 

1.3 
.6 
.4 

1. (I 
.7 
.8 

2.4 
.4 

1.0 
4.0 

.8 

.6 

.2 

.6 

.4 
1. 0 
1.4 

• 1 
.8 

"" . ' 
.4 

.6 

.4 
c . ·-· 

1. (I 
• :3 
.6 

1.6 
c . ·-· 

.4 
·:. . ·-· 

.4 
·? .. _: 

. ·;. ; 

.2 

.5 

ItATA AFTER FACTO'"' H{G I:Y 'll ELDS 

Pl':O. :: J1E:S:CR I F'T J Oti 

·j 
'-
~J ·-· 

1 

·~ r.:.• 

4 .-.. -
C.·.:'· 

C"' -;'"J -· ' ·-· 
.:. 72 
i' 14 

·;i 45 
1 0 15 
11 72 
12 lf 
13 2::: 
1 ·l (, 

16 20· 
17 40 
1 ::: 4·;: 
19 60 

f:R1...i::;:H I t·if; 
:::r11r-n1Af<•ft SGUE. 
CEl·l TR I FUt:;;E 
GAS ItEP • :'.., I• I FF • 
cTCH :~TOF AF'PL Y 
I1IELEC ETCHU1!Ef) 
TE:·~. TUR l.::..E l'lA-OH 
C.EIHR I FU1)E 
:s· IL I .::or·; r! I TR I !IE 
l='F: APPLY 
DIELEC ETCH(l,IET) 
FF.: PEMO'·/E 
ION IMP ADVANCED 
::. TAtiDf!F:D :s:OLtl~:. 

CEtlTP. I Fl_!t~E 
DF.:IVE- IN D IFFtl:5:N 
ELECTF:OLE::;:S: .PL Tti 
:5.0LDEF: COAT no; 
ELEC. TEST CELLS. 

TOTALS 

MAT 

• 0 
.o 
• 0 
• 0 
• 0 
.o 
• (I 
• 0 
.o 
• 0 
• (I 

• 0 
• 0 
• 0 
.o 
~ (I 

3 .1 
2.2 

.o 

.8 

.4 
• 1 

1 • ::: 
. 1 • I) 

C' . ·-· 
1 • I) 

• 1 
1 • 0 
1.1 

.5 
-. .-. a=. • L. ·. 

• 1 
.4 
• 1 

1 • (I 

• 0 
• 0 

LA:E: 

1.4 

.4 
1.1 

'? 
o I 

·=-~ ·-· 
2.5 

.4 
1.1 
4.2 

.8 
• 6 
·j 

•I 

.6 

.4 
1. 0 
1.5 

• 1 

O'./P 

.7 

.4 

.4 . ;;::. 
c . ·-' 
c . ·-' 

1.1 
.4 
.E. 

1.6 
c . ·-' 

.4 
.-, .. ~: 

.4 

.4 
• tS 

C' .. ·-' 
5.3 14.9 1'3.t; 11.0 

9.1 25.4 33.4 1~.7 
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HH 

.-. . .::. 
• 1 
• I) 

? . '-' 

;, .... 
• 0 
• 1 
• 0 
• :3 . .. 
• 0 
• 1 .., 
o I . 
• J. 

• (I 

'=' . ·-· 
• 1 
• 0 
• 1 

HH 

·j . "' 
• 1 
• (I 

·:o .... 
• 0 
• 1 
• 0 

.-, .. ,:. 
• 0 
• 1 -· • t 
. 1 
• 0 

.-, 
• • :_i 

• 1 
• 0 
• 1 

DEP 

.3 

.1 

.o 
·:. 

• •J 

·? . .,, 
.o 
• 1 
.o 
.3 

1 • (I 
.o 
• 1 

1 • 0 
• 1 
• (I 

..... .. ;. 
• 1 
.o 
• 1 

DEF' 

·j . -· 
• 1 

·:· . -· 
:· . ·-· 
. 

• l 

• (I 
·:· . ·-· 

1 • 1) 

• • l 

1 (I 
• J 

• 1 
.• 0 

.-, .. ,: . 

TOT "t'IELI1 

·J ·:· ._. . ·-· 
1.5 
1 • (I 

2 .,; 
1 .8 
4.6 
1 • (I 
'?. 1 
::: • 4 . 
1 • :3 
... , ·'""II 
.~ .. ~ 
·-1 .-. 
c. ·=· 
1.5 
1. (I 

·=· ·:· 
·-· • L... .-. -, .:. ... 
1 c: 
• a ._I 

. ·~·~ .5 
·~9 .::: 
·?·~ .::< 
99.0 

·;i-;.. 6 
99.6 
9·;. .8 
S''3 • ~3 
·;9 .5 
·:;·;. • t. 
1:-•;. • 7 

. '?'? .5 
-:;·;. . ::~ 
•:..•.:, t: .· ... ·-' 
·::-·:.i .6 
9·:.i. ::: 

TOT Y IF;:Lir 

1 • .:. ·~ ·:;. • ::: 
1 • 1) ·~·;. • ::: 

4.1 -;.·~.o 

1 • l~I '? '7; • ::: 
:;: • :::: '3''.i. :: 

:3. 4 ·;.·~. 7 
2 .4 1~'7.'. :. 
1 • .:. ·3''? •. :: 

.;: . 2 '? '3 • 5 

1. 5 '3:,. .::: 



3.7 COST LIMITS, PROJECTIONS, AND PROCESS AREAS REQUIRING ADVANCED 

DEVELOPMENT 

Direct processing. costs can be conveniently separated into the three 

di st i net categories of I abor, mater i a I , and capita I . If, as is the goa I 

of Task IV, an automated factory with a high volume throughput is realized 

in the 1980 1 s, some definitive statements can be made concerning each of 

these direct cost categories. First, if a truly automated factory is 
r 

achieved~ direct labor costs wi I I be minim~ze~ and wi I I not form a major cost 

contribution. Second, if the automated equipment can achieve a high volume 

throughput, the capital cost per unit wi I I be low. Finally, material costs 

wi I I be optimized by achieving maximum material uti I ization, but costs cannot 

be below some minimum value needed to physically form the solar eel Is. In 

the I imit of these arguments, if labor costs approach zero and capital equip-

ment throughput approaches infinity, the I imiting cost factor is the cost of 

consumed materials in manufacturing solar eel Is. 

The effect of this arugment is apparent when the cost data presented 

in this report are scrutinized. Labor is a major factor in the costs based 

on today's I !:!cl 1no I ogy, with capita I rnsts a I so be i nq high. For precesses uµ 

to encapsulation, projections look reasonable for ERDA goals for 198~. 

(Encapsulation costs, however, appear less promising and wi I I require considerable 

innovation to reach the goa Is.) It can be stated at th 1 s f I me, t1uwt:!v~1 , 'thot 

certain technology areas require advanced development in order to ensure 

processing cost goals. These areas are: 

1. Ion implantation with increased beam current. 

2. Plasma etching and cleaning processes to eliminate wet chemistry 

steps. 
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3. Printed metal I ization technology to.reduce costs and intrease 

re I i ab i I i ty. 

4. Plated metal I ization to increase control and reduce costs. 

5. Spray-on technologies ·to ensure effective coatings for any solar 

eel~ substrate, geometry, and surface condition. 

Development of both printed and plated metal I ization techniques .is 

r-ecommended at this time, to e.nsure that at least one metal I ization system 

with superior rel labi I ity can be ·found and advanced to the state of economical 

processing. Such a system is necessary to assure.long term t~rrestrial 

rel iabi I ity uti I izing projected encapsulation materi~ls and technologies. 

3. 7. 1 DEVELOPMENT OF AUTOMATION AND SCALE-UP CONCEPTS 

Cost studies inoluded i·n this report have ~ssumed that a machine in the 

·process I ine wi I I be uti I ized less than 100% of the time due to operator 

breaks and lunch hours as wel I as machine maintenance and repair time. 

Each piece of equipment.in the processing factory wi 11 be inoperative for 

random and varying periods o~ time .due to rP.pnirs and mainten~nce. It Is an 

obvious objective to ensure,that if one piece of equipment is _inoperative, 

the overal I rate of production through the processing I ine should not be 

halted as a result. Th.e factory design, thus, should al low for equipment 

downtime. 

Equipment failure or routine downtime can be eliminated if, for each 

process step, many machines operate in para I lei with a queuing area before 

it. As each machine becomes av~i I able for processing, materials from the 

queuing areas are fed to it. Any machine that is inoperative is merely by­

passed until it is again avai labte for processing. This is a necessary 

concept· for proper uti I ization of al I equipment and minimization of capital 

equipment and fa.c i I i ty i nvestrnent. 
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4.0 CONCLUSIONS 

This program has emphasized the evaluation of individual processing 

steps and complete process sequences for technical feasibi I it~ and cost 

effectiveness. The overa.I I conclusion from this study is that no fundamentally 

new development in processing technology is required to meet the long r~nge 

LSSA Program goal of large scale solar panel ~reduction at a selling price 

of $0.50/peak watt. In order to achieve that goal, however, it wi I I be 

essentiat to further develop (and subsequently automate) existing technologies. 

Some highly promising processing areas, including ion implantation, plasma 

etchirrg and cleaning, plated contacts, and printed metal I ization, should be 

the subjecls of specific advancQd dev~lnrmAnt wo~k to permit fut I evaluation 

of their potential technical and economic contributions. An understanding 

of cost effective. control I imits on process si·eps is also necessary. 
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5.0. HE COMM EN DAT I OW) ·-----· 

l~o spfJcific n::icommendations, other i·han technoloqical areas identified 

a·nd rncommended In Sections 3 and 4 for further deve I opment, are made in 

this report period. 

6.0 CURRENT PROBLEMS 

No-specific 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 ITEMS 

No items requiring unusual action have come to I ight during th1s report 

period. 
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