
General Disclaimer 

One or more of the Following Statements may affect this Document 

 

 This document has been reproduced from the best copy furnished by the 

organizational source. It is being released in the interest of making available as 

much information as possible. 

 

 This document may contain data, which exceeds the sheet parameters. It was 

furnished in this condition by the organizational source and is the best copy 

available. 

 

 This document may contain tone-on-tone or color graphs, charts and/or pictures, 

which have been reproduced in black and white. 

 

 This document is paginated as submitted by the original source. 

 

 Portions of this document are not fully legible due to the historical nature of some 

of the material. However, it is the best reproduction available from the original 

submission. 

 

 

 

 

 

 

 

Produced by the NASA Center for Aerospace Information (CASI) 



Workshop Proceedings 

Photovoltaic Conversion 
of Solar Energy for 

Terrestria I Applications 

Vol. II. Invit~d Papers 

October 23·25, 1973 
Cherry Hill, New Jersey 

Organized by 

Jet Propulsion Laboratory 
California Institute ofTechnology 

Sponsored by 
National Science Foundation 

RANN-Research Applied to National Needs 

Grant No. AG 41' 

""' .... .-qrc_ 
~20:z:2: 
~c:;t;a:10~ 

.... ~'" 
'T1"":;HG~ 

t'1J .TI<, 
" !J:O~O(,",) 

r. ~ : t-' ~ : 

fOfTl"'" 
w.~vJ>_ 
_ tn ~l ~ I..t.I 

-.J1"l'ltr"nCD . ~ ~ -
~ fl) >0 n w 
V'I t-ow 

... 
o .. 

.. 



CONTENTS 

SESSION I. SINGLE·CRYSTAL SILICON 

SI LICON PHOTOVOL TAlC DEVICE DEVELOPMENT PLAN-E. L. Ralph ••.••.•.•.•...•••..•....•.. 3 

SI LICON CELLS-J. LindmBYBr .•.••...•..••.•.•...............•..•.....•..•....•... 9 

FIVE YEARS OF SILICON WEB CRYSTAL GROWTH-C. G. Currin •••.•••.•.•...•...••......•.••• 11 

A THEORETICAL ANALYSIS OF THE EFG GROWTH OF SILICON RIBBONS-

T. Surek and B. Chalmers ....... , ........................................
........ . 13 

THE EFG GROWTH OF SILICON RIBBON FOR SOLAR CELLS-A. I. Mlavsky. . • . • . . . . . . . . . . . . . . . . . • . . 22 

SOME COMMENTS ON RIBBON GROWTH OF SILICON-G. H. Schwuttke ...••.....••............•.. 31 

VIOLET CELL REVIEW-R. M. Fiand •.•..........•..•.....•........•..•.••.......••••• 33 

FUTURE COMSAT SOLMR CELL DEVELOPMENT PLANS-E. S. Rittner •••.•••••••.•....•••.....•. 35 

STATUS OF SILICON WEB SOLAR CELLS-R. K. Riel .•••.••..••••.•..•••.•••...••.•...•.. 36 

, 
THE NASA-LEWIS PROGRAM ON SILICON SOLAR CELkAND ARRAY TECHNOLOGY-

O. T. Bernatowicz .................................................
............ 39 

A PROPOSED SCHEME FOR THE VLS GROWTH OF SINGLE·CRYSTAL SILICON SHEETS-

A. S. Blum 
41 

SESSION II. POLYCRYSTALLINE SILICON 

RESEARCH ON LOW·COST SILICON SOLAR CELLS FOR LARGE POWER SYSTEMS-

.... H. Fang ................................................
.......•.•....... 51 

GAIN MODIFICATION IN POLYCRYSTALLINE SILICON SHEET FOR LOW.cOST 

SOLAR CELLS-M. B. Nowek end P. H. Feng . • • • . • . . . • . . • • . .. • .•••.•••.•...••...••.••.. 54 

DEVELOPMENT OF LOW-COST THIN FILM POLYCRYSTALLINE SILICON SOLAR 

CELLS FOR TERRESTRIAL APPLICATIONS-T. L. Chu ...••.•.•...••.••••...•.•••.•••.••••• 56 

FABR'ICATION OF LOW-COST THIN FILM SOLAR CELLS-N. Loogmld 63 

LOW·TEMPERATURE POLYSILICON-W. B. Berry ••••••.•••.•.•.•••.••.••••.•••.••...•.••• 67 

POLYCRY~TALLINE SILICON SOLAR CELLS: THE CENTRALAB-OOW CORNING 

PROGRAM-P. A. Ue ••••...•.•.••.•••..•.•••.....•..••.•••..•••.•••••••.••••••.. 71 

PROPOSAL FOR LOW COST SILICON PROCESSES-L D. Cros.men and L P. Hunt 74 

SELECTIVE SURFACES FOR PHOTOTHERMAL SOLAR ENERGY CONVERSION i 

MANUFACTURED BY CHEMICAL VAPOR DEPOSITION-B. O. Seraphl. • •.•••..•.• ___ • ____ •••••••• 80 I 
I 
I 

~APER NOT RECEIVED-A. Terrill I 
I 

PRECEDING PAGE BLANK NOT Fll,MED 

iii 

I 
i • 

I:"': 



-_ .. _._--_._- -----"---_. 

SESSDON DID. SYSTEMS AND DIAGNOSTDCS 

MeV ION BACKSCATTERING-MICROSCOPY WITH MASS AND DEPTH 
PERCEPTION-M. A. Nicole. end J. W. Meyer. • . • • • • • • • • • • • • • • • • • • . • • • • • • • • • • • • . • • • . • • • • • • 85 

THE NSF FUNDED DIAGNOSTIC LABORATORY AT LBL-W. J. Slekheu, • • • • . • . • • • • • • • • • • • • • . • • • • • • 90 

SELECTED AREA AND IN·DEPTH AUGER ANALYSIS OF THIN FILMS-J. M. Moreblto 94 
TECHNIQUES FOR THE DETERMINATION OF THE PHASES IN THE SURFACE LAYERS 
OF CdS/CU2S CELLS-I. G. Greenfield end W. F. T .. no •••.••••••••••••••.••••.••••.•••••••••• 96 
CONCENTRATION ONTO SOLAR CELLS-C. E. Beckus 108 

A LOOK AT SOLAR POWER FOR SEATTLE-REVISITED-C. J. Bishop 110 

MITRE PHOTOVOLTAIC ENERGY SYSTEIIII ~TuuY-F. R. Eldridge 113 

dOLAR THERMAL CONVERSION MISSION ANALYSIS-M. Wetson end P. Boss •••.•.••••.•••••••....• 118 

PHOTOVOLTAIC SYSTEM MODEL FOR TERRESTRIAL APPLICATIONS-M. Wolf 122 
SATELLITE SOLAR POWER STATION (SSPS) POWER SYSTEM . 
INTEGRATION-H. S. S:'981 end P. Hen.on •...••••.•.•.•••••..••..••..••••••••.•..•••.. 131 

PHOTOVOLTAIC TERRESTRIAL APPLICATIONS-A. F. FomSlieri ••.•. • • • • . . • • • . • • • • • • • . • . . . • • • . 150 
EVALUATION OF SOLAR CELL COST PREDICTIONS-P. Goldsmith •••••••••.••••.••••...••.•••• 163 

SESSION IV. CdS/Cu2S THIN FilM CELLS 

SOLAR ENERGY PROGRAM AT UNIVERSITY OF DELAWARE-K. W. BBer •••••••••••••••••.••••••• 

ELECTRIC POWER GENERATION THROUGH THIN FILM PHOTOVOLTAIC CELLS-
T. P. Brodv end F. A. Shirl end ••••••••••••••••••••••••.•••.••••••••••••••••••• ••••• 

SUMMARY OF THE NASA-LEWIS CdS SOLAR CELL PROGRAM-H. W. Brandhors •• Jr. • ••••••••••••••• 

DEFECT STUDIES IN SOLAR CELL MATERIALS-L. L. Kezmerskl •••.•••••••••••••.••••••••••••• 

DEVELOPMENT OF LOW COST SOLAR CELLS-J. F. Jordan •••••••..•...••••••••••.••.•••••••• 

SESSION V. OTHER MATERIALS AND DEVICES 

PREPARATION AND EVALUATION OF NEW II·VI HETEROJUNCTION SOLAR CELLS-A. Fehranbruch end R. H. Bube .••••..•.•.••••..••...•••.••.••••••..••••.•.••••. •••• 

INVESTIGATION OF THIN FILM SOLAR CELLS BASED ON Cu25 AND TERNARY COMPOUNDS OF THE TYPE Culn~ AND Culn~ FOR LARGE SCALE TERRESTRIAL 

169 

168 

172 

176 

182 

195 

SOLAR ENERGY GENERATION-J. J. Lofellkl •• t el. •••.•••.••••.••••.•••••••••••.•.•••..•• 198 
THIN FI LM CdTa SOLAR CELLS FOR TERRESTRIAL POWER APPLICATIONS-F. V. Wald .... 1. 202 
AN IMPROVED SCHOTTKY PHOTOVOLTAIC DIODE FOR SOLAR ENERGY CONVERSION-W. A. Anderson. a. aI. ••••••••••••••••. • • • • • • • • • • • • • • . • • • • • • • • • • . • • • • . • • • • • . • • • • . 209 

I 

i 
1 , 
; 

1 

I 
I 



: 

A PROPOSED GRATING STRUCTURE SILICON SCHDTTKY·BARRIER PHOTOVOLTAIC 
CELL FOR SOLAR ENERGY COIWERSION-S. S. LI ••••••••••••••••.•••••••••••••••••••••• 219 

LOW COST GaAs LAYERS ON OXIDE SUBSTRATES FOR SOLAR CELL APPLICATIONS-
B. L. Manes • • • • . . . • • • • • • • • • • . • . • • • • • . . . . • • . • • • • • • • • . • • • • • • • • . . . . . • . • • • • • • • • . 223 

GROWTH OF GaAs SINGLE CRYSTALS IN RIBBON FORM-J. B. Barkowltz ••••••••••••••.•••..••••• 232 '. 
STATUS AND PROJECTIONS FOR Gal.xAlxAs·GaAs SOLAR CELLS-H. J. Hovel 236 

ORGANIC PHOTOVOLTAIC CONVERSION-P. J. Reueroft • • . . . • • • • . • . • • • . • • • • • • • • • • • • • • • • • . • 23B 

PHOTOGALVANIC CELLS-J. A. Eckert ••.••••••••••..•••••••••..••••••••••••••••••••• 243 

ENHANCEMENT OF SELENIUM PHOTOVOLTAISM BY TREATMENT WITH 
PORPHYRINS-A. D. Adler and V. Varadl ••• • • • • • • • • • • • • • • • • • • • • . • • • • • • • • • • • . • • • • • • • • • • • 246 

SEMICONDUCTOR·ELECTROLYTE PHOTOVOLTAIC ENERGY CONVERTER-
W. W. P.nderson • • . • • • • • . . . . . • • • • • • • • . . • • • • • • • • . . . . • • • • • • • • . . • . • • • • • . . • • • • • • • • • 260 

CONVERSION OF SOLAR ENERGY USING PHOTOSYNTHETIC MEMBRANES-S. H. Chiang 
and G. E. Klinzing ••••.•••••••••••••.••••••••••••••••......••••.•.•••••••••••.• 261 

ELECTRON·BEAM EVAPORATION OF SOLAR CELL MATERIALS-W. W. Grannemann 264 

PIN HETEROJUNCTION SOLAR CELJ..S-F. Charnow •.......••••...•.••.••..•..•.••••.•.••• 266 

PHOTOVOLTAIC SOLAR ENERGY CONVERSION USING HIGH·TEMPERATURE 
TIIERMAL RESERVOIRS-I. Melngailis, et aI. •• • • • • • • • • • • • • • . . . • . • • • . • • • • • • • • • • • • . . . • • • • 269 

PHOTO-ELECTROLYTIC DECOMPOSITION OF WATER-D. I. Tehamav 276 

ELECTROMAGNETIC WAVE ENERGY CONVERSION RESEARCH-R. L. Bailey • . • • • . . . . . • • . • • • • . . • • • • 281 

VERTICAL MULTIJUNCTIDN SOLAR CELL5-W. P. Rahilly •..••••••••••.•.•.•••••.••••••••••• 286 

RESEARCH ON TRANSPARENT. ELECTRICALLY CONDUCTIVE MATERIAL-G. Haacke. • • • • • • • • . • • • • • • • 289 

v 



:" '.ZtJU ............ _~ ________ --'-_______ • ___ '---____________ ....,.;,,;jj.,, __ ~ 

SESSION I 

SINGLE -CRYSTAL SILICON 

I 



~ I 

I 
~ESSION I. SINGLE·CRYSTAL SILICON 

SIL'CON PHOTOVOLTAIC DEVICE DEVELOPMENT PLAN-E. L. Ralph 

SILICON CELLS-J. Lindmaye, 

FIVE YEARS OF SILICON WEB CRYSTAL GROWTH-C. G. Currin 

A THEORETICAL Alii. LYSIS OF THE EFG GROWTH OF SILICON RIBBONS-T. Surek end 

B.Chalman 

THE EFG GROWTH OF SILICON RIBBON FOR SOLAR CELLS-A. I. Mlavsky 

SOME COMMENTS ON RIBBON GROWTH OF SILICON-G. H. Schwuttke 

VIOLET CELL REVIEW-R. M. Fland' 

FUTURE COMSAT SOLAR CELL DEVELOPMENT PLANS-E. S. Rittne, 

STATUS OF SILICON WEB SOLAR CELLS-R. K. Riel 

THE NASA-LEWIS PROGRAM ON SILICON SOLAR CELL AND ARRAY TECHNOLOGY

D. T. Bernatowicz 

A PROPOSED SCHEME FOR THE VLS GROWTH OF SINGLE·CRYSTAL SILICON SHEETS

A.S. Blum 

2 



._-- --_ .. __ .. _----
SESSION I. SINGLE-CRYSTAL SILICON .- RALPH 

SILICON PHqTOVOL TAlC DEVICE DEVELOPMENT PLAN 

E. L. Ralph 
Helietek, Dlvisien ef Textron, Inc. 

Sylmar, Califernia 91342 

Presentation Summary 

The petential fer using silicen selar cells te provide large ameunts ef electrical pewer has been well established 

(Ref. I). A1se a prepesed plan has been prepared whlch shewed ether petential applicatiens and metheds fer 

achieving system cest reductiens (Refs. 2 and 3). Figure I shews a schematic drawing ef seme typical applicatiens 

fer pheteveltaic pewer systems and indicates hew the size ef these systems might increase as a functien ef time. 

Te make it possible te achieve large scole utillzatien ef pheteveltaic systems, a well balanced R&D plan must be 

supperted. Such a prepesed pregram was prepared and is summarized in Fig. 2 (Ref. 4). The plan shews varieus 

specific pheteveltaic cencepts that have validity fer study, with large scale demenstratiens being projected fer the 

1985-1990 time periI'd. Each ef these cencepts has its ewn particular set ef develepment steps, budgets, and 

milestenes which must be analyzed and evaluated separately. There are, hewever, a set efbasic pheteveltaic 

develepment tasks that are cemmen te all and can be carried eut parallel te 110, cencept develepment. These tasks 

can be planned and carried \lut independently with new technelegy being fed intI' the varieus cenceptual systems 

as they beceme available. The basic studies are summarized intI' the five task categeries shewn; a1theugh the ref

erence gives detailed tasks within each categery. Seme ef the anticipated technelogy eutputs are shewn in the chart, 

a1theugh (llere will ebvieusly be mere. It is estimated that these tasks weuld require a budget ef $12 te 20 millien 

per year for the next 10 years. 

The key facters invelved in reducing pheteveltaic pewer system cests are shewn in Fig. 3. The price ef pure silicen 

is critical if pelycrystalline material is te be used, but net se critical if the gaseeus cempeund (trichierosiJane er 

silane) is used directly. New single-crystal silicen grewing techniques, such as ribbens er sheets, weuld by-pass the 

expensive inget grewing, cutting, slicing, and pelishing process new used. .\ great deal can be dene with the device 

fabricatien precess te decrease cests. 11tIs will be discussed in mere detail belew. Array fabricatien and packaging 

must be dene with inexpensive materials and precesses that utilize the tremendeus knewledge and machinery 

presently available in the packaging industry. Cencentratien of sunlight en a pheteveltaic device can be an important 

tal'l as leng as the device itself is relatively expensive in respect to the cencentrater. One device with a cencentrator 

can put eut 10 times te 100 times the power with little additional cest, especially if the cencentrator is incorporated 

intI' the system structure and package. Another key factor is the type er characteristic efthe system being con

sidered. The tetal selar heme, fer instance, takes advantage ef the thermal heat generated as well as the electrical 

outpui, thus previding mere benefit than an electrical system enly. The SSPS system has a ten te ene advantage ef 

sunlight availability, because ef ne nightthne, no atmesphere attenuatien, ne dust, ne cleuds, etc., but it has the 

disadvantages of transpertatien te space and beaming back the power. Prebably the mest impertant key facter in 

cest reductien is the mass preductien impact. Mass preductien is needed te ebtain the experience and meve down 

the learning curve. 

New let us censider the device fabricatien precess in mere detail. The geals we have been werking en in this area 

are shewn In Fig. 4. Larger area cells are being built using simplified precesses. Higher rate precesses are being used. 

Machines are being used te transfer and handle the devices much faster. Yields are being Increased because the 

process is less cemplicated and because ihe telerances and specificatiens fer terrestrial cells can be much more 

relaxed than space cells. Efficiencies of preduction-type cells have recently increased te ever 14 percent AMO 

(16.5 percent AMI) and are expecled te increase still furiber. Material and pewer utilization has been decreased as 

a result of the elimination of steps and by replacing with less expensive materials. 
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SESSION I. SINGLE-CRYSTAL SILICON - RALPH 

As a result of the above work and following an R&D program similar to that descri".ed, it is believed that the 
milestone schedule shown in Fig. 5 can be achieved. We are confident that photovoltaic power system costs can be 
reduced below $5/watt by 1978 and below $l/watt by 1983. The production rate should be able to be increased to 
6 MW Iyear by 1978 and 200 MW/y.ar by 1983 based on the assumption that capacity can be doubled each year for 
the next 10 years. Meeting these milestones wou!d put photovoltaic power systems into a highly promising position 
for being selected for a large·scale demonstration program in the mid.1980's. 

References 

1. Glaser, Peter E., "The Future of Power From the Sun," IECEC Record, 1968. 

2. Ralph, E. L., "A Plan to Utilize Solar Energy as an Electric Power Source," IEEE 8th Photovo1taic 
Specialists Conference Record No. 70C32ED, 1970. 

3. Ralph, E. L., "Large Scale Solar Electric Power Generation," Joumal of Solar Energy, Vol. 14, No. I, 1972. 

4. Ralph, E. L., "Solar Energy R&D Policy Assessment," submitted to the Solar Energy Panel March 1972, 
Heliotek Research Paper No. 135. 

Discussion 

Q: Has anybody ever made a solar cell using ion implantation? 

A: Yes. 

Q: Does it work as well? 

A: 11 makes a good cell. You can use that technique, ifit has some advantage. I don't know of any cost 
advantage of doing that, but certainly from a process standpoint you can make a good cell that way. It has 
been done. 

Q: You meant $20.00/watt if you go into mass production? 

A: No, that's today on a large order. 

Q: This $5.00 per watt per cell is in volume, I take it? 

A: This is on a quantity buy todaY. 

Q: What do you mean a quantity? 

A: Twenty.cm2.type cells - not a 4-cm2.type cell. 
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SESSION I. SINGLE-CRYSTAL SILICON - RALPH 

PRlroSEI> mOTOVOLTAIC R&D PlAN 

A. Small Terrestrial modular systems (Remote) 
B. Total Ho~e (Cl~te control & ele~trieity) 
C. Industrial System (Aluminum, ~, etc.) 
D. Community System (Fuel eell eharging) 
E. Large Seale Farming (Distributed harvest) 
F. Terrestrial Solar Power Station (TSFS) 
G. Satellite Solar POwer. Station (SSPS) 

A. Basie Studies and Theory 
B. Device Developnent 
C. M!.nufacturtng Process DevelopDent 
D. Systems Developnent 
E. Applications Analysh and Developaent 

FIg. 2 
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KEY l''ACTORS 
~'OR REDUCING sn,ICON PHOTOVOLTAIC 

POWER SYSTEM COSTS 

Price of pure silicon (poly or compound) 

Method of making single crystal silicon substmte 

Method of fabricating a device 

Method of fabricating army and packaging 

Use of concentmtion principles 

Type of system (i.e., Total solar home, SSFS, H2 gen. etc.) 

Mass production 

Fig. 3 

GOALS 
DEVICE FABRICilTION PROCESS 

Utilize large areas substmte 

Reduce number of process steps 

SimplifY device and process opemtions 

Develop high rate process steps 

Mechanize handling and tmnsfer opemtions 

Increase yield 

Increase cell efficiency 

Minimize material and power inpl~ts 

·~ig. 4 
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MILESTONE SCHEDULE 

TECHNOLOGY STATUS 

PARAMETER PRESENT 5 YEARS 10 YEARS 
1973 1978 1983 

Cell Size (CD?) 20 45 or Continuous 
Cent. Ribbon Multi-Ribbon 

or sheet 

Cell Efficiency (% AMO) 14 ]6 18 
(% AMI) 16.5 19 21 

Cell Cost ($/watt AMI) 5 2.50 0.30 

Power System Cost ($/watt AMI) 20 5 <1 

Production Rate (Mw/yr) .09 6 200 

Fig. 5. 
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SILICON CELLS 

J. Lindmayer 
Solarex Corporation 

Rockville, Maryland 20850 

Presentation Summary 

The cost of silicon solar cells, and therefore the cost of terrestrial solar electric ene rgy, is controlled by the space 
market. This reference is somewhat unfortunate since the space requirements are different from the terrestrial 
situation. I believe that efficient terrestrial cells could be produced now for abod' SIO/W(peak) and a terrestrial 
panel could be completed for approximately $20/W(peak). At the moment, however, there is no industrial base to 
suppOrt these prices. We hope that through Solarex these costs, and maybe lower levels, could be tested. It is 
essential to find a sufficient "specialty" market to support such prices. The price can be reduced further by con
centration, but again, the market must expand faster than the cost reduction involved. 

A. a few dollars per watt level the cost of silicon becomes the dominant factor. Assuming that the cost of silicon 
will not decrease abruptly, continued cost reduction could be: ~ontinued by using less silicon. Transistors and 
integrated circuits became less expensive by increasing the device density; since in solar energy conversion we need 
the area, the thickne,s must be decreased. We believe that thin silicon, supported by an inexpensive base is an 
important promise for the future. The violet cell work has shown that the terrestrial efficiency can re increased 
to 18 percent in a IO-mil silicon slice. Looking into the thickness dependence further we find that the conversion 
efficiency changes slowly with thickness, as expected. A calculation was IlIade to match a theoretical curve with 
these measured points to predict the thickness dependence. The curve predicts that it should be possible to obtain 
over 10 percent conversion efficiency with a to-micron Sliicon layer. Of course, this thin film should be nearly 
single crystal. 

We also believe that the terrestrial conversion efficiency should be increased further. It seems certain that the 
efficiency could be ralsed over 20 percent. An effort in this direction will maintain a scientific/technical excellence, 
and the factors involved in the improvement will be applicable to thin film work also. The short wavelength 
response, the sharpness of the diode, the photovoltage are all factors determined by the first few thousand 
angstroms of silicon at the surface. 

At this point there are real hopes for the development of inexpensive silicon cells. 

Discussion 

Q: 

A: 

Q: 

A: 

Q: 

A: 

Q: 

What are your specifications on silicon with respect to resistivity, lifetime, and mobility to make an 18 percent 
cell? 

That's partially COMSAT work. 

What do you think the incoming specifications should be? 

At about 2 ohm-em, the current of the bulk is just starting to falloff and the top layer is just starting 
to take over. So, at 2 ohm-em, you can obtain roughly 18 percent. 

Are there any requirements on lifetime or mobility? 

For mobility, I don't think very much; for lifetime, maybe. 

What of mechanical perfection? Do you have any other requirement besides 2 ohm-em? 

9 
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A: Obviously it has to be a good crystal, because an 18 percent cell with red response in it isasignificant factor. 

Q: What are the requirements? 

A: About 30 to 40 micro"econds, and that's all that is needed. 

Q: When you are making Utese efficiency projections, are you really assuming AM I spectra and not AMO, 'since 
you are relying so much on improvements in surface effects? 

A: Yes, the 18 percent is with the air mass between one and two on the ground, of course, and the 20 percent 
efficiency will be achieved, I am sure, on the ground. 

Q: With a IO-micron cell do you think it is reasonable to expect 10 percent? AMI spectrum? 

A: Yes, I think so. If one does have 20 percent efficiency to start with, ten of it is really coming from the filSt 
few thousand angstroms of the silicon. Say 10,000 angstroms or 20,000 angstroms of the top layer and 
that's the part we can hang on tl' when we go down to very thin films of silicon. 

Q: Theoretically, what lifetime is desired today in silicon 2ohm·em? 

A: It is 30, 40, or 100 microseconds for a IO-mil slice, because we are then counting on the red response when 
we are saying 20 percent; bu t as we go closer to the junc.!ion, because of the shorter wavelength and 
the penetration factor, the lifetime becomes less and less important. 

Q: Concerning surface properties (because we are interested in a very shallow junction) what is the lifetime 
near the surface1 

A: In the violei cell, we have the band bent all the way to the surface. and there is no more dead loyer. Thus. 
there is a built·in tield reaching up to the very ,urface. If Utere is a very high built·in field, a olue carrier 
is immediately brought up to saturation velocity and is driven away from the surface. So you can argue that 
there really is no lifetime limitation nor is there truly a surface recombination limitation on the short wave
length response. 

Q: Would you expect to be able to get such cells on epitaxially grown silicon? Have you tried that? 

A: You mean 20 percent cells? 18 percent cells? No, I don't think so. 

Q: Why not? 

A: It dep"nds on the quality. Because you are giving up maybe some of the red response. unless the epitaxial 
layer i. really of such good quality. 

Q: Did you say 10 percent would be available from a IO-micron-thick layer on the surface of the earth? 

A: Yes. 

Q: On the surface of the earth - not in space? 

A: Right. 

Q: Air mass one? 

A: Right. 

10 
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FIVE YEARS OF SILICON WEB CRYSTAL GROWTH 

Presentation Summary 

C. G. Currin I 

Dow Coming Corporation 
Hemlock, Michigan 48626 

Experience in growing]. more than 2000 meters of silicon dendritic web crystal (Ref. I) in the mid·1960's provides 

a goide to current efforts to grow low cost sheets of silicon. This experience can be valuable to the future develop

ment of dendritic growth as well as other sheet growth processes, such as EFG (R~f. 2). 

This extensive growth of silicon web crystal was from SoC super cooled 40 gram melts of silicon in round, non· 

rotated quartz crucibles. The crystals Were extracted throUgh an exit tube at the top of the furnace and wound on 

a 9Q.cm·diameter reel. The I Q.kw, 450·kHz h\duction heating generator was controlled using an infrared sensor 

focused on the molybuenum susceptor. Nominal widths from 8" to IS mm and lengths to about 10 meters were 

achieJed. 

Of potential value to all future attempts to grow low cost sheets of silicon are the observations that: 

I. Silicon sheet 0.05 to 0.3 mm thick must be reinforced (such as by dendrites) or uniformly 

supported mechanically to be handled without major danger of break'\,ges. 

2. A continuous process is essential to achieve sufficiently low cost for large application for 

photovoltaic cells. 

3. A reel·ty'pe pull system is superior to fully linear systems for pulling the sheet crystal from 

the furnace. • 

4. A set of twill planes in the sheet significantly aids the growth process. 

A feasibility study showed appreciable potential for a continuous web crystal growth process. For this series of 

experiments, a linear quartz crucible was direcily heated by a mating graphite (resistance) heater. This furnace 

,'ystem produced an improved thermal geometry, had superior response time for the .temperature control, and used 

much less energy and capital. By maintaining •• hotter region at one end of the linear crucible, it was believed silicon 

could be added to the melt during crystal growth, which is necessarY for a continuous growth process. 

The dendritic web growth process may permit the growth of sheet silicon suitable for large area photovoltaic ceUs at 

a crystal cost less than 1.04/cm2 if: 

I. The thermal geometry in the melt can be controlled for growing web crystal 5 cm wide. 
I 

2." The growth process is sufficiently continuous so that a majority of the operating time is used 

for growing uniform crystal. ' 

1 Present address:.. Dow Coming Ltd. 
Bany, Gtamorgan 
Wales (U. K.l 

2Under license from Westinghouse. 
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3. Full automatic process control is used, such as by use of an infrared video sensor focused on the freezing 
interface and directly coupled via suitable programming to control the melt temperature and pull system 
with millisecond response time. 

This is believed to be achievable. 

References 
I. Dermatis, S. N., Faust, J. W., Jr., "Semiconductor Sheets for the Manufacture of Semiconductor Devices," 

IEEE Trails COllin!. alld E/ee. Vol. 65, p. 194,1963. 

2. Ciszek, T. F., "Edge·Defined, Film·Fed Growth (EFG) of Silicon Ribbons," Mat. Res. Bull. Vol. 7, 
pp. 731·738,1972. 

Discussion 

Q;. What was the approximate'speed of growth? 

A: Most of it was grown about 2 centimeters a minute. I believe with full automatic control, you should be 
able to extend that somewhat. 

Q: The dendrites you say would remain in place. What percentage of the total weight would be in the dendrite, 
since that is going to be wasted silicon? I don't believe you can make a cell out of that material. In other 
words, that dendrite material itself will not make a good cell. 

A: I don't think it would be practical to make a cell out of the dendrite. I believe there was some initial work 
to make cells out of the dendrites themselves, but as the width increases, I would expect that the dendrites 
~ould bebasically there oniy for the support, and should be less than a quarter of the weight. This still 
would be a significant portion of the mass. It all depends upon the widths that one can achieve and it seems 
that 5 centimeters width should be achievable. 

Q: Have you counted the dislocation density or measured the lifetime in your material? 

A: As was indicated earlier, lifetime measurement of very thin pieces of silicon is a rather difficult measurement 
task. Dislocation densities would vary from a very gross amount, which became an ideal tool for aligning 
SOT land cameras, and there were very many of these results published, but also, it has been shown that you 
could grow dislocation·free. Dislocations would tend to line up with the twin plane and would be near the 
twin.plane region. I believe the dislocation probably affected the lifetime or was probably the major con· 
tributor to the lifetime, which was believed to be in the one to ten microsecond region, but no direct measure· 
ments were able to be made. 

Q: Has anyone ever demonstrated that there is a relation between dislocatioil content and lifetime? 

A: There have been a number of papers related to float·zone silicon showing that there is quite a definite relation· 
ship between dislocation density and lifetime. This is normally, though, at much higher dislocation densities 
upwards of 1,000 to 100,000 to a million per square centimeter. 

C: There is a very elegant way of measuring the lifetime in thin silicon layers using the MOS capacitance 
technique. We have measured the lifetime recently on webs, but it was not too good as these webs were pretty 
old material. They could be considerably improved. 
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A THEORETICAL ANAL VSIS OF THE EFG GROWTH OF SILICON RiBBONS 

Presentation Summary 

Introduction 

T. Surek and B. Chalmers 
Division of Engineering and Applied Physics 

Harvard University, Cambridge, Massachusetts 02138 
(GI·37067X) 

A most critical area of concern in any crystal growth process is the shape of the interface between the growing 
crystal and the parent phase, and the stability of the interface to changes in the process variables. This problem is 
particularly important in the EFG process (Refs. I and 2), a technique which has been developed for the growth of 
crystals with controlled geometries. As described by Dr. Mlavsky in the preceding paper (Ref. 3), the aim of the 
present research is to adapt the EFG process to the continuous growth of single-crystal silicon ribbons from the 
melt. This requires a thorough understanding of the factors which influence the interface shape and stability. 

In the EFG growth of silicon ribbons, the problems associated with the solid.liquid Interface require the theoretical 
understanding of three basic physical processes: (I) the problem of the heat flow in the ribbon.shaped geometry; 
(2) the problem of the fluid flow and the associated problems of the static and dynamic stability of the meniscus 
fdm; and (3) the effects of wetting or contact angle between the liquid silicon and the die surface on the stability of 
the growth process. 

Becaase of the very nature of the EFG technique, it is imperative that the theoretical analyses should closely corre· 
spond to the experimental crystal growth setup and conditions. In this way, the analyses are not only expected to 
provide an understanding (and explanation) of the experimentally observed behavior, but also to auggest possible 
improvements in the design and development of the crystal growth equipment. We see, in fact, that the physical 
processes described above relate directly to a number of experimental design variables. The analysis of the heat flow, 
for example, relates to the problem of the furnace and the die design. The die design is also affected by consider •• 
tions of the fluid flow and the problem of the contact angle. The latter process also plays the dominant role in the 
selection of the die material. 

The ultimate aim of the theoretical analyses is to provide a parametric description of the stability of the EFG process 
in terms of the system and process variables. It is therefore useful at this juncture to digress on what we mean by the 
"stability" of the ilFG process. 

On a macroscopic level, stable growth is indicated by the uniformity of the geometrical dimensions of the crystal. 
This is the ultimate measure "If the stability of the process, and the continuous maintenance of such stable growth 
i~ the ultimate requirement for use.ul silicon ribbons to be produced by this technique. 

On a more fundamental level, we are concerned with two particular aspects of the EFG process: (I) the static 
stability of the meniscus ti\m; and (2) the thermal stability of the solid·liquid interface. The basic requirement for 
stability In either case is that any departur~ from equilibrium or steady-state conditions should be followed by a 
return to these conditions. In other words, the system should be self-stabilizing with respect to fluctuations in the 
process variables. With this in mind, and the fact that the actual crystal growth process unavoidably involves fluctu· 
ations in the process variables, such as the heat input or the crystal pull rate, we can define our interest in the 
stability of the EFG process as follows: we seek the range of permissible fluctuations in the process variables for 
which continuous growth can persist. 
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In this paper, we examine the theoretical basis for the "edge.definition" in the EFG of silicon ribbons; i.e., we 
investigate the relationship of the crystal geometry (such as the ribbon thickness) to the system and the growth 
parameters. This is clearly the fundamental theoretical problem in the EFG process; the model' used here also form 
the basis for the treatment of the stability problems described above. The theoretical analysis is then applied to some 
experimental data leading to suggested improvements in the crystal growth setup. 

The Edge·Definition in the EFG of Silicon Ribbons 

To begin a description of the theoretical analysis, it is useful to identify the independent and dependent variables in 
the model of the EFG process (Fig. I). The independent (or process) variables are those which can be selected in the 
experiments, and they are: the die thickness (Id), the die width (wd), the pull rate imposed on the crystal (Vp), some 
measure of the heat input into the system (I\. 1')1, the effective height (heff) of the solid·liquid interface above the 
liquid level in the crucible, and the contact angle (~d) between the liquid silicon and the die surface. 

The dependent variables of the process are those which the system selects in either a transient or a steady·state 
manner, and they are: the ribbon thickness (I), the ribbon width (w), the meniscus thickness (s), the rate of advance 
of the solid.liquid interface (Vg), and the angle (~O) between the vertical axis and the meniscus at the solid·liquid 
interface (Fig. I). 

For our present purposes, we assume that W '" wd = constant » 1 and that the contact angle requirement (~d) 
can be satisfied at the outer edge of the die. The problem of the edge·defmltion is to find a theoretical reLlionship 
between I and the other system variables at steady state, i.e., 

I = f(ld, heff Vp = Vg, I\.T. s, ~oJ (I) 

One such relationship is obtained by conSidering the shape of the meniscus in Fig. I as determined by the hydro
static pressure d'fference (I\.p) across a point on the meniscus and by the interfacial free energy (7). To a very good 
approximathn, the radius of curvature of the meniscus is constant, and is given by RI = l/t1p = ylpgheff, wherep 
j, the density of liquid Si and g is the gravitational constant. Here the term lleffincludes the viscous pressure drops 
associated with the flow of liquid silicon through the capntary in the die and with the flow in the fdm on top of the 
die. The analysis pives the ribbon thickness in implicit form, viz., 

1/10 = tan·
1 [I~I] . 1112 + cos

l [2~1 ] 

where 

A schematic ntustration of the dependence of I on sand 1/10 is shown in Fig. 2. 

Another independent relationship is obtained from the consideration of the steady·state heat balance at the soUd· 
liqUid interface. At steady state, the heat (QR) removed from the interface by conduction·radlation through the 
ribbon must be balanced by the heat (QL) generated at the soUd.liquid interface by the process of solidification, 
plus the heat (QM) arriving at the interface by conduction across the meniscus fdm, i.e., QR = QL + QM. 

tHere we consider .47 = Td · Tm i where Td is the temperature at the top of the die surface and Tm is the melting 
temperature of Si. 
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where the various terms are described below.2 From the schematic In Fig. 3. we see that the ribbon thickness 

decreases as either the growth rate or the heat input into the system increases. This result agrees with the experi

mentally observed behaviour. 

From a consideration of Figs. 2 and 3, we sen that the problem of the edge-defmition is not uniquely resolved by the 

simultaneous solution of Eqs. (2) and (3): we must also specify the independent variable 1/10 in order to completely 

characterize tbe system. There is no data available at this time, however, regarding the value of 1/10 which is consistent 

with crystal growth with a uniform cross-section (other than the intuitive guess that 1/10 - 00 ). Experimental work 

on suitable model systems is now being considered in order to gain some insight into this problem. 

Analysis of Dumbbell-Shaped Ribbon 

The above analysis can be used to explain a number of experimental observations, and also to suggest possible changes 

or improvements in the experimental setup. Many of the ribbons which were grown to date, for example, were 

observed to have a dumbbell-shaped cross-section: the data (Ref. 4) obtained In two specific experiments is shown 

in Fig. 4. In addition to the variation of the ribbon ttrickness, it was observed that the meniscus thickness and the 

die temperature decreased from the center to the ends of the ribbon (s = 0.0125 cm, AT - 5 to 70C near the 

center; s = 0.0075 cm, AT - 3 to 50 C near the ends). Substituting the observed growth rates of 0.0282 em/sec 

and 0.0169 cm/sec into the heat-flow model Gf Eq. (3), we obtain the I-S relationships shown In Figs. 5 and 6, 

respectively. As indicated by the broken lines in these figures, there is good quantitative agreement between the 

model of Eq. (3) and the experimentally reported values of the variables. 

In order to explain the dumbbell-shaped cross-section, we have to combine Figs. 5 and 6 with the I-s curves given by 

the hydrostatic conSiderations of Eq. (2). The latter curves are shown in Fig. 7 as a function of the angle 1/10; these 

results are approximately independent of the value of the die thickness (Id = 0.05 to 0.06 cm in the experiments; th,; 

exact value is somewhat uncertain). It is reasonable to assume now that the vallie of 1/10 is constant in a given experi

ment; combining Figs. 5 and 7 (or 6 and 7), we therefore see that the dumbbell shape can be explained by the inter

section of a 1/10 ; constant (- 300 to 400 ) contour with the appropriate AT curves in Fig. 5 (or Fig. 6). Although 

the above value of 1/10 is seemingly large for steady-state growth with a uniform cross-section, it is consistent with the 

result that the radius of curvature of the meniscus R I » s and that I is approximately 1/2 to 2/3 of the die 

thickness. 

Finally, the above results suggest a way in which the experimental selup can be modified in order to obtain a ribbon 

with t ; constant along Its entire width: specifically, the die thickness can be varied from the center to the ends 

of the die. However, it may be more desirable to keep the die thickness constant, and rather to change the thermal 

environment such as to obtain a uniform temperature along the entire die surface. 

Conclusions 

We have attempted to demonstrate in this paper that: (I) the EFG process Is amenable to a detailed theoretical 

description and analysis; (2) a close correspondence can be achieved between theory and crystal growth experiments 

which can not only guide further theory. but also to suggest changes and improvements in the experimental setup; 

and (3) based on the impact of the theoretical analyses on the experimental program thu.. far. we can expect to 

achieve full exploitation of the potentials of the EFG technique. In other words. the crystal growth rates which are 

required from the point of view of economy are consistent with the steady-state growth rates obtained from the 

theoretical models. 

Finally. the present calculations form the necessary background for further theoretical work on problems such as 

the transient spreading of the ribbon In the wldth-dlmension. and the description of the stability of the EFG process. 

The models can also be used to extend the EFG theory to the case of nonwet:ing and partially wetting dies. Prob

lems of the interface shape and stability. and the effects of solute distribution on the crystallization process also 

require further the<>retical work. 

21n Eq.(3). als the Stefan-Boltzmarm conslant, ale Is theemls,ivlly, km Is the thermal conductivity of so tid SI nl the melting 

tempemlute, k 2 Is Ihe thennni conductivity of liquid SI, L Is the Intent heat of fusion in ergs/gm, nnd Ps Is the density of sotid Sl 
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Fig. 3. The Variation, of Ribbon Thickness witb Meniscus Thickness, Vg and 6T 

Based on Steady·State Heat Flow at tbe Solid-Liquid Interface 

.06 

, V_-.-- " 

b ---..,---. 
V 

E.04 ----0-
a u 

0 --0 0 --... 
.02 

O~--~----~-----L ____ -L ____ ~ 
o .2 .4 .6 .8 1.0 

DISTANCE FROM CENTER, em 

Fig. 4. Experimental Data for tbe Variation of t wltb Distance from tbe Center 

of!be Ribbon (hell"" I.S em, W "" 2 em, Vg = 0.0282 em/sec 

(Corve a) and 0.0169 cm/sec (Curve b» 

18 



SESSION I. SINGLEoCRYSTAL SILICON - SUREK AND CHALMERS 

3 

8 

5 

I 6 

E I " 
I .. 

• 0 , .. 
I . 
I 

+-
II 
m 

4 0: 
II 

I .. 

I 
I 
I 

2 

I 
I 

16 

oO~~~~~~~4~~~~::~~~_:e:x~p:'i·:G:n:g:e::L·~I~ __ JL __ -=-1 __ ___ 
8 12 

5, 10"a em 

Fig. 5, Theoretical t-s Curves (Eq, (3)) as a Function 
of ilT for Case a in Fig. 4 

19 



" 

~; . , , 
~ 

Ii .. .. 
• 0 .. . 
.p 

6 

I-!l.1II 
ICC 
dill .. 

4 

SESSION I. SINGLEoCRYSTAL SILICON - SUREK AND CHALMERS 

FIg. 6. Theoretical t-s Curves (Eq. (3» as a Function 
of I!.T for Case b In Fig. 4 
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THE EFG GROWTH OF SILICON RIBBON FOR SOLAR CELLS 

Presentation Summary 

A. I. Mlavsky 
Tyco laboratories, Inc. 

Wal tham, Massachusetts 02154 
(GI·37067X) 

EFG ("edge·defined, film·fed growth") is a technique for the continuous production of controlled profile single 
crystals from the melt (Refs. 1,2,3,4,5). The molten phase of the material to be grown rises by capillarity to the 
top of an opening in an orifice or die located in the crucible. When the temperature is correctly adjuSled, a seed 
orystal introduced into the melt in the die begins to grow. As the seed is withdrawn, the melt spreads across the toV 
surface of the die, stopping at any vertical plane. The growing crystal then has a cross ,ction governed entirely by 
the shape of the film. For exam:,le, for the growth of a ribbon, the die consists of two plates separated by a planar 
capillary channel (Fig. I); as shown, the dimensions of the growing ribbon are governed by the outside edges of the 
die. 

The features of EFG which distinguish it clearly from all other gro\Uth techniques are listed in Fig. 2. All of these 
adVantages have been proven in the industrial manufactufe of sapphire shapes, some of which are shown in Fig. 3. 

The application ofEFG to the growth of silicon ribbon for solar cells poses certain special problems. Thus, a die 
material is required which is wet by molten silicon, but does not introduce deleterious impurities into the solid. 
Problems specific to silicon are listed in Fig. 4. 

Under programs with NSF (Harvard), Jet Propulsion Laboratory, and Tyco, we have grown many silicon ribbons, 
some of which are shown in Fig. 5, and the properties of which are shown in Fig. 6. In brief, the basic feasibility of 
the application of EFG to the growth of ,iii con ribbon has been demonstrated, althouglt clearly much remains to be 
done to improve the reproducibility of the process and the quality of the silicon. 

A cost projection has been made based on scaling up the process to continuous ribbon groWtll, and to the growth of 
multiple continuous ribbons with continuous melt replenishment. This data is summarized in Fig. 7. A cost pro· 
jection has also been made by others (Ref. 6), leading to an estimate of $375/kw for solar cells made using EFG 
ribbon, based on a raw silicon cost of $35/kg. 
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Discussion 

Q: What does that mean in yield of solar cells? What assumption was made for the solar cell yield from the ribbon, and are you just talking about ribbon costs? 

A: Yes, ribbon, but what I am using is some numbers which were generated by a group of people, most of whom are here today: Currin, Ling, Ralph, Dr. Stirn, who published a paper at the last Photovoltaic Specialists Conference in which they assumed that the EFG ribbon was available. They computed the cost of the solar cells and I have simply taken their incremental costs going from the ribbon to the solar cell and assumed they are right. That would add about $7.00 a pound to this cost, which will give you $30.00 a pound. And since you get 200 watts from a pound of four·mil·thick silicon solar cells at ten percent efficiency, that equates to about $150.00 a kilowatt. 

Q: Can you say what the maximum lifetime is that you have obtained from a silicon ribbon? 
A: No, I can't, I'm afraid. It is very difficult to measure lifetime in things which have a lot of grain boundaries. We are now measuring lifetime, but we don't have that ready yet. We are also, incidentally, making solar cells out of this material, having set up in great haste to make an amount of ribbon material, which we can now do with some efficiency. 

Q: Figure I shows some efficiencies as a function of the yield, and there was an efficiency of about 15 percent. At what power level was that? 

A: What power level? That was a solar cell that was normally four square centimeters; it produced something on the order of around 75·76 milliwatts. Is that what you mean? 
Q: A device? 

A: A device, yes - a deVIce that produced about 76 milliwatts out of four square centimeters. 
Q: Well actually, it is only in the milliwatt range for this cell? 
A: Yes, for this cell. 

Q: What crucible materials have you tried that worked out best - I mean die materials? 
A: Die materials? There are two basic die materials which we have worked with. Quartz reacts least among materials that are allowed to come into contact with molten silicon and carbon. Quartz has a problem in that it doesn't like to be wetted by molten silicon and it needs to be induced to do so. But quartz has been made to work in various shapes and forms. 

Q: What about silicon carbide? 

A: Silicon cc bide has also been used and this has some fair promise. You have a thermodynamic problem and you have a kinetic problem. I think, in fact, all you ever have is a kinetic problem, since there is always reactivity at high temperatures, and tlie rate of dissolution of silicon carbide is very low, indeed. 
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Q: How does the EFG process differ from (be well·known dendritic growth process that was worked on quite a 
few year.; ago? 

A: There are almost no similarities. This is not a dendritic process. The growth int"rface is smooth, the temper' 
ature is positive in the liquid with respect to the growth interface, and so the ar.live interface is more like 
Czochralsky than dendritic. By varying the temperature, the EFG process will permit one to grow the planary 
interface, the cellular interface, or the dendritic interface. Because i't is not a dendritic process, one can grow 
in any crystallographic orientation. One can grow a single crystal which has no inherent twin structure. The 

. third and most important respect, I think, is that you can grow any shape you like, and I refer you to the 
slide on the sapphire shapes. You can, in fact, grow a crystal of any shape which is determined by the die, 
not by the crystallography and by the temperature distribution in the melt. So it is possible to grow filaments 
as [ have shown. You can grow the filaments in the dendritic regime by growing from a supercooled film, but 
you can also grow the planar interface and get high quality single crystals. 
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SILICON 
SINGLE CRYSTAL 

RIBBON--_~ 

SUPPORTING 
PLATE FOR RIBBON DI 

QUARTZ 
CRUCI BLE __ _ 

INSIOE 
SUSCEPTOR 

):===~~-~I.?~ID SILICON 
GROWTH FILM 

R,F. 
HEATING 
COIL 

CAPILLARY DIE FOR RIBBON 
GROWTH 

Fig, L Capillary Die for Ribbon Growth 

REQUIREMENTS 

• NON-VOLATILE STABLE MELT 

• NON-REACTIVE CRUCIBLE 

• NON-REACTIVE BUT WETTING 
(AT LEAST PARTIALLY) "DIE" 

\ 

FEATURES 

• DIRECT PRODUCTION TO (VIRTUALLY) 
ANY SHAPE I 

• FAST GROWTH RATES 

• SELF-STABILIZING GROWTH 

• MULTIPLE PRODUCT FROM ONE CRUCIBLE 

• CONTINUOUS MELT REPLENISHMENT 

Fig,2, Edge-Defined, Film-Fed Growth (EFG) 

Summary of Requirements and Features 
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Fig. 3. Sapphire Shapes 
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• DIE MATERIALS. CONFIGURATIONS 

• CRUCIBLE 

• FURNACE DESIGN 

• DETAILED UNDERSTANDING OF GROWTH MECHANICS: 

- INTERFACE SHAPE REQUIREMENTS FOR SINGLE CRYSTAL 
GROWTH 

- STAB'lLITY OF STEADY STATE GROWTH CONDITIONS 

- COMPOSITION CONTROL (DOPING) 

Fig. 4. EFG Applied to Silicon Ribbon - Problem Areas 
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Fig. 5. EFG Silicon Ribbons 
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DIMENSIONS: LENGTH: TO 15 IN. 

WIDTH: TO 1 IN. 

THICKNESS: (DOWN) TO 0.012 IN. 

RESISTIVITY: (UNDOPED) 1 - 10 OHM-CM P-TYPE 

HOLE MOBILITY: 300 CM2/V-SEC FOR 1 OHM-CM 

CRYSTALLINITY: SOME COMPLETE SINGLE CRYSTALS; 
TYPICALLY CONTAIN LOW ANGLE 
GRAIN BOUNDARIES 

Fig. 6. Properties of EFG Silicon Ribbons 
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PHASE I: ONE RIBBON. 1 IN. x 0.008 IN. CONTINUOUS; WITHOUT 
MELT REPLENISHMENT 
"UNIT OPERATION" CONSISTING OF 8 MACHINES 
RAW SILICON COST OF $30/LB 
SILICON USEAGE EFFICIENCY TO RIBBON: 80% 
YIELD OF GOOD RIBBON FROM RIBBON PRODUCED: 70% 
ANNUAL OUTPUT: 3.024.000 IN.2 
r1ANUFACTURING COST:* $409.500 
RIBBON COST: 13.5¢/ IN,2 

PHASE II: 20 RIBBONS CONTINUOUSLY. 2 IN.xO,004 IN, 
"UNIT OPERATION" CONSISTING OF 12 MACHINES 
RAW SILICON COST OF $10/LB 
SILICON USEAGE EFFICIENCY TO RIBBON: 90% 
YIELD OF GOOD RIBBON FROM RIBBON PRODUCED: 70% 
ANNUAL OUTPUT: 290.3041 000 IN.2; 97.500 LB 
MANUFACTURING COST:* $2.291.420 
RIBBON COST: 0.79¢IIN.2 OR $23.5/LB 

*lABOR AND MATERIALS AND MANUFACTURING O/H. INCLUDING ALL 
UTILITIES AND EQUIPMENT DEPRECIATION. 

Fig. 7. Economics of EFG Silicon Ribbon 
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SESSION I. SINGLE·CRYSTAL SILICON - SCHWUTTKE 

SOM!: COMMENTS ON RIBBON GROWTH OF SI LICON 

G. H. Schwuttke 
International Business Machines Corp. 
Hopewell Junction, New York 12533 

Presentation Summary 

Today's silicon cryst~1 growth technology is one of the best·developed technologies in the field .. Silicon crystals of 
highest perfection can easily be mass.produced, and crystals several feet long and approximately 3 inches thick can 
be grown using the Czochralski or float zone technique. Recently (Ref. I), it was pointed out that standard silicon 
growth techniques are not efficient enough to supply the large amounts of silicon that will be needed if silicon solar 
cells come into playas a means of providing cheap solar energy for terrestrial applications. The ne~r1, of growing long 
singie-crystal ribbons through an economical process was also mentioned in this context. Ribbon growth has always 
enticed the imagination of the semiconductor materials solentist because it would eliminate sawing and polishing of 
silicon crystals (Ref. 2). Recent findings about the influence of residual mechanical damage (microsplits) in silicon 
surfaces on carrier lifetime have given more emphasis to this desire. 

As a result of previous work there are two techniques available to grow silicon crystals in ribbons. These techniques 
are known as the web dendrite (Ref. 2) and the EFG (Ref. 4) technique. 

The web dendrite growth of silicon was explored in the 1960's and is quite well understood. Silicon web dendrite 
crystals approximately one inch wide and of reasonable perfection and also of device grade quality were produced 
at the time but were not competitive with Czochralski crystals. 

The feasibility of silicon ribbon growth using EFG was first successfully demonstrated by T. Ciszek (Ref. S} using 
a carbon die and recently confirmed by H. E. Bates, et al. (Ref. 6). Although both groups reported the growth of 
single·crystal silicon of high perfection, the mass production of silicon ribbon using EFG is not yet possible. The 
carbon die, so far the only material found useful for silicon EFG, deteriorates fairly rapidly. Consequently, EFG 
silicon is normally of lower perfection than desirable and continuous crystal growing of silicon as envisioned 
(Ref. 4) is not yet possible. 

Comparing the potential of web dendrite and EFG growth of silicon, we favor EFG as a means of providing low-cost 
silicon. However, we clearly recognize that EFG is a high.risk program and far from supplying useful silicon. EFG 
requires substantial resources to make it go. 

References 

l. 

2. 

3. 

4. 

5. 

6. 

C. G. Currin, K., S. ling, E. L. Ralph. w. A. Smith and R. J. Stirn, Proceedings of Ninth IEEE Photovoltaic 
Specialists Conference. May 1972. 

S. N. Dermatis and J. W. Faust, Jr., IEEE Transactions Communications Electronics. 65, 194, 1963. 

G. H. Schwuttke and E. W. Hearn, International Silicon Marerials Symposium, Electro Chern. Soc. Meeting, 
Chicago, 111., May 1973. 

H. E. laBelle, Jr., Materials Research Bulletin, 6,581,1971. 

T. F.Ciszek, MalerialsResearchBulletin. 7,731,1972. 

H. E. Bates, F. H. Cockes, A. I. Mlavsky, F. Wald, Second Quarterly Report. Contract No. 953365, 
Jet Propulsion Laboratory. 

31 



-

SESSION I. SINGLE-CRYSTAL SILICON - SCIIWUTTKE 

Discussion 

Q: 

A: 

Q: 

A: 

Q: 

A: 

Have you tried measuring lifetime by the MOS technique? 

We have not advanced to that level yet. because the crystals produced at our lab were not good enough 
to consider it worthwhile to start device work. 

How deep Was the surface damage on the EFG? 

It goes down to about 50 microns. 

How far down is damage from the sawing? 

In the Czochralski crystal the damage can vary, depending on how ynu measure it and how you sli:e the 
crystals. However, to give you an average number, damage after slicing, using the standard ID technique. can 
extend down to 100 micron:. The damage distribution normally is much more. You will observe a very uni· 
form damage and a non·uniform damage. The uniform damage is around 50 microns while the non.uniform 
damage can go down considerably deeper. I have seen it down to ISO micron'. As you know, the residual 
damage is the way to prove the non·uniform damage. Chemical etching will not remove the non·uniform 
damage completely; the little split in the lattice is very difficult to remove. 

Q: How would you insure that the damage you have observed in these beveled samples was not the result of the 
prepara tion of the samples? 

A: First of all, the cracks are the result of beveling. We use that technique to reveal strain which is present in the 
surface. If there is no strain present in the surface, it would not crack the material. 

Q: Based on your earlier results, are you saying that all points of the EFG silicon are comparable to a slice of 
Czochralski silicon as relative to devices'! . • 

A: Not today. I think that EFG poses some ferocious problems which are a great challenge to everybody in the 
materials field, and I think they could be overcome. Obviously, the toughest problem is the die problem. 
Once we have this under control, the rest should be fairly simple. Everything is geared to the die problem; 
whoever solves the die problem has something really going. 

Q: The apparent assumption is that these defects and damages are affecting the solar cell performance immedi· 
ately. What kind of defects on surface deposits will actually affect the solar cells' performance? 

A: You are talking about solar cells and I am not really a specialist on solar cells, but I understand the inOuence 
of defects on lifetime in silicon and there is a direct correlation. 

Q: There is much difference between the crystal lifetime and the lifetime of optimum devices. Normally, a very 
good crystal has a millisecond lifetime. After making a pin junction by diffusion, the lifetime drops to 
10 microseconds, so I think this is a heat·dependent process. Do you agree? 

A: Yes. All these things are process dependent. We learn to control the process in such a way that we don'· foul 
up the lifetime. That's challenge number one today in silicon technology. If you want to make a computer 
on something like this, you had better learn it or forget about it. I agree with your statement but I don't say 
that we have reached the optimum yet. There are many things we have got, and can improve, in silicon tech· 
nology. To top this we must learn to control lifetime by the process in silicon. I think there will be the hig 
payoff even for solar ceUs and we have not reached the optimum yet. I am talking only about single·crystal 
silicon; polycrystaUine silicon is a different situation. We don't talk about lifetime in poly now. 
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SESSION I. SINGLE·CRYSTAL SILICON - FIANDT 

VIOLET CELL REVIEW 

R. M. Fiandt 
Centralab, Globe Union, Inc. 
EI Monte, California 91734 

The violet cell, so named by Comsat, provides a significant increase in output due to an enhanced sensitivity to the 
violet and ultraviolet section of the solar spectrum. It is a silicon solar cell having the electrical and physical 
attributes normally associated with silicon solar cells. 

We at Centralab feel that the Comsat team of Dr. Joseph Lindmayer and James Allison, under the direction of 
Dr. Edmund Rittner, have made a significant contribution to users of solar energy conversion both in space and also 
for potential terrestrial systems where tt is equally applicable. 

"lbe percentage output increase can be defined as anything from 20 percent to 35 percent, dependent upon the basis 
of comparison, the resistivity of the silicon crystal, the method of measurement of output per unit area, the type of 
coverglass, ifany, and the percentage of yield to the rather normal production distribution curve. 

Cutting through all of this, it is anticipated that an overall economical specification for space will provide for a 
cerium glassed cell output average in the 70·mW range with cell values ranging from perhaps 66 mW to 74 mW. 
Terrestrial systems can expect equivalent increases in output. 

The violet cells involve techniques to significantly reduce the upper cell layer, thereby increasing the ability to con· 
vert and collect the violet and ultraviolet wave lengths. This necessitates an improved system for collection of lhe 
electricity generated across this more highly active and resistive surface. 

The total package also involves a new tantalum oxide antirellective coating that is transparent over this wider spec· 
trum range. This coating also has a high index of refraction to match the adhesive. Other improvements include 
metal contacts which eliminate titanium and a solderless metal system compatible for either soldering or welding. 
(Both front and back will have a silver surface.) 

These proprietary improvements permit proportional increases in the design capacity of either a given spacecraft or 
terrestrial application. From another viewpoint, a longer useful life can also be expected when starting from a higher 
solar efficiency. Radiation test data indicates an actual improvement over 1·3 ohm·cm conventional cells, thereby 
again indicating increased life in space use. Violet cells are soon to be flown on NASA SPHINX and IMP·J satellites. 

When space cells and data are available, we fully expect to provide a comprehensive standardized electrical and 
physical specification. This standard speCification will provide all the parameters required by the design engineers 
and will constitute a guarantee of the same. For instance, these standardized cells will have a guaranteed average 
output in mW, and a guaranteed minimum mWoutput. Also specified will be the size, weight, metallization for 
either soldering or welding, and ability to pass standard qualification life and cycle tests. Certified test data will be 
available. 

We at Centralab Semiconductor believe such a standardized product is greatly needed in this industry. In addition to 
simplification of designing, such standardized cells will result in a significant cost savings during manufacturing, 
which will benefit the indUstry in general. We even believe it is not impossible to envision industry acceptance of 
cells from stock that have been specifically inspected, tested, and approved by DCAS (Government Source Inspector) 
on an identifiable lot basis; again, at a cost and price savings to the industry. 
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For terrestrial applications, we are confident that the increased efficiency is especially applicable to potential poly- or 

single-crystal systems. We feel it is particularly useful for concentrator systems due to the highly efficient current 

collection system which minimizes IR losses across the surface. It is also notable that any terrestrial system cost 

increase for the violet cell efficiency will be insignificant. 

Presently, we are optimizing the various manufacturing procedures in order to lock in on the most advantageous 

process specification when considering functions, reliability, and cost. We are producing between 50 and 100 space 

cells daily and expect to complete this phase before the end of the year. Therefore, the final standardized specifica

tion, prices, and cell production capability will be available about January 1974. 

Discussion 

Q: I feel just a little bit disheartened by the fact that you said that 70 milliwaUs is 125 percent. Atleast 

204 cells had a 13.5 percent efficiency range for our cells. 

A: I think this illustrates the point of confusion that I mentioned before because I think that when we are talking 

about manufactUring commercially, we are trying to use, say 75 or 80 percent of the distribution of the cells 

that are made and Dr. Lindmayer is talking about some 20 or 25 percent and, you see, this is where you get 

into problems. There are cells like that, but they cost a lot more than the 75 or 80 percent cells. 

Q: Can you say how you handle the higher surface resistivity of the violet cell design; is it finer gridding or do you 

use some uther techniques? 

A: It's a very fine gridding from 40 to 60 lines per inch, but maintaining the surface area comparable to the very 

narrow lines. 

Q: Can you say why you want to eliminate titanium? 

A: Well, there is un interesting thing, and I am not the scientist, I only run the plant, but it has to do with 

moisture. There h~s been a persistent feeling throughout the industry, and I don't know that itis completely 

justified, but for some applications there has been some feeling that titanium allowed moisture damage. 

C: I might add, too, that titanium proves itself to be rather harmful if you have any imperfection present when 

you diffuse the junction. You are much more apt to get shunting, which then lowers the fill factor somewhat. 

A: It certainly has to be highly controlled. 

C: I would like to make a comment for Heliotek. We have produced cells, although we did not benefit from 

paying the five percent royalty for the Comsat license, with 180 milliamps short circuit current, and we 

believe that this can be improved upon. We also feel that the production of solar cells on which we are doing 

pilot lots right now will run Significantly higher than 70 milliwatts average, and I believe that we would tend 

to agree with Dr. Lindmayer that there is even more that is possible there, as opposed to the situation a year 

ago. At Heliotek we are very encouraged by what we see in working on these higher efficiency cells and by 

paying attention to the recipe that we are using in making solar cells out of the raw silicon that we buy and 

pay for. I think that we are going to find that we are in a transient period now where the average cells that 

will be produced a year from now may be considerably higher than 70 milliwatts output for a two by two. 

A: Thank you. I completely agree with that. We expect the same thing. 

Q: The job standards on your production are 50· 100 cells daily? 

A: No, this is just a prototype sort of thing. Tllis is just work we are doing to standardize our processes and to 

optimize them. It has nothing to do with the many thousands a day that ... 

Q: I understand, butit is 50 to 100 cells? 

A: Yes. 
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For terrestrial applications, we are confident that the increased efficiency is especially applicable to potential poly· or 

single·crystal systems. We feel it is particularly useful for concentrator systems due to the highly efficient current 

collection system which minimizes IR losses across the surface. It is also notable that any terrestrial system cost 

increase for the violet cell efficiency will be insignificant. 

Presently, we are optimizing the various manufac,uring procedures in order to lock in on the most advantageous 

process specification when considering functions, reliability, and cost. We are producing between 50 and 100 space 

cells daily and expect to complete this phase before the end of the year. 11lerefore, the final standardized specifica· 

tion, prices, and cell production capability will be available about January 1974. 

Discussion 

Q; I feel just a little bit disheartened by the fact that you said that 70 milliwatts is 12.5 percent. At least 

204 cells had a 13.5 percent efficiency range for our cells. 

A; I think this illustrates the point of confusion that I mentioned before because I think that when we are talking 

about manufacturing commercially, we are trying to use, say 75 or 80 percent of the distribution of the cells 

that are made and Dr. Lindmayer is talking about some 20 or 25 percent and, you see, this is where you get 

into problems. There are cells like that, but they cost a lot more than the 75 or 80 percent cells. 

Q; Can you say how you handle the higher surface resistivity of the violet eel! design: is it finer grioding or do you 

usc some other techniques? 

A; It's a very fine gridding from 40 to 60 lines per inch, but maintaining the surface area comparable to the very 

narrow lines. 

Q; Can you say why you want to eliminate titanium? 

A; Well, there is an interesting thing, and I am not the scientist, I only run the plant, but it has to do with 

moisture. There has been a persistent feeling throughout the industry, and I don't know that it is completely 

justified, but for some applications there has been some feeling that titanium all"wed moisture damage. 

C; I might add, too, that titanium proves itself to be rather harmful if you have any imperfection present when 

you diffuse the junction. You are much more apt to get shunting, which then lowers the fill factor somewhat. 

A; It certainly has to be highly con trolled. 

c: I would like to make a comlllent for Heliotek. We have produced cells, although we did not benefit from 

paying the five percent royalty for the Comsat license, with 180 milliamps short circuit current, and we 

believe that this can be improved upon. We also feel that the production of solar cells on which we are doing 

pilot lots right now will run significantly higher than 70 milliwatts average, and I believe that we woulu tend 

to agree w -·r. Lindmayer that there is even mOle that is possible there, as opposed to the situation a year 

ago. At He " we are very encouraged by what we see in working on these higher efficiency cells and by 

paying attention to the recipe that we are using in making solar cells out of the raw silicon that we buy and 

pay for. I think that we are going to fmd that we are in a transient period now where the average cells that 

will be produced a year from now may be considerably higher than 70 milliwalls output for a two by two. 

A; Thank you. I completely agree with that. We expect the same thing. 

Q: The job standards on your prodUction are 50· 100 cells daily? 

A; No, this is just a prototype sort of thing. This is just work we are doing to standardize our processes and to 

optimize them. It has nothing to do with the many thousands a day that ... 

Q; I understand, but it is 50 to 100 ceUs? 

A: Yes. 
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FUTURE COMSAT SOLAR CELL DEVELOPMENT PLANS 

Presentation Summary 

E. S. Rittner 
COMSAT Laboratories 

Clarksburg, Maryland 20734 

Following the transfer of technology to Centralab for fabricating the COMSAT Violet Cell, it is planned to attempt 

improvements in the space-qualified silicon cell in the following areas: 

(1) Reduction in overall reflectance (since a single anti-reflection coating suppresses reflection completely 

at only one wavelength), 

(2) Reduction of minor recombination losses at the back contact, 

(3) Improvement in radiation hardness which would then permit still further improvement in beginning of 

life efficiency. 

With respect to terrestrial solar cells based upon single-crystal silicon, it should be noted that the cells of highest 

performance presently available have been optimized for use in space under a hostile radiation environment. The 

trade-ofrs for best cell performance at sea level will be significantly different. It is highly recommended rhat the 

efficiency of the silicon cell be optimized for terrestri.l use well before fabrication processes employing automated 

machinery to effect drastic cost reductions are frozen. 

Discussion 

(See "Violet Cell Review," by R. M. Fiandt in this session.) 
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SESSION L SINGLE·CRYSTAL SILICON - RIEL 

STATUS OF SILICON WEB SOLAR CELLS 

R. K. Riel 
Westinghouse Research Laboratories 

Piltsburgh, Pennsylvania 15235 

Silicon solar cells are ordinarily prepared from cylindrical single crystals grown by either Czochralski or float·zone 
processes. Diffusion blanks are formed into rectangular shapes by sawing .. lapping, polishing, and etching. 

Silicon has also been produced in ribbon form of proper dimension directly from the melt. Lapping, polishing, and 
etching are not required and the material is ready for device processing. This silicon web process was developed by 
WestingllOuse. The ribbon is grown in the [211] direction yielding (I II) web surfaces. 

A web solar ceD program was initiated in 1960 and by 1966 to 1967 Westinghou5' had installed a pilot line at its 
Semiconductor Division. The last product from this line Was a radiation·resistant dlift·field solar cell 30 cmlong 
and I em wide. Production capability was approximately 1000 cells per month having efficiencies under AMO 
conditions of9 to 12 percent and 10 to 14 percent '·lOder AMI. Both p on n·type and non p·type cells were also 
produced on this line in large quantities with efticiencies equivalent to other suppliers usiug conventinnal materials. 

Silicon web drift field cells were flown during 1966 to 1967 in various satellite experiments and demonstrated sa tis· 
factory results. Hughes Aircraft and Westinghouse, under contract to the Air Force Aero.Propulsion Laboratory in 
1966 to 1967 produced a large number of cells for investigations in flexible arrays. These 30 em X I em cells were 
assembled into a IOO·walt array and passed environmental conditions required for launch. WestingllOuse also 
investigated new techniques for panel assembly. 

Terrestrial application of photo voltaic conversion for power generation requires a sizeable cost reduction. In our 
opinion, one option as a first step is to investigate cost reduction in silicon web. The silicon web growth program at 
Westinghouse which ,tarted in the 1960's provided crystals that could be grown regularly with some degree of 
reproducibility. Silicon web with a usable width of I em was produced on a pilot line, and wider web (3 em) was 
produced in the laboratory. As the width of the material increased, however, so did problems with dislocations 
generated in the bounding dendrites. Unless the thermal conditions were exactly correct, the dislocation density 
rapidly increased to the point where the web became polycrystalline. With appropriate thermal conditions, however. 
wide thin web (3 em wi.je) could be grown in lengths up to 4 feet. 

Although the growth of wide web was a significant achievement, an even more important result was the identification 
of two major problems blocking the road to further development of this process: 

I. The development of a quasi·continuous feed/grow system to permit truly steady state growth conditions. 

2. The development of an appropriate crucible and heater design to permit more active control over the 
temperature distlibutions in the melt near the growing interfaces and in the web itself immediately above 
the melt. 

Obviously, the solutions to the problems are mutually dependent since the melting of the feed material could affect 
the liquid temperatur"s in the growth region. 

The specific areas of endeavor needed are (I) to analyze the them,.I, mechanical, and material requirements of the 
web growth technique and (2) to arrive at a conceptual design for a laboratory system. This system would neces
sarUy provide a means for quasi-continuous growth of web crtstals from a thermally controlled crucible. The 
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invesligalion could also idenlify the means that might be used for aUlOmatic control of the growth process_ A goal 
of 6 em wide seems to be reasonable at this time. Labor and equipment cost reduction, through automation if 
possihle, is of utmost importance. 

WestinghGuso has reviewed the NSFINASA Plan for Low CoSt Solar Array Technology Development reported in 
All Assessmellt olSolar Ellergy as a Natiol/al Energy Resource (as Figure 17 on page 66), December 1972. This is 
a good plan for silicon development and should provide a good basis for initial efforts. 

Most of the inveSf;~ations on silicon web solar cells have been supported by the United States Air Force Wright
Patterson Air Force Base in the Ai. Force Materials Laboratory and the Aero-Propulsion Laboratory. Small array 
projects were supported by NASA. 

Discussion 

Q: Did you make a cost projection on continuous growth technique on your previous work to get a cost per square 
centimeter or cost per cubic centimeter" 

A: You mean a cv..:t projection if we used thi!i method now. No,l don't think we've made a cost pmjectkll. 
I think that later on Dr. Wiener, who is with our Power Systems Group, will touch on this. He will probably 
say that in order to get at this thing, it is probably somewhere around ten cents a watt that you are going to 
have to get to_ I'li let him comment on that when he comes here and talks, rather than my doing it. 

Q: I wonder ifyoll or someone else could make some comments regarding a program at Ion Physics in which they 
use this sort of cell with their ion implantation technique? 

A: What kind of comment do you want? 

Q: Regarding the kinds of efficiencies, and whether it looked economically feasible. 

A: Yes, Ion Physics. working with us somewhat and also working with Ced Currin's group, did prepare cells 
on silicon web. As I recall the efficiencies were also quite good, and I don't know what else to say other than 
that. They had had a successful program. 

Q: I can't help commenting about all the furor that took place in the mid-sixties regarding the web dendrite work, 
and it seems to me tile same comment applies today, in that nobody was willing to really comment on or 
extrapolate the cost 0" these things although they were being promoted as lower cost cells as compared to 
Czochralski SiliC(,ll cells. 

A: Our feeling is that we can get at a cost that would be respectable in terms of power generation; otherwise, 
we wouldn't try to pursue such a program in solar cells, and we are looking at the solar cell program as both 
one of web and cadmium sulphide, which will be commented on later. But I say ag.in, that it is our opinion 
that you are going to have to get at something on the order of tell cents per watt and that's pro;'ably what we 

Q: 

A: 

Q: 

A: 

are going to have to shoot for. 

Do you think that's possible with web material? 

I think it is possible. 

When you say ten cents a watt, is that the cell cost or the system cost? 

It will be a cell cost. I'd like to comment on just one or two things about what the gentleman from IBM said. 
The reason for getting out of the web process was not related to some of tile things that he was saying; it's 
much more complex than that. I would also like to say that we made a strong attempt to get into the solar 
cell hardware businesR and we were not able to, but here, again. that wasn't due to the costs; it Was the same 
old p/n- and nip-type argument that we arrived at: we had a good radiation resistant solar cell, but we couldn't 
seil it to anybody. So it is, you know, how do you beat that game - yo'! can't do it. No matter how good 
you make a cell, if nobody's going to buy it, you're dead. 

-.--.... '--~~,~-, -
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Can you say how the drift-field region was produced in these cells? 

Yes. As I said, it was done with an epitaxial-growth technique. 

Were you doing epitaxial-growUI'! 

Yes. We were doing doping and grading with densities between 1019 cm3 and 1015 cm3 in the region of 

ten to fifty microns, and with good control. 
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THE NASA-LEWIS PROGRAM ON SILICON SOLAR CELL 
AND ARRAY TECHNOLOGY 

D. T. Bernatowicz 
NASA-Lewis Research Center 

Cleveland, Ohio 44135 

Presentation Summary 

The NASA·Lewis Research Center is conducting a program on silicon solar cells and arrays with the objective of 
reducing their costs, for both space and terrestrial uses. The purpose of this talk is to outline those parts of our 
cell and array research and lechnology effort that are relevant to terrestrial uses. A portion of the NASA·Lewis 
program is specifically directed to terrestrial systems, and that will be described by A. F. Foreslieri in the Systems 
session. 

Our work consists of technology improvement and research, done both in·house and on contract. The technology 
effort seeks to develop higher efficiency cells, lower cost cell fabrication methods, and lower cost array fabrication 
methods. The present technology efforts are listed in Table I and include development of a 13* percent (AMO) cell 
with wraparound contacts, development of the plastic (FEP)-covered solar cell module, and investigation of other 
cell fabrication methods. 

The research effort seeks to raise the efficiency of silicon cells to the practical limit of 18 percent in space or 
: I percent on Earth. lbe present efforts (Table II) include identifying and understanding the loss mechanisms in 
low resistivity silicon, especially those contributing to high leakage currents, and constructing an analytical model 
for the solar cell that inclUdes all loss mechanisms. 

Discussion 

c: I think that one of the things that is a little bit confusing about the cost problem, and maybe the suppliers pur· 
posely make it so, is that there is a cost of material and there is a transaction cost; a $20.00 a watt figure and a 
$5.00 a watt figure that were presented lliat have to do with the average transactions taking place in the United 
States this year. Most of these systems are very small, 4 to 10 watts, maybe 20, maybe 50 watts, so there is an 
attendant cost for doing business in small sizes oflow volume/area that adds quite a bit. So it's not all packag· 
ing and it's not all other costs besides the cell. The cells are still the main problem and the business is too small. 

c: 

Q: 

A: 

I have one other thOUght in regard to the system COSIs. Now I don't know what the definition of a system 
is, but I would assume that a system will have to employ some power conditioning output. I am sure you 
are aware of the fact that people are working in the area of large blocks of power conditioning on large devices 
and trying to reduce the cost of these devices. Now, on other programs you just don't hear about it because 
they are ?ssociated with something else; so this is being worked out. 

When you say that FEP is compatible with terrestrial applications, are )'u .~tua1ly basing this on longevity or 
what? 

Longevity. I don't want to steal Forestieri's thunder,sohe wiU give you so. 
and why we think it is going to work out for terrestriai too. 
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Table I. Solar Cell and Array Technology 

OBJECTIVE: Reduce the cost of solar cell arrays for space and terrestrial applications. 

APPROACH: IleVelop high .. fficiency cens 

DevelOp low..cost celt fabrication methods. 

Develop low-cost array fabrication me thodS. 
", . 

TASKS IN PROGRESS: 

II) Advanced SI cen development- CENTRALAB - S81 K 

(2) Advanced Si cell development - HELIOTEK - S86K 

(3) Advanced Si cell oevelopment - In 

(4) Vapor deposited Si solar cells - IH 
., 

(5) Primitive solar cell fabrication - IH 

(6) FEP-covered solar .-en modulo· TRW - $2S0K 

(1) FEP module improvements - IH 

Table 11. Solar Cell Research 

OBJECflVE: Raise Ibeefficioney olSi so)ar colis to ncar 18% (AMO) or 21% (AMI) 

APPROACH: Find, understand, eliminate losses. 

TASKS IN PROGRESS: 

(I) Contributing causes ofloakage current - CENTRALAB - SS8K 

(2) Contributing causes of leakage current ...:...IH 

(3) Effect of diffusion profile and surface treatment - I" 

(4) Study of ~urface states and surface leakage - IH 

(5) Effect of guard ring structures on leakage current - Wayne St". Vniv. - SIlK 

(6) Interp .... tlon of measured L - IH 

(1) Theoreticalanalysls o!solar cells - N.C.S.V. - S27K 

(8) Theoretical analysis of solar ceU. - IH 
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A PROPOSED SCHEME FOR THE VLS GROWTH OF 
SINGLE·CRYSTAL SILICON SHEETS 

Presentation Summary 

A.S. Blum 
Washlngton University 

SI. Louis, Missouri 63130 

The growth ofiong, slender, single-crystal silicon whiskers from the vapor has been explained by R. S. Wagner, et al. 

(Refs. 1,2, and 3) in terms of the presence of a layer of molten, metal-silicon alloy on the growing whisl,er tip. Their 

work demonstrated that one could deliberately produce tall, thln columns of silicon by placing a small spot of metal 

on the \1111 face of a silicon wafer and heating in the presence of a silicon-bearing vapor. The preferential growth 

on the liquid, metal·silicon alloy-covered surface is ascribed to the larger accommodation coefficient of the liquid. 

Figure I illustrates the growth process. The cross sections of the grown columns are shaped by the tendency of the 

molten droplet to assume a circular form (in its circularly symmetric environment) minimizing its surface energy and 

by the possible orientations of the crystal planes which must compose the sides of the column. Three-, six-, and 

twelve·sided columns have been observed (Ref. 2). 

In order to grow single-crystal sheets, some alteration of the symmetry of the liqUid droplet's environment must be 

provided. A possible example of such would be to attempt growth on the narrow (111) edge of a silicon wafer, as 

s1mwn in Fig. 2. Her" one is depending upon the interfacial energy to draw the molten alloy into an elongated shape 

covering the edge of the wafers. In Fig. 3 a proposed assembly of such sheets, growing in a furnace supplied with 

SiC4 and H2, is illustrated. The sheets are withdrawn from the furnaces as they grow. This process is continued 

unlll the metal is exhausted by solidification into the growing crystal or by reaction with the CI ions liberated during 

the growth process. 

A second arrangement which would further reduce the surface tensional energy while increasing the interfacial 

energy is illustrated in Fig.4. In this case, two edges of two separate sheets support the elongated molten zone by 

capillary action. Using the apparatus sltetched in Fig. 5, tite molten zone is surrounded by a SiC4, H2 mixture. The 

sltetch shows two units of a presumably much larger assembly of such units, all having a common heating apparatus. 

As growth occurs, the two sheets are slowly moved to maintain a constant.width molten zone. 

The apparatus sltetched in Fig. 5 is heated by the indicated induction coil. This heating source offers several 

advantages over simply placing the silicon in a resistance·heated furnace at uniform temperature. The peak temper· 

ature and source of heat occur near the growing edge, discouraging droplet migration away from this edge (Ref. 3). 

Growth on those faces of the sheet which are not covered with the molten alloy is slowed because of their cooler 

temperature. If a suitable metal atom bearing gas could be identified, the metal in the alloy could be continually 

replenished. Finally, if the magnetic field is arranged to be normal to the silicon sheets, an excessive pull rate should 

widen the molten zone, increasing the absorbed power and temperature. The growth rate should increase as a con· 

sequence. This property should simplify the problem of controlling the pull rate. . 

Based upon existing work with platinum, growth. rates between 0.6 inch and 1.0 Inch per 24-hour period should be 

possible (Ref. 2). In an effort to increase the rate of area grown per enclosure and per heating apparatus, it may be 

possible to include several pairs of growing sheets in one of the indicated enclosures. The use of metals other than 

platinum may enhance the growth rate. A stack of identical units (two of which are shown in Fig. 5) can share a 

common induction heating source. 
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Discussion 

Q: What temperature is the melt? 

A: These have been grown over a falr temperature range, but it is about 10000 C. 

Q: You mentioned three metals, all of which give lifetime trouble. Can you comment on whether you can get 

rid of gold? 

A: Yes. I think some interesting experiments have been done in this area. The growth of an oxide layer on the 

surface of the silicon material Is a common processing step anel by combining that with a low flow of 

hydrochloric acid, there have been some dramatic increases in lifetime as reported in the Electrochemical 

Society. Of course, the work hasn't been done yet, so one can only speculate about it, but it is possible that 

one could have a reaily dramatic increase in restoration of the lifetime. In fact, in thinking of a process where 

you are going to do this economically, you might have to try to recover that lifetime. 

Q: 

A: 

Q: 

A: 

Don't your metals disappear as they freeze? 

Yes, they do. 

How well can you control the thickness by the thermal gradient? 

Let me make a comment on the disappearance first. They disappear by inclusion into the solid as It grows 

and by reaction mainly with the hydrochlOric acid that would form. So the process would terminate after a 

period of time if you didn't restore the metal, and one of the things that one might hope for is that by 

induction heatlngand having a molten zone, you could possibly get a metal·bearing gas that would restore the 

metal. Now, other than that, I think you wonld be limited. If you can't do that, you might be limited to a 

growth of, say, 20 inches or so. 

Q: How well is the ihickness controlled? 

A: You can see some of the columns there. AlII can say really is that they look quite straight. That was heated 

in an oven isothermaily and did not havejust a smail region being heated and grown there. The columns look 

very straight; I am limiting myself to the ones that have been grown. I am not sure what wonld happen in an 

induction heating system. 

Q: Wouldn't there be a natural tendency to develop octahedrals? 

A: No, Ii1 the columns in sheet growth, the crystal planes are the same ones as were present in the columns, 

Q: There are surface tensions on the droplet and YOIl want to maintain an elongated droplet. However, the heat 

tends to reduce the surface tension. 

A: Right, there are steps that wonld develop. The thing would narrow )ly developing stepson the side, possibly 

where there are preferential growth. sites, so I don't know. The collimns.louk .quite straight. 
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Q: Jfyour metal actually disappears into the crystal, does our deep trap impurity get removed? 

A: [ think that was the same question that Mr. Rappaport raised and was what I suggested that you might have to 

do. For instance, slUcon has been doped with gold, shortening the lifetime dramatically, and dlen heated in an 

oxyger. atmosphere, dry oxidation with a trace of hydrochloric acid; the lifetime recoveries have been pretty 

much back to the original- quite large, many microseconds. 

C: The growth rate is much too large from our eKperiencewith solution growths. [fyou lower it to something 

like four millimeters a day, [ think this inclusion would disappear. 
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SILICON BEARING 
VAPOR 

\!/ 
,-... I£TAL-SIL ICON 
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<llj . GROWING 
SILICON 
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SILICON BEARING 

VAPfR 

I1ETAL-SILlCON '-\ I 
LIQUID ALLOY ,,_ 

SINGLE CRYSTAL 
SILICON SUBSTRATE 

Fig. I. A Figurative illustration of the VLS Growth Process (Ref. 2) 
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~ MOLTEN METAL-SILICON DROPLET 
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QUARTZ HOLDER ---

FIg. 2. An Elongated, Molten. Metal-Sllic.on Droplet Supported 
on the Edge of a Silicon Wafer 
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Fig. 3. A Resistance-Heated Furnace for VLS Growth 
of Singie-CrystaI Silicon Sheets 

46 

t 



• 
i 

SESSION I. SINGLEoCRYSTAL SILICON - BLUM 

--SILICON SHEET 

--MOLTEN METAL -$ I LI CON 
DROPLET 

--S I LI CON SHEET 

=-QUARTZ HOLLER 

Fig. 4. A Molten, Metal-Silicon Droplet Supported, by CapUlary Action, 

Between the Edges of Two Silicon Sheets 
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RESEARCH ON LOW-COST SILICON SOLAR CELLS FOR LARGE POWER SYSTEMS-Po H. Fang 

GRAIN MODIFICATION IN POLYCRYSTALLINE SILICON SHEET FOR LOW-COST SOLAR 
CELLS-M. B. Nowak anrl P. H. Fang 

DEVELOPMENT OF LOW-COST THIN FILM POLYCRYSTALLINE SILICON SOLAR CELLS FOR 
TERRESTRIAL APPLICATIONS-T. L. Chu 

FABRICATION OF LOW-COST THIN FILM SOLAR CELLS-N. Laegreid 

LOW-TEMPERATURE POLYSILICON-W. B. Berrv 

PAPER NOT RECEIVED-A. Terrill 

POLYCRYSTALLINE SILICON SOLAR CELLS: THE CENTRALAB-DOW CORNING PROGRAM
P. A. lies 

PROPOSAL FOR LOW COST SILICO~-i flROCESSES-L. D. Crossman and L. P. Hunt 

SELECTIVE SURFACES FOR PHOTOTHERMAL SOLAR ENERGY CONVERSION MANU
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RESEARCH ON LOW·COST SILICON SOLAR CELLS 
FOR LARGE POWER SYSTEMS 

P. H. Fang 
DepartmenlofPhysics 

Boston College 
Cheslnul Hill. Massachusetts 02167 

(Gl·3497S) 

In this paper, we wish to describe the h.tsic idea and thl! progress made on the research to develop a low-cost 
silicon (Si) solar cell design which would inherently meet the practical requirement ot'large power systems. The 
fundamental difference between our Si cells and the ordinary Si cells, such as those commonly lIsed in ~pacccraft. 
is that while single-crystal Si slabs ure used in ordinary cells, we propose to lISC polycrystulline Si sheets. This paper 
is intended to be a summary of our complete reports from which detailed information can be obtained. For COIl

venience. we list these fl!ferenccs below: 

Al rroc. Grmmcl Application oj"Plwt(wultaic Pvw('rSourc('s, Boston College. Nov. 1970. 
A1 Fourth Proc. Ground Application oj'PllOtm'o/taic Power Sources, Boston College, April 1971. 

Bl /.ow-Cost Silicoll Solar Cells FJr Large Power Systems. NSF Grant Gl·34975. First Quarterly 
Report. Sept. 1972. 

B~ Ibid. NSF/RANN/SE/Gl·34975/PR/72/4. 
B3 Ibid. NSF/RANN/SE/GI-3497S/PR/73/1. 
B4 Ibid. NSF/RANN/SItU J497S/PRf73/2. 

C1 Stmcture alld Mociifinlficm oj'Ciraill.'i ill Polycrystallill(' Silicon /br /.ow-Cost Solar Cells 
(Joint proposal to NSF fwm Boston College and Northcastem University). 

C2 Del.e/opmclJt ola Sputt('rilJg F"'Icers to Form a P-Il.llUlctiolJ Applicable to Low-Cost Silicoll 
Soldr Cells (Joint pfllp".al to NSF from Boston College and Ion Physics Corporation). 

('3 R".'earc/I Oil Steel dS all Ecollomical Soldr Cdl Compom'lIt (prop".al from Army Materials 
and Mechanics Research Cenler). 

From our point of view, the essential pro(.:edures for making ordinary solar I.':ells are: 

(1) Growlh of Single-crystal Si with proper doping impurity. 
(II) Slicing Ihe cryslal into thin reel angular slabs. 

(III) Formation of the p-n junction by counlerdoping on one side of the surface. 
(IV) Completion of electrode connections. 

ll1e following discussions are based on these categories of procedures. 

(I) Our tirst investigation concems the economical aspect. Based on the most optimistic calculations, solar cells 
produced according to Ih~se procedures do nol seem to be practical for the large scale application (AI). Therefore, 
we proposed to replace the single-crystal slabs of a fraction of a nlln thick by polycrystalline sheets of Ihe order of 
10 ,.. in Ihickne", (A2). 

We I\ole Ihat Ihe groWt!l of single-crystal Si was already a well·developed topic, contributed to by numerous 
established laboratories for a decade before the ordinary solar cells were made. On the other hand. Si sheets. ofa 
typical dimension of a few cm2, have only been grown by epitaxial techniques on single·cryslal Si. or. infrequently, 
on expensive metallic or sapphire substrates. The substrate here acts as a mechanical support and, in addition, as a 
nucleus for growth. 

51 



-, 

SESSION II. POLYCRYS1ALLiNE SILICON - FANG 

For our purpose of producing Si sheets, the criteria for success will be: 

(I) An economically acceptable and conveniently available material substrate. 

(2) The capability of growing a continuous, stable Si sheet on the substrate. 

(3) Crystalline ratpor than amorphous Si. 

(4) The grains of crystalline Si should exceed some minimum value. 

We found experimentally that the ordinary steel, aluminum or copper all satisfy (I). By electron beam evaporation 
or chemical vapor deposilio .. ,we have also experimented with the sputtering technique but discontinued later 
because of the impractically slow rate of growth. See, however, OIl) of this work), we have succeeded in growing 
Si sheets described in (2} To meet (3), with a vacuum of 5 X 10.6 torr, with a substrate temperature of 5250C or 
above, and with a deposition rate of the order of I Il/min, crystalline Si is obtained. Furthermore, we observed that 
these polycrystals have a preferential orientation, namely, the (220) plane of the crystal is parallel to the substrate 
plane. TItis interesting find, which has an important benefit for the fabrication of the solar cell, is discussed in B4. 

For criterion (4), our work is in progress. Basically, Si morphology in most cases bears a similarity to the texture of 
the substrate (B2). Howe"-:r, a direct identification or characterization has still to be worked out (Cl). 

An important procedure in (I) is the impurity doping. This procedUre is taken care of in the growth process of 
single crystals and is also quite simple in the chemical vapor deposition process (B3). In the case of electron beam 
evapor.tion, if one uses a source of Si which already contains the doping impurity, the difference in vapor pressures 
between Si and the doping im;,mrity at high temperatures makes it difficult to maintain a Si source with a constant 
impurity concentration. We have also experimented with coevaporation of aluminum (AI) as a p-Iype impurity. 
Aluminum is evaporated from a tungsten boat heated by ac current. Because a very low relative concentration of 
AI is required, typically the ratio of AlISi is to be less than 10.6, there is a control problem (B3). At the present, 
other means of doping the impUrities are being investigated. 

(III) Ordinary p·n junction formation is by thermal diffusion of doping gases. Ion implantation has also been 
reported before. One of the differences in these two processes is the temperature reqUirement. Normal diffusion 
temperatures are in the region of I OOooC while in ion implantation the highest temperature is for the annealing of 
the thermal damage which can be achieved by temperatures of 400 to 6000C. However, in b,,:h processes, there is 
an involvement of the penetration of doping ions into the Si host lattice. In this process, since the diffusion along 
the grain boundary is generally higher than the diffusion in the crystal (Ref. I), a detrimental effect of the shorting 
of the p·n junction would reSUlt. Elaborate processes to overcome this difficulty have been reported before (Ref. 2) 
and other mpthods have been discussed in our report B3. More recently, we are initiating a program in cool,eration 
with Ion Physics Corporation (C2) to USe sputtering to form p-n junctions. The basic idea is to form a new Si layer 
on our Si sheet, as in the epitaxial growth, with an opposite type of impurity. In this case, there is no interatomic 
diffusi"-.I betwe<n these two layers of Si deeper than a few lattice constants. Therefore, there is no severo grain 
boun Jary diffusion. 

S' uttering is a slow process for growing Si film. However, for the p·n junction formation, the thickness will be less 
,han 0.5 Il. The time required in this case will be less than half an hour, which is an acceptable rate. 

(IV) The two kinds of electrodes for solar cells, that of top and of bottom, will be discussed separately. For the 
bottom electrode, starting on the substrate, we first evaporate a layer of titauium (11) about I Il thick, or silicm 
oxide layer about I Il thick before the Ti layer. TItis Ti layer performs three functions: 

(I) Prevents diffusion of materials from the substrate to Si. 

(2) Acts as a nucleation center or as a center of morphological growth. 

(3) Forms an ohmic contact with Si. 

All the results we have accumulated so far indicate that the Ti layer performs well functions (2) and (3). From 
x·ray data the Ti layer is also effective for (I). However, a more stringent test will have to wait for semiconductor 
measurements, such as lifetime, where a trace of diffusion from the substrate could become important. 
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For the top electrode, the important problem is the grain size. A general requirement will be that the grid spacing 
is smaller than the grain size. Here, the grains are related to the top Si layer. 1his differentiation is important if the 
top layer is formed by sputtering in which case the grain size could be different from the base Si sheet. If the grains 
are less than the order of rom along the surface of the sheet, a continuous electrode, such as tin oxide, instead of the 
common discrete griJ would be used. 

In conclusion, some "ohievements that have been made in order to fulfill the requirements of our designed Si solar 
cell are reported here and our continuous efforts have been indicated. 

My co-workers are Prof. J. H. Chen, Unda Ephrath, Dr. T. Shaughnessy, Jack C. T. Ho, and Judy Smith. 

This work is supported by the RANN program of the National Science Foundation. 
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I. T. I. Kamins, J. Manolin, and R. N. Tucker, "Diffusion of Impurities in Polycrystaltine SIlicon," 
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Discussion 
Q: Could you characterize the type of silicon you get by the chemical vapor deposition and how it relates to 

possible device quality? 

A: The difference between the evaporation lIJId chemical depOSition is that the latter is very fluffy. Neither sticks 
too well, but I think this is caused by the SiH4 and may not be inherent to the CVD process by itself. I think 
there is some possibility of precluding the non-stickiness. . 

Q: Could you give a growth rate for CVD? 

A: We use a rate of about one micron per minute. 

Q: Did you make any ceUs from this material? 

A: Next month, the sponsor and I are hoping to make junctions and that we will have a high temperature Ibr 
diffusion. 

Q: What did you say the sputtering rate was? 

A: The sputtering rate we used was one micron per hour. 
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GRAIN MODIFICATION IN POLVCRYSTALLINE SILICON 
SHEET FOR LOW-COST SOLAR CELLS 

M. B. Nowak 
Northeastern University 

Boston, Massachusetts 02115 
and 

P. H. Fang 
Boston College 

Chestnut Hill, Massachusetts 02167 

Presentation Summary 

We describe here the approach suggested in a recent joint proposal for the achievement of appropriately large grains in 
polyerystalline silicon sheet. The purpose of developing such sheets is to meet the need for large area, low cost, 
moderate efficiency photovoltaic solar energy converters. It appears that at least one of the more successful methods 
for producing polycrystalline silicon sheets, i.e., electron beam evaporation, results in a grain size that is too small to 
obtain a reasonable conversion efficiency with a practical grid structure. The proposed project is to recrystallize the 
grains into larger ones by a strain-anneal technique. The essence of this process is to defonn the material plastically 
by a small amount, and then heat lreat it at an elevated temperature. This technique is not usually feasible with 
brittle materials, such as silicon at room temperature, because of fracture prior to plastic defonnation, However, 
some brittle materials (NaCl, CaF2, MgO) have been recrystallized by strain-annealing at temperatures of about 
0.5 and 0.6 times the melting point, respectively. Some plastic defonnatioll has been observed in silicon (Refs. I 
and 2) at a temperature as low as 600oC. We propose to obtain our plastic defonnation by bending the composite 
slUeon-melal sheet around a mandrel at about 7000C. TIle annealing is to be carried out at 8000 to 9000 C. Both 
compression and tension deformation modes will be studied. 

References 

I. J. R. Patel and A, R. Chaudhuri,J. App. Pilys, 34,2788 (1963). 

2. W. D. Sylwestrowicz, Pilil. Mag. 1, 1825 (1962). 

Discussion 

Q: Have you actually been able to get any silicon to recrystallize under any experiment? 

A: ThIs is a proposal. We have not done any work, but 1 might say in that connection that there are, of course, 
intrinsic strains in the films whenever you put a film on a substrate, and the value of this intrinsic strain is about 
the same as you would get at the yield stress. Now there seems to be something different between the strains 
that are in the film as films, and this is a subject which is not well characterized in the literature theoretically, 
and the kind of strain that you put in plastically. Perhaps the plastic strain is less homogeneous and has some 
kind of a gradient, but it does seem to be more effective than just straight cold work, 

Q: What is the thickness of the film you are talking about? 

A: About ten microns of silicon onto, say, steel. 
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Q: This work was also done on cadmium telluride and zinc selenide under a laser window program with the 

Air Force at Wright·Patterson, and, on those materials, it was found that although it worked, this was almost 

a hot pressing process, where you introduce the strain and then anneal in a hot pressing jig. They also found 

that although you could not increase the grain size substantially this way, the properties of the crystallites so 

formed were really not quite good enough for laser windows, for example. The question I wanted to raise was, 

do you have any idea what to expect the properties of the recrystallized crystals to be like? 

A: Not from a ceramic point of view such as you mentioned. The requirements for a laser window are mo ... 

stringent than fOl our solar cells because of the application that the laser windows are being used for. I will 

say that the quality of the metal single crystals is quite high. I have done this with aluminum and have gotten 

6 or 10 inches worth of crystal 1/16 inch thick and a bar of about three inches. And it is actually higher than 

I got at the time by, say, the Bridgemen method for growing a single crystal, but that is In metal. 

Q: In cuprous oxide, we have crystals I by 4 inches, which were not obtained by strain but from exaggerated 

grain growth. TIle exaggerated grain growth was carried out near the melting point. The strain method of 

growing large crystals is a rather delicate method as I understand and, normally, as you have indicated, it is 

done intentionally. In this case, if I understand what you are saying; the thin film was on a substrate and you 

will then remove the substrate, which leads to a very complex system of strain. Do you think dlat this is a 

good approach to strain annealing? 

A: I am not so sure I understand the com:>lexities you refer to, but the film is very thin. In the bending of a 

beam, of course, the thin lay~r near the surfaces will be pretty much in pure tension. This is a cylindrical 

specimen being bent around the mandrel so that we feel that the film wouid be pretty much in pure tension 

and pure compression. Of course, around the edges where it is not being curved, you are going to have a 

variation because the radius is varying, but as long as you have a certain radius, you should get pure tension or 

pure compression. We visualize that if this were to work out, you could do this continuously with long sheets, 

and maybe then there would be no difference from one end to the other in the continuous process. 

Q: 

A: 

Q: 

A: 

Q: 

A: 

Q: 

A: 

Could YOI' ,oll us what graln size you will be starting with and what final size you are expecting? 

Well, we hope to be starting with perhaps a I·micron grain size and ending up with a grain size orat least 

10 microns; hopefully better. 

How do you get the thing to fly again after it goes through this process? Is that a problem? 

No. You could visualize it as, say, going around a mandrel at a right angle. The substrate will have enough 

plasticity so it will start straight and end straight. 

Have you ever tried just annealing at an elevated temperature on a flat substrate? 

I think this is part of the program that Professor Fang is presently engaged In. 

Is some Improvement expected to come out of this? 

I think he already mentioned some improvement In his previous talk. 
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DEVELOPMENT OF lOW-COST THiN FilM POlVCRVSTAlLiNE SILICON 
SOLAR CEllS FOR TERRESTRiAL APPLICATIONS· 

T. LCbu 
Southern Methodist University 

Dallas, Texas 75275 
(GI-38981) 

Presentation Summary 

The objective of this work is to develop low-cost thin film polycrystalline silicon solar cells suitable for terrestrial 
applications. Three work areas are involved: (Ilthe deposition and characterization of poly crystalline silicon films, 
(2) the preparation and characterization of p-n junctions and Schottky barriers, and (3) the fabrication and evalua
tion of thin-film solar cells. 

The initial phase of this work has been directed to the deposition of polycrystalline silicon films on low-cost sub
strates by chemical vapor deposition techniques. Steel is by far the most economical choice for a substrate oflarge 
area, although many ofits properties are tmdesirable. For instance, the linear thermal expansion coefficient of most 
low-cost steels is 3-4 times higher than that of silicon. Thus, the steel substrate used for the deposition of silicon 
should be oflow hardness to minimize the effects of the large difference in thermal expansion coefficients. Also, 
carbon is soluble in iron, and the iron-Iron carbide system undergoes complicated solid phase transformations. There· 
fore, the steel substrate should be essentially free of carbon to minimize the phase transformations in the substrate 
during the fabrication process. In this work, U. S. Steel Vitrenamell and Armco silicon steel were selected as 
substrates. 

To produce relatively large silicon crystallites, the chemical vapor deposition of silicon on steel substrates should be 
carried out at temperatures of8000 C or above. At these temperatures, however, silicon reacts with iron to form iron 
sllicides. Thus, a diffusion barrier must be applied to the substrate surface to minimize the diffusion of iron from 
the substrate into silicon. The diffusion barrier must be compatible with steel and silicon in properties. The use of 
tungsten, titanium, silicon dioxide, and borosilicate as diffusion barriers was investigated; these materials can be 
readily deposited on steel substrates by chemical vapor deposition techniques. Tungsten was deposited on steel 
substrates by the thermal reduction of tungsten hexafluoride with hydrogen followed by the deposition of silicon 
using the pyrolysis of silane in the temperature range 7500.11 oooC. At 9000C or above, the deposit consists of large 
crystallites and appears to be epitaxial with respect to the substrate; however, its low electrical resistivity suggests the 
presence of iron silicide. The diffusion of iron is considerably reduced at 8000 C or below, and the deposit was finely 
polycrystalline with a resistivity ofless than I ohm-cm. Thus, tungsten is not entirely satisfactory as a diffusion 
barrier. Titanium deposited by the reduction of titanium tetrachloride with the substrate in a hydrogen atmosphere 
atlOOOOC was also found to be unsatisfactory. Silicon dioxide deposited by the oxidation ofsDane and bolosilicate 
deposited by the oxidation of a silane-diborane mixture have been used successfully as diffusion barriers. For 
example, sillcon films of SO I'm thickness deposited on borosilicate on steel substrates were cound to be n·ty!'" with 
resistivities of several hundred ohm-cm. The carrier concentration and mobility In these films are under study, and 
the control ofcarlier concentrations in silicon films Is also underway. 

The above results have been discussed in detail In Report NSF/RANN/SE/GI·38981/PR/73/3. 

Slldes I through 8 were presented at the NSF Workshop on Photovoltaic Conversion of Solar Energy for Terrestrial 
Applications . 

• Supported by the National Science Foundation, Resoarch Applied 10 National Needs under grnnl GI·38981, 
Initiated June I, 1973. 
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Discussion 

Q: 

A: 

In the silicon singie-crystahoJar cell you have efficiency of around 12 to 14 percent; In the polycrystalline 
cell you might allow 6 or 8 percent. Can you give a breakdown of how l1)uch loss In the latter is due to IlIl 
factor change, how much is due to short-circuit current, and how n.uch due to open-circuit voltage? 

I have read through the literature.to some extent concerning the efficIency of the solar cell fabricated from a 
polycrystalline ingot. The latest one I could fmd claimed 6 percent ~fficiency. I noticed the grains could be 
as large as several millimeters. However, I cannot give you a break Jown on what percentage of the decreasing 
efficiency is due to grain boundaries or due to other factors. 

Q: Does it reflect the grain size of the substrate? 

A: When you use tungsten for the diffusion barrier at high temperatures, the grain size In the deposit is more 
simnar to the grain size in the substrate. In the case of silicon steel, we took a grain size of the order of 
several centimeters. However, the deposit was contaminated by iron. When we used borosilicate as diffusion 
barrier, there was no iron contamination. In other words, borosilicate is amorphous just like silicon dioxide. 
Therefore, the grain size of a deposit of silicon is considerably less. We have probably 40 to 50 microns in 
grain size in the 5()'mlcron·thick silicon layer. 

Q: What is the reason that you insist on metals as substrate? 

A: Because of the cost. We have looked into cemmic materials such as aluminum oxide. Cemmic materials are 
very rigid structurally and whbn we deposit silicon or other materials with a somewhat different expansion 
coefficient, the deposit cracks off easily. In the case of steel, because of its softness, you can allow some 
differences. With a borosilicate as a diffusion barrier, you can also "buffer" the difference in the thermal 
expaosion coefficient. 

Q: 

A: 

Q: 

A: 
Q: 

A: 

Have you made some cells on these? 

We b.ave not made cells. I hope In the very near future we can produce pIn junctions. 

Have you seen some results on cells? 

Yes. The results I quoted were from the literature. 

What was the open·circuit voltage and the short-circuit current? 

In the case of the polycrystalline silicon cell fabricated in 1961,1 believe that the open-circuit voltage was 
approximately 0.25 to 0.30 volts. 
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1. From ingots: large grains obtainable 
fabrication cost similar to ~ingle crystal cells 
efficiencies up to 6%, depending on grain size 

2. From films: selection of substrate important 
low fabrication cost 
efficiency up to 0.9% for 1 cm2 cell 
(Heaps et al., IEEE Trans. Electron Devices, 

ED-8, 560 (1961») 

Slide I. PolycrystaJline Silicon Solar Cells 

Task 

1. Deposition and characterization of 
silicon films on steel substrates. 

2. Preparation and characterization of 
p-n junctions. 

3. Fabrication and characterization of 
Schottky barriers. 

4. Fabrication and characterization of 
solar cells. 

5. Cost analysis of deposition and 
fabrication processes. 

Months 
2 4 6 8 10 12 14 16 18 

c= 

Slide 2. Program Plan for Thin PolycrystaJline Silicon Solar CeUs 
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Fe(~) 1534 ·C ~ o-Fe (bcc) 1404 ·C ~ y-Fe (fcc) 900 ·C • a-Fe (bcc) Small volume changes associated with phase changes. The thermal e~pansion coefficient of iron and most steels is 3-4 times higher than that of silicon. Substrates should be soft to minimize the effects of large differences in thermal e~pansion coefficients. 
Iron forms solid solutions with carbon and complicated solid phase transformations e~ist in the Fe-Fe3C system. Substrates should be essentially free of carbon. 

Iron forms several silicides, and siliconization of iron takes place at temperatures below 800 ·C. Diffusion barriers are therefore required when silicon is prepared by chemical vapor deposition. 

Slide 3. Properties of Iron and Stcel 

Armco Si Steel USS Vitrenamel I Silicon 
Composition 

Thermal E~pansion 
(106 ·C-I ) 

Grain size 

Hardness 
. (Moh scale) 

2.84% Si, 0.11% Mn 
<0.001% C 

12 - 15 
(RT - 1000 ·C) 

> 1 cm 
(001) direction parallel 

to rolling direction 

, 0.008% C 

(13-14) ~ 106 ·c- l 
(RT - 800 ·C) 

millimeter size 
obtainable after 
annealing 

3 

Slide 4. Properties of Steel Substrates for Silicon Deposition 

S9 

4 

7 



• 

• 

SESSION II. POL YCRYST ALUNE SILICON - CHU 

Silicon SiH4 (g) + SiCs) + 2H2 (g) 

Tungsten 

Titanium 

Silica 

Borosilicate 

SiHC1 3(g) + H2 (g) ~ SiCs) + 3HCl(g) 

WF6 (g) + 3H2 (g) ~ W(s) + 6HCl(g) 

TiC14 (g) + 2Fe(s) ~ Ti(s) + 2FeC12 (g) 

SiH4 (g) + 202(g) ~ Si02(s) + 2H20(g) 

xSiH4 (g) + yB2H6 (g) + (2x+3y)02(g) ~ 

• c • 

(Si02 )x(B20 3)y(s) + (2x+3y)H20(g) 

Slide S. Deposition of Silicon and Diffusion Barriers 

Filtlr 

E f 

A.B. Co II, U Flowmeters 

® Sbut·oll valve 

o Meterifta vaive 

Slide 6. Growth Apparatus for PolycrystaJline Films 
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Slide 7. Vertical sec lion ofa silicon·tungsten·steel specimen 
obtained by the successive deposition of 5 ~111 tungsten and 
5 " m silicon on U.S. Steel Vitrenamel I . Tungsten is effec· 
tive against the diffusion of iron from the subst rate into 
silicon only at deposition temperatures below BOO· C. 
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Slide 8. Vertical cross section of a silicon-borosilicate-steel 

specimen obtained by the successive deposition of S "m 

borosilicate and SS "m silicon on U.S. Steel Vitrpnomel I. 

Borosilicate is an effective oarrier against the oiffusion of 

iron from the ;ubstrate into silicon. The silicon is n-type 

with a resistivity of about 400 ohm-em. 
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FABRICATION OF LOW-COST THIN FilM SOLAR CELLS 

Presentation Summary 

I. Introduction 

N. Laegreid 
lla ttelle-Northwest 

Richland, Washington 99352 

The purpose of this note is to describe an approach to fabricating thin film photovoltaic devices. The approach is 
based on using a heterojunction CdTe-CdS device developed by Battelle-Frankfurt Laboratories, combined with a 
unique high-rate sputter-deposition technology developed by Battelle-Northwest Laboratories, whioh may allow 
sequential, automated, single-environment deposition of the device elements. It is assumed that practical, econom
ically competitive solar energy generating systems can be realized only by inexpensive fabrication of low conversion 
efficiency devices. A number of the processes presently used in making thin film photovoltaic devices are not 
amenable to automation. However, if thin film solar cells are ever to be considered for terrestrial application, it 
appears imperative to develop a single-environment fabrication technology. Therefore, in the following discussion, an 
all-vacuum approach is suggested, and is used as the basis for generating the projected costs. 

It is also visualized that any fabrication development is parallel to more basic device technology development, but 
that the basic development is guided by what exists or can reasonably be projected in the fabrication technology. 

II. Basic Approach and Costs 

A. Cell Structure 

It is visualized that the converter consists of a 5- or 6-element structure as indicated in Fig. I. The materials sug
gested are only used for illustration, since the total material system, of course, will be subject to definition. The 
individual cell size will be a delin.d optimum and each individual cell is visualized to be interconnected resulting in 
a subpanel size of I ft2. It is difficult at present to suggest a deposited interconnectiOl) scheme, but various strip and 
wire bonding schemes may be considered drawing on the techniques used in the semiconductor technology. There· 
fore, the elementary cost calculations which follow are based on producing a subpanel of I ft2. 

8. Basic Data 

The solar constant (average distance from sun) at the edge of the earth's atmosphere is taken to be 137 mW/cm2. 
The maximum radiant solar power density at the earth's surface (sea level) on a bright clear day is normally listed 
as \08 mW/cm2. Then assuming an efficiency c f 10 percent, which is slightly higher than the obtained efficiency of 
7 percent reported by Clevite, the peak power output wi\! be: 

P max '" \0 mW/cm
2 

Therefore, 

The estimates of power cost are based on the peak watt (PW) value. Assuming an Arizona location, however, the 
average power output would be approximately 2 W/ft2 , which would give more realistic estimates of power cost. 
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C. Deposition Data 

- "'.~:\ - , 

I 

The estimates of deposition rates and power requirements arc based on data from existing computer controlled batc1 

systems. It is assumed that all deposits are sequentially sputtered deposits, which may in reality be changed to a combination of evaporation and sputtering. [n that case the power estimates are probably on the high side. Deposition rates of 1 ~m/min have been demonstrated for some dielectric materials, and several/.lIn/min deposition rates have been demonstrated for Illany metals. The power requirements for depositing the total structure on a square foot panel is estimated to be 33 kW-hr. 

D. Power Cost 

Labor, materials, overhead and G & A were estimated from experience with existing systems. Each automatic, sequential deposition system was estimated to cost $300K with capability of producing 288 subpanels/day (I ft2). These systems were amortized over a period of 5 years. Using such values t11e estimated cost per panel is about $4.40/panel resulting in a power cost of $0.47/peak watt. 
III. Brief Discussion 

TIle abrupt Cd Te-CdS heterojunction device demonstrated by Battelle-Frankfurt Laboratories did show an eftidency at room temperature of 5 percent to 6 percent under simulated solar light of 50 mW/cm2. Work thus far has indicated that further development is needed to obtain higher conductivity in the P-Iayer and to improve the contact to that layer. Both the structure and the materials involved in this system are compatible with the proposed deposition approach. 

A fully automated, numerically controlled deposition technology has been developed at Battelle-Northwest Laboratories over the last six years. Such systems have now been operated over several years for deposition of a wide variety of materials and with demonstrated deposit reliability and reproducibility. Deposition rates of about 0.25 mm per hour have been achieved with certain materials and scale-up to 0.5 nlln/hour is feasible. Deposit thick-o nesses have ranged from a few hundred A to 1.25 cm. TIle high rates are important if manufacturing time is to become reasonable. 

Discussion 

Q: What is the technique'? 

A: H is a supported-discharge sputtering technique. 

Q: Whut does that mean? What is diflcrent about this? 

A: It means very high power densities at the target. How do you get it'? You have two things to play with: You have lots of ions and you have energy to play with - energy of the incoming ions. And primarily, here, we are dealing with creating lots of ions. 

Q: 

A: 

Q; 

A: 

Q: 

A: 

Does your energy replacement time of 640 days allow for the energy used in extrapolating and purifying the raw materials? 

No, it does not. 

What kind of cell did Robinhorst and Bonnet make on which they reported 6 percent efficiency. 
P·type cadmium telluride and n-type cadmium sulfide, and the p-material was essentially a modified CVDdeposited material and the cadmium sulfide was "Iapor-deposited. 
Do you think this can be adapted to silicon? 

To silicon? I have not suggested it. I had said earlier that r don't really belong in this section. 
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You are saying that you can get similar results by sputtering? 

No. I said we haven't experimented with these material as yet. We do have plans to begin working on these 
under ARPA sponsor.;hip. But lItis is for laser mirror application. 
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'---'AR AND ENCAPSULATION 
(SIOZ ~ ~,;U) 

,----CONTACr (jAtl) 
(Ag ()~ Au 12M X 25,A.) 

~-'RiI~~/ER l.AYER 
S ~ I,A.} 

~~~~~~~~~~~~C:'--ACTIVE L4YER 
P (CriTe-tO-EOM) 

Sf CONTACT MET.4L 
(M() =12.M) 

'--."I'ORSTRATE (METAl.) 
Tt/ICkNESS SUITAI3I.G-

NOTE: MAT£I?I4LS ANI) TNICI(IVESSSS 
ARe FAIRL Y /J,/MLI:JTIC 13117 
PRIM4AILY t:OR ILLI/STRATION 
DR4WINt; NOr T() 8C4l.El 

Fig. 1. Typical Cell Structure 
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LOW·TEMPERATURE POlVSiLlCON 

W. B. Beny 
University of Notre Dame 

Notre Dame, Indiana 46556 

Characterization of polysilicon has become of considerable interest due to its potential application in many areas 

of the electronic industry. However, characterization seems to be limited to resistivity and growth rates. Ifpoly· 

silicon is to be of use in photovoltaics, then other properties, such as minority carrier diffWiion length and grain size, 

are among those which are of interest. Further, if the product is to be oflow cost, then the process techniques which 

are used to develop the material and device characteristics must also be oflow cost, which includes effort and energy. 

Device Characterization 

As shown in Fig. I, the device is divided into six layers each of which has its individual contributing I~~ction and 

must have certain characteristics. 

(I) Substrate. The substrate must have good mechanical strength and rigidity to support tile silicon and 

maintain its basic continuity. Its thermal expansion coefficient should be close to that of silicon. It 

must be capable of good electrical con tact to the silicon and other interconnections with the electrical 

circuit. Its thermal conductivity should be good to insure removal of heat from the silicon and, perhaps, 

transfer to thermal storage. It should be oflow cost and readily available. 

(2) Rear contact interface. The basic character of thi~ interface should provide good ohmic contact for the 

majority charge carriers and have blocking characteristics for the minority carriers. Good optical 

reflection properties would decrease the necessity for a thick layer to insure adequate generation of 

charge pairs. 

(3) Polysilicon base layer. This layer should have moderate resistivity (one ohm-cm) to insure adequate 

diminishing of the grain·boundary effects. Lower resistivities may diminish achievable bulk·like 

properties. 

(4) Emitter. A graded im!'urity concentration would diminish the effects of surface recombination and 

increase coUection from shorter wavelengths. Its resistivity should be sufltcientiy low to insure easy 

1B~l\eling across grain boundaries to the contact areas. 

(5) Emitter layer contacts. These contacts should be oflow resistivity and should not contribute to 

grain.boundary faulting. 

(6) AR coating. Consideration in the choice of this coating should be given to providing protection against 

atmospheric contaminations in addition to its anti-reflection properties. 

Each oCthese layers has a unique set of problem areas which impose certain limitations on the others. The areas 

we will concentrate on here are those of substrate and base. 

Substrata 

A number of possible substrates exist. However, suppose, for example, that we choose aluminum. It is plentiful 

and of relatively low cost. Some of the properties of aluminum and silicon are shown in Table I. There are at least 

two crltical properties which relate to the silicon·aluminum interface. These are the coefficient of thermal expan· 

sion and the eutectic temperuture. If polyctyStailine silicon is to be grown at this interface, then the temperature 
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must ile below 5770 C. This temperature is not far below the melting point of aluminum, 6600C. It would seem 
that little is to be gained by attempting to gain access to this temperature interval; however, the resistivity of 
deposited polycrystalUne films has been shown to increase abruptly in the neighborhood of 6000 C (Ref. I). 
Similar results have been noted at a temperature of 5300 C using Ar or N2 (Ref. 2). 

Under the assumption that eutectic-melting point problem with aluminum can be avoided, there are other questions 
which bear answering. It has been known for some time that aluminum metallurgy results in etch pits when the 
contacts are removed (Ref. 3). The precise cause and process by which this situation results is not weD understood, 
but apparently results from the affinity of silicon for aluminum and vice versa (Ref. 4). 

It is also suggested that the rear contacts should result in p+ impurity profiles. These profiles should act as minority 
carrier blocking contacts and reduce ambipolar diffusion and contact recombination. The result is a larger concen
tration of minority carriers in the base region which increases the open-circuit voltage. 

Silicon Base Layer 

Growth of polycrystalUne silicon at temperatures in the neighborhood of 6000C has been accomplished (Refs. 1 
and 2). Resistivities for these films have been reported as being quite high. These resistivities are usually "in-plane" 
measurements which result in resistivities considerably larger than those for bulk silicon. One of the contributing 
causes is the grain-boundary potential barrier. Another is carrier removal by the grain-boundary. 

Films grown with IIzH6 resulted in lower resistivities following heat treatment above IOOOoC. The times and 
t.mperature were out of proportion for a Si-A! interface. 

To reduce the effects of grain boundaries, the grain impurity concentrations must be of the order of 1016 cm-3• 
This concentration will satisfy the charge requirements of the grain boundaries and reduce the grain Debye length 
to a magnitude which permits the greater portion of the grain to have bulk properties. A secondary effect is a 
reduction of the grain boundary inRuenC';) on recombination. 

The interior of each grain is surrounded by an electron potential barrier. The base is p-type; this barrier will inhibit 
conduction between grains. A p+ substrate contact will inhibit minority carrier Row out of the back contact. 
Diffusion of majority carriers across the pn junction will inhibit electron removal at the junction. 

Growth of the emitter layer shouid be accomplished such that the layer has a low resistivity, inhibits shorting via 
grain boundaries, and does not preferentially assist collection of generated carriers In the grain boundaries. 
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Discussion 

Q: What method do you plan for low-temperature growth, the CVD method? 

A: CVDwas all we planned to use. 
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Q: Whal kina of deposition rale do you expect at 6000 C? What is the highest doping concentration that youean 
incorporate at this temperature? 

A: What is the high doping concentration? Doping concentration does not seem to be a problem. The literature 
contains quotes of 1019,1020 at that temperature. Rates typlcaUy would be 0.01 microns, but if you use the 
right carrier, you apparently can increase Ihis by approxiinately an order of magnitude and perhaps greater. 
That is one of the problems that has to be investigated. 

Q: Can you characterize the grain boundary problem in more detail - chemical composition, electrical 
properties, etc.? 

A: Normally, a grain boundary causes the energy band to bend up so that i(would become more highly p·type, 
i.e., it tends to become a shorting path. Now if you have a iong graill, tills essentially means thal its resistivity 
is going to be somewhat lower than the resistivity of the bulk for the case of a bulk resislivity in the range of 
I ohm·centimeter or maybe 0.1 ohm-centimeter. So it tends to short even to the base layer. You .:an eliminate 
that somewhat by decreasing the resistivity, but nol completely. What kind ofimpurities go into it? There are 
many states. of course. II does become charged and that is why it bends up. 

Q: You said you had to keep the diffusions and the contacts away from the grain boundaries. Is thaI right? 

A: Somehow Ilhink you would have to isolate these, otherwise I think they would tend to short. 

Q: Do you have any idea how you are going to isolate them? 

A: Th., is one of the problems that we have 10 tackle. We tossed around the concept of an OXidation technique. 
but I'm not certain that would really isolate the grain boundaries. 

Table I. A Comparison of Certain Physical Properties of Aluminum and Silicon 

Preperty Aluminum Silleon 

Density, wcrn3 2.7 2.33 
M.P.,OC 660 1410 
Eutectic p, OC 577 
Therlnal expansion 15.1 2.5·35 
SpecifiC heat, calls 0.215 0.169 
Dietedric constant 11 
Index. of totmetion 1 35 
CoaIT. of absotptions of solar mdlation 0.15 
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Fig. 1. Six-Layered Structure: a. Substrate, b. Substrate-Poly Interface, 
c. Polysilicon Base. d. Emitter, e. Emitter Contact, f. AR Coating 
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POlYCRYSTAlLONE SULOCON SOLAR CEllS: THE 
CENTRAlAB·DOW CORNiNG PROGRAM 

Presentation Summary 

P.A. nes 
Centralab, Globe Union, Inc. 
El Monte, California 91734 

A lenfold' reduction in present silicon costs can be obtained by using polycrystalline silicon as a starling malerial 
for terrestrial solar cells. A further fourfold reduction can be obtained if all shaping and slice preparation opera
tions are eliminated by using polycrystalline thin films (around \0 lAm thick). 

The polycrystalline process presently used provides silicon below $60.00 per kilogram, and it is already being 
operated at high volume production. 

For a thin-film cell 10 I'm thick with a conversion efficiency of 0.5% and USing the $60.00 per kilogram price, 
the cost of silicon alone in Ihe cells can be reduced to around $300/kW of delivered power with a corresponding 
value of $3.00 per meter'. 

These cosls can be further reduced if the conversion efficiency can be increased withoul adding much complexity to 
the film formation process. 

Preliminary lests using thick slices of Dow Coming polycrystalline sUicon have resulted in cells with conversion 
efficiencies approaching I %. using essentially Ihe present cell processing methods. These cells had limitations 
which could be ascribed directly 10 the grain boundary properties. These properties result in a low effective 
carrier lifetime, because of recombination at the grain boundaries, and excess leakage currents caused by several 
known characteristics of grain boundaries. 

The lowered lifetime reduced the curren I by a faclor of three, while the excess currenlS reduced the voltage, and 
In combination with the laleral resiSlance of the grain boundaries gave low curve fill faclor. 

The proposed program Is Intended 10 sludy thin polycrystalline sUicon films and cells made from Ihese films. 
Slices CUi from polycryslalline chunk material will be used for detailed sludy of grain boundary effects 10 help 
optimize the thin film properties. 

The program Includes several phases as follows: 

(I) To grow polyc.y,;lalline sdlcon films using a range of deposition conditions, 10 optimize and 
controllhe grain size and other film properties. 

(2) To evaluate several subslrates which allow good film prorerlies to be obtained and which are 
suitable for subsequent cell processing. These substrate Naterlals will include both melals and 
insulators. 

(3) To modify the film properties during growth, by Incorpor lting Impurities both In the grain 
boundaries, and also inside individual cryslallites with the goal of controlling the carrier lifetime 
and resistivity. 

(4) To modify the as-deposited sillcon, 10 reduce the effecls of grain boundaries (remedial measures). 
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(5) To evaluate the polyerystalline silicon. 

a. For grain boundary properties 

b. For transverse and normal resistivities 

c. In small area diodes (particularly to measure excess currents) 

d. In solar cells oflarge area (to measure Isc. Voc. curve fill factor. series resistance, and diffusion 
length) 

(6) To ev3luate some novel solar cell structures. more suited to the thin films. 

The results obtained on the cells and diodes will be an3lyzed and related to the film properties. This information 
will be fed back to the silicon group to help in formulating deposition procedures for producing improved films 
in subsequent runs. 

The )!\\i"S of this program can be summarized as follows: 

\ I) To determine the main features of polycrystalline silicon which have the greatest effect on solar 
cell performance-a sort of figure of merit for polycrystalline silicon. 

(2) To prescribe the correct growth conditions, or post-growth treatments which will improve cell 
performance without adding substantially to the cost of silicon. 

(3) To design a cell structure and processing sequence which will provide best cell output from the 
optimized polycrystaIline silicon, and to fabricate some state-of-the-art cells. 

(4) To extract realistic cost estimates for larger scale cell production. 

Discussion 

Q: Would you indicate how you are going to reduce the effects of grain boundaries? 

A: Yes. We would like to introduce some doping to discourage carrier recombination at the grain boundaries. 
We believe that we have ways of taking them out of consideration when using a diffused junction. which 
we realize is not the ide31 case. The tests to date have shown that grain boundary diffusion is nol as 
highly enhanced as the literature led us to believe, so that even with diffusion or other methods of fomling 
a junction. we feel that there are practic31 ways - sequence process ways - where you do not have the 
grain boundaries and their associated space-eharge regions. which act as critical areas in the cells. 

Q: Even though you are getting one to two percent conversion efficiency, we are finding that the cell is 
still highly stable. Something like 200 to 3000 C is needed to really destroy the characteristic'S. Do you 
find similar results? 

A: 

Q: 

A: 

Q: 

A: 

You mean stable in operation after being made? 

After you made it, it has a very stable characteristic. 

We don't heat them up 200oC, but they certainly last a few months. They seem to be a fairly well
characterized bad cell. 

But the point is still to be made that the cell is stable. even though it has a very disorganized structure. 

Yes. People ask why we don't use cadmium SUlphide. with which we can 31ready get three or four 
percent with polycrystalline material. We feel that silicon has some advantages. and it has some possibility 
of being Improved to make it competitive. 
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Q: What were the grain sizes? And, can they vary that as they grow the poly? 

A: They can vary it if you give them a choice of substrates. If they can use an insulating substrate, they can run 
their CVD process at high temperatures and at rates sufficient to give large grains. We feel, like most people, 
that if tile grain diameter is of the order of a tenth or maybe a fifth of the thickness, that we've got a 
sporting chance, first of all to modify the bulk silicon so that we don't have to rely strictly on diffusion of 
carriers over that fairly small distance, and to try to reduce the effectiveness of the grain boundaries in the 
recombining of carriers. We didn't measure the grain size, but they were very small grains. A rough 
estimate is that they are in the neighborhood of one to 500 microns. 

Q: About the grain boundary treatment again, have you considered differential diffusion of oxygen to 
achieve differential grain boundary oxidation, and therefore, to achieve electrically isolated structures? 

A: Yes. We have also considered preferential diffusion of impurities other than oxygen, but we haven't done 
any of them yet. 

Q: What is the lifetime you measured on these layers? 

A: Our short-circuit current (air mass zero) went down to about 30 percent of its normal value. We have 
measured diffusion lengths of the order of one to three microns. That is a lifetime of 10-7 or 10-8 seconds 
a low lifetime and compatible with what other people have mentioned. We lose about one-half to two
fuirds of our current collection, due principally to the large effect of grain boundary recombination. 
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PROPOSAL FOR LOW COST SILICON PROCESSES 

Presentation Summary 

L. D. Crossman and L. P. Hunt 
Dow Coming Corporation 
Hemlock, Michigan 48626 

Many investigations have been made into the cost of solar array assemblies. Figure I shows a quick analysis of the 
silicon materials cost per wall based on the assumption that the arrays will be made from typiccl 2-inch wafer.! 
with very loose specifications on wafer parameters. Even with these loose specifications it is clear that to obtain 
energy costs in the $0.5 per wall range that the .;\icon materials cost must be reduced by more than one order of 
magnitude. 

In recognition of this necessary reduction in materials cost the National Center for Energy Management and Power 
at the University of Pennsylvania and Dow Coming have proposed to study methods and techniques designed to 
(a) reduce the cost of the basic polycrystalline silicon, (b) reduce the cost of converting this silicon intu large 
singnlar sheets, and (c) combine these into a conlinuousr,ystem for the fabrication of integrated silicon solar arrays. 

The primary objective here is to describe the efforts proposed by Dow Coming for the reduction of the basic 
polycrystalUne silicon costs. The main goal would be to provide polycrystalline silicon suitable for subsequent solar 
cell fabrication in the price range oftess than or equal to $6 per kilogram which is a reduction over the present costs 
by a factor of ten. 

The basic starting point for such a study is with the present process wnich involves: 

(a) Reduction of silica by coke to yield metallurgical-grade silicon at an approximate price of 
$0.5 per kilogram. 

(b) Pulverization and reaction in a bed fluidized by HCi to form chlorosilanes. 

(c) Distillation to fractionate trichlorosUane from other chlorosilanes. 

(d) Further distillation to purify the trichlorosilanes. 

(e) Hydrogen reduction of trichlorosilane to form silicon at high temperatures by normal CVD techniques. 

This semiconductor grade of sUicon costs more than 100 times that of metallurgical-grade silicon and has doping and 
heavy metal impurity levels in the sub parts per biUion range. There are techniques that could be used to reduce 
the cost of transforming metallurgical-grade silicon into usable solar cell-grade silicon by the present CVD techniques 
based on large volume and reduced purity requirements. For example, reduced distillation, reactor optimization 
without regard to purity and adoption oftarge volume processing steps could all be used to reduce the cost of 
present-day silicon. The total effect of all these changes would probably reduce the cost of poly silicon to no lower 
than $30 per kilogram (Ref. I). 

The result of this reduction would still put poly silicon costs at $0.50 to $0.60 per wall (Fig. 2) which is yet more 
than a factor of five too high. Thus, it is apparent that optimization of the present process is not sufficient, and we 
do, indeed, need a new silicon production technology to obtain bulk silicon at a sufficiently low cost. 

Dow Coming's objective in the proposal with the University of Pennsylvania are shown in Fig. 3. There is available 
in the literature today, several techniques that have been tried and suggested for obtaining silicon (Ref. 2). In many 
cases these techniques were abandoned because titey did not provide semiconductor-grade silicon and/or the 
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materials technology at that time was not sufficient to take advantage of possible processes. In addition, the 
present University-Industry team has proposed new processing techniques. There may also be CVD techniques not 
based on the present process which can be used to provide the necessary silicon. In any case, a rating system will be 
developed which wiD effectively compare one process against another. The criteria to be used in this rating are 
shown in Fig. 4. 

Of obvious concern is that the silicon pUrity be sufficient to provide 1.0 ohm·cm material with lifetimes in excess 
of I .... sec. The question of whether or not the needed quantity of silicon can be made from available resources must 
be answered. The energy requirements must be such that ;t could be recovered within a very few years «5 years). 
In addition the process must be compatible with the surrounding environment and with the concurrent developing 
sheet forming and integrated solar array programs at the University of Pennsylvania. 

The experimental program will allow for attainment of data necessary to effectively rate one process against another. 
Also it will show experimental feasibility of the most promising silicon manufacturing processes that emerge from 
the prior rating and selection steps. 

The main result of this technical effort wiD be Dow Coming's recommendation as to the two most favorable 
manufacturing processes for producing solar cell-grade silicon for large integrated arrays. Dow Coming will also 
provide a critique of the other considered silicon processes such that future process comparisons can be made when 
new technologies emerge. 

Possible process technologies are shown in Fig.5. Because there is a factor of 10 between the metallurgical silicon 
cost and the final necessary silicon cost we can consider upgrading this material directly. Here we can learn from 
other materials manufacturing industries, like the steel industry. Transport processes using silicon halide species 
can be used where these species are used to transport silicon continuously from a solid to gaseous fo,,", and fmally 
to deposition. Other process techniques would be to go directly to sand (SiD2) and convert directly into silicon via 
intermediate compounds. There is also available several silicates (e.g., f1uorosilicates) which could be used in the 
electrolysis of molten salt mixtures to silicon. 

Figure 6 shows the proposed long-range development of a low-cost silicon process. The present proposal is con
cerned with the first three-year period. Assuming initial success, it t.. anticipated that a low-cost silicon process 
could be commercialized within 10 years. 

In summary, it is obvious that there are several potential silicon processes and it is necessary that these potential 
processes be rated and compared with one another to find the most favorable one necessary to provide the lower 
cost silicon required for the successful attainment of low cost silicon solar cells. 
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Discussion 

Q: How do you arrive at dollars per watl from dollars per kilogram? 

A: I assumed that a typical 1·inch slice today requires about 5 grams of polysilicon after the slicing, assumed the 
costs of crystal growth, yield factors, alld assumed a conversion efficiency of about ten percent, all amounting 
to about a dollar per watt. You need to remember you've got a different number. 
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Q: I've got the Currin, Ung, Ralph, Stirn paper from the last conference. 

A. Wdl, my cost is today, and that paper is future. 

Q: They were talking about today's process working from polycrystalline silicon, 14 cents a watt, $140 per 

kilowatt. Now am I reading it wrong? 

A: I don't knew. 11 doesn't sound right. 

Q: Fifty dollars per kilogram for the poly and $340.00 a kilowatt? 

A: I don't know on what assumption it was derived. 

Q: 11 says a 4-mil wafer assuming 10 percent efficiency. 

Q: In that paper, material cost was at least 80 percent, so that a 4-mil thickness is quite significant when you 

are comparing these two. 

Q: I think one difference may be that in the original paper there was no loss considered in converting the poly 

into single'crystal silicon and then into a solar cell. You would have $140.00 a kilowatt. The calculation 

here assumes present-day losses in this process - upward of 100 percent loss. 
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ASSUME 50 MM SLICE 
10 MIL THICK 

• POLY NEEDED 3.5-5 GRAMS 
• POLY COST 6¢/GM 

21-30¢/SLICE 
• WAFER COST 60-80¢/SLICE 

• ENERGY 0.2 WATTS/SLICE 
POLY COST = $1.00-$1.50/WATT 
WAFER COST = $3.00-$4.00/WATT 

Fig. 1. Present Polycrystalline Silicon Costs Per Watt 

MAXIMIZE PRESENT PROCESS 

· LOWEST POLY COST 3-4¢/GM 
· THINNER SLICES 4 MIL 
· BETTER YIELD 40-50% 
· POLY NEEDED 2.5-3.5 GRAMS/SLICE 

· ENERGY 
POLY COST $0. 50-0. 60/WATT 

THUS: NEW SILICON TECHNOLOGY NEEDED 

Fig. 2. Potential Lower LimIt fax Polycrysta1llne Silicon 
Corts with Presut Process 
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DOW CORNING OBJECTIVES 

· ESTABLISH CRITERIA AND RATING SYSTEMS BY WHICH 
PAST) PRESENT) AND PROPOSED METHODS OF PREPARATION 
CAN BE COMPARED. 

· OBTAIN DATA NECESSARY TO EFFECTIVELY RATE ONE PROCESS 
AGAINST THE OTHERS. 

· EXPERIMENTALLY PROVIDE A FEASIBILITY DEMONSTRATION 
OF PROMISING PROCESSES. 

, RECOMMEND THE TWO MOST FAVORABLE MANUFACTURING 
PROCESSES FOR PRODUCING SOLAR CELL GRADE SILICON. 

· PROVIDE A (i:ITIQUE OF OTHER PROCESSES, LISTING 
THEIR STRENGTHS AND WEAKNESSES FOR FUTURE COMPARISONS 
WHEN NEW TECHNOLOGIES EMERGE. 

Fig. 3. Dow Corning Objectives Under Present Proposal 

CRITERIA FOR PROCESS SELECTION 

. QUALITY 

. QUANTITY 
FEASIBILITY 
ENERGY REQUIREMENTS 
ENVIRONMENTAL EFFECTS 
RESOURCE AVAILABILITY 
ECONOMICS 

.. COMPATIBILITY WITH SUBSEQUENT PROCESS STEPS 

Fig.4. Criteria for Rating System 
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POSSIBLE PROCESSES 

· C; GRADE SILICON FROM FERROSILICON PROCESS 
TRANSPORT PROCESSES 

· CVD TECHNIQUES 
· DIRECT FROM SAND (SI02) 

FLUOROS I Ll CATES 

Fig. S. Possible Silicon Manufacturing Processes 

MILESTONES 

(COMPATIBLE WITH SUBSEQUENT DEVELOPMENT) 

1974-1976: RATING AND SELECTION COMPLETED 
1977-1979: SCALE UP AND PILOT PLANT OPERATION OF 

INDEPENDENT OPERATIONS 
1980-1983: DEVELOPMENT OF CONTINUOUS PILOT PLANT 
1984: COMMERCIALIZATION 

Fig. 6. Long·Range Milestones for the Development 
of Low.cost Polycrysta1line Silicon 
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SELECTIVE SURFACES FOR PHOTOTHERMAL SOLAR ENERGY 
CONVERSION MANUFACTURED BY CHEMICAL VAPOR DEPOSITION 

Presentation Summary 

B. O. Seraphin 
University of Arizona 

Tucson, Arizona 85721 

This project will support research on a new approach to a selective solar energy converter that can be used to 
transform solar radiation into high temperature heat. TIds heat can be transferred and applied in a steam 
turbine-generator unit to produce electricity. The selective solar energy converter is basically a two-layered 
construction in which the top layer is a semiconductor material, such as silicon, having high absorption for solar 
.adiation and high transparency for blackbody radiation from the heated unit. The bottom layer is a metal film 
having high reflectance. 

A second significant feature of this project is the use of chemical vapor deposition (CYO) techniques for applying 
semiconductor materials for optical structures. The objective of the project is to adapt the CYO process to the 
fabrication of multilayered semiconductor coatings, to demonstrate the fabrication of semiconductor absorber-type 
optical coatillgs, and to measure the physical characteristics and the optical performance of these coatings as a 
function of temperatures up to 500°C. 

Reseqrch during the period covered by this report centered on the interface between the silver reflector and the 
silicon absorber. Previous studies had established that the thin silver film agglomerated at the temperature of the 
silicon CYO deposition. In order to eliminate this basic problem in the fabrication of the converter stack, an 
agglomeration inhibitor was developed. Silver films thus stabilized withstand temperatures of up to SOO°C without 
deterioration of their infrared rcflectanr,e. 

Further refinement of the CYO process resulted in the deposition of 2'ruu thick silicon films of satisfactory optical 
quality onto the metallized substrate. For this part of the stack, the Ol.asured reflectance spectrum agrees well 
with the performance calculated under the assumption 'If IR-transparent silicon and undegraded silver reflectance. 

Preliminary results of annealing studies show that no degradation of the optical performance of the absorber-
reflector stack Jccurred after I SO hr. anneal at 54O°C. . 

The results availabie at the end of this period can be interpreted as proof for the basic feasibility of the approach 
using the silicon-on-sitver converter. The agreement between measured and calculated optical properties indicates 
that the predicted performance of the entire converter stack can be obtained once the silicon absorber carries the 
antireflection layer. 

Discussion 

Q: Why does putting the silicon on a reflecting surface prevent the infrared from being radiated? 

A: Five-micron silicon has negligibk emittance in this range-it is thickness proportionate-and so the emissivity 
of the system is determined by the silver layer U"d,\meath. Our standard test is to run the solar substrate 
before and after silicon deposition. There is very Ii: tie difference in reflectance between the two, meaning 
the sillcon is practically not there. 
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Silicon is probably radiating in all directions --? 

Dh, it is later on, at 500°C, at the point of operation. But if you keep the free-carrier absorption down, your 
silicon is stili transparent and the emissivity is determined by the silver underneath. 

Q: Surely, at 500°C you have a lot of free-carriers and things that degenerate? 

A: It just starts after that. They could probably go up to 700°C or so. The free-carrier goes up steeply beyond. 
But at 500°C, I think the absorption coefficient, alpha, is on the order of three to five reciprocal centimeters. 
The band gap is sufficiently wide to keep the intrinsic generation down. 

Q: Do you have any estimate of the long·range cost of this film conglomeration? 

A: No, we haven't evaluated this yet. The process is ideal, of course, for large scale. You want to have pipes, 
which is verY easy in the CVD area. 

Q: Have you attempted to compare photovoltaics to your system? 

A: No, we haven't done this. 

Q: This collector looks like it is more expensive than a solar cell to me. 

A: I couidn't judge this. We have simply never compared it to direct conversion. 

Q: Are you using CVD for the A·R coating? Have you actually done that? 

A: Yes, we have done this. In the last quarter we have developed the sequence of nitride, nitride-oxide and oxide, 
and in the future, hope to put the two together. 

Q: Can you control the thickness satisfactorily with the CVD deposits? 

A: Very well, yes. We do this by an in·process emittance control. This is 11so a way to check on the kind of 
material that we deposit. 

Q: What wavelength do you use? 

A: We have a two-micron interference filter and PbS cell. 

Q: How slable are thesclayers at 500°C? Do you get diffusion? 

A: No,lhat's the nice thing about the method. We make lhem at 650°C, so they behave well at .SOO°C. tfyou 
make them at room temperature, of course, you introduce a stress. We have Auger·spectra analyzed those 
layers (Prof. Wehnerallhe University ofMinnesola has done it for us), and afler 100 hours at 700°C,lhere 
was no interfacial diffusion or anything like Ihal. 

Q: Are there any olher materials you have considered as well as silicon? 

A: Yes. There are a variety of semiconductor compounds and mixed crySlals and we have theoretically calculated 
the performance of other combinations and mixed crystals of germanium.glicon and so on. Anything qualifies 
that has a band gap approximalely at the crossover point. 

Q: If you use a malerial that has a direct band gap instead of indirect, is it preferable? 

A: Yes. Silicon has a handicap, since it is an indirect.gap semiconductor. 
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SESSION III. SYSTEMS AND DIAGNOSTICS - NICOLET AND MAYER 

MeV ION BACKSCATTERING - MICROSCOPV WITH MASS 
AND DEPTH PERCEPTOON 

Presentation Summary 

M. A. Nicolet ana.t:W. Mayer 

California Institute of'l'echnology' 
Pasadena, California 91 \09 

Principles of Baclucanering Spectrometry 

A monoenergetic beam of He+ or H+ ions in the MeV range penetrates into a solid target to depths ranging from 
o 

. 

several thousand A for targets composed of heavy atoms, to several IJlll for targets composed ofhght elements. A 

few of the penetrating partic:es undergo large.angle (Rutherford) scattering by direct collision with nuclei of the 

target atoms. The energy of the impinging ion after the collision Is less than that the ion had immediateiy before 

the collision, and by an amount which depends only on the mass ratio of incident Ion to target atom, anc on the 

scattering angie (simple two.body collision). The energy of a baclucattered particle thus characterizes tht. mass of 

target atom. By performing an energy analysis of the backscattered particles, one can deduce the mass of the 

atoms rresent in the target. Typical mass resolutions achieved ate :I: I atomic mass unit for light element" (up 

to CI), a"d :I: 1 0 mass units for very heavy atoms. Figure I (top) gives schematically the spectrum one wo.!1d 

observe for backscatterlng from an equal number of Au and AI atoms deposited on the surface of a light substrate 

(whose backscatterlng signal is not shown in the spectrum). The Au atoms produce much larger yields because the 

cross section for Rutherford scattering increases as the square of the atomic number Z of the scattering atom. 

Backscattering spectrometry is thus very much more sensitive to heavy masses than to light ones. The cross sections 

are v~ry well known, so that yield ratios of baclucattering speotra can be translated into relative atomic ratios with 

good accuracy (±S%). 

As the beam penetrates the target, the ions lose energy. A collision with an atom inside the target generates a 

backscattered particle whose energy is less than that which would have been observed for a colliSion with the same 

atom at the surface. The energy shift is proportional to the amount of mass traversed by the particle. A unlfono 

film of finite thickness thus generates an energy spectrum <if backscattered particles which covers a fmite range of 

energies. This energy range is proportional to the thickness of the film as long as its magnitude is small relative to 

the initial energy. Figure I (center) shows how energy loss generates depth perception In a backscattering spectrum. 

A typical depth resolution is about 200l 

A backscatterlng spectrum provides the distribution of various atoms in depth over thousands of.t and the relative 

ratios of the atoms, The composition of these atoms in chemical compounds cannot be ascertained from such 

spectra. X·ray diffraction is a technique which can provide this infonoation and complements backscattering well. 

The Ion beam has a typical cross section of I mm2. Backscattering spectroscopy thus does not possess lateral 

m~~roscoplc resolution. Scanning electron microscopes are very helpful in assessing the lateral unlfonolty of the 

samples analyzed by backscattering. Details on backscattering spectrometry and its applications are fO\lnd in 

recent reviews (Refs. 1,2). 

Some Appllcatlom to Thin Films 

nun deposited films tend to react with each other or with the substrate more rapidly than their bulk counterparts. 

A schematic spectrum indicating the fonoation of AuAI2 at 2000 C is given at the bollom of FIg. 1 (Ref. 3). 

Reactions at low temperatures have been observed for many transition metal' <lth Si (Ref. 4) or Si02 (Ref. S) 

substrates, and with air (Refs. 6, 7). 
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Figure 2 (tor7s(, ows a backs<:attering spectrum of a multi·layer optical coating consisting of 670X ZnS and I056X 
ThF4laye", The effective resolution can be improved by tilting the sample against the beam (bottom). The sharp 
edges in tI. .. .';)."1.,,1 of the first layer prove that the films are well defined. The decreasing sharpness of the signals 
from !:lwer·lying layers is due to the energy straggling of the incident beam. Figure 3 is a spectrum taken on a 
CdS/CU2S sample. The sharp Cu edge shows that Cu is indeed present at the surface, but the poorly defined edge 
of Cd also reveals that a good definition of layers is not maintained in depth. The spectrum as a whole strongly 
suggests a highly non·uniform target. A clear-cut interpretation of this spectrum is possible only with additional 
information on the sample. 

Rlflnnces 
I. M·A. Nicolet, J. W. Mayer, and I. V. Mitchell, Science 177,841 (September 1972). 

2. W. K. Chu, J. W. Mayer, M·A. Nicolet, T. M. Buck, G. Amsel and F. Eisen, Thin Solid Films 11, I (1973). 

3. E. Rimini (private communication). 

4. J. W. Mayer and K. N. To, J. Vacuum Sci. Teck (submitted). 

5. H. Krautle, W. K. Chu, M·A Nicolet and J. W. Mayer (to be published). 

6. A Hiraki, E. Lugujjo and J. W. Mayer, J. AppL Phys. 43,3643 (1972). 

7. C. H. Bajorek, M·A Nicolet and C. H. Wilts, AppL Phys. Letters, 19,82 (1971). 

Discussion 

Q: 

A: 

Q: 

A: 

Q: 

On the migration experiments at 2750 C that you showed, did you do those in such a way as to insure that the 
energy of the beam itself was not promoting !lie migration? 

These spectra were taken after the sample was annealed and cooled, walked to the analyzer, and mounted. 
We are also seeing effects due to the beam itself, but not in metals; not in these systems. We have analyzed 
just about anything you can think of including freeze·dried beef to look for lead, but that doesn't work very 
well. 

You have indicated that if there is :d'. interdiffusion layer; you can see it in your spectrum. Suppose you had 
an interface that was not smooth, r,ut rather was sinusoidal. Would that not show up the same way in your 
spectrum? ._---.---------
If the layer on top of your Sinusoidally formed substrate has very much the same rhickness, the-';"fi;ct·t;.-;)(
small significance. If, on the other hand, your top layer is flat and the wiggles are on the bottom, then of 
course you have a major effect. That's what I said, we need scanning electron microscope pictures to assure 
that our interpretation is right. 

What was the lateral resolution of this instrument? 

A: One millimeter. That's a spot size. You can move over to another spot and we can tell you whether that's 
the same thing as before. But we still do not have lateral reso~ution in microscopic terms. 

Q: There seems to be a rise in the yield as you go in. [s that because of energy loss In the direct beam? Or 
an increase in cross section? 

A: Yes. The former. There are additional effects besides that. But, basically, it's that. 
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SESSION m. SYSTEMS AND DIAGNOSTICS - NICOLET AND MAYER 

Q: How does this compare with the electron probe, where you look at the X-ray spectra from electrons? 
A: An electron probe typically has good lateral resolution, as good as your electron spot may be, but it has poor depth resolution. It excites a whole range of depth and you cannot determine whether the X-rays come from deep in or from farther up. The electron probe is a very useful complement, but it does have the much reduced depth perception along with the better lateral resolution. 
Q: Could you give me a feeling for the absolute sensitivity of this? Let me give you a comparison - for a mass spectrograph, you have to have about lOll atoms in order to get a signal. What's the absolute sensitivity of this technique? . .... 
A: That's a hard question to answer. I am not trying to be evasive, but it is the nature of that tool. Practically we can say that a tenth of a monolayer of gold on top of silicon is measurable . 

.... _ ...•. --_ ... - .... -_. __ .. _---------_. 
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Bockscottering - Depth Microscopy 

AI Au 

I 
O'az 2 ~' I 

, I 

.~ ,~/ I 
>L-____ -_-~ __ ~~I 

Energy - Eo 
0) Bockscottt!ring Kinetics a Cross Section 

b) Energy Loss; 6Eaw 

c) Compound Formotion 

AI 

'I 
'5 ,.......-..-,. 

Energy 

Fig. 1. (Top) Left:Pdnciple of the layout; 

Right: Signals generated by equal nwnbers of 

Ai and Au atoms on surface of a light sub
strate. To each mass of the target corresponds 

a particular energy below Eo. 
(Center); Layers of fmlte thickness generate 
signals of finite energy width, related lineady 

I to each other; the upper tl1m (Au) acts as an 

. energy absorber which shifts the signal o~ .. 

-.i-- ----______ . _____ ~ __ .Jower fi!!:n-'A!llQ~ lower ~s.' 

I 
(Bottom); A reaction at the Interface of ~o 

1 
~: 
t , 

I tl1ms Is revealed by corresponding changes m 
the backscattering spectrwn (compare with 
center part of the figure). 
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Fig. 3. Backscattering spectrum of CdS/Cu2S ssmples, 

obtained with 2.0 MeV 4He+ at nonna! incidence. Cu 

and S appear to be present at the surface (sharp edges). 

but the remaining features of the spectrum strongly 

suggest a very nonuniform target 

Fig. 2. The baclClcattering spectrum of a twelve-layer 

optical coating obtained with 2.0 MeV 4He+ at normal 

incidence of the beam. The decrease in resolution with 

depth is due to energy straggling of the incident beam. 

When the target is tilted against the incident beeJn. the 

effective thickness of the layers increases. resulting in a 

corresponding effective increase in resolution (from 

Ref. 4). 
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THE NSF FUNDED DIAGNOSTIC LABORATORY AT LBL 

W. J. Siekhaus 
Inorganic Materials Research Division, Lawrence Berkeley Laboratory 

and Department of Chemistry; University of Calif ami a 
Berkeley, Califomia 94720 

(AG472) 

Presentation Summary 

The surface chemistry and surface physics laboratory under Professor SomOljai at the Lawrence Berkeley Laboratory 
in Berkeley, of which the photovoltaic diagnostics group is a part, has worked for about 10 years on problem~ of 
surface structure determination by low energy electron diffraction, on the specificity of surface structures and sur· 
face constituents for catalytic chemical reactions using Auger spectroscopy, mass spectroscopy and modulated 
molecular beam spectroscopy, and on problems related to the preferred surface segregation of constituents of cer· 
tain alloys. We believe that the expertise we have in the field of surface physics and surface chemistry and the 
instrumentation which we have dedicated to photovoltaics can help to identify and to solve surface and interface 
problems which limit the efficiency and life of photovoltaic devices. 

Let me demonstrate, using the example ofa possible polycrystalline thin film cell, the problem areas of interest 
(Fig. I). We have a surface, or an interface which once was a surface during the course of the cell production, at 
positions a, b, b l and c. At each of these interfaces two questions have to be answered: (I) which materials are 
present and in which chemical form (either intentionally or unintentionally) from an unknown source during 
production and (2) how do these materials affect the life and performance of the photovoltaic device. We have 
dedicated one instrument (a scanning Auger microscope with ion etching eqUipment) to the first question. It will 
become operational at the beginning of the next year. A high·resolution electron spectrometer intended to measure 
surface states is dedicated to the second question. It will become operational at the beginning of the next month. 

These are the problems to be expected at the interfaces: 

(a) If this is a thin film deposited on the substrate, impurities and natural constituents are likely to dilTuse 
at the deposition temperature through the bulk and certainly along the interfaces. Materials and 
processes should be chosen to minimize the impact of this effect. Pichaud and Drechsler (Ref. I) have 
shown that the presence of some impurities increases the self-diffusion of atoms and hence the likelihood 
that a crystalline layer can be deposited. 

(b) The identification of impurities at grain boundaries may well show why the crystal growth process was 
stopped and a new grain begun. 

(bl) It i3 unlikely that in a thin·fiIm cell all grain boundaries can be eliminated, and certainly all surfaces 
cannot be eliminated. But the complete review by Monch (Ref. 2) and more recent work by Rowe and 
Ibach (Ref. 3) show clearly that the detrimental effecllo of surfaces-their large concentration of surface 
states which lead to fast and slow surface traps-can be alleviated, decreased by orders of magnitude by 
exposure treatment with some gases. This effect will be systematically investigattd on various crystallo. 
graphic surfaces using our high resolution spectrometer. That desirable interfaces can be created by 
proper treatment has been demonstrated convincingly by Martinelli (Ref. 4) who reported "negative 
electron affinity" for some surfaces covered suitably with cesium and oxygen. 

(c) A contact that comes off during tape testing or during exposure to environmentallifetests has most 
likely suffered a catastrophic exposure to some gas or impurity during production. Auger analysis would 
reveal the sO'lrce of the problem. 
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There is one more area where the diagnostic and analysic laboratory being setup will be employed: the investigation 

of the catalytic mechanism that lowers tbe silicon deposition temperature in the presence of diborane by several 

hundred degrees (Ref. 5). The understanding of this mechanism may lead to substantial decreases in the deposition 

cost of polycrystalline silicon. 

Let me summarize and repeat, we will have shortly two instruments dedicated to analyzing structural, chemical 

and electronic properties of photovoltaic device surfaces. 

References 

I. Pichaud, M., and Drechsler, M., Surface Science 1973,36(3),813-16. "Surface Self-diffusion of Tungsten 

under the Influence of Adsorbed Nickel." 

2. On the Physics of Clean Silicon Surfaces, Win fried Monch, XIII Advances in Solid State Physics, Pergamon 

Press, March 1973. 

3.. "Surface-State Transitions of Silicon in Electron Energy Loss Spectra," J. E. Rowe and H.lbach,Phy~ Rev. 

Letters. 9 July 1973, Vol. 31, Number 2. 

4. R. U. Marlinelli, Appl. Phy~ Letters 11,313 (1970). 

5. "Low Temperature Chemical Vapor Deposition of Boron Doped Silicon Films," Lou H. Hal1 and 

K. M. Koliwad, J. Electrochem. Soc., Solid-state Sc. alld Techn., October 1973, p. 1438. 

Discussion 

Q: In scanning Auger, what size is your beam? 

A: The beam is phYSically an electronic system. So the beam size is approximately two microns, or less than two 

microns. That's all they specify. And in depth resolulion, it is as good or as bad as any sputtering resolution -

20 to 200 angstroms, ten percent over the thickness of the film. 

Q: 

A: 

Q: 

A: 

Q: 

A: 

You said you have ion etching capability in there? 

Yes. Sputtering. 

How flat is the surface that is etched? 

Flat with respect to the size of the beam? Yes. Th. beam size for ion etcWng is considerably larger than one 

micron. 

As you are proceeding down through the layers, you are meeting various kinds of materials, al1 with different 

sputtering rates. Are you really looking at what you think you are looking at? 

This is a question in all sputtering. It is a problem, but there are many systems in which it is relatively well 

understood. It is not a big problem. There is always diffusion of constituents, in the regime of the penetra-

tion depth of th~, ion beam, but the depth of penetration of the ion beams at sputtering energies of 500 V to 

at most I kV is maybe 20 angstroms. Resolution is never better than that. But as long as you keep to a 

relatively low sputtering rate, so that your energy depOSition is not Wgh enough to create long diffusion, your 

resolution will be that good. 

Q: Do you think you could delineate diffusion profiles with these tools? 

A: I said the sensitivity is one percent of a monolayer. That'spessimistic. Optimistically, a te!lth of a percent of 

a monolayer would be better. So that's one part per thousand concentration in bulk. As long as your con

centration that you want to look atis in that range, one certainly can. But 1 don't !Wnk that most doping 

concentrations are that Wgh. 
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Q: What particular elements increase the deposition rate of silicon many times at low temperatures? 

A: Diborane. There was an article on deposition of doped SiliCDlI material in the presence of dlborane in the 

October issue of the Journal of the Electrochemical Sociery. 
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SELECTED AREA AND IN-DEPTH AUGER ANALYSIS OF THIN FiLMS 

Presentation Summary 

J. M. Morabito 
Bell Telephone Laboratories, Incorporated 

Allentown, Pennsylvania 18103 

Auger electron spectroscopy (AES) is based on the emission and subsequent energy analysis of secondary electrons 
produced by high-energy (3 to 5 keY) electron bombardment. The energy of a small fraction of the secondary 
electrons emitted from the sample can be related to the core levels of the target atom and these electrons, the 
Auger electrons, have escape depths in the 5 to 20 .8. range. This low escape depth makes Auger electron spectros· 
copy ideal for surface analysis and for in-depth analysis when combined with in situ ion sputtering (Refs. 1,2). 
AES has rapidly developed from a purely research oriented technique into an extremely versatile analytical method 
capable oflocatized (Le., small selected volume) analysis on materials systems of technological importance. 

This rapid growth began, perhaps, with the use of phase sensitive detection (Ref. 3) which Was followed by the 
development (Ref. 4) and commercial availability of the cylindrical minor analyzer (CMA). The CMA incr,",ed the 
applicability of the technique, since its increased SIN allowed for rapid data acquisition and oscilloscope display. 
Significant recent developments which have extended the analytical capabilities of Auger electron spectroscopy 
include: 

(I) In-depth analysis by combining Auger analysis with simultaneous in situ ion sputtering. Since sputtering 
is used to gradua!!:1 erode the sample, depth resolution is dependent on factors such as surface topo
graphy, sample homogeneity, location of the primary electron healll in the crater formed by the primary 
sputtering (A+ or Xe+) ions and the mass and energy of the sputtering ion. For the case of optically 
flat and homogeneous samples, depth resolution is in the range of 5 to 10 percent of the sample 
thickness (Ref. 2) analyzed. 

Preferential sputtering effects in alloys or compounds and the possibility of the induced mobilization 
of impurity ions, such as sodium In insulating samples, as a direct result of ion bombardment can compli
cate or prevent in-depth profile analysis by simultaneous Auger analysis and ion sputtering. The situ
ation of gross preferential sputtering (Ref. 5) or induced mobilization (Ref. 6) is not typical, but can 
occur. 

(2) Selected area surface and in-depth analysis is possible by the use of an optical microscope (Ref. 7), 
video monitor with TV display (Ref. 7) or by scanning the primary electron beam to obtain sample 
cunent and secondary electron images (Ref. 8). Selected area analysis with high image resolution has 
also been obtained by incorporating Auger spectrometers into scanning electron microscopes (Ref. 9). 

'ielected area analysis makes the Auger technique suitable for the surface and in-depth analysis of 
specified thin film circuit components on a substrate such as resistors, capacitors, conductors, and 
bonding pads. The specified area analyzed is at present limited by electron beam spot size which is on 
the order of25 to 100 fJJI1. 

(3) Quantitative analysis, while not completely developed, is possible via calibration with homogeneous 
standards of known composition (Refs. 10, 11). The calibration of Auger measurements for quanti
tative analysis has become possible with the development of simultaneous in situ ion sputlering
Auger analysis. 
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The above capabilities make the Auger technique ideally suited for thin flIm materials characterization. This paper 

will describe: (\) quaotitative aoaiysis of light elements (N, C, 0) in sputtered taotalum flIms by Auger electron 

spectroscopy via calibration with staodards, and (2) selected area surface aod in.depth analysiS on thin film systems. 
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TECHNIQUES FOR THE DETERMINATION OF THE PHASES 
iN THE SURFACE LAVERS OF CdS/Cu~ CELLS 

Presentation Summary 

I. G Greenfield and W. f. Tseng 
Institute of Energy Conversion 

University of Delaware 
Newark, Delaware 19711 

This report is concerned with work in progress in which a combination of methods is being used to determine the 
reaction products in the near surface layers of the cadmium sulfide cell (Ref. I). The discussion describes the 
employment of scanning electron microscopy, Auger spectrography, I ransmission electron microscopy and selected 
area diffraction. Recenl research (Ref. 2) has indicated that the quality of copper suifide·cadmium sulfide solar 
cells is greatly dependent upon the phases present in the surface layers. An increasing amount of digenite was 
associated with a reduction of the short-circuit current, and it was concluded that chalcocite is important for good 
yield cells. ,AJternate methods of studying the above conclusions are necessary. 

Scannin., EI.ctron Microscopy 

Consider the schematic cross section of a CdS/Cu2S cell as illustrated in Fig. I. lbis Clevite·type cell is composed of 
a copper substrate with a surface·alloyp.d zinc layer. On this layer is a vapor.deposited, etched, polycrystalline film 
of CdS. The barrier ,hown is believed to follow the surfaces and the grain boundaries. A simple method by which 
the cross section and details of the topography of the various components of the cell can be observed is based on 
fracturing the brittle CdS and viewing the resulting structure by scanning eleotron microscopy (Ref. 3). Examples are 
shown in Fig. 2. The important regions are indicated as follows: A, zinc·coated substrate; B, surface of the reacted 
cadmium·sulfide layer; and C, the fracture-surface cross section. lbis method of producing a cross section can 
separate the cadmium sulfide from the substrate as shown at D. In fig. 2b, columnar·type grains, whose boundaries 
diverge from nucleation sites at the substrate, are seen. The thin reaction layer of copper sulfide is not made visible 
by this technique. However, if the thin copper sulfide layer is magnified by producing a tapered cross section by ion 
sputtering as illustrated in fig. 3, and a reversed bias is established in the cell, the difference in potential between 
the po and n·type regions result in a voltage contrast (Ref. 4) when viewed in the scanning electron microscope. It is 
therefore possible \0 control the contrast by varying the voltage difference. This effect is shown in fig. 4: the dark 
region, T, is the copper sulfide layer; the corregated appearance of the tapered cross·section is • result of ion·beam 
milling in one direction. Although this method gives some indication of the thickness of the layer, it cannot specify 
the phases present. 

Electron DiffrlCtion of Thin Llyen 

Let us now consider an electron diffraction study of the reaction layer. In these experiments both single and poly· 
crystalline specimens of CdS were thinned to electron transparency by ion milling. Selected area diffraction 
patterns were taken at different orientations. for polycrystalline specimens, large grains were selected for study. 
figure Sa is a diffraction pattern of a thinned single crystal of CdS. This is a pattern of cadmium sulfide oriented 
with the b direction perpendicular to the plane of viewing. Symmetrical Kikuchi lines indicate the accuracy of this 
orientation. This speCimen was then removed from the electron microscope and treated with a cuprous chloride 
solution. washed, and returned to the electron microscope. The new diffraction pattern in Fig. Sb is composed of 
CdS, but in addition, a new pattern has developed. The original CdS pattern is indicated by the dotted rectangle. 
from the symmetry and arrangement of diffraction spots, the new pattern Is identified as CU2S. for the same 
orientation, reciprocal lattice points of CU2S are superimposed on those ofedS in figure 68; the spacings are based 
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on the values repougd in the Iiteratur!: (Ref. 5). Note that the reciprocal lattice points from similarly spaced planes do not coincide (2112 of CdS and 604 of CU2S, for example). The insert in the ditfraction pattern, Fig. Sa, shows the manifestation of this difference in separation. 

In Fig. 7a, a diffraction pattern oriented with the b direction 10.50 from the normal to the electron beam Is shown. After dipping in cuprous chloride, triplet diffraction spots are evident as seen in Fig. 7b. If reciprocal lattice points from CdS, CU2S and CU1.96S are combined (superimoose Fig. 6a and Fig. 6b), the triplet spots can be accounted for. For example, see the insert at the bottom of Fig. 7b in which l13c (chalcocite) and 113d (djurleite) are identified. Thus, for the treatment given these specimens, chalcocite, cadmium sulfide and djurleite (Ref. 6) are present. 

Since cadmium sulfide and chalcocite are epitaxial layers and the spacing between planes are slightly different, Moire fringes (Ref. 7) can be produced in transmission electron microscopy by forming an image with two nearby diffraction spots such as 2 iTo {CdS) and 600 (CU2S). From the lattice parameters aVailable, the Moire fringe distance is calculated to be 44Jt In Fig. 8, the fringe distance is measured to be 56A. an experimental value which is reasonably close to the calculated values. 

Auger Spectrography 

Auger spectrography is employed to determine elements on surfaces of 'otids. When dipped cells were analyzed, significant amounts of oxygen, carbon, chlorine and cadmium,ln ad<!ition to sulfur and copper, were found (see Figure 9a). The oxygen and carbon are usually atmospheriC in origin; whereas, the chlorine and cadmium must come from the dipping solution. (Nete in Fig. 8, the cube artifacts are probably NaCI that were not removed by washing.) Ifion sputtering is used to remove surface layers in conjunction with the collection and detection of Auger electrons, a compositional profile as a function of depth can be established. With the instrument in Our laboratory, the two processes are accomplished simultaneously, the Auger peaks of specific elements are continuously recorded. Typ. ical results are shown in Fig.9b. Quantitative information from Auger analysis is difficult to obtain since standards are necessary. At present, standards for CU2S and CU1.96S are being prepared in our laboratory. 
In spite of the limitations on absolute concentration determinations, relative amounts of elements have been obtalned and tentative Identifications of the phases have been made for a number of films. Preliminary results suggest that the cells with good fdl factors are composed of a layer of chalcocite that extends about halfWay into the reaction layer. The remaining portion of the reaction layer appears to be djurleite. Poor cells which were tested apparently did not contain significant amounts of chalcocite. 
The techniques demonstrated In this paper are useful for studying thin layers near the surface. Although the work is not complete, there is a strong indication that the question of whether a large amount of djurleite effects the electrical characteristics of the celIs can be finally solved. The techniques are not time-consuming, although careful preparations are necessary. Still required for quantitative measurements are: (I) standards of chalcocite and djurleite for Auger spectroscopy; (2) an improved sputtering technique where even surfaces are produced; (3) an analysiS of sputtering in which the buildup or the selectivity of the elements are clearly shown. 
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Fig. 2. Layer of Cadmium Sulfide on Zinc Coated Copper Substrate. Region A is the Zinc 
Casted Copper Substrate; B is the Surface of the Cadmium Sulfide; C is the Fracture of the 
Cadmium Sulfide 
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CONCENTRATION ONTO SOLAR CELLS 

C. E. Backus 
Arizona State University 
Tempe, Arizona 85281 

(GI-41894) 

A joint program involving Arizona State University and The SpectroLab/Heliotek, Division of Textron, Inc., is just 
starting t,:) investigate the degree of cost reduction achievable in photovoltaic power systems that are a result of 
applying solar concentration techniques. This effort complements the other NSF photovoltaic programs that are 
directed toward reducing the cost of making the solar cells. 

It was shown in 1965 that silicon solar cells can be operated at solar concentration ratios of over 300 to 1 and still 
exhibit efficiencies of about 5% (Ref. 1). Since the device is able to produce well over one hundred times the amount 
of power as it could without concentration, the cost of the power associated with the device becomes about 
100 times smaller when compared on a dollar per watt basis. This provides a significant cost reduction tool with 
which to work. There must be a tradeoff made to determine the largest advantage obtainable as one replaces the 
relatively expensive solar cell with a less expensive solar concentration system. As the concentration ratio increases 
the complexity of the cell, the heat transfer unit, the concentrator design and the orientation system increases. The 
primary objective of titis program is to analyze the parameters applicable to this tradeoff and to optimize to the 
lowest cost to watt ratio. The economic goals of the program are to show that photovoltaic systems can reach the 
competitive cost range of 50 cents to $1 per peak watt without requiring any "breakthroughs" in the making of 
solar cells. 

A large range of concentration ratios (1 to 1000) will be investigated. The high concentration ratios are of interest 
for use with present cost cells but the lower ratios are also of interest for coupling with lower cost cells that may be 
developed through other programs. It is very likely that a combination of a lower cost cell with some degree of 
concentration will be the first competitive large-scale photovoltaic system. This study should provide the parametric 
data on the various components upon which an economical system could be designed. 

Heliotek will be primarily concerned with determining the photovoltaic device performance characteristic as a 
function of the light level and solar cell temperature. Since the cell must be designed differently for different langes 
of light intensities, an analysis of the device parameters that affect this performance will be made. TIle analysis will 
show how the performance is affected by grid design, cell resistivity, semiconductor material (i.e., Si or GaAs), 
junction depth, junction configuration (i.e., planar or vertical multijunctions), cell size and thickness, contact 
method, antireflection coating, light spectrum, etc. As the sunlight intensity increases new optimum cell designs and 
performance characteristics will be determined. TIle analysis will provide sufficient data for determination of 
optimum cell design parameters for all sunlight levels that are likely to be obtained in the concentration system. 
Experimental verification of the analytical study will be obtained by fabricating solar cells and testing them in 
simulated light conditions. The temperature dependence of these cells will be determined. The solar cell mounting 
and interconnecting dC3ign will be analyzed to minimize thermal and mechanical stresses. 

The device cooling techniques will be investigated by ASU with close cooperation with Heliotek on the device 
mounting reqUirements. A complete range of possible heat-transfer techniques, both active and passive, will be 
analyzed and their appropriateness for accommodating various ranges of concentration ratios will be identified. 

The teclUliques to be considered will include free convection, radiation, heat pipes, natural-circulation, single-phase 
forced convection, nucleate boiling, two-phase thermosyphons, and various combinations of these techniques. 
Several cooling fluids will be considered with compatibility with the mechanical and electrical properties of cells 
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taken into account. All of the device cooling will be done while taking full cognizance of the possible system 

configurations in which the cooling technique will be used. The ultimate heat rejected from the system is primarily 

considered to be dissipation to the atmosphere although the alternative of utilizing this energy is possible. 

Besides the normal considerations for concentrators such as cost, accuracy, efficiency and concentration ratios 

there will be further evaluations of cleaning techniques, compatibility with the cell heat rejection system, and life

time in atmospheric conditions. 

It is expected that the program herein described would take about 18 months. Recommendations will then be made 

for a prototype system design (or designs) that represent attractive cost reductions, which can be built and tested in 

a follow· on effort. 
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A LOOK AT SOLAR POWER FOR SEATTLE - REVISiTED 

Presentation Discussion 

C. J. Bishop 
The Boeing Company 

Seattle. Washington 98124 

From 1972 to 1973 the Boeing Aerospace Company was engaged by Seattle City Light Co. to evaluate solar heat 
energy as a source of public utility type of power. A paper presented at the 1973 Intersociety Energy Conversion 
Engineering Conference (IECEC) discussed some of the problems we found associated with the conversion of solar 
thermal energy to electrical power (Ref. I). Today's presentation will deal with providing solar power under the 
same ground rules but with photovoltaic energy conversion. 

Sol., PI""t She Consid,,"tionl 

One of the tasks of the original study was to evaluate potential sites for a solar plant. The sites selected are also 
good for photovoltaic energy conversion. A major problem in site selection was a lack of insolation data and the 
questioned a,curacy of available data. The Weather Bureau reports that the pyranometers used to measure solar 
insolation have degraded in performance, with the greatest degradation occurring in the sun-rich areas of the United 
States. Furthermore, the instruments for determiniilg the amount of sunshine are subjectively set with respect to 
threshold, thus allowing for conSiderable error in defming what constitutes usable sunlight. There Is thus a need to 
gather sufficient, accurate data for system analyses. 

BIlle System Concopt 

The basic concept of a photovoltaic power plant Is shown in Fig. I, and the comparable solar thermal plant Is shown 
in Fig. 2. The photovoltaic plant is much simpler, not requiring heat transport, me.chanlcal machinery, or cooling. 

P,obIemAr_ 

Table I shows some of the problem areas. Heat transport Is a major problem with the thermal plant. To obtain 
practical plant efficiencies it is necessary to run the energy converter at high temperature. For a Brayton cycl~ the 
ileat must be transported with fluids at 875 to 9250 C. These temperatures are at the upper limit of available pipe 
materials which are fifteen times the cost of steel. Insulation requires considerable development and cost, there 
never having been a need for tran'porting 9000 C fluids for distances up to 500 feet. 

Low-temperature (540OC) systems using the conventional Rankine cycle turbines may require the use of NaK, a 
liqUid metal, to minimize pumping losses and avoid freezing at night. NaK is objectionable to many because of 
cost and safety. Photovoltaic conversion, of course, does not require heat transport. 

Heat-reflecting concentrators require accurate orientation as they use only the specular component of sUnlight. The 
solar ceU converts both direct and diffuse components of the sunlight to electric power and thus does not need to be 
precisely orientated - • ten percent error In orientation, which is disastrous for a concentrator, drops solar cell out
put by only 1.5 percent. 

The variation in solar intensity on a short-time scale (minutes, hours) seriously impacts the design and operation of 
• solar thermal power plant. This relates bacle to the lacle of good sol .. insolation data. Detailed data are required 
before a thermal plant can be properly optimized for a location. Loas of helt for any significant time can seriously 
affect plant operation and efficiency. 

Solar coUccton of high quality are hard to build. To achieve hlah concentration ratios (and high temperatures) 
requires an accurate, highly reflective surface which is costly. One sandstorm of the type that are common in 
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desert areas can completely ruin an unprotected reflecting surface. Our study for Seattle City Ught Co. concluded 
that the solar concentrator is one of the costliest items in the system, and risky development of mass-produced 
concentrators is essential to bringing the cost of solar power to even wallin order of magnitude of the cost of 
nuclear power today. 

The problems in photovoltaic conversion are the cost and efficiency of the solar arrays, which are already well 
documented. Cost reduction Is, of course, essential to economic viabUity. 

Both the photovoltaic and thermal system design is Iinlited by the poor and/or inadequate solar insolation data. 
Ukewise, both systems require costly storage systems if it is desired to have operational capability in sunless houn. 

Refentnce 
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MITRE PHOTOVOLTAIC ENERGY SYSTEM STUDY 

Presentation Summary 

F. R. Eldridge 
The MITRE Corporation 
Mclean, Virginia 22101 

The MITRE Corporation is making recommendations to the National Science Foundation on solar energy research 
programs, including a program for photovoltaic energy systems. MITRE has been asked to make a SysteR. analysis 
study for each program and then formulate a program development plan, detailed and s~'cific proof·of-concept 
experiments, and a utilization plan for each. 

Figure I shows various types of options for photovoltaic systems that are being considered in the MITRE study. 
Those interconnected by the heavy lines would be included in the type of syst~m shown in Fig. 2. Such a large 
centralized system would use solar energy to produce both electricity and hydrogen fuel gas, to supplement smaller 
distributed household systems of the same type. The hydrogen could also be used for energy storage, for instance 
by storing it in depleted natural gas wells. The DC electric power that would be generated by the solar cell array 
would be transmitted directly to the electrolysis facilities for the production of hydrogen and oxygen, or would be 
converted to AC power and distributed to households, industrial facUlties, and other electricity consumers. The 
electrolysis facilities would convert water, taken from the ocean or other sources, to hydrogen and oxygen gases, 
which woUld be transmitted and distributed by pipelines to storage facilities or directly to fuel gas consumers, 
including, if required, fuel cells or other facilities for converting the energy back to electricity. 

Some of the advantages and disadvantages of such solar.cell/hydrogen·fuel systems are summarized in Fig. 3. 

Some of the major technical and economic problems that must be resolved, before systems of this type can be 
implemented on a large scale, are shown in Fig. 4. One of the major requirements is to reduce the present cost of 
sUicon solar cells so that they would be competitive with other types of solar energy collectors. This might be 
accomplished not only by simplifying present production techniques but also by developing new low-cost solar 
cell designs and introducing new techniques for the mass-production of these cells. 

Figure 5, which is based on learning-curve experience for silicon solar cells and other solid state deviCes, indicates 
that, starting with the solar-cell industry's current production of SO kilowatts per year, if production rates are 
doubled each year, and adequate R&D funding is provided, the price of silicon solar cells might be expected to be 
driven down at a rate of between 20 percent and 30 percent per year. The cumulative power capacity of silicon 
solar cells thaI would be produced under Ihis type of scenario, as well as cumulative production costs, under these 
conditions, is shown in Fig. S. 

Figure 6 compares the estimated cost ofelectricily for various Iypes of plants, assuming that Ihe plants would 
be constructed in the year 2000 and operated aver the period 2000 10 2020. These estimales are based on dala 
provided by the Federal Power Commission and others, and are given in terms of dellars inflated to correspond 
10 the periods shown. DetaUs on the assumptions wed in these calculations 1111 given in the footnotes to Fig. 6. 
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Fig. 2 

ADVA NTAGES 

• HI GH RELIABILITY OF COLLECTOR SYSTEM 

• LOW-TEMPtRATURE OPERATION 

• LONG LIFE OF SILICON SOLAR CEL~S 

• NO MOVING PARTS 

• NO VACUUM REQU I RED 

• NO HARMFUL WASTE -PRODUCTS OR POLLUTION 

• DE~AlINATED WATER SUPPLY PROVIDED 

• GLOBAL HEAT BALANCE MAINTAINED 

01 SADVANTAGES 

• PRESENT HIGH COST OF SOLAR CELLS 

• PRESENT LOW EFFICIENCY OF SOLAR CELLS 

• EXTENSIVE USE Of LAND 

Fig. 3 

• DECREASE COST OF SILICON SOLAR-CELLS 

• IMPROVE EFFICIENCY OF SOLAR ENERGY COLLECTION 

• MODIFY PI PELINES FOR HYDROGEN 

• DEVELOP SUITABLE METHODS FOR STORING HYDROGEN 

• DEVELOP DEVI CES AND PROCESSES FOR UTILIZING 
HYDROGEN 

Fig. 4 
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SESSION ilL SYSTEMS AND DIAGNOSTICS - ELDRIDGE 

i~iTlAL INITIAL AVE RAGE COST 
INVESTMENT. 

FUEL COST~5 INVESTMENT, 
OTHER COSTS TOTAL 

PLANT FACTOR 0' TYPE OF SYSTEM 

""'" CONVERSION :w YEAR COST ELECTRICITY 
GENERATION • STORAGE AT PLANT 

YEA.R~ 
YEAflS 1000 

YEAR 1000 
YEA.RS 2000 YEARS 2000 yeARS MOO YEARS l'OOIl 

TO 2020 '0,.,. '0_ TO 2020 TO 2020 

HYDRO·ELECTRIC $391 TOI $761 TO $1153 TO 060 11 ImlKWH TO 
111JOIKW $1198IKW S3628II(W 34.SmIKWH 

GAS·FlflEO S391IKW
i 

$14SIII(W SIl43JKW' $39861KW 060 JB.lm/KWH 

OIL·fIRI'O fAS8IKW
I 

$~4!i1IKW S13361KW7 S424SIKW 060 4DSmIKWH 

COAL·fIRED $4421Kw2 SI666IKW SI194IKW7 13401JKW 00;0 34 1m/KWH 

NUCLEAR·FUELED SS60IKW3 S4111KwG SI948IKwB $19'20IltW 060 28 ImlKWH 

PHOTOVO!. TAlC S368IKW4 
SI0851Kw9 SI4!"o31KW '" J2.6mIKWH 

IWITHOUT STORAGE) 

PHOTOVOL TAlC SJ68IKW4 $32B/KW SZOSllKW9 $2141IKW '" 61.9mIKWH 
IWITH H2 STORAGE 1 

PHOTOVDLTAIC SlOS TO $IO!iIKW Sl150 T09 'lfoGO TO ons 32.2m1KWH TO 
PlilS WINO ENE RGY S3691KW $1400IKW SIB741KW J86mIKWH 
IWITH H1 STOIMGEI 

L.-

'CHERRY OATA FOR 1968I"GENERATION OF POLLUTION.fREE ELECTRICAL POWER FROM SOLAR ENERGY", ASME PAPER NO. 1I.WAISOL·21 ADJUSTED TO 
1970 8Y fACTOR OF 107 THEN ADJUSTED TO YEAR WOO BY FACTOR OF 24S 

2SIMPSON OATA FOR 196!i I"THE CASE FOR NUCLEAR ENE ROY", IEEE SPECTRUM. SEPTEMBfR 19121 ADJUSTED TO 1970 8Y FACTOR OF 1 14 PLUSPOLlU· 
TlON CONTROL COST OF $56IC<W IFROM SIMPSON, 18101. THEN ADJUSTEO TO YEAR 1000 BY FACTOR US, 

;)CHERRY DATA FOR 1968 IIBIOI ADJUSTED TO 19708Y FACTOR OF 1.01 PLUS POLLUTION CONTROL COST OF $151KW IFROMSIMPSON. IBID! THEN 
ADJUSTED TO VEAR 1000 BY FACTOR OF 24S 

4 ASSUMES INVESTMI'NT COST Of 52 70PER SQUARe FOOT !l970 DOLLARS! fOR SOLAR CELL ARRAV, 4" .. EFFICIENCV,.S LIGHT CONCENTRATION, 

5FUEL (;OSTS eASEO UPON FPC HI68 DATA, ADJUSTED TO 1970 BY FACTOR OF 107, AND ADJUSTED TO YEAR 2000 TO 2020 USINGS(;ENAAIO PLANT 
EFFICIENCV IS ASSUMED TO Be eaUAl TO 10.2 M BTUIP,fflH 

20 YR PAODUCTION 16! 181601 120) il) " If» 11OMWH .• 1072.1 M8TU 

COAL 0" GAS 

FPC 1968 25.S; IMBTU 32.8 1&. I 
1870 27;) J5 I 26.9 
1915 317S "I 619 
196& 41.0 63.1 673 
1000 5046 80.1 60.7 

~FUEl COST FOR NUCLEAR. IN 197000LLARS, IS ASSUMED TO BE CONSTANT OVER TIME 

'BASED ON FIXED CHARGE RATE GIVEN IN FPC 11·19·6) 

COAL, OIL. AND GAS 142"110 PER YEAR 
HYDRO·ELECTRIC· 9 7"!oPER YEAR 
NUCLEAR· 14.7""II£R VEAR 
NUCLEAR FuEL 11.4'l1. Pf;R VEAR 

OOM COST RATES BASEO UPON FPC DATA. 1 E. S3.00PER KW. ADMINISTRATIYE "NO GENERAL ExPENSES S 7SIKW. ANDWOAI(ING CAPITAL 
S3 4 ... , IIO,~IIIN'JESTM':NTlI20! •. 069IiN\lESTMENTI 

COST OF CAPITAL 
'OF INVESTMENT NEEDED PER WOAI(ING CAPITAL 

8ASSUMED LIFE Of' NUCLEAR FUEL 5 VEARS 

98ASED ON FIXI'O CHARGE RATE OF 9 "'" PER YEAR II E SAME AS HYDROELECTRIC, SEE ABOVEI 

Fig. 6 
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SESSION III. SYSTEMS AND DIAGNOSTICS - WATSON AND BOSS 

SOLAR THERMAL CONVERSION MISSION ANALYSIS 

Presentation Summary 

M. Watson and P. Boss 

Aerospace Corporation 

EI Segundo, California 90274 

The Civil Programs Division of The Aerospace Corporation is under contract with the National Science Foundation 

to conduct a Mission Analysis of Solar Thermal Conversion Systems. Although the subject of this study is solar 

thermal conversion, many of the issues and study results will be pertinent to photovoltaic conversion, which is the 

subject of this workshop. At this time, we are approximately three weeks away from being able to draw a significant 

number of conclusions. Therefore, I will review for you the objectives and scope of our study, briefly describe part 

of the methodology which will indicate what Is meant by a mission and, finally, discuss one of the results that may 

be of particular interest to photovoltaic system designers. 

Figure I indicates the objective and scope of our study. First, we are to formulate a methodology to examine solar 

thermal conversion missions and, second, to apply this methodology to Southern Califomia for the time period 

1980 to 2000. By missions, we are referring to a1temative applications or families of applications. For example, 

a solar thermal conversion system might provide electrical service, or, it might provide combined electrical and 

thermal service. The solar power system might be a large remote central station powerplant or a smaller municipal. 

sized plant closer to the load center. It might be sized to serve a community such as is typically served by a sub· 

station, or, the solar power system might be placed at individual load centers, such as houses or shopping centers. 

We expect the results of this analysis to provide a basis for selecting the preferred missions and systems for solar 

thermal conversion, and establish technical and economic bounds for systems, subsystems, and components. 

Finaliy, we plan to detemtine the market capture potential for solar thermal conversion within the preferred 

missions, and estimate the impact on our national resources. 

Figure 2 illustrates several issues and the methodology of the mission analysis. Frequently In a "systems" 

examination of solar power the effort has involved balancing the incoming insolation energy with the load. 

Much of the effort is directed at selecting the proper subsystems such as the collectors and storage subsystem. In 

some cases, it is very difficult to balance the insolation and loads, and energy is drawn from conventional power 

sources to make up any differences. 

Figure 3 illustrates one of the results of the mission analysis study that may be of particular interest to photovoltaic 

system designers. This slide shows the map of Southem California, bounded by the Pacific Ocean, the Mexican 

border, the Colorado River, the Nevada state line, and on the north by the boundary of the Southem California 

Edison service area. Within this region are shown eight different climatological subregions as identified by the 

Weather Bureau. In our study, we have collected all available data on fue solar insolation in these subregions and 

for Albuquerque, New Mexico, to prepare models for use in system design studies. This data is recorded on 

magnetic tape and speCifies, for each hour of a two-year period, a complete set of insolation and weather data. It is 

planned to use one or more of these !IIodels as a reference standard in the solar thermal conversion part of the NSF 

program. These tapes may be made available to photovoltaic system designers through NSF to facilitate compari. 

sons between systems. 

In addition to the eight climatological subregions in Southem California, we have also prepared a tape for 

Albuquerque, New Mexico. In many instances there were no merumrements in the subregions of some of the 

quantities of interest to solar thermal system designers. For example, there were no measurements of the direct or 

unseattered insolation. Where this situation was found to exist, we have estimated the appropriate values. These 
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SESSION III. SYSTEMS AND DIAGNOSTICS - WATSON AND BOSS 

estimates are based upon regression analyses of meaSurements at other locations such as at Albuquerque. In some 
regions only weather data is available, and all insolation values must be estimated. Wherever a value has been 
estimated, this is indicated on the magnetic tape. 

Figure 4 summarizes the type of data stored on the tape of each model. Hourly data, including total and direct 
insolation, are given for at least one year and. in most cases l for two years. The location of the subregion station 
and the position of the sun are specified. Temperature and other weather parameters are included where available. 
All of this data has been compiled in a single fonnal. Should you wish to use this data as part of an NSF contract 
or grant, arrangements should be made through your NSF program monitor. 

In the mission analysis, the emphasis is not a single system but on the multitude of "nits in a regional power system 
which might include several ,olar plants as well as a large number of conventional plants. The study is concerned 
with the interaction of these systems, particularly the constraints that might be imposed upon the solar plant by the 
conventional piants. 

An example of such an interaction is derived from the reliability requirements imposed by all major IlIility systems. 
Besides the repetitive daily and seasonal variations in the insolation, there are also periods of poor weather with 
little or no insolation. This situation can t conSidered ru. the equivalent of a forced outage for a conventional plant 
and can be compensated for in solar plants by providing a large energy storage subsystem. Unfortunately, energy 
storage is costly and may be impractical in some situations. In this case, the forced outage rate of Ihe solar plant 
mlght be larger than for a similar conventional plant. The utility would then have to increase the generating capacity 
margin to provide the same degree of reliability. Margin is the excess of the generating capacity over the peak 
demand. The ability of a solar plant to displace a conventional plant while maintaining equal reliability for the 
total utility system is what we have called "capacity displacement." 

Once a utility has built a solar plant, it is reasonable that it would be operated whenever possible. This is because 
the fuel is essentially free, and the solar plant would probably have the minimum incremental or marginal cost. 
This will result in a saving of the conventional plant fuels and is what we have called "energy displacement." 

If the capacity displacement of a sol.r plant is found to be too low due to weather outages, it is possible that two 
or more plants, placed at different sites and of equivalent total Size, would be preferred. This result depends on 
the statistical independence of insolation outages at the solar plant sites. 

Another correlation of interest is that between the insolation and the demand. If there is a correlation between 
periods of poor insolation and reduced demand, as is the case in California in the winter, then the insolation 
reductions would be less important. 

Discussion 

(Not recorded) 
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SESSION ill. SYSTEMS AND DIAGNOSTICS - WATSON AND DOSS 

FORMULAT: A MEtHOOOLOGY TO ~VALUATE ALTERNATIVE SOLAR THERMAL 
CONVERSION MISSIONS/ SYSTEMS 

~SSESS THE POTENTIAL ROLE OR MISSION OF SOLAR THERMAL CONVERSION SYSTEMS ANO 
10ENTIFY THOSE MISSIONS OF GREATEST POtENTIAL 

• TYPES OF ENERGY 
• EL ECTRIC SERVICE ONL Y 
• COMBINED ELECTRICAL AND THERMAL ENERGY SERVICE 

• FUNCTIONAL REOIJlREMENTS 

• CENTRAL STATION 
• MUNICIPAL POWER PLANT 
• COMMUNITY POWER PLANT Isubstatianl 
• INDIVIDUAL LOAD CENTER SYSTEM 

Study Objectives 
and Scope 

• GEOGRAPHIC AREA : SOUTHERN CALIFORNIA 

• TIME PERIOO: 1980 - 2000 

PROVIOE A BASIS FOR SELECTION OF PREFERREO MISSIONISI fOR SOLAR THERMAL 
CONVERSION SYSTEMS 

ESTABLISH TECHNICAL AND ECONOMIC BOUNDS FOR SYSTEM, SUBSYStEM, AND COMPONENT 
DESIGN AND PERFORMANCE REOUIREMENTS WHICH ARE TO BE ASSOCIAtED WITH 
THE PREFERRED MISSIONISI 

DEtERMINE THE MARKEt CAPTURE POtENTIAL AND IMPACT ON RESOURCES FOR THE 
PREFERRED SOLAR THERMAL CONVERSION MISSION lsi 

Fig. I 

Mission Methodology SOLAR ASSISTED CONVENTIONAL POWER GRID 
AGGREGATE DEMAND 
ITatal Region - hourl y) 

• CAPACITY DISPLACEMENT 
• ENERGY DISPLACEMENT 

INSOLATION DATA 
IRegian A, hour ly) 

, 

CLOUD COVER 
(stat istical 
corre lation) 

MARGIN - ~ ". ,..,... -=- ~EOUIREMENT 
CONVERTIONAL'--~fi- WEATHER 

POWER r INOUCED 
- LOAD 

JAN DEC BASE L OAD 

SOLAR PLANT · REGION A 

CONVERSION H---I 

STORAGE II--- ..... t 
SOLAR PLANT . REGION B 

COLLECTOR 

STORAG E 

Fig. 2 
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Fig. 3 

WiUlD o COUT 

o INTEIl j,jlO'UE VALLEYS 

o MOl NTAIN U:£U 

o IH Tt: ;t!OR a OUEIIT RECl 0N5 

" ... 

rn A. ~PPEA INT[IIIOIit V.l.lL£n. 

E,.EWATlQN • 2IXlO h • 4500 It 

~ 8 . I.OWU IHTEltIOll VAllEn. 

~ ELEVATIONS alLOW 5IXI It 

Southern California 
Weather Regions 

Insolation Data Base Characteristics 

• HOURLY 

• SEPARATE TOTAL AND DIRECT INSOLATION 

• 1 YEAR MINIMUM COVERAGE 

• REPRESENTATIVE OF MAJOR SOUTHERN 
CALIFORNIA REGIONS 

• TEMPERATURE AND OTHER SURFACE 
WEATHER INFORMATION 

• UNIFORM FORMAT - BASED ON DECK 280 

Fig. 4 
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SESSION III. SYSTEMS AND DIAGNOSTICS - WOLF 

PHOTOVOL TAlC SYSTEM MODEL FOR TERRESTRIAL APPLICATIONS 

Presentation Summary 

M. Wolf 
University of Pennsylvania 

Philadelphia, Pennsylvania 19104 

Predesign studies and design tasks for photovoltaic systems or subsystems for terrestrial solar energy applications 
require a considerable degree of sophistication, if they are to yield anything but rough estimates. These design 
tasks differ from similar ones which have been carried out for space power systems, since: 

(1) The loads are uncontrolled and, at best, a statistical sum. 

(2) The input intensity and the spectral distribution vary randomly. 

(3) The input radiation contains both collimated and scatter components. 

(4) Array temperature is determined by the ambient air temperature rather than a radiation balance. 

(5) Solar cell spectral response varies with temperature, and, since the incident spectral distribution varies, 
a simple temperature correction on light-generated current is no longer feasible. 

Based on these requirements, a complete computer simulation of the photovoltaic system has been developed. Only 
a few of the system's key features can be listed here: 

(1) The program is structured in subprograms on a subsystem and component basis to provide maximum 
adaptability (Figs. 1 to 3). 

(2) As far as practical, the simulation is based on a full description of established underlying phenomena. 
This includes atmospheric modification of the solar spectral distribution, the spectral response and 
the current-voltage characte ristic of solar cells, characteristic of storage batteries, etc. 

(3) Summary experience factors such as the "packing factor" for solar cells on the array, the "assembly 
loss" factor (array output relative to sum of individual cell outputs), etc., are included. 

(4) All potential design variables are available as input variables. 

(5) Various operating modes are provided, such as resistive loads, constant voltage operation such as with 
battery buffer, or maximum power point tracking. 

(6) The system can be operated as single runs or for simulated continuous operation over extended time 
periods at selectable intervals as short as 10 min, USing the load and solar input data provided for each 
time interval. 

(7) The system can operate off available Weather Bureau tapes with hourly insolation data. 

(8) For a given array area, design voltage, and minimum acceptable cell voltage, the numbers of cells to be 
series connected and parallel connected in the array arc determined. 

(9) Outputs of energy used, energy delivered by solar array and by auxiliary supply, change in battery 
storage and total charge stored are provided for each time interval and as daily totals; most intermediate 
results are available on special command. 

(10) Outputs can be tabulated and plotted. 
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SESSION III. SYSTEMS J\ND t)lt\ONOSTICS " WOLF 

The system was first designed for the evaluation of the characteristics of residential photovoltaic systems. Figure 4 

shows a computcr plot of tl :!.day run, using recorded power load d:I\!\ from a suburban residence with 2 unit air 

conditione rs and above avefllse power consumption. The 2 days were a Saturday :lIld Sunday at the beginning of a 

scquence of ext remely hot SlIl\\mer d:IYs in a recent year. Since hourly insoilition data are not available for the 

p:lrticular dates, 2 days of recorded W!Jather Bureau data from a wetlthefwise similar sequence of days from 

Washington, I).C'. (June:! 1·22, 1<)57) were picked for the insolation ami air tcmpemtufe data. The horizontally 

mounted array of 40·m2 area :\1\0 the stomge battery (lead acid) of 30·kWh c:lpacity with 50 percent depth of 

discharge lmalyzed in the (\:1\:1 of r:lg. 4 arc capable of supplying approxim:ltely 50 percent of the particularly large 

IOlld (about twice llVerngc) on these particular d:JYs. 

l~or:I comparlltive study, carried oul by {mother group, of the potential benefits of the use of photovoltaic arrays 

to supply peak power in II typical utility system of 5000 MW capacity, but equipped with load leveling b.atteries 

of a new type, II slightly modified sl:broutinc STORE was prepared. III this system, battery charging is limited by 

inverter capacity, and the priorities for load alloclltion were to follow increasing generation costs in the sequence: 

photovoltaic solar !Jrrny, base generating clIpacity, battery, gas turbine. A run of the pfogram for the same 2 days as, 

used for Fig. 4, using actual utility load dlltn, provided the required data for the study (Fig. 5). The systems per

formance data required for this analysis could not have been obtained without availability of the program. 

Input data used in photovoltaic systems analysis arc given in Table I. 

Discussion 

Why do you simulate the thermal loads rather than doing an actuall!xpenment? 

People in the construction industry feel that they have to run a simulation of the building which they intend 

to build for a whole year or two with actual Weather Bureau data in order to really evaluate how the building 

will perform. I feel that one should be able to select certain sequences of days to follow the performance of 

the systems through in an analytical way like this where you want, for different seasons, for instance, to 

dictate which are close to an average or to the extremes in both ways. You then select from the available data 

for tht: various climate regions certain day sequences which you want to evaluate. Once yeu have a program, 

it's a relatively simple thing to run it. Probably it is a lot less costly than an experimental program. 

I would like to call your attention to a computer program developed by the National Bureau of Standards. 

We have it. 

You have it? 

That's the thermal load of the building. 

To what extent is your program available for various simulations? 

I think we would be very willing to help you in analyzing systems problems. We don'\ihave all of the software 

written up or instructions, and so on, and we are also continuously improving and exp!lIlding on it. But just 

as we are helping Philadelphia Electric Company with it, as I have just mentioned, we i>.h,very willing to help 

others in doing analysis, also. 
.' , 

We also are running systems simulations aild to us Saturdays and Sundays are the low'~st·load days of the 

week; Mondays through Fridays are the days to look lit. Why did you pick Saturdayltnd Sunday? 
., . . 

I think they were picked by Philadelphia Electric. Saturday is reasonably a high-load day and Sunday is a low-

load day and we really didn't use all of the base·load capacity. 

Have you included a day of no sunshine? 

No, this study had just 2 days in which we presented a very high summer peak load in PhiladelphiJ: but we can 

pick any other days and we have for other evalun,tions. For Philadelphia, we don't have any Weather i!ureau 

data available which contains insolation, so we use Washington, D.C., Weather Bweau data and pick sequell('.es 

of days which seem similar to days at some other time in Philadelphia where we have little data available. 
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(': I think I should say something here. We tried to do the very same thing and tried to get a correlation with 
the data which we could get from Greater Wilmington Airport, which isn't so far away from the position of 
Solar One, and at times we got almost anti-coincidence. It is a matter of micro-climate venus macro-climate, 
and I think that is a very good point for the actual position where you have your house. 

A: It is rather unsatisfactory to work with presently available datil. One hopes that in future yean, we will have 
da.a which are (I) available for many more localities and (2) really representative of spectral distributions that 
we are dealing with, such as percent water. dust content. and so on. 

Subsystem 

Solar array 

RegulatoH 

Battery 

AuxiUary system 

Atmospheric 

absorption 

T·d.1 l • I. Input Data Used in Photovoltaic Systems Analysis 

System 
Quantity 

Residential Utili.y 

Area 40 tI X 105 

Packing factor 0.9 0.9 

Assembly 10M 0.06 0.06 

Design voltage 130 1050 

Min. !.-ell voltage 0.40 0.40 

BU!i voltage 120 1000 
Efficiency: 

Bus regulator 0.9 0.93 

CharJC regulator 0.95 0.93 

Discharge regulator 0.85 0.93 

Capacity 30 42 X lOS 

EMF .10 653 

Polarization 10 57 

Charp padient 1.27 397 

Intl'mal resi~tance 0.1 5.68 X 1005 

Depth of discharge 0.25 0.02 

Mu.. charge 0.9 1.0 

Nigh' ch_ .top 0.5 1.0 

83se ,cneration N.A. 39 X 105 

Gas turbine capacity N.A. 5 X 105 

Inverter ratinl: 
Charpnl N.A. 6.105 

Discharpn, N.A. 3.5 X t05 

Night nle .tart Cont. N.A. 

Niaht fate end Cont. N.A. 

Chaqe a, hepnnlnl 8 0.7 X 10' 

urrun 
Dote 20.6.1957 20.6.1951 

Number of days 2 2 

Atm. pressure 760 160 
Ozone 2.5 2.5 

Dust 300 300 
Preclp. water (ompUle computr 

v 
V 

V 

Unit 

kWh 
V 
V 

V 
n 
• 
• 
• 

kW 
kW 
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Table I (contd) 

Sy.tem 

QllllDtily 
Residential Utility 

w.velenJlb : 
Min 300 300 

M .. 1100 1100 

In ...... 50 50 

Latitude 40 40 

Till 0 40 

Rotation 0 0 

Starl 0.0 0.0 

Interval 60 60 

Thickness 300 300 

Juned ... depth 0.4 0.4 

Mobility: 
Ba .. 1250 1250 

iliff ... pOll 40 40 

Curier cone: - 1015 lOiS 

Dlff. repOll 1019 1019 

SUrflCie recomb: 
Ba .. 108 loll 

Dlff. "P'"' 0.1 0.1 

Minorlly ean\eo: 

Ufetlmo - 10 10 

Dlff. rep ... 4 4 

DrIft neld. None None 

Wlbt •• posed .... 1.0 1.0 

Junction .... 1.0 1.0 

Series. resistance O.S O.S 

Unit 

nm 
om 

nm 

oN 
Os 

h 
min 

"'" lAm 

em1V-1,·1 

em2V-1,-' 

el1l"3 
em-3 

em!"l 
ems·1 

lAs 

IA' 

cm2 

cm2 
n 

ti. a-.ia '* t • • "(I; n-b •• , I 
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Subprogram 
CALHOR 

Sot., 
O,cllnat'n 1--+_--< 
Tropical n 
Unl""'I' 

Tim. Subprogram 
SOLANO 

c>----~ Indlrlct 
In.olation 

Di'lct 
Horl:rontal 
Innlatlon 

Alrma,. 

DIr.ct 
Normal 

lnlolatlon 

------------
Subprogram 
ABSATM 

Subprogram 
IHORAD 

G 
Fig. 2 
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Presentation Summary 
Introduction 

SATELLITE SOLAR POWER STATION ISSPS) 
POWER SYSTEM INTEGRATION 

H. S. Siegel and P. Henton 
Grumman Aerospace Corporation 

Bethpage. New York 11714 

The basic concept of the Satellite Solar Power Station (SSPS) is to collect and convert (at synchronous orbit) solar energy into microwave energy for transmission to the earth. as shown in Fig. I. The solar energy is converted via silicon photovoltaic collection devices into high·voltage de required for the operation of the microwave amplitrons. The all·weather microwave power beamed to the earth is rectified and converted back to de power for terrestriai applications. A four·company study team of A. D. Little. Grumman. Raytheon. and Textron/Spectrolab has been investigating this concept for over two and a half years and has con tinually modified and improved the preliminary design of the SSPS. The present baseiine SSPS produces 8000 megawatts in orbit and SOOO megawatts on the earth. with the orbital platfonn measuring 11.73 X 4.33 km. 

The bareline configuration consists of two concentrator.type solar collectors with a single microwave transmitting antenna positioned between them. A support structure extending the full length of the vehicle provides bending and shear continuity. This configuration is shown in Fig. 2. 

Tile solar coliectors each have 10 longitudinal corrugations or troughs extending the full length of the collector. Each trough consists of a 21o.m (690.ft) solar blanket, on either side of which is positioned a seiectively coated reflecting mirror angled at 60 deg to the olanket surface. The longitudinal elements of the vehicle support structure fonn the framework for the mirrors. while the lateral elements act as conductive busses for transfer of de power from the solar blankets to a central buss/mast. 

Bearings and brush-type slip rings at the collector edges nearest the antenna provide power transfer from the tlxed buss/mast to the rotating antenna mast. 

Interference with the microwave beam by the structure between the solar collector is minimized by fabricating this structure from a low loss dielectric material with the element shapes configured to reduce beam attenuation and scatter. 

Gene ... 

A key driver in designing this orbital platfonn is maximizing the power-ta-weight ratio. The solar array bus structure and mast represent approximately 30 percent of the total orbital weight. as shown in Fig. 3. and study emphasis has been put into this area. The requirements of a weight optimum power distribution system were detennined and were then integrated with the structural reqUirements and the thennalenvironment of the SSPS. 
A weight optimization analysis was perfonned to detennine the preferred operating voltage and transmission efficiency for the SSPS power distribution system. In addition. an assessment was made of the options for transferring power across the rotating joints between the solar collector assemblies and the antenna. 
The weight optimization analysis (summarized in Fig. 4) showed that operating voltages of about 60.80 kV provide the highest power-ta-weight ratios; however. a 4Q.kV system was selected for the baseline as being the upper limit of compatability with the microwave power generating system. 
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The power transmission efficiency analysis considered the weight implications both of the bus cross-section area 
needed to provide a given efficiency and the additional solar collector area needed to compensate for transmission 
losses. For a 5000 mw, 40-kV system, the peak power-to-weight ratio is achieved at a 90.5% efficient transmission 
system as depicted in Fig. 5. 

Figure 6 illustrates the relative motions of the solar arrays and microwave antenna needed to maintain their correct 
orientation toward the sun and the ground station. A flight mode with the X axis normal to the orbit plane requires 
that the antenna rotate 360 deg per day about the X axis to stay pointed at the ground station. The solar arrays must 
rotate once a year about the X axis to maintain sun pointing and, in addition, must "nod" through an angle of 
± 23-1/2 deg to compensate for the changing angle of the orbit plane with respect to the plane of the ecliptic. 

An assessment was made of the options for transferring power acrOss the rotating joints between the solar collectors 
and antenna as shown in Fig. 7. Principal characteristics of the problem are low rotational speeds and large amounts 
of power. In assessing the options, prime considerations were reliability, compatability with the environment, and 
lack of complexity. The straightforward approach of slip rings and brushes appeared to be most compatible with the 
requirements and was therefore selected for the baseline configuration. 

Figure 8 summarizes the power distribution characteristics for the baseline configuration. However, it should be 
noted that the 40-kV system voltage is not the most weight effective. Operating voltages in the 60- to 80-kV range 
offer power/weight ratio advantages and should be further examined. 

To keep orbital weight down, maximum use must be made of the power distribution system in designing the SSPS 
structural framework. To do this, however, we must reconcile the conflicting requirements of the power distribution 
system and the structure,: These requirements can be summarized as follows: 

The power distribution system needs: 

(1) A low resistivity material for the conductors. 

(2) A maximum ratio of surface to cross-sectional area of conductor material to keep the working 
temperature down and maintain high efficiencies. 

(3) A good view of space to ensure adequate heat dissipation. 

(4) Adequate spacing between busses to minimize electromagnetic effects between parallel currents. 

(5) Absence of gaseous contamination, which could promote arcing. 

The structural system needs: 

(1) Lightweight high-strength materials, 

(2) Ability to handle internal loads induced by tension pulls and warping of solar cell blankets, as well as 
the moments induced into the structure by external loads (i.e., attitude control thrusters). 

(3) Minimal thermal gradients across the structure. 

(4) Ability to be displayed or erected from a high-density delivery vehicle payload. 

A review of these conflicting requirements shows that the electrical requirements would seem to bar the use of some 
potentially good structural approaches. For example, the use of internal pressure to stabilize large compression 
members is unacceptable because of the danger ofleakage. Matetial selection is limited to the aluminum alloys 
because of the high resistivity of tbe lightweight alternatives (carbon or boron filament composites, fiberglass, etc). 
These factors, together with the heat-dissipation reqUirements for large surface areas and a good view of space, 
suggest that a structure of large-diameter, thin-wall aluminum tubing is desirable. In the baseline config~ration, 
6061 aluminum alloy was selected for the bus/structure as combining good structural properties with arielectrical 
conductivity approximately 70% that of pure aluminum. Figure 9 illustrates possible approaches to configuring the 
bus material into an acceptable structure and suggests the weight tradeoffs which must be performed. 
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The present baseline structural concept is illustrated in Fig. \0 and consists oflarge, triangular section compression 

struts built up, progressively, from small truss elements. Thermally, this concept is acceptable, as the open con· 

figuration virtually eliminates thermal gradients; it also has potential for packaging as a high·density delivery payload. 

Further study is needed to determine the efficiency of this type of multijoint structure when used as an element of 

the electrical power distribution system. 

Because of the electromagnetic forces which attract similar parallel currents, all the structural cross·sections shown 

in Fig. II are in a state of hoop compression. Where parallel opposite currents occur in the configuration, notably 

in the mast, their mutual repelling forces may be used to good advantage. Figure II shows that the net outward 

forces acting on the exterior ring of coaxial busses may be used to "hang" the nonstructural outer busses from the 

structural internal busses, the outer ring being constrained only bv nonconducting tension members. 

The preceding paragraphs outline those factors which must be considered in the development of an optimum struc· 

tural concept. The problem of resolving the conflicting power distribution thermal and structural reqUirements is 

extremely complex, and the analysis to date has served to identij)' the elenlents of the problem. 

The SSPS thermal environment is shown in Fig. 12. The eclipse periods are centered about both the vernal and 

autumnal equinox and reach a maximum time in shadow of 72 min. 

All elements of the solar collector structure, because of their open·work configuration, are essentially at the same 

steady.state temperature; thermal gradients across the structure are therefore minima\. However, when the SSPS 

enters the earth's shadow at the eclipse periods, very rapid thermal excursions occur due to the very thin material 

of the elements used to make up the major structural members. The curve shown in Fig. 13 represents a typical 

thermal excursion time·history for 0.025-<:m aluminum flat sheet, in transition from sunlight to eclipse in deep 

space. It can be seen that the temperature drop in the first 50 sec is about 1000(' assuming no thermal lag. The 

structural deflections associated with the spacecraft's transition from sunlight to shadow are shown at the right of 

the figure. One implication which can be drawn is the importance of not mix;ng materials with differing coefficients 

of expansion ifa warping type of distortion is to be avoided. A satisfactory method of assessing the loading and 

dynamic effects of these rapid dimensional fluctuations remains to be analyzed. 

One interesting concept to minimize the power distribution and structural support integration problem has been 

proposed by Spectrolab. By increasing the size of the silicon photovoltaic cells to where one current loop would 

transvers~ the solar array, 40 kV would be produced at one main horizontal collection bus. This approach is illus· 

trated in Fig. 14 and would substantially reduce the number of current·carrying structural elements. 

The electromagnetic field interaction between the SSPS and the earth was also considered. Fortunately, the effects 

of this interaction are small because of the direction of the current loops in the solar blankets as shown in Fig. IS. 

Each blanket segment has an associated magnetic field; however, each magnetic field is adjacent to a field of 

opposite polarity, resulting in the ne, magnetic field being extremely small. 

Summery and Conclusions 

A brief review of the SSPS concept has been presented outlining how the initial power distribution structural, 

and thermal environment requirements have been resolved into the present conceptual design. The SSPS electrical 

power distribution and structural support system contributes approXimately one·third of the total orbital weight. 

Maximizing the orbital power·to-weight ratio has been a driving consideration and improving this ratio (as well as 

the important cost per KW) can be achieved by: 

(I) Integrating the power distribution and structure systems. 

(2) Selecting maximum system voltage compatible with the microwave system. 

(3) Performing weight trade studies of system distribution efficiency versus oversized solar collectors. 
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The factors which must be considered in the development of an optimum structural concept were identified, and the considemtions leading to the selection of the triangular section compression strut network were reviewed. Additional study is required to determine the efficiency of this type of multi joint structure when used as an element of the ele~triral power distribution system. 

One approach to substantially reduce the number of current·carrying structural elements by utilizing large·size silicon cells has been proposed by Spectrolab. 

n,e thermal environment with its rapid temperature transients during the eclipse periods is a major problem area because: 

(I) Good electrical conductors (e.g., aluminum) are highly temper.ture·sensitive. 
(2) A structure configured for uniform temperoture distribution (baseline using compression struts) requires indirect (complex) ~urrent paths. 

Fmally, orbital assembly requiring multiple joints could lead to power distribution conduction problems. 
Recommendation. 

n,e problem of resolving the conflicting power distribution, thermal and structural requirements is extremely com· plex and the work, to date, has served to identify the elements of the problem. 
Further studies to improve the power·to.weight ratios (as well as costs) should include: 

(l) Development of a microwave system compatible with higher system voltage (~60 kV). 
(2) Development of orbital assembly techniques to minimize the structural joints. 
(3) Large·size silicon solar cells to minimize power distribution bus lengths. 
(4) Lighhveight. high·voltage insulation material. 

Discussion 
Q: What is the approximate power density in the microwave beam that falls on the earth and what is the approximate diameter? 

A: The diameter is approximately 14 km. and we had a power density in the latest unifornl beam, I think of close to 80 mW/cm2 at the center of the beam. The average over the beam Wa> between 30 and 40 mW/cm2. 
Q: And is there any hazard to a person who walks up to the beam area if the beam wobbles slightly off of the receiving array? 

A: Well, the beam cannot wander off. It automatically becomes incoherent if it goes off its target. So you get just complete scatter. You do not get a coherent beam. So you don;t have a problem. If somebody stands in the way of the thing, he is going to get very, very warm. An aircraft can fly through it though without any problem. I just want to say that the'e is a question as to what constitutes a safe level. I understand Russia and Poland and. I believe. Czechosl ,vakia have standards 1/1,000 smaller than our nominal limits. It's a gond question, 1 think. 

Q: I'm not sure I understand the coherence. As I remember your numbers t you said you have an antenna one kilometer in diameter. 

A: In orbit. On the ground your receiving antenna is 14 km in diameter. Once it starts to wander. the array itself just disintegrates, so to speak, on the ground. 

Q: Am I wrong to think of the microwave beam and the array as being analogous to a flashlight which may wobble around in the space that it illuminates? 

A: Not quite. 
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Doe" the return signal from the ground which is required to make the beam coherent do it? 

Yes. 

To which part of Russia are you going to direct this beam? 

Unfortunately, we have always talked about Arizona. 

In computing the entire industrial effort required to get this thing into space - the fuel, vehicles, etc. - what's 

the return time of power? 

It's on the order of a couple of months. 

I haven't seen your paper, but I think Spectrum in one of its recent issues had a summary of your work that 

gave some costs, numbers, etc. I hal'en't heard you say anything this afternoon about what this costs. 

That's right. 

My question is prompted by the fact that in Sunnyvale we arc a little curious about the source of your dollar 

values. 

Well. I can defer to A. D. Little on this because they always handle the cost factoring. 

We have just completed a stoldy for NASA Lewis. and the report is coming out very shortly. The main thing 

that we worked on was the space transportation system, and it wouldn't be apropos to this meeting as is the 

other work we presented. 

Structural data? 

Yes. 

What is the U. S. limit on microwave radiation? 

I believe its 10 j!. W/cm2. 

What kind "fsilicon sola,. cell cost can you tolerate? 

At one time we were using numbers on the order of $700 a kilowatt. Now we use the Stirn, Ling. Currin 

numbers. Our costs were something like 30 cents a watt, but by the time you put concentrators and 

everything else on, it runs about 70 cents a watt. 
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Fig. I. SSPS Characteristics 
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Fig. 15. Electro-Magnetic Field Interaction 

149 

CURR~JI' 
LO;;P 

MAGNETIC FIELD 
~ ---

EARTH -u 
--- ~ 

"" \ 
J 

/ 

1 

1 

I 
1 
1 

1 
I 
~ . 
i . , 
i 

~l 
j 

1 

I 



I 

I 
! , 

Presentation Summary 

SESSION III. SYSTEMS AND DIAGNOSTICS - FORESTIERI 

PHOTOVOl TAlC TERRESTRiAL APPliCATiONS 

A. F. Forestieri 
NASA-lewis Research Center 

Cleveland, Ohio 44145 

The NASA lewis Research Center has been involve .~ :n photovoltaic research and development work since 1961. 
The work was directed to space applications and primarily involved thin·fiIm CdS-CU2S solar cells. In 1971 the 
effort was directed exclusively to silicon solar arrays with the objective of increasing efficiency and lowering cost. 
Since the space market for solar cells has been relatively limited, manufacturers have had no incentive to seek lower 
cell cost through approaches such as prod'lction automation. We felt that significant cost reductions could be 
realized only if solar cell applications, in particular terrestrial, were greatly expanded. Our efforts to identify and to 
aid in the development of terrestrial applications of solar cell systems are displayed in Table I. The firs t task shown 
includes a demonstrotion solar cell powered weather station installed last year at the Cleveland Coast Guard Station 
on Lake Erie. Anothe, oroject is the design, fab,ation, and installat'on of solar cell arrays to power Remote 
Atmospheric Monitoring Observation Stations (RAMOS) for use by NOAA. One solar powered system has just 
been installed in Sterling, VIrginia. Others will be set up next month at Mammoth Mountain, California and next 
year somewhere in Alaska. 

The objective of the second tas:, is to search out, list, and evah .. ate terrestrial applications of solar cells that could 
be marketed during the next 5 years. Finally, designs are to be provided for two SUch applications. The final report 
on this contra", should be distributed within the next 60 days. 

In the last two programs, contracts have recently been awarded to define the necessary technology, production 
approaches, and costs for producing low-cost silicon cells and arrays for large.scale generation of electric power to 
meet national needs 30 to 50 years hence. 

Table II is a partial list of photovoltaic terrestrial applications in use or in the planning stage. A brief description 
of each area is included in the tabie. It is worth noting that even at today's prices of $25 to $50 per watt, photo
voltalcs systems are in some demand. Results of the present studies indicate that within the nellt five years the 
price of solar cells should be reduced to $5 per watt. Many applications that are now in the feasibility demonstra
tion phases and others, as yet unrecognized, will then become cost competitive with more conventional power 
generation systems. 

Applications for solar cell power systems are growing. We are yet several decades removed from the large·scale 
generation of electricity from s(";;; ~'rays. However, as we move toward that possibility we will uncover, to our 
benefit, many smaller, but q":le significant, uses for photovoltaic power. 

Discussion 

Q: What are the YallS and costs? 

A: One of these submodule, puts out about one watt and costs about $40.00 a watt. That includes solar cells, 
which we were able to purchase at about $15.00 a watt and also the labor that we used in the laboratory. 
The labor certainly wasn't optimized. 

Q: Can you elaborate on the FEP coa ting? 
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FEP is Iluorinated ethylene pmpylene. TI,ere arc two 5·nltl films of FEP above the interconnected solar 

cells. The cells in this case are inlerconnected hy weluing lpara\lel-gap welding), and the films are heat and 

pressure laminated 10 the cens. 

What are the dimensions of that module? 

TItree cells by eight cells. Each cell is 2 em by 2 em to give a rough idea. I don't know the exact dimensions. 

How many days llrenergy slorage dllYou need in the (,Ieveland area Ihrough the winter monlhs? 

loIS! I uon'l knllw how much. 

You haven'l g<Xle through Ihe winler yel? 

No. We have some systems on our roof with balteries and so on. We Ihink we need about a minimum of 

len days' stmage to operale without the array. We generally PUI in more slmage Ihan that, because after 

len days there may nol be full sunshine to charge the arr.y, 

Q: 0<, you plan III lake perfonnance dala on the ar,ay while it is getting Ihe wealher information? 

A: Yes, incluuing insolation uala if we can, power outpul, and St' on. 

Q: Is Ihere degradation dala on Ihe FEr. 

A: Well we have had 'ome FEP up <Xl the roof· a module like Ihis .- for Iwo yealS I believe. We see nothing -

no effect on it at all. DuP<Xlt slates Ihat Ihey have had FEP in Florida sunshine fm seven yealS wilh no 

noticeable degradation. 

Q: Do these surfaces need any kind of cleaning mainlenance in a suburban or urban area? 

A: No, we have a pretty dirly rooftop and we have done nothing to Ihe arrays al all. The FEP lellon is, pretty 

slippery surface, and Ihe arrays Slay fairly clean. We have also used plexiglass-covered arrays on the roof. 

Surprisingly, Ihey alSll stayed relatively clean. 

Q: Is it hetter than glass? 

A: It appealS Ihat way, yes. 'inc modules are mounled at about a 4S· angle, so that makes a difference, too. 

Q: lbon you did not lind any degradation of Ihe entire module, including the silicon cells? 

A: thaI's right. 

Q: How are they mounled 10 Ihe aluminum subslrate? 

A: The FEP is used as the adhesive also, and the same FEP is all heal laminated in <Xle package. 
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Table I. NASA·LeRC Photovoltaic Terrestrial Programs 

OBJECTIVE 

Reduce costs of solar arrays 

APPROACH 

Develop very low cost cell and array fabrication methods. Encourage terrestrial market for 
arrays. 

PROGRAMS IN PROGRESS 

Solar Cell Powered Weather Station 

Terrestt:.l Applications of Solar Cell Powered Systems 

Low Cost Silicon Solar Cell Arrays 

Low Cost Silicon Solar Cell Arrays 

Table II. £'hotovoltaic Terrestrial Applications 

In·House 

Heliotek, S39K 

Spectrolab, $37K 

Centralab, 532K 

Communications Remote or portable microwave relays, telephone systems 
or telephone/radio repeaters 

Meteorology and Hydrology 

Marine Navigation Aids 

Offshore Platforms 

Environmental 

Highway Safety 

Forestry 

Weather monitoring and data gathering, automatic systems 
for flood warning, snow-level, seismic detectors 

Ughthouses, marker buoys 

Primary or emergency power 

Water quality sensors 

Emergency telephones 

Fire warning, tire control 
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SESSION III. SYSTEMS AND DIAGNOSTICS - GOLDSMITH 

EVALUATION OF SOLAR CELL COST PREDICTDONS 

Presentation Summary 

P. Goldsmith 
TRW Systems 

Redondo Beach, California 90278 

The purpose of this paper is to examine the 'Jasibility of the initial goal of the National Science Foundation 
photovoltaic conversion program, i.e., to reduce solar cell production costs by a factor of 10 from the present cost 
of approximately $50 per watt. Also reviewed is the relationship between present costs and the long-term goal of 
$0.50 per watt required to insure that photovoltaics become a competitive alternative energy source. 

The major source of information for this paper is the paper, "Feasibility of Low Cost Silicon Solar Cells," by 
Currin, ling, Ralph, Smith, and Stirn, which was presented at the 1972 Photovoltaics Specialists Conference. In 
addition, other data from the space program is used along with new developments which have occurred since 1972. 

Table I represents cost summaries in dollars per watt obtained from the SOUrces noted above. Column 2 represents 
1972 production costs based on conventional production processes. The significant factor is the large cost variation 
between solar cell blanks and completed solar cells. This discrepancy will be discussed later as it directly affects the 
capability for meeting the short-term photovoltaic program goals. 

Column 3 in the table indicates the potentlal cost impact "f the new, higher efficiency violet solar cells. Costs are 
predicated on a projected 20 percent AMI effiCiency. These figures assume that the solar cell production costs do 
not increase significantly as a result of more complex processing requirements. 

Column 4 represents an estimate of future minimum costs based on extensions of present technology (including 
violet cells) and assuming high rate production. Close to an order of magnitude improvement in cell blank costs is 
indicated as compared to 1972 technology. However, if there were not a comparable improvement in completed 
solar cell costs, the overall cost effect would be negligible. 

Column 5 represents cost data which certain cell manufacturers have indicated is possible within the next few years. 
Based on the cost data previously described, it can be seen that either a significant cost reduction in solar cell 
production costs is anticipated, or the use of solar array concentration is being plarmed. 

Column 6 indicates projected costs based on continuous silicon ribbon growth techniques. It is evident that 
advanced processing technology of this sort is required to approach the overall long-term system requirement of 
$0.50 per watt. 

In summary, the critical problem area related to the short-term cost goal of $5.00 per watt for solar cells is the 
large cost factor associated with the processing of ~olar cell blanks to completed solar cells. The following factors 
have been identified as reasoos for the relatively high cost for solar cells: 

(I) Nonstandard specification requirements. 

(2) Rigid space quality control and cosmetic requirements. 

(3) Complex and nonautomated production processes. 

(4) Low and varying production requirements. 

It is difficult to assume that any changes can be made with respect to factor (4) in the near future. The imposition 
of standardization and the relaxation of quality and cosmetic requirements, as covered by factors (I) and (2) may 
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result in some cost savings due to reduced scrap rates. However, past estimates from ceU vendors have indicated 
that cost savings in the order of only \0 percent· IS percent could be expected from these factors. 

It is clear that factor (3) is most critical with respect to potential cost benefits. It is doubtful that significant cost 
reductions can be made in the near future unless production processes could be simplified as a function of reduced 
efficiency, quality requirements, and cell geometry designed to reduce scrap rates. 

It thus appears that simplifications will be required in the processes used in converting solar ceU blanks to completed 
solar cells and/or the use of concentration schemes wiU be required to reduce present day solar ceU costs by an order 
of magnitude in the near future. 

Discussion 

C: The numbers you have given from the paper by Currin, et aI., assumed a process where you get essenliaUy 90 
to 100 percent conve:slon from the poly to single crystal. 

A: Thank you. 

Q: How do you get that 20 doUars a wall for a space·type ceU? 

A: That corresponds to like $4.00 for a 2· by 2-cm cell. 

C: It should be higher than that. You haven't paid $4.00 for a two by Iwo for over two and one balfyean. 

C: One thing is that you buy your solar cells with a 43·page Specification. It seems to gel about two paJeI 
longer each year. You buy them made to your customs and specifications; so I think that there are (100II 
reasons why It is so expensive. 

A: The only comment I have to make about that is not really in rebullal but that in olher meetings when we hIVe 
had discussions about how much would it save in space programs to reduce the spec, the numbers B heard 
were something like ten or fifteen percent. The numbers were not that significant, if you cUI back on the 
spec and accept blemishes, things of this sort. 

C: The cost of being in business to bund those ceUs for you when you want them Is a certain fixed cost of 
business. I think that's the problem. 

A: I realize this. 

Q: In a nutsheU, what are the implications of the figures that you have provided? 

A: I'm not sure that they have any implications other than that I'd like to buy a $5.00 a wall ceU, and I am 
going to try to do that in a short period of time. Then I'm going to question the reason why we specify to 
such a degree so as to make us pay $40 a wall for a space ceU. That could be an Implication. The other 
implication I wanted to make Is that now there are lots of numbers about doUars per wall, and you have got 
to make sure that we're talking abou.! a cell that was made for you, as opposed to a cell that isn't worth 
anything because it was rejected by some other customer. 

C: I don't think you have ever bought a 2lJ.square-centimeter ceU for your spacecraft. 

A: That Is right. 

C: There's a large difference in cost. As was pointed out earlier, not only Is solar cell technology a moving target, 
but so Is crystal growing. 
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Table I. Cost Estimates and Projections 

DoDars per Peak Watt 

TYpe CeDa 1972 Violet Minimum Terrestrial EFG 
Technology CeDa Cosu CeDa CeDa 

Requirement 

PulyclYstalUne SUlcon 0.35 0.18 0.10 

SinJIeoCIY,talUne SUlcen 0.80 0.40 0.18 

Solar Ceo BIaDkI 3.20 1.60 0.40 0.25 

CooapIote4 Solar CellI 60.00. 80.00 40.00 5.00 0.37 

Solar AmY. 120.000160.00 80.00 10.00 

Solar Ibwr Syotems 20.00 0.50 

all EI1IcIeacy I~ 20% 20% 10% 

a111bk:Im .. , 10 mils 10 mils 10 mils 4 mils 
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SOLAR ENERGY PROGRAM AT UNIVERSITY OF OELAWARE-K. W. Boor 

ELECTRIC powe R GENE RATION THROUGH TH I NFl LIVi PHOTOVOL T AI C CELLS
T. P. Brody and F. At. Shirland 
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SOLAR ENERGY PROGRAM AT UNIVERSITY OF DELAWARE 

Presentation Summary 

K. W. BOer 
Institute of Energy Cor.version 

University of Delaware 
Newark, Delaware 19711 

(GI·34872) 

The program at the Institute of Energy Conversion at the University of Delaware embrace. research on both 
photovoltaic ceUs and systems. Diagnostic tools such as SEM, TEM, Auger spectroscopy, electron diffraction and 
Moire patterns have been used extensively to study the physical properties of the solar cell layers. Dr. I. Greenfield 
has already reported on some of the results of these studies. Here we report on some of the electrical characteristics 
of the ceUs. 

I-V curves for 3" X 3" CdS/Cu2S ceUs in both dark and light are shown in Fig. I. From these curves the series and 
shunt resistances are determined. Further analyses shown in Figs. 2, 3, and 4 enable us to obtain the diode 
characteristics of the junction. Fill factors of 70-76 percent are found and efficiencies up to 5.3 percent. 

Since one of the main goals of our research is to find a means of stabIlizing the ceUs and obtaining better reproduc
ibility, we are investigating how production changes affect the ceU parameters. The spacing and wid th of the grid 
lines have been varied to change both the series resistance and the short-circuit current. Fignre 5 shows I-V curves 
corresponding to 60 X 10 lines per inch (I pi), 10 X 10 Ipi, and 5 X 5 Ipi with grid thickness 0.00045 inches and 
width. 0.001 inches. The' gain in efficiency exceeds that which would be expected from simply having a greater 
active area. It may be that the contacts act as recombination centers. 

!.arge and smaD ceUs have been studied, the large ceUs had series resistance problems, while the small ceUs didn't. 
Using thicker wires relieved the series resistance problem. Cell efficiencies of4-5 percent with 7 X 7 Ipi are 
possible and much cheaper than the aevite cells, which had 60 X 10 I pi. 

Another process control investigation involves the sheet resistance of the CU2S layer (Ref. I). The sheet resistance 
of 3" X 3" ceUs is shown in Figs. 6 and 7. The uniformity of the sheet resistance of the fmished cell is determined 
by the cleaning procedure used on the copper substrate. The sheet resistance can also be used to study the basic 
properties of the ceU. Fignre 8 shows that the light-generated current is proportional to the square root of the 
sheet resistance,IL <X (p/t)I/2. One can derive such a relationship if one assumes that the thickness t of the layer 
is uniform and greater than the diffusion length Ln. One has 

IL <XGLn 

where G is the electron generation rate due to illumination. For Ln one has 

where T is the electron recombination lifetime and Dn the diffusion constant. Using tho relation 

I I 
T. - -0:-
n - a,VtllP P 
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where ur is the recombination cross-section, Vrll the thermal velocity, andp the hole concentration in the p-type 
layer. The resistivity P is given by 

For JJp constant, one has p <X I/p. We thus obtain the relation 

IL ex (p/r)I/2 

Solar cells have been deployed on the roof of the Institute and in solar panels on Solar One, the demonstration solar 
house at the University of Delaware. Ufe-testing studies over a period of 36 weeks under conditions in which the 
temperature at noon reached as high as 80·C indicate that in this highly degrading environment a lifetime of eight 
years for 50 percent degradation in power output. Accelerated life testing using 24 hr/day illumination at different 
temperatur~s and gas ambients yield an extrapolated lifetime of five years for a nitrogen ambient at 50·C. If this is 
corrected for the averago hours of sunlight that a deployed cell would experience in a terrestrial application, then a 
lifetime in excess of cO years can be expected. A further indication of longer lifetimes is that when the cells are 
left in darkness and at lower temperatures for several days, a marked recovery of output is observed on subsequent 
testing. The five-year lifetime at 50·C correlates (Ref. 2) well with the diffusion of copper in CdS. It may be that 
part of the degradation mechanism is related to diffusion of copper into CdS. 

The solar panels on the roof of Solar One are kept below ISO· F and are flushed with nitrogen gas. No degradation 
has been noted on the house panels. The heat from the roof of the house is used to charge a heat reservoir for 
thermal heating or cooling of the house. 

References 

I. Hadley, H., and Nelson, W., Preliminary CuxS Sheet Resistance on Thin-Film CuxS/CdS Solar Cel/s, NSF/ 
RANN/SE/GI34872/TR73/13. 

2. BOer, K. W., Freedman, N., Hadley, H., Nelson, W., Selcuk, K., Birchenall, C. E., Olson, J., and Partaln, L, 
Rat Plate Collectors with CdS Solar Cells and First Indications of Feasibility for 71/eir Large Scale Use, 
NSF/RANN/SE/G134872/TR73/1. 

Discussion 

Q: Can you tell me the resistivity of the layers? 

A: The resistivity of the copper sulphide layers? This varies over a wide range depending on how the layers 
are made. It Is quite sensitive to the stoichiometry. With slight variations of temperatures and the way these 
are made, the resistivity of the copper sulphide can vary easily over two or three orders of magnitude. 

Q: From where to where? 

A: That's a good question. I should look this up. 

Q: What about the cadmium sulphide? 

A: The cadmium sulphide? One ohm-centimeter. 

Q: What contact material did you use with the copper sulphide? 

A: Gold and copper, 
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Q: I know you have a unique system here that blows air over the backside. I am wondering if YOll have a chance 
to study any of the effects of when the air shuts off. For example, does that raise the temperature of the 
cell? 

A: Yes. While we have used air here for the specific reason of having a fail-safe situation, we don't necessarily 
want to say that the air is the best heat transport fiuld. But what we have are weight·assisted louvers in the 
basement and the top of the attic, so that we have a chimney effect. The backsides have fins so that we have 
accelerated cooling, and the maximum temperature which we have measured is 190°F. This is too high. We 
need some additional finning to stay below that temperature, but It is our intent to keep the cells cooled less 
than this. 

Q: 

A: 

Q: 

A: 

But in a normal house, you know, when you tum a fan "., and off and what happens is -

No, that is a s"parate fan. 

What activation energy could you derive from the life test versus temperature data, and how does that 
compare with the diffusion activation energy of copper? 

The activation energies are similar, but not identical. Now, to put a straight line through three points is, of 
course, dangerous, and you have seen a number of curves which go in all directions. [have used the steepest 
curve. Of course, the reason for this Is that the other curves which are not quite as steep were obtained by 
USing gases which contain a little oxygen (for instance, argon), so we thought that additional processes 
(photochemical processes) take piace. But the slopes are not identical. The numbers come out somewhat 
similar to each other, but I think we have to weigh the results much more carefully before we can make a 
definite statement. 

Q: Where does the action take place? In the copper sulphide or in the cadmium SUlphide? 

A: That's a matter of definition. We have two things. One is the spread of the quasi. Fermi levels, and we have the 
feeling that both cadmium sulphide and copper sulphide are involved there. The electrons, however, seem to 
come predominantly from the copper sulphide. That is, it is electrons that are transported and that are can· 
tributing to the actual short·circuit current, much less than holes. 

Q: What is the effect of moisture on these cells? 

A: Terrible! We have cadmium sulphide ceils on the roof oflhe Institute, but during the winter time, in 
January or February, we found condensation inside. So there must have been cracks through which humid 
air was admitted into the system. As a result of this, these curves dropped very rapidly as soon as humidity 
was involved. You have to realize that this is a series of 400 cells. The bottom eight cells were the r,,..t ones 
to degrade very rapidly, determining the slope of this curve. We have taken sume of these cells .part and 
found that not all cells degrade very rapidly. Some degrade very rapidly as soon as humidity is introduced. 
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ElEeTR~C POWER GENERATION THROUGH THIN FILM 
PHOTOVOl TADe CEllS 

T. P. Brody and F. A. Shirland 
Westinghouse Research Labora!ories 

Pittsburgh, Pennsylvania 15235 

Presentation Summary 

From an industrial view, the following questions arise: 

(I) What types of generaitng plants could be bunt and how would solar power be introdu,..,d into the field 
of power generation? 

(2) ,What are the anticipated costs of installation per kW and of operation per kWh? 

(3) How long would the development take, how much would it cost, and how would it be funded? 

Each of these questions will be considered in turn. 

Types of Plants 

Solar cells are probably unique in the field of power generation in that they are indefmitely divisible into smaller 
subunits. The solar panel operating a roadside emergency call box has the same structure and differs only in area 
from the solar array that would be used in a 100()'MW generating plant. 

Thus, a graduated penetration of solar power into practical applications is possible and probable, rather than an all 
or nothing approach. From gadgets to machinel)' to domestic power to industrial power - all the way to huge area 
generating plants feeding into a national grid - there is a n'ody·made gradation in size, power, and sYstem com
plexity. This feature is important. 

The lower""ost terrestrial thin film solar cells should flOd a ready market as components in portable and isolated 
location power supplies in the range of I to 1000 watts. Later it is possible they will be used in prefabricated solar 
roof panels for domestic power. An average suburban roof of 2000 ft2 could supply about 18 kW during maximum 
insolation, and with suitable storage systems provide in the range of SO to 100 kWh per day. This is significantly 
more than the usual consumption of the average house. 

Scaling up to vel)'-large-scale power generation is a mllior task in sYstems design and planning and will need many 
ingredients beyond the photovoltaic cell for its successful operatlon. As thel'! are increasing indications that 
suitable low""ost photovoltalc cells can be developed, it is probably time to give serious consideration to the other 
aspects oflarge-scale sYstems employing them. An area of 100 X 100 km, representing only 0.1 % of the total conti
nental U. S. area, could provide several times the present total electric power demand of the U. S., and hence fulfill 
the demand forecnst for the year 2000. A significant fraction of that is a realistic goal for solar cells. 

InsUlI,tlon Coats 

Possible manufacturing costs for thin rum solar ceDs have been discussed before, Our analysis confirms earlier 
estimates that the costs car be vel)' low indeed. 

Materials Costs 

The essential parts of the cell are: an n·type polycl)'stalline CdS film on a conductive substrate, with the upper 
surface of the CdS converted to p-type Cu2S; a semitransparent contacting electrode to collect and ~onduct the 
current from the CU2S; and a transparent Impermeable covering to protect the CU2S. 
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A CdS mm thickness of 5 microns maximum is a reasonable development goal and this can probably be achieved 
with a 50% utilization factor in deposition. Assuming CdS at a price of $9.00 per pound and a 9% conversion 
efficiency, this represents a CdS raw material cost of 0.4 cents per watt of generating capacity. 

A metal foil of less than 25 microns thickness could meet all the requirements for the conductive substrate. Electro
formed copper foil has given good results and is available commercially at about $2.50 per pound in thicknesses of 
18 mir.rons. Thinner material might be practical, and large quantity usage or loweroCOSt materials Uke aluminum 
might lower the cost appreciably. However, even this thickness of copper represents a b ,bstrate material cost of 
only 0.5 c..nts per watt. 

Copper metal for an evaporated or otherwise applied grid and for pOSitive leads would cost well below 0.1 cents per 
watt. All other miscellaneous raw materials used in the cell, including CuCI for forming the Cu2Slayer and zinc or 
tin for forming an ohmic contact between the CdS and the copper substrate, would represent about another 
0.1 cents per watt. 

The only other raw material needed is some form of silica or alumina for a top covering for the cell. This coating 
has yet to be developed, but it is thought that 25 microns of pyrex glass would be adequate and could be applied 
in a variety of ways. Pyrex glass in powdered form would cost less than 0.5 cents per watt. 

Thus, after suitable development and engineering, the total raw materials used in a mass produced CdS thin mm 
solar cell should cost no more than 1.6 cents per watt of generating capacity. They might cost apprecisbly less. 

Processing Cost 

The CdS thin fthn solar cell is a flexible structure composed of metal foil, evaporated layers and chemically formed 
layers. Because of the simple geometry, high.speed processing of wide rolls of cells can be readily visualized. Unear 
processing speeds of several feet per second should be achievable eventually. 

For estimating processing costs, the following assumptions are made: 

Reel width: 3 ft 
Production rate: I ftlsec 
2 shift operation 
Uptime: 80% 
Yield: 75% 
Capital cost: $2,000,000, written off over 5 years 
Labor: 10 orerators at $20/hr including ovarhead, 
Cell efficiency: 9% 

On these bases, production would average 6,000 square feet per hour, representing a generating capacity of 54 kW. 
The cost for capital would be $100 per hour and labor and overhead would be $200. Thus, the total processing 
cost would be $300 per 54 kW, or well under I cent per watt. 

Adding the 'material cost, the total solar cell cost is well under 3 cents per watt. This figure, however, is not directly 
comparable with the costs usually quoted for other forms of power generation, since the solar cell will only produce 
that power in ful\ sunlight. While it is true that a lot of heavy electricity consumption coincides with the dayUght 
hours, to get a good average 24-hour usage estimate and relate it to the availability of sunUght would requlre a 
separate study. For the present purposes we will arbitrarily assume that the "true" cost per watt of a general. 
pur~osesolar cell is of the oider of 10 cents. ' 

" 

While thase are orderoOf.magnltude calculations only, clearly more pessimistic, assumptions could be made on both 
material and fabrication costs without affecting the final installation costs by very much. Also, more optimistic 
assumptions could be made for production rates and yields. 
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We have made ball park estimates of the cost of the other components of a complete solar power installation and 

have arrived at the following figures for round-the-clock operation: 

Solar panels 
Supporting structure 
Construction and site preparation 
Storage 
Inversion 

10 cents/watt 
10 cents/watt 
5 cents/watt 

20 cents/watt 
10 cents/watt 

Thus, for a large area power station, a total installation cost on the order of 55 cents per watt, or $550 per kW, is 

estimated. This compares with current coal.rued power station costs and favorably with nuclear station costs. 

A 20-year life cycle for a solar power station, including the solar cells, panels, and supporting structure is a reason

able expectation. The costs of the inversion and storage components as described above were estimated on the same 

20-year basis. Therefore, with 175,000 hours in 20 years, the capital cost for the entire generating system is 

$550/175,000, or 3.2 mils per kWh. 

For operating and final energy costs, it shOUld be borne in mind that solar fuel costs nothing, presents no hazards, 

and does not pollute. With respect to maintenance and repair, one would confidently predict that a stationary 

array of cells, inverters, and storage systems will be siguificantly easier to maintain than the enormously complex 

present-day power stations, either of the turbine.generator or the nuclear type. However, even if the operation and 

repair costs represented half of the total power cost, which seems extreme, we get a total power cost of just 6.4 mils 

per kWh, which is.a very encouraging figure. 

Development 

It is clear that rapidly increasing federal funding is going into all forms of energy research, including solar power. 

We believe that technical and (small·scaIe) economic feasibility of thin. rdm solar cells could be established in 

about 3.5 years. The funding required would be very moderate indeed in view of the possible impact. 

From the discussion above, it must be clear that the potential is enormous. All present trends in the energy field, 

now being treated at great length in just about every publication one picks up, favor a massive effort starting now. 

With such an effort, a timetable might be as follows: 

Technical and economic feasibility (solar cells) 

Small·scale commercial applications (domestic) 

Medium-scale power (standby, industrial, remote areas) 

Large·scale solar power (contributing siguificant fraction of total capacity) 

1976 

1978 

1981-2 

1985-90 

Discussion 

Q: 

A 

Q: 

I would like to ask what it is that Westinghouse is proposing to do? Would you just like to continue on with 

the processes as they are now known? 

First of all we have to really get our feet wet in this area. We have done a lot of thin-rdm work, but we are 

new in these thin-film areas; so I t1i1nk we would be much better to start now in the same direction as 

Professor Biier. I have suggested some new approaches which I don't want to discuss right now, but largely 

we are starting out in the direction that was shown by the Clevite work and Professor BBer. 

Well, I am very happy to see that someone else piCks up cadmium sulfide. I am also very happy to see that 

you have some optimistic figures. However, I thought I was reasonably optimistic, but now your optimism 

kind of scares me. You seem to have something which is one-tenth as expensive as what we had. I suggest 

that If we are vety lucky and everything works out all right, we probably can go into the 15 to 20 cents a 

watt. But you have 2.6 cents a watt or so. Now that Is one part. You seem to convert $550 per kilowatt, 
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which I agree much more with, but you convert this into 3.2 mils, and that seems to be something which is 

possibly misleading. When I do the algebra, I take a five·hour day (average sunshine). I don't lake your 

maintenance and so on, but just let me take the cost of money. So I take 10% cost of money, plus 2 or 2.5% 

of the linearized amortization over 20 years. I have taken 15 years. So It comes out as 12% per annum, and 

see what this can produce in terms of kilowatt hours per year. I come up with 2.5 cents and not 3.2 mils. 

And 2.S cents is still all right when you put it on the consumer's rooftop, and you have It not as busbar but 

delivered price, so to speak, and adding a little bit of whatever is necessary for making power utilities happy, 

whatever their percentages are, so that they want to service the whole thing. So I come up again with a factor 

of 10, and I think for credibility reasons we should compare our numbers. 

This will be one of the purposes of the working groups. I would lil<e to deal with it but I don't think we have 

time for it right now. 

Is the drop In efficiency of cadmium sulfide with temperature about the same as that for silicon? 

It Is about the same, but I do not have rust·hand knowledge on this. 
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SUMMARY OF THE NASA-lEWIS CdS SOLAR CELL PROGRAM 

Presentation Summary 

H. W. Brandhorsl, Jr. 
NASA-Lewis Research Cenler 

Cleveland, Ohio 44135 

Belween 1962 and 1971, Ihe lewis Research Cenler carried oul a research and developmenl progrrun on CdS solar 

cells. The objective of Ihis work was the developmenl of a flexible, thln-mm, large area solar cell thaI ulilized 

materials and fabrication processes Ihal ultimalely could reduce the specific cost (S/kW) and specific weight (kg/kW) 

of solar cell arrays for space power applications. The program concisted of an in-house R&D effort, contraclual 

work with several commercial companies, and studies through unlveuily granls. 

A pilot line was established al Clevite capable of producing large area (55 cm2) Kaplon-covered CU2SoCdS solar 

cells on a melallized plastic subslrale. This line was required 10 produce 100 Class I cells per month. Class I 

requirements are shown in Table I. The line served as a source of cells for qualification lests and a base line from 

which changes in malerials and fabrication procedures could be evalualed. 

The average perfonnance of Class I cells made on the pilolline for the last 3 years of the program is given in Table I. 

The percentage yield is the maximum yield obtained during one single month of the year. On several occasions no 

Class I cells were produced for the monthly period. Despite careful quality control procedures and considerable 

research effort, Ihe causes of these slumps were never isolated. The problems would vanish as quietly as they came. 

As a result of Ihis lack of control, steady, high yields were never achieved. 

A large number of variations and modifications were explored as possible improvemenls in the cell performance 

and reproducibility. Some of these experiments are detailed in Table II. Every part of the cell from top to bottom 

was studied_ Although some improvements were achieved, the major conclusion of the tests was thaI uncontrolled 

variables were significantly affecting the resulls. 

Various life and slorage lests were also performed. Some of these tesls are detailed in Table III. In mosl tests, 

some cells would show remarkable stability while others would show large degradations. Analysis of the results 

suggested that the "vintage" of the cells was importanl and there were indicalions, unproven however, that the very 

substrate upon which the CdS was deposited sealed the fale of the cell. The one significanl and reprodUcible 

degradation mode thaI was uncovered was the failure of the illuminated cell under open-circuit conditions. The 

failure was caused by electrochemical decomposition of the CU2S layer inlo metallic copper where it contacted the 

substrate. Subsequent growth of copper maments would short chcult the cell when they conlacted the grid 

electrode. Unfortunately this failure mechanism was nOI the only one operating In the cell. Although cell voltage 

was controlled to prevent electrochemical decomposition, significant degradation of about 30% was still observed 

on vacuum-thermal cycling space chamber tests as well as on the other tests. It was fmally discovered that a simple 

heat treatment in a hydrogen atmosphere could effect essentially complete recovery of all types of degraded cells 

except those damaged on high-temperature storage. It became clear that reversible stoichiometry changes were 

taking place In the CU2S layer. It was also shown that the initial barrier layer as formed by the Clevlte process was 

not stoichiometric CU2S. The program ended before research efforts could be focused on these problems. Finally, 

total hermetic sealing of cells in epoxy resins and glass Yielded ceDs that were stable In a room environment for years. 

Limited rooftop tests of ihese packages also indicated stability. 

Although the Cu2S-CdS call was produced for about $70 per watt, unknown causes of yield, reproducibility and 

stabUity proble'1ls Iimlled further development. These problems are complex and Interrelated and must be solved 

before wide scale use of this ceD can be effected. 
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Discussion 

Q: Could you give us some concept of the magnitude of the program in dollars and also in number of cells? 

A: The dollars that were spent were one to two million roughly. I think that's about the proper magnitude. It 
reached a peak of around 200 to 225 thousand a year. 

Q: Was that external or internal? 

A: That's external. These are all contract dollars. The number of cells that were produced seemed legion and 
countless. I know right now we've got several thousand cells. 

C: I can answer that point. It was somewhere between 100 and 200 thousand 3·inch by 3-inch cells. 

C: I think the point of my question is that that is still not a significant amount of cells or money to be spent 
before saying that this problem is viable. 

C: I think it should be pointed out that the French have a fairly extended effort going on, and they are going 
to be reporting on it at the Photovoltaic Conference. And the Germans, also. The French claim they have 
solved a lot of these problems. 

C: I think two things may be pointed out here. One, of course, that your restraints, your measurements, and 
saying whether the cells are useful or not are especially space-oriented. For instance, temperature cycling. 
That is a very major factor because of the differential thermal ,xpansion, separation of grids, and so on, 
which is a much more severe problem for space than it is for gwund. A:lJ so some of the selections which 
have been done there need to be rechecked. 

C: The other point is if we could make one cell which has a good property for a long enough lifetime, we know 
that It is not against the second law of thermodynamics. And then the other thing is what we call production 
yield. The production yield may be poor - we think it is poor - but now this affects the fignre of what it 
fmally will cost to make these cells, because you have to have testing in order to select what is a good cell to 
start With. Then, of course, you can use only part of it. However, this is amenable to research, and I want to 
point out here to NSF and otller sponsoring groups that with one or two million dollars you can go on forever 
and ever and ever. Now it would take a tremendous amount of time and you would forget at the end what 
you did at the beginning. You have to have a concerted research effort to solve these problems and they are 
major problems. Then what is the un-producibility? Take just this dipping method which is such an 
unreproducible kind of thing, in which you have Reynolds numbers and what have you. There is a 
tremendous amount of material which has to be diffusing within five or four seconds. So I think a concerted 
research effort is necessary if we want to make good cadmium sulfiJe cells. I am convinced that it can 
be done, but I think that needs to be said. 

C: There are a few points I'd like to make. One is that we have shown that in single-crystal cadmium sulfide. 
there are definite changes that have taken place. There are, under ion implantation, where you destroy some 
of the orystallinity of the material, temperature annealing processes which go on, and these have been shown 
by other workers in England to go on even in temperatures as low as liqUid nitrogen. So even at room tem
perature you can expect changes to occur if the material is in a metastable state, as would be the case when 
you have a junction between CdS and copper sulphide. Secondly, the material at room temperature will 
absorb or adsorb large amounts of nitrogen, so that dry nitrogen gas itself will not resolve the problem of not 
getting trapping centers associated with nitrogen on the surface. These are easy to remove under mUd heat 
treatments in vacuum on single crystals, but I have no idea what this would do on polycrystalline layers. So 
just keeping them in a dry nitrogen almosphere Is not going to solve the problem. 

Q: To summarize, I want to obtain your expert opinion. Would you like to see NASA get back into CdS? 

A: Now, that's a tough question! You have to keep in mind that NASA is directed at space, and our current 
goal is to reduce the cost and to raise the efficiencies of space arrays. Ultimately, if we raise the efficiency, 
It will reduce the cost. I don't know whether CdS fits in with that goal. 
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Table I. Summary "fPr<lducti<l1\ of Kaplon·C<lvered CU2S.CdS Cells on Clevile Pilolline 

Class I Cell Rl'quirements 

F. F.2 68.5% 

Avcruge Cell PcrftlmlanCe, AMO, 2SoC 

SCC,lunp 

OCV. volt 

P~IAX, watt 

1'.10' •• % 

EFF .• % 

MAX. YIELD. % 

1969 

0.161 

0.469 

0.250 

70.1 

3.3 

41. 

1910 

0.185 

0.464 

0.254 

69.5 

3.3 

32. 

Table 11. Partial listing <If Experimenlal Pr<lgram 

Experiment 

Substrlltc material 

Coating om tcriw 

Coating technique 

Intcrlayer material 

CdS deposition 

Barrier fU(tlllltion 

neat treutment study 

Grid material 

Grid attachment 

Cover pla"tlc 

Variables 

G13.'\s. Cu. Mo. Kaplon 

Cu. Ag, Zn. Ag-Pyrc ML 

Sprayed, foil canting 

Cr, Cu, Zn 

Spruyc-d. sputtered. cvap. 

Slutt}' paint. clectroplute. dtemiplate 

ltigh temp/short time } 
low temp/long time 

Cu, Ag. Au. Au/Cu 

Air 

Vae 

Pressure. evap .. elcc. pta teo Au-Epoxy 

Tedlar. Mylar, FEP, Kapton 

174 

1911 

0.198 

0.472 

0.260 

69.3 

3.4 

46. 

Rest Result 

Kaplon 

Ag-Pyro ML 

RuU coating 

Zn 

Evupomlcd 

Chemiplutc 

Varied 

Au/Cu 

Au .. Epoxy 

Kapton 

h .,,1 
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Table III. Cell Life Tests 

- Test TIme Period Degradation 

Dry shelf, room temp. 4.S yr 0-10% 

Humidity, 80% RH, room temp. 2.0 yr 20-2S% 

Canst. illum.. open circuit Few days -SO% 

Outdoor ambient 3-6 rno Varied according to plastic 
encapsulant Kapton best 

Thennal vacuum, IOOoe, 10-4 torr 0.S·1.0 yr 0-50% 

Simulated orbit test 1.4 yr 5·30% 
(8,000-10,000 orbits) 
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DEFECT STUDIES IN SOLAR CELL MATERIALS 

Presentation Summary 

Introduction and Background 

L L. Kazmerski 
University of Maine 

Orono, Maine 04473 

The correlation of defect type, structure and density with normal electrical properties (conductivity, mobility) has 
been reported for a number of materials (Refs. 1-4). The relationship between the presence of a particular defect 
and its influence on the electronic character of the material is usually explained in terms of some scattering mech· 
anism. The effect of these defects depends primarily on their density and nature. Those of importance to this paper 
can be classified as foUows: (i) point defects (vacancies), (ii) line defects (dislocations), (tii) plane defects (surfaces, 
grain boundaries, stacking faults, twin boundaries, phase boundaries), and (iv) volume defects (voids). 

The investigation of the effects of scattering from grain boundaries (Ref. I), surfaces (Ref. I) and stacking faults 
(Ref. 2) in CdS thin films has demonstrated the Significance of these planar defects in determining film resistivity 
and mobility. Incorporating grain boundary (petritz) scattering and surface scattering theories with the effects of 
diffuse scattering from stacking faults,leads to the Il"neral relationship for fihn mobility (Ref. 2): 

where 

"'0 = "'b exp (-qrp/kT)/(I + 'hId) 

(I) 

(2) 

In these expressions, m" is the effective number of stacking faults/grain ;qrpS[ and qrp, the stacki~g fault and v,;ain 
boundary scattering potentials respectiveIY;"'b' the bulk material mobility; it, film half·thickness; and ~, tht mean 
surface scattering length. Therefore, Eq. (2) represents a special case of Eq. (I) - that with no faults present. 

The relative effect of each of these defect types is closely related to the growth conditions or deposition parameters 
for the films. Figure I shows the relationship between fihn mobility and grain size (and resulting grain density)which 
is a function of substrate temperature. The data of Fig. 2 iUustrate the dependence of film resistivity on stacking fault 
density which in tum depends on substrate temperature. Finally, Fig. 3 indicates the surface scattering length, A, 
dependence f n this parameter (Ref. 4). 

Present and Proposed Research 

The research effort relating to defect studies in solar cell materials is being undertaken in three categories: (I) The 
continuation ufthe defect investigations mentioned for CdS as well as the expansion of this work to other defects 
and other materials including Si, CuxS, CdTe, CdSe, PbTe, and InSb - in single.crystal, polYClystailine, and amor· 
phous forms, and (2) The investigation of the photoconductive contributions of defects to these materials. Some 
work in this area has also been reported, including photocurrent and photoconductivity enhancement due to stack
ing faults (Ref. 5). The examination and determination of defect related photo properties is of special interest to 
this study; and finally, (3) The determination of optimum fabrication parameters, baSed upon the defect studies, to 
maximize the electrical and photo properties by minimizing or maximizing the particular effects of point, linear, 
and planar defects. This includes the complete investigation of current and projected fabrication techniques -
especially the evaluation of effects of junction production on the creation of these defects. 
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This entire investigation is in its initial stages. Work relating to categories (I) and (2) has begun for defects in 

polycrystalline Si and CUxS and void properties in amorphous Si. It is expected that the work in category (3) will be 

started in approximately 3·4 months for Si and CdS ceUs. Cooperation will be sought and needed from laboratories 

producing such cells or initiating new techniques which might need evaluation. 

References 

I. L L Kazmerski, W. B. Berry, and C. W. Allen, J. Appl. Phys. 43, 3515 (1972). 

2. L L. Kazmerski, W. B. Berry, and C. W. Allen, J. Appl. Phys. 43, 3521 (1971). 

3. H. 1'. Matare, Defect Electronics in Semiconductors, (Wiley Interscience, New York 1971) pp. 145·393. 

4. L L. Kazmerski, "Surface Scattering Effects in CdS Thin FUms," accepted for publication in Thin Solid Fihns. 

5. R. C. Bube, Photoconductivity in Solids (J. Wiley and Sons, New York 1967) pp. 417·420. 

Discussion 

Q: Are you proposing to make cells and at the same time -? 

A: We are going to be studying the effect of production techniques on fonning the CdS/CU2S junction on the 

presence of stacking faults in the junction region. Many times metallurgically adding copper to the system 

increases the stacking fault energy of the system, and we get some evidence of this in the cell i!self. 

Q: Of course, you are quite aware that your results are very much dependent on what kind of substrate you are 

using. 

A: Yes. 

C: And so glass is completely different from metal or conductive suhstrates which you need to use for cadmium 

sulphide evaporation. I think that I should point out something which often is misunderstood. I think that 

8.3 is the highest percent of cell efficiency that is documented. I think I should discourage people from think· 

ing that cadmium sulphide could be made way and above ten percent. It is a heteroJunction which we have and 

not a homojunction. Hence, we have essentially single·carrier condUction, and the limits of efficiency seem to 

be in the neighborhood of close (0 ten percent, a little above or below. And of course, given this, it would 

make very little sense for NASA to go into CdS to compete with averages above ten percent, since it is the 

deployment cost in outer space that is mOre important than the cell efficiency. 

Q: You mentioned the photoconductivity studies. Have you in any way related your photoconductivity studies 

to the photovoltaic studies, or are these an entirely separate area? 

A: No, I am taking that whole area, hopefully. 

Q: You mean both photovoltaics and photoconductivity? 

/0.: Right. 

Q: You are trying to establish relationships between them? 

A: Correct. The relationship is established through the spread of the quasi·Fermi level, and this is very important 

for the photovoltaic effect. Although what happens in the cadmium sulfide doesn't seem at first view to be 

related to the photoconductor properties, in a way it is because of the photoconductivity levels. 

Q: How do you separate the effects of stacking faults from the effect of grain boundaries in the poiycrystalline 

material? 
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A: It is due 10 the anisotropy. Cadmium sulfide, if you are very careful, grows with tho C·axis perpendicular to 
the substrate. This is by vacuum evaporation. The grain boundaries in our model are perpendicular to the sub
strate, so that if you take measurements along that direction, you get the grain boundary contribution and the 
surfa"e contribution. But if you take the cross-plane measurements, the major faults in the CdS are C·plane 
raults, so that they lie parallel to the substrate. So you can get both of these effects due to the anisotropy. 
But we have done some work where we have made mms which have the stacking faults, where we have the 
grains at .ngles to the substrate and got both effeets in there. We showed effects of both grain boundary 
surfaces and faults combined. 
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- MOBILITY 
GRAIN SI ZE 

100 200 37>0-'----'--'---' 

SUBSTRATE TEMPERATURE ("C) 

Fig. 1. CdS film mobility and grain size as a function of substrate temperature indicating 
dependence of mobility on grain size and resulting grain boundary density 
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APPROX. THICKNESS : 
1 5xlO' A 

4.0 DEPOSITION RATE: 
40 A/min 

3.0 

>< 
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Q..~ 

~ I ' I ! " 11 
" 

2.0 , 
-. - .... _-

I . I I I I 1.0 

100 200 300 

SUBSTRATE TEMPERATURE (-C) 

Fig. 2. Dependence of film resistivity. P. on substrate temperature for films indicating 
maximum resistivity at point of greatest stacking fault density; Phex is the 
resistivity ofunfaulted films 
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Fig. 3. Mean surface scattering length, >-, as a function of substrate temper.tUle fllt CdS thin 
films. Data indicate that A increase5 with decreasing carrier concentration 
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DEVELOPMENT OF LOW COST SOLAR CELLS 

J. F. Jordan 
D. H. Baldwin Company 

EI Paso, Texas 79900 

The direct conversion of sunlight to electricity on a large scale is economically dependent upon the ability to produce a low-cost solar cell. LaboratOJY experience at the D. H. Baldwin Company indicates that it is economically and technically feasible to make thin fdm photoceJ:. of approximately 5% efficiency at a cost offess than $60.00 per peak kilowatt (6¢ per peak watt). 
This is made possible by adopting the techniques of the glass making industry, in particular, the float glass process. In this process, the materials for the manufacture of glass are melted in a continuous type furnace. Ra,' materials are continuously ioaded in one end of the furnace and the molten glass poured out of the other end onto a molten bath of tin. The rate at which the glass is moved over the tin bath and the supply of molten material detennine its thickness. 

Thin fdms of CdS (approximately 2 microns thick) are grown by spraying suitable chemicals on the moving ribbon of glass while it floats on the surface of a molten tin bath. Prior to spraying the CdS, a solution containing a tin compound is sprayed on the glass to produce an SnOx fdm Which acts as the negative electrode of the cell. Other chemical sprays are directed onto the surface of the cadmium sulflde fdm, at a lower temperature, to produce a CU2S heterojunction. The final step involves cutting the glass into sheets of suitable size, and vacuum evaporating the necessary electrode patterns. 
Solar Cells 

Among the various types of solar ceUs are two upon which extensive research and development work has been done. These are silicon and cadmium sulfide: 
Silicon 

While silicon is an excellent material for such cells, its cost of processing is such that even in large.scale use, its cost per kilowatt will be $6,000.00 (Ref. I). This is still a long way from the approximate $200.00/kW cost of a conventional coal-fired power plant. 
Cadmium Sulfide 

Another material which has had considerable study over the past several years is CdS (Refs. 2-5). The cells were generally made by vacuum evaporation of CdS onto flexible metallized substrates. The resulting CdS fdm bearing substrate was then Immersed In a cua solution to provide a CU2S heterujunction, after which a conductive grid was brought into contact with the fdm to fonn a positive current collecting electrode (RefS. 6-9). On cells of this type, which were intended for use in space and were therefore oflight construction on a plastic fdm base, a number of difficulties were encountered. There were mechanical problems due to the thennal cycling under simulated space conditions, later corrected, and a gradual deterioration under load. The barrier was also sensitive to degradation by water vapor. • 
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Since the CdS cells which are the subject of this proposal are radically different in construction, the most serious 
concern is that of degradation under load. This is apparently due to a breakdown of the CU2S into CuS and Cu 
whlch occurs at 0.38 volts (Ref. 9). By operating the solar cells at the output voltage producing maximum output 
(0.31 to 0.33 volts) this degradation effect is minintized. 

DescriptiOfi of the Cell 

The construction of the solar cell proposed is shown in Fig. I. It uses float glass 0/8 -in. double strength window 
glass) as a substrate. It is a back·walled cell; that is, the solar radiation passes through the glass. 

Upon the glass surface (glass is a microscopically smooth and inexpensive substrate) is grown, by spraying, a thin 
film of SnOx, a conducting transparent conductor, which serves as the negative electrode. Upon the SnOx film, a 
layer of polycrystalline CdS is grown (approximately 2 microns thick) and over this a layer of CU2S which, after 
proper heat treatment, serves as a heterojunction. 

Contact is made to the negative SnOx electrode at frequent intervals by means of a grid structure. This structure is 
composed of a thin iayer of Inconel covered by a thicker layer of copper or aluminum, hoth evaporated through 
suitable masking. The positive electrode consists of a layer of copper, also evaporated through a mask, which covers 
the entire active area of the cell. This copper layer helps to protect the barrier from water vapor and other 
contaminants. 

Requirements for Solar Cell Producing Large Amounts of Power 

Solar cells, to be economically feasible. should satisi}' the following requirements: 

(I) Low cost (a thermal generating plant presently costs approximately $200.00lkW). 

(2) Should not place a great demlll',j on scarce materials. 

(3) Have reasonable life. 

Cost 

To obtain the cells at approximately 6 cents/watt, it will be necessary to manufacture ')n a very large schle. We 
prcpose to use existing technologies throughout. As a case in point, the process starts with a float glass plant 
(see Fig. 2), which is presently the preferred method of making glass. In such a plant, glass is manufactured in a 
continuous ribbon. The raw materials are continuously fed to a furnace and melted. The resulting liquid is 
poured onto a bath of molten tin where, by controlling the feed rate of materials and velocity of the glass ribbon, 
its thickness can be controlled within :I: 0.002 in. The glass used is 1/8 in. thick (so called double·strength window 
glass). Glass is fed as a continuous ribbon 10 ft wide from the liqUid tin bath to a cooling lehr, where it is cooled 
before being automatically cut to size. A typical annual output for such a plant would be 200 million square fee! 
per year. A recently completed plant of this type, using two production lines such as deSCribed above, has a 
planned capacity of 400 mil1lon square feet of glass annually. The plant cost SO million dollars. 

We propose to interpose, between the present liquid tin bath and cooling lehr, three more liquid metal tanks 
(see Fig. 3). The first of these will be used for spraying a tin compound and dopanlh 10 provide a conducting SnOx 
layer. The second will be used to spray the CdS film, and the third, in the cooling line at a much lower temperature, 
for spraying on the CU2S layer. After some further cooling, the glass will be cut automatically to size. After cutting, 
it will be fed to an automatic vacuum evaporating line with suitable masks for evaporation of the electrodes. A 
short reheating cycle in air is then necessary to optimize results. 

There is a process, UP01! which we have done some work, which does not require screening and etching. In this 
process, evaporated zinc is used as the negative electrode. Upon heating, the zinc diffuses through the barrier 
(through the CUiS into the CdS) and contacts the CdS layer underneath. The current then passes through the 
CdS layer twice (see FIg. 4) 

It should be emphasized tltat in OUr laboratory the various steps of the above-described processes have been tested by 
batch methods. 
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Cost: Exclusive of installation, Site Preparation, and Power Handling Equipment 

Materials 

Glass, al4;Jft2 

Other materials (chemicals and metals) 
Total materials 

Depreciation charges 
Maintenance 

Power 

Additional labor costs inciden t to 
ceD manufacture 

Additional G and A 
Total cost per square foot 

Cost, doDars/ft2 

0.1400 

0.0509 

0.1909 

0.0150 

0.0100 

0.0050 

0.0018 

0.0165 

$ 0.2392 
At 5% efficiency, one square foot of glass will produce a peak power of 4.645 watts. 

Cost per peak watt 
Cost per peak kilowatt 

aActuaJ glass costs are closely guarded by the glass indust~. We have good reason to believe that it is less. than 14;Jft . 

ScaKe Matedsls 

$ 0.0515 

$5U!J 

The only material which is not produced in great quantity is cadmium. It is for this reason that films of approxi· mately 2 microns thickness were chosen. This thlck.!less would entail the usage of 45,000 lb of cadmium per square mile. A square mile of ceDs would produce 129,000 peak k.ilowatis. The present annual .usage of cadmium in the United States Is approximately IO,OOO,OOOlb (Ref. 10). The demand and price are very variable, depending on economic conditions. It Is believed that the supply could be greatly increased if a sready demllDd existed. Life 

No meaningful life data is available for the ceDs in question. However, there is no reason to believe that their life would be less than those of previous CdS.~S ceDs, although there is a possibility that they will be better in tbis regard. The junction is not made by inunersing the CdS film in a CuCI solUtion, which is highly active chemically. Instead, it is made by spraying a solUtion of copper acetate and N,N, dimethylthlourea in deionized water onto the CdS. Chlorine, which is extremely active chemlcaily,ls not present as It is in the other process. More recent tests for cadmium sulfide ceDs by others (Ref. 9) have shown that operation of the ceD below 0.38 V, as mentioned previously, indicates that cell life is greatly Improved. 
Ionic mobility has been reported by others (Ref. II) when making I.V plots on evaporated ceDs.at a very slow rate. We have not been able to detect such an effect whHe making I·V plots on the sprayed ty"" ;;ell. There is another factor affecting ceD Bfe as pointed out by Haynos (Ref. 12). This is the effect of infrared "" ilatlon. Tests of evaporated ceHs UIl.der xenon solar simulators show considerably less degradation than when tested under tungsten halide sources, rich in infrared. Haynos points out that It is the infrared component which accountS for t1ie , degradation. 
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In Ibe case of Ibe sprayed cell (which is a back surface, "11) the glass substrate·SnOx layer combination discriminates 
against Infrared (see Fig. 5). The transmission of wavelenglbs longer Iban 0.7 microns falls off rapidly. 

Present Status of the Development 

Cadmium sulfide cells have been made by a number ofinvestigators wilb efficiencies extending to 8% (Ref. 13). 
Most of Ibe cells reported upon in ·lbe literature have been made by Ibe vacuum deposition process. 

CdS solar cells of 3.5% efficiency, made by spraying chemicals on heated glass, were reported by Chamberlin 
(Ref. 14) and Skannan 10 years ago. The yield of good cells, however, was very low. 

For Ibe past Ibree years, !he D. H. Baldwin Company has been studying Ibe growlb of CdS crystals on glass by 
spraying chemical constituents upon Ibe glass surface while it is heated. During lb. spraying process the glass rests 
onlbe surface of a molten tin balb maintained at temperatures between 350 and 4300 C. This process is of interest 
because it permits low cost production as described above. 

By adding an additional step, successful growlh of crystal films, consisting of grains from 2 to 12 microns in Ibe 
dimension parallel to !he substrate, has been attained (see Fig. 6). In Ibe vacuum deposition process Ibe crystallites 
are generally 0.1 micron or less on Ibe same dimension. A further characteristic of these films is their high specific 
.esistivity, as grown, which varies between 103 and lOS ohm-cm. This is due to Ibe fact Ibat Ibe crystals grown at 
Ibe temperatures noted above tend to be stoichiometric and reject impurities. Crystallites grown by vacuum 
deposition generally have specifIC resistivities between 0.1 and I ohm-cm due to an excess of cadmium Inherent in 
!he vacuum evaporation process. 

CU2S layers have been grown on Ibe CdS films by spraying a solution of copper acetate and N,N, dimelbylthiourea 
while Ibe glass substrate rests on a liquid metal balb, maintained at a temperature of approximately 1500 C. 

The above processes have been done in air allbough it is probably advisable, at least in the growth of CdS, to use an 
atmosphere consisting of a mixture ofN2 and ~ to prevent oxidation of the tin, which Is expensive. 

Sufficient cells have been made using commercially available SnOx ooated glass of SO ohm/square and undoped 
CdS to indicate Ibat large·area cells of 5% efficiency are feasible. In probing a cell area of lOS cm2 with 16 
I cm2 probes, IS of Ibe test points have indicated voltage of greater Iban 400 MV, a criterion we have found to be 
indicative. 

In order to make cells of 5% efficiency one must use SnOx coated g1ass wilb a resistivity of 10·15 ohms/square. 
Since this Is not commercially available, our primary effort during Ibe past several mon Ibs has been devoted to 
Ibis problem. 

We have now succeeded in depositing SnOx films of 10 ohms/square on soda line glass wilb a resulting transmission 
(including the glass) of 780/0. The SnOx fIlm itself transmits 92% of Ibe incident radiation. This has been a difficult 
problem because Ibe crystal structure of Ibe SnOx controls the ensuing growlb of Ibe CdS fIlm, which in tum con
trols the growth of Ibe CU2S fIlm. It is necessary Ibat the growlb of each of these films be uniform to produce 
useful cells~ 

By coating Ibe barrier wilb copper, Ibe cell resistance can be greatly lowered as the sheet resistance of Ibe CU2S is 
Iben no longer important. In addition, Ibe metallic copper coating serves to help protect the b.rrier from 
atmospheric contamination. An additional coating of aluminum over !he copper gives further protection. Bolb 
coatings can be evaporated in less Iban a .ninute in a continuous vacuum evaporation setup. 

Problem Areas 

1. Since Ibe specific resistivity of the CdS, as grown, is very high, as mentioned previously, It is necessary to dope 
. Ibe film to produce a lower value. We are presently adding aluminum to the spray solution and have reduced 
specific resistiVity by two orders of magnitude. This entire area needs further investigation and evaluation. 
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2. Further optimization of the CdS and CU2S film thicknesses should also be investigated. 

3. Method of protecting the barrier (metal fIlms are helpful). 

4. Ufe test of completed cell (we have no life test setup at this time but we Intend to construct equipment for 
outdoor testing In actual sUnlight In the near future). 

Conclusion 

It appears feasible to produce thin film Cds.cu2S solar cells at a cost which would permit the large·scale utilization 
of solar power by photovoltalc means in the not too distant future. The problems of power handling and energy 
storage, however, will have to be dealt with before such utilization can be realized. 
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Discussion 

Q: Have you obtained some cells? 

A: Yes. 

Q: I see. In the original paper it was claimed that the cells have output voltages in the neighborhood of 0.9 volts 
or so. Another reason why cadmium sulfide is not so efficient is that the interface between cadmium sulfide 
and copper sulfide is about 0.85 electron volts and you need to have a barrier to prevent back tunnelling; this 
essentiany reduces the output voltage to below 0.6 or 0.55 volts. That is one of the major reasons why 
cadmium sulfide isn't so good compared to silicon. Now this 0.9 volts - this is kind of scary - the theory 
doesn't seem to fit. Do you have any information? 

A: That is quite correct. I got out some of the early cens made about seven or eight years ago and they still have 
rather high voltages, but the currents obtainable from those were very low. And actually, our open-circuit 
voltage is now about 420 millivolts and it agrees with your information. What we have done is really what 
you find. The critical question we must ask ourselves in this particular process is: Is cadmium sulfide a suit
able material for power under load? Does it have suitable life under load? I cannot answer those questions. I 
have to defer to some of the other worthies here. This is merely a method of doing it inexpensively should it 
become viable to do so. Of course the powe r handling and the immense power storage problems wOl!ld have 
to be solved. But this can be done with existing technologies. No technical breakthroughs are necessary, and 
these processes have all been tried in our laboratory. 

Q: I am so intrigued with your flow diagram here that I didn't quite get to the end. What did you finally 
encapsulate this with? 

A: The glass faces the sun so that it is prote~ted in this roilard, and the active areas are covered with copper, which 
is evaporated. We have found a method of evaporating copper so that it doesn't short-circuit the cell. We do 
it by introducing oxygen into the spray. The cell does not become activated until you heat the whole thing, 
at which time there is a reaction thQt goes on between the copper, the copper sulfide, and the oxygen. 

Q: One question is in terms of the power need. Can you compare the power for evaporating CdS to that required 
for a large amount of water? 

A: It is quite reasonable, actually. TIle most expensive part of our system is the vacu:1m evaporation. That 
cost is 35 million dollars as a total. The total plant cost would be over 100 million. What the power 
industry uses is five billion a year to increase its facilities; so that', not bad. 
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Presentation Summary 

PREPARATION AND EVALUATION OF NEW 
II-VI HETEROJUNCTION SOLAR CELLS 

A. Fahrenbruch and R.H. Bnbe 
Stanford University 

Stanford, California 94305 
(GI-38445X) 

The purpose of Stanford's part of the NSF-RANN program is to produce and study solar cells using polycrystalline, 
tilin film II-YI materials. Such systems are closely relaled to the well-known CU2S-CdS cell. Although the 
CU2S cell has somewhat lower efficiency than cells made from single-crystal materials, this factor is offset by the 
simplicity and economic advantages of using polycrystalHne tl:in films. To overcome the slability problems 
arising from the high diffusiyity and chemical reactivity afeul we propose to replace the CU2S layer with various 
II-YI compoUl,ds_ 

We are focusing our attention on the three helerujullction II-VI systems listed in Table I. These arc the result oran 
analysis of possible candidates on the basis of band gap, band gap "Window," the potentialities for solid solution 
graded junctions, and probable lattice mismatch. To these are added a fourth bused on a BixSy-CdS heterojunction. 
111e CdTe-CdS thin film cell has been studied by Bonnet "nd Rnbinhorst (Ref. 1) who found 5-6% efficiency and 
good stability. Konstanlinova and Kanev (Ref. 2) studied the BixSy cell and found 3-5% efficiency "nd good 
stability. 

One of the major loss mechnnisms in such cells is recombination through interfilce states formed by lattice mismatch. 
The CU2S-CdS cell shows thal a 4% lattice mismatch can be tolerated if the energy barrier shape is optimized and 
6-7% efficiency can stili be obtained. Graded gaps can be used to further reduce the loss due to such interrace states. 
The II-Vl material combinations above can form solid solutions over the complete mixing interval (Refs. 3 and 4), 
thus making such graded gap heterojunctions possible. 

Principal emphasis is to be placed on the p-CdTe-n-CdS system both because it is closely related to the CU2S-CdS 
system with which we have had considerable experience (Refs. 5, 6 and 7) and because its feasibility has been 
already demonstrated (Re f. 1). 

Our "zxperimental program is to produce such cells and study their basic characteristics in order to optimize their 
performance and stability. 'The program includes both the preparation of epitaxial films ofCdTe on CdS single 
crystals and CdS films on single-crystal CdTe substrates. Detailed electrical ;md optical measurement.s will be made on 
the cells to determine dependence on preparation variables such as substrate temperature during film deposition, 
doping levels, and heat treatment effects. Such v"fiables would be expected to affect both the structure of the film 
and the energy band profile at the interface_ 

Since a principni problem area is the deposit.ion of high conductivity p-type CdTe, a number of deposition tech
niques are being explored. These include two source cvuporation~ sputtering, and a close-spaced vapor transport 
technique (Ref. 8). Measurements will be made of the dependences oft.he short-circuit current on phol.oexcitntion 
wavelength and temperature, the junction capacit.ance dependence on bias voltage, photoexcitation and temperature! 
and eVidence 0 f transient effects such as optical enhancement will be sough l. 

Finally, similar measurements will be made on fIlm-film cells. A second parallel explorat.ory program will concentrat.e 
on the other systems in Table l. 

At the conclusion of the first year, results will be evaluated and the most promising avenues will he explored in 
greater depth. Tests for stability will then be initiated on a laboratory sCille for the most promising systems. 
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Discussion 

Q: Do you have any numbers or estimat.es of the surface recombination velocity nl the interfaces? 

A: No, I don't ut this time. I have some informarion for t.he CdS-CU2S syst.em which I can give to you afterwards. 

Q: Do you have any results for p-type cadmium telluride yet'! 

A: No, we don't. We are just set up to do that operaUon. 

C: The graded band gap is an interesting avenue. However, one thing is very bothersome when you grndc. The 
graded region usuaUy has a very much enhanced recombination probability. [would not like to discourage 
this, but r think if one docs lilis, like for instance the group in Frankfort, which has done quite a bit ofwcrk 
on that basis, and Williams at the University of Delaware. who has done some work on that basis, major 
attention h"s to be paid specifically 10 the question of recombination kinetics in a graded bandgap. 

A: One comment that I have to l11uke on thai is that if we grade lhisjunction, to a first order, the interface st.ates 
nrc going to be of the same number, but they wBI be spread out over this area. So for an abrupt junction we 
get our profile like thi' and for a gr:tdedjunction we might get u profile like this (drawing on the board), where 
the areas under these curves represent the number of interface states and the areas are pretty much constant. 
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Now if we spread these over this arcn, since the recombination through here has to involve holes in this 
mate-riai, we reduce the tunneling since the major loss is by a tunneling recombinat.ion process. We cun 
thereby reduce the losses both ways. 

C: There's an additional factor if you have a solid solution of a grad,~d bandgap mat.erial. With a statistical 
arrangement of the atoms of one sub·lattice, you get an additional effect for recombination. 

A: Perhaps these two could be balanced out. 

Cell 

p-CdTc -1l-CdS 

p-CdTc - n-ZoSe 

n~CdTc . p-ZnTc 

p··Bi S -n-CdS x y 

Table I 

E gl 

1.44 

1.44 

1.44 

-1.5 
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INVESTIGATION OF THIN FILM SOLAR CELLS BASED ON CuZS AND 

TERNARY COMPOUNDS OF THE TYPE CulnSZ AND CulnSeZ FOR 

LARGE SCALE TERRESTRIAL SOLAR ENERGY GENERATION 

J,J, Loferski,* A, Wold," R. Arnott," J. Shewchun,**' S. Mittlem.n,tt E.E. Crism.n,t H. Y. Hwang,tt 

J. Wu,tt G. Adegboyega,tt A. Loshkajian,tt R. Beaulieu,ttt 1'. RUsso,ttt 

Brown University 
Providence, Rhode Island 02912 

Presentation Summary 

Rationale 

(GI.38102X) 

Presently two photovoltaic solar cells are su fficiently developed so that credible analyses can be made of their 

potential as the basis for large-scale terrestrial photovoltaic solar energy conversion. The single-crystal silicon cell is 

stable, long lived, and has an attractive efficiency but there still is some doubt about whether their price can ever be 

brought down low enough so that electricity produced by systems based on them will be competitive with fossil fuel 

or nuclear fuel generated electricity. The thin-ftlm copper-cadmium sulfide cell promises low cost, but this cell is 

troubled by problems of reliability and life and has an adequate, though low, efficiency, It is therefore prudent to 

identify and explore other semiconductor systems that have a high potential of satisfyin,' the reqUirements oflong 

life, low cost, reliability, and acceptable efficiency. 

The photovoltaic effect is very commonly encountered in semiconductors so that, in principle, every semiconductor is 

a candidate. However, the theory of the photovoltaic effect and certain other considerations combine to provide a 

filtering mechanism for selection of semiconductors on which work should be expended. The following criteria were 

used in selecting semiconductor systems in this program: 

(1) The forbidden energy gap should lie between 1.1 and 2.5 eV if the efficiency potential is to be compar· 

able to that of Si. 

(2) Low cost p,~hably means thin·film cells. Efficient thin·film cells are more likely to be made from direcr 

gap semiconductors. 

(3) The elements compriSing the semiconductors,. metals, etc., used in the photovoltaic cell must be suf· 

ficiently abundant to allow manufacture of enough cells to cover thousands of square miles without 

encouIltering material.availability limit,. As an indication of the level of abundance required, it would 

require about 4 million tons of the current variety single'crystal cell (0.008 in. thick) to generate all the 

electrical power needs of the U.S. in 1973. If the cells are of the thin·mm type and are about 10 J.l thick, 

the amount of semiconductor material needed would drop to about 100,000 tons. If a layer of 1000 A 
thickness is all that the cell requires, 1000 tons would be needed. 

(4) The cell should avoid lhe use oflarge amounts of very toxic SUbstances like As, 1', elc. 

*Principallnvcstigator, Professor of Engineering 

**Professors ofEngineerin£ 
***Visiting Professor ofEnginel~ring 

tResearch Engineer 
ttGraduate Students 

tttTcchnical Assistants 
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(5) The barricr can be P-I1 homojullction (:IS in silicon single-crystal cells), p-n hctcrojullctioll (:IS in the 
thin·liIlll CuxS·CdS cell), or Schotlky barrier (as in the CU20-CU cell). The number ofscmicouductors in 
which p-n hOl11ojullctions call be formed is 1imil'cci; cells of this type have n well tested theory tu I1t them 
and could t.herefore be optimized morc rapidly than the other more complicated types. They should also 
be vcry st.:.tblc. Consequently, in selecling semiconductors for solar cells lhe ability to form 1'-11 homo
junctions is a desirable characteristic, bUl there is no a priori reason for rejecting the other kinds of junc
lions. Many hctcrojunclion combinations arc possible and it is therefore difficult to select compatible 
pairs of semiconductors. Furthermore, their theory is not very well developed so that it might be difficult 
to diagnose malfunctions. Metal-semiconductor cells wI..1uld probably be least expensive but t.hey could 
have st.ability problems. It seems therefore that a program uimcd at new semiconductors should be open 
to a!l three types ofbarricrs. 

Materials Being Investigated at Bmw" 

Based on these considerat·ions we arc \!\lgaged in an investigatkm of solar cells based on CU2S (band g:IP about 
L leV), CuInS2 (band gap about l.5eV), aud CuluSe2 (baud gap aboul 0.geV), aud CuAlS2 (band gap about 2.SeV). 
They are all direct gap semiconductors. CufnS2 can be made both 11- tlnd p-type; rectifyingjullctions have been 
reported in the lit.erature for this materinl. Except for tn, all the materiaL ilre llbundanl. With respect to ln, if layers 
of the order of 1000.~ to 2000.~ thickness is all that would be needed, enough In is C1vailable. 

We include CUZS because it is generally "oncoded thai the 1000 to 2000 A thick CuxS layer 011 the Ihin-film Cu·CdS 
cell is responsible for absorption of most of t.he solar photons and generating 1110St. of the current genera ted in this 
cell. We are engaged in tlnding 11 mat'e for CU2S other than CdS in the hope thai some new combinution will be more 
stable while retaining efficiency. CU2S is always p-type. The proposed barriers include n ... ·tal semiconductor b:lrriers, 
hctcrojullctiull barriers with n-CulnS2 as one mate, and n-Si as another. 

We also intend to try to make Schottky barriers to CulnS2, as well :.is p-n junctions in CuInS2. 

We arc proceeding as foIlO\vs: 

We have established cathodoluminescence as 11 nondestructive test for the presence ofCu')S. We have established that 
of the various Cu-S compounds only chalcocite (C'u2S) luminesces. Other room temperature stable phases CUI.96S, 
CUI.6S, CUJ.SS do not luminesce. This assertion is based on luminescence spectra observed for the CuxS I:lYcrs 
formed on CdS: CU2S formed by converting sheet.s of' Ctl into CU2S in H2S gas: chalcocite mineml specimens~ CU2S 
powder synthesized in our laboratory. etc. The exact crystal structure of these various CuxS samples was established 
by x-ray powder pattems. 

We attempted to form thin layers of Cu')S on copper sheets by he:'lting the cappel' sheet in a tube containing a known 
amount ofH')S. However, the fihns seemed to have a higher sulfur concentration at the surface than inside and were 
not uniform fit composition. 

Presently we are evaporating thin layers orcu on Al and "sulfurizing" the Cll in flowing H')S at temperatures 
between 150 and 400°C. TIle resulting films have been subjected to x-ray analysis, but to date they arc sulfur rich, 
probably CUL6S. Some of these films have exhibited cathodoluminescence characteristics of CU2S which suggests 
that there may be an extremely thin layer of the desired compound 011 the surface, but there is not enough of it to 
be detected by x-ray analysis. 

We have also attempted the formation of p.Cu')S on n-Si ~,ingle-crystal substrates (ifit works on single-crystal Si we 
would shift to polycrystalline and ultimately to thin films ofSi). In this case, a thin film ofClI was deposited on the 
n-Si and sulfillized. Since we do not yet have conditions for suifurizing Cn into Cu')S optimized) ulese experiments 
are necessarily in preliminary stages. -

With respect to CuInS,). tile cathodoluminescence spectmm of powders synthesized in our laboratories and of .single 
crystals grown in our laboratories have been st.udied extensively. The spectrum changes with sulfur content; slight 
departures from stoichiometry can change the conductivity and indeed shift the conductivity type. We are in the 
process of correlating changes in the spectrum with resistivHy. Then when we make thin i1lms of CulnS,) we will be 
able to determine the important semiconductor characteristics from the cathodoluminescence spectra. -
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Future Plans 

Once we gain control over fabrication of CU2S. we will produce sLich layers on thin films of various metals in the 
hope that an acceptable metal-semiconductor cell \Viii result. We shall continue attempts to form p-n heterojullctions 
between Si und CU2S. We have begun a program aimed at making p'njullctions in single crystals ofCulnS2. We will 
make thin films ufCulnS2 on various metal substrates in the expectation that good Schottky barriers will be made 
with either n- or p-CufnS2 ,IS the basis. Next p-njunctions will be attempteci in thin filillS ofCuInS2' 

TIlis program is in its fourth month. At Brown University it derives additional support from the NSF-sponsored 
Materil.lls Research Laboratory and from an ARO grant supporting work on CulnS2 and related materials. 

Discussion 

Q: You mentioned that most oflhe light is going to be absorbed in tile lirst thousand angstroms. If the absorption 
coefficient at the band edge were 105 reciprocal cenlimeters, then 65 to 70% would be absorbed there. But 
I have never seen a semiconductor with an absorption coefficient at the band edge as high as lOS em-I. Is this 
the C3se in copper sulphide? 

A: The experimental fact is that the spectral characteristic of the thin~m111 CdS cell has an edge at one electron 
volt and that's been pretty well attributed to the copper sulphide layer, which is between one and two thou· 
sand angstroms thick for an optimum CdS cell. That's all you need. 

Q: [ think the combination between copper sulphide and silicon is highly exciting because you have a very simple 
material there. When you go to a three.component material however, you go the other way, and so process 
controls become more highly complex than with a two-component substance like CdS. Questions of 
stoichiometry, of course, playa very important role. [notice you ~re iookinginto a sort of Iuminescense, 
und of course, this is quite sensitive. Is there some kind offeeting as to how to control the processes in order 
to make something which can be mass produced? 

A: Concerning the stability of these materials, the copper sulphide, as we know, is a very complicated I11I.lt:erial. 
But this material, the copper indium sulphide, was obtained relatively easily. And this is true of others of 
these l·fll·VI materials. 

Q: Have you actually tried to make absorption measurements on thin films of copper sulphide"! I'm thinking of 
absorption coefficients. 

A: No, but the coefficient of absorption beyond the edge is consistent with absorption beyond the edge, and 
also consistent with absorption constants of the order of 105, between 104 and 105 reciprocal centimeters 
over the iegion of interest, the solar spectrum. 

C: As a matter of fact cadmium sulphide is, very close to the band edge, equal to 2 X 105 em-I. 

A: You're right - it rises very rapidly. 

C: [would like to comment with ~~sl;ec·t to O,e energy gap. TI,e energy gap in copper sulphide at 1.1 or 1.2 eV 
sounds rather good; but that., in fact,)s the optical bandgap. Copper sulphide is tl polar material and there 
is a Franck-Condon effect; so, in terms of thennal generation, you are stuck with a smaller bandgap, which is 
not quite as good. From that point of view, the cadmium telluride looks like a better material. 

Q: Well, how small a bandgap? 

A: 0.9. 

C: Okay, but if you are getting the five percent efficiency, as has been demonstrated, the copper sulphide on the 
cadmium sulphide substrate does give you five percent; indaed over eight percent efficienr:y is possible. So that 
should be okay. 
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You mentioned that gallium is in limited supply; therefore, gallium arsenide photocells wouldn't be suitable for 
large·scale application. 

I understand that the supply and demand fit each other, and that if one really needed ,he gallium it would 
be supplied in larger amounts. But I don't know ifyoll can expect a tenfold increase in the production. 

What is the availability of indium? 

Indium is also in short supply-abollt a couple hundred tons per annum, but I'm thinking in terms a f a few 
thousand angstroms-one or two thousand angstroms of copper indium sulphide; in which case, I need some
thing like a thousand to two thousand tons to supply all the electrical needs of the United States this year. 
And that kind of thing one can do with a few hundred tons per annum. The galllum arsenide cells, if they 
were made a few thousand angstroms thick, would be okay too. 
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THIN FILM CdTe SOLAR CELLS FOR TERRESTRIAL 
POWER APPLICATIONS 

Presentation Summary 

F. V. Walt!, R. O. Beli, J. Bullitt, and H. B. Serrese 
Tyeo laboratories, Inc. 

Waltham, Massachusetts 02154 

The potential of CdTe for solar cell applications both at room temperature and elevated temperatures needs 
scarcely to be emphasized. Figure I, which was taken from u 15-year-old report by Rappaport and coworkers 
(Ref. 1), makes tl'e point for a 1.5-eV energy gap compound rather clearly; and our confidence of being able to 
operate CdTe at elevated temperatures has been boosted by the fact that we have designed a photoconductive 
near 1. R. detector for 4000 C operating temperatures. Such devices have now beenlifelested for up to 1000 hr 
without degrada tion of any kind (Ref. 2). However, a signi fiean t effort has gone into CdTe eva para ted ti1in film 
solar cells in the past; the best they have ever delivered was""'" 7% efficiency (without anti-reflection coatings) 
(Ref. 3), and they also have always shown degradation at temperatures even below IOOoC (Ref. 4). 

Even though the degradation O[UlC celis can be attributed to the heterojunction technology llsed (Refs. 3, 4, and 5), 
the lack of electrical performance cannot. In particular, it. is easy to estimate that irrespective of the model one 
accepts for the CdTe-Cu2_x Te cells; with doping levels of I 0 l5 C111-3 they should deliver open-circuit vol loges of 
;;- 1 volt. Contrasted with tilis the be" OCVs ever seen were between 05 and 0.7 volls (Ref:. 3,4, and 5), h"licating 
a fundamental problem. A significant observation here was made by Cusano (Ref. 3), who rerorts that his cells, 
when cooled to liquid nitrogen temperature, showed OCVs of 1 volt. This observation in the context of the later 
work of Morehead and Mandel (Ref. 6) on electroluminescellce in edTe p-n homojunctions is very interesting. 
These lIuthors observed a hundredfold increase in electroluminescent efficiency by decreasing Ule temperature 
to 77 K, and the same increase in open·circuit voltage of their junctions under illumination is eviden t (Fig. 2). They 
attribute the results to the presence of nonradiative "killer" cent.ers near the middle of the gap and it may thus 
be assumed tim! such centers are responsible for a large part of the lack of efficiency experienced in CdTe solar 
cells. Although such centers might be due to native defects, Morehead already assumed them to be impurities. In 
our current standard material (Ref. 7) used for 'Y -ray detection _lOll deep centers are present per em3 as evidenced 
by measurements of polarization of these high resisivity (107 n-cm) devices (Refs. 8 and 9). In the most recenl 
material these have been significantly reduced by subliming the edTe hefore crystal growth, but workers in France 
have just been able to reduce Ule number of these centers further by only purifying the starting materials and sub
sequent careful handling (Ref.,_ 10 and I 1). This has resulted in 'Y -ray detectors which show no polarization effects 
whatsoever. Hence one may expect t.o prepare CcITe celis having much higher CCV and t.hus significantly increased 
efficiency. This is the Uuust of our propo!-icd program as it is outlined in Fig. 3. 

Since Tyco Laboratories routinely produces very high quality CdTe single crystals for both fabrication of high
temperature fire detectors and')' -ray detec~ion devices, we propose initially to produce homojullction solar cells 
using single·crystal wafers. It is to be emphasized, however, that single-crystal cells do not consititllte the main 
thrust of the program; their production is considered valuable, however, since such cells can be used to give infor
mation on the maximum efficiency obtainable with CdTc as well as providing data on the dependence of this 
efficiency on temperature. 

To start, single-crystal CdTe will be grown, doped both p and n-type with various suitable selected dopants_ Con
currently, epitaxial deposition experiments will be carried out using either liquid Or vapor phase epitaxy methods 
to deposit various thicknesses of oppositely doped top layers on single-crystal CdTe substrates. Characterization 
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of both the single crystals and the junctions grown will then be carded out. Since for all electrical characterization, 
good contacting techniques are a necessity anyway, contacting metals and methods will also be studied in this 
pha,e, As the first milestone, the junctions made will be evaluated in the form of small (I cm2) solar cells and their 
efficiency will be measured verSUS temperature. 

l-laving now arrived at the proper choice of structure via the single-crystal route, we are, of course, faced with the 
problem of transferring this structure onto a suitable substrate film; the choice of substrates is governed by both 
economic/operating constraints and preparative ones. The tirst question here would be whetllcr one is talking about 
extremely large cell areas operating near room temperature or a suitable smaller area cell for topping purposes which 
has to operate at elevated temperatures. Other constraints are set by factors such as the deposition temperature 
and the contacting metal. In any event, a prudent general statement seems to be that plastic substrates will probably 
be the cheapest - after alI, polyimide films are available which tolerate temperatures up to 4000 C, which will 
certainly cover any envisioned operating range for CdTe cells. On the other hand: to obtain reasonable grain sizes 
in the films may necessitate high temperatures in the deposition step, and organic substrates may no longer be 
usable, in which case metals have to be used. Metallic substrates, however, must be chosen such that they can also 
form a contact to CdTe Or at least be metallurgically compatible with a contacting metal at the deposition temper~ 
ature. Furthermore, metal substrates must be cheap, and we beHeve that practically any metal foil, except for iron 
and aluminum, may have to be excluded on economic grounds. 

Faced with all this complexity, we propose as a first step the use of sapphire substrates to establish initial vapor 
deposition mf;thods and their operating parameters. This substrate offers a number of advantages for initial investi
gation. Firstly, it offers a single.cl}'stal surface compatible with virtually ,Uly contacting metal one might imagine 
for the temperature range involved in tl-te deposition study. Secondly, it has no problems of thermal decomposition, 
evaporation, melting, and the like. Thirdly, it is insuluting and transparent and would thus more easily allow the 
study of frlms deposited. Finally, EFG grown sapphire substrates are readily available at Tyco and, parenthetically, 
they might eventually be cheap enough to be an economically viable choice as a substrate for a terrestrial cen, most 
certainly for a topping-type elevated temperature cell. In any event, sapphire seems to be an almost ideal choice for 
study purposes to establish a thermodynamjc and kinetic baseline for the deposition of CdTe, 

After having established deposition parameters~ such as temperatures, partial pressures, and the like, as well as the 
compatibility between CdTe and the base contact, one must) however, proceed to the somewhat messy area of 
selecting a real world cheap substrate. So far as the situation presents itself now, the choices range from metallized 
"Mylar" and "Kapton" (polyimide) films to transformer iron. Transformer iron is mentioned here since it is both 
cheap and can be made with larger grains of highly preferred orientation. Thus, deposition experiments must be 
made on the basis of time and effort available. But more important here is inventiveness in aniving at economically 
feasible choices of substrates which also meet the teelUlical criteria of cell opera ling tempera ture and compa tibility 
with the contact metal in a metalurgical sense, as well as the deposition method in the processing sense. 

Finally, a few comments on the economics and availability of the raw materials. Cadmium at present is $20/1b in 
semiconductor purity, Te S30, As for avanability the question certainly turns on Te and not Cd, Tellurium, which 
has few uses at present, is recovered mainly as a byproduct of Cu refining where, according to one estimate 
(Ref, 12), > 95%ofitis lost before it gets recovered. At present, annual production in North America is 100·150 
metric tons and the production of the rest of the world is -140-180 metric tons with much fluctuation. It seems 
that with some ease 500 tons ofTe annually could be made available by one North American manufacturer alone 
at a notice of3 years (Ref. 13) and world production certainly could exceed 1000 tons/year from present recovery 
schemes alone. Tellurium is easy tc remove and refine, which accounts for its current low price. in high purity form 
and although it will not ever be basically as available as silicon or sulphor, there is enough to add something like 
5 - 1010 kWh/year of direct solar energy generating capacity per year based on the current suppLy route. This 
assumes a 10 f.l thick, 10% efficient cell with 5: 1 concentration of sGnlight. All in all we believe that to be a worst 
case .. estimate for the Te SUPplYl but consider it to be a near optimum estil!:ate for conversion technology in so far 
as minimization of CdTe use is concerned. 
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Discussion 

Q: Have you further information on the diffusitivities in cadmium telluride? There IllIs been some question of 
stability of cells of this kind. \%en you go from the sulphides to the selenides to the tellurides, usually the 
diffusivity increases as the binding energy of the lattice increases. Have you had some ideas of what it is? 

A: Yes, we have a rather large body of experience from this 40QoC photodetector. M.!tals which you can use as 
contacts to cadmium telluride at elevat.ed temperatures are few and far between. 1 mean you can diffuse silver 
at SOooC through five millimeters of cadmium telluride in half an hour. TIlis is simply seen by viewing the 
cadmium telluride by transmitted infrared light after depositing silver on one side and heating it. lt gets black 
in half un hour. However, the dangerous metals in this respect are, in the main, copper, silver, and gold, and 
I believe, for a homojunction solar cell anyway. copper. These are species which must be strictly excluded 
because they form relatively deep states, and they will form rather strong electron traps as soon as one drops 
the Fermi level below them in p-type material. So there are rather dangerous dopants in the cadmium 
telluride for solar cell purposes, I would say. So they have to go. On the other hand, there was a variety of 
materials which we found that didn't diffuse very fast: nickel, molybdenum, rhodium, and tin. We finally 
chose molybdenum for the photodetector for reasons other than for diffusion. I don't tllink there is a prob· 
lem with diffusion if one watches those species which are prone to diffuse - mostly by some coupled process 
by forming vacancies for the same kind, and so on and so forth. I think that is something which is now very 
well understood. 
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c: As you probably know. Radio-Technique in France has been making cadmium telluride cells for several 
years. 

A: Yes. 

C: But the major problem that I have heard about is the stability of \:le cells under humidity. 

A: Now they have made only homojunction cells. I cannot address myself to the cuprous telluride film as to 
what goes on there. I am just thinking of trying to make heterojunctions. We have here all these combina· 
tions with p-type cadmium telluride, and no homojunction is proposed. 
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Fig. 2. A plot of the photovoltaic and current·voltage data for CdTe diffused 
diodes at 77 and 300oK, 6 = the current density through the diode vs the 
voltage applied at the diode con !acts . • = the short-circuit current density 
produced by illumination of the diode junction vs the open-circuit voltage for 
the same level of illumination. At currents < 10.3 A cm·3• the jN data and 
the photovoltaic data both follow the exp (qV/2kT) voltage dependence, 
indicating control of the current by recombination in the space charge region. 
At higher currents the iN characteristics are dominated by the high serits 
resistances in the diode (contacts, etc). (After Morehead. Ref. 6). 
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Fig. 3, Flow Sheet 9f Proposed Program 
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AN IMPROVED SCHOTTKY PHOTOVOL TAlC DIODE FOR SOLAR 
ENERGY CONVERSION 

Presentation Summary 

Research Summary 

IV. A. Anderson, A. E. Delohoy. and R. A. Milano 
Rutgers University 

New Brunswick, New Jersey 08903 
(GI-3~726) 

A study of Schottky barrier diodes all [Hype silicon for solar energy ~onvcrsion hm; been undcrwny al Rutgers [or 
18 months. 111e purpose of this rcscnfch is to sl.lIciy materials and techniques of fabrication to pennit consl'rut..'tion 
ofa photovoltaic energy converter huving, a low cost per kilowatt and high efftciency (> Iffih) for practical terrestrial 
applicntions. TIl(! study involves device technology, vacuum deposition techniques. optical design optimiz:ltion, 
electrical design optimization. <HlCi studies of mew! alloys. 

Figure 1 shows t.he device st.ructure used in the initial work (Ref. i). TIle semitransparent melal layer permits 
pllssage of sohlr energy ~lIld forms the depletion region in the semiconliudor for collection 0 r generated curriers. TIle 
carriers arc generated by conversion of photon energy to electron-hole pairs. A COlllpllter solution (Ref. 2) of the 
optical problem shown in Fig. 2 has been mude to determine the purmnctcrs which Illl.lximize transmission (TO) and 
minimize reflection <ORa). Table I slgnvs that ,I TiD:! tlnt.ircflcct-ion coating can increase TO frum 24.7% to 56.7% at a 
wavelength of6000 A using a IOO·A Cr barrier metal. Table Ii slwws result's of the computer analysis for a thin film 
device consisting of :.lir-thin Si-thick Cr ohmic contact. 111e Si forms its own antireflection coating when it hlls 

c 
the proper thickness (1845 A). 'nle proper Si thickness maximizes absorption in the Si by establishing a constructive 
pha~e relationship between successive transmitted nnd reflected waves. 

A marc exact analysis results by using 

(l) 

where T=:. transmittance into silicon, [; solar intensity spectrum.!: quantum cfficicIH':Y, and HI A. = u nutthe1l1uI'kal 
weighting factor to account for sampling unequal wavclengtll i.i.tervals. 111is predictt that a 520·A coating of TjO:; 
will increase short-circuit current density by 87% in a Schottky diode having 11 IOQ·A Cr barrier mctul. A 680-A layer 
of819 should increase current density by 77%. Experimental data on diode 67 :.Ire given in Table III. This shows a 
560-A coating of SiQ to increase current densit.y by 40% ilncl efficiency by 50%. It is also shown t.hat true solar 
illumir.ation gives a bet.ter response than does th~ tungsten lamp. 111is improved efficiency is still not optimum 
becauf.e of 1"110 improper thickness of both barrier metal anc oxide canting. 

A study of solar coli resistance begins by an examination of Fig. 3. This show!1 t!\.lIt much of the active diode area 
docs not contribute to useful current generatIOn because this large area device does not posscss current collecting 
lingers shown in Fig. 4. 111is problem can be solved through proper finger design and lise of burrier metal having <I 

greater thickness or conductivity. A further study of this problcm produced data shown in Table IV. A figure of 
merit for the ITI:!tal is defined as the ratio of transmittance(T) to rcsislance (R). The best 111m should have H high 
transmittance and a low resi.,t;ltlce. TI10 poorest pcrfonllancc is shown by evaporated Cr. The best pc,"form<lncc 
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was obtained on sputte-rcc! euler alloy. This shows that sputtering and <Illoying can be used to improve on the 
tigurc of merit l'or thin metnl IiIms. But other problems urise which prohibit the simple application of this analysis 
of thin mctill mills. 

o 
Figure 5 shows the I-V chamctcristic for diode number 77 having a 0.04-cI112 area and 540-A Cr barrier metal with 
lOO-mW/Gm 2 lungsfcnlamp illumination. This device exhibits a 7.5% efficiency which is iess than the 15(Ji'1 
t.heoretical figure tRef. J} due in part to the lack of an antircneetion coating. A 1.5-cm 2 device with current 
collecting fingers IHls exhibited a 3% efficiency, 111is will improve with more work in the IIrea of contact design. 
metal select.ion, unci antireflection coatings. 111e transition merals Nb i(nd Mo have also been observed to permit 
good phol'oYoltaic response ill p-typc silicon. Platinum should ulso be a good cnndid;'ltc because it exhibits a transi
tion mctal band structure similar to Cr, Mo, and Nb. Sputtered diodes exhibit Blow open-circuit voltage due to the 
penetration of sputtered ntollls into the Si resulting in barrier modit1catiol1. Problcms, proposcd solutions, and pro
gram gO<lls :lrc defined below as a rcsuil or [his research. Our new evaporation equipment will permit us to explore 
most of the proposed solut.ions. 

EXISTING PROBLEM/Proposed Solution 

EVAPORATED FILMS HAVE HIGH RESISTANCE AND LOW TIR. Substrate he,ting to mobilize atoms during 
deposition. Use of alloys by co-deposition. Electron beam deposition. Monitor film resistance during deposition. 

SPUTTERED DIODES HAVE LOW OPEN·CIRCLIIT VOLTAGE. Reduce sputtering voltage. Ev,luale 'lloy metals 
from sputtering tests, then usc' evaporation to fabric.lte diodes. 

ANTIREFLECTION COATINGS HAVE NOT YET IMPROVED PERFORMANCE AS MUCH AS PREDICTED. 
Precisely control mill thickncss by monitoring film thickness during cieposil.ion. 

EFFICIENCY IS LESS THAN THE THEORETICAL VALUE. Improve T/R using 'lloys and substrate heating. 
Improved antireflect.ion coatings. Modified contact design. Full device fabrication with one pump-down of the 
vacuum system. 

Program Goals 

(1) Increase the cfflciency of smaIl area « 0.1 em2) Schottky diodes tll J 5% (presently 7.5%). 

(2) Increase the cfllcicl1CY orJargc area (> 1 cm 2) diodes to tliat ofslll;'11I area ones (presently 3% for the 
large :lren diode). 

(3) Morc ful\y evaluate other metals and alloys as bilrrier Illetal candidates. 

(4) Explore the usc of Schottky barriers on thin· film « I IL) semiconductors. 
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Discussion 

Q: I would likt! to 1ll,lke severnl comments on the discussion of the optical properties orthe metals. I feci that too 
much emphasis is being pluc.:cd on that since the dielectric consirmts of the metal in thut range of thickness arc 
vcry thickncS!Hiepcndcnt. Vnrying the motnl alloy compn."iitiol1 would be;\ minor effect as compared t.o the 
strong thickness dependence. Thus. any calculations you make have t.o take into account the actual dielectric 
constants, which !lrc vcry difficult to obtain. Secondly. you mentioned getting high mill rcsiSlanC(! - this is 
more u problem of the surface. I think you will !lnd that the smoother the sUl'face that YOli ar~ pulling the 
film on. the lower this rcsistnllcc will be. 1l1is is duo to the .!lggrcg<ltc ll:lturc of the f1l111. TIlirdly, I noticed 
tllUl your fill filctors arc quile low. It is actually quite easy to gel a high till factor with a Schottky barrier. 
This is because of the absence of diode lcukl.lgc currents, and, hence! A~factors more nearly equul to unity. 
I suspcct that you arc having problems with very thick intcrfl.lciallaycrs. 'Illis also could be the reason why 
the lm-ger arcas arc less efficient than the small nrc'ls 'L'i well as, perhaps, thl; !!igh series resistancc. Lastly, 
I '."{ould like to ask why you believe the Schottky barrier approach 011 silicon is worthwhile, given the fact 
that light is not nbsorbcd strongly in silicon? 

A: I will tly (0 cover all of these arcus. First of all the values of Nand K. thr optical properties. as It function of 
thickness have becn known, and we arc determining these pr'Jperties ul t.he present tim!.! by depositing mms 
of va rio liS thicknesses and measuring Rand T effects 011 transmission and then calculHt.ing Nand K. The~e 

have been worked on. 

Q: Would that be on glass substrates'! 

A: That's correct. We aro correcting for the presence of the glass to the metu!' The last diouc we made was milde 
\ViOl cquipmentmol1itorillg the resist;.lI1cc of the liIm. unci we fuund a significant. improvement. ill the device 
chnrnctcri.'Hics by just milking sure the resistnnce of the tiltH is of the proper value. So this hm; been lookl.1d Ht. 
'TItirdly, the intcrfad:11 problem can be sulved by fabricating tlte entire device witlt one pun1P~down or the 
vacuum system. At the present time we r.:ltnnot do this, but with our new equipment we arc going 10 be able to 
m<!.kc the cnlin! device with one PumlH!own, lIsing substral.e heating and multiple-source evaporation. We 
think this will improve the interface problem. In response to the Imit que.'ition, Schottky barriers h,we a ,great 
ilt!xibility in choice ofmatcriuls - an infinite number ofmctals :lIId alloys and Illuny different semiconductors. 
It's:.l very good proccss. Once you have your scmh.:onduct.or, you simply puss it. through your VilCtlUll1 system 
and YOli can simultaneously obtain not only the contact but the Schottky burrier at the SUlllC time. 

Q: l:lm not questioning the Schottky barrier approuch, but mther the choice of silicon. 

A: WllY silicon? 

Q: We know that the voltage output must be less than thHt ohtuined from junction-type de"ices. Lct~s say YOll 
want to Illnke up the loss somewhere else - the only other place is in t.he current. But in silicon most of the 
·generation is some distuncc away from the barrier. So how docs the Schottky burrier improve things'? 

A: I chose the Schottky barrier because of its simplicity. and I chose silicon because it is so plentiful and so 
much is known about silicon. I feel that with the t.hin-nlm device you can mnke a Schottky b:lrricr diode on 
silicon with the silicon thickness of the order of 2,000 l1ngstroms. TIlis occurs because of the fae:! that WitJl the 
proper silicon thicknoss, it forms ii'S uwn antircfludion CaRting and you obtain llmltipJe passes of ;he nldintion 
through I.he silicon. lllC radhnion passes into the silicon! is bounced off the interfacial layers, uud you can get 
constructive interference. 

Q: At one wavelength'l 

A: TIlis can be designed to occlir at the most. important w!lvelengtJl, which is 6.000 ungstroms. 

Q: Could YOll explain Ule effccts from sputtering the meta!'l 

A: Yes. Your sputtered atoms IUlive tit!.! target mUlerial with a finite velocity, and they then penetrate a short 
distance into thu .silir.!on. Becuuse oft-his, you don't have a t.rue SdlOltky burrier thut will obey the 
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fun dum en tal laws. We have measured J-V characteristics and C-V characteristics tha t show that the spu ttered 
diodes do not. It is just due to the fact that the ions probably pene".te into the silicon. 

Q: Presumably they are not ions? They are neutral atoms and average about 10 eV? 

A: Yes. Well, no, the ions which strike the target are accelerated al from two to five keY. 

Q: You are talking aboul the specularly reflected? 

A: Right. The atoms which leave the target metal leave with a finite velocity and there is a profile of this 
velocity. 

Q: [would like to ask you several questions. One is that you used metal film thicknesses witllin about a hundred 
angstroms. Is there a reason for that? Have you tried thinner metal films and so on'? 

A: A problem with the metal films is that if they are too thin they arc not continuous. and then you have a very 
high resistance. I am not even sure now that a hundred angstroms is the best value. 

Q: That then relates to the second question. How do you prepare your surfaces? We have been working with 
Schottky barriers with different thicknesses for electroreflectance measurements on silicon and on gallium 
arsenide. I have personally made vel)' good measurements of Schottky barriers with metal-film thicknesses 
of40 angstroms, and got very good electrical reflectance with very good electrical continuity. So you have 
to have good preparation of the surface as was remarked on earlier. 

A: The surf.ces are very smooth. The silicon has been finely etched and polished. 

Q: How do you do this? 

A: They are purchased from outside vendors. 

Q: Then you don't really know what the quality of the surface is'! 

A: [fyou take a look at it under the microscope, it looks flawless. Also l we studied a number of different films 
using the electron microscope, and we've shown very clearly that if you get down below 50 angstroms, you 
are not going to have a continuous film. 

C: I should comment that this is a power device and you really have to consider series resistance. You did not 
have to consider series resistance, whereas the solar cell is a power device und is handling much more current. 
So there is quite a difference between the two applications. 

C: Yes. I realize that point. It'sjust that electrical continuity still seems to be there at about 40 angstroms. 

A: We measure the film resistance as a function of time while the sample- is being evaporated, and the thing is 
definitely an open circuit until you get to a certain thickness. There isjust no question about it. 

Q: What is the size ofyaur device? 

A: We are working with samples which are a few millimeters by a few millimeters; but that is only because that's 
all we need in order to focus our light on Ulem. We have made them on things on the order of half a centi· 
meter by half a centimeter. 

Q: Your current-voltage characteristic, which shows a relatively smai1 fill factor, has the typical sign of a series 
resistance limitation. You have a horizontal branch and then it goes with a rather shallow slope that seems 
to indicate that even 100 angstroms is too thin and not too thick. That seems to, for this particular kind of 
device, speak against making it even thinner. Wouldn't that suggest that. you should possibly go to a somewhat 
thicker layer rather than thinner? 

A: Yes, and also the use of alloys should help considorably in the resistance. 

Q: You had a curve showing current characteristics as you opened your sample to the light, and when you got near 
the can toct, did it level off? 
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A: N"J it was going the other way. We started near the contact and then we went away from the contact and it 
ieveled off as we got farther away. 

C: We have a grant at Brown supported by NASA in which we are looking at, well ultimately, metal· 
semiconductor bafriers on silicon. There is a way of increasing the transmission while decreasing the 
resistance, and that is to gather the metal together into stripes on the surface. The stripes could be separated 
by a diffusion length, so 10 percent of the surface may be covered by such stripes. So yeu lose 10 percent, 
but that's still lower than the 30 or 40 percent that you give up by covering the whole surface. So, that is 
another approach. 

A: Yes. We have considered this. 

C: But then you don't get a depletion region everywhere. Also, not nearly that much is lost by absorption. 

C: Provided that the stripes are less than a diffusion length apart, you don't need to have a depletion region. 

C: I don't agree - current collection will be reduced. Collection should be field-aided as much as possible. 

Table 1. Solution of the Four-Layer Optical Problem (Ref. 2) 

Dielectric Dielectric Reflection from 
Dielectric 

Thickness Constant Frout Surface 
Type 0 

(A) (n) (%) 

Ti02 505 2. 2.2 

Si 260 3.72 9.1 

SiO no 1.8 15.7 

MgF2 975 1.38 34.7 

None 57.5 

o 
Air-dielectric-LOO ACNilicon at A = 0.6 M. 

Table II. Solution of the Thin Film Device Problem (Re.f. 2) 

Silicon Reflection from 

Thickness Silicon 
0 

(A) (%) 

240 1.2 

1045 5.1 

1845 11.4 

Air - silicon - Cr at A = 0.6 IJ • 
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Transmission 
into Cr 

(%) 

74.8 

43.4 

27.3 

Transmission 

into Silicon 

(%) 

56.7 

45.0 

48.9 

37.9 

24.7 

Absorption 
in Silicon 

(%) 

24.0 

51.5 

61.3 
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Table Ill. Antireflection Coating Study 

(a) (a) (0) 

Dielectric None 
o 

SiO(560A) 
o 

SiO(S60A) 

Voc (V) 0.43 0.44 0.41 

Isc (mA) 10.2 14.0 17.0 

[max (mA) 10.2 IS.O 

0 
Pmax (mW/cm~) 2.93 4.4 

P (mW/cm2) 1.76 2.64 2.79 

Diode 67 with area = 1,5 cm2 

o 
120-A Cr film with 48% transmission and 7330nl 0 
(a) using 100 mW/cm 2 tungsten lamp 

(b) using hilzy sunlight 

Voc open-circuit voltage 

lsc short~circuit photo-current 

[max maximum photo-current 

P maX Imax V Clel A 

P [sc Voe (Curve Fa("tor)/A 
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Table IV. A Study of Thin Metal Films 

Thickncs. .. 
R T 

T/R 
Sample Metal Deposition 0 Resistance Tr<1osmission 

(A) 
(n/O) ('X@0.611 ) 

Quality 

69 Cr Evup. 325 1650 64 0.039 

77 Cr Evap. 540 1200 40 0.033 

78 Cr EViiP 715 32 0.045 

79 Cr Evap. 755 39 0.051 

81 Cr Evap. 350 630 31 0049 

68 Cr Sput@:2.5 kV 245 315 33 0.105 

70 Cr Sput@2.5 kV 115 355 38 0.107 

75 Cu/Cr Sput 100 340 57 0.168 

80 cu/er Sput 100 350 57 0.163 
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Electrical 
Contact 

hv 

1 J1. barrier metal - -----.IIJ -100 ~ barrier 
metal 

-10 mil silicon 
~"""~~=""'" -1 Jl alum i num 

Fig. 1. Structure for a Schottky Solar Cell 
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Fig. 2. Optical Configuration for a Schottky Solar Cell 
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LAMP TO DIODE = 8.25" 
(INPUT POWER = 4) 

LAMP TO DIODE =16.5 " 
(INPUT POWER = 1 ) 

lcm X 2 cm sil icon 
- ---

~ 
AI contoct 

C r Metal exposed 
mask at 6 .5 mm 

Cr metal covered by mask 

2 3 4 5 6 7 8 9 10 II 12 13 

LENGTH OF DIODE MASKED FROM LIGHT (mm.) 

Fig. 3. Power Loss Caused by Poor Contact Design 
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b 

~------------a--------------~ 

d 

\ 

( 
\ Aluminum 

Electrical 
Contact 

d/2 ) 
Thin 

Schottky 
Metal 

Fig. 4. Electrical Contact for a Schottky Solar Cell 

Fig. 5. I-V Characteristic for Diode 77. Upper Curve Is 
WiUlOut illumination. Lower Curve Is With 
100 mW;cm2 Tungsten Lamp Illumination. Horizontal 
Seale ' : 0.2 V/div. Vertical Seale: 12.5 mA!cm2/div. 
Verti"al Seale: 12.5 mA/cm2/div. Efticiency: 7.5% 
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A PROPOSED GRATING STRUCTURE SILICON SCHOTTKY-BARRIIiR 
PHOTOVOLTAIC CELL FOR SOLAR ENERGY CONVERSION 

s. S. Li 
Department of Electrical Engineering 

University of Florida 
Gainesville, Florida 3261 1 

Presentation Summary 

We propose here a new grating· type silicon Schottky-barrier phC'lovoitaic cell for solar energy conversioll_ The idea is 
based on our recent development of a high sensitivity and broud-spcctrnl response grating-type silicon ~chotlky
barrier photodetector (Ref. 1). Our objective is to design and fabricate research samples of the above proposed cells 
that would porentially yield an overall conversion efficiency exceeding the 10-13% of prescn t silicon p-n junction 
cells while simultaneously reducing the manufacturing cost substantially. Our proposed sol,ar cells could thus be used 
economically for large scale terrestrial applications of the photovoltaic systems. 1lle specific cell's design (layout, 
geometry, and structure) for achieving the above goals are illustrated in Fig::;. t, 2, and 3. Figure 1 shows a schemal"ic 
representation of a grating structure cell and its energy conversion scheme. Figure 2 displays a typical design of a 
grating-type silicon Schottky-barrier photovoltaic cell with rectangular geometry. Figure 3 shows some design mor
phology of grating structure cells, discrete or integrated. 

Unique features of our proposed cell's design include: (1) met:ti grids replace thl::i conventional thin metal-tllm 
o 

(-100 A) and the ZnS antireflection coating; (2) the device can be readily constructed by employing standard 
silicon planar tcchnoi0gy, with fewer processing steps requIred than the conventional silicon p-n diodes; (3) no high
temperature diffusion process is needed in device fabrication; (4) our proposed cells have a better solar spcctral
matching ability than silicon p-njunction cells and thus higher conversion efficiency is expected for our cells; and 
(5) our proposed structure is simple and potentially suitable for mass production in a pilot line, as a single cell or as 
integrated solar arrays, thus the cost could be fmther reduced. 

Our initial calculation indicates an overall conversion efficiency of 16-21 % and an ampul power of 18- 23 mW/cm2, 
depending on the operating temperature of the cell, could be achieved by our gmting-type silicon Schottky-barrier 
photovolt.ic cells. 

Our immediate research goal is to construct research samples by using different metals or metal-alloys (e.g., Au. 
Au-Cr, AI, and Pd) evaporated or sputtered on single-ctysta:J silicon substrate.!: and studying their contact properties 
as well as their performance characterist.ics. Optimization of cell designs will be made with respect to the grating 
spacing, surface-layer doping density, and the reflection loss. To further reduce the cell's overall cost, we phm to 
consl.ruct grating-type Schottky-barrier cells by using polycrystalline silicon mIllS as subst.,ates. The chari.lctcristics 
of such C6;!S will also be me:.._ ured and analyzed. 

Our cell's fabrication and analysis will be cnrried out at the Microelectronics Laboratory of the Department of 
Electrical Engineering of the University of Florida, where excellent in situ research facilities exisl for integrated 
circuits and semiconductor device fabrication. 

R~ference 

1. C. T. Wang and S. S. Li, "A New Grating·Type Gold-n-type Silicon SchottJ..:y-Barrier PilOlodiode." 
IEEE TrailS. 011 Elecrrcl/ Del';ces. Vol. ED·20, pp. 522-526 (1973). 
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Discussion 

c: We have been making gra Ling cells of various types of pin junction grating cells, most recen tly i:wolving aluminuUl, which is then alloyed in at the eutectic tempe,rature. We find that quantum yields are near unity at the limit" of what we can measure - 3500 angstroms Of so. There is this recurring question from Dr. Stirn about why Schottky barriers on silicon. The tiling that is needed in that path is the lower amount of violence that one does to the crystal by the techniques that are involved - putting down either alloy junctions or Schottky barriers. The progression that we have been following was diffusing in the grating, which goes on, of course, at the standard diffusion temperature, but then dropping down to the aJlJying temperature in the case of aluminum-silicon at SOQoe. Finally with Schottky barriers, as you say, C!i'le could think of putting down tile grating pattenlS on polycrystalline material and on thin films, ultimately Witil tile hope that the grain boundary diffusion may not OCcur when you are doing things at these low temperatures such as putting down metals on the~c surfaces. So f think it does make good sense to be doing that. 
Q: Did you propose that the space in between the grids be two depletion Widths, whereas Professor Loferski suggested that it be two diffusion lengths? 

A: Yes. I pointed out tilat dIe advantage of two depletion layer widths is that you completely deplete the surface there, so it is a high-field region and any electron holes generated in that space-charge region are mOre readily collected. If, instead, you have two diffusion lengths, til en the surface effects and recombination will be important since the carrier has to diffuse toward the metal grid. 
\": This cell has a depletion layer in it and the ones r am talking about don't. Ours is just a uniform layer oflines and then we have tJlCm less than two diffusion lengths apart. In this case you are putting this depletion layer on rap. 

A: Yes. About a year ago, one afmy graduate students had" short project of making a solar cell using tile grating not at two depletion widths, but maybe 300 microns apart, and he measured an efficiency of eight to ten per:;ent. This has now been done for the coarse grid, and we have made some devices with areas one-half cen timeter squared. 

Q: May 1 also ask how you comput.ed the theoretical efficiency in terms of the thermal generation current? Was that based on silicon alone, or was it aJs a based on thermionic emission over ._-? 
A: 1 first calculated the efficiency in the depIction Width, which I think contribu.tes about 80 percent of the totaI currcnt and then there is about 18 percent from one diffusion length of the substrate and maybe less than two percent from the thermionic emission. 

Q: Is that for one wavelength? 

A: No, it is over all wavelengths - the integral from the 0.4 micron to 1.1 micron. 
Q: Doesn't 80 percent sound pretty high for one micron? 
A: 8 percen l. 

Q: 8 percent or 80? 

A: 8 perc en t. 

C: Yes, but you are dealing with short4 circuit current i( I understand you correctly. I am focusing attention on the open-circuit voltage. 

A: The open·circuit voltage depends on the temperature in the cell; at 4500 K, I think it is around 0.30 or so. So the open-circuit voltage varies from 0.30 to 0.45, say, from room temperature up. 
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SOLAR RADIATION 5.um 

15-30 fJ m 

'-. ' • ~, " " ' 1. '. _ . • f ' ,. , 

Fig. 1. Enlarged portion of the active area of a grating-type silicon Schottky-barrier solar 
cell. Complete structure is shown in Fig. 2. Dashed line shows that extension of 
depletion region over N-Iayer.-
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Fig.2, A typical design of a grating-type silicon Schottky-barrier 
photovoltaic cell with rectangular geometry: (1) metal grids; • • 
(2) Si<>2 (-1000 A) or SiO (-800 A); (3) high resistivity silicon 
layer (-10 I'm); (4) low resistivity silicon substrate (S - 10 mils); 
(5) ohmic contact 
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Fig. 3. Top view of the proposed grating-type silicon Scho ttky-barrier photovoltaic solar cell: 
(a) circular cell. (b) rectangular cell. (c) integrated 'solar array in parallel 
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LOW COST GaA£ LAYERS ON OXIDE SUBSTRATES FOR 
SOLAR CELL APPLICATIONS 

Presentation Summary 

B. L. Mattes 
Stanford University 

Stanford, California 94305 

The most efficient solar cells to dale have. been manufactured from GOlAs. However. the cost of GaAs single crystals 
has c<!st doubt on the use of GaAs solar cells us a means for competitive conversion of solar energy. The advantages 
for thc use arGnAs over other semiconductor materials for solar cells (Ref. I) arc tilat: (1) its energy bandgap coin

.cides with the solar energy spectrum for the most efficient photovoltaic energy conversion; (2) only u 1 ,tim thick
ness is required for almost complete absorption orthe sunlight; (3) il allowsjunclions operable to 3000 C; and (4) ils 
performance is less affect.ed by electron and proton irradiation. 

TIle cost of GaAs SOhif cells could be significantly reduced if 5IJm thick cpit.axialluycrs of GaAs were available on 
inexpensive substrate materials, such as CCr!lIllics or il1seci quartz. Presently) these celis arc constructed on GaAs single 
crystals 500 I'm thick that cosl rouglJiy S ItJOO/rt2, basc'd on a minimum cos I of S4/g for single crystal boules. 1110 
nl\V cost of Ga and As, however. is consluerab1y less, approximately SO.80/g combined. hence, a 5,um layer ofGaAs 
epitaxiully deposited on ',1 cheap substrate for It solar cell would approach S l/ft2. lllin layers of GaAs in square mile 
proportions will not deplete the available resources for Ga and As. In addition. if thin layers were tlccidentally 
volatilized, there would be considerably less arsenic available (0 fonn toxic compolll1lk 

The context of this paper is all the potential growth and use ofiiquid phase hetcrocpitaxhll GaAs on oxide sub
strates. The heteroepitaxial growth of several I! I-V compounds, including GaAs, on A 1203. MgA120,4 and BeO has 
been done by several vapor phase epitaxial methods (VPE)-(Rcfs. 2,3), In addition, GaN has been grown on Al 203 
by the liquid phase epitaxial meUlod (LPE) (Ref. 4). For homoepitaxial growth of GaAs there arc several advantage, 
for LPE over VPE: (I) the raw materials costs and maleriallosses are lower; (2) Ule electrical quality of the layer is 
enhanced by the low distribution coefficients of impurities at the interface between liquid Ga and the solid GaAs; 
(3) the liqUid-solid interface attachment and nucleation density can be controlled with the use of a temperature 
gradienl normal to Ule interFace; (5) faster growth rates can be obtained; (6) Ge can be used as a p-lype dopant 
(ReF. 5); (7) diffusion and autodop"g can be employed during growUl; and (8) unironn growths can be obtained on 
any substrate orientation. In addition, mass production of epitaxial GaAs by LPE is also possible. 

-0' 

111e advantages for LPE homoepitaxiai pfowth should also stand for hcteroepitaxial growth. To demonstrate this 
possibility, Ollr LPE GaAs hornoepitaxial growth studies have shown that nucleation and growth on all substrate 
orienlations proceeds on (100) planes in [100) directions (Figs. 1-4). The (100) planes, however, grow into 
(111) planes to minimize the liqUid-solid interfacial energy. Similar growth morphologies are also observed for 
homocpitaxial GaAs VPE growths. Depcndetit on substrate orientation, growth normal to the substrate can become 
very unslable unless the liquid-solid interface is localized with respect to t.hermal fluctuations (Fig. 5). For hetero
epitaxial VPE growths of GaAs on AI, O~ the (Ill) GaA.s orientation is obtained almost independent of the 
substra.te orientation. In addition the-layers are made up of triangular hillocks or triangular grains that va.ry in 
Qrientation from a few tenths to several degrees. As the triangular hJllocks become. smaller, more uniform layers 
are obtained - but only under very controlJed growth conditions. Similar growths arc observed in hctemepitaxinl 
LPE on the sides of graphite and quartz crucibles, on the surface of the Gn mell, anti on oxidized GaAs sub,trates. 
The latter commonly occurs for g~owth temperatures below 6000 C, where the G!1203 on the substra.te is not 
I.'educed by the hydrogen ambient.. Growth on oxidized surfaces of GaAs can be controlled ira s.tecp temperature 
gradient is imposed normal to t.he Iiquid-soHd interf41ce. 
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11tercfmc, with the control uf thD liquid-solid interface growth conditions, hetcrot.!pitaxial LPE growths should be 
explored <IS a means [0 grow high quality GaAs layers 011 oxide substrates. The ncwal orient.atiun of lhe substrate 
and its crystallinity nwy not he significant. $incc bonding may be of tlte van del' WlInls type rather than ionic and/or 
Covll!cnl. 

A technique hus been developed to control t.he liquid-solid interface lIsing the t:cmpcrnturc gradient cell shown in 
Figs. 6 :Iud 7 (Ref. 6), A vcry stable gradient is induced normal t.o the substrate by flowing He through the fused 
quartz he,ll transfer lUbe. TIlt! Ga reservoir underneath the growth cell improves the heat tmnsfer and flatlcns the 
temperature profile over the plane of the substnllc. Uniform hOlllOCpil:lxial layers from O.2pl1l to 30,um thick have 
been grown with 300oK/77QK free carrier mobilit.ies as gretll m; 8600/100,000 cm'2/v-scc in t.he low 1014 cnr3 range. 

111cre arc scveral distinct physical <ldvantages gained by epitaxial GaAs solar cell layers grown on a dissimilar sub
straW maLCrial. For a substmtc tnlllspnrcni to solar radiation, the IHI jUllction ill the layer would be totally exposed 
to the sunlight :.Ind the "clive Inyer would be protected from cllVil'OI1InenUli dcgratil.ltion. lntcrdigitai electrodes 
would be plncecl on lhe hack surface of the t.:ell aitcfI1:tling !jc{wcen diffused P-Il junction regions. This cell design 
would allow direct heut removal from dissiptltiull in the jundjon and electrical contact :.lfea uncI malnt.ain high 
eiTkiencies, especially ror sol;lr cells exposed to concentrated sohlr iIlul1linntioll. 
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Discussion 

Q: We havc workcd with gallium ~lrscnidc thin mills using chemical vapor growth Oil subslnl[cs like moly or 
aluminulll .mel have oblaincd five pcrccl1l cells. One thing that is a problem lIbout the LPE technique i5 how 
to handle lnrge ;Hcas. It seems that ror terrcstrilll purposes, area is the main consideration. We huvc to nSSllllle 

you arc going to be <lblc to get high clTic!cncies over ten per..:ent, hut I don't sec how you ure going to use 
this technique. C:lll yOll analyze what the area problems would he ill LPE'! 

A: We arc not manun.lcturers or IlHlterinls: however. we do fcellhnt SO!11~ of tile tcdlniqll~s thal we IUlve 
dcvclopl~tI in handling substrates ,mel the consequent growths nrc useful. We ~all envision mass product.ion 
types of facilities which nrc (!sscntiaHy self-cleaning - you pull oull.l substrate, for inslllllce, a long ribbon or 
s:lpphirc from a spool ,mel through a gallium melt., with n luyer grown 011 it in u continuous mnnner j b:lsil;lllly 
llsing a steady-stat.e type of transport during the liquid phase cpilaxhil growth. I am not prepnred to say lhat 
we c,m grow 11 root :It :l time, bu t we can grow scveml square inches nt H time. 

Q: You mentioned a possible cost oryour five-micron api-layer in the range ors 1.00 a squ:lre foot. Will you 
COllllllent on the cost. of rhe sapphirc or spinel that yqU ".'iIl need? 

\: I didn't IllcnUoll that we arc essenti<!.lly proposing to do the work on S0111e of these morc expcnsive substrntcs
principally sapphire and spinel-because we cail perhaps undcrslllnd better the :Jttachmcnt kinctics or growth 
on these substrates. We hope e\'cntuul1y to show that growths can be achieved from fused qutlrtz~ for instance, 
or other types of chcapcr mntcriuls. <IS well liS on sapphire and other 111:It:eriuls which can be grown in ribbon 
form. I hnvcn't really nguiCc! subst rate costs into a one dollar per square root. 
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Q: What kind of efficiencies do you project that we could get out of these cells? Have you thought about that at 
all? Are these going to be similar to the cell, that IBM made? Or is this a materials program? 

A: This is prinCipally a material program. However, some of the results that IBM h" published using gallium. 
aluminum heterojunction, can be achieved, for instance, on sapphire by essentially auto-doping from the 
substrate into the hlyer. Surface recombination at the oxide semiconductor interface may be a very severe 
limitation; these are problems we would like to explore. It may appear that some of the attachment is more 
of a Van der Waals type of bonding to the substrate rather than ionic or covalent. Lowered surface state 
densities may be achieved by doing growths at lower temperatures. 
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(130) 

0.=18°, ~=7~ Y= 20° 

(c) 

tanY = tan (3 
tan a. 

(110) 

Fig. I. Schematic orientation relationships between nucleation hillocks and substrates rotated about 
a [iDOl axis. The shaded and unshaded hillock surfaces are (100) and (Ill) planes, respectively. The 
orientations of surface terraces parallel these hillocks as illustrated in (b). For slight misorientations. 
as illustrated by (c), the terraces will change direction by an angle 1' , given by tan l' = tan Mtan cr. 
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angles correspond to the schematic orientations of the sllbstrates shown in Fig. I. The terrace orientations 
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(113) (111) (221) 

---" 

[fl2] L f'12J 
--' 

l'i10] ['110] [110] 

!l 7' pt-~ ~~ 
~~ I I 

~ T ~=7 \ 
(a) (b) (c) (d) 

Fig. 3. Schematic orientation relationships between nucieaUoll hillo('k~ and substrates rotaled about 
a [1 00] axis. The shaded and unshaded hillock surfaces are (100) and (III) planes, respectively. 
The nucleation hillocks in (a), (b) and (d) parallellhe (100) and the (110) prismatic hillocks. :-or a 
rotation about a [Tf2] axis, (c). the nucleation hillocks coalesce together into extended platelets 
along that axis. 
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(I 22) plane. 

1 

V> 

'" V> 
V> o z 
:< 

!:l 
~ 

'" '" 3: ,. ., 
'" ~ ,. 
!;; ,. 
z 

'" '" '" < n 
g; 
I 
3: 

~ 
V> 



SESSION V. OTHER MATERIALS AND DEVICES - MATTES 

5 
1+t.T -_._

f -llT 

1: -
f 

l'h>tE-· '1-- -_"T --G=O 

1- t.T --
f 

llT 

QUARTZ 
REACTOR ' 

Ie. WELL 

o 
2t.~ 

2 

2t.ZG , 
1<---2t.ZG="'O--->I 

Z~ 

Fig. 5. The effect of thermal fluctuations, ± L>T, and 
temperature gradient, G, on the position of the Iiquid
solid interface along the curve S, for an interface 
temperature T f' 

FURNACE 

II ~~~;:]~~FURI""CE L L: CONTROLLER 

QUART~ HEAT AXIS 
TRANSFER TUBE FOR FURNACE 

Fig. 6. Horizontal Tilt System with Temperature Gradient Cen in Place 

230 

~~ii'~tM:t.t~,ir~,;'i;·'" ,;·~-_~t'-_" ..... ~, .. -"-"''-'--,,.--- ~-'-.---,-~--- ---.---- .. ------'- .. --.~- ,,--, - ----.----.~ -,-------.. - -

. . 
'.'~, .. J 



SESSION V. OTHER MATERI ALS AND DEVICES - MATTES 

'-

:=l 

" U 

c: 
.!l 
." 

'" -" ~ 
E 
l:! 
" p. 
E 
~ 
" -5 

0 ..... 
0 

-'" 
.-J .;;; 

W 
;:; 
0 

.-J .-J ,..: 

.-J 0 eh 
ti: 

W <t 
U 0:::: 

LL U 
.-J ~W.-J .-J- «m.-J W9 o::::~W 
Un:: l-l-U 

llJ 
~ V) 

W 

r 
W cr: I 

CO 
(9 

23 1 

_.~ ____________________________ ~l 
• 



":" 

Presentation Summary 

Introduction 

SESSION V. OTHER MATERIALS AND DEVICES - BERKOWITZ 

GROWTH OF GaAs SINGLE CRYSTALS 
IN RIBBON FORM 

J. B. Berkowitz 
Arthur D. Litlle, Inc. 

Cambridge, Massachusetts 02140 

The potential of gallium arsenide for photovoltaic energy conversion has been recognized for many years. Gallium 
arsenide is a direct-gap semiconductor. It can, therefore, operate effectively al a thickness of a few microns com
pared to at least 100 microns for silicon. thus permitting a substantially lower weight. Furthennom, the bandgap of 
1.42 eV for GaAs is close to the theoretically optimum for solar energy conversion. Gallium arsenide can be heated 
to higher temperatures than silicon without loss in conversion efficiency, and is also more radiation resistant. 

General Approach 

The basic concept is shown in Fig. 1. A thin ribbon of GaAs is supported upon a woven high·purity quartz or 
graphite belt which is impregnated with boron oxide (B203) glass. TIle semiconductor ribbon is protected 
(encapsulated) by the upper belt, which is also impregnated with B203. The upper and lower belts are maintained 
at a temperature above 450°C (which is the softening/flow temperature of boron oxide), thus the belts retain a 
continuous flexible molten glass interface with the semiconductor material. Note that the boron oxide is relatively 
inert to the I1.I-V compound semiconductors so that the process is not restricted to GaAs production and may be 
considered a generic process for a wide variety of the compound semiconductors. 

The method of operation is shown in Fig. 2. A thin ribhon of polycrystalline feed material in appropriate stoichi· 
ometry (in the form of preferably somewhat densified fine powder aggregate, vapor·deposited film, etc.) is fed onto 
tlle lower heated qumtz belt, which is impregnated with a continuolls molten layer of B203. The upper tape then 
joins the lower, sealing the upper surface of the feed material as shown in Fig.3. Before the recrystallization step, 
tiw system must be free of oxygen and a protective atmosphere must be provided. TIle heat source (RF induction 
coupling, radiational, dielectric or other) produces a narrow molten zone across the polycl}'stalline ribbon adjacent 
to a suitable single.crystal seed. 'TIle tapos, impregnated with molten B203, prevent decomposition of the volatile 
compound. Downstream of the molten 2Dnc, the recrystallized region remains sealed by the upper and lower tapes 
until the temperature of the GaAs is sufficiently low to permit exposure to the ambient inert atmosphere without 
decomposition - but still above the melting point of the boron oxide on the tape. The tapes are then separated 
from the crystal ribbon and the GaAs ribbon is washed in hot water to remove the residual boron oxide. 

Several methods of heating are possible. Direct RF induction coupling to the compound semiconductor (7·10 MHz) 
could be used with the upper and lower tapes as shown in Figs. 2 and 3. Alternatively, it may well be possible to 
eliminate the upper tape entirely and p.ovide merely a thicker layer of transparent molten B203 atop the feed 
material. Thus it would be possible to consider the use ofa radiant heat source (strip heater,xenon lamp, laser, 
etc.) from above, which would transmit through the transparent upper B203 layer and melt the encapsulated GaAs. 

The simplest method of feed preparation would be to doctor powdered aggregate onto the supporting tape as shown 
in Fig. 2. The feed ribbon could also be deposited by thin film forming methods (sputtering, vapor deposition, etc.) 
onto the fluid B203 layer on the surface of the lower tape. 
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111e vapor pressure of the volatile constituent of the mollen compound must be balanced by the ambient 
pressure surrounding the upper and 100vcr support tapes. Two or three atmospheres of nitrogen would be sufficient 
for GaN; growth (assuming that the B203 film is continuous). 

Laboratory Feasibility Demonstration 

a. 111eoretical Analysis 

111e program will be initiated with a detailed theoretical analysis of the stabili ty of the ribbon-like I110lten GaAs in 
eontact with the liquid boron trioxide encapsuianl. Coupled with this analysis will be a detailed sludy of the heat 
transfer between various heat sources (resistance, RF induction, and laser) and the feed material/molten zone as 
weil ~s control of thennal gradient and thermal losses. While static conditions can be readily analyzed, attempts ""ill 
be made to predict dynamic behavior of the ribbon-g owing operation. 111is task will be based upon the method, 
used for the analysis of the floating-zone oxide fiber drawing process developed at our laboratories as well as the 
extensive background in liquid-encapsulated crjstal production available at Arthur D. Little, Inc. Preliminary calcll
lations have shown that tho width of the molten zone should be about 10-15 ~ for 5-~-thick GaAs. 11,e zone may 
be arbitrarily long. 

b. Design and Construction of the Feasibility Model 

Based upon the analytical data which is developed as well as the extensive background in the design and construction 
of sophisticated crystal-growing furnace systems, we shall initiate the design ofa simple furnace unil to demonstrate 
t,'le feasibility of producing GaA' substrate in ribbon form. 11,e goal of this initial phase of the work shall be the 
preparation of GaAs single-crystal ribbon having typical dimensions of 10-cl11 length, I-em width, and minimum 
thickness. It will be necessary to design the apparatus so that various heating methods may be investigated and the 
molten zone readily monitored and controlled. 

We do not plan to produce the substrate ribbon continuously during this phase orthe program; however, it is 
anticipated that the model will provide the basis for bhe design of a continuous ribbon production system. 

c. Experimental Operation of the System 

Testing will include an evaluation of various heating methods (resistance, RF induction, and possibly laser sources), 
physical properties of the feed material (particle size, distribution, and method o[support), and stability of the 
molten encapsulant, i.e., compatibility with various support structures and retention of the GaAs ribbon. 

Attempts will be made to propagate and move a uniform narrow molten zone through the feed material to produce 
a recrystallized GaAs strip. 

Since the furnace unit must ope-rate under an inert atmosphere, the chamber will be leak-checked under vacuum 
and positive pressure condition$ while at room temperature and at operating temperature to insure the integrity of 
the system. 

Following the operation ofthc basic appamtus, we shall carry out any modificatioITs necessary to optimize opera· 
tion. Rapid response to our requirement is insured by the close interchange established with OlIr model shop. 

d. Production a f Samples 

Upon completion of the evaluation and modification of the furnace unit as well as integra lion of the selected 
heating source~ we shall proceed with a series of experiments to evaluate the stability of the GaAs molten zone. 
The experimental program will be based upon the theoretical analysis and conclusions drawn in Task a. Our initial 
experiments will be concerned primarily with the propagation and movement of the thin molten zone through the 
feed material aggregate in an effort to produce a solid ribbon of polycrystalline GaAs. Once the parameters for 
continuous zone stability have been estaplished, we shall attempt to seed the molten zone to produce single~crystal 
ribbon. 
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The goal of Phase I ofthi, program will be the preparation of 10 em long by 1 em wide single·crystal GaAs ribbon 
of minimum thickness. 

Discussion 

(Not recorded) 
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STATUS AND PROJECTIONS FOR Ga1-xAlxAs-GaAs SOLAR CELLS 

11..1. Hovel· 
IBM ('llrp<lralitlll 

Sail Juse Rcscarch Lahnr:lt~lry 
Sun Jose. Cnliforllia 95111 

Presentation Summary 

The main pr~lbkllls I! ITc!..'1ing l;:IAs :wlar Cl'tlS 11:I\,l,.' heen largt:ly s\llvl:d by llsing a l:n l-xA1x As Inyer :IS thin as ptlssihk 
grnwl! nnW the surl"lIct: ora GaA:; p-n jUIll"lillll sll\m l'(.'l\ ~RL'rs, 1,2. and 3). SurfacL' rl,.'t . .'l11llbin a tillll, shullt n:sist:llh.'l,.', 
nnd :-,'\.'ri~:s rl,.·~istant:l.' pnlblcms IIrl.' grcH!l), reduced by I\lis byef, whkh :h.-Is as a [r:lllspmcnl llhnlk conl;!.:t while 
greatly r!.!dudng the slI\'i"al'c slille licllsily on the (;aAs surfm:-c. Tilt.' AMO L'fllcil!lh.':y or the best of these dl'\'kc~ 10 

date is 12~·:·, 12.~!··;· urler COITt'l.;ii\)1l 1\.']' I..'olllac·t HIt-a, ft.l!, a Gn l-x;\ I xAs thkkness or 3 mkl'lllls. TYI}kally, '"{IC'S lln~ 

0.94 to 1,0 vtlll, I.'i{"~ :lI'e :!O tll 23 mA/ctn2, and F.F.'s nrc O.7~ ill o.~ I. ' 

Fi!-ttll'l! 1 shows :l cumpuler-cakul:! ted projeci ilHl fllr pGn 1 :\ I x , .. \'s-pG:lt\ 'N1G;\}\S liL'vkes as II fund inn llr thkkncss. 
It has hec~l assu\lled ihat the n:.:nlllbimllillll Vt'kldty at tl1l' :mrt'ace is high, IOh cm/st't'. :IUd 1004 I..'m/sC'l' at flit' inter
face. Tht:! AMO clTkiency t..':Ul easily ex(;eni 17";· f~H 1-11 titil'knl'sses :md _~Ol·:. I'lli' 1000 A n!' less, in spill' (1\' the hi~h 
rCCl11l1billlllillll vdudt), at Ihe surface. Work tow"Hnl ohtaining Jl'vke~; wiih thL'se thkklll'ssC's \~ gt.'ing on. and it is not 
expeded to be dinkult ttl obtain lIllits with suhmil..'l\llllnycrs, AMO crndt'nt.'it's (If IS!';· llr over seL'1ll Ccnsihle within 
I to.? years rlll' a dl.'vl'\uPllIclll CllS! ~lfnroulld SI 00,000, hascd \111 the l'Xistl'Ill"l' l,r !learly I y"; . ...-t'lis Ih}W wirh dear 
understanding L1r the inner wllrking.$ nf the devke. 

Cukulations siglilar tll Fig, I Ill)' AM I and AM':' predict e m .... i1.·ndes ~lr 2~ amI .:!.V;" reSpt'l'1 ive 1)" ulllier the sall1C COil· 

dili~)I\s (1 OUO-A layl~r). Values of 16(';' lind 20t~, have beell mCilsul'~d II t AM 1 and AM 2. I'CSPl.'l'! ivcly. 

The u!tinwte l.'OS! ll!' tht'SC (k'vi~cs is Iikt'!Y 10 rel1lain high, limiting t!wir usefulncss In Sll tl'i lite :Illd nther spedal 
applkatiol1.-;. fht' 1..'1l~\I is largely det~'nnint'd hy thc scardly urCin, sinl.'e the liquid phmiL' Cpill1XY :Jm! dilTusinn Pfti
(CSSCS illvolvl'd arc !lDt much more ('omplkatcd froll1 a produclion ha~is litall PWl'l'SSt'S for prlJdut'ing Si llcvkes. New 
sources tlf C-;a or highcr cstilllate!'i or its rcl<lti\'t' ahundn!1t::: WllUld bt' Ill'.:~:;sary In imp;;l'( this outhllik. On tilt' nthel' 
h:md, GaAs sDhll' cells require <lcth'e rcgilllls nllly about 5 mil'rons in thkkllCSS, alld SlllllC :\I.)I't of Ill:!ting \).f thin film 
l.'elb willI tllc print.'iplcs \)t' the Gil l_xA lxAs.G:IAsdevkcs l.'l'Llhllt'ad tl) lower costs and hlWL'J' cITkiL'llcics. blllllltl1:h 
improved e1"l1denI'Y/l'l)st rat illS. 

References 

I. 

3. 

J. r.,·1, Wumlall and H. J. l-illVcl. ApI/lied Ph.l'sil's l.c(ft·rs II . J7 l ) t Il/? 2), 
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ORGANIC PHOTOVOLTAIC CONVERSION 

P.J. Rcul.'ruft 
University {If KClltucky 

Lcxinglllll., KClI!ll\:ky 40506 

Presentation Summary 

The highest ';llllvcrsil111 efficiency attained Sll far with an nrgank system is -10.6 t IO-l~n. The system consists ora 
thin b\'Cr nf IctraccIIC sandwiched between the l11elals Al ilnd All (Refs. I and 2). Table I slImmarizes pertinent datil. 
With 1~IC prcsC'lll crlit'iende:; significan'l pllwer output can be atlaincd by using 11Irger :m!H sensors. Figure 1 shows 
the spedral f('gil1ll or rcspollSl'. Ti.lble II slll11l1lnrii'.cs typit.:a! pill1tocarricr generation quantum efficiencies ror 
orgallli': materials (Refs. 3·7). This is <I rlllhll.llllt:lltallimilath1l1 nn the solar cllcrgy COIlVCPiioli clTidcncy and indicates 
the upper limit fl1l' cllllvcrsion e!Tktcncy. An efficiency limitation ~)r 2. to 7r;(, is indkiltcd for tctraCCTlt:. Cor example, 
tn ill' compareli with the currelltly aV:lilablc erncicncy nr 10-4(;;,. Improved control or materials panlll1cl l..!rs can bc 
expected tn pmtiuce significant improvelllents in crficiency :Iml allow a dUoS!!r upprnach to the theoretical value. 
P~)IYlHcr mills an.~ imlkaled for practkal devices in view nr their beller lilm·forming capabititics. Data 011 PVK·TNF, 
an ('trident polymerit: photocondut:tllt". arc included indicating Ih;lI simil:lr pitolovoltaic cnnvcrsioJl crncicncics 
should be ;Jtlilinnble in these lll11tcrials also. In the case' of this llllltcrial an increase ill clTicicllcy is obtained with 
increased. field (Rer. 7). Figure.2 shows the spcclr:ll response of the PVK·TNF complex. Table III SUII1I1l1.lriZCS cost 
estimale data I'llI' currently lIvailllblc ('ollvcrsion errh:iellcir.:s. With un elTidcn..;y of 1O-41

}, il is estimated that the ~ost 
per watt is 60-100 dollars. t\n c!Tidellt:'y improvement nr 102-103 is necessary bdore Inw cost converters lO.25 10 

0.50 dollars per watt) hl!colIIC feasihle. Tn summarize. sHch imprnvcl11('nts could be att:Jincd by betler cnl1lrol of 
carrier recombination ,I[\d trapping (by cOIl\rnl nf defeels and impurity levels) :lnd the development of ohmic COil· 

t:lcls. For pradicai device", pO!Ylller systems, slIt:h as PVK-TNF, arc likely III he the most u~crul in view or the 
IInticip:lted need for I;lrgc arC:l sensors. 
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Discussion 

c: [ think the lO~.l percent efficiency forlarge scale conversion just. will not do. That's a factor of 100 times the 
4000 square miles of arca required for power generation for the United States. 

C: The point is well taken. 

Q: What is the theoretical situation for organics? Has anybody analyzed these systems to see what the potential is 
for getting the efficiency up? 

A: This is what we are suggesting as to what is needed - more work is needed in this area. We don't know to what 
ext.ent this lower efficiency is due to improper control of the rna,teria1, impurities, and so all, or whether it is a 
rundarnentallimitation. 

C: I think you should look at the fundamentals first before you do any experiments. 

Q: \%at is the bandgap in this material? 

A: The intrinsic bandgap? 

Q: Yes. 

k PVK is estimated to be about 4.6 electron volts. That's the intrinsic bandgap. 

Q: Then, perhaps, is effiCiency inherently low in principle? 

A: Yes. That's what 1 was just pointing out. 

Q: Are there any organic systems or polymers with bandgaps closer to the ideal one? 

A: You are talking about a mechanism ofphotovoItaic conversion or photovoltage production which is applicable 
to things like gallium arsenide and silicon. This is a different system, a different mechanism for producing 
photovoltages. Excited states are developed in this material, it seems. lCs a different mechanism for producing 
photovoltage. Whether the bandgap is important or not, I don't know. [think it is important in this kind of 
thing. 

Table 1. Present State-or-the-Art Tetracene With AI-Au Electrodes 

Conversion efficiency 10-6 (to-4%) 

Assuming solar int1msity 1 kW· m-2: 

1 mW of energy obtained frem 1 m2 of area 

1 W of energy obtained from 103 m2 afarea 

1 kW of energy obtained from 106 m2 of urea 

Disadvantage: Materials fabrication problems 
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Table II. Photocarrier Generation Efficiencies 
for Arom,ltic Hydrocarbons 

0.0~·0.075 

0.01 

0.01·0.03 

J04 

5 X 10.3 

2-3 X 10-3 

2 X JO-3 - 10-1 

(500 :1m) 

(400 nm) 

(350·250 nm) 

(278 nm) 

(330 nm) 

(350-250 nm) 

(1) Better control of materials parameters should lead to improvi!d photovoltaic Conversion 
cfficlcncics. 

(2) Large area sensors will be needed for significant power output poin ting to polymer films as 
materials of choice in practical systems. 

T,ble HI. Estimate of Materials Cost 
(104 % Conversion Efficiency) 

Assuming: 

Area of sensor: 1000 m2 (to generate 1 W) 

Organic layer thickness: 10-6 m 

Metal layer thickness (AI): 50 X 10-6 m 

Amount required (per watt): 

135 kg (297Ib) of aluminum @20¢jlb $60 

I kg (2 Ib) or organic @ Sl.OO/lb $ 2 

$62 

Taking a figure of $100 per watt, an im~rovement in 
efficiency of 103 is nceded to reduce th.' .. c;ost to lOll 
per watt. 
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Fig, 1. Photovoltage Spectral Response and Absorption Spectrum for AJ·Tetracene·Au (Ref, I) 
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Presentation Summary 

PHOTOGALVANIC CELLS 

J. A. Eckert 
ESSO Research and Engineering Company 

Unden, New Jersey 07036 

The NSF-RANN is currcIUly supporting a research progmm at Boston University and Esso Research and Engineering 
to get economic photogulvanic cells. Photogalvanic ~e!ls are essentially batteries which can be rcr;harged by light. 

Photogalvanic cells rely on reversible endergonic photochemical reactions or reactions which can be pushed uphill with 
light. Current research is centered arollnd the iron-thionine system us shown in Fig. t. The semithilJnine produced by 
photochemical reduction or thionine by fel'fOliS ion is clectroactive. That is, it can migrate to an eleclrode surface and 
give up an electron as in Fig. 2. Silllllltmwously, tI ferric ion is reduced at the dmk electrode. The overnll reaction is 
the reverse of the initial phot0chemical reaction; thus no reHctants are consumed and only power is withdrawn. 

Boston University is currying out the photochemical research needed to optimize the photo yield of electroaClive 
species, llnd Esso is carrying out the engineering research needed to apply the chemical systems to real cells. 

Discussion 

Q: Is the nve percent crfidcncy based on the solar spectrum or on the absorpt.ion of a single wavelength? 

A: It's engineedng efficiency. It's based on the solar spectrum. 111e quantum efficiency of this reaction is 1. And 
il'sjust if we could get that reactive species. -- that reduced dye - to an electrode surface; we think we can have 
a vcry highly efficient system. 

Q: Does the wavelength have to be 590 nanomet.ers? 

A: No. it has a spread. It starts absorbing around 650 and reaches l.Il11aximuI11 of about 590 and then drops off 
under 500, L believe. But with this system we have a real control here. in that we can alter the dye sn that it 
absorbs in other areas of the spectrum. There are other dyes that do the same thing, but they absorb in differ
ent areas I)f the spect.rum. so that by having It multidye system, we can cover different areas of the spectrum. 

Q: It's with th~ multidyc system that you anticipate the five percent efficiency - not for the single system? 

A: RighI. Not for the single sysiem. 

Q: What is the electrode material? 

A; The electrode material can bt~ gol(l, platinum, and we have used all in the standard setup we have. There are 
some semiconduclors that are vcry interesting that we arc working on now that might catalyze the reaction of 
the lellco-thionine - the fully reduced foml of the dye - which on normal electrode slIrfaces cannot give up 
some electrons. Or if we could find a semiconductor material that can catalyze this decornposition of the fully 
reduced dye, we will be in even better shape than we are now. 

Q: What is the physicai separation between the electrode and Lite front window? 

A: For this cell here, it's about a millimeter. It doesn't absorb very much dye, or vcry much light. The absorption 
is vcry poor on tim L 
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Q; So you have to have a very large - ? 

A: No. You don't. If yOll were concentration limited, in other words if you could only have a certain concentra· 
tion of dye, or if there were an optimum concentration of dye above or below which you're in trouble, then 
there would be a problem. But you can imagine a cell where the electrodes are parallel to the light. So, therefore, 
your solution could be very dilute, but you can absorb down the length of the solution and still maintain a 
rather close proximity to your electrodes. 
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Fig. 1. lron·Thionine System 

.RH .... Fee ~) R + HG> + fe® OVERALL 

Fig. 2. Electrode. Reactions 
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Presentation Summary 

ENHANCEMENT OF SELENIUM PHOTOVOLTAISM BY TREATMENT WITH PORPJ-IY,..dNS 

A. D. Ad lor and V. Varadi 
New Englund Institute 

Ridgefield, Connecticut 06877 

Porphyrins nre any of several chemical structures derivable from u parent compound~ porphin. Chlorophyll is 11 naturally occurring example of these materials. The solid-state possibilities of these molecules have been reviewed (Ref. I). They are known organic semiconduct'OfS and photoconductors and have also been employed in mode! studies of organic supcrconduction (Refs. 2 and 3). 
If the protective plastic cout is stripped from a commercial Se photocell and the surface is then coated wilh a layer or layers of various porphyrins by dipping into compressed monolayers on a Langmuir trough, both enhanced photovoiluges and photocurren Is are obtained. If the layer is washed aff wilh salven t, Ihe effec! is reversible (Table I). The magnitude of the Cnlll.H1Cement varies with the porphyrin structure (cr. T:lble II) and also with the applied load, going through a lTIilximum which varies for the p<Jrth::ular condition ... vf study. Other dye structures lacking either the spectral or semiconductive characteristics of porphyrins do not produce this enhancement. Enhancements have remained permanent and stable for up to six mont.hs, so f3r. No dark voltages life observed <lnd both forw1rd and backward dark resistance!> are decreased. Comparable effects have been obtained on severlll Se cells and also on <J Cu/CuO/Pb cell. 

Although the dark resistance is decreased and although the structural variation shows that the porphyrin can act us a selectivp- filter and radiation trap for the expected region of m<lxill1<Ii speet-flll effect, neither of these mechanisms are sufficient to explain the large magnitude of the enhancement. Whether the mechanism involves photo effects from the porphyrins themselves, modified surface recomb inn tiOIl or conductivity, or functions by as ye l unknown processes is still under study. Attempts are also under way to see if tile effect can be extended to other types of photovoltaic cells such as Si and CdS. 

References 
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2. F. J. Kampas,lbid, 29,81 (1970) 
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Discussion 

Q: 1 am a little puzzled. With a 1000 percent improvement in the selenium celld'oll would have a cell which is between 20 and 30 percent efficient for solar energy conversion? 
A: Nl>t in this cell. TIlis is not a good selenium cell. This is ant! of tile cheap rnternational Rectifier cells. Its efficiency was probably somewhere 011 the order of about one or two percent. Actually, we could make a guess at th:s; it might be increased to somewhere between about 8 and 12 percent by comparing it with a silicon cell. 
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Q: Does this mean it was equally good? 

A: It was a little bit less efficient than the Centralab cells, so we guess it is somewhere between about 8 and 
12 percent. 

Q: What was the series resistance that you said these had? 

A: This particular one I think was <Ibout 2000 ohms. We actually looked at the effect of loads - it goes through a 
maximum with loads. It also varies with the intensity of light. You get minimal effects at low light intensities, 
and at low intensity it was somewhat on the order of about 2000 ohms. 

Q: What does this selenium cell look like when you start? 

A: It's very simple. All you do is cut the plastic layer orr or it. I had to spend a long time finding out what kind 
of proprietary malerial was on it and remove that so we could get at the barrier. It was zinc oxide in this par
ticular cell. Then all we do is to dip it into a Langmuir trough. ~nlis is a monolayer oran organic material 
spread on a water trough) compressed until it is slightly more than a monolayer - just slightly collapsed. The 
selenium cell is dipped into it to pick up a monolayer of (his material. The extensions are very, very high. It is 
one of the most strongly absorbing substances known. 

Q: Where is it in the circuit? 

A: It is essentially between the barrier layer and the collecting light ray. It is acting like the surface electrode. It 
does lower the dark resislance. It's on top of the cell. Yes, it's on top of the barrier layer. 

Q: Do you put an electrode on top or that? 

A: No. This particular cell has a collecling ele.ctrode only at one end. So essentially our porphyrin film is taking 
the place of the so-called transparent top electrr,J\' It is taking the place of the zinc oxide. 

Q: Do you scrape that off? 

A: The layer itself has been a problem - taking it off without destroying the barrier layer. 1 might point out that 
with the semiconducting characteristics of the substance, t '·is thing would have a very good surface conduc
tivity - about an ohm-em. 

Q: For a monolayer? 

A: Yes. 

Q: Did you measure the V-I characteristic before you stripped the selenium cell and after you coated it'! 

A: Yes. 

Q: Tell us how much the effect of a ch;.IJ1ge of series resistance could have been. 

A: It was of the order of about 20 percent for the forward resistance of this cell and something of tlw order of 
about 15 percent [or the back current. It is not enough to account for the change. Although the index of the 
refraction is not known for these things, it is in the middJe of the region of anomalous dispersion, so you can't 
make a simple filter trap calculalion. Even if YOll take un enormolls index of ref racti 011) it wouldn'l give you 
more than 20 percent. 

Q: Will it work on silicon or CdS? 

A: Yes. And that's what we are going to do next A lot of people say tu do the same with silicon. We'd love to 
do the same with silicon. 
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Tuble I. Control Experiments on International Recli11er Se Cell (B2M) 
With m'-Telraphenylporphin, Ambient Light, and 2S00·0hm Load 

Conditions 
Volts Current 

(my) (/J.A) 

Cell with protective plastic coat 36 14 

Cell with coat scraped off 20 8 

Cell with one layer ofTPp· 32 12 

Cell with TPP washed off with CHel3 21 8 

Cell recaated with TPP 40 16 

Cell rewashed with solvent 20 8 

Cell recaated with one la.yer 40 16 

Cell coated with second layer 42 17 

Cell coated with third layer 42 17 

Cell heated ""ith heat gun lightly 50 20 

Cell cooled with .heatgun to ambient 42 17 

Cell coated with fouth layer 40 16 

Cell washed with :iOlv!nt 21 8 

*TPP = ms~tetraphenylporphin. 
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Power 

(/J.W) 

0.504 

0.160 

0.384 

0.168 

0.640 

0.160 

0.640 

0.714 

0.714 

1.000 

0.714 

0.640 

0.168 
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Table II. Effect of Porphyrin Structure on Enhancement 

of Se Photovoltaism of B2M Cell 

Maximum 

Treatment 
Percent Increase 

Volts Current Power from Fiducial 

(mV) (Il A ) (IlW ) 

Fiducial 21 8 0.168 

TPP 42 17 0.714 425 

CuTPP 46 18 0.828 492 

MgTPP 49 19 0.931 555 

AgTPP 50 20 1.000 595 

SnTPPCl2 53 21 1.113 663 

FeTPPCl 50 20 1.000 595 

ZnTPP 50 20 1.000 595 

ZnOEP 40 16 0.640 380 

T(pCN)PP 50 20 1.000 595 

T(nP')P 55 22 1.210 720 

Porphin 48 18 0.864 515 

TPC 55 22 1.210 720 

TPPH+2 
2 65 26 1.690 1000 

TPP = ms-!elraphenylporphin; MTPP = metullo-TPPj OEP = octacthYlporphin;T(pCN)PP = ms-tetra(p-cyano) 

phenylporphin; T(nPr)P = ms-tetra(n--propyl) porphin; TPC = ms-tetraphenYlchlorin; TPPH;2 = acid salt of 

TPP. 
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SEMICONDUCTOR-ELECTROLYTE PHOTOVOL TAlC ENERGY CONVERTER 

Presentation Summary 

W. W. Anderson 
Ohio State University 

Columbus, Ohio 43212 

We believe that efficient, economical photovoltaic solar energy converters may be realized in an electrolytesemiconductor system. Semiconductor electrode reactions and photoelectric phenomena have been studied rOT many years. TIle modern phase of these studies dates from the work of Brattain and Garrett on Ge in 1955 (Ref. I). However, very little work seems to have been done to evaluate the technical importance of the phenomena for energy conversion. At least one patent has been issued for a Si-HZS04-Pt electrolytic solar cell (Ref. 2), but Si is a poor choice of semiconductor because of its small energy gap and weak, indirect absorption edge. 
We have been led to this aroa of research as a result of some observations on the photo response of a CdS-O.02 M KCI in CH30H cell. TIle remarkable result of unity ,hart-circuit quantum efticiency was observed for photon energies greater than Ule bandgap energy of CdS. 11,is result is shown in Fig. 1. In a cell with a different electrolyte, an open-circuit voltage of 0.8 volt was obtained. We will briefly describe the phenomena involved and the problems to be solved for energy cOllversion. 

In Fig. 2 we show the upward surface band bending of an n-type semiconductor in contact with an oxidizing electrolyte. Photo generated hole-electron pairs in the surface space charge region arc separated by the electric field in tile space charge layer, leading to the surface photo voltage (Ref. 3). 

1. For good short-circuit current quantum efficiency, it is necessary that the incident light be s-trongiy absorbed in the surface space charge 13yer;1.e., 

where Q is the absorption coefficient of the semiconductor. This indicates the requirement of a lightly doped, n - 1015 cm-3, direct gap semiconductor. 

2. TIle surface band bending VSC should be maximized since tltis represents the maximum possible open-circuit voltage obtainable under high illumination conditiC'fls. VSC is detennined by the particular semiconductor and electrolyte pair, and the electrochemical reactions occurring as a unit charge is carried around the circuit as described in the appendix. 

3. TIle energy gap of the semiconductor must be chosen to match tile solar spectrum (Ref. 4). The maximum band bending is less than Eg, 

while the solar photon flux which may be absorbed, ¢ (h" > Eg), is a monotonically decreasing function of Eg. TIlOre is thus a theoretically optimum value of Eg. 

4. The electrochemical re3.ction involved in charge transport across the semiconduct,or-elcctrolyte interface must be nondestructive of the semiconductor surface and, preferably, not consume electrolyte unless a useful product is produced. 
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5. Electrode Qverpotentiu!s must be minimized. This is a significant problem in fuel cell technology which is very 
analogous to the device under consideration. 

6. Electrode and electrolyte resistance must be minimized. TIlis is the weil-known problem of electroding a solar 
cell to minimize series resistance of the device. Some possible cell configurations arc shown in Fig. 3. 

A review of the literature on semiconductor electrochemistry has been made. Some of the salient features of this 
search are summarized below. 

The first work on CdS was by Williams (Ref. 5), who studied the photovoltaic effect with an aqueous KCI electrolyte. 
Since then, some work has been done wlih various electrolytes including some redox systems (Refs. 6·9). 

While CdSe was considered in some of UlC papers along with CdS (Refs. 7, 10), only one paper appears to have been 
published dealing with CdTe (Ref. 11). This paper reports observations identical to our experiments on CdS in that 
the photovoltage is due to photo pair generation and charge separation both occurring in the surface depletion 
region. 

The most extensive work in this field appears to have been done by Professor H. Gerishe·r and his students. Some of 
this work has been referred to above. In addition, he has wr:itten a number of excellent review papers on the subject 
(Refs. 12-15). However, there does not appear to have been any work on the possible technical utilization of the 
semiconductor-electrolyte system as a practical energy conversion device. 

Finally, we comment on the potential economical construction of this type of solar cell. The mechanism involved in 
this cell does not require the use of a single crystal material as in the Si solar cell (to obtain long minority carrier dif
fusion lengths). Thus significant material requiremerlts are a semiconductor thickness ofa few reciprocal absorption 
constants and a reasonably low carrier concentration (n"" 1015 cm-3). Therefore, structures using an evaporated 
(Ref. 16), sputtered (Ref. 17), flash evaporaled (Ref. 18), Or anodically grown (Ref. 19) semiconduclor film are 
feasible. 
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Appendix 

Development of the Space Charge Voltage 

Development of the open circuit photovoltage and surface band bending VSC may be understood by reference to 
Fig. 2. The energy added to the system by absorption of one pllOton of energy hv ; Eg required to create one hole
electron pair is dissipated by: 

where 

v sc::: energy dissipation in charge separation in space charge layer 

V Helm; potential drop across Helmholtz layer 

Ef = energy loss of electron in transfer from conduction band of semiconductor to Fermi sUJ:1face 
in metal (ohmic contact to semiconductor assumed) 

llG F = free energy of electrode reactions normalized to one unit of charge transfer 

JR; ohmic losses in external conductor and electrolyte 

6Es; other entropy producing processes (such as change of the solvation structure around redox 
ions) 

,,(1); electrode over potentials 

Under open~circuit conditions 

(A-I) 

(A-2) 

Eg is determined by the particular semiconductor used. Unfortunately, minimizing Ef conflicts with the require
ments ora large space charge width W, since 

where 

at T; 300oK. 

kT NC 
Er;-In-

q ND 

( *) 3/2 ;2.5 X 1019 m 0 cm-3 

.m 

(A-3) 

(A-4) 

Unlike the metal-electrolyte contact, the voltage drop across the Helmholtz layer in the semiconductor-electrolyte 
contact is a negligible fra.::tion of the voltage across the double layer. Almost the entire voltage drop occurs across 
the semiconductor space charge layer. 
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An example of other entropy producing processes which might contribute to LIEs in Eqs. (A·I) and (A·2) is the 
change in structure of the solvation shell around the ions of a redox electrolyte when a change of oxidation state 
occurs. 

The principal contribution to Vsc will be the electrode reactions which determine L1G. lG our preIL'TlinaI)' work all 

tile CdS electrode we have used the following electrolytes: 

0.04 M KN03 in N·methylacetamide (CH3CONHCFf3) 

0.04 M KN03 in CH30H 

0.02 M KCI in CH30H 

0.2 M KOH in CH3 Off 

1.0 M KOH in H20 

We have not yet studied the electrode reactions in detail, but we can give some reasonable hypotheses. 

For KOH in CH30H, there are three obvious overall cell reactions 

or 

The cathodic half·cell reactions are identical in all cases 

but the anodic half·cell reaction for Eq. (A.S) is 

For Eq. (A·6) 

and for Eq. (A· 7) 

(A·S) 

(A-6) 

(A·7) 

(A·S) 

(M) 

CA. I 0) 

For reactions (A·S), (A·S) we have evolution of 02 at the anode while for reactions (A·6), (A.9) we have dissolution 
of the CdS surface. Reactions (A·7) and (A·IO) result in a current doubling as formaldehyde is produced from 
methanol. 

In Fig. A·I we show the free energy variation Witll temperature for two competing anode reactions. Using the cri· 
teria suggested by Williams (Ref. S) that the reaction requiring the lowest free energy should dominate, we note the 
transition from one reaction to the other at 7SoC. For T > 7SoC, the electrolyte is consumed with the evolution of 
02, while for T < 7SoC. electrode dissolution should occur with Cd++ going into solution and a buildup of free S on 
the electrode surface. 
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Unfortunately, T::: 75°C is above the boiling point of CH30H at atmospheric pressure. However, similar reactions 
occur in H20 but require a much larger change in free energy !J.G/F, which wili reduce the cell voltage as indicated in 
Eqs. (A.I) and (A·2). 

initial research should involve a study of possible electrolytes which will maximize VSC without electrode dissolution. 
The two techniques we have used for measurement ofVSC are open-circuit photovoltage and zero intercept ofa l/e2 
vs V plot. The latter mcaSUiemcnt can also be used to obtain the carrier density n in the semiconductor. An example 
of this type of mcasurement for CdS in 1M KOH:H20 elcctrolyte is shown in Fig. (A·2). This particular crystal was 
characterized by ND = 1.5 X 1017 cm-3 and from the I/C2 = 0 intercept, VSC = 0.825, while an open·circuit photo· 
voltage ofVOC = 0.62 was measured. (VOC could be shifted to 0.8 volts by buffering the KOH Witil acetic acid.) 

Electrolyte selection must rusa involve consideration of electrode dissolution, surface state, and overvoJtage prob~ 
lems. Some redox systems appear promising. 
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Discussion 

Q: The previous experiment with cadmium suLfide-electrolyte solution showed that with an n-type semiconductorl 

when you have oxygen evolution at the electrode, you do have a decomposition of the CdS electrode. Would 
you employ that in your electrochemical cells'! 

A: Yes. When we used water we did observe decomposition with the only two aqueous-based electrolyt~s we used. 
We did observe deterioration of the cadmium sulfide surface. And probably - we haven't done all of the chem· 
istry yet, so we don't really know what is being produced - oxygen was evolving. When we were using the 
methanol electrolyte, our best guess is that we were producing formaldehyde, with the KCI as the salt branch. 
For KCI in Oleth,mol, there was no observed deterioration of the surface. When we used potassium hydroxidi.. 
in methanol we did observe some surface deterioration. This is where rhe research should be done at the 
moment: the charge-transfer mechanism across the semiconductor-electrolyte interface. 

Q: Any estimates about efficiencies of such processes? 

A: By doing our radiometry (and our thermocouple could be ealibrated a lillie better) we are observing greater 
than unity short-circuit quantum efficiency. This is to be expected because there was a charge-doubling 
reaction that went on at the surface in producing the formaldehyde from methanol. So, in other words, you 
should not be surprised to see this approach with some of our other electrolytes. The open-circuit voltage 
should be determined by the bandgap of the semiconductor and the chemical-electrochemical reaction at the 
surface. We have observed an open-circuit photovoltage of cadmium sulphide of 0.8 V. So I would suspect 
that we should be able to approach the calculated theoretical efficiencies of the semiconductors based on 
bandgap considerations. 

Q: Do you usc single crystals for ---? 

A: This was single crystal work simply because we had single crystals. We looked at both the sulphur face and the 
cadmium face. observing no significant difference in behavior. I sec no reason for single crystals being needed, 
and obviously we arc interested in the effect on thin films of the semiconductors. 

Q: But you still have the question or diffusion lenglh to contend with? 

A: Yes, we have the question of diffusion length to contend with. But the charge sepamtion takes place in the 
high-field space-charge region. So we hope for a hole-electron pair generated within 0.5 microns of the sur
face; according to the absorption coefficient of2 X 104 cm-1, we should be able to get effective charge 
separation before recombination. 

Q: How does the resistance of the solution figure int"o tllis? 

A: The resistance of the solution figures into this in that I didn't show you a V-I characteristic. TIlis is partially 
an artifact of the electrode geometry that we are dealing with. Of course, we had proposed, or had thought o[ 
various electrode configurations which would minimize the series resistance of the cell. And if you go to 
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something like an egg crate, you can reduce the resistance by increasing the height of the top of the egg crate to the bottom of the egg crate above the semiconductor surface. So that there are various electrode configurations that one could ---. 

Q: What was the observed efficiency? 

A: I can't give you an observed efficiency because we didn't measure one. 'The crystal was about 0.07 square centimeters exposed area and the cell series resistance was about 5 to 10 thousand ohms with the electrolyte concentrations and electrode configurations lVe were dealing with. So if you want to figure that out, you can consider a unity quan tum efficiency, open-circuit voltage typically of six tenths of a vol t. 
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Presentation Summary 

CONVERSION OF SOLAR ENERGY USING 
PHOTOSYNTHETIC MEMBRANES 

~. H. Chiang and G. E. Klinzing 
Chemical/Petroleum Engineering Department 

University of Pittsburgh 
Pittsburgh, Pennsylvania 15261 

The photoYoitaic effect in photosynthetic membnmcs (bimolecular lipid membranes containing photosynUlctic pigments) is well known. Experiments designed for studies of photosynthesis and other membranc·related phenomena have shown that an c.m.f. is produced when the membrane is illuminated by an artificiallighl source (Refs. I and 2). The Jight-induced electrical effect has been explained in terms of charge carrier production und separation, as electrons and positive "holes" are generated in the membrane (Ref. 3). A schematic illustmtion of the basic electronic process in the membrane is shown in Fig. 1. The close resemblance of such a charged membr:mc and the P·N junction in a semiconductor device (e.g., doped silicon) is clearly evident. It suggests thal the photosynUlelic membrane can be used as a barrier layer in a photovoltaic cell to convert light energy (or solar energy) t.o electrical power. 

Based on this idea, lli1. experimental device, shown in Fig. 2, was constructed and tested in our laboratory. TIle bimolecular lipid membrane, containing oil-soluble chlorophyll, was formed on a small hole (-1.5 mm) drilled in a thin Tetlon sheet. The Teflon she~t served as a parti tion separating the tes t chamber in to two compartmen 15. These compartments were filled with aqueous buftersolutions (0.1 M acetate) containing FeCI3 (10-3 M) and 1,4 dihydroquinone. A low power (I mW) helium-neon lasers (wavclengtll: 6328 A) was used as the light source for the experiment. TIle light-induced photoelectric effects were detected by using a pair ofplatinulll electrodes. 
Preliminary experimental results indicated th.1t an open-circuit membrane potential greater than 100 mY could be achieved. A small net power output ( .... 0.1 mW/cm2 of the membrane urca) from the illuminated membrane was obtained by using an external load resistor. Indications are that both the membrane potential and the power output elUl be greatly increased by properiy adjusting factors affecting the electronic transfer process in the membrane cells. Some of tile major factors include: 

(I) Physical configuration and chemical constituenIs of the membrane. 

(2) Compositions of tile bathing electrolyte solutions. 

(3) Types of electrodes. 

(4) Interfacial conditions at the membrane-solution and solution-electrode interfaces. 
(5) lntensity and wavelengUl of tile light source. 

At present there is no quantitative inronnation available a5 to the photoelectncal conversion efficiency of the photosyntlletic membrane. Estimate ba<ed on the photosynthesis efficiency of green plant indicates tlwl 30 to 50% of the incident light energy can bA converted to electric~l powzr. n· .. e utilization of solar radiation by the photosynthetic pigment is believed to t·~ limited to the short wavelengtil portion of the soIar[~dctrum, or about 50% of tile total solar radiation. TIlus, the overall solar energy conversion efficiency by the photosyn the lic membrane would probably be in the range of 15-25%. If these estimates were correct, the membrane cells would be marC efficient than existing photovoltaic cells made of semiconductor materials (e.g., tile best silicon cell has u maximum solar energy conversion efficiency of 14%) (Ref. 4). 
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Discussion 

Q: You said you wanted to attach an electrode directly to the membrane, any suggestions on titis? 

A: Yes. We have some ideas we have not tried yet. We hope we can make micromcmbranes with either pole, 
but making the surface, of course, be Uw conductor of energy. One of the thoughts that we have in mind is 
to polymerize the surfac0. If we call polymerize a layer of the surface, we can make it conductive. 

Q: What can you tell us about the efficiency of the photosynthesis proce.c;:s? I have the impression that the silicon 
solar cells are more efficien t. 

A: I think there is some literature indicating that photosynthesis (the light received by the leaves which converts 
the chemical bonds) and these efficiencies were isolated losses which are not really in the pigment - the 
photosynthetic efficiencies can be as high as 15 to 25 percent. Now, Ulis is - I'm quoting somebody else's 
work -1 have no idea what that efficiency term means, but the indications are they may be efficient. 

Q: That's not over tile whole &olar spectrum? 

A: No. Because only about 40 to 45 percent of the spectrum is absorbable by the pigment, somewhere between 
700 down to about 400 nanometers. 

c: May I read a report from Robert Clayton, who is an expert in this area? "The maximum efficiency with which 
solar energy in the field is converted to stored energy in either .rjgher plan ts Or in tanks of algae is abou t 
3 percent." 

A: Yes, you have to take into account of all of the environmental factors, too, I guess. TIle nutrition problem and 
all of these problems. Algae under controlled conditions have shown efficiencies of up to 20 percent - in 
the laboratory, not in their natural state. 

Q: Have you attempted to measure s'o.l~h tllings as lifetimes and excited states in these membranes? 

A: No, we have not at this time. We hope we will. 
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ELECTRON-BEAM EVAPORATION OF SOLAR CELL MATERIALS 

Presentation Summary 

w. W. GnHlIl~lllalln 
lIniw]'sity of New MCXil.'ll 

Alhuquerque, N~w Mexico ~7131 

We have dc\'t.'\opcd a systelll for clcct l\lIl .. hc:un L'Vapl1rtltiOIl or compounds. 'lllt:' \':lc~hlll sy3lCIll iI:lS all dcci {'miL' lind gnumliing 1lIT:lngctllcIlt I~) minimio: till .. ' electric tklll prnliuct'd by the CIt.'L'tl\lIl~bt'nlll gUll. This urnlllgcl1ICnt of ciCL'lrndcs mitlimizcs the ~cpumlilllll.lrill!lS whk:h Illay be produced when the l'l)mpound:; are pwduL'cd. In :tddilillll. u gnsjel is m~('u on t.he heated suhstrate to mid atollls whh:h might he Ius! 01\ C\',lpor:ltioll. Figure I is n dingr:11l1 t)f the t:vapnnnillll system. 

We itwc C"np(lLllted AI20J lln silko!1 :llld G:u\sP with properties SlIil:lhlc for !ransistllr g:lll' Illatcrilli. TilL' AI203 on silktlll transistor:\ give gllnd characterisdl.::ii. 

As till cxnlllple 1..11' compounu sl~lllicnndHC(lH l~vap0r:lthl11, wc have used indium :mtilllnnidc. 
'flw metal mWik:; rind w!lsirate glass were degrt':Iscd and dC:III~d uilraSlllliL'ully in solwnts. nnd Illlsitioned ahow the crucihle Ht :I ,jistllllCI.! of 5 indl~s. A thcfnlf..lCOup!c W~IS pllJl.."cd Il)udling tltc l'urfncc ~)r lilt:' suhstrate and was l:OIl· nedl'll In!! lligitul voltmeter. The substrate hClIler with mo!ylHknullI rCn~dM (qu:Ulz-ilHlinc lalllps) \\':lS plm:ed at u distancc of:!.5 to 3.0 inches Cmm the suhstnltt" heating it lIlliftHlIlly. A thkklll'sS 1l111llilllr sC'llsnr Wllli I1xcd ilC~lr tile suhstrate. 

With tiw \'!II.:11U1I1 systcm pumping, the substrate was hl':lIcd It) ·lOone I'll! 30 minutes I,,))' ~)ut£!Issing :lnd !.:notell dUWll t.o .... 300ne. When Ihe pressure was J X 10-7 tll 5 Xl 0.7 (tm', 1Il.cl)1l1 mllcd 1I1l1outi i of InSh dl:lrgc W:!S C\'IIP' Ol':ltcd with (he {~Ict.:trllt\-hcillll gun at. urate llr ~OO tn 300 A/sel'. '11\(' s:ullPies werl' ~noled to 1\)1l1ll Icmpaaturc before heing removcd from the Vacuum system and then helllcd in UII oVen :.\t ~5{}llC for 20 to:;O milluks to fUl1n 
II protcclivc \)~dd(' Inycr. 

The InSb mills with protcdive oxide laYL'r wcre recrystallized in a rUI1Hh':C which pnl\'iucs ~I muss protlul:lioll c<lpn· hililY as Opp~)sL'd to the c1Cl:fron~hcam mkro-l.lJItc IIldting Ih:lt allows prol::essing nfitlliividunl it~IllS ~)nly. Pre· purified dry lIrgon \Vus passed ow:" ('he samples n1 n miL' llf 1.5 to2.5liler.\/min. The temperatufC oCt.he fUlllllt.:C 
WliS 11l!lllltainccJ between 525 :Hld 535t)(': rccrystallizrtlioll time \'aricci fmm 3 tn 4 minut~$. 111l'll the s:ullples were !Hliled to Ihc t!nd lIr thl' tube to ulluw slow l'{l()\·duwll. Tllt'se slIlilples were ctdlcd in com:cl!tfUlcd IICJudd to rCIl\ll\'e cx~~s:-; illdium fr-.~in !lit: mill surl:lce. and then indiulll cont:!!.:ts for HalI I1l()aStlrCnlCnts WNt:' lIHldc with un Ultr.t501lic solderillg iron. 

111c rl!suiting H~II eni.'et dcvicc~showcd nwbilitit-s up to 75,000 eIll::!/V.s~I.':ll I'ot'm lClllpeml.ure. The mobilities ure esscnlt:llIy equal 10 or hetter than norillal bulk mobil:tics 1)1' Ihe original ltla k rial. 
This mcrhod offern promise I'llI' Ihe elcl'trOf1-h~alll cVll~h'mtion t)fsolar cclllllull'rials. 

Discussion 

Q: What W:lS Ihe substrate Illuhnial'! 

A: We tried II Illllllbcr nr different suhstratt! muteri:lls. GI:l.ss seemed 10 work :\s wdlllS lll1)'thillg,l.It ie,HI{ if we 
WCIH tll t! 3-mkron thkkncss. The substrate had some efred if you s!.!iy\,·d wit.h very thin Iilms. 
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PIN HETEROJUNCTION SOLAR CELLS 

F. Chernow 
University of Colorado 

Boulder, Colorado 80302 

TIle use of PIN heterojunctions of direct band gap semiconductors can in principle circumvent a number of the 
problems that exist in silicon solar cells. Such devices have received little attention in the past because of their 
inherent complexity and the fact that applicable semiconductors aTe not as well characterized as silicon. 

What is envisioned is a base layer of a norrow band gap semiconductor heavily doped p-type, followed by a close to 
intrinsic layer of the same material and finally a wide band gap top layer heavily doped n-type. Radiation within Ille 
spectral window set by the band gap differences of the materials penetrates the surface layer and is absorbed in the 
intrinsic region of the device. The strong electric field present ill the intrinsic region separates the electron hole pairs, 
excited by the absorbed radiation, delivering the holes to the p-type base layer and the electrons to the n-type surface 
layer. 

Such a device has the inherent characteristic of decoupling the coilection efficiency from the series resistance. 
Both the base and top layers can be made highly can due live for low series resistance without adversely affect
ing the carrier lifetime in the intrinsic layer. It can be shown that high surface recombination velocities which 
strongly affect collection efficiencies in silicon cells play only a minor role in this device. In the intrinsic layer, 
the generation rate G (x) is related to tl,e current density.r (x) by 

G( ) 
= aJ(x) 

x ---ax- (1) 

Integrating equation (1) and considering only the holes which are iJcing field driven away from the heterojunction, 

(2) 

where ill (0) is the surface recombination hole current at the heterojunction interface, Dp the diffusion constant 
for holes, P the hole concentration, v D the drift velocity for holes, 10 the intensity of the incoming radiation, 
athe absorption coefficient for the intrinsic layer, and x the distance as measured from the junction. If one 
assumes an infinite recombination velocity for holes at the junction, zero recombination in the bulk of the 
intrinsic layer, and neglects the homogeneous solu lion of equation (2) (since thjs is essen tially the forward 
biased diode current), one finds that 

(3) 
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TIle coHection efficiency Q is then given by 

( 
J (0») 

Q= 1--40 Y (4) 

where I is the fraction ofligllt absorbed in the intrinsic region to that incident on it. Combining equations (3) and 
(4), 

Substituting for Dp and I'D' 

Q 

y 
Q = ---'--::

OiDp 
+-

"D 

l' 
O'.kf/e 

I+-y-

(5) 

(6) 

where k rje is the thermal energy in valls llnd E is the electric field in the intrinsic region. For representative values 
C( = 104 em- l ,E = 5 X 103 vol ts em- l an d in trinsic Jayc IS of th ree microns in thickness, collection efficiencies of 
over 90% exist. F ofward biasing the diode to hal r the band gap vol tage results in less than a 4% reduction in collec
tion efficiency. The assumption that recombination in the bulk is negligible is based on comparing transit times with 
cnrrier lifetimes. This transit time for a ] .5-cV band gap material with the dimension above is 10-9 seconds. For 
currier Ii fe time as short .. IS 10-8 seconds, bulk recombination is negligible. 111e y factor can be traded off with transit 
time by reducing the thickness or the intrinsic layer. Such reductions appear twice in the transit time calculation, 
thus a factor of four change in layer thickness has the effect of reducing the transit time by a fHctor ofsixteel1. 

A1t.hough the possibility of achieving close to theoretical arflciency is enh;.mced in these deVices, the cost-power ratio 
is a more significant factor. Cells orCdTe-ZnSe have theoretical efficiencies in the 25% range. TIle materhlls required 
have a reasonable abundance. Because of the partially ionic nature of the crystals, it may be possible to sputter 
deposi t polycrystalline layers wi thou t severe degradation of the conve rsion efficiency. For a 10-micron CdTc base 
plus intrinsic layer and a lOG-micron ZnSe lop layer, the cost of the materials including ~l gold-coated aluminum 
substrate and a griclcd top electrode ofindiul11 is approximately $30 per squnre meter. Thls is based on the use of 
99.999% pure starting materials. It is estimated that the cost of processing the devices in a continuous fashion would 
add .another $20 per square meter to the Pl~(;C. The major questions that must be resolved are associated wilh degra
dation of lifetime and the effect of traps on device efficiency. Polycrystalline films arc kno\vn to degrade from 
single crystals in this fashion. 'nle.ionger wavelength incident ntdiation may reduce the cic!'rimental effect of traps 
in the intrinsic layer. Degradation of lifetime can to some extent be compensated by making the intrinsic layer 
thinner. Should the overall efficiency be maintainable at the 5% level, the cost-power ratio would come in at 
S 1 000 per kilowatt. 
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Discussion 

Q: Why is series resistance not important, since we have to have the current flowing through the entire circuit'! 
A: The series resistance can be made as low as you want it to be made. The series resistance comes about from two regions-the surface region and the base region. 111ere is no series resisl'anc.e associated with the i-layer at aU-tIHlt's the generator. 

Q: TIle metal contact? 

A: The surface layer here was mude lOO microns thick; it was zinc solcnide 0.01 ohm centimeters, n-type. That's not going to create a contact problem. The problem Iif!S in the series resistance when YOll put a p-n junction together, and you have carrier lifetimes in the material versus series resistance. If you stiJrt nUlking it very conductive, the carrier lifetime goes wny dowll and then there is: no collection efficiency. Here, the carrier lifetime problem is associated with the center region which is your generator, rather than with the contact regions-the base layer or the top layer; tium the series resistance efTectively is kept down by keeping the conductivity ofbolh the surfilce wide bundgl.lp semiconductor and the base p-type layer extremely low. TIlere is very little series resistance there. 

C: The open-circuit voltage is the difference between minori ty quaSi-Fermi levels; so if you heavily dope in the righthand side and in the lefthand side, YOll somewhat. counteract the ability to spread the quasi-Fermi levels, and there will be some limitations. Otherwise this is u good idea. 

C: Well, there are some limitations. 

C: Right. So it sounds great if one can still manage to get the quasi-Fermi levels separated. Although you said the lifetimes of your carriers in tile i-region are high, your open-circuit voltage is IiI1li ted by not ovcrdoping the p and n range too much. So conductivity on one side and minority cmrier lifetime and quasi-Fenni level on the other side require tradeoff. 

A: Yes. There are still tradeoffs that you have to worry about. I might mention that you have to keep about a one-volt energy gap difference between the base layer and the top layer in order to get reasonable efficiencies. 
\.r. Why is this? In the senSe tilat it is the high bandgap material which is receiving tile light? 
A: It passes through-that's a window. This is like 2.6 electron volts in the zinc selenide. So everything between, say, 1.44 for cadmium telluride and 2.6 is going to get by here, and that gives you reasonable theoretical, like in the 25 percent range. Ifeverythingl,vorked out right, YOli would have some 25 percent. 
Q: What's the transparency of heavily doped zinc selenide? 

A: Below the gap'! It's extremely good, about 99 percent. 

Q: Is this heavily doped? 

A: Right. IVIlen you say heavily doped, it depends upon what you mean. If you are talking about 10 19 carriers per cm3, you have no problems. 

Q: The conductivity is what? 

A: It is 0.0 I ohm-centimeters. Usually what they do is to dope the zinc selenide. You bllifd in zinc vacHncies and doping produces higher conductivities. 
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PHOTOVOL TAlC SOLAR ENERGY CONVERSION USING 
HIGH-TEMPERATURE THERMAL RESERVOIRS 

I. Mclngailis, A. L. McWhorter, M. S. Hsu, and W. E. Morrow, Jr. 
Uncoln Laboratory, Mnssadlllsetts Inst.itute of Technology 

Lexington, Massachusetts 02173 

Presentation Summary 

A new technique is proposed for photovoltaic gencfiltion of elcctticity from solar energy which involves storage of the solarcncrgy in high-temperature thenlll.l1 reservoirs. The two main advi.llltages of the system are (1) a potential for achieving a substmltially higher efficiency than is possible in direct photovoltaic conversion and (2) ccollomica.! elle rgy storage. With 24-hollr storage, theore tkal efficiencies of abou t 32% can he achiever'. in a system which could be constructed ;It all estinwted cost ofSI100/kW. Development of efficient and economical PbhxCdxS pitoto\'ol· taic cells with infrared cutoffwuvdl!ngths appropri:He for this scht!I1lc apP(!iJrs feasible. 
As shown in Fig. 1, concentrated input solar radiution passes tllrough a heat-mirror filter F) which is t.ransparent 10 short wavelength radiaticfl A <.. A I but reflects at lang wavelengths A > A 1 to reduce reradiation from the t.hcrmi.ll reservoir. rnle input radiation is absorbed and stored in the reservoir. which h1lS a large thermal inertia. 111e thermul reservoir then reradiates the energy onto a photovoltaic cell array in a narrow spec!.ral band, which is determined by u second filter Fl. with u cu toff wavelength A 2 corresponding to the cutoff for the cells. Rl.ldiation lit w!lvclengths longer tlUU1 X2 is reflected back into the reservoir and reabsorbed. By thus confining the output radiation to a narrow band, in a mi.lnner Ulat has been previously discussed in connection with thermophotovoltaic converten; (Re f. 1), tile e fticicncy of the system is .improved in comparison to direct solar Call version. TI1C rcnliza t.ion in practice ofhcat-rnirror type tilters has been invesiigatcd previollsly using a number of materials (Refs. 2A). 
In II design version of the thermul reservoir shown in Fig. 2. NI.lF at. its melting point of 1265 K was selected for the stonlge medium in order to take advantage of the storage cap.tcity provided by the Iligh laten t heut of 167 keal/kg for this matcriaL The molten material is contained in a cylindrical structure suspended by support rods. For overnight stomge (24-hour electrical output) hent losses from the reservoir c:.tTl be kept to ilbout 20~~ of the input energy by using vacuum insulation around tile NaF containmcnt vessel and multihlycr radiation shields over the pllssive portion of the reservoir wall. The cylindrical hole through the center of the reservoir serves to transmit the radiation to thc bottom of the vessel in order that temperature throughout the reservoir can bc equalized by convecUon. System paramo ters for a reservoir design aimed lit minimizing the cost per kiIuwat I of elect ricul output power are as follows: 

Reservoir temperature 
Collector conccntnltion ratio 
Daily solar input 
Input·storage cycle 
Input mtcr cu[orr 
Pholovoltllic cell cutorr 
Overall efficiency 
Cost 

1265 K 
1000 
10 kWh/ill" 
24 hours 
2Jll11 
1. 7 Jlm 
32-:~ 

-SJ 100/kW 
For a solM collector with two-axis steering, a 10 kWh/1ll2 daily solar input is estimated (Refs. 5-8) for Optil11llJll atmospheric conditions in central U,S. 
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The cost of the system is dominated by the approximate $100/m2 cost of the collector. The storage cost alone, based on the usable electrical power output, is aboull/3 of the cost of battery storage. As indicated in Table 1, the cost per kilowatt is nearly constan t for units with a reservoir diameter between 1 and 3.3 m. 
A particularly promising cell material for USe in this scheme is Pb l_xCdxS, because its energy gap can be adjusted to an optimum value by choosing the Cd content and because large-area cells should be economically producible by inexpensive evaporation Or other epitaxial techniques similar to those currently used in growing films in other leadsalt materials, such as PbTe (Ref. 9). Because of the use of a solar concentrator, a cell cost of $200/m2 - ten times tlle coS{ of CU2S-CdS cells (Ref. 10) - would still constitute a negligible contribution to the total system cost. Since Pbl_xCdxS is a direct-energy gap material (Ref. 11), it has a high absorption coefficient (> 104 em-I); consequently, the radiation is absorbed in a shallow layer. [n properly constructed antireflection-coated cells, it should be possible to achieve a very high quantum efficiency and a low series resistance, judging from results on photovoltaic detectors (Ref. 12) in lead-salt materials. [n calculating the cell efficiency a negligible series resistance, unity quantum efficiency and an ideal exponential I·V characteristic were assumed. Based on these assumptions) a power efficiency or 52% was calculated for monochromatic radiation at the response peak of room temperature operated Pb l_xCdxS ceUs with a1.7-Jlm cutoffwavelength, at an incident flux of 13 kW/m2, which was estimated for the tileDnal reservoir system with the listed parameters. 
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Discussion 

Q: Will you describe for me the materials that you propose to use'? 
A: Heat is 11 consideration. There urc nmteri(ils like indium uxide, fur example, that have been used that IIrc based on t.he plasma edge reflection, so th.1t they <ire transparent for short wJlvclengtils, and opaque for long WIIVCM lengths. 

Q: It is my understanding that IlOlle of these matenals has a performance which is in any WHy 'Idequutc to do wlmt you are proposing to do; su my concern is, how lire you going t(1 go about getting from where we are today with these conductive oxides to where you would need 10 be to make this pmetical'? 
A: We flnd th:'lt the input filter is not too critical, because if we lise 1.1 thutisunc!-to-cHle concenlrulion we corne down to a window sileo With such a SI11<111 size that loss is not clominnting. We hnve estimated the loss to be ubout 20 percent of the input due to thermal losses, rentdiation, and such. Now for the second filter, you could even use the cell itself as a fiI ter. In other words, radia tion that the cell hllS not tlbsorbed could go through the cell ,mel be reflected right back with n totally rel1ecting mirror b-ehind it. Now how efficient thllt would be, I'm not sure, but that would be an nltcrnate scheme. 
Q: Did the S I 100 include the cost or" collector? 

A: Yes. The cullector contributes llbout $750 and the storage medium is not very expensive. If we eSI:im:'lte t'he storage costs per unit of electrical energy, then it comes out thllt it is about one third orLhe cost ofbnttery storage. The cells themselves we hllve not really considered, because we think they are not going to be dominating. Once you use ,I collector, then the cell expense is not. crucial. 
C': We have tried almost eve\}' aspecl of t.his scheme in our work with thermal-phot.ovoltaic energy conversion using thenm.ll radiators and germanium cells. One comment I want to m:'lkc is that at the operating temperature of about 1000°1(, you get u very low utilization OrYOlir spectrum, which is on the order of 15 to 20 percent of the radiation energy that can <lctually be utilized at 1.7 micrometer absr,rption edge. 
A: Yes. That's about righi, I think. 

Q: If you do this and you want to get good ~;ystelll efficiency, i!. mCiU1S you Iwve La utilize almost 80 to 90 percent oryanr nOIllisable energy and get it back to the Source. 

A: Yes. 

C: That, I think, is the mosl critical problem. 

A: You are absolutely right. That constitutes all of the loss, in fact. We have ass.umed in the calculation that we would use this cell array; that radiation that is not tlbsorbcd by the cells could go through the cells and be reflected back. ,And for that. reflection we assumed gold, which is about 98 percent reflecting. 
C: But there is one problem in tlus scheme. We have tried this in germanium. I dOIl't knmy whether this will be any better in the materiHI you have proposed. Actually in undoped gcrmimiult1 you get a good tnUlsparency at the absorption edge. As soon as you dope it to the levels which you need for (I high power density and output voltage, YOll have higher absorption. And what. we found is lhnt you cu.nnot get mllch beyond about 40 to 50 percent, I think, reflection from the back surface. So Y0U have considerahle losses there. On lhe other hand, another possibility is ify-au tried to put the ftlt'~r right on tlie surface. But at the present time there are no filters available that arc good enough. 

A: That. could cause some argument. 
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Table I. Output power and cost for three sizes of unit 

CoBector area 
Electrical 

Cost of unit, 
Ac,m2 output power doBars 

Pe,kW 

56 7.5 8,500 

880 117 120,000 

2020 270 290,000 
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Fig. 1. (a) Solar radiation converter with idealized short·wavelength-tran,:nitting fil ters FI and F2 whose re flectivity spectra are shown in (c) and (d), respectively. The solar spectrum and the 
thermal reservoir spectrum are shown in (b) 
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Fig. 2 . Structure of High-Temperature Thermal Reservoir 
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PHOTO·ELECTqOLYTIC DECOMPOSITION OF WATER 

Presentation Summary 

D. I. Tchernev 
University of Texas* 
Austin, Texas 78712 

The shorL~range goal of this effort is to define the optimum configuration and to study the maximum efficienGY 
possible in the direct conversion of solar energy to electrochemical energy_ The long-range goa! is to define the 
economic criteria for large-scale utilization of solar energy for the production of hydrogen fuel and electrical power 
simultaneously .. 

Recently, it has been demonstrated (Refs. 1,2, and 3) that it is possible to decompose water with visible light at 
the interface of a semiconductor and an electrolyte. While direct photo-decomposition of the water molecule 
requires light with energy above 6.5 eV (in the ultraviolet, wavelength less than 190 nm), the electrolytic photo· 
decomposition requires only light with energy above 2 eV (wavelength in tile visible, less than 600 nm). Figure 1 
gives the voltage-current relationship for Ti02 electrode in the dark and under illumination (oxygen evolution). 
Figures 2 and 3 represent the same relationship for GaP and ZnO (hydrogen and oxygen evolution, respectively). 
The observed photocurrcm is very similar to the one obtained with a photodiode consisting of a metal
scmiconciuclor rectifyingjul1ction and can be explained by the existence of band-bending and the consequent fanna
tion of a depletion layer. The proposed energy level diagram is shown in Fig. 4 for the interface between a p- and 
an n·type semiconductor and the electrolyte. 

There are three general ways to increase the efficiency of the process: the first, and most obvious, is to use p- and 
n-type semiconductors for the two electrodes instead of a semiconductor-metal combination; the second is to use 
a two-photon process (one each in the two semiconducting electrodes) in 01 Jer to reduce the minimum energy of 
light requ!Icd to 1 eV (wavelength of less than 1 micron); and the last is to use the equivalent ofa heterojunction, 
Le., two different semiconductors for the electrodes, and thereby dividing the solar spectrum into 2 equal parts. One 
semiconductor with band gap of about 2 eV will absorb light with wavelength less than 600 nm. TIlO remaining 
light will be transmitted to the second semiconductor electrode with a band gap of less than 1 eV, which will absorb 
the remaining half of the solar spectrum. Tllis method will avoid the creation of very energetic photoelectrons with 
the consequent losses. 

Experiments have shown that polycrystal1ine semiconducting thin films have less efficiency than single crystals; 
however, the existence of surface states in this process is beneficial since they serve as nucleation centers for the 
evolved gases. 

Cost estimates for thin film panels on glass range from SO.50 per square meter for ZnO to S10.00 per square meter 
for Ti02 and GaP. The measured quantum efficiencies for the metal-semicqnductor 1.:1 mbination are about 10%. 
With the improved method of two semiconductor electrodes, we hope to obtain higher efficiencies; however, even 
for a 10% obtained at present, some of the pertinent data are: 

Electrical power produced is 0.25 volts at 2.5 A/m2 or a power 0[0.625 watts/m2. The hydrogen gas output is 
about 20 liters at STP per m2 per day or the equivalent of about 20 watts/m2 of chemical energy. The projected 
two·photon process output will be above 75 watts/m2 for a 10% quantum efficiency and even higher for better 
electrode materials. The cost of total power (chemical plus electrical) is less than SO.50/watt at the present, with 
excellenl chances of going down with improved efficiency. TIle storage and distrihution of hydrogen gas are 
considerably easier and cheaper in large volumes than that of electrical energy. The available electric power could be 

*-Now at Lincoln Laboratory, MassJchusetl'i Institute of Technology. 
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used to pump water from the oceans to the coastal deserts and the hydrogen gas through the pipelines to the densely 
populated areas in the country. 

Problem areas remain in the field of electrochemical data available for non-metallic electrodes. Using dyes in the 
electrolyte also increases the photocurrents manyfold; however, more research is needed in this area. 
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ELECTROMAGNETIC WAVE ENERGY CONVERSION RESEARCH 

Presentation 3ummary 

Introduction 

R. 1.. Bailey 
Department of Electrical Engineering 

UniverSity of Florid" 
Gainesville, Florida 32611 

Present photovoltaic technology is Hlocked·into" the quantum approach with maximum theoretical conversion efficiencies of about 23 percent. The obvious wave 'lpproach. which also bypasses the Cam at limitation, appears to have been ignored. It has been proposed (Ref. l) that the possibility of creating direct converters having efficiencies greater than 50 percent exists. Such converters would be based on exploiting wave properties of the incident radiation based on the invention (Ref. 2) orthe Electromagnetic Wave Energy Converter (EWEC). It has been shown (Ref. 3) that the iong-range market potential for such a converter on reSidences, commercial buildings, and centralized solar·electric plants is many billions of dollars. 

The NSF/NASA Solar Energy Panel report (Ref. 4) recommended that EWEC research be initiated. 
New Converter 

The new converter embodiment proposed is shown in Fig. 1. In (a) the electric field einduces currents in the pyramid or conical absorber elements (many wavelengths long) and a voltage is generated between them. It is rectified and filtered, and appears us de power in the load. In (b) a similar arrangement exists for horizontal € polarization; thus embodiment (b) converts either vertical or horizontal E fields to useful power making the converter insensitive to polarization of the inciden t wave. A microelectronic emb odimen t is shown in (c). 
The EWEC differs markedly from smooth surface quantum based cOIlventional solar cells and is generally more like rough structures found in l1tlture, e.g., insect an tennac and eye retinas in vert.eb rates (Ref. 5). 
Key Initial Research Problems 

Key initial research problems are seen as: 

(1) Prior art studies in antenna and nature areas. 

(2) Metals vs dielectrics for the absorber elements. 

(3) Coupling energy out of the absorber elements. 

(4) TIle diode which must ultimately work in the micron wavelength range. 
(5) Microwave array performance. 

The problems appear surmounlable. 

Research Goals 

Research goals for the proposed Phase I research are shown in Table I. 
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Research Plan 

The research plan proposed for ultimately realizing practical EWEC converters is: 

(1) Phase 1. Theoretical-experimen tal research of EWEC at microwave frequencies ("scaled cxperimen t~") 

where optimum absorber geometries call be found and where experimental absorber elements are easy 

to fabricate. A small interdisciplinary leam at University of Florida would conduct this research 

(approximately 2 years). 

(2) Phase II. Would take the know.n optimum converter geometry from Phase I and shrink it to operate <It 

IR and solar wavelengths. Its goal would be to produce practical high efficiency converters for solar 

wavelengths (approximately 5-8 years additional errort). 

Background and Status 

Concept was briefly checked at microwave. Putent was filed by NASA GSFC. Technical papers were presented at 

several conferences. A comprehensive proposal to NSF RA. __ NN assembling 5 years part--timc work on this new 

invention has been written and is in the review-decision process. Previous support: NASA Goddard, University of 

FlOrida, and four Florida utility conipanies. 
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Table I. Research Goals 

I3rond research goais, or expected resull .. , frolll the proposed Phase I researoh afC: 

(1) To establish a better quantitative understanding (theoretical and experimental) of the EWEC invention. 

(2) To generate the necessary quantilative theoretical base for radiant wave-electric COllverters of the general 

EWEC c1uss so that performance and characteristics of practical converters CUll be rcasOIwb!y predicted. 

(3) To demonstrate a complete opt.imized EWEC converter operable ut microwave frcqucoujcs and to determine 

its major IIIca<;urcu characteristics:. 

(4) To determine ut microwuvcicngths the extent EWEC's potential advantages of: 

(a) High conversion cffidcncy 

(b) Function separation 

(c) Power spectrum matching caoability 

(d) Control of absorption bandwidth 

(e) i>.Iechanical flexibility 

(1) Mass production capahility 

can, in fuct, be potentially realized in the IR~solar range with pructiculman-madc converters. 

(5) To belter understand EWEC-type struCUlr~S ()ccurrip.5 in nature, particularly insect antennae and vertebrate 

eres, and to translate such insights where applicable into useful man-made EWEC-type embodiments. 

(6) To quail titatively predict optimized EWEC pt>·rformance at wavelengths shoI'tcr than microwave. i.e., I R-laser 

and solar ranges, in anticipation ofcrcating a practical EWEC conversion technology in this range founded on 

Phase 1 microwave research facts. 

(i) To la!-' a firm foundution for a luter Pllilse II research effort which would make high-efficiency low-cost EWEC 

converter hardware practicable for the IR-solur runge. Phase I resenrch would place w, in pmition to make II 

rrontul assault on the key resellrch prob!cms in this shorter wavelength range. 
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Fig. 1. Rough conceptual sketch of new large area electromagnetic wave energy 
converter absorber that might be created fre.. , the proposed research. The sur· 
face would be rough. It would utilize the wave properties of the impinging 
radiation. The concept is ultimately aimed at solar energy but may also havc 
useful spinoffs for microwave and infraren ranges 
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VERTICAL IVIUL TlJUNCTION SOLAR CELLS 

W. P. Rahilly 
Aerospace Power Division 

AF Aero Propulsion Laboratory 
Wrighl.Patterson Air Force Base 

Dayton, Ohio 45433 

The Air Force is sponsoring a progmm to develop the vertical mllitijunction (VMJ) solar cell. TIle impetus for a 
cell of this geometry is twofold - increased operational efficiency and improved radiation tolerance. Figure 1 depicts 
the basic design compared to a conventional cell. 

A theoretical analysis by the Air Force Aero Propulsion LaboratOI), detennined that a vertical junction packing 
density of greater than 2000 junctions/em is required to achieve both increased efficiency and radiation resistance 
(Ref. 1). If radiation damage is not a factor then the packing density can be dropped to 500 junctions/em and still 
maintain high efficiency. These calculations are based on the step junction geometry. It was found by Heliotek that 
at least for low junction packing densities it was necessary to include, a horizontal N+ layer across the top to maintain 
good voltages (Ref. 2). 

Some calculations were madl~ for the design in Fig. la for the concentrated sunlight application to teHestrial power 
generation; a packing density of 500 junctions/em was assumed. 111e re5ultant calculations were compared with 
calculations for the new "shallow junction" class of ceUs presently under investigation. The comparison showed 
little advantage of the VMJ structure in output and because of possible fabrication cost factors, it is not a viable 
candidate for terrestrial use - at least in the configuration considered. 

A brief description of the VMJ cell program being pursued by the Alr Force is summarized in Fig. 2. Four design 
approaches are being considered with emphasis on approaches I and III shown in Fig. 2. The approach III design 
was first investigated by Hellotek (Ref. 2). The technology developed by Texas Instruments for the four approaches 
relies on: Ca) orientation dependent etch, (b) narrow groove epitaxial refill, and (c) deep groove and narrow groove 
N+ diffusions. An approach I1T cell has already been fabricated to demonstrate the orientation dependent etch and 
deep/narrow groove difflision; the VMJ conversion efficiency was slightly less than 6%. TI,is cell was not optimized 
in that it possessed a relatively deep junction (~ I micron) and did not have an optimized upper contact config
uration or antireflective coating; the cell size was 2 em X2 em. 

The VMJ cell development elTort, sponsored by the Air Force was starlocl in November 1971 with Heliotek with a 
subsequent follow~on program with Texas Instruments initiated in January 1972. The VMJ cell program funding 
is shown in tile table below. 

FY72 

$72K 

FY73 

SIOOK 

VMJ FUNDING 

FY74 

SI75K 

FY75 

S175K 

To brielly summarize, it is not anticipated that the VMJ cell will compete with other types of solar cells in a 
terrestrial application because of cost limitation -- although the VMJ efficiencies, assuming a successful program, 
would definitely be competitive. TIle main advantage of the VMJ cell concept 13 long-term operation in a space 
radiation environment. 
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RESEARCH ON TRANSPARENT, 
ELECTRICALLY CONDUCTIVE MATERIAL * 

G. Haacke 
Chemical Research Division 

American Cyanamid Company 
Stamford, Connecticut 06904 

(GI-39539) 

Cadmium stannate has been found to have a large shift of the optical absorption edge towards shorter wavelengths 
with increasing free electron concentration (2.06 to 2.85 eY). From this observation a low effective mass is esti
mated indicating appreciable electron mobilities. Thin ammphous films are electrically conductive and transparent 
to visible light. 

The fundamental electrical and optical properties of cadmium stannate suggest its use as transparent electrode in 
photovoltaic devices. A research program is in progress to develop cadmimll stannate coatings for this applicati0n. 
During the first phase of the work, technology is being developed for the deposition of polycrystalline cadmium 
stannate fIlms. Film crystallization has heen achieved resulting in electrical conductivities approximately three times 
higher rhan in amorphous films. Further conductivity increases are expected by eliminating second phases which 
are still present in these samples. 

Incorporation of cadmium stannate electrodes into solar cells will first be attempted with CdS/Cu2S cells. The 
initial objective is the replacement of the present 1.1Clal backwall electrode by transparent cadmium stannate so that 
backwall excitation may be evaluated. This part of the program is carried out in cooperation with the Institute of 
Energy Conversion, University of Delaware. 

Discussion 

(Not recorded) 
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