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Prepared by tl\." Jet Propulsion Laboratory. California Instltllte of TeclllloloB)' I 
for the DeillUtnlent of EnetlY throuall all 1I1'eemelll wilh the National 
Aeronautics .nd Space Adminisuiltion. 

The JPL Low.cost Solar Amy Projeclis sIlOnsored by the Department of Energy 
(DOE) and forms pari of the Photovoltaic EnerlY Systems Proaram to imtiate a 
major effort toward the development of low-cost solar arrays. 

This report WII5 pfel,ared as lin account of wOlk sponsored by the Unlt~'" States 
Government. Neithl'!r the United States nor the United States Department of 
Energy. nor allY of their eml,loyees. nor any ot' their contractors, subcontractors, 
or Ihelr em\,loyces. makes any warranty. eXIness or IlIIplied. or assumes allY legal 
lillHlity or responsibility for the Ilccuracy. completeness or usefulness of allY 
in~'Q. malion. apparatus. product or ,'rocllss disclosed. or rtlilfesents Ihll\ its uso 
WOII, d nol infrlngc Itrivalcly oWlllld righls. 
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ABSTRACT 

This report describes prolress .. de by the Low-Colt Solar Array Project 
durinl the period February to July 1981. It includel report I on project analy
lie and intelration; technololY develo.,.aent i.n silicon uterial, tarle-area 
lilicon Iheet and encapsulation; proce.s developaent; enlineerinl, and opera
tionl. It includes a report on, and copies of visual presentations aade at, 
the Project Intsgration Meetinl held at Pasadena, California, on July 15 and 
16,1981. 
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PROGRESS REPORT 
Project Summary 

INTRODUCTION 

This report describes the activities of the Low-Cost Solar Array Project 
from February to July, 1981, ineluding the 18th LSA Project Integration 
Heeting (PIM) held July 15 and 16, 1981. 

The LSA Project is assigned the responsibility for advancing solar array 
technology while encouraging inclu .... ry to reduce the price of arrays to a level 
at which photvoltaic electric P~"""'l· systelDI will be competitive with more 
conventional power sources. Set torth here are the goals and plans by which 
the Project intends to accomplish this, and the progress that has been made 
during the period. 

SUMMARY OF PROGRESS 

Checkout of the Hemlock Semiconductor Corp. process development unit 
(PDU) for mB~ing silicon by a dichlorosilane process was completed and 
integrated operations of the PDU and an intermediate-aized silicon-deposition 
reac tor were started. 

Fabrication of equipment for the Union Carbide Corp. silane-to-silicon 
ex?erimental process system development unit (EPSDU) was completed, but the 
start of mechanical and electrical installation was delayed because of FY81 
budget recisions. The silicon shotter was assembled and initial tests with 
chunk silicon demonstrated that silicon shot formation was acceptable. The 
use of up to 21% silane in H2 feedstock was successfully demonstrated in the 
FBR to give del';cI';! polysilicon deposition on seed particles. 

We.stinghouse Electri.c Corp. has successfully demonstrated and can 
routinely achieve constant width co~trol for its silicon dendritic web 
crystal-growth process. Ribbons ne~"rly 5 meters in length have been produced 
with width held uniform to within 0.1 mm. 

Experiments at Mobil Tyco Solar Energy Corp. with their existing 
edge-defined film-fed growth ribbon growers are investigating design factors 
that limit growth speed and influence ribbon quality, for use in the design of 
a new four-ribbon (IO-cm-wide) grower. 

A Project-sponsored Wafering Workshop was held in Phoenix, Arizona. 
More than 80 persons attended; some 30 papers on wafering were presented. 
Empirical and theoretical experts exchar&.~ed information freely during 
exhaustive and comprehensive discussions. 

All technical features for advanced wafering have beeu demonstrated 
individually. Future efforts will be directed toward combining these features 
into a practical wafering system. 
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PROJECT SUMMARY 

The final 35-ka heat-exchanae _thod (HEM) inaot required under the 
current contract with Crystal Systeas, Inc., has been grown. The solidifi
cation time for the ingot was 40 h and the total cycle ti.e was 70 h. 

Based on Project activities in the identification and develoyaent of 
encapsulation .aterial, Du Pont has indicated that the potential market for 
ethylene vinyl acetate (EVA) lamination fila warrants their direct 
involvement. Du Pont has identified and worked with a custoa extrusion vendor 
to develop a comaercial source of rolls of standard EVA lamination film, 18 
mils thick and up to 30 inches wide, that is non-blocking. 

A preliminary draft copy of the Encap.ulation Design and Material 
Specification aefort for Industry Use was exhibited at the 18th Project 
Integration Meetlng. The report was well received by the industrial 
participants at the conference. 

An automated cell-strinaing and solderina machine and an automated 
laminating system have been completed by Arco Solar, Inc., under a Project 
contract. Two hundred eighty eight modules were assembled usina tho automated 
equipment, 56 of whicb will underao environmen~al testing at JPL. 

Preliminary design reviews were held on the Westinghouse Electric Corp. 
and Solarex MEPSDU contracts. These contracts were revised to extend the 
period of perfo'l:"mance in order to acco .. odate FY81 budget recisions. 

Numerous reports covering module and array design technology were 
published. Subjects included standards for safety, module design and test 
specifications, low-cost structuI: for large ground mounted arrays, module and 
array circuit design optimization, module hot-spot durability design, fracture 
mechanics of silicon solar cells and module and array reliability. 

Seven contractors were notified of their selection for negotiations in 
the Block V preliminary design procurement action. ARCO Solar) RCA Corp., 
Solar Power Corp. and Solarex were selected for their proposed designs of 
inte~ediate-Ioad mQdules and General Electric Co., Mobil Tyco and Spire Corp. 
were selected for their residential moduie designs. 
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Area Reports 

PROJECT ANALYSIS AND INTEGRATION AREA 
INTRODUCTION 

~ The objective of the Project Analysis and Integration (PA&I) Area is to 
t, support the planning, analysis, integration, and deci$ion-making activities of 
, ' the Project. This is done by developing and documenting Project plans, and by 

contributing to the generation and development of alternative Project plans 
through the assessment of technology options; by establishing standards for 
economic comparison of options under Project study and developing the analytical 
capabilities to perform the trade-offs required; by supporting the integration 
of the tasks within the Project and between the Project and other elements of 
the National Photovoltaics Program, and by providing coordinated assessment of, 
and progress toward achiev':lment of, Project goals by the various areas of the 
Project working with the solar-array manufacturing industry and the National 
Photovoltaics Program. 

PROGRESS 

The metallization-grid-pattern optimization effort, in cooperation with 
the Process Development Area, is progressing, Two different designs have 
been metallized: the present conventional design, which is optimized using only 
twovariableG, and an improved design using four variables in the optimization. 
Results are being evaluated. 

A revised power model, based on the series-parallel methodology developed 
by the Engineering Area, has been coded and initial test cases have been run. 
Model extensions, which include varying cell failure rates over time and re-· 
placing modules during system operation, are being incorporated. 

Revisions and improvements in the SAMICS methodology are in progress. 
Release 4 of SAHIS (October 1) will have year-by-year financial reports. Revi
sions of Format C have been completed and are now available at stationery stores. 
A revised Format A will be ready for printing soon. 

A first draft of an Engineer's Guide to SAMIS has been completed. The 
Guide is designed for the first-time or occasional user and contains explicit 
instructions for the use of SAMIS. Users of SAMIS will also benefit from a 
short course to be offered by JPL. A two-day course is planned to coincide 
with the 19th PIM. 

A major effo~t to improve effluent control algorithms and to update con
trol equipment and process costs has resulted in revision of the SAHICS Cost 
Catalog dealing with process waste disposal and pollution control. The revi
sions were based on input from process designers on control levels and methods 
now applicable or expected soon, and on cost input from control-equipment sup
pliers. Improvements in the approach to estimating environmental effluent 
costs were described at the 18th PIM and are contained in the PA&l Technology 
Session portion of the Proceedings. 
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TECHNOLOGY DEVELOPMENT AREAl 

Silicon Material Task 

INTRODUCTION 

The objective of the Silicon Material Task is to establish the practica
lity of processes capable of producing 5ilicon (Si) in a form suitable for use 
in the manufacture of terrestrial solar cells, at a price less than $14/kg 
(1980 $) by 1986. The program formulated to meet this objective provides for 
development of processes for producing either semiconductor-grade Si or a less 
pure, but utilizable (i.e., a solar-cell-grade) Si material. 

TE.CHNICAL GOALS, ORGANIZATION AND COORDINATION 

Solar cells are now fabricated from semiconductor-grade Si, which has a 
market price of about $65/kg. A drastic reduction in cost of material is 
necessary to meet the technology feasibility objectives of the LSA Project. 
Efforts are now under way to develop processes that will meet the Task objec
tive in producing semiconductor-grade Si. Another means of meeting this 
requirement is to devise a process for producing a less-pure, so-called solar
cell-grade Si material. The allowance for the cost of Si material in the 
ov~r-all economics of the solar arrays for LSA is dependent on optimization 
trade-offs, which concomitantly treat the price of Si material and the effects 
of material properties on the performance of solar cells. Accordingly, the 
program of the Silicon Material Task is structured to provide information for 
these tradeoffs concurrently with the development of high-volume, low-cost pro
cesses for producing Si. This structure liGS b€en described in detail in pre
vious LSA Progress Reports. The program also b\cludes econl."lmic analyses of 
silicon-producing processes and supporting efforts, both cO\lltracted and in
house at JPL, to respond to problem-solving needs. 

Thirteen contracts in progress are listed in Table 1. 

Table 1. Silicon Material Task Contractors 

Contractor Technology Area 

Semiconductor-grade Silicon Processes 

Battelle Columbus Laboratories 
Columbus, Ohio 
JPL Contract No. 954339 

Energy Materials Corp. 
Harvard, Massachusetts 
JPL Contract No. 955269 
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Reduction of SiCl4 by Zn in 
fluidized-bed reactor 

Gaseous-melt replenishment 
system 
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SILICON MATERIAL TASK 

Table 1. Silicon Material Task Contractor. (continued) 

Hemlock Semiconductor COTp. 
Hemlock, Michigan 
JPL Contract No. 955533 

Union Carbide Corp. 
Tonawanda, New York 
JPL Contract No. 954344 

Dichlorosilane CVD process 

Silane-si process 

Solar-CelL-Grade Silicon Processes 

SIU International 
Menlo Park, California 
JPL Contract No. 954771 

Westinghouse Electric Corp. 
Traifc,rd, Pennsylvania 
JPL Contract No. 954589 

Sah, C. T., Associates 
Urbana, Illinois 
JPL Contract No. 954685 

Westinghouse R&D Center 
pittsburgh, Pennsylvania 
JPL Contract No. 954331 

AeroChem Rescarcn Laboratories 
Princeton, New Jersey 
JPL Contract No. 955491 

Lamar UnIversity 
Bet1.umont, Texas 
JPL Contract No. 954343 

Impurity Studies 

Supporting Studies 

Hassachusetts Institute of Technology 
Cambridge, Massachusetts 
JPL Contract No. 955382 

Solarelectronics, Inc. 
Bellingham, Massachusetts 
JPL Contract No. 956061 

Texas Research and Engineering Institute 
Groves, Texas 
JPL Contract No. 956045 

6 

Na reduction of SiF4 

Reduction of SiC14 by Na in 
arc heater reactor 

Effects of impurities on 
solar cell performance 

Definition of purity 
requirements 

Formation and growth of si 
particles from SiH4 at high 
temperatures 

Technology and economic 
analyses 

Hydrochlorination of 
metallurgical-grade silicon 
and SiCl4 

Continuation of MIT effort 
on hydrochlorination of 
mgSi and SiCl4 

Continuation of Lamar's 
effort on technology and 
economic analyses 



SILICON MATERIAL TASK 

SUMMARY OF PROGRESS 

Development of Processes for Producing Semiconductor-Grade Silicon 

Four contracts in this category were active. Battelle Columbu; Labora
tories completed the draft of the final report on investigating the p~oduction 
of Si by the zinc reduction of silicon tetrachloride; the report will be 
released soon. 

Energy Materials Corp. completed the draft of its final report on an Si 
melt-replenishment system for Czochralski crystal growth using trichlorosilane 
(SiHCI3>' under a near-term cost-reduction contract, and this report also will 
be released soon. 

Hemlock Semiconductor Corp. is developing a process for making Si from 
dichlorosilane (SiH2CI2) using Siemens-type deposition reactors. A one-year 
extension of the contract was executed in late June. A system for feeding 
cylinder-supplied SiH2C12 to reactors was constructed, and an intermediate
scale deposition reactor, modified for use with SiH2CI2' was successfully 
tested with this reactant. The data indicate that the Si deposition rate is 
about double that obtained with the conventional reactant, SiHC13' an increase 
that is consistent with the rate increase required to meet program objectives. 

Construction of the process development unit (PDU) for investigating the 
rearrangement of SiHCl3 to SiH2Cl2 was completed, the PDU was integrated with 
the intermediate-scale reactor, and testing was begun. Operations proceeded 
very smoothly; 17 tests were completed by the end of June. Two problems have 
surfaced: the amount of si being deposited on the bell jar walls, about 2% of 
the total amount being deposited, is excessive, and the power consumption of 
the deposition reactor is higher than desired. 

Process flow diagrams for a 1000-MT!yr plant using the Hemlock proc.ess 
were updated, including safety-related changes that were made in the POU design 
as a result of previous testing conducted as part of this program, such as 
elimination of SiH2Cl2 storage and dilution of the SiH2Cl2 immediately as it 
leaves the distillation column on its way to the deposition reactor. 

Union Carbide Corp. continued construction of the 100-MT-Si!yr experimen
tal process system development unit (EPSDU) at East Chicago, Indiana. All 
civil and structural work was completed. Most of the equipment has been deliv
ered to the site, and most major equipment pieces have been in,spected and 
placed in position. 

Bids for the mechanical installation were received from five bidders, and 
these responses are being evaluated. The electri~al-installation bid package 
is being prepared. Awarding of these installation subcontracts will probably 
be delayed because of an FY81 funding recision. 

In the UCC R&D program, the Si powder melter subcontract work at Kayex 
continued, with assembly of the shotter and completion of several tests in 
which Si chunk material was melted and converted to product containing some 
free-flowing shot. 

The fluidized··-bed silane (SiH4)-pyrolysis PDU was assembled and oper
ated successfully with SiH4 feed concentrations ranging from 10% to 21%. 
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SILICON MATERIAL T~SK 

Particle morphology appears to be excellent~ and little undesirable Si powder 
was produced. The effort was stopped in mid-May because of budget contraints. 

Development of Processes for Producing Solar-Cell-Grade Silicon 

Final reports were issued by SRI International on the process for produc
ing Si by the sodium reduction of silicon tetrafluoride, and by Westinghouse 
Electric Corp. on the arc-heater process, in which silicon tetrachloride is 
reduced by sodium. 

Impurity Studies 

C. T. Sah Associates is developing a computer model based on the funda
mental parameters of solar cells and applying it to the determination of the 
effects of impurities and defects of Si on solar cell performance. The effect 
of cell thickness on the performance of Si cells containing impurity recombina
tion centers was analyzed using a transmission-line-circuit modt!l and zinc (Zn) 
impurity as the model recOlllbination center. Results show that the AMl effi
ciency has a broad maximum (less than 0.1% variation from 20 to 70~ml4in back
surface-~ield n+/p{p+ and p+/n/n+ cells of 17% efficiency with 5 x 10 atoms/em) 
base doping and 10 2 atoms Zn/cm3• Back-surface reflection in cells of optimum 
thicknesses increases the efficiency by less than 1% through increase of J sc • 

Comparison of the theory with measurements on impurity-containing thin 
cells made on web using Zn-vapor-reduced silicon was attempted. The base 
resistivity is about 0.3 ohm-cm or 6 x 1016 holeshm3• The cells have large 
excess dark current that varies as ~xp (qV/1.6~kT) up to and including V9c and 
is independent of cell area (one mm to one cm). Uniform Zn concentration 
theory predicts the normal current behavior, exp (qV/kT). Capacitance-voltage 
measurements suggest that there is a boundary that may account for the large 
excess current due to recombination in the space charge layer. 

In the program by Westinghouse R&D Center to determine the effects of 
impurities on the performance of solar cells, the Phase IV program has been 
completed and a final report is being prepared. The effort included: evalua
tion of experimental Si materials, investigation of impurity effects in poly
crystalline devices, identification of impurity thresholds for high-efficiency 
cells, assessment of process effects such as ion implanting on impurity-doped 
devices, and an extension of studies to identify long-term impurity effects. 
Some of the major results during this period follow: 

The threshold impurity concentration for breakdown of a smooth crystal
liquid interface, el, is 2 to 10 times smaller for polycrystalline than for 
single-crystal ingots. 

Using a model relating the measured value of cJ to experimental growth 
parameters, the values of the liquid impurity diffusion conste.nts were calcu
lated for gadolinium, zirconium, molybdenum, tungsten, vanadium, titanium 
iron, cobalt, palladium, silver, and copper in Si. The parameter D4 rang~d 
from 1.5 to 4.2 x 10-4 cm2/sec for these elements; the values are s1milar to 
those reported for other metals in liquid si. 
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SILICON MATERIAL TASK 

Of the various letterina treat.ent. inve.tiaated, the .o.t effective for 
titanium appeau to be hiah-tellperature reaction in hydrolen chloride (HOl) 
alone or phosphorus oxychloride (POCI3) alone. For copper-doped cells, none of 
the letterinl treat.ent. (i.plant d .. aae plus HOi or POC13 i.plant d"'le plus 
heat treat.ent, or HOI/POCI3 aJone) rai.e. cell efficiency to that of the base
line devices. 

Extensions of the experi.entally .upported i.purity p~rfor.ance aodel to 
hilh-efficiency devices indicate that i.purity tolerance i. Ie.. in hilh
efficiency than conventional n+p devices and that this i.purity sensitivity 
can be reduced by uainl thinner hilh-effici,ency cell •• 

Supporting Studies 

AeroChem Research Laboratories completed its experimental prolram in the 
investigation of the for.ation and growth of Si particles from the decomposi
tion of silane (8iH4) at high temperatures. Experiments on the SiH4-to-particle 
formation process were conducted, in which the extent of SiH4 decomposition, 
particle size, particle concentration, and particle growth rate were measured 
as functions of residence time, temperature, pressure, and SiH4 concentra-
tion. Experiments were aleo made with psrticle seeding. The final report on 
the program wae prepared and issued. 

The report by Lamar University on its process feasibility study, covering 
all efforts since contract inception in 1975, was issued. The contract follow
on was initiated; it will be conducted by the Texas Research and Engineering 
Institute with the same principal investilator, C. Yaws, who was in charge of 
the effort at Lamar. The initial work will be a chemical-engineering analysis 
of the Hemlock Semiconductor Corp. process for producing Si from SiH20l2· 

The Massachusetts Institute of Technology (MIT) completed a two-year con
tract to investigate the hydrochlorination of metallurgical-grade 8i and 8iCl4 
to form 8iHC13' in support of the Union Oarbide program. Experiments indicated 
that the fines that are elutriated from the reactor during operation contain a 
high proportion of the metallic impurities in metallurgical-grade Si. Fines 
elutriation can therefore be employed as part of the purification process. 
Experiments also showed that in the presence of cuprous chloride catalyst, the 
silicon maAS in the fluidized bed reactor has a long reaction life under the 
expected conditions of operation. The final report on the contract was issued. 

The follow-on contract to the MIT work was initiated. The effort will be 
conducted at 801arelectronics under the same principal investigator who direc
ted the MIT program, J. Mui. 

The JPL in-house program included effort on the fluidized-bed reactor 
(FBR), conversion of 8iH4 to molten Si, and impurity investigations. 

The design of a 6-in.-dia FBR for the investigation of 8iH4 pyrolysis was 
completed, and fabrication was started. Experiments in a 2-in.-dia FBR at high 
8iH4 concentration, including 100% 8iH4' were conducted successfully without 
bed agglomeration and with less than 10% fines. These results are significant 
in that they may aid considerably in achieving lower silicon costs by means of 
increased throughput, since FBR operation with 10 mole % SiH4 in hydrogen has 
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SILICON MATERIAL TASK 

already been shown analytically to be economically attractive. The Si deposits 
WGre dense and coherent. 

The silane-to-.olten-silicon (SMS) converter offer. the potential of a 
one-stase conver.ion process. The unit was uodified to allow rapid experimen
tation at hi&h temperature. (1500 to 17500 C). Preliminary .hort-duration 
experiments were then conducted to examine tbe effect. of configuration, flow, 
and temperature on the conver.ion of SiH~ to molten Si. Two problems have 
been encountered: plussinl of the SiH4 lnjector by Si that rapidly forms as 
the 8iH4 i. introduced into the hot reactor, and formation of 8i powder that is 
swept out of the reactor without mettins. The experiments are providing infor
mation for de.isn changcs to circumvent these problems. 

In the analy.is of electrically active impurities using thermally stimu
lated capacitance (TSCAP) measurements, an evaluation indicated that very con
sistent equipment operation was required to obtain t.he necessary measurement 
accuracy. A.s II result, the T8CAP system was automated by use of a calculator
controlled i.Y3teua. The system measures three parameters: characterist tc tem
perature of a t~dP, trap concentration, and trap energy level. Initial tests 
were made on a sample containing gold. The re.ult. i~dicate that .ma11 errors 
in measuring temperature may be causing errors in trap energy level. Improve
ments are beins made to eliminate this source of error. 

A Zeeman atomic absorption spectrometer to be used for impurity analysis 
was procured and put into op~ration. The spectrometer uses the Zeeman effect 
on a resonant transition to correct automatically for backsround interference, 
making it possible t~ measure the concentrations of trace elements in a host 
material directly without chemical pretreatment. Sensitivity is in parts-per
billion for elements sll~h as iron, copper, chromium, and manganese. Elements 
that form carbides, such as boron, or those that are extremely refractory, such 
as tungsten, are difficult to measure. The instrument is being calibrated. 

In the effort on consolidation of sub'1'm 8i powder, the powder compactor
extruder, which feeds the material to the melter, was modified and successfully 
operated. 
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Large-Area Silicon Sheet Task 
Preaent solar-cell technololY i. baaed on the uae of ailicon wafera ob

tained by alicinl Czochral.ki (Cz) or float-zone inlot. (up to 10 ca in di .. eter), 
uaina ainale-blade inner-di .. ete~ (ID) di .. ond .aw.. Thi ... thod of obtaininl 
.inale-cryatal ailicon wafera ia tailored to the need. of larae-volu.. ... i
conductor device production (e.a-, intearated circuitl, diacrete power and con
trol devicel other than lolar cella). The a.all .. rket offered by pre.ent .olar
cell uaera doea not juatify indu.try'l develo,..nt of the high-volu.. ailieon 
production techniquea that would reault in low-coat photovoltaic electrical 
eneray· 

The i.proveaent of the atandard Czochra1lkj, inaot arowth procell by 
redue-tion of exp~ndable .aterial co.t. and i.prov· .. ent of inaot arowth rllte 
toaether with i.proved Ilicina techniquel will produce larae area. of ailicon 
at costs aeetina the aoa1l of the LSA Project. Growth of larae inaote by 
c.stina techniques, luch a. the heat exchanaer aethod (HEM) arowth, and the 
ubiquitous ~ry.tallization proce .. (UCP) can reduce .heet co.te further. 

The objective of the Larae-Area Silicon Sheet Ta.k i. to develop and 
de.onltrate the feasibility of .everal processel for producina larae araa. of 
silicon-sheet material suitable for low-co.t, hiah-efficiency .olar phQtovoltaic 
energy conversion. To meet the objective of the LSA Project, lufficient re
search and development BUst be performed on a number of proce.8e. to determine 
the capability of each of producina larae areas of crystallized silicon at a 
low cost. The final sheet-growth configurations must be .uitable for direct 
incorporation into an automated .olar-array processing scheae. . 

Growth of cryatelline silicon material in a geometry that does not require 
cutting to achieve proper thickness is an obvious way to eli.inate costly proc
essing and material waste. Growth techniques .uch al edge-defined fila-fed 
growth (EFG) and dendritic growth (web), are possible candidates for the growing 
of solar-cell material. 

Research and development of ribbon and ingot growth, and of multiple-blade, 
aultiple-wire, and inner-di_eter (ID) blade cutting, inithted in 1975-76, are 
in progress. 

ORGANIZATION AND COORDINATION 

When the LSA Project was initiated (January 1975) a nuab~r of methods 
potentially suitable for growing silicon crystals for solar-cell aanufacture 
were known. Some of these were under development; others exi.ted only in con
cept. Development work on the ao.t promising aethods i8 continuing. After a 
period of accelerated development, these methods will be evaluated and the best 
will be selected for advanced development. As the growth aethods are refined, 
integrated process scheaes will be developed by which the tlOst cost- effective 
solar cells can be aanufactured. 

The Large-Area Silicon Sheet Task effort is organized into four phases: 
research and development of sheet growth aethod. (1975-77); advanced development 
of selected growth methods (1977-80); prototype development (1981-82); develop
aent, fabrication, and operation of pilot production growth plants (1983-86). 
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LARGE-AREA SILICON SHEET TASK 

Large-Area Silicon Sheet Contracts 

lesearch and developawnt contracts .warded for Irowinl crystalline 
iilicon ~terial for sotar cell ~roduction are listed below. Preferred Irowth 
.. thod. for further developMntaave been select.d~ 

Table 2. Larle-Area Silicon Sheet Task Contractors 

Contractor 

Crystal Systems, Inc. 
Salem, Massachusetts 
JPL Contract No. 954373 

Kayex Corp. 
lor.bester, New York 
JPL Contract No. 955733 

P.R. Hoffaan Co. 
Carlisle, Pennsylvania 
JPL Cont.ract No. 955563 

Ingot Technology 

Silicon Tech~ology Corp. 
Oakland, New Jersey 
JPL Contract No. 955131 

Semix Inc. 
Gaithersbuf;g, Maryland 
DOE Contract No. DE-FlOl-80ET 23197 

Technology Area 

Heat exchanger .. thod (HEM) 
ingot growth; fixed-abrasive 
slicing technique (FAST) 

Advanced Cz growth (Adv. Cz) 

Multiblade slurry slicing 
technique (MBS) 

Internal diameter (ID) 
sUcing 

Ubiquitous crystallization 
process (UCP) 

Shaped Sheet Technology 

Mobil Tyco Solar Energy Corp. 
Waltham, Massachusetts 
JPL Contract No. 954355 

Westinghouse Electric Corp. 
Pittsburgh, Pennsylvania 
JPL Contract No. 955843 
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Edge-defined film-fed growth 
(EFG) 

Dendritic web growth (web) 
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Large-Area Silicon Sheet Task 
Pre.ent lolar-cell technololY i. baled on the u.e ~f .ilicon wafer. ob

tained by .Ueinl Czochrallki (Cz) or float-zo"e inlote (up to 10 ca in di.eter), 
~.inl linlle-blade inner-di ... ter (ID) dia.ond .av.. Thi ... thod of obtaininl 
.inlle-cry.tal lilicon vafer. i. tailored to the need. of larle-volu.. .e.i
conductor device production (e.I.~ intelrated circuit_~ di.crete pover and con
trol device. other than .olar cell.). The I.all .. rket offered by pre.ent lolar
cell uler. dO~1 not jUltify indultry'. develop.ent of the hilh-volu.. .ilicon 
production techniquee that vould r •• ult in 10w-co1C photovoltaic electrical 
enerlY· 

The iaprov ... nt of the etandard Czochraleki inlot Irowth proceee by 
reduction of expendable .aterial cOlte and i.proveftoent of inlot Irowth rate 
tOlether vith i.proved .licinl technique. viii produce larle areae of .ilicon 
at co.te aeetinl t.he goal. of the LSA Project. Growth of large ingote by 
ca.ting techniques, such as the heat exchanger .. thod (UM) growth, and the 
ubiquitous crystallization process (UCP) can reduce ,heet costl further. 

The objective of the Large-Area Silicon Sheet Task is to develop and 
de.on.trate the feasibility of several processes for producing larle areas of 
silicon-eheet material euitable for lov--:ost, high-efficiency eolar photovoltaic 
energy conversion. To aeet the objective of the LSA Project, eufficient re
search and development muet be perfo~ed on a nwaber of procesees to dete~ine 
the capability of each of producing large areas of crystallized silicon at a 
low cost. The final sheet-growth configuratione Unet be euitable for direct 
incorporation into an auta.ated solar-array proc~a.ing echeBe. . 

Growth of crystalline silicon material in a gea.etty that doee not require 
cutting to achieve proper thicknese is an obvious way to eliainate costly proc
essing and luterial waste. Growth techniques such as edge-defined fila-fed 
growth (EFG) a~.d dendritic growth (web), are possible candidates for the growing 
of solar-cell material. 

Research and development of ribbon and ingot grovth, and of multiple-blade, 
multiple-wire, and inner-diameter (ID) blade cutting, initiated in 1975-76, are 
in progress. 

ORGANIZATION AND COORDINATION 

When the LSA Project was initiated (January 1975) a nwaber of methods 
potentially suitable for growing silicon crystals for solar-cell manufacture 
were known. Some of these were under development; others existed only in con
cept. Development work on the mOBt promising method. is continuing. After a 
period of accelerated development, the.e method. will be evaluated and the best 
will be selected for advanced development. As the growth methods are refined, 
integrated process schemes will be developed by which the most cost- effective 
solar cells can be manufactured. 

The Large-Area Silicon Sheet Task effort is organized into four phases: 
research and development of sheet growth methods (1975-77); advanced development 
of selected growth methods (1977-80); prototype development (1981-82); develop
ment, fabrication, and operation of pilot production growth plants (1983-86). 
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LARGE-AREA SILICON SHEET TASK 

Large-Area Silicon Sheet contracts 

Re.earch and develo,..nt oontraot. awarded for Irowinl cry.ta11ine 
.i1icon .. teria1 for ,olar c~ll produr-tion are 1i.ted be10v. Preferred growth 
.. thod, for furthAr deve1o,..nt have been .elected. 

Table 2. Large-Area Silicon Sheet Ta.k Contractor. 

Contractor 

Crystal Systea., Inc. 
Sa1ea, Mas.achu.ett. 
JPL Contract Ho. 954373 

Kayex Corp. 
Roche.ter, Hev York 
JPL Contract Ho. 955133 

P.R. Hoffaan Co. 
C4r1is1e, Pennsy1vani& 
JPL Contract No. 955563 

Ingot Technology 

SUicon Ter-hnology Corp. 
Oakland, Hew Jersey 
JPL Contract No. 955131 

Semi x Inc. 
Gaither.burs, Maryland 
DOE Contract Ho. DE-P10l-80ET 23197 

Technology Area 

Heat exchanger .. thod (HEM) 
ingot growth; fixed-abr.sive 
slicing technique (PAST) 

Advanced Cz growth (Adv. Cz) 

Multiblade slurry .licing 
technique (MBS) 

Internal diameter (ID) 
dicing 

Ubiquitou. cr.ysta1lization 
process (UCp) 

§haped Sheet Technology 

Mobil Tyco Solar Energy Corp. 
Waltham, MassaChub~tts 
JPL Contract Ho. 954355 

Westinghouse Electric Corp. 
Pittsburgh, Pennsylvania 
JPL Contract Ho. 955843 
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LARGE·AR(!A SILICON SHEET TASK 

Table 2. Larle-Area Silicon Sheet Ta.k Contractor. (Continued) 

Material Evaluation 

Applied Solar EnerlY Corp. 
City of Indu.try, California 
JPL Contract No. 955089 

Cornell Univer.ity 
Ithaca, New York 
JPL Contract No. 954852 

Haterl.als Research, Inc. 
Centerville, Utah 
JPL Contrac t No. 957977 

Cell fabrication and 
evaluation 

Characterization - 8i 
propertiea 

Quantitative analy~i. of 
defect. and impurity 
evaluation technique 

... _----------------------------
INGOT TECHNOLOGY 

Crystal Systems, Inc.: The Schmid-Viechnicki technique (heat-exchanger 
method or HEM) was developed to grow large 8in~!e-crY8tal sapphire. Heat i. 
removed from the crystal by means of a high-temp,eratuTe heat exchangeT. The 
heat removal is controlled by the flow of helium gas (the cooling medium) 
thTou~h the heat exchanger. This obviates motion of the crystal, crucible, or 
heat zone. In essence, this meth~ involves directional solidification fTom 
the meltwheTe the temperatuTe g1'8dient in the solid is contTolled by the heat 
exchanger and the gradient in the liquid is contTolled by the furnace tempeTa
tUTe. The overall goal of this program io to determine whetheT the heat
exchanger ingot casting method can be applied to the growth of large shaped
silicon crystals of30-cm-cube dimensions of a qualitY' suitable for the fabri
cation of solar cells. This goal is to be accomplished by the transfer of 
sapphire-growth technology (SO-lb ingots have already been grown), and theo
retical considerations of seeding, crystallization kinetics, fluid dynamics, 
and heat flow for silicon. 

Kayex Corp.: In the .advanced Cz contrac ts, efforts are geared to d'!vel
oping equipment and a process to achieve the cost goals and demonstrate the 
feasibility of continuous-Cz solar-grade crystal production. Kayex has already 
demonstrated the growth of ISO kg of single-crystal mateTial, using only one 
crucible, by periodic melt replenishment. 

semix: The semicrystalline casting process is a Semix propTietary process 
yielding a polycrystalline silicon "brick" capable of being processed into cells 
of up to 16% efficiency at /t,}H. 

Crystal Systems, Inc., P. R. Hoffman Co. and Silicon Technology COTp.: 
Today most silicon is sliced into wafeTS with ~n inneT-di8llleteT saw, one wafeT 
at a time. Advanced efforts in this area are continuing. The multiwire slicing 
opeTation uses reciprocating blade-head motion with a workpiece fed from below. 
Multiwire slicing 'lses S-mil steel wires surrounded by a 1.S-aaU copper sheath 
that is impregnated with diamond as an abrasive. 
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LARGE-AREA SILICON SHEET TASK 

The .ultiblade slurry technique is si.ilar to the .ultiwire slicing tech
nique, except that low-carbon steel blades (typically 1 c. in height and 6 to 
8 mils thick) are used in conjunction with an abra.ive slurry mixture of SiC 
and oil • 

MATERIAL EVALUATION 

Applied Sol~r. Energy Corp. (ASEC): Proper asse ••• ent of potential low-cost 
silicon shee" materiah requires the fabrication and testing of solar cells 
using reproducible and reliable processes and standardized measureaent tech
niques. Wide variations exist, however, in the cApability of sheet-growth 
organizations to fabricate and evaluate pbotovoltaic devices. It is therefore 
logical and p.ssential that the various forms of low-cost silicon sheet be 
evaluated impartially in solar cell manufacturing environments with well
established techniques and standard.. ASEC has been retained to meet this need. 

Materials Research, Inc.: The current MIl sheet defect-structure assess
ment ef.fort includes a correlation of impurity distributions with defect struc
tures in various sheet materials obtained from the ingot and shaped-sheet manu
facturers. 

SHAPED-SHEET TECHNOLOGY 

Mobil Tyco Solar Energy Corp.: The EFG technique is based on feeding 
molten silicon through a slotted die. In this technique, the shape of the 
ribbon is determined by the cont8ct of molten silicon with the outer edge of 
the die. The die is constructed from material that is wetted by molten silicon 
(e.g., graphite). Efforts under this contract are directed toward extending 
the capacity of the ErG process to a speed of 4.5 cm/min and a width of 10.0 cm. 
In addition to the development of ErG machines and the growing of ribbons, the 
program includes economic and theoretical analysis of ribbon thermal and stress 
conditions. 

Westinghouse: Dendritij~ web is a thin, wide ribbon form of single-
crystal silicon produced dire(ttly from the silicon melt. "Dendritic" refers to 
the two wirelike dendrites on each side of the ribbon, and "web" refers to the 
silicon sheet that results from the freezing of the liquid film supported by 
the bounding dendrites. D'endritic web is particularly suited for fabrication 
into solar cells for a number of reasons, including the high efficiency of the 
c.ells in arrays and the cost-effective conversion of raw silicon into substrates. 
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Encapsulation Task 
INTRODUCTION 

The objective of the Encapsulation Taak i. to develop and qualify one or 
more solar-array module encapsulation sy.te.s that have demonstrated high 
reliabilities and 20-year lifetime expectancies in terrestrial environmentl, 
and that are compatible with the low·cost objectives of the Project. 

nle scope of the Encapsulation Task includes developing the total system 
requi,red to protect the optically and electrically active elements of the array 
from the degrading effects of ten"estrial environments. The IDOst difficult 
technical problem has been the development of high-transparency materials for 
the sunlit side that also meet the LSA Project low-colt and 20-year-life 
objective&. In addition, technical problems have ocurred at interfaces between 
elements of the encapsulation system, between the encapsulation system and the 
active array elements, and at points where the encapsulation system is pene
trated for external electrical connections. 

The encapsulation system also serves other functions in addition to pro
viding the essential environmental protection; e.g., structural integrity, 
electrical resistance to high voltage and dissipation of thermal energy. The 
approach used to achieve the objective of the Encapsulation Task includes an 
appropriate combination of contractor and JPL in-house efforts, which can be 
divided into two technical areas: 

(1) Materials and Process Development. This effort includes all of the work 
necessary to develop, demonstrate, and qualify one or more encapsulation 
systems to meet the LSA Project cost and performance goals. It includes 
the testing of off-the-shelf matedals, formulation and testi.ng of new 
and modified materials, development of automated processes to handle 
these materials during fabrication of modules, and systems analysis and 
testing to develop optimal module designs. 

(2) 1.ife Prediction and Material Degradation. This work is directed toward 
the attainment of the LSA Project 20-year-minimum life requirement for 
modules in 1986. It includes the development of a life-prediction method 
applicable to terrestrial photovoltaic modules and validation by applica
tion of the method to specific photovoltaic demonstration sites. Mate
rial degradation studies are being conducted to determine failure modes 
and mechanisms. This effort supports both the materials and processes 
development work and the life-prediction method development. 

SUMMARY OF PROGRESS 

Materials and Process Development 

Pottant Materials 

New material products tailored to the specific requirements defined and 
publicized by the LSA Project for PV module encapsulation are now available 
from general suppliers. These products include nonblocking ethylene vinyl ace
tate (EVA) film in production quantities, laminated EVA-Tedlar sheets, and 
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ENCAPSULATION TASK 

polymethyl methacrylate (PKHA) UV-screening cover films from Du Pont and 3M. 
Spdngborn Laboratories, Inc., has also achieved pilot-plant production capa
bility for poly-n-butyl acrylate (PnBA). PnBA and ethylene methylacrylate 
(EHA) casting syrups are available for industrial evaluation. Springborn is 
also evaluating other casting liquids, including an aliphatic polyetber ure
thane from Development Associates. 

In a survey of edge-seal and gast(et materials, Springborn has identified 
ethylE:ne-prop~'lene-diene monomer (EPD~.) as the lowest-cost gasketing material 
now available. 'r.his material, speciHcally Du Pont ~ordel EPDM with a proprie
tary formulation designed for a long outdoor service ;ife, has been purchased 
and is being evaluated. 

Springborn is also evaluating low-soiling surfacing materials. Prelimin
ary results in this area indicate that glass, Tedlar and acrylic front-cover 
films having surface treatments containing fluorine remain measurably cleaner 
than either untreated controls or materials having other anti-soiling surface 
treatments. 

Hygroscopic expansion has been verified as a major cause of cell cracking 
in modules using woodboard substrates. Various methods of coating and sealing 
the substrate to prevent initial desiccation during vacuum-bag processing have 
not been successful. Materials and processing studies in this area are contin
uing at JPL and Springborn. 

A report, tiphotovoltaic Module F.ncapsulation Design and Materials Selec
tionli (JPL Document No. 5101-177, in press), has been written to describe the 
module encapsulant material requirements for the various functional elements of 
a complete photovo1taic module encapsulation package. This information is pre
sented in terms of material properties, performance, life and coc..t requirements. 
It describes the status and availability of potential material and process 
candidates with criteria and guidelines for their selection, processing, and 
optl.mizing configurations for specific applications. This report i.s expected 
to be published and distributed in about three months. 

UV Absorbers 

Work has continued on the development of chemically bound UV stabilizers 
for polymer films. O. Vogl's group at the University of Massachusetts has suc
~essfully grafted 5-vinyl tinuvin to a wide variety of polymers including EVA, 
PMMA, polycarbonate, nylon and PnBA. Evaluation of these modified polymers is 
bei.ng conducted at Springborn. 

Development of other (more available) UV stabilizers by Vog1 has resulted 
i.n the synthesis and copolymerbation of 2(2-hydroxy-5-isopropenylphenyl) 
2H-benzotriazole (2H5P). The compound does not homopolymerize, however, and 
grafting attempts with 2H5P have not been successful. At the same time, and 
based on the same intermediates as those used for the synthesis of 2H5P, a new 
synthesis of 2(2-hydroxy-5-vinylphenyO 2H-benzotriazole (2H5V) has been 
carried out that promises to have advantages over 2H5P. Grafting of 2H5V onto 
a number of ,"ommon polymers has been accomplished, including atactic polypropy
lene, polyethylene-co-vinyl acetate, PMMA, polybutyl acrylate and polycarbo
nate. In preliminary experiments 2H5P does not graft under similar conditions. 
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ENCAPSULATION TASK 

Efforts are continuing in the evaluation of the spectral characteristics of 
these compounds to establish clearly and beyond any doubt the most effective 
derivative of 2(2-hydroxyphenyl) 2H-benzotriazole as the prime calldidate f(~r 
polymerizable UV stabilizers for the LSA Project. 

Springborn, with JPL, has begun the evaluation of new polymeric and mono
meric UV stabilizers and high-performance anti-oxidants. These materials have 
just become available from American Cyanamid Co. for evaluation as long-life 
stabilization additives for low-cost encapsul&tion materials. 

Electrostatic Bonding 

All of the electr~statically bonded (ESB) minimodules have been received 
from Spire Corp. This includes five modules with preformed mesh interconnects. 
All modules are undergoing laboratory and field testing. 

Antireflective (AR) Coatings 

Both AR coatin~ contracts with Motorola Inc. have been completed. All 
deliverables (reports and glass samples) have been received. Both AR coatings, 
acid etch and sodium silicate, have been deployed for outdoor evaluation by JPL. 

Modu le De sign 

Experimental validation and updating of an optical-performance prediction 
model is continuing at Spectrolab, Inc. The effects of various module encapsu
lant design paramete~s on module thel~al response, optical performance, elec
trical isolation, and solar cell stresses are being evaluated. It was observed 
that module electrical isolation approaching intrinsic material properties could 
be achieved with two or more dielectric layers (pottant plus film). Electrical 
breakdowns finally ocurred at sharp corners and edges of solar cell or circuit 
components. Voids and bubbles in the encapsulant did not significantly contri
bute to electrical breakdown. Optical evaluation of various module configura
tions verified the effectiveness of AR coatings, as compared with uncoated 
designs. It was also observed that power output was independent of EVA thick
ness for thicknesses between 10 and 35 mils. It was further found that designs 
employing Craneglas above solar cells were as efficient as, if not more effi
cient than, modules not having Craneglas above the cells. 

A report has been completed on the thermomechanical modeling and optimal 
stress design of a Solarex minimodule. Results indicate that modules with sub
strates and adhesives having lower moduli of elasticity and thicker adhesive 
bond lines have lower maximum thermally induced stresses. Guidelines are pre
sented for evaluating stress levels and adhesive thickness of future designs. 

A joint effort between JPL and Spectrolab is under way to develop graphi
cal design analysis curves, i.e., master curves with reduced variables. These 
curves, when defined and verified, will enable the module designer to optimize 
the encapSUlant-system design parameters such as pottant thickness, pottant 
modulus, and cover-film properties and to assess which module performance char
acteristics are most affected by encapsulant configuration and material choices. 
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ENCAPSULATION TASK 

Based on these curves, Spectrolab will fabricate and test a 1.4~-8quare aodule 
of a design having the most favorable life-cycle energy cost. 

Illinois Tool W~"rks (ITW) has deaonltrated the capacity to produce opera
tional solar celli having front and back metallization and ant,ireflective coat
ings deposited by gae1ess ion plating. The procesl hal repeatedly produced 
cells equal to o~ better than comparable commercial cells in performance, at a 
projected (SAHIS) production cost of S.6¢/Wp for the metallization plus Al 
coating. 

The problem of ohmic contact of the ion-plated metallization on the 
p back surface of Spectrolab wafers is continuing to be investigated at ITW. 

Bonding and Primers 

E. P. Plueddemann of Dow Corning Corp. is continuing his work on encapsu
lant primer systems. Functional EVA-to-glass and EVA-to-polyester film primers 
(independently developed) have been identified. These primers appear initially 
to work also for EMA, although testing is incomplete. Work on primers for 
bonding fluorocarbon films to EMA, EVA and PnBA is continuing. Progress is 
also being made on polyurethane coating pottant primers. Complete development 
of these is expected within a year. 

Material Degradation and Life Prediction 

Photodegradation Model for EVA 

The general computer program necessary to simulate the process of photo
oxidation is now in routine use in the University of Toronto laboratory. The 
operational facility can generate concentration-time profiles of all of the 
identifiable species for a given input mechanism and rate data set. A summary 
of three tentathfe conclusions produced by computer simulation are: the major 
products of alkane photooxidation are isomeric alcohols, ketones and water; 
there is minimal crosslinking at low levels of oxidation in linear alkanes, and 
the product distribution and overall rate of oxidation is dominated by the fate 
of the peroxy radicals formed in the propagation cycle after proton abstraction 
from the alkane. 

Experimental studies of photooxidation of n-decane and 2,4-dimethyl pen
tane (DMP) are being done to improve the initial mechanism proposed for the 
photooxidation of hydrocarbon segments of EVA. Most of the products of photo
oxidation of n-decane and DMP, such as isomeric alcohols and ketones, have been 
identifiable using gas chromatography (GC). Failure to observe speculated 
results, however, suggests that only primary products associated with the early 
stage of photooxidation are being formed under the photooxidation expe~imental 
setup (medium-pressure Hg lamp with a Pyrex glass UV-filtered vessel and irra
diation times of 4 to 48 h). In extended outdoor exposure, slow secondary pro
cesses become significant and may even dominate final failure modes associated 
with embrittlement, permeability, discoloration, etc. If these processes can 
be identified in the early stage, retardation, monitoring or control of the 
photooxidative breakdown of these plastic materials may be possible. Further 
testing to quantify these processes is continuing. 
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ENCAPSULATION TASK 

The autoaatic vi.ca.eter c.p.ble of .... urina up to 50 or 60 .olution. 
in autoa.tic .equenc. i. now fully oper.tion.l .nd h •• b •• n d .. on.tr.t.d. Th. 
la •• r-GO photoly.i •• pp.r.tu. which, by aonitorina yi.ld. of carbon .anoxid., 
act. a •• probe of e.rly photooxid.tion in poly.er fil •• , r ... in. to be demon
.tr.ted. 

Stre •• rel.x.tion of EVA at ... 11 .tr.in. «10%) i. being aea.ur.d .t 
various t.aper.tur •• by JPL. The objective of this work i. to obt.in an under
.tanding ~f flow beh.vior and it. d.pendence on phototheraal dear.dation of 
EVA. The loa .tre •••• v. loa tiae curve. for d.ta b.tween -500 0 and +300 0 were 
found to be .uperimpo •• ble. Thi. indicate. that flow behaviQr of EVA may be 
.imilar to that of other elaltoaer., .lthough X-r.y diffraction hal .hown that 
EVA i. a cry.talline copolymer. M.a.urem.ntl at other temperature. are in pro
gress. These data will be u.ed in the development of ... ter curve. th.t are 
needed for life-prediction modeling. 

Corrosion Diagnostics and Modeling 

The 1980 Annual Report was ~eceived from the Rockwell Science Center. 
The major conclusion. di,cus$ed in this report are .ummarized: 

(1) Completion of a 13~onth field .tudy of atmo.pheric corrosion at 
the LSA test site at Mead, Nebraska, verifies the fund .. ~ntal 
assumptions of a new atmospheric corro8io~ mod~l, which predicts 
that corrosion rate is the product of the moisture condensation 
probability (Pc) and the maximum ionic diffusion current (IJ) 
at the corrosion interface. Encapsulant protection is specifically 
related to suppression of IL at the corrosion interface. 

(2) Alternating-current impedance measurem~nts as a function of fre
quency combined with impedance spectrum analysis appear" to provide 
a new and versatile nondestructive evalustion (NDE) for solar 
arrays. 

(3) A computer model for hydrothermal stress analysis (HTSA) has suc
cessfully analyzed and predicted the internkl stresses and solar
cell cracking mechanisms in LSA modules using a fiberboard sub
strat~. Diffusion-barrier coatings of EVA or polytrifluoroethylene 
(KEL-F) delay but do not change the failure proces •• 

The atmospheric corrosion model and corrosion monitors are no';'~ being com
bined in a new laboratory test plan for encapsulant bond evaluation. Both 
ionic conduction and electromechanical mechanisms of corrosion are being eval
uated under laboratory simulation of atmoopheric corrosion conditions. The 
Science Center atmospheric corrosion simulator, which controls UV, moisture, 
and temperature cycles, is being used in these studies. 

Efforts are now concentrated on developing corrosion monitors as NDE 
~ools for module-life prediction and on developing corrosion models and mate
rials selection criteria for environmentaland corrosion-resistant interfaces. 
Integrated with the use of atmospheric corrosion monitors CACM) for encapsulant 
primer evaluations, ao impedance mea.urements now provide information on 
modules undergoing moi'sture diffusion. 

19 

1 
1 

1 
I 

I 
1 
I 
! 

j 
! 
• , 

1 
1 
I 



, ' 

I 
I 

ENCAPSULA TION TASK 

Experi.ent8 .i .. d .t correl.tinl .oi.ture diffulion .nd .c i.ped.nce 
responses of two Block IV aodules Ihow th.t the effect of a •• ll ch.nlea in 
moiature content c.n be aenaed, deapite ac.tter in the .... ur .. ent reaultin, 
frOia them.l fluctu.tiona. The thera.l fluctu.tiona h.ve recently been eliain
ated throulh tilhter theraolt.tic control. Thele b.seline tests have been 
extended to include a study of the temperature response of one of the cells. 
In theae tests the cell was thoroulhly dried .nd stored in a desiccator. Ac 
i.ped.nce of the cell under zero bi.s and in a dark, thermostat ted cabinet pro
vided the ahunt reaiat.nce (isH) of the cell .s a function of teaperature. A 
plot of l/ISH va I/ToK waa found to be linear. The activation enerlY resultinl 
fro. thia Arrheniua behavior ia 7.23 kcal/.ole (0.31 eV). The 7.23 kcal/.ole 
activation enerlY for the dry cell corresponda to • charle tranaport other 
than that controlled by liquid atate diffusion and .ay result from a process 
internal to the seaiconductor. 

The delivery of the field-inatrument desiln for the aeaaureaent of ac 
impedance has been postponed until September. It ia expected that the design 
will incorporate slilht modifications in available hardware. 

An inventory of .aterials used for module encapsulation ha. been supplied 
to the Science Center by JPL. So.e of these materials will be screened for 
their corrosion-protection potential by means of the ACM technique. 

Photodegradation of Polymers 
Studies are continuing by C. Rogers's group at Case Western Reserve Uni

versity on the photodegradation of PnBA. The studies use Fourier transform 
infrared (FTIR) absorbance and difference spectra to characterize changes in 
unmodified PnBA after weathering in the QUV Accelerated Weatherir.g Te,ter. 
Results to date indicate that PnBA degrades by means of chemical crosslinking 
and chain scission in the presence of oxygen. It was also observed that unmod
ified PnBA is fairly stable in oxygen-free environments. This leads to a pre
liminary conclusion that, for PnBA, antioxidant additives may be .ore important 
to long-term stability than UV stabilizers. 

Fracture and Crack Modeling 

An evaluation of commercially available finite-element programs to calcu
late the crack-tip stress-intensity factors (KIC ) with temperature gradients 
has been completed. Several programs were identified including MARC (MARC 
Analysis leseach Co.), ABSYS (Swanson Analysis Systems, Inc.), ADINA (HIT), and 
TEXGAP (University of Texas, Austin). 

The TEXGAP program, a FORTRAN-coded finite-element computer program, was 
received by JPL. The main feature of the program, not available in other com
mercial programs, is the availability of a finite-element code that has been 
developed for the analysis of cracks in structures due to differential tempera
ture loading. To date, the TEXGAP program has not been successfully run at 
JPLj additional prograllllling and engineering effort would be required to prepare 
the program for use in test-case calculations. This will not be done; this 
contract has been terminated due to funding cutbacks. The results of the pro
gram were to have been used for solar-array life prediction. 

20 

I 
'~ 
i 



. ' 

t;" • . \ 

ENCAPSULATiON TASK 

Module Ufe Testing 

Validation of the Battelle accelerated-teet plan at JPL ha. been discon
tinued after 120 day. (360 cycle.) of accu.ulated teat tiae. Electrical te.ts 
at room temperature continue to show that one aodule has completely failed, and 
four other. exhibit power los.es exceeding 10%. Visual inspection continues to 
show additional stress cracks in the interconnects, and ... 11 del .. ination. are 
beginning to appear. Electrical continuity test. at +950 C indicate that only 
one of the 10 module. is still functional at that te~erature, and 50% of the 
modules e~hibit open circuits at 600C. Hearly all of the performance degra
dation appears to be attributable to interconnect fatigue failure. A final 
report on the study is being prepared. 

Minimodule qualification testing (thermal cycling and humidity-freeze 
cycling) and measurement of nominal operating cell temperatures (HOCT) are 
about SOX complete. HOOT values have ranged from 39.80C to 45.70 C for six 
module designs. All field-test minimodules have been deployed at the JPL and 
Goldstone weathering sites. The Point Vicente weathering site will be rea~ti
va ted in August, when increased module security will be available. 

Very little visual degradation of minimodule or two-cell subminimodule 
encapsulation has been detected, but a great number of cracked cells have been 
reported in modules with wood-fiber hardboard ~ub8trate. This is primarily due 
to the hygroscopic expansio\\ of the substrate. Various attacks on this problem 
are being developed. 
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PROCESS DEVELOPMENT AREA 

INTRODUCTION 
The Area na.e has been shortened fro. the orilinal Production Process and 

Equipaent Develo~nt Area to Process Develo~nt Area. 

Since the etart of the Project, the Process Dev~lo,..nt Area has assessed 
and monitored the developaent of tho.e processes that .howed pro_ise of reducinl 
proceaainl coata silnificantly. Four cateloriea of procesaing were identified 
aa critical: surface preparation, junction fonaation, aetallizadon, and module 
completion. More recently, the Proces. Developaent Area ha. belun intelratinl 
individual proce8aea into cOMplete proces.inl .equence •• 

AREA OBJECTIVE 

The objective of thia area il to identify, alaell, and develop proces.el 
and procels aequencea to r~duce fabrication costs of reliable solar modules, 
and to make these processes available to the photovoltaic indultrial community 
throulh technology tranlfer. 

SUMMARY OF PROGRESS 
Process Sequence Development 

Two module experimental proceaa system development units (MEPSDU) are 
under contract, one with Solarex Corp. and one with Westinghouse Electric Corp. 
These contracta had been scheduled for completion in 1982; they were modified 
at the beginning of May 1981 to proceed at a reduced funding rate for the remain
der of the fiscal year. This reduced rate alters the contract schedules to 
set completion dates in 1983-1984 with no change of scope of technical duties. 

Both Solarex and Westil~ghouse completed preliminary design reviews, 
including presentations by major subcontractors, in March. As a result of the 
review, Westinghouse will go to a frameless module design. Twelve minimodules 
of this design have been built and are being given envirolllDental tests. 

Solar::x has replaced Kulicke & Soffa, Inc., with Tracor MBA as sub
contractor for the automated soldering machine, due to cost considerations. 
Tracor MBA was selected from a group of solid,ted proposals. 

Junction Formation 

Work on the use of non~~ass-analyzed (NMA) ion implantation has progressed 
to the point where it is quit;e clear that this process will be satisfactory for 
the manufacture of high-efficiency solar cells. Motorola Inc. is developing 
the process under private funding. Westinghouse and Spire Corp. are ~ooperating 
with JPL to establish aufficient knowledge for the development of commercial 
machines based on NMA ion implantation. Inveatigation of the source and control 
of contaminants, including those brought into the process by the silicon wafer 
itself, are continuing. 
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PROCESS DEVELOPMENT AFtEA 

Spire h ••• ucce •• full, de.oa.tr.ted • 4-in.-di. c.p.bi1ity vith it. 
pul •• d-.l.ctron-be ... nne.lina (PItA) .. chine. Wo=k i. now concentr.tinl on 
the d.v.10,..nt of ...... ion iapl ... ter th.t 11 inte"lled to be joined vith the 
PIBA. Thi. vi11 .llow ion i.,l.ntina .nd .n .. e.linl vithout b~e.kina v.cuua. 

leA ..... rch Center h., r.ported .ucce •• iit furn.ce-diffu.ina • junction 
into .n .pit.xi.l l.yer Irown on ... t.l1urlic.1-.i1icon .ub.tr.te. It h.d been 
••• u.ed for .o.e ti .. th.t the b.puriti •• in the .. t.11uraic.1-ar.d •• ilicon 
,,.r.:-u1d ,.n.tr.te the .ntire device .t diffu.ion t..,.r.tu~e., forcina • depar
tur. fra. conventional proce •• ina. 

Bernd 10 •• A •• oci.t •• h.v •• ucc ••• ful1, pToduce~ experi .. nt.1 .olar c.11. 
u.ina • copper-b •• ed thick-fila i8k that incorporated • f1uoroc.rbon a. the 
f1uxina .a.nt. Th ••• cell •• urvived 10 .inut •• in boilina vater .nd r.teined 
aGod .dhe.ion to the .ilicon. Studie. of ch .. ic.l r •• ction. (involv.d in po.
.ible ink for.u1.tion.) lea4 to concern over void. cau.ed by rele ••• of a.eeou. 
p~·oduct.. Th •• ddition of le.d .c.t.te h •• provided a liquid-ph •• e tr.n.port 
aediua durina firina th.t .01ve. the void probl... Ixperi .. ntal data h.. lub
It.nti.ted the ~rov ... nt in .urf.ce-contact conduction. 

Spectrol.b, Inc., ha ••••• nti.lly ca.pl.t.d the Midf!l ... t.llil.tion 
proce •• contr.ct. Two .in~du1e •• nd 30 c.11., 2.1 x 2.1 in., uaina the ao.t 
!l)ra.ilina .i1ver-povd.r-b •• ed .y.tea, .r. beina aiv.n ."viro ... nt.1 te.tl. 
Several experiaent. u.ina powd.r. b •• ed on aolybdenua trioxide .nd tin (. tech
no1olY fra. .n e.r1ier contr.ct vith Sol/Lo.) produc.d c.11. of v.ryina low 
qu.1ity. A MoSn-b ..... t.11i,.d cell of hiah .erie. re.i.t.nc. w ••• i1ver
electropl.ted, re.ultina in • c.l1 of re.pect.bl. perfo,..nce. The MoSn 'Yltem 
had lucce •• ful1y cont.cted the .i1icon but v •• hiah1y re.i.tive due to the 
limitation of the Midfil. proce •• '. thickne •• c.p.bi1ity. 

A new contr.ct with Photow.tt Intern.tion.1, Inc., w •• executed on May 15. 
Photowatt will ev.lu.te the technic.1 fe •• ibility .nd co.t eff.ctivene'l of 
firing a .. t.11ic thick fi1. (Hi) throuah .n AR co.t (Si,I.) to .. ka elec
trical cont.ct with the .un .ide of •• 01.r cell. Bru.h-type .elocdve platin,1 
of Cu will a110 be inve.tig.ted. The .dv.nt.ae •• re •• iaplified procel' 
sequence and lower .. t.ri.1 .nd proce •• inl co.t •• 

Module Completion 
Tracor MBA ha •••• -.bled it. ce11-.trinaina .. chin., t .. ination .. cbine 

and edge-Iealinl a.cbine. All di.crete function. of the .. cbine. b.ve been 
tested and are operational. .-.aininl work ~. focu.ed on a .oftw.re program to 
synchronize tbe oper.tion of tbe tot.1 aaaeably. 

LABORATORY ACTIVITIES 

New .. teria1 •• upp1ied by tbe Incapau1ation Ta.k b.ve been tea ted in tbe 
modified ARCO Sol.r, Inc., l .. in.tor. Ted1.r vith Du Pont &dbe.ive No. 68040 
adhered very well to the etby1ene vinyl acet.te (IVA) enc.paulant and a new 
encaplulant, etbylene aetbyl acrylate (INA). After 30.inutea in boiling water, 
lbe RNA encapsulant b.d bubb1ea vi.ib1e in tbe bulk .. terial but no delamination 
or reduction in peel .trenltb. There wa. no vi.ible or aecb.nic.l degradation 
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of the EVA l .. inant after 6 hour. of boilina. Peel-etrenath te.t. broke the 
sa.plea without peel ina failure. 

Experi .. nt. are beina perfo~ed with the proce •• e. .pecified in both 
MEPSDU contract. to verify their perfo~ance and to identify a ... ny .ensitive 
tilte'.lIIent. a. POllible. 
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ENGINEERING AREA' 
INTRODUCTION 

PRECEDING PAGE BLANK NOT FILMED 

The LSA Engineering Area has two pri .. ry objectives: to assist in 
achieving Module Technical Readiness by developing engineering design criteria, 
test aethods, analysis tools, and trade-off data that .upport the engineering 
of opti.u. aodule. fro. a lea.t-cost-array point of vie~, and to a~hieve, at an 
early date, technical readine.s with respeet to the balanee of the flat-plate 
array .ub.y.tem exclusive of the modules. 

Activities within the Eng;,neering Area _pha.ized array requireaents gen
eration, array subsystem developaent, .adule developaent, and array-perforaance 
criteria and test-standards develo,-ent. An expanded de.cription of the status 
of each of the Engineering Area eontracts was included in the 18th P1M Handout 
(JPL Docuaent No. 5101-181). Activ~ ccntracts and referenced papers and docu
ments are listed at the end of this section. 

ARRAY REQUIREMENTS 

The array-requirements activity addresses the identifieation and develop
ment of detailed design requirements and test methods at the array level. Areas 
of continuing activity that address improved definition of array requirements 
include the establishment of module and array electrical safety criteria, the 
generation of intermediate-load-center building codes as applied to intermediate 
array design, and the developaent of array-to-power-conditioner electrical 
interfaces, coordinated with Sandia National Laboratory and The Massachusetts 
Institute of Technology Lincoln Laboratory (MIT-LL). 

Safety Requirements 

A necessary element of module technology readiness, especially for resi
dential and ILC applications, is the early development of safety requirements 
at the design level. Consistent with this goal, input obtained from the 
February 3 Workshop on Module and Array Gafety and comments from program par
ticipants and the PV industry were used to update LSA Document No. 5101-164, 
"Interim Standard for Safety: Flat-Plate Photovoltaic Modu~p.s. Vol. 1, Con
struction Requirements" (Reference 1). After up-:lating, the document was dis
tributed to the PV community and was specified as a supporting document for 
Block V procurements. 

Supporting the development of array safety requirements, the National 
Electrical Code Ad Hoc Subcommittee on Photovoltaics (NEC ABSC) convened at JPL 
March 24 to 26 to draft revisions for the 1984 NEC. New articles that address 
the unique characteristics of a PV system and the changes needed to preclude an 
uns,fe installation were the focus of this meeting. The PV Array working group 
of the NEC ABSC convened at JPL April 22 and 23 and at MIT-LL June 16 to 18 to 
draft the special array-relatel'! concerns for submittal to the NEC. A draft 
document now in review has specific areas requiring resolution (module defini
tion, module identification, and maximum system voltage) before an NEC ABSC 
meet.ing at Westbrook, Illinois, August 11 to 13. In support of efforts toward 
residential roof-mounted array safety, additional roof-covering classification 
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and fire-penetration te.t. are .chedu1ed at Underwriter. Laboratorie. on 
Auau.t 14 to dete~ine a PV .adule t

• re.i.tance to .evere fire expo.ure. fro. 
.ource. out.ide a bui1dinao Included are .hinl1e and intelral-.ount 
re.identia1-.odu1e d •• ian •• 

Proare.. in a'rray .afety wa. docuMnted in a paper pre.ented at the 
A.erican Section, International Solar Eneray Society (AS ISES) _etina May 2', 
titled "Code-Related Con.ideraCion. for Fl.t-Pl.te Photovo1taic Arr.y." 
(Reference 2). 

Commercial and Industrial Building Codes 

In .upport of the develo~ent of inte~diate-10.d .rr.y-de.ian auide
linea, Burt Hill Ko •• r Ritte1aann A •• oci.te. completed their ••• e .... nt of 
inte~edi.te-lo.d-center buildina code. and reau1ation. (initi.l re.ult. were 
presented at the 17th PIM). An executive su ... ry .nd cl.rifyina point •• re 
beina added to the final report, which is sch~duled for rele •• e Septeaber 15. 

Power"Conditioning Interface 

Selection of the opti.um input voltage window for power conditioninl is 
influenced by array voltaae fluctuation. eaused by Bite weather conditions. A 
JPL in-house analysis, u.ing .ol.r radiati('In .urface aeteorological observ.
tions (SOLMET) typical-ye.r data tapes, generated input for deteraining the 
optimum po,-'er-conditioning voltage, current and power levela vs array parame
ters. The ~01Ipleted data were provided to Sandia National Laboratory for both 
residential and interaediate-load application.. Tabulated data on array power
conditioner interface optimization will be included in Sandia's Power Condi
tioning Specification. 

ARRAY SUBSYSTEM DEVELOPMENT 

Array subsystem development activity is focuued on the development of 
conceptual designs far integrated flat-plate array/module support structures 
as an important approach to minimizing total array costs. A critical output 
of array conceptual designs is the definition of specific design requirements 
addressed to £'mctional performance, interface and maintainability (at the 
array leve 1) • 

Integrated Residential Arrays 

A number of residential array conceptual designs were evaluated during 
the reporting period through contracts with the American Institute of Archi
tects Research Corp. (AIA/Re) and General Electric Ca. (GE). Design reviews in 
conjunction with the integrated residential array effort were held February 17 
and 18, March 19 and 20, and April 29 and 30. 

AIA/RC reviewed the 15 conceptual designs generated by their architect 
subcontractors. The AIA/RC advisory committee, consisting of Solarex Corp., 
Heery Energy Consultants, National Association of Home Builders Research 
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Foundation and InerlY ne.i,n A.,ociate. repre.entative., then .elected three 
concept. for de.i,n opt~i.ationj Ivaluation. of the.e de.i,n. were coapleted 
and AIA/Re rec~nded the Burt Kin Ko.ar Rittel .. nn Allociate. ded,n for 
final, delian and fabrication. 

After evaluatinl 19 different .odule/array type., 01 opti.i.ed three con
cepta: direct~unted, overlapped, rectanlular .hinlle, intelral aount with 
pla.tic tr~y, and .tand-off aount with aluainua fr .... Further evaluation of 
the .. concepta re.ulted in approval of GE'a opti.ized "univer.aUy aounuble" 
de.i,n u.inl a rolled-.teel ,upport. Refin~nt of thia concept i. in 
prOlre •• , with e.pha.i. on reducinl co.t. of array in'lallation and aodtale 
production. 

JPL Inlineerinl Area in-hou.e effort. on re.idential aodule inatallation 
.ethod. included the con.truction of .ix 4 x 4-ft panel fr~. (one aodule 
each) and a 450 te.t roof with a l6-ft .lant hei,ht snd a l2-ft width. Pre
liainary teat. have .hown a library-type rollinl-ladder confiluration to be 
convenient and to provide adequate acce.1 for aodule inatallation and replace
ment. Both alUllinua and woodan fra. aodule aupporte are beinl teltf.·Il. 

Large Ground-Mounted Arrays 

In support of optimized larle Iround-.ounted array delian, a ta.k report 
titled "Low-Co.t Solar Array Structure Develos-ent" (Reference 3) waa completed 
and di.tributed to the PV ca..unity. The report included coat analy.e., dura
bility and earthquake loading aSleSlments based on modal telting. 

PhotnvoltaiclThermai Arrays 

In the area of phutovoltaic/thermal module development, an economic study 
that included installation costs showed the PV/T unglazed collector system to 
be marginally economical (life-cycle savings of $600 over 20 years). The study 
is being documented and further PV/T work is deemed unjustified. 

MODULE ENGINEERING 

Module engineering addresses the development of design methods, analysis 
tools and design concepts necessary tb support significant cost and performance 
improvements at the array-eleaent level. Activities are conducted to clarify 
design tradeoffs, to develop analysis tools and test methods and to provide 
generali~ed design solutionl for the PV cOlllDUnity. Specific activitiel 
included cell reliability testing, module voltage isolation, interconnect 
fatigue, hot-spot endurance, cell-fracture mechanics, module !oiling and 
module ~nvironmental endurance. 

Cell-Reliability Testing, 

The Clemson University contract, which has been developing reliability 
and accelerated-stress test data on most of the solar-cell types now being used 
in LSA module designs, included evaluation of newly developed cells that have 
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low-colt potential (due pri .. rily to the type of aetalliaation Iystea uled). 
AIIong the new celli received, thole that ule copper-baled aetallieation 'Ylteal 
Ihow evidence of reduced aechanical Itr.q.th on the lead attachae"tl and lew 
aetal-to-lilicon adhesion. 

Module Voltage Isolation 

The voltage bolstion talk addrellel the source and uanitude of leakage 
currentl to around cauled by initial inlulation flawl or material aging. The 
developaent effort il directed toward predictionl of .adule life and providing 
for huaan safety. Activities included: 

The high-voltage field-t~st Itend wal upgraded to 3000 Vdc for ule in 
continuing central-station module field-expolure insulation studies. In 
lupport of these teltl, two experiaental aodules were inltruaented with 
temperature and moilture (vapor) lenlorl and were calibrated under nine 
different co.binationl of temperature and relative humidity while under 
3000 V electrification. Data reduction il in progrell 8nd the relults 
will identify responles of both room-temperature vulcanized (RTV) and 
ethylene vinyl acetate (EVA) encaplulants. 

The initial cell-Itring flaw-characterization teltl were completed. 
Solar-cell electrodes used to break down air gaps of various sizes were 
observed to exhibit deviationl from uniform field conditions, both at 
small gap separationl (point-to-plane effects> and at large gap separa
tions (square-edge effects). 

Construction of a low-voltage film breakdown apparatus was completed and 
underwent preliminary testing with single-layer and multilayer polymer 
films. The data reduction system is being improved to permit higher data 
rates. 

The electrical-insulation environmental-life test chamber for minimodules 
has been completed, less power and data collection circuitry. 

Procurement of minimodules representing recent module designs (Block IV, 
PRDA and commercial) has been initiated, encompassing approximately 100 
modules for environmental and life telting. 

This work was documented in the 1981 Institute of Electrical and Electro
nics Engineers (IEEE) Photovoltaic Specialists (~I,l)nference paper "Defect Design 
of Insulation Systems for Photovo1taic Modules" (Reference 4). 

Interconnect Fatigue 

Examination of the mechanical-fatigue life of cell interconnects is con
tinuing in an effort to obtain a 20-year life-prediction model. Two parts of a 
report on cell-interconnect fatigue have been drafted: strain prediction and 
allowable strain analyses, and a cost-optimization algorithm. A nomograph on 
determining strain from interconnect-shape parameters was developed for presen
tation at the 18th PIN. In support of this effort, a three-axis micrometer
comparator to measure interconnect geometries in situ has been designed and 
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built ~ This device wU 1 be u.ed on aodul •• underaoina therul cyclina to deter ... 
mine th.ir aeoaetrie. and their condition (e.a., breakaae). 

Hot-Spot Endurance 

This activity's objective i. develo~nt of ."itable laboratory te.t pro-
~ cedure. for evaluation of the hot-spot endurance of a .odu1e under severe hot

spot field conditions. Deve10p.ent activitie. included the cOllection of lab
oratory data fro. Block 111 .adu!es for validatina the analytieal ther.al .ode1 
under development. The ther.a1 .odel support. the developaent of .odu1e de.ian 
guideline. for hot-spot endurance capability. Alree.ent between the aode1 and 
te.t data has been generally close for both insu1ated- and unin.u1ated-back 
~odules. Liaitl of aodel applicability are beina developed and additional bot
spot test. are pl~nned to validate the laboratory test procedure.. A ~alk 
report on hot-apot heating design guidelinel is Icheduled for December release. 
Thill effort was aho docu ... nted in the 1981 IEEE PV Specialists Conference paper 
"Photovoltaic Module Hot-Spot Durability Delian and Telt Methods" (Reference 5). 

Cell-Fracture Mechanics 

Efforts in the fracture mechanic. Itudy of si solar cells centered on the 
design of a mechanical-strength-testing jig. The prototype testing jig is 
designed to evaluate the feasibility of a quality-control method for Si wafers 
and cells, based on testing their aechanical strength. Resalts were reported 
in a PV Specialists ConferencEl paper, "Application of Fracf:ure Mechanics to the 
Failure Analysis of Photovoltaic Solar Modules" (Reference 6). 

Module SOiling 

Module soiling studies continued with samples measured from 70% of the 
field-test sites. The trends exhibited after six months in the field this year 
closely follow those established d\lring the previous year of field exposure. 
JPL in-house research also included low-cost cleaning methods for arrays, using 
both water and chemical-cleaner spray washes. A chemical cleaner proved supe
rior to multiple water w3.shes on glas8 samples with oily films, increasing the 
relative nomal hemispherieal transmittance from 87% to 99%. The upper limit 
was 94% using water washes. 

Module Environmental Endurance 

Several environmental-endurance develo~nt efforts are being addressed 
to provide the technical base required to achieve reliable modules with 20-year 
lifetimes. The Illinois Institute of Technology Research Institute (IITRI) is 
continuing its work in compiling reliability data on all module design techno
logies va design technology perfomance in both field use and field tests. A 
major input to the IITRI work was initiated when the U.S. Coast Guard Research 
and Developmen.t Center agreed to provid.e LSA with reliability data obtained 
from different module designs it has tested. 
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JPL in-hou.e effort. included the develo,.ent of detailed te.t method. 
for .alt-.pray te.tina in both outdoor and lab te.t environaent., and a humid
ity-delradation rate curve ba.ed on coapari.on. of hualdlty t&.tlnl cycles and 
huaidity-te.perature data fr~ SOLMET weather tap... To obtain the required 
teaperature-huaidity acceleration factor., a contract wa. initiated with Wyle 
Laboratorie. to .ubjact Block 1 and Block III aodule. to .ix-.onth humidity 
te.t. with environ.ent. of 400 C, 93% RH and 850 C, 851 RH. 

A review of the overall aodule te.t prolram at JPL was pre.ented at the 
1981 In.tltute of Envlron.ental Science. Conference in a paper, "Outdoor and 
Laboratory Te.tina for Photovoltaic Module." (Reference 7). 

PERFORMANCE CRITERIA AND TEST STANDARDS 

Active interface. are .. lntained between LSA Enlineerinl activities and 
the Solar EnerlY Relearch In.titute (SERI) Perfor.ance Criteria-Telt Standards 
(PC/TS) project to draft interia perfor.ance criteria and standards covering 
both flat-plate and concentrator arraya. 

In support of the SERI project, the Array Subsystem Task Group convened 
at JPL February 2 and at Motorola Inc., Government Electronics Division (GED) 
March 18 and 19 to update the --Interim Perfor.ance Criteria for Photovoltaic 
Energy Systems" report distributed by SERI (No. SERl/TR-742-654). Emphasis was 
placed on the review of new and redrafted criteria and teat methoda in personal 
s.fety, durability and reliability, and concentrator electrical performance. 
The task Iroup presented 12 criteria Itatements, three test methods and 18 
definitions to SERl, who will publish the second edition (now in review) of the 
Interim Performance Criteria document (IPC-2) in December. 

The Electrical Performance Subgroup of the Array Subsystem Task Group 
(led by Arizona State University) met at JPL February 3, at Motorola GED Mareh 
17 and at Orlando, Florida, May It to IS, to determine acceptable test methods 
for measuring optical performance of reflective concentrators. The lens test 
methods are being prepared for Ta.k Group lubmittal. 

Also in support of SERI's Performance Criteria and Test Methods Project, 
JPL formed a Photovoltaic Environmental Subgroup to review and docUlllent envi-
ronmantal test methods for array subsystem elements. JPL, Sandia, the U.S. j 
~~partment of Defenae, and foreign organizationa are evolving environmental- j ... 
test requirements and methods for photovoltaic8 thQt ahould be exa~ined in 
detail by a cadre of outdoor and laboratory testing experts. The Objective of 
the subgroup is to develop for flat-plate and ctmeentrator array elements a 
cost-effective set of environmental qualification test procedures that call pro- 1 
vide reasonable auurance of reliable pdrformance in a wide range of climates. ~ 
The first lteeting of this 8ubgroup was held at JPL July 14.j 

ENGINEERING SUPPORT 

Engineering interface activities provide far transfer of array require
menta, specifications, conceptual designa, design guidelines, ~nalysis tools 
and test methods to the photovoltaic community. R. G. R08s Jr., Engineering 
Area lIanager, lectured on lIodule and array engineering at a three-day short. 
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course on photovoltaics conducted by Arizona State UniverQity. The presenta
tion was later embodied in two IEEE PV Specialists Conference papers titled 
"Design Techniques for Flat-Plate Photovo1taic Arrays" and "Photovoltaic Module 
and Array Reliability" (References 8 and 9). Additional pa.t work on the 
probability statistics of cloudy days was presented at AS ISES in a paper, 
"Techniques for Determining Solar Insolati.on Deficits" (Reference 10). 

A matrix comparing design features of photovoltaic .odules in field appli
cations and LSA procur~ments was generated. The matrix, intended to facilitate 
comparisons of design and test history data, includes .odule types with mate
rials of construction; cell types with materials used for inter-connects and 
metallization, coatings, etc.; module and system circuit (series-parallel) con
figurations that identify series blocks, blocks per diode, etc., and specific 
problems encountered in both field and laboratory tests. It will be continually 
updated. 

JPL's Engineering Area staff participated in the MIT-LL Residential PIM 
in Cambridge, Massachusetts, on June 24-25, 1981. Presentation topics included 
LSA Project Update, Block V Performance Requirements, and Integrated Array 
Designs. Presentations made at the Photovoltaic System Definition and Develop
ment PIM at Sandia April 8 included "Photovoltaic Array Safety Requirements." 

Module design specifications were developed, including "Block V Solar Cell 
Module Design and Test Specification--Intermediate-Load Applications" and 
"Block V Solar Cell Module Design and Test Specification--Residentia1 Applica
tions." These documents were released February 20 as part of the Block V RFP 
(References 11 and 12). A preliminary draft of the Central-Station Module 
Design and Test Specification was circulated for LSA in-house review. 
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RlPIUNCIS 

1. Interi. Standard for Safety: Plat-Plate Photoyoltaic Modulel; Vol. 1, 
Conltruction leguir ... ntl, JPL Docuaent Ro. 5101-164, Pebruary 20, 1981. 

2. SUli_ra, I. C., and Leyinl, A., "Code-kelated Conaiderationl for 
Plat-Plate Photoyoltaic ArraYI," AS ISES Conference, May 26, 1981. 

3. Wil.on, A. H., Lov-Colt Solar Array Structure DeYelopaent, JPL Docwaent 
Ho. 5101-165, June 15, 1981. 

4. Mon, C. I., "Defect Deliln of Inlulation SYltea. for Photoyoltaic 
Modulel," 15th IEIE PV Spedalilts Conference, ~tay 12, 1.981. 

5. Arnott, J. C., and Conzalez, C. C., "PhotoYoltaic Hot-Spot Durability 
Deliln and Telt Methodl," 15th IEEE PV Specialists Conference, May 12, 
1981. I 

6. Chen, C. P., and Leipold, M. H., "Application of Fracture Mechanics to 
Failure AnalYlil of Photoyoltaic Solar Modulel," 15th IEEE PV 
Specialiltl Conference, May 12, 1981. 

7. Hoffaan, A. I., Jaffe, P., and Criffith, J., "Outdoor and Laboratory 
Teltins of Photoyoltaic Modulel," IES Conference, May 6, 1981. 

8. lOll, I. C., "Deliln Techniquel for Flat-Plate Photoyoltaic ArraY8," 
15th IEEE PV Specialilt8 Conference, May 12, 1981. 

9. 1018, R. C., "Photoyoltaic Module and Array Reliability," 15th IEEE PV 
Specialilt8 Conference, May 12, 1981. 

10. Conzalez, C. C., and R088, R. C., '~echniquel for Determining Solar 
In801ation Deficits," AS ISES Conference, May 26, 1981. 

11. 

12. 

Block V Solar Cell Module Delign and Te8t Specification--Intermediate 
Load Application8, JPL DocUllent No. 5101-161, Februa1:'y 20, 1981. 

Block V Solar Cell Module Deli nand Te8t S ecification--Relidential 
Application., JPL Document No •. 5101-162, February 20, 19 1. 
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RECENT CONTRACTOR PUBLICATIONS 

1. Safety and Liability Considerations for Photovoltaic Modules/Panels, 
Report No. DOE/JPL 955846-81/1, Prepared for JPL by Carnegie-Mellon 
University, Pittsburgh, Pennsylvania, January 1981. 

2. 

3. 

Wind Loads on Flat Plate Photovoltaic Arra Fields, Report No. DOE/JPL 
954833-81 3, Prepared for JPL by Boelng Engineerlng and Construction 
Co., Seattle, Washington, April 1981. 

Integrated Residential.Photovoltaic Array Dev~loPlllent, Quarterly Report 
No. DOE/JPL 955894-2, Prepared for JPL by General Electric Co., Advanced 
Energy Programs, Philadelphia, Pennsylvania, May 1981. 

4. Integrated Residen~ial Photovoltaic Array Development, Quarterly Report 
No. DOE/JPL 955893-81/1, Prepared for JPL by AlA Research Corp., 
Washington D.C., April 1981. 
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OPERATIONS AREA 

INTRODUCTION 

The overall objective. of the Operation. Area are to .timulate the u.e by 
module manufacturer. of the late.t improvementl and innovation. in module pro
duction and design technology through contractl for development of qualified 
solar-cell modules; to perform appropriate environmental and strel' tests to 
confirm the adequacy of module design; to operate field-te.t sites to accumu
late the data needed to establish the kind. and levele of envir011llle:'tltal stre88 
tests required to qualify modules; to perform failure analy.is on modules that 
have failed either in the field or during qualification testing to provide 
guidance for pr~per corrective action, and to provide testing and failure 
analysis services and facilities as required to support other DOE test and 
applications experiments. 

MODULE DEVELOPMENT 

Block IV Design and Qualification 

Only small progress has been made toward completing the design and quali
fication phase of the Block IV effort. In the ARCO Solar, Inc., intermediate
load module, the butyl edge sealant, which had softened and flowed during ther
mal cycling, was replaced by a new acrylic copolymer sealant. Modules with 
this sealant successfully completed all of the pertinent qualification tests. 
Drawings for the ARCO residential modules were approved and modules were deliv
ered to JPL for testing. Before testing could be started, ARCO requested per
mission to substitute for the delivered modules a new set using a Tedlar front 
cover of twice the thickness previously used, in an effort to overcome an edge
delamination problem that had appeared on similar modules tested for the South
west Residential Experiment Station (RES). The Photowatt International, Inc., 
module that failed the test program has had design changes and new modules are 
being fabricated. Solarex Corp. modules of both intermediate-load and residen
tial configurations have been submitted for testing, but none has passed. 

Block IV Production Contracts 

Purchase orders for a few kilowatts of modules designed and qualified 
under the provisions of the Block IV design contracts have been placed with all 
of the contractors. A contract for the ARCO intermediate-load module was 
placed, late in this reporting period, but no order has been placed for the 
residential module. General Electric Co. and Motorola Ine. have delivered all 
modules required by purchase orders placed with them. Applied Solar Energy 
Corp. and Spire Corp. have made partial delivery of the modules ordered from 
them. All other orders for modules are under a contractually imposed hold 
until tests are completed and the final design documentation is in order. This 
hold pertains to the Photowatt modules and both Solarex (residential and 
intermediate-load) modules. No modules of the Block IV design were produced 
for sale by Solar Power Corp., but a laminated module of their commercial 
configuration that had been altered to conform to the Block IV specification 
passed all the qualification tests. 
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Block V Design 

The IFP for the Block V co.petition wa. relea.ed to 29 potential propos
ers in february. Fourteen oraanization. proposed 19 different .odule desians, 
which were evaluated and rated. Selections were .. de and seven contract. were 
neaotiated as follows: 

Inter.ediate-Load Modules: 

ARCO Solar 
RCA 
Solar Power Corp. 
Solarex 

Reaidential-Load Modules: 

General Electric 
Mobil Tyco Solar Energy Corp. 
Spire 

MODULE TEST AND EVALUATION 

Performance Measurements 

New reference cells have been selected, fabricated and calibrated for 
Block IV modules manufactured by ASEC, GE and Photowatt because latest versions 
of their modules and original reference cell. no longer aatched in spectral 
response. In addition, new reference cells have been selected, fabricated and 
calibrated for use by Massachusetts Institute of Technology Lincoln Laboratory 
(MIT-LL) in testing ASEC, ARCO, Solec International, Solarex, Motorola, Photo
watt, and Spire (photovo1taic/theraa1) modules. Several Block II and Block III 
reference cells were reca1ibrated at JPL for use by DSET Laboratories, Inc., 
and Wyle Laboratories. Forty-three additional reference cells are being 
selected, fabricated and calibrated for use by JPL Field Testing, Sandia 
National Laboratory and Solenergy Corp. 

The large-area pulsed solar siau1ator (LAPSS) No. 2 is continuing to 
function properly and is being used priaari1y for Encapsulation Task module 
evaluation, reference-cell evaluation and selection, and miscellaneous engi
neering measurements. LAPSS 1 is presently being integrated with the PDP 11/60 
coaputer. All required hardware has been coap1eted and final system evaluation 
is nearly coap1ete. Preliminary coaparison tests indicate an even closer 
agreeaent between the two LAPSS systems than previously reported. :he color 
temperature of LAPSS 2 was found to be soaewhat higher than that of LAPSS 1, 
resulting in an increase in illumination in the blue portion of the LAPSS 2 
spectrum. 

The PDP software has been modified to allow the storage of parameter 
tables unique to each type of module under evaluation. This greatly reduces 
operator error and significantly increases throughput by reducing the time 
required for the operator to enter or modify a specific module's parameter 
table. New tables can be added or deleted easily. 
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OPERATIONS AREA 

Environmental Testing 

Testing is continuina or has been coapleted on Block IV, MIT-LL Residen
tial Experiment Station, Proar .. Research and Develo~nt Announceaent 
(PRDA)-38 retest, World Bank, Process Developaent Area, and co.aercial IIOdules. 
The results are given in Tables 3, 4, and 5. In addition to the f .. iliar Block 
IV tests, two hot-spot test stations have been set up in Building 248-2. Hot
spot tests, called out in the Block V Design and Test Specification, bave been 
run on MIT-LL RES, PRDA-38, World Bank, and Block IV types of aodules. 

qualification testing is still under way on Block IV modules. Six types 
are considered to have qualified and four are not. Most IIOdule types did not 
pass the first time and improved designs had to be subaitted by the manufac
turers. The six qualified types averaged two .ets of tests and the still-to
be-qualified types have averaged three sets. Tests run on saNple. drawn from 
the lots of IIOdules purchased after qualification indicate that the level of 
quality of the module has not been maintained. Some significant degradation 
has occurred, which casts doubt on the ability of the manufacturers to maintain 
quality of product consistently. All modules given the new hot-Gpot test 
passed except two, MIT-LL GR and World Bank UU. Encapsulant bubbles and dis
coloration are common. Of the failed modules, the common failure mode is a 
reduction of shunt resistance (partial shorting) of the cells. No catastrophic 
failures have occurred. 

Field Tests 

For a combination of fiscal, logistic and technical reasons, a major 
restructuring of field-test activity was required. Since the 17th Project 
Integration Meeting in February a plan was formulated and is being implemented. 
Details of this plan were presented at the 18th PIM. 

Most of the effort since the 17th PIM has centered on the restructuring 
of, and especially on reorganizing, the test sites. A key fe4ture of the 
restructuring is that the Blocks 1, II, and III modules now deployed at the 
local sites will either be transported to an enlarged Goldstone site for con
tinued testing (on a time-available basis) or surplussed. On June 19 the last 
set of routine data was obtained on these modules at the JPL site. An analysis 
of the electrical performance data for the past eight months indicates that 
nine additional modules failed since October of 1980 and that 32 of the remain
ing 211 modules are now degraded. A summary of the electrical performance data 
is presented in Table 6. Using a new analysis program that factors out the 
effects of embedded dirt on performance, the mean power decrement of the degraded 
modules was determined. Table 7 contains a breakdown of this information. 

To obtain an update of all the modules at the local sites before their 
relocation, electrical performance data also was obtained on the Goldstone and 
Table Mountain modules (the Point Vicente modules were stolen in March of 1981). 
Of the original 162 modules deployed at the two sites several years ago, 12 
failed before October 1980. Four other modules have failed since then. Three 
of these are Block I Solar Power modules at Goldstone. Of the remaining 146 
modules, 10 have degraded. 
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Vendor Code/Number 
of Modules Tested 

RQ/4 
Production 

RQ/6 
Production 

US/4 

VS/5 

YR/2 
YS/3 

ZJ/4 

~/2 
Producti.on 

"-1-- , 

Table 3. Recent Qualification Test Results: Block IV Modules 

Construction (From Top Down) 

Glass, PVB, Tedlar/AI/Tedlar, stainless 
frame 

Glass, PVB, Tedlar/Al/Tedlar, stainless 
frame 

Glass, PVB, Tedlar/steel/Tedlar, Al 
frame 

Glass, PVB, Tedlar/AI/Tedlar, Al 
frame 

Glass, EVA, Tedlar, no frame 
Glass, EVA, Tedlar, Al frame 

Glass, encapsulant, Tedlar, Al side 
rails, plastic ends 

Glass, PVB, Tedlar, Al frame 

Principal Problems 

Block IV test: increased circuit resis
tance during cold temperatures, delamina
tion at feed through washers; frame weld 
broken during wind siaulation; resistance 
rise (12%) during twist test 

Back-surface delamination and at feed
through washer after temperature cycling; 
Block V hot-spot test produced minor 
discloration around cells 

Third set of modules tested satisfactorily 
except for one small cell crack 

Continuing frame separations, three modules; 
one cell crack in wind simulation; elec
trical degradation and shorting of diodes 
attributed to faulty LAPSS connector; 
diode design to be changed 

Continuing backside delamination and 
bubbles; previous cell shifting not 
present on latest modules 

Commercial module substitute for Block IV 
design passed tests satisfactorily 

Glass to encapsulant delamination noted 
first after humidity cycling, then noted 
in virgin modules after storage for 
several weeks; contaminated glass or 
improper curing cycle suspected 
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Vendor Code/Number 
of Modules Tested 

GRI/I 

GR2/3 

MI/2 

M2/1 

Rl/3 

R2/3 

UR/2 

US/2 

" ~~l""" 

Table 4. MIT-LL RES Block IV Tests, Plus Hot-Spot Test (Cne Module) 

Construction (From Top Down) 

Glass, adhesive, RTV, weatherproofed 
paperboard 

Glass, adheSive, RTV, weatherproofed 
paperboard 

Glass, PVB, Tedlar, Al frame 

Glass, PVB, Tedlar, Al frame 

Glass, PVB, Tedlar/AI/Tedlar, stainless 
frame 

Glass p PVB, Tedlar/AI/Tedlar, stainless 
frame 

Tedlar, EVA, galvanized steel pan, 
mounted in JPL wooden frame 

Glass, PVB, Tedlar/steel/Tedlar, Al 
frame 

Principal Problems 

Hot-spot: severe cell degradation, bubbles 
over cells to 3 cm, amber discoloration at 
cell edges, collector discoloration 

Built-up three-module roof tested in tempera
ture cycling: dummy shingles delaminated and 
shrank, amber discoloration around cells; 
interconnect discoloration; 6% degradation 

Wind simulation performed this period; 
7% electrical degradation, both modules 

J-boxes warped, Tedlar discoloration over 
J-box, bubbles after temperature cycling; 
power instability after wind aimulation 

Delamination at feedthrough washers after 
temperature ~ycling; five frame corner welds 
broken after humidity on three modules; one 
cell crack 

Delamination at feedback washers; back
surface Tedlar delamination after huaidity 

Temperature: one cell crack; huaidity: 
delam of top cover at edge of module, delaa 
between and over cells, one cell crack; 
hail, many fine cell cracks; hi-pot, one 
failure 

Initial hi-pot failures (ungrounded back 
surface) 
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Table 4. MIT-LL RES Block IV Tests. Plus Hot-Spot Test (One Module) (Continued) o 
~ rn 
~ 

-------------------------------------------------------------------------------------- > 
Vendor Code/Number 

of Modules Tested 

YSI/2 

YS2/2 

YS3/2 

Construction (From Top Down) 

Glass, EVA. Tedlar, Al fraae 

Glass, EVA, Tedlar, Al frame 

Glass, EVA, Tedlar, no frame 

~ 

6 
Principal Probleas ~ 

Hail test: one cell crack 

Teaperature: bubbles; cells shifted and 
touching; bus bar to IC broken, 56% 
electrical degradation, one aodule; 
hua1di ty: 25% degradation, one lIOdule 
delaaination over cells and back surface, 
one cell crack 

Teaperature: shifted cells, cella touchina. 
electrically unstable, bubbles; hua1dity: 
Tedlar delaainationj wind siaulation: edle 
seal loose 
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Table 5. Other Types of ~lodules 

Vendor Code/Number 
of Modules Tested Const~ction (From Top Down) 

PP~-38 Retest, Block IV Test, Plus Hot~Spot (One Module) 

ZF/4 Glass, RTV, white Mylar, Al frame 

World Bank, Hot-Spot Test Only 

Full 

lull 

YU/I 

UU/I 

PD, Block IV, no hail 

UT/4 (Automated 
Soldering) 

wr/l 

Glass, encapsulant, glass, Al frame 

Glass, Space, encapsulant, Al sub
strate and frame 

Glass, silicone, white silicone, Al 
frame 

Glass, PVB, Tedlarlsteel/Tedlar, Al 
frame 

Glass, PVB, Tedlarlsteel/Tedlar, Al 
frame 

Glass, Craneglass, EVA, cells, Crane
glass, white EVA, Craneglass, 1 mil 
AI/polyester film 

Principal Problems 

Some electrical degradation and recovery 
by the end of testing; hot spot test: 
satisfactory 

Satisfactory 

Satisfactory 

Satisfactory 

Bubbles over cells, backside Tedlar 
dela.ination, on~ cell degraded (partial 
short) but only 2% .odule degradation 

Edge-sealant extrusion 

Back-surface blistering, 28% electrical 
degradation in teaperature cycling; 
degradation increased to 38% after huaidity 
cycling 
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Table 5. Other Types of Modules (Continued) 

'" 

~ 
~ 

Vendor Code/Number 
of Modules Test~~d Construction (From Top Down) 

Commercial. Temperature and Humidity Tests Only 

LO/4 

FJljO/4 

Glass. encapsulant, Al foil, black 
insulating material. Al frame 

Glass. encapsulant. stainless 
substrate and frame 

~"'-"':-"~'~"'~'-'~"-""""""'''''''''''''-'~'-''''~''''~'--'-~'--''- *-, --~."" '"'.,, 

Principal Probleas 

Interconnects were daaa&ed as received; 
teaperature cycling caused S% degradation 
on one. delaaination above cells. and a 
J-box pottant leak on one 

S% electrical degradation in huaidity 
cycling. one aodule 

o 
" m 
~ 
> 
-t 
(5 
Z en 
> 
~ 

!: 

~ 
r , 
t 
1 

11 



f" 
.......,-- -~ '" '~ '~l'!'" 

J 

Table 6. Electrical Performance Status of JPL Modules, June 19, 1981 0 

" m 
3:J 
> 
~ 

Num~r Number Number Number 0 
Orginally Failed Failed Currently 

Z 
en 

Module Type Deployed Deployed as o~_~/80 Since 9/80 
-- .. _- ~~gr~_ded > 

::D 
Sensor Tech I 64 10/76 to 12/78 8 3 4 

m 
> 

Spectrolab I 41 10/76 to 5/78 4 0 8 

Solarex I 39 10/76 to 11/17 8 1 1 
1 

J 

Solar Power I 21 10/76 to 12/78 16 0 1 I Sensor Tech II 34 2/77 to 8/17 2 1 14 
I 

Spectro1ab II 13 5/77 to 11/77 0 0 0 
.p-
Ut Solarex II 19 6/17 to 12/78 3 4 0 

Solar Power II 14 5/77 to 10/77 2 0 3 

Arco Solar III 10 10/78 0 0 0 

Motorola III 8 10/78 to 2/79 0 0 1 
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OPERA TIONS AREA 

Table 7. Breakdown of Degraded JPL Modules by Type and Power Decrement 

Peak-Power Decrement (%) 

Module Type o to 3 3 to 5 ~ to 10 10 to 15 15 to 25 

Sensor Tech I 2 1 1 

Spec trolab I 4 4 

Solarex I 1 

Solar Power I 1 

Sensor Tech 11 3 1. 3 4 2 

Spectrolab 11 

Solarex II 

Solar Power 11 1 2 

Arco Solar III 

Motorola III 1 

Other significant accomplishments: . 

1. The decommissioning of the 12 continental remote sites (in accor
dance with the restructuring plan) was started and is well under 
way. Contracts are being let to the resident site managers to 
remove and ship the test modules to JPL, and to remove the stands 
from the ground. Completion of the decommissioning is expected by 
the end of September~ 

2. 

3. 

Plans are proceeding to establish a hot, humid environmental-test 
site (in llccordance with the. restructuring plan). A two-phase con
tract was let to the Florida Solar Energy Center at Cape Canaveral 
for the site. The first phase coven the installation of test 
stands and the establishment of the site at their facility; it 
should be completed in mid"·Sf~ptember. Th~ second phase covers rou
tine monthly inspections of the modules te> be deployed at the site. 

Expansion of tbe Goldstone tJite was campleted in July. The site 
was enlarged to accommodate 30 additional 4 x 4-ft test units, 
which will be used to support the old module&. A security fence 
will be installed around the site's perimeter. It is expected to 
be in place by the end of September. 
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4. Removal of the hundreds of feet of wiring for the old .adules at 
the JPL site w.~ started and coapleted in July. Rewiring of the 
site for the Block IV .adules, in accordance with the restructuring 
plan, is expected to be clone by the middle of October, contingent 
upo~ availability of materials. 

5. In-house fabrication of a battery-powered array data 101ler, cap
ab~e of collecting data and providing diagnostics on 40-A, 400-V 
arrays, was initiated. Completion of this instrument is expected 
by the end of September. 

Failure Analysis 

Problem and failure analysis activity continued to provide failure
analysis support to the test and applications experilents of MIT-LL and Lewis 
Research Center (LeRC), and also to the JPL field and environmental test activ
ities. Additional failed Block II and III Solarex module_ from Bryan, Ohio, 
and Schuchuli, Arizona, were confirmed to have failed becau_e of broken inter
connects, as reported previously. MIT-LL submitted two Solarex modules from 
the Carlisle house because of voltage breakdown. The problem was caused by 
moisture ingress to voids in the edge seal and th.e module wire layout. MIT-LL 
also sent an ARCO module from the Westinghouse Northeast RES that exhibited 
excessive leakage current ~o ground. It was determined that the foil vapor 
b~~rier was floating, providing a series capacitance and allowing a large vol
tage to develop betwefm foil and ground. Grounding the foil trB.nafers the vol
tage stress to the en't.!apsuiant and the withstanding voltage could be increased 
from 800 Vdc to 3500 Vdc without exceeding the allowable leakage current. 
Finally, MIT-LL reported concern over leakage currents in ARCO modules used in 
the Hawaiian residences. This report is under review and study by failure 
analysis and engineering activities. 

Block IV modules continued through qualification testing and suffered 
some failures. Photowatt modules experienced erratic power measu,rements and 
decreases in power after the environment tests. The ~rratic power measurements 
were traced to momentary ~verloading of the bypass diodes by the LAPSS in the 
process of curve tracing coupled with marginal diode current-carrying capacity. 
Further analysis showed shorting of the top and bottom surfaces of the cell. A 
laser scan is used before module testing to confir. cell matching and to dis
cover shorted cells. Solarex modules have undergone extensive analysis effort. 
The problems encompassed uncured EVA, delamination of Tedlar back surface from 
EVA, cell back-contact metal not adhering to silicon, shorted diodes, shorted 
ct::lls, inadequate de-aeration of the laminate and dielectric breakdown between 
frame and cell strings. 

APPLICATIONS INTERFACE 

Test and Applications support was provided as follows: 

1. Attendance and follow-up support to 12 quarterly and critical
design reviews at Sandia for PRDA applications, and at MIT-1,L for 
residential applications. 
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2. 

3. 

Coordination and follow-up .upport of .odule qualification te.tina 
for the MIT-LL relidential-appUc:ation. experiaent •• 

Coordination and follow-up .upport of .odule-failure analy.i. of 
field failure. at variou. MIT-LL and LeRC in.tallation •• 
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PROCEEDINGS 
INTRODUCTION 

The Low-Cost Solar Array (LSA) Project convened its 18th Project Integra
tion Meeting (PIM) at the, Pasadena Center on July 15-16, 1981. 

The theme for this PIM was dual in nature--Perspectives for Progress, 
and Module and Array Long-Life Performance. This dual theme was believed to 
be timely in view of technical achievements to date. Viewpoint~ of the Proj
ect, the government, users and manufacturers on the status of photovoltaics 
development and its future needs were presented. 

Emphasis was placed on displays showing the current status of technical 
advancements. 
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AGENDA 

WEDNESDAY: July 15, 1981 

8:30 Welcome and Announcements 

8:40 Perspectives for Progress 

9:25 PV Users Viewpoints on Modules 
& Arrays 

10:40 Performance & Reliability 
of Modules & Arrays 

11:10 Future Technology Needs 

11:40 Evolving Module and Array 
Technology 

1:30 Industry Perspectives for Next 
Five Years 

2:30 Wafering Workshop Summary 

3:30 Technology Sessions (Parallel) 
Silicon Material 
Large-Area Silicon Sheet 
Encapsulation 
Process Development 
Engineering and Operations 

3:30 Quality Assurance Workshop 

THURSDAY: July 16, 1981 

8:00 TechnJ10gy Sessions (Parallel) 
Silicon Material 
Large Area Silicon Sheet 
Encapsulation 
Process Development 
Engineering/Operations 

1:15 Parallel Activities 
Technology Transfer 
M~dule Reliability Forum 
Energy Payback Time, 

Spinoff Benefits, 
Environmental Control 

2:45 Looking in on Photovo1taics 

3:15 Summaries: LSA 
Lead Center 
DOE 

4:30 End of Meeting 
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Plenary Session 

PERSPECTIVES FOR PROGRESS 

JET PROPULSION LABORATORY 

W. T. Callaghan 

The Work Remaining 

• PROJECT WILL FOCUS ON TECHNrCAL FEASIBILITY TO: 

• ASSUME TECHNICAL RISKS THAT INDUSTRY WILL 
NOT ASSUME 

• EFFECT TRANSFER OF TECHNICAL FINDINGS TO 
INDUSTRY 

• MEASURE OF SUCCESS IS 

• DETERMINED BY THE ADOPTION RATE OF INFORMATION 
AND ITS USEFULNESS TO INDUSTRY 

• PHOTOVOlTAIC POWER BECOMING COMPETITIVE 

Specific Work Remaining in the Project 

• SILICON MATERIAL REFINEMENT 

• SHEET MATERIAL FORMATION 

• ENCAPSULATION 

• PROCESS RESEARCH AND DEVElOPMENT 
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PLENARY SESSION 

Silicon Material 

• LOW-COST MATERIAL IS VERY IMPORTANT TO INOUSTRY 

• NO LOW-COST MATERIAL SOURCE EXISTS FOR INDUSTRY 

• MATERIAL COMES FROM SEMICONDUCTOR INDUSTRY AT 
SEMICONDUCTOR PRICES: $60 - $80 I kg 

• LOWER-COST REFINEMENT PROCESSES REGUIRES BOTH 
LOWER-COST FEEDSTOCK AND DEPOSITION TECHNOLOGY, 

• PROJECT, THROUGH INDUSTRY, HAS DEMONSTRATED NEW 
TECHNOLOGICAL PATHS TOWARD ACHIEVING BOTH REQUIREMi:NTS 

• WHAT REMAINS TO BE DON!!:: 

• DEMONSTRATE TO INDUSTRY WITH 
SUFFICIENT CONFIDENCE THAT THE 
TECHNOLOGY FEASIBILITY IS SH~WN I.E., 

• REPRODUCIBLE 
• SCALABLE TO INDUSTRIAL 

PROPORTIONS 
• PROFITABLE 

• THE MEASURE OF SIJCCESS IS INDUSTRIAL 
ADOPTION AND AVAILABILITY OF SILICON TO 
THE PHOTOVOLTI\ICS INDUSTRY 
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PLENARY SESSION 

Sheet-Material Formation 

• INDUSTRY STANDARD IS SEMICDNDUCTllR-INDUSTRY INGOT WAFER 

• ERRATIC SUPPLY 
• UNPREDICTABLE PRICE 
• HIGHLY VARIABLE QUALITY 

• PROJECT, THROUGH INDUSTRY, HAS DEVELOfED ADVANCED INGOT 
TECHNOLOGICAL PATHS 

• PRODUCES HIGlf-QUALITY SHEET MATERIAL 
• AT LOWER PRICE 
• WITH ;jRfATlY INCREASED THROUGHPUT RATES 

• ADVANCED INGOT WORK IS EXPECTED TO BE ADOPTED BY INDUSTRY 

• THE LONGER-TERM, TRULY LOW-COST SHEET TECHNOLOGIES ARE MATERIAL
CONSERVATIVE; DRAWN RIBBON IS A PROMISING TECHNICAL APPROACH 
FOR WIDESPREAD U.S. ENERGY USAGE 

• WORK REMAINING: 

• INVESTIGATE PROCESS EFFECTS ON CRYSTALLIZATION LEADING 
TO IMPROVEMENT IN SHEET QUALITY 

• UNDERSTAND BASIC LIMITATIONS OF SILICON-SHEET MATERIAL 
QUALITY AND ITS EFFECT ON SOLAR CELL PERFORMANCE 

• INVESTIGATE CRITICAL FACTORS FOR HIGH THROUGHPUT OF 
MUL TlPLE, THIN, FLAT AND WIDE RIBBON 

• STUDY PROCESS PARAMETER LIMITS AND SEQUENCES TO 
DEVELOP AUTOMATED GROWTH WITH MELT REPLENISHMENT 

" TRANSFER TECHNOLOGICAL INFORMATION FOR INDUSTRY ADOPTION 
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Encapsulation 

• PROTECTIVE MATERIAL fOR TERRESTRIAL 
PHOTOVOLTAICS WAS: 

• EXPENSIVE 
• SHORT -lIV(O 
• HIGHLY VARIABLE IN OESIGN 

t; 'ROMISING MATERIAL COMBINATIONS 
OffER POTENTIALLY LOWER COST ANO 
LONGER LIfE SUCH AS: 

• LOW-IRON GLASS TOP COV~R 
• EVA OR PVB POTTANT 
• GLASS OR MYLAR/TEOLAR 

BACK COVER 

• THE WORK REMAINING: 

• IDENTIfY AND CONTROL BASIC OEGRADATION 
MECHANISMS SUCH AS 

• CORROSION EfFECTS 
• INTl:RfACE STABILITY 
It PHOTOTHERMAL EffECT 

• OEVELOP LIfETIME PREDICTION METHODOLOGIES 
fOR PROJECTION Of REALISTIC LIfE-CYCLE 
COST ECONOMICS DATA NEEDED TO DEfiNE 
COMPETITIVE PHOTOVOLTAIC SYSTEMS 
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Process Development 

• PROCESS SE~UENCES TO DEVELOP SHEET MATERIAL INro 
PHOTOVOLTAIC CELLS HAVE MANY TECHNOLOGiCAL STEPS 

• SURFACE PREPARATION, MEtALLIZATlON, ANTIREFLECTIVE 
COATING AND JUNCTION FORMATION HAVE ALTERNATIVE 
APPROACHES BUT HAVE BEEN EXPENSIVE FOR COMPETIT· 
TlVE POWER SYSTEMS 

• PROMISING WORK HAS BEEN ACCOMPLISHED IN IMPROVING 
INTERRELATIONSHIPS OF PROCESS STEPS AND IN REDUCING 
COSTS 

• THE WORK REMAINING IS TO DEFINe PROCESS STEPS THAT ARE: 

• COMPATIBLE WITH DIFFERENT SHEET MATERIALS 
• CONSISTENT WITH COST-COMPETITIVE PV SYSTEMS 
• SCALABLE FROM LABORATORY EXPERIENCE BY INDUSTRY 

TO LEVELS oFINTIlREST TO THEM 

• SPECIFIC TASKS OF P.uMARY IMPORTANCE ARE: 

• OHMIC CONTACT 
• DIFFUSION BARRIER IN ADVANCED METALLIZATION 

SYSTEMS 
• HIGH-EFFICIENCY CELL-JUNCTION FORMATION 
• ADVANCED ANTIREFLECTIVE COATINGS 

Summary 

• A GREAT DEAL OF WORK REMAINS TO BE DONE 

• SUFFICIENT R&D BY THE LSA PROJECT WILL 
BE NECESSARY TO REDUCE ADOPTION RISKS 
TO AN ACCEPTABLE LEVEL FOR INDUSTRY TO 
PROVIDE COMPETITIVE PHOTOVOLTAIC POWER 
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PV USERS' VIEWPOINTS ON MODULES AND ARRA VS 

TRISOLAR CORP. 

A. Matlin 

Module Size vs Installation Cost 

- RACK OR STANDOFF OR DIRECT MOUNT SYSTEMS SHOW 
I NSTALLATI ON C.OST PROPORTI ONAL TO NUMBER OF 
MODULES. 

- INTEGRAL MOUNT SYSTEMS SHOW INSTALLATION COST 
PROPORTIONAL TO A COMBINATION OF NUMBER OF 
MODULES AND TOTAL PERIMETER OF MODULES, 

~ SYSTEMS OVER 1KW SHOW SIGNIFICANT COST 
IMPACT OF MODULE SIZE. 

- IDEAL MODULE SIZE IS LIMITED TO APPROXIMATELY 

4 FT. X 6 FT. 

OR 10% OF SYSTEM TOTAL 

WHICHEVER IS SMALLER. 

- IMPACT OF SMALL (q FT2) MODULES ON LARGE SYSTEM 
INSTALLATIONS CAN BE AS HIGH AS AN EXTRA $1 TO $2 
PER WATT INSTALLATION COST. 

USE OF SEVERAL SMALL MODULES IN A PRE-ASSEMBLED FRAME 
SHIFTS COST BURDEN TO THE FACTORY, PRE-AS~. ~BLED 
WATER-PROOF FRAMES (INTEGRAL MOUNTING) CAN BE 
EXPENSIVE. 
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Roof-Integrated Modules: High vs Low Voltage 

PARAMETER !lli!!§. PANEL A PANEL AA 

1 ' 

C-CW spacing in, 48 48 
I, C-CL spacing in. 75-; ... ,j-; 

Glass width in. 47 47 
Glass length in. 74-~ B2-~ 

Total area m2 2.34 2.50 
Act'-ive areC\ width in. 44 44 
Active area length in. 12 BO 
Active area m2 2.04 2.27 
Volt pk 2BoC V 98 7.7.5 

45°C V 8P.9 24.9 
Amps pI< A 2.50 10.0 
Watts 2BoC W 245 275 

451'-; W 222 249 
Cell widtil in. 4 4 
Cell length in: 4 4 
No. cells, Shape 198 sq. 220 sq. 
Cell series 196 55 
Cells parallel 1 4 
Active area etfie. 2B"C % 12.0 12.0 
Total area effie. 28°C % 10.5 10.5 
Total area effie. 45°C % 9.5 9.5 
No. panels per minimum 2 8 

string 

r ~ 
1 
j 
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Parallel in junction 
box. Use series 
diodes only if 
shadowed. 

Use 2-cond.cable 

Use 1 conductor 
cable or 2~. 
:iJl parallel 

• Shorting pluqs 

Module A 

etc. 

Module AA 

to inverter 

AI{RAY wrRING 

All Ihunt diodes built 
into modules • 

Parallel. at 
inverter input. 
Use series 
diodes only if 
shadowed 

--------------"-- --- ------

etc. 

- To Inverter 
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Wiring Schemes 

PANEL A, STANDOFF MOUN~ 

Use AMP Econo-seal ch'cular plastic waterproof connectors, 
factory installed. 

~-------~ 
PANEL A, INTEGRAL MOUNT 

Use AMP NM-l Romex splice hermophroditic connectors, field or 
€actory installed, same wiring diagram as above. 

PANEL AA, STANDOFF MOUNT 

Use .!IMP Photovol ta 1c connector, factory installed. 

PANEL AA, INTEGRAL MOUNT 

Use AMP NM-l connector with all wires in parallel, field or 
factory installed, same wiring diagram as above. 
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Mismatch Losses 

CELL TO CELL MISMATCH OF CURRENT t 10% VOLTAGE NATCH BETTER. 

MO~ULES WITH LOW LEVEL PARAU,.ELI NG GIVE LOWER SYSTEM 

MitMATCH LOSSES. 

Low VJ HIGH I 
LOW LEVEL PARALLELING 
(8) WITHIN MODULE 
EXAMPLE: MODULE AA) 

SYSTEM 2 
SERIES MODULE WIRING 

MODULE CURRENT MISMATCH! 

± 3.5% 

Low L HIGH V 
MANY SERIES CELLS, 2 PARALLEL 
WITHIN MODULE 
EXAMPLE: MODULE A 

SYSTEM 1 
SERIES MODULE WIRING 

± 7% 

SIMILAR RESULT CAN BE ACHIEVED BY PARALLELING 
SMALL MODULES BEFORE SERIES CONNECTION. 

CONCLUSION: Low LEVEL PARALLELING PROBABLY INCREASES 

PERFORMANCE 3 TO 5%. 

62 

'1 

j 
, 

.1 
\ 

1 



I ' 

I, 

PLENARY SESSION 

ARIZONA PUBLIC SERVICE CO. 

M. Brown 

History of Electric Utility Industry 

1112 TO 1920'. 
o EDIICMI ILLIl't.NATlD Co" 100 IUILI ........... nM 
o ftolTLY tIYJ)M, lOME COAL 
o COMPnITIOfiI IN 10M 1I0000HIC •••• OM., LOGIE "'MATltI 

1920'. TO 1930'. 
o LMII HOLDING C_AlU.1 DlVlLO'ED TO 'INANCI U,MIIOII 

AND INTlRC:OMNECT 
o 15 TOf' NoUnNt (_AMlil COftTROUID 801 OP IIMITOR 

a. fPUAT 10M 

1930" TO 191fO's 
o 1935 Puluc UTILITY HoLDING CaNtANV AcT - RIIULT M 

UHfAVORAILE 'UiLIC O'INICX« TOWMDI HOLDING '.I-J"E. 
o PUILIC 'OWER 'ROJECTS POPULARIZED IECAUIE 0' EC~ltl 

OF DEPREI.ION, DISENCHANTMENT NITH HOLDIHI COMPANIES, 
AND tENERAL, HOOD THAT fEDERAL IOVERNMNT COULD SOLVE 
IOCIAL AND ECONOMIC PftOILEMS. 

o PuIL.C POWER RECEIVED GOVERNMENT IUI'IDIEI IN LOW-COST 
LOANS, NO INCOME TAXEI, NOMINAL 'AYMENTI 'OIl OTHER TAXU. 

19110'1 TO 1960', 
o GR9WTH IN INVESTOR-OWN UTILITIES - ABOUT 1001 fOR EACH 

DECADE 
o INVESTOR-OWN UTILITIES CAME TO ACCOUNT fOR AIOUT 801 

OF CAPACITY 
o TECHNOLOGICAL IMPROVEMENTS, STAILE ECONOMY, AND EC,*,,"Y 

OF SCAU CAUSED REDUCING UTILITY RATES. 

1960'1 TO 1980'1 
o IHPROVEftENTS PEAKED OUT I INFLATIC*, AND ENVIRC*ftENTAL 

FIXES REVERSED REDUCING RATE TREND. 
o DIMINISHING OIL AND NATURAL GAS SUPPLIES CAUSE INITCH 

TO COAL, NUCLEAR, ETC. 
o Nat ,LANT, TEND TO RELATIVILY HlfiR CAPITAL COITI. 
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100 -

75 -
PERCENT 

50 -

25 -

o 

Capacoty and Energy Mix by Fuel Type (APS) 

PURCHASE, PURCHASE, 
5.8X II 9 1.% #' 

r----'- GASfO~L 

12.14% 
GAS/OIL 

141. 7% 

COAL 

COAL 
78.4% 

52.5% 

CAPACITY ENERGY 
---- '. '~i980 - .~ ,. 

PURCHASE, PURCHASE" 
PURCHASE 5.7% #I' 5.0% ' 

11 . Ii! G~S~~IL 

GAS/OIL GAS/OIL 
314.2% 27.0% 

COAL 
65.8% COAL 

COAL 147.1% 
142.6% 

NUCLEAR NUCLEAR 
NUCLEAR 1'9.2% 20.9% 

11.71. 
CAPA~UY_ . . .. ENERGY.. 
. 1985 

Peak Demand Day Load Demand: Aug. 23, 1985 

40 

N 
'0 28 

No. 6 Oil-Rred Units 
..... 
>C SRP TerritoriaUContingent 
cu 24 
~ 
'd' 20 Cholla l,. 1" 3. & 4 c 

j 16 
'a Navaho l,. 1" & 3 ! 12 

8 Four Corners I. 1" 3. 4. & S 

4 Palo Verde 1 & 2 

°0 4 8 12 16 20 24 
Time of Day, MS1' 
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Fall Day Load Demand: 1985 

I' 

I, 

Cholill. 2. 3. 4 

Navaho 1. 2. 3 
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Utility Requirements of a Generating Plant 

VITAL ~EQUIREfENTS 
-I1UST-: 

o lifOltK 

o IE ECONOMICALLY COMPETI~IY£-

o IE LICENSAILE+ 

o HAVE EITAILISHED IU"LIEIt lASE- 1 
o IE ACCE,TABLY IAFE-

o IE O'ERABLE-

o IE GENERALLY ACCEPTAILE TO PUILIC· 

o ACCEPTAILY INTERFACE WITH GRID· 

FLEXIBLE REQUIREMENTS 
-MINIMIZE-: 

o CAPITAL~ O'"~ AND FUEL COSTS+ 

o PLANT CONSTRUCTION TIME+ 

o STARTUP POWER REQUIREMENTS+ 

o WASTE PROBLEMS+ 

o LAND REQUIREMENTS· 

o DECOMMISSIONING EF~OItT 

o STARTUP TIME+ 

o LOWEST OPERATING LEYEL+ 

o ENVIRONMENTAL IMPACTS AND HAZARDS 

-MAXIMIZE-: 
o AVAIlABILITY· 

, 
l 

I 
i 

~ FLEXIIILITY IN UNIT RATING+ 

o CA'ACITY CREDIT-

o PLANT LIFE" 

o LSFFICIENCY· 

o PART-LOAD EFFICIENCY 

o LOAD FOLLOWING CAPABILITve 

o SITING 'LEXIBILITY 

• MAy IE OF SPICIAL CONCERN IN THE CASE OF PHOTOVOLTAICS. 

+ PHOTOVOLTAICS ~ HAVE SIGNIFICANT COMPETITIVE ADVANTAGE. 
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PHOTOVOL TAlC COLLECTOR RELIABILITY: 

EDGE SEAL 
GASKET & FRAME 

DOE EXPE~~IENCE 

JET PROPULSION LABORATORY 

J.A. Evans 

Encapsulation Concepts 

SUPERSTRATE DESIGN 

GLASS (STRUCTURAL) 

SPACER/SCRIM 

. '~~i\.iiii. POTTANT 
- SOLAR CELLS 

SUBSTRATE DESIGN 

67 
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POTTANT 

BACK COVER FILM 

SUBTOTAL 

COVER FILM 

SPACER/SCRIM 

POTTANT 

SOLAR CELLS 

SPACERISCRIM 

POTTANT 

SU~TE 

COVER FttM 

SUBTOTAL 
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Large-Scale Module Procurements 
FIELD 

QUANTITY PROD. EXPERIENCE 
MAN UFACTURERS (kW) TECHNOLOGY COMPLETE (YEARS) 

I, 4 58 1975 1976 2~ 

II 4 110 1975 1978 11/2~ 

III 5 216 1976 1980 1-'21/2 

IV 8 28 1978 1981 0 

V 7~ 1981 

* SEVEN SELECTED FOR NEGOTIATION 

MANUFAC- HOW MULTIPLE ENCAPSU-
WATTS CELLS TURERS CONNECTED INTERCONNECTS SUBSTRATE LANTS SUPER STRATE 

5-15 18-25 4 SERIES NO Ai. OR SILICONE GLASS(l) 
EPOXY F.G. 

II 10-30 40-120 4 SERIES YES Ai. OR SILICONE GLASS(l) 'I 

(PARALLEL! POLYESTER PVB (l) ~ 
(l) F.G. 

I III 10-35 40-48 5 SERIES YES STEEL, Ai. SILICONE GLASS(ZI 
(PARALLEL! OR PVB (ll 

(1) POLYESTER 
F.G. j 

1 

IV 18-85 19-108 8 SERIES YES STEEL (I) EVA (5) GLASS(8) 
1 
! 

(PARALLELl ACRYLIC til PVB (4) 
(7) RTV (I) 
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Qualification Tests for Flat-Plate Modules 

MODULES 

TESTS BLK I BLK II BLK III BLK IV 

" THERMAL CYCLE X X X X 

HUMIDITY X X X X 
CYCLE 

MECHANICAL X X X 
LOADING 

WIND X 
RESISTANCE 

TWIST X X X 

HAIL IMPACT X 

ELECTRICAL X X X 
I SOLATION 

GROUND X X 
CONTINUITY 

Module Durability Experience: 
Block Buy Module Utilization (kW) 

I \I III 

APPLICA nONS EXPERIMENTS 

• NASA LoRC 
SCHUCHULIINDIAN VILLAGE 3.5 
UPPER VOLTA VILLAGE (GSA BUY) 1.8 
REMO'TE STAND-ALONE 1.6 0.5 0.4 

• MIT/LL 
NATURAL BRIDGES, UTAH 20 80 
MEAD I NEBRASKA 28 
BRYAN, OHIO 15 

14 ) RESIDENTIAL 
CHICAGO MUSEUM 1.5 

• r;OD 
MOUNT LAGUNA, CALIFORNIA 7 53 
MILITARY APPLICATIONfi 12 

FIELD TEST SITES 

• NASA LoRe 13 20 
• MITILL 5 4 
• JPL 6.2 I.J 
• SANDIA 4 

'" 
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JPL Test Sites 

LATITuot ALTITUDE 
CATEGORY LOCATION !degree!1 ueell KEY fEfl.TlJRES - --''' .. --~-:-~--

EXTRiME WEATHER CANAL ZONE 9 "0 T~PICAL mOPle· IIOT A~O IiIJl,IIO, 100 II.CII PIH 
1fT. CLAYTON I ~EAl! RAIlEAtl 

AL,6,SKA 64 1,210 SEMI-ARCTIC DRY, CillO ,1,',0 \w,!)~, 
1fT. GREELYI XfJf WvlilfRS 

MARINE POINT VICENIE. CA 34 ~O COOl DAM!' MO!l,."I.G~ A/iU mAli A!l!I<\!I'I,,' 
CORRfiSIV[ SALT SPRAy 

KEY WEST. flA. 25 ~O HOT AND HUMID, CtlRI<,l,IV! ~Ii! f '~HIA'1 

SAN NICHOlA" 34 ~O SOMfWHAT AlitOER HiM, hfY I'iI ~I 
ISLAND, eA 

MOUNTAIN TAGLE MOUNTAIN, CA 34 7,500 T~PICAl AlPINE HNIRIII,I.1fl.11t[AH r;l',ll R 
S/,(lWS AlIO MilO SU~lt",U:R): 111(;11 VfIOfil \',1."" 

MINES PEAK, CO 40 13.000 CLEM AND COlD~ HIGH vHOCIlY \'''t.O~. !.\t •. 0'1 

HIGH DeSERT GOLDSTONE. CA 35 3400 VERY 1Itl! AI,D ORY SVMMIKS, /lfAR ~KIl' 

ALP:JOUERQU£. NM 35 ;,200 DRY Willi ClEAR 'KII~ M. A811~.UA~n ',H r~' 

DUGWAY. UTAH 40 4300 COLO WINlER~ tlllT WAWfR~: Al KAlil.! \1111 

MIDWEST CRANE. I NO lANA 3'1 ~O TYPICAl MIDWEST, IIlIT HIlMIll 5!1MAU:R~ 0111' 
SNOWY WINTERS 

NORTHWEST ~EATTlE 41 ~O TYPICAL ~ORIHI'iEST, Mao HMPfRATtlRES AI,O 
1FT, my I SI AN ABUNOANCE Of RA I II 

UPPER GREAT LAKES HOUGHTON, MICHIGAN 47 750 MILO SUMMERS, SEVERE Wtl'11ER5 

URBAN SOUTHERN JPLlPASAOENA 34 1.250 PRIMARY TEST SITE • HOT SUMMERS AND MILO 
CALIFORNIA WINTERS: VERY HIGH POllUTION ENVIRONMENT 

URBAN COASTAL NEW LONDON. 41 -0 TYPlCAL /olW ENGLAND COASTAl 
CONNEcmUT 

NEW ORLEANS. 30 -0 HOT AND VERY HUMID, HIGH P,)lLUTION 
LOUISIANA ENVIRONMENT -

Failure * Rates at LSA Field Test Sites 

21 

18 

15 

12 

9 

6 

3 

0 

261 MODULES DEPLOYED 
48 FAILURES 

BLOCK I 

326 MODULES DEPLOYED 
12 FAILURES 

BLOCK III 

63 MODULES DEPLOYED 
o FAILURES 

0 6 18 24 30 

TIME IN FIELD, MONTHS 

*FAILURE - OUTPOWER DECREASE Gf<EATER THEN 25% 
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Modules Now Under Test 

BLOCK I BLOCK II BLOCK III _ •. -
NUMBER CATEGORY LOCATION NUMBER DEPLOYED NUMBER DEPlOV[1l OlPlIJV[1l --f--~ 

EXTREME WEATHER CANAL lOll 16 12111 
IH CLAYTON! 

ALASKA 16 10111 
1FT GRmYI 

MARINE POINT VICENTE, CA 18 ~'1~ IS 1115 
KtY WlST, HA 14 12m 
!,AN ~;ICHOlAS lZ 4118 
',SLAND. CA 

MOUNTAIN TABlE MOUNTAIN, CA 39 11116·3177 18 4111 11m I~ 11118 

MINES PEAK. CO U 1~,781 

IIIGII OEwn GOLOSTOIl£. CA M 12i76·4111 18 4171, 15 !19 
9;17 

At 6UOUf ROLlE, 11M lb 2:18 

DUGWAY, UTAH 16 1118 

MIDWEST CRANE, INDIANA 16 12171 

NORTflW"ST SEATTlE 1fT IEWISI 16 \178 
UPPER GREAT LAKES HOUGHTON. MIL'l{!C4N 15 11m 
URBAN SOUTHERN JPl. PA SAPENA 129 10176·3177 73 12116-1\177 18 10118·2119 
CALIFORNIA 

URBAN COASfill NEW LONDON. 16 1118 
CONNiC! ICur 

1 
NlW ORLEANS. 14 2178 
LOUISIANA 

Problem-Failure Report (P/FR) Flow Plan 

TEST AND 
APPLICATION 
PROJECT FIELD 
ANALYSI SAND 
HISTORY 

PROBLEM TO MFR JPL INVESTIGATION D I Sl'R I BUTION FAILURE TO JPL DISTRIBUTION AND JPL AND ANALYSIS AND OF FINAL 
P~PORT AND P/FR RECOMMENDED RESULTS TO INITIATED SUMMARY 

CORRECTIVE ACTION MFRS AND USERS (BY ANYONE) 
,-, 

MANUFACTURER 
DESIGN AND 
PROCESSING 
CONSULTA710N 
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" 

_. 

FIELD 
I~ENTER 

NASA 
L.RC 

MITILL 

SANDIA 
(JPL) 

--~ - -~ __ +_".""'4i~"" 

Field Reliability Data Base 

- SOURCES 
• LaRC 
• MIT/LL 
.JPL 

-TYPES 
• MODULE FAilURE RATES 
- MODULE/ARRAY ElECTR ICAl DEGRADATION 
- PHYSICAL OBSERVATIONS 

- DATA CAVEATS 
- DIFFERING SOURCES Ek TECHNIQUES 
- VARIABLE FREQUENCY & RIGOR 
-OBSERVATIONAL DIFFICULTIES 

Application Exp~lriments Module Failures 

.- , 

I Ol~ I OF % MODULES 
OPERATING 

INSTALLA TlON TIME MODULES FAILURES FAILED (YEARS) 
"" -

SCHUCHULI, AZ 192 34 17.7 2 
UPPER VOLTA 100 26 26.0 T 1/2 
ALL OTHERS 314 13 3.8 2-4 

NATURAL BRIDGES, UT 4524 29 0.6 1/2 
MEAD, NE 2240 66 2.9 3 

U. OF TEXAS, ARL, 240 65 27.1 1 1/2 

ALL OTHERS 4113 5S 1.3 1/2 - 3 

MT. LAGUNA, CA 2366 179 7.6 1 

TOTAL 14,089 467 3.3 
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Field Test and Applications P IFR Summary 

INTERCONNECT UNSOLDERED CRACKED WIRE AND Gr.OUNDED 
EXPOSED ENCAPSULANT BLOCK TERMINAL CelL FRACTURES INTERCONNECTS CELLS CORROSION STRING INTERCONNECTS DELAMINATION 

" I 24 11 22 9 2 4 27 

II 7.6 15 71 7 lB 4 29 

III 14 4 24 5 11 0 21 

t TOTAL lB% 9% 34% 6% 9% 2% 22% 

Key Failure Modes and Mechanisms 

• ELECTRICAL INTERCONNECT BREAKAGE 

• THERMAL CYCLI NG 

! • SOLAR CElL CRACKING J I 
I • THERMAL CYCLI NG , 
~ 

f 

• HAIL IMPACT l 
• REVERSE VOLTAGE BIAS HEATING 

! I 
• ENCAPSULANT DELAMINATION AND CRACKIi~G 

• THERMAL CYCLI NG 

• HUMIDITY 1 

• ULTRAVIOLET RADIATION 

I • CORROSION (CELL METALLIZATION, WIRE, TERMINAl) 

• HUMI DITY 
• CONTAMINANTS 1 

~ 
I 

• ELECTRICAL INSULATION BREAKDOWN .~ 

• OPTICAL SURFACE SOILING 1 
~ 
t 
I 

,j 

J 
1 
1 v 
~ 

l 
<l 
l 
,; 
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Failure Mode: Interconnect Fracture 

• PERCENTAGE OF P/FR's: 18% 

• NUMBER OF MANUFACTUREF:S 
INVOLVED: 4 

• CAUSE: 

• EFFECT: 

• NOTABLE EXAMPLES: 

FATIGUE FAILURE, PRIMARILY INDUCED BY 
DIFFERENTIAL THERMAL EXPANSION STRESSES 
D UR I NG DIURNAL TEMPERATURE CYCLI NG 

INTERMlTlINT TO CONTINUOUS OPEN CIRCUIT, 
SOMETIMES ACCOMPANIED BY ARCING ACROSS 
FRACTURE 

BLOCK II POLYESTER SUBSTRATE MODULES AT 
UPPER VOLTA AND SCHUCHULI 

Failure Mode: EnvironmentaleStress-Cracked Cells 

• PERCENTAGE OF P/FR's: 250/0 

• NUMBER OF MANUFACTURERS: 4 

• CAUSE: 

• EFFECT: 

• NOTABLE EXAMPLES: 

MA I NL Y HA I LAND D I FFERENTI AL THERMAL 
EXPANSION STRESS ON CEJ.LS DAMAGED 
I N MANUFACTURE 

2-40/0 OF VISIBLY CRACKED CELLS HAVE 
LED TO OPEN CIRCUIT IN FIELD 

HAIL DAMAGE EXISTS AT MOST SITES WITH 
BLOCK I-III MOD ULES 
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Failure Mode: Reverse-Bias-Cracked Cells 

• PERCENTAGE OF P/FR's: 

• NUMBER OF MANUFACTURERS: 2 

• CAUSE: 

• EFFECT: 

• NOTABLE EXAMPLES: 

CELL HEATING FROM REVERSE VOLTAGE BIAS 
GAS GENERATION UNDER CELL 
CRACKED CELL 
OPEN/SHORTED CELL 

POWER DEGRADATION OR LOSS 

MOUNT LAGUNA 

Degradation Mode: Encapsulation Delamination 

• PERCENTAGE OF P/FR's: 22% 

• NUMBER OF MANUFACTURERS: 4 

• CAUSE: 

• EFFECT: 

• NOTABLE EXAMPLES: 

SILICONE RUBBEr~ TO SUBSTRATE ADHESIVE 
BONO FAI LURES UNDER MOl STURE, THERMAL, 
UV, AND WIND STRESSES 

EXPOSURE OF CELLS AND INTERCONNECTS; 
MOISTURE ENTRAPMENT. NO IMMEDIATE 
FUNCTIONAL EFFECT 

MOST I NSTALLATI ONS 
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Failure Mode: Grounded Cell String 

• PERCENTAGE OF P/FR's: 9% 

• NUMBER OF MANUFACTURERS: 4 

• CAUSE: 

• EFFECT: 

DES I GN/WORKMANSH I P 

POWER LOSS; POTENTIAL FOR ARCING; 
MA I NTENANCE PROBLEM 

• NOTABLE EXAMPLES: NATURAL BR lOGES 

Conclusions 

• FAILURE MECHANISMS ARE COMPLEX 

• POOR PREDICTION CAPABILITY PLACES HIGH RELIANCE 
ON QUALIFICATION TESTS AND SYSTEM EXPERIMENTS 

• LESSONS 

o IMPORTANCE OF MATERIAL CHOICES REEMPHAS IZED 

• I NTERCONNECT DES I GN 
REDUNDANCY, CONFIGURATION 

• HAIL PROTECTION 

• REVERSE BIAS PROTECTION 

• INCREASE DESIGN MARGINS 

• EMPHAS I S ON QAlQC 
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FUTURE TECHNOLOGY NEEDS 

UNIVERSITY OF PENNSYLVANIA 
I, 

M. Wolf 
I, 
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What Have We Learned? 

I. THE SOLAR CELl, IS A HIGHl,Y SOPHISTICATED DEVICEJ PRO
DUCED IN A ~ROCESS WITH MANY SF,QUENTIAL STEPS, 

II. ITS D~SIGN AND ITS PRODUCTION HAVE REACHED A HIGH TECH-
NOLOGY LEVELl BUT THERE IS GREAT POTENTIAL FOR FUTURE 
TECHNOLOGY ADVANCES, IN A MULTITUDE OF APPROACHES. 

III~ THE PRESENT LEVEL OF TECHNOLOGY HAS BEEN REACHED THROUGH 
A LA~GE NUMBER OF RELATIVELY SMALL ADVANCES) USUALLY 
BUILDING ON EACH OTHER, SUCCESSFUL "BREAKTHROUGHS" 
ARE HARD TO FIND. 

IV. IN DEVICE DESIGN AND IN PROCESS METHODS I THE EARLY PRO-
GRESS HAS GENERALL Y BE~N EMP I R I CALI FOLLO~IED BY 
SUCCESSIVELY DEEPENED UNDERSTANDING OF THE UNDERlYING 
PRXNCIPLES) AND BY TECHNOLOGY ADVANCES BASED ON THIS 
UNDERSTANDING. 

THIS PROGRESS HAS INVOLVED SIGNIFICANT R&D BY DIVERSE CON
TRIBUTORS. A SUBSTANTIAL PART OF THE ADVANCES HAS BEEN 
BASED ON NE\~ FINDINGS MADE OUTSIDE OF THE FIELD. 

-----------------------------------------------------EXAMPLE 1: "FIELD-FREE" SOLAR CELL + CELL WITH FIELD THROUGHOUT 
BASE REGION + CELL WITH FIELD NEAR BACK CONTACT (BSF CELL) + 

CELL WITH HIGH-LOW JUNCTION NEAR BACK .,:0NTACT + CELL 
WITH HIGH-LOW JUNCTION AND "THICK" THI.RD LAYER NEAR 
CONTACT. 

EXAMPLE 2: CZOCHRALSKI CRYSTAL GROWING: 
1956: 150G INGOTS'll 3/4" DiAMETER) 1 QUARTZ CRUCI1,3LE 

PER INGOT) COMPLETELY MANUAL CONTROLJ 1 OPERA
TOR/FURNACE. 

GRADUAL TECHNOLOGY ADVANCEMENT TO: 
1981: 150KG PER QUARTZ CURCIBLEJ 6" DIAMETER INGOTS) 

FULLY AUTOMATIC GROWTH CONTROL, 1 OPERATOR FOR 
3-4 FURNACES. 
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Module Effi
ciency (%) 

Cell Price 
(41m 2 ) 

10 10 

42 12 

14.5 17 

58 73 

ASSUMPTION: AREA-RELATED BOS COST $60/M2. ENCAPS'N AND MOD. Ass/y: S28/M2. 

The Four Areas Needing Technology Progress 

1. INCREASED EFFICIENCY - CELL/MoDULE/SYSTEM LEVEL 

2. ADVANCED PROCESS TECHNOLOGIES - RANGE FROM RESOURCE TO PRODUCT 
- COST REDUCTION COMMENSURATE 

WITH EFFICIENCY GOALS 

3. INCREASED RELIABILITY 

4. MORE COST-EFFECTIVE BALANce
OF-SYSTEM (BaS) TECHNOLOGY 

- SELECTION CONSIDERI~J RESOURCE 
LIMITATIONS 

- LOWER ENERGY COST THROUGH REDUCED MAINTENANCE, 
EXTENDED SYSTEM LIFE 

- INSTALLATION 
- POWER CONDITIONING 
- E~ERGY STORAGE 
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How to Get Higher Efficiency in Si Solar Cells 

DESIGN.: 

HIGHER VOLTAGES SIMULTANEOUS WITH THE BEST CURRENTS 
ALREADY ACHIEVED, (VOC APPROACHING O,7V RECENTLY 
REPORTED, ) 

"NARRO\i" BASI! AND FRONT LAYER STRlICTURES, 
HIGH-LOW JUNCTIONS, 
"WIDE" THIRD BASE LAVERS, 
OPTICAL BACK SURFACE REFLECTION, 
FRONT SURFAce TREATMENT (MIS 7), 
No HEAVY DOPING (> ~ 1018 cM-3) IN ACTIVE LAVERS, 
RELATIVELY LONG DIFFUSION LENGTHS IN ALL ACTIVE 

LAYERS, 
Low SERIES RESISTANCE. 
CAREFUL RESISTIVITY/DIFFUSION LEIiGTH/LAY~R THICKNESS 

TRADE-OFFS. 
HIGHLY EFFECTIVE AR TREATMENT (TEXTURE OR 2-LAYER 

AR)' 
METALLIZATION WITH MINIMUM SHADING. 

CONSTRUCTION: HIGHLY CONTROLLED PROCESS TO ATTAIN ~ DESIGN 
PARAMETERS WITHIN GIVEN TOLERANCES I WHILE 
ACHIEVING HIGH YIELD. 

------------------------------------------~~ 

NOTE: DESIGN AND CONSTRUCTION NEED TO BE OPTIMIZED FOR 
ALL PARAMETERS. ONE FLAW CAN LIMIT PERFORMANCE, 
OVERRIDING ALL OTHER EFFORTS AT PERFORMANCE GAIN, 

Increased Module-System Efficiency 

HIGHER PACKING FACTORS 
HIGHER COVER TRANSMISSION 
LESS WIRING LOSS 
HIGHER POWER CONDITIONING EFFICIENCY 
BETTER STORAGE SUBSYSTEMS} ESPECIAl.LY HIGHER 

EFFIC1ENCY, LONGER LIFE. 
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Two Schools of Thought 

PREMISES: HIGH PERFORMANCE HAS A HIGH 
ECONOMIC VALUE, IT REQUIRES 
A HIGHLY PERFECT DEVICE STRUC
TURE, DOW~ TO THE ATOMIC LEVEL. 

LOW-COST APPROACHES WILL BE FOUND 
FOR PROCESSES WHICH YIEIP HIGH 
PERFORMANCE, 

CONSEQUENCES: ELIMINATE POTENTIALLY DAMAGING 
IMPURITIES 

AVOID CRYSTAL DEFECTS, INCLUDING 
DISLOCATION6, GRAIN BOUNDARIES, 
ETC, 

CONSTRUCT DEVICE ACCORDING TO 
HIGH PERFORMANCE DESIGN 

ENHANCE COMPETITIVENESS BY HIGH 
RELIABILITY, LONG LIFE 

ApPROACH: USE HIGH-PURITY SEMICONDUCTOR 
USE SINGLE CRYSTAL OR SEMI

CRYSTAL MATERIA~ 
PROCESS TO MAINTAIN (ENHANCE?) 

PROPERTIES OF SEMICONDUCTOR 
(ANNEAL, GETTER) 

ApPLY LOW-LOSS PROCESSES 
(IIBSF", FINE LINE METALLIZA
TION, HIGH PERFORMANCE AR) 

CLOSELY CONTROL PROCESS TO 
ACHIEVE HIGH YIELD 

PLACE LARGE EMPHASIS ON PRO
CESS COST REDUCTION WHILE 
MAINTAINING ABOVE ATTRIBUTES 

Low-cosr MATERIALS AND PROCESSES ARE 
MORE IMPORTANT THAN HIGHER PERFOR
MANCE. 

SELECT LOw-cos'r MATERIALS, EVEN OF 
INADEQUATE PURITY 

USE LOW-COST DEPOSITION PROCESSES, 
LEADING TO (FINE)-POLYCRYSTALLINE 
OR AMORPHOUS SEMICONDUCTORS, 

ApPLY L~W-COST DEVICE MANUFACTURING 
PROCESSES, EVEN IF THEY YIELD REDUCED 
PERFORMANCE 

LONG LIFE LESS IMPORTANT THAN CHEAP 
REPLACEMENT 

REDUCE DAMAGING IMPURITIES BY "UP
GRADING" (LEACHING, REMELTING. ETC.) 

IMPROVE CRYSTAL STRUCTURE BY POST
TREATMENTS (HEATING, RE-MELTING, 
ETC, ) 

PASSIVATE CRYSTAL DEFECTS, INCL. 
BOUNDARIES (ETCHING, JUNCTION FOR
MATION, ETC.) 

SET STANDARDS LOW TO GET HIGH 'J'lELD 

To Concentrate, or Not to Concentrate? 

PV SYSTEMS WITH OPTICAL CONCENTRATION 

'Glvr MORE OUTPUT THAN FLAT-PLATE SYSTEMS (SAME AREA) IN ARID CLlMATES 

'CAN UTILIZE EXPENSIVE VERY HIGH EFFICIE.NCY PV CONVERTERS 

'CAN DELIVeR HEAT BESIDES ELECTRICITY - AT A COST 

'MAY OPERATE ~iORE SATISFACTORILY IN ATTENDED OPERATION (CENTRAL STATION) 

IONSEQUENTLY 

'THERE SHoULD BE A SIGNIFICANT SPECIALTY MARKET FOR CO:.~ENTRATOR ~ PV SYSTEMS 

.THE GENERAL MARKET MAY BE FLAT-PLATE PV SYSTEMS 

84 ,j 

J 



PLENARY SESSION 

Approach to Cost Reduction 

• REDUCE NUMBER OF PROCESS STEPS 

• REDUCE !lUMBER OF PIECES HANDl.ED 

• DESIGN SIt1PLIFIED DEVICE STRUCTURE 

• DEVELOP CONTINUOUS FLOW PROCESS (NOT BATCH) 

• SELECT HIGH SpeED PROCESSES 

• SLOW PROCESS STEPS IIAVE TO BE SIMPLE) (E.G.) HEAT TREATING) 

• REDUCE USE OF INDIRECT to1ATERIALS 

• SIMPLIFY PROCESS: 

ELIMINATE MASKING 
IELlr~ INATE WET PROCESSES 
ELIMINATE CRITICAL TOLERA~CES 
SELECT PROCESSES FOR COMPATIBILITY 

• SELECT PROCESSES FOR HIGH CONTROLLABILITY AND HIGH YIELD 

• INTEGRATE ARRAY ASSEMBLY WITH DEVICE FABRICATION 

• REDUCE ENERGY USE 

Example: Si Slicing 

TECHNOLOGY IN USE: 'v 40 YEARS. 

EXPERIENCE: TREMENDOUS ADVANCEMENT, CAN SL~CE 15 CM DIA., UP 
TO 25 WAFERS/CM, UP TO 50 eM /MIN 

PROBLEMS: WORK DAMAGE TO WAFERS, BLADE LIFEJ (SLURRY USAGE) 

STATUS: ESSENTIALLY EMPIRICAL, DO NOT UNDERSTAND CUTTING 
PROCESS. 

NEED: RESEARCH INTO INTERACTION OF CUTTING TOOL (ABRA
SIVE PARTICLE) AND SI. Is DUCTILE CUTTING 
POSSIBLE? ROLE OF LUBRICANTS? How IS WORK 
DAMAGE CAUSED) HOW CAN IT BE REDUCED? 

POTENTIAL RESULT: URDER OF MAGNITUDE INCREASE IN CUTTING SPEED 
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Example: Si Ribbon Growing 

TECHNOLOGY IN DEVELOPMENT: ~ 20 YEARS 
EXPERIENCE: WIDTH UP TO 15 CMj THICKNESS AS LOW AS 

50 ~M. GROWTH SPEED UP TO ~ q CM/MIN. 

PROBLEMS: STRESSeS, CRYSTAL DEFECTS, LIMITED DIFFUSION 
LENGTH, LIMITED GROWTH SPEED 
(WEB-DENDRITE POSSIBLY EXCLUDED) 

NE~D: RESEARCH TO UNDERSTAND THERMAL ENVIRONMENT 
AT GROWTH ZONE AND IN COOL-DOWN REGION) 
AND ITS RELATION TO STRESSES IN RIBBON, 
DEFECT GENERATION) AND LIMITATION OF GROWTH 
SPEED. How CAN TIllS THERMAL ENVIRONMENT BE 
IMPROVED? WHAT ARE THE LIMITS? 

POTENTIAL RESULT: HIGH QUAL.lTY RIBBONS. INCREASED GROWTH SPEED? 

Example: Electroless Plating (Ni) 

TECHNOLOGY IN USE: MANY DECADES IN NETAL PLATING 
tV 25 YEARS INTERMITTENT IN SI CONTACT FORMATION 

EXPERIENCE: GOOD CONTACTS CAN BE FORMED 

PROBLEMS: PROCESS NOT RELIABLE, CONTACT DEGRAUATION AND METAL 
SEPARATION INTERMITTENTLY EXPERIENCED. 

NEED: RESEARCH INTO INTERFACE OF SI AND METAL. WHAT CAUSES 
A STRONG SI/METAL BOND? WHAT IS THE ROLE OF O? 
How CAN THICKNESS OF SIOX LAYER BEFORE PLATING BE 
CONTROLLED? CAN THICKNESS OF THIS LAYER BE MEASURED 
AND PLATING TIME BE ADJUSTED ACCORDING TO THICKNESS? 
ARE OTHER MATERIALS RESPONSIBLE FOR PROBLEMS? WHAT 
IS THE ROLE OF CLEANING BATHS PRIOR TO PLATING? 

POTENTIAL ReSULT: A HIGH-YIELD) LOW-COST METALLIZATION PROCF.SS, 
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The Economic Impacts of Process Control and Cell Design 

MODULE EFFICIENCY % 

MODULE VALUE $!W(p) 
(AR-BOS=O) 

$/M2 VALUE OF GOOD CELLS 
DTO. $!W(p) 

----------------------- -------
VALUE OF CELL PROCESS $!M2 

(BEFORE YIELD) 

FOR CONSTANT SYSTEM 
PRICE (AR-BOS=$60/M2) 

MODULE VALUE $/W(p) 
VALUE OF GOOD CELLS $!M2 

DTO. $!W(p) 
----------------------- -------

. ? 
VALUE OF CELL PROCESS ',~/M" II 

(BEFORE YIELD) 

CURRENT TERR'1. 
CELL TECHNOLOGY 

CURRENT PROCESS 
EXPERrENCE 

11 

0.70 

49 
0.445 

-----------------
39 

0.70 
49 

0.4LJ5 
--------------.--

-59 

88 

CURRENT TERR'L BEST PRESENT CELL 
CELL TECHNOLOGY TECHNOLOGY 

ADVANCED PROCESS- ADVANCED PROCESS-
CONTROL CONTROL 

12.3 14 

0.70 0.70 

58 70 
0.47 0.50 

----------~~------- ------------------. 
55 67 

0.755 0.816 
65 86 
0.53 0,615 

-------------------- r------------------· 
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The Options to Process Cost Reduction 

1A MG SI _ PURIFICATION _ SINGLE X-tAl. ~ Cz. ~ 

l.IKEl.Y 1982) WEn-D~NDRITE __ 

(SEMI-GRADE ~~tlEM - SL.ICING 
~ $lIl/KG \\ (QUAL.ITY?) (COST?)~ 

(COST? 1983) ~ 
RTR tEL.l. FAB - MODUl.E FAD 
(QUAI.ITV? Wr?) _____ (GRAOUAL COST REO'tl, AUTO)\'~,) 

INTEGRA,I. MODULE FAB 
(CONCEPT) 

SEMI X-TAl. -.- IIEH __ 

~
~ VARIOUS CASTtN'ii---- SLICING 

\" (QUAL,tTY? COST?) (COST?) ~ 
EFG 
(QUAL~ 
RTR CEL.L FAD - MODULE FAD 
(QUAl.IT~:O$T?) ____ 

I NTEGnAL fIODUl.E FAD 

POL.Y X-TAl. ~ CVD __ 

~ 
(SUBSTRATE?) ____ 
CA3T1 NG REMELT 
SKIM COATING =::::::::::::.. CEL.L FAD - flOOULE FAR 
(SOC) INTEGRAL MODULE FAD 

AMORPHOUS .~ SPIN CASTING 
~ DISCIIARGE DEPO~ 
'" FI.UORIDE CVD ~ CELL FAB __ MODULE FAn 

1n UMG SI _ PARTIAL --_ .. $~MI X-TIlL ~ FAST CZ ................ 
PURIFICATION ..:::::::-- IIE~l ~~ 
« HOIKG \ "VARI~ SLICING 

~~!~:~;;; '\ \ 
POLY X-TAL -- CASTING 
(SUDSTRATE/"=- SKIM COATING ........... 

INCL, GAt IS " "-
CELl.S) SPIN CASTING __ - CVO CELL FAD ~MODUl.E FAll 

--- INTEGRAl. CELl. FAD 
2, GAAs _ PURIFICATION -_. SINGLE X-TAL - CVD GAAs 

\ + GAl_x"\As 

3. COTE (coMHErlcIAL?) 
II. IrlP 

THIN FILM CVU ON SI-GE SUBSTRAT~ CELL FAB __ fIOOULE FAn 

5, OTHER DINARY CO~IPOUNDS \WILL BENEFITS JUSTIFY DEVEl.QPMENT COSTS?) 
6. CIJ IN Su/CoS (hOPEFUL AS A TIUN FIl.~1 l1EvICE) 
7, OTH~R TERNARY AND HIGHER ORDER COMPOUNDS (WIl.L BENEFITS JUSTIFY DEVELOPMENT COSTS?) 
8. MUl.TI BANOr.oAP SYSTEMS ___ OPTICAL BEAM SPl.ITTING 

_____ INTEGRAL CELL APPROACH (MUl.TlPl.E LOAD CIRCUITS?) 
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The Options 

1. TECHNOLOGY EVOLUTION I SUCCESSFUL IN eZ I SLICING, CELL FABI MODULE FAD, 
INTEGRAT~D PROCESSING, (LONO~RANGE PROGRESS OFTEN 
HARD TO PREDICT BECAUSE OF SUCCESSIVE NATURE,) 

2. TECHNOLOGY ADAPTATIONI SAPPHIRE TECHNOLOGY ADAPTED TO SI IN EFG AND HEM (PARw 
(OFTEN COMBINED WITH 1,) TIALLY SUCCESSFUL) 

ION IMPLANTATION IN LIEU OF DIFFUSION, LASER SCRIBING 
IN LIEU OF ETCHING, SI-CASTING, RTR RlBBON PROCESS. 

3, TECHNOLOGY NEW-START! SI PURIFICATION BY SIH4 PROCESS (APPARENTLY SUCCESSFUL,) 
(OFTEN COMBINED WITH 2,) WEB-DENDRlTE ~lBBON PROCESS (SLOWI APPARENTLY SUCCESS

FUL,) SOC, PLASMA PROCESSES (DEPOSlTlON, ETCHING), 
PULSE ANNEALING, MATERIAL COMBINATIONS (SI-GE-GAAs l 

GA1_~IA1xAs-GAAs), MULTI-BANDGAP SYSTEMS, iNTEGRATED 
MODULE. 

Simple Masking Method for One ... Dlmenslonal Patterns 

DEPOSITION 
SOURCE 
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Basic Structure of Integrated Si Solar Array 

-r' 
O.''''t?I 
_L ~_ 1_~~ __ .,.fL.~~_ 

L~9('~cl: 
l: 
;: /IJ 
.:: I 

I-ot------ H /." 

At 

Module Fabricated With Integrated Cells: Concept 

CONTINUOUS PROCESS 

SEMlcormucToR MA TfiAlAl 
GROWN OR DEPOSITED 
IN MODULE WIDTHS 

SOLAR CELLS 
~ABRICATED ON 
SEMICONDUCTOR 
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1.) 

2. ) 

3, ) 
4. ) 
5, ) 

6, ) 

7, ) 
8,) 

Likely Technology Trends 

/HIGH PERFORMANCE (SINGLE X~TAL?) } 
ECONOMICAL SYSTEMS THROUGB .... Lnw PRIct (THIN FILM, pot.Y X-TAL, (BIPOLAR VS. 

AMORPHOUS?) 
CELL EFFICIENCIES tv 20% SINGLE BANDGAP, ry 30% MULTII3ANDGAP. MODULE PRIC~S 

IN $0.40 TO 2,QO/H(p) RANGE) DEPENDING ON PERFORMANCE. 
SI WILL REMAIN A COMPETITOR, 
ANY APPROACH INVOLVING SLICING (SAWING) UNLIKELY TO SUCCEED (SLEEPER?), 
CAN SEMI"CRYSTAL AND LOW-r,lUALITY SUBSTRATE APPROACHES YIELD ENOUGH PRICE/ 

PERFORMANCE MARGIN }O SURVIve? 
EVOLllTION TO INTEGRATED, CONTHWOUS PROCESSING (BATCH OR QUASI-BATCH SHOULD 

DISAPPEAR) , 
INTEGRAl'cED MODULES, REQUIRING WIDE SHEET. 
NOT ALL POSSIBILITIES CAN BE PURSUED. THUS, THERE WILL ALWAYS BE OTHER 

OPTIONS, (CRITERION: LOWEST RISK/BENEFIT RATIO, aUT HOW TO ASSESS?) 
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EVOLVING rv10DULE AND ARRAY TECHNOLOGY 

DESIGN 
REQU I REMENTS 

JET PROPULSiON LABORATORY 

R.G. RolSS Jr. 

Module and Array Development Process 
(CLOSED LOOP) -

TECHNOLOGY 
DEVELOPMENT 

OESIGN SYNTHESIS 
(ANALYSIS AND 
PROTOTYP,E TESTING) 

FAILURE 
ANALYSIS 

FAILURE 
~--l DATA 

ACQU I S IT! ON 

APPROACH 

• SPECIFY REQUIREMENTS 
• SYNTHESIZE DESI{;NS 
• SCREEN DESIGNS USING QUAL TESTS 
• ACQUIRE AND FEED BACK PERFORMANCE DATA 
• DEVELOP IMPROVED TECHNOLOGIES 
• USE FEEDBACK AND TECHNOLOGY TO IMPROVE DES IGNS 

94 
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Module and Array Technology 

CELL OBJECilVE· ELECTRICAL PERFORMANCE AT LOW COST ($/WATTI 

MODULEI ARRAY OBJECTIVE • ENV I RONMENTAL ENDURANCE, RELIABI LlTY, 
AND SAFETY AT LOW COST ($/012) 

MODULE AND ARRAY ELEMENTS: 

• ENCAPSULANT SYSTEM 

• ELECTRICAL CIRCUIT 

• SUPPORT STRUCTUHE 

• GROUND-MOUNTED 
• RES IDENTIAL ROOF~MOUNTED 

Encapsulant System Objectives 

• PROTECT CELL FROM ENV I RONMENTAL STRES SES 

• 'oN IND AND SNOW 
• HAIL 
• DIFFERENTIAL EXPANS ION 
• HUMIDITY 

• MAXIMIZE SUNLIGHT TO CEll 

• OPTICALTRANSMISSION 
• LOW SOILING 

• PROTECT USER FROM SAFETY HAZARDS 

• ELECTRICAL 
• FIRE 

• MAINTAIN 20-YEAR LIFETIME 

• MA INTA IN LOW AREAL COST 
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Encapsulation Technology Status 

PERCENT ACHIEVED 

CAPABILITY 0 50 100 
-:-----...-..-.._------..........--- -
WiND-LOAD .~ND SNOW~LOAD 'ENDURANCE 

HAIL IMPACT RESISTANCE 

lOW CEll MECHANICAL STRESSING 

LOW INTERCONNECT MECH. STRESS ING 

HIGH AND STABLE OPTICAL TRANSMISSION 

LOW SOILING 

HOT-SPOT HEATING ENDURANCE , 

ARC ING FIRE RES ISTANCE 

ELECTRICAL INSULATiON ENDURANCE 

ENVIRONMENTAL ENDURANCE (DELAMINATION) 

LOW AREAL COST 

EI~ctrical Circuit Objectives 

I • PROVIDE VOLTAGE CURRENT LEVELS REQUIRED BY SYSTEM 

• PROV IDE FAULT TOLERANCE AGAINST CELL AND CIRCUIT FA I LURES 

• CELL CRACKiNG 
• PARTIAL SHADOW ING 
• INTERCONNECT OPEN CIRCUITS 

• PROV I DE SAFETY PROTECTION AGA I~IST C IRCU IT! I:NCAPSUlANT 
FAILURES 

" 

I 
J 
1 

• CI RCU iT TO FRAME GROUND FAULTS 
• EXPOSED LIVE CIRCUIT ELEMENTS 
• IN-CIRCU IT OR GROUND FAULT ARCING 

• MAINTAIN LOW COST 
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Electrical Circuit Status 

r----'-----------------------------tP-ER-CE-N-TA-C-H-IE-VE~D 

CAPABILITY 0 50 100 

PROVIDE SYSTEM CURRENT - VOLTAGE LEVEL 

C.ELL-CRACKING FAULT TOLERANCE 

SHADOWING FAULT TOLERANCE 

INTERCONNECT FAULT TOLERANCE 

SHORT-TO-GROUND SAFETY PROTECTION 

EXPOSED CONDUCTOR SAFETY PROTECTION 

IN-CIRCUIT ARCING SAFETY PROTECTION 

LOW COST 

... 
L--____ " __ , .. __ ,_. ______ -'--____ -J 

Support Structure Objectives 

• SUPPORT MODULES 

ill ORIENTATION 

• LOADS 

• MAINTAIN 30-YEAR LIFETIME 

• WIND AND SNOW 

• EARTHQUAKES 

• CORROSION 

• PROVIDE FOR OPERATION AND MAINTENANCE 

• MODULE ATTACHMENT AND REMOVAL 

• CLEANING 

• MAINTAIN LOW INSTALLED COST 
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Ground .. Mounted structures Status 

'. "'~ 

PERCENT ACH IEVED 

CAPABILITY 0 50 100 

MODULE STRUCTURAL SUPPuRT 

30~YEAR WIND LOAD ENDURANCE 

30-YEAR EARTHQUAKE ENDURANCE 

30-YEAR CORROSION ENDURANCE 

MODULE O&M COMPATIBILITY 

LOW INSTALLED COST 

Residential Roof-Mounted Array Status 

PERCENT ACHIEVED 

CAPABILITY 0 50 100 

ARRAY MODULARITY AND VOLTAGE LEVEL -
ROOF WATER SEALING ENDURANCE 

FIRE RES I STANCE 

WIND, SNOW AND HAIL RESISTANC~ 

HIGH TEMPERATURE ENDURANCE 
" 

j 

j 
1 

WIRiNG AND CONNECTOR SAFETY 

ACCEPTANCE OF ROOF DIMENSIONAL MOVF.:MENT 

O&M COMPATIB ILiTY (ROOF AND MODULE) 

LOW INSTALLED COST 

AESTHETICS . 
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Conclusions 

• SUBSTANTIAL PROGRESS H.~S BEEN ACHIEVED 

• IMPROVED ENCAPSULANTS (GLASS, EVA, ACRYLICS) 

• LOW COST LAMINATION PROCESS ING 

• GOOD OPT!CAL STABILITY (LOW SOILING) 

• HAIL RESISTANCE 

• I.MPROVED FAULT TOLERANCE 

• CELL AND INTERCONNECT FAILURE 

• HOT-SPOT ENDURt~NCE 

• LOW-COST GROUND-MOUNTED STRUCTURES 

• A NUMBER OF TECHNOLOGY GAPS REMA I N 

• SOLAR CELL BREAKAGE 

• ENCAPSULANT ENDURANCE (LONG LIFE) 

• MODULE AND ARRAY ELECTRICAL SAFETY 

• ROOF-MOUNTED ARRAY TECHNOLOG IES 
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INDUSTRY PERSPECTIVE 

PHOTOWATT INTERNATIONAL, INC. 

R. McGinnis 

ASSUMPTION: SINGle, POLYCRYSTALLINE 
OR RIBBON SILICON WILL BE THE 

DOMINANT MATERIAL IN THE NEXT 5-15 YEARS 

EXACT YEAR-BY-YEAR 

MARKET PPI)JECTIONS 

Overall Business Strategy 

TECHNOLOGY DEVELOPMENTS AND MANUFACTURING INVESTMENTS WILL DRIVE 
THE COST OF SOLAR POWER SYSTEMS DOWN, 

As THIS OCCURS1 THE ECONOMIC MARKETS WILL INCREASE BECAUSE THE COSTS 

OF TRADITIONAL METHODS OF REMOTE POWER GENERATION WILL BE UNDERCUT, 

WHEN THE COSTS OF PV SYSTEMS BEGIN TO COMPETE WITH NEAR-GRID AND 

ON-GRID POWER GENERATION1 THE MARKETS WILL GROW EXPONENTIALLY, 

TRADITIONAL POWER SYSTEM COST INCREASES IN EXCESS OF INFLATION WILL 
SERVE TO ACCELERATE THIS GROWTH, 

The Dilemma 

S.IGNIFICANT MANUFACTURING INVESTMENTS IN LIMITED LIFETIME TECHNOLOGIES 
CAN BE A VERY COSTLY BUSINESS STRATEGY, 

MAJOR INVESTMENTS IN TECHNOLOGY WITHOUT SIMULTANEOUS MARKET DEVELOPMENT 

COULD HAKE LATE ENTRY VERY D!FFICULT AND EXPENSIVE, EVEN WITH A LOWER 
COST PRODUCT, 

THE GOVERNMENT PROGRAM, WITH ITS PUBLISHED TIME-PHASED COST GOALS, 

HAS CAUSED UNJUSTIFl.ED EARLY PRICE PRESSURE WHICH SEVERlY ERODED 
MARGINS, 
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The Strategies 

DESCRIPTION: 

EARLY rtARKET SHARE 

GAIN MARKET. SHAR'E BY 
AGGRESSIVE PRICING AND 
INVESTMENT IN MANUFAC
TURING CAPACITY AND 
AUTOMATION, 

LONG-TERM TECHNOLOr,y DEVELOPMENT 

CURRENT MARKETS ARE SECONDARY OR 
IGNORED, rlAJOR INVESTMENT IN 
TECHNOLOGY DEVELOPMENT, 

RISKS: 

REWARDS: 

MARGINS LOW OR NFGATIVE, 
DUE TO AGGRESSIVE PRICING, 
NEEDED TO GAIN MARKET 
SHARE, 

SIGNIFiCANT INVESTMENTS 
IN PLANT AND EQUIPMENT, 
WHICH COULD BECOME OB
SELETE LONG BEFOPE END 
OF USEFUL LIFE, 

:1ARKET MAY Be SMALLER OR 
DEVELOP SLOWER TIIAN 
FORECASTED, 

EARLY MARKET SHARE GAINS 
ARE FAR LeSS COSTLY THAN 
AT THE TIME WHEN COM
PETITORS ARE FURTHER 
DOWN THE LEARNING CURVE, 

TECHNOLOGY DEVELOPED MAY NOT MEET 
NEEDED COST GOALS, 

RAPID PRODUCTION BUILD UP OE NEW 
TECHNOLOGY WILL BE COSTLY, IECdNOLOCiY 
MAY TAKE MUCH LONGER TO DEVELOP TfIAN 
EXPECTED, 

MARKETING AND DISTRIBUTION CHANNELS 
MAY BE IRREVOCABLY LOST. 

CAN DEVELOP THE "MODEL Til OF THE 
SOLAR INDUSTRY AND SWEEP ASIDE ALL 
COMPETITORS WITH LOW COST PRODUCTS, 

MOST COMPANIES ARE ATTEMPTING TO STRIKE A BALANCE 
BETWEEN THE HIO EXTRE~lES, THE ROLE OF r-OVERNNENT 
IN BOTII PRODUCT PROCUREMENT AND TECHNOLOr,y DEVELOP
MENT FUNDING CAN HAVE A SIliNIFICANT EFFECT ON THE 
NlOUNT AND TYPE OF RESOURCES THAT THE COMPANY 
MUST PROV I DE. 

Which Will Come First? 

e-_.. = 
-.-=-:= 
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IF THE COST OF SILICON DOES NOT 
DROP SIGNIFICANTLY} THERE WILL 

BE NO SOLAR MARKET~' AND IF THERE 
IS NO SOLAR riARKET~' THERE IS 

NO REASON FOR THE MATERIAL SUPPLIERS . 
TO INVEST LARGE SUMS OF MONEY 

IN LOW COST SILICON MANUFACTURING. 

GOVERNMENT FUNDING OF TECHNOLOGY 

DEVELOPMENT PROVIDES RISK REDUCTION 

ALTERNATIVE TO GOVERNMENT FUNDING 
MUST COME FROM WELLMHEELED SOLAR 

COMPANIES WHO WILL FUND THIS 
DEVELOPMENT INTERNALLY FOR 

THEIR EXCLUSIVE-USE 

Near-Term Perspective (One to Five Years) 

o GREAT D~AL OF SHIFTING AND CONFUSION 

REGARDING THE GOVERNMENT POSITION 

VIS-A-VIS THE SOLAR BUSINESS 

o MoDERATE GROWTH OF THE COMMERCIAL 

INDUSTRIAL MARKET 

o GROWING AWARENESS OF THE DOMESTIC 

CONSUMER OF THE POTENTIAL OF 

PHOTOVOLTAICS 
" 

Cost Trends 

o COSTS WILL TEND TO FLATTEN OUT IN THE 

SHORT TERM DEPENDING ON THE PROCESS COST1 

DEGREE OF VERTICAL INTEGRATION AND EXTENT 

OF AUTOMATION 

o CoST OF SILICON SHEET' STILL DOMINANT 

FACTOR IN OVERALL MODULE COSTS 
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Business Trends 

o LARGE SOLAR COMPANIES WI~L PURSUE INTERNAL~Y 

FUNDI;DPflOGRAMS FOR TECHNOLOGY DEVELOPMENT OR 

DROP OUT O~ TIlE IlUSINESS 

o SMALL SOLAR COMPANI~~ WILL CONTINUE TO LOOK 

FOR POTENrIA~ LARGE BUYERS IN ORDER TO STAY 

IN THE GAME 

o MATER1A~S SUPP~lERS HAVE THE MOST DIFFICU~T 

DECISIONS TO MAKE 

Prospects 

o PHOTOVO~TAICS ~ BECOME A PART OF THE WORLD'S ENERGY SUPP~Y. 

o THE OVERA~L INVESTMENTS THAT WI~L BE MADE WI~~ IlE ~ARGE, 

o THE U~T1MATE MARGINS WIl.~ BE CO'iPARAB~E TO THOSE IN OTHER FORMS 

OF ENERGY SUPP~Y. 

o THE EXISTING ENERGY COMPANIES WIL~ PLAY A MAJOR ROLE IN THE 
FUTURE OF PV BUSINESS, 

o THE PV BUSINESS WI~~ DEVE~OP MORE S~OW~Y THAN ANTICIPATED BUT WI~~ 

BE A MUCH LARGER MARKET THAN WE NOW FORECAST, 
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WAFERING WORKSHOP SUMMARY 
PHOENIX, ARIZONA, JUNE 8-10, 1981 

JET PROPULSION LABORATORY 

• INTRODUCTION 

• HIGHLIGHTS OF TECHNICAL PRESENTATIONS 

• CONCLUSIONS 

• 'll PAPERS 

• 86 ATfENDEES 

• iNDUSTRY, GOVERNMENT, UNIVERS lTV 
AND INTERNATIONAL REPRESENTATION 

• 3 ox, FROM CORPORATE MANAGEMENT 

Objectives 

• ASSESS THE STATE-OF-THE-ART IN SILICON WAFERING 

• INVITE AND EXPLORE INNOVATIVE IDEAS IN WAFERING 

• STIMULATE PRODUCTIVE EXCHANGE OF INFORMATION 
WITHIN THE WAFERING COMMUNITY 
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Sessions 

1. OPENING 

2. I D lECHNOLOGY 

3. MULTI PLE BLADE lECHNOLOGY 

4. MA lER I ALS 

5. CHARAClERIZATlON 

6. NEW TECHNOLOGY 

7. ECONOMICS 

Critical Elements of Wafering Technology 

• BLADE/WIRE DEVELOPMENT 

• LOW KERF, THIN WAFERS 

• HIGH THROUGHPUT SLICING 

• EXPENDABLE MAlERIALS USAGE 

Technology Drivers 

• MATERIAL CONSERVATION 

• HIGH THROUGHPUT 
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PRESENTATIONS 

"KINEMATICAL AND MECHANICAL ASPECTS OF WAFER SLICING" 
- P. G. WERNER 

• A NEW MODEL OF WORK-TOOL INTERACTIONS AND PERTINENT 
MICRO-MECHANICS OF MATERIAL REMOVAL FOR A SLURRY 
SAW I: IG PROCES SIS PRESENTED 

• RESULTANT FUNCTIONAL EXPRESS IONS RELATING PROCESS CRITERIA 
(e.g. CUTTING RATE, TOOLWE'AR)TO PROCESS PARAMETERS 
(e.g. STROKE LENGTH, FREQUENCY AND FORCE) ARE DERIVED 

• MATERIAL REMOVAL RATE IS DIRECiLY PROPORTIONAL TO BLADE 
LOAD AND SLICING SPEED 

• OPTIMUM SLICING CONDITIONS ARE ACHIEVED WHEN BLADE 
AND WORKPIECE CUTTING CONTOURS HAVE STABILIZED 

"ALLOWABLE SILICON WAFER THICKNESS versus DIAMETER 
FOR ROTATION INGOT 10 WAFERING" - C. P. CHEN et al 

,~ FRACTURE MECHANICS ANALYSIS WAS UTILIZED TO ANALYZE THE LOADING 
CONDITIONS UPON A WAFER DURING WAFERING 

• THE ALLOWABLE WAFER THICKNESS versus INGOT DIAMETER WAS FOUND TO BE 
DEPENDENT ON THE DEPTH OF SURFACE DAMAGE, SAW VI BRATION AND CUTTING 
RATE 

• APPLICATION OF A TENSIONAL FORCE PERPENDlrULAR TO THE WAFER SURFACE 
DURING WAFERING CAN ENHANCE CLEAVAG:: m-<111>SllICON INGOTS AND 
POINTS TO A POTENTIAL FOR REDUCTION OF MINIMAL OBTAINABLE WAFER 
THICKNESS 

"EXIT CHI PPING IN I D SAWING OF SILICON CRYSTALS" 
- L. D. DYER 

• STUDY RELATES THE EXISTENCE AND AMOUNT OF EXIT-CHIP OR SAW FRACTURE 
FORMATION TO I D WAFERING PARAMETERS 

• FRACTURE FORMATION IS ORIENTATION-DEPENDENT 

·EXIT CHIP SIZE INDICATES 'HARSHNESS' OF SAWING CONDITION 

106 

f:-I 

j 



PLENARY SESSION 

'~FFECT OF LUBRICANT ENVIRONMENT ON SAW-INDUCED 
DAMAGE IN SILICON WAFERS" - T. S. KUAN et al 

• CHEMOMECHANICAL EFFECT OF DIFFERENT LUBRICANT SOLUTIONS 
UPON SAW-INDUCED DAMAGE 

• EFFECT OF APPLIED ELECTRIC POl£NTlAL ON SILICON 
CRYSTAL DURING WAFERING 

• LUBRICANTS ARE GOOD CATALYSTS FOR BREAKING SILICON 
BONDS AND CAN DAMPEN OUT-oF-PLANE BLADE VI BRATIONS 

• EXPERIMENTAL DATA SHOWS A 30-5~ REDUCTION IN SAW .. INDlJCED 
DAMAGE WITH A PROPER LU BR I CANT ENV IRONMENT 

"INFLUENCE OF FLUIDS ON THE ABRASION OF SILICON BY DIAMOND" 
- S. DANYLUK 

• THE WEAR RATE OF SILICON I S IN THE RATIO OF 1:2:3 FOR WAl£R, 
ETHANOL AND ACETONE, RESPECTIVELY, FOR A CONICAL DIAMOND 
ABRADING SILICON AT ROOM TEMPERATURE 

• ABRASiON MODE CHANGES FROM BRiTILE TO DUCiiLE WHEN FLUID 
IS CHANGED 

• SUBSURFACE CRACKS (SAW-INDUCED DAMAGE) PRESENT ARE AFFECTED 
IN MAGNITUDE BY THE FLUID ENVIRONMENT 

• SURFACE HARDNESS OF SILICON IS INFLUENCED BY THE DIELECTRIC 
CON STANT OF FLU I D 

"CORROSION INHI BITORS FOR WAl£R-BASED SLURRY 
MULTIPLE BLADE SAWING" - C. P. CHEN et al 

• FAILURES OF HIGH CARBON STEEL BLADES USING WATER-BASED 
SLURRIES ARE DUE TO STRESS CORROSION INDUCED BY AN 
OXYGEN CON CENTRA Tl ON CELL EFFECT AND RES I DUAL AN D CYCLI C 
BLADE l£NSION LOADS 

• FOUR CORROSION INHIBITORIWATER SOLUTIONS HAVE BEEN 
IDENTIFIED W ITH SIGN IFICANT POTENTIAL FOR WATER-BASED 
SLURRY MULTIPLE BLADE WAFERING APPLICATIONS 
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"FUNDAMENTAL STUDIES OF THE SOLID-PARTICLE EROSION 
OF SILICON" - J. L. ROUTBORT et al 

- EXISTING MODELS OF SOLID-PARTICLL EROSION OF BRITTLE 
MATERIALS ARE MODIFIED FOR THE CASE OF SILICON SINGLE 
CRYSTALS 

- SYSlEMATIC EXPERIMENTS ARE NEEDED TO PROVIDE DATA TO 
INCORPORATE THE EFFECTS INTO A PREDICTIVE MODEL FOR 
EXISTING WAFERING lECHNIQUES 

- SOME PROJECTILE PROPERTIES (PARTICLE SHAPE AND HARDNESS) 
ARE FACTORS YET TO BE INVESTIGAlED 

"PRE AND POST ANNEALING OF MECHANICAL DAMAGE 
IN SILICON WAFERS" - G. H. SCHWUTIKE 

• BASIC PROPERTIES OF MECHANICAL DAMAGE IN SiliCON WERE 
STUDIED LIS ING TEM 

-ABRASION DAMAGE CONSISTS PRIMARILY OF SHEAR LOOPS THAT 
FREQUENTLY RESULT IN SUB-MICRON CRACKS DUE TO DISLOCATION 
PILE-UPS 

- HIGH lEMPERATURE ANNEALING OF THESE CRACKS RESULT IN 
DISLOCATIONS AND STACKING FAULTS 

-THEIR PRESENCE REDUCES THE MINORITY CARRIER LIFETIME OF 
THE SILICON MAlERIAL 

-CHEM ICAL ETCHING REQll IRES REMOVAL OF UP TO FOUR TIMES 
THE ORIG INAl DAMAGE DEPTH BECAUSE OF CRACK 
PROPAGATION DURING ETCHING 

''WAFERING INSIGHT PROVIDED BY THE ODE METHOD" 
- S. I. SOCLOF et al 

- ORIENTATION-DEPENDENT SLICING USES PREFERENTIAL 
ETCHING OF NARROW SLOTS ON A SILICON SLAB TO FORM 
SLICES 

- ADVANTAGES INCLUDE HIGH MATERIAL YIELD (m2/kg), 
PLANE PARALLEL SURFACES AND VERY TH IN SLICES 
(SO /.tm) WITH NO SURFACE DAMAGE 
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"SYSlEM FOR SLICING SILICON WAFERSII ~ E. R. COLLINS 

• NEWLY-PATENTED PROCESS FOR EFFICIENT SLICING OF A 
LARGE NUMBER OF INGOTS IN A HIGH SPEED MODE 

• COMBINES ADVANTAGES OF A MULTIPLE BLADE WAFERING 
PROCESS, FIXED ABRASIVES AND HIGH BLADE VELOCITIES 

HIGHLIGHTS SUMMARY 

SILICON 
INGOT 

WAFERING 
PROCESS 

INGOT • ORIENTATION 

WAFERING PROCESS 

CUTTI NG FLU I D 

CUTTI NG PARTI ClE 

• BASIC MATERIAL PROPERTIES 

• CRYSTALLINITY 

• SHAPE AND SIZE 

• LUBRICANT 

• COOLANT 

• SURFACE MODIFIER 

• CORROS ION INHI BITOR 
• ELECTROLYTE 

• MECHANICAL DAMPING 

• PARTICLE CARRIER 

• SHAPE 

• SIZE 

• MAlERIAl PROPERTIES 

• 'ACTION' 
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WAFERING PROCESS 

CUnlNG BLADE CI MATERIAL PROPERTIES 

SILICON WAFER, 

• ABRASIVE BONDING (FIXED ABRASIVE WAFERING) 

• BLADE CONTOUR (LOOSE ABRASIVE WAFERING) 

• 'ACTION' 

• SAW-INDUCED DAMAGE 

• FRACTURE PROPERTIES 

• ORIENTATION 

• SIZE 

Conclusions 

1. WAFERING IS A MAJOR FACTOR iN DElERMINING 
THE SUCCESS OF INGOT TECHNOLOGY FOR LOW-
COST SOLAR ARRAYS 

2. f',ONSiDERABLE OPPORTUNITIES EXIST TO ADVANCE 
WAFERING TECHNOLOGY SIGNIFICANTLY THROUGH 
BASIC INVESTIGATIONS INTO THE FUNDAMENTAL 
MECHANISMS OF WAFERING 
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Technology Sessions 

TECHNOLOGY DEVELOPMENT AREA 

Silicon Material Task 
Ralph Lutwack, Chairman 

Reports on progress in developing Si prc~esses and in supporting activi
ties were presented by five contractors and by JPL. 

Union Carbide Corp. reviewed the status of its effort to buil~ an EPSDU 
(experimental process system development unit). All civil and structural work 
is complete, the bulk of equipment has been delivered to the site at East 
Chicago, Indiana, and most major pieces have been placed in position. In the 
R&D area, the silicon (Si) powder melter and shotter was assembled and put into 
operation. Using chunk Si as feed r.laterial, the unit produced free-flowing 
shot for periods up to 45 minutes. The fluidi~ed-bed process development unit 
(PDU) was assembled, and an initial series of tests with mixtures of 10% to 21% 
silane (SiH4) in hydrogen was successfully completed. 

Massachusetts Institute of Technology ~ummari~ed the results of its two
year contract to develop a process for making trichlorosilane (SiHCl3) by 
the hydrochlorination of metallurgical-grade Si and silicon tetrachloride 
(8iC14)' The contract ended, and the follow-on effort at Solarelectronics, 
Inc., was started. 

Hemlock Semiconductor Corp. completed construction of the PDU for inves
tigating the rearrangement of 8iHCl3 to dichlorosilane (8i.H2Cl2)' integrated 
the unit with an intermediate-scale Siemens-type reactor, and conducted 17 tests 
by the end of June. 

Westinghouse R&D Center completed all experimental phases of the impurity 
study, and presented a summary of the entire program, including the effects of 
specific impurities on the performance of both n-base and p-base solar cells 
and the effects of gettering. 

Design calculations for cell efficiency, open-circuit voltage, short
circuit current, and fill factor as functions of cell thickness were presented 
by C. T. Sah Associates. 

Progress in two in-house JPL programs (research on the operation of flui
di2:ed bed reactors for depoRiting 8i from SiH4' and the conversion of SiH4 to 
molten 8i in a one-step process) was reported. 
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SILICON MA TEAIAL TASK 

POL YCRYST ALLINE SILICON 
UNION CARBIDE CORP. 

TECHNOLOGY 

POLYCRYSTALLINE SILICON 

APPftOACU 

HIGH-PURHY SILANE PRODUCTION FROM 
METALLURGICAL-GRADE SILICON) AND 
SILANE PYROLYSIS AND CONSOLIDATION 
TO FORM SEMICONDUCTOR-GRAfIE 
POLYCRYSTALLINE SILICON 

CONTRACTOR 

UNION CARBIDECiJRPORATION 

GOALS 

• 
• 
• 
• 

DEMONSTRATE PROCESS FEASIBILITV AND 
ENGINEERING PRACTICALITY, 

~STABL~SH TECHNOLOGY READINESS USING 
EPSDU SIZED TO lUO M'J'/YR, 

SII-ICON PRICE OF LESS THAN $l4/KG' 
FOR HiGH VOLUME PROcESS. 

DEFINE PROCESS ECONOMICS. 

ASSUMPTIONSI PLANT SIZE: 

TOTAL PLANT COST: 
START-UP COST: 
WORKING CAPITAL: 

"(PORT OA ff 

7/15/81 

• THE CIVIL-STRUCTURAL SUBCONTRACT COMPLE~ 
TED, 

• ALL MAJOR EQUIPMENT DELIVERED TO EPSDU 
SITE. 

• THE MECHANICAL INSTALI.ATION DMWING 
PACKAGE WAS COMPLETEOI AND WAS SENT TO 
POTENTIAL BIDDERS, 

• ALL BIDS WERE RECEIVED AND ARE UNDER 
EVALUAT'!ON, 

• THg ELECTRICAL INSTALLATION DRAWING 
PACKAGE WAS CO~IPLETED AND WAS SENT TO 
POTeNTIAL BIDDERS. 

• THE MECHANICAL INSTALLATION SUBCONTRACT 
IS READY TO BE AWARDED IF SUFFICIENT 
FUNDS BECOME AVAILABLE, 

§ILANE pYBQ~¥SlS a &~ 
• CHUNK lSlLICON WAS MELTED IN THE SI POWDE 

MELlER SHOTTER AND ACCEPTABLE SHOT PRO~ 
DUCED, 

, FREEwSPACE REACTOR SI POWDER WAS MELTED 
IN THE SI POWDER MELTERlsHOTTER, 

• 10 TO 21% SILANE IN HYDROGEN WAS FED TO 
THE FLUID-BED POU FOR ~~ HOURS. DENSE 
POLYS ILl CON WAS GROWN ON THE SEED PARTI~ 

1000 MT/YR SEtHCoNDUCTOR-GRADE. 
$9.66 MMLIQUID SILICON PRODUCT 

$1.74 MM 
$0,72 ",11 

ANNUAL OPERATING COST: $5,88 MM 
FEDERAL INCOI1E Tf\it: 
CONSTRUCTION TIME: 
DEPRECIATION: 
PROJECT LIFE: 

.PROJECTION 

BQI BAn:, h 
10 
15 
20 

46% 
2,5 - 3 YRS 
10 YEARS SUM OF YEARS DIGITS 
15 YEARS 

ERQJ2UCI PB.I~S l U~G 
8.77 
9,77 

10,90 
*INCREMENTAL PRODUCT PRICE INCr.EASE GOING FROM LIQUID SILICON TO 

POLYCRYSTALLINE SILICON SHOT HAS NOT BEEN DETERMINED. ONE TO TWO 
DOLLAR/KG INCREASE IS ANTICIPATED, 
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SILICON MATERIAL TASK 

Problems and Conoerns 

• A PORTION OF THE WASTE TREATMENT SYSTEM DESIGN IS RELATIVELY NOVELl AND SOME 

FIELD ADJUSTMENT MAY ne NEEDED FOR PROPER OPERATION. 

SILANE PYBQLXSIS R&D 

• EROSION OF THE QUARTZ NOZZLE IN THE SI POWDER MELTING/SHOTTING SYSTEM MAY BE 

EXCESSIVE TO BE ECONOMICAL. A MULTIPLE NOZZLE DESIGN MAY HAVE TO BE DEVELOPED 

Silane-to-Silioon EPSDU Chemistry 

A. HYDROCHLORI NAT! ON 

Cu 
51 + 3 SICLq + 2 H2 • 4 HSICL3 

B. REDISTRIBUTION 

A-21 
2 HSICL3 • H2S I CL2 + SI CL4 

A-21 
3 H2.SICLZ • 2 IlSICt3 + SIHq 

C. SILANE .. ,{OLYSIS 

SIHq ---2 HZ + SI 
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EPSDU Engineering Summary 

A. M. G. SILICON-TO-SILANE 

• PROCESS DESIGN COMPLETE 

• FACILITY DESIGN COMPLETE 
• MAJOR EQUIPMENT FABRICATED AND RECEIVED AT EPSDU SITE 

• INSTALLATION DESIGN COMPLETE 

• INSTALLATION BID PACKAGES SENT TO BIDDERS 

• BIDS FOR MECHANICAL INSTALLATION RECEIVED AND READY TO 
AWARD AS SOON AS FUNDS BECOME AVAILABLE 

B. SILANE-TO-POLYSILICON 

• PROCESS DESIGN COMPLETE 

• ENGINEERING DESIGN ONGOING 

Process Support R&D Summary 

A. SI POWDER MELTING & SIIOTTIIIG (KAYEX) 

• MELTER/SHOTTER SYSTEM ASSEMBLED 
• CHUNK SILICON MELTED AND SHOT PRODUCED AT VARIOUS 

NOZZLE SIZES 

~ AT SMP.LL NOZZLE SIZES <UNDER 1 MM DIA> I CONTROL OF 
SHOT PRODUCTION DEMONSTRATED 

~ FREE-SPACE SI POWDER SUCCESSFULLY TRANSPORTED TO 
FEED HOPPER1 AND THE POWDER MELTED IN THE r1ELTERI 
SHOTTER 

B. SILANE PYRGlYSIS IN FLUID-BED PDU 

• FLUID-BED PDt! ASSEMBLED 
• SERIES OF BED FLUIDIZATION AND HEATING TESTS WITH 

NITROGEN AND HYDROGEN SUCCESSFULLY COMPLETED 

• 10 TO 21 PERCENT SILANE IN HYDROGEN SUCCESSFULLY 
FED TO HOT SILICON SEED BED 

• DENSE POLYSILICON COATING 011 SEED PMTICLES OBTAINED 

• FURTHER TESTING STOPPED DUE TO FUNDING RECISION 
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ORIGlNAL PAGE 

SILICON MATERIAL TASK 
SlACK AND WHITE PHOTOGRAPJ( 

SEM ph 
Sampl 
vivid 
ehar c 

tomierogr aph sh wing a r andom s 1 etion of 
0 . 1 partie1 s . This vi w shows parti 1 S l 

dg s , with high d finition of surfae 
risties . 50 X. 

SE vi w of a random pa rtie1 from Samp1 0 . 1 . Th 
surfa app a rs to b r 1ative1y bare , wi t h th e x
e ption of some surfac d bris . 5000 X. 
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SILICON MATERIAL TASK 
ORIGINAL PAGE 

LACK AND WHITE PHOTOGRAPH 

SEM photomicrograph showing 
Sampl No . 2 particles . Th 
xhibit coat d surfac sand 

50 X. 

a rand m s 1 
particl s in 
w 1] -rouwl d 

'E vi w of a random particl [rom Sampl 0 . 2 . 
Ii avy sil icon d position is appar nt on this 
random-particl surfa 5000 X. 

116 



I, 

• $;;; 

SILICON MATERIAL TASK 

POL YCRYSTALLINE SILICON 
MASSACHUSETTS INSTITUTE OF TECHNOLOGY 

TECHNOLOGY 

POLYCRYSTALLINE SILICON 
REPORT DATE 

JULY 151 1981 18TH PIM 

APPROACH STATUS 
HYDROCHLORINATION OF METALLURGICAL GRADE COMPLETED 
SILICON TOGETHER IHTH SILICON TETRACHLORIDE JPL CONTRACT NO. 955 382 
AND HYDROGEtl TO FO~M TRICHLOROSILANE FOR (MARCH 3L 1979 - APRIL L 1981) 
PRODUCING SILICON I REACTION KINETICS MEASUREMENT 

CONTRACTOR 
MASSACHUSETTS ItlSTITUTE OF TECHNOLOGY 

GOALS 

TO SUPPORT THE UN I ON CARB IDE S I LANE -TO
SILICON PROCESS BY CONDUCTING EXPERHIENTAL 

• TEMPERATURE 
• PRESSURE 
• H2/SIC1.4 FEED RATIO 
• COPPER CATALYST CONCENTRATION 
• PARTICLE SIZE DISTRIBUTIotl 
• EFFECT OF IMPURITIES IN SILICON 

AI'ID THEORETI CAL STUD I ES I I I r·1ASS LI FE STUDY 
• ESTABLISH FUNDAMENTAL UNDERSTANDING OF • LONG SILICON ~lASS BED LIFE 

HYDROCHLORINATION OF METALLURGICAL GRADE III CORROSION STUDY 
SILICm! IN TERMS OF REACTION KINETICS • rio CORROSION or THE METAL REACTOR 
AND ROLE OF CATALYST • STABLE SILICIDE PROTECTIVE FILM 

.0PTHlIZE THE REACTION CONDITION FOR THE 
HYDROCHLORINATIotl STEP 

FORMED AT THE REACTOR WALL 
IV FItIAL REPORT 

• ISSUED ~_. ______________________ L-_______________________ ~ 

ELE~lENT 

IRON 
ALUMINUM 
CflLCI Ul1 

Composition of Fines Elutriated From 
The Hydrochlorination Reactor 

% IN ELUTRIATED FINES % IN M.G. SILICON 

8.02 0.7 
0.82 0.45 
1.19 0.05 

MANGANESE 0.71 0.06 
NICKEL 0.15 0.01 
CHROMIUM 0.16 0.01 
CHLORINE 7.49 NONE 

SILICON (BALANCE) 81.46 98.7 
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SILICON MATERIAL TASK 

Corrosion Test for Incoloy 800H 

CONDITION: 500°CI 300 PSIG 1 H2/S1CL4 • 2.0 
DURATION: 238 HOURS 
SM1PLE WEIGHT BEFORE'" 53.195 G. 

AFTER • 53.520 G. 
GAIN = 0,325 G. 

TOTAL SURFACE AREA = 120 cr12 

Assur·lING DEPOSITED r~ATERIAL IS SILICON 

SI FILM OF ABOUT 11.6 r1ICRONS TlliCK 

THUS 1 NO SIGNIFICANT AMOUNTS OF CORROSION OCCURS 
INSIDE THE REACTOR IN VIEI'j OF THE I~EIGHT GAIN 
BY THE SAMPLE . 

Effect of Atmospheric Corrosion 

SCALE BROKE OFF AFTER EXPOSURE TO AIR AND MOISTURE 

TOTAL SURFACE AREA OF TEST SM1PLE = 27 CM2 

SAr·1PlE WE I GilT: BEFORE = 12.4026 G. 

AFTER = 12.1445 G. 
lOSS = 0.2581 G. 

SI FILM HEIGHT '" 0.0732 G. 
flET lOSS OF ~lETAl = 0.1849 G. 

DENSITY OF INCOlOY ~ 8.0 G/C.C. 
lOSS OF BASE METAL':! 8. 6 ~1I CRONS 

• EVIDENCE OF SI PENETRATION INTO THE BASE METAL TO FOR~l A 
SILICIDE PROTECTIVE FIU1 OF ABOUT 20 MICRONS THICK 

• PREVIOUS CORROSION RESULTS APPEAR DUE TO AHlOSPHERIC 
CORROSION AND NOT DUE TO THE REACTION ITSELF 
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SILICON MATERIAL TASK 

Summary of Progress 

• REACTION RATE AT 500 PSIG J 500°C REINFORCES TilE 
UNION CARBIDE ENGINEERING DESIGN 

• COPPER CATALYST INCREASES REACTION RATE BY 100% 

• REACTION RATE INDEPENDENT OF SI PARTICLE SIZE 

• IMPURITIES IN I-1.G. SILICON INCREASE REACTION RATE 

• LONG MASS LI FE MEANS REACT! ON CAN BE RUN FOR LONG 
PERIoDs OF THIE \'/lTH NO INTERRUPTION 

• CORROSION OF'TUE METAL REACTOR IS NOT A PROBLEt~ 

• INCOLOY 800 IS A GOon CHOICE AS THE r'lATERIAL OF CON
STRUCTION OF THE IIYDROCIILORINATION REACTOR 

119 

\ 

1 , 
,! 

',' 
1 
: 

·1 

-----~~. ~~j 



. 
~ 

l 

I 

r 

SILICON' MATERIAL TASK 

POL YCRYSTALLINE SILICON 
SOLARELECTRONICS, INC. 

TECHNOlOGY 

POLYCRYSTALll NE S I LI CON 

APPROACH 

HYDROCHLORINATION OF METALLURGICAL GRADE 
SILICON TOGETHER WITH SILICON TETRACHLORIDE 
AND HYDROGEN TO FORM TRICHLOROSILANE FOR 
PRODUCING SILICON 

CONTRACTOR 

SOLARELECTRONICS 1 INC. 
GOALS 

TO CONTINUE THE HYDROCHLORHlATION STUDY HI 
SUPPORTING THE UNION CARBIDE EPSDU, SILANE
TO-SILICON PROCESS 

• COLLECT ENGINEERING DATA FOR SCALE-UP 
• QUALITY CONTROL - ANALYSE FOR ORGANIC 

AND INORGANIC IMPURIT!£S 
• SELECT THE MOST SUITABLE MATERIAL OF 

CONSTRUCTION FOR THE REACTOR 
• INCREASE PROCESS EFFICIENCY AND REDUCE 

COST 

REPORT DATE 

JULY 15) 1981 18TH PIM 

STATUS JUST STARTED 
JPL CONTRACT flO. 956 061 
(JULY 1981 - JULY 1982) 

PLANNED ACTIVITIES: 

• TWO INCH-DIAMETER AND FOUR INCH
DIA~'ETER HYDROCHLORINATlON REACTORS 

• REACTION KINETICS MEASUREMENTS 
• CORROSION MEASUREMENTS ON VARIOUS 

CONVENTIONAL METAL ALLOYS 
• FLUIDIZATION MECHANICS - STATIC-BED 

VERSUS FLUIDIZED-BED DESIGN 
• WASTE DISPOSAL - WITH BY-PRODUCT HCL 

RECYCLE TO THE IlYDROCHLORINATION 
REACTOR 

REFINE ENGINEERING DATA FOR SCALE-UP 
• OPTIMIZE PROCESS PARAMETER - 2 INCH REACTOR, 500 PSIGJ SOO°C 
• FLUIDIZATION MECHANICS - 4 INCH REACTOR, MERITS OF A 

FIXED-BED OR A FLUIDIZED-BED REACTOR DESIGN 
• MAXIMIZE RAW MATERIAL UTILIZATION - RECYCLE BY-PRODUCT 

WASTE STREAMJE.G., HCL TO THE HVDROCHLORINATION REACTOR 
• QUALITY CONTROL - ANALYSE ORGANIC AND INORGANIC IMPURITIES 

IN THE CHLOROSILANE PRODUCTS 

II CORROSION STUDY 
• MECHANISM OF CORROSION 
• SCREEN MATEHIAL OF CONSTRUCTION FOR THE REACTOR 
• SELECT THE MOST SUITABLE MATERIAL OF CONSTRUCTION FOR THE 

HYDROCHLORINATION REACTOR ON A COST··EFFECTIVE BASIS 
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SILICON MATERIAL TASK 

POL YCRYSTALLINE SILICON 
HEMLOCK SEMICONDUCTOR CORP. 

TECHNOLOGY REPORT DATE 

POLYCRYSTALLINE SILICON JULY, 1981 

APPROACH STATUS 

CHENI CAL VAPOR DEPOS IT ION OF S I LI CON • DCS~PDU CONSTRUCTION COMPLETED 
FROM DICHLOROSILANE (DCS) • INTER~lEDIATE REACTOR/FEED SYSTEM 

CONSTRUCTED AND TESTED 

CONTRACTOR • PDU START -UP COMPLETE 

HEMLOCK SEm CONDUCTOR CORPORATI ON • PRELIMI NARY INTERMEDIATE REACTOR DATA 
IN GENERAL AGREEMENT WITH EXPERIMENTAL 

GOALS REACTOR DATA 
• DEMONSTRATE PROCESS FEASIBILITY • S I LI CON PUR ITY FROM DCS OR RED I STR I BUT -
• ESTABLISH TECHNICAL READINESS BY ED TCS EXCELLENT (ZONE REFINING, SOLAR 

OPERATION OF EPSDU SIZED TO ABOUT CELLS) 
150-MTIYR 

• SILICON PRICE OF LESS THAN#20/KG 
(1980$, 1000-MT/YR, 20% ROI) 

-DEFINE PROCESS ECONOMICS 

Price Projection (1980 $, 1000 MT/yr, 20% ROI) 

ASSUMPTIONSI 

HIGH PURITY POLYCRYSTALLINE SILICON PRODUCT 
DICHLOROSILANE PRODUCTION VIA TRICHLOROSILANE REDISTRIBUTION 
HYDROGENAT I ON OF S I CL4 AS DEMonSTRATED BY UN ION CARB IDE CORPORATION 
LIO% CONVER'SION OF DICHLOROSILANE INTO SILICON 

PROJECTION: 

PRODUCT PR ICE: < $20/KG (! NCLUDES 20% RO J) 
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SILICON MATERIAL TASK 

Silicon Production by Dichlorosilane Decomposition 

DICHLOROSILANE PRODUCTION 

(CATALYZED REDISTRIBUTION Of TRICHLOROSILANE) 

TRICHLOROSILANE PRODUCTION 

(HYDROGENATION OF SILICON TETRACHLORIDE) 

Reactor Explosion Test Results 

• DEFLAGRATION ONLY IN TEST WITH H2/DCS/AIR 
AT 27/3/70 MOLE %. 

• 

• 

PARAME TE R 

JAR BURST PRESSURE 
INNER VESSEL 
COMBUSTION MODE 

HEATSHIELD 

CALCULATED 

33 
77 

DEFLAGRA
TION PROB

ABLE 

OBSERVED 
TEST 

2 

30 20 
80 50 

DAMAGED No 
DAMAGE 

CALCULATED VALUES FOR JAR EXPLOSIONS ARE 
AN ACCEPTABLE APPROACH TO EXPLOSION 
CONTAINMENT EVALUATIONS. 
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SILICON MATERIAL TASK 

Intermediate Reactor Evaluation 

RESULTS: 

• REACTOR SCALE-UP Is REASONABLE 

• WALL DEPOSITION Is A POTENTIAL PROBLEM 

• DECOMPOSITION PERFORMANCE 

ROD DIA, 
MM 

(DeS SEG
MENT> 

SI 
DEPOS I HD 
GM/HR/CM 

CONVERSION 
MOLE % 

POWER 
USAGE 
KWH/KG NOTE 

----------------------------------------------GOAL 2.0 '+0 60 

38-52 
34-48 
61-70 
52-60 

NOTE: 

1.6 
1.6 
2,6 
1.3 

41 
35 
33 
27 

101 
88 
74 

136 

A STARTING CONDITION FOR RUNS AFTER PDU 
START-UP 

QUESTIONS: 

• ARE ENTIRE RUNS WITH DCS POSSIBLE 

• CAN GOALS BE MET WHEN ENTIRE RUNS ARE MADE 

PDU Objectives 

• DCS PRODUCTION 70 LS/HR 

• REDISTRIBUTION CONVERSION >10%; TEMPERA
TURE AND RESIDENCE TIME TO ACHIEVE THIS 

• PRESSURE DROP .'l.s ... VELOCITY IN CATALYST 
BED 

• CATALYST LIFE >90% ORIGINAL CAPACITY 
AFTER 2 MONTHS OPERATION AT CAPACITY' 

• DETERMINE IF CATALYST MIGRA~ION OCCURS 
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SILlCON"MATEAIAL TASK 

PDU Start-Up Summary 

• OPERATIONAL JUNE 1 WITH DCS FEED To A 
DECOMPOSITION REACTOR 

• No SIGNIFICANT PROBLEMS, 
SEVERAL MINOR LEAKS (VALVE STEMS, SCREWED 
CONNECTIONS, ETC.> 

• CONTROL SCHEME WORKS FINE; 
INSTRUMENT ADJUSTMENTS MADE To FINE TUNE 

• ROUTINE, RELlABI.E OPERATION AT UP To 47 
LB/HR DCS PRODUCTION 

• REDISTRIBUTION REACTOR CONVERSION OF 10.7% 
DCS, BASED ON STC IN STILL BOTTOMS 

Decomposition Goals 

• MAKE RATE 2.0 G/H/CM 

• CONVERSION EFFICIENCY 40%+ 

• POWER CONSUMPTION <60 KWH/KG 

• RUN TIME 100H+ 

Comparison of 'ntermediate-Size (
1 

) 
And Experimental(2) Reactor Data 

POVIER ROD SILICON 
DIAMETER DEPO~ITE~ CONVERSION CONSUMPTION 

RUN No. MM GH- CM- MOLE % KWH/KG 

324- llIi'9-2 
" ) 

34-48 1.56 35.2 88 

324-410-2(1) 38-52 1.67 41.1 '0' 

394 - 0 5 5 - 6(2) 35-42 1 .66 32.8 74 

39 11-056-4:2) 36-43 1. 52 30 92 
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SILICON MATERIAL TASK 

FEED 
TYPE 

DCS 

DCS 

ALL DCS 

• 
• 
• 
• 
• 
• 

Comparison of oes and TCS Data 
For Intermediate-Size Reactor 

POWl:R SILICON 
DEPOSITEO CONVERSION CuNSUMP'i I ON 

CTCS,,;d) <res::: 1 ) (TCS::ol ) 

1. 95 2.22 13.76 

2.23 2.11 0.55 

2.03 2.19 0.70 

Results 

PARAMETER OBJECTIVE ACHIEVED 

-----_ .. --- ----------- ..,"'-------

MAKE RATE 2 G/H/CM 1.6-2.0 G/H/CM 

CONVERSiON >40 37% 
eFFICIENCY 

POWER CONSUMPTION <60 KWH/KG 80-100 KWH/KG 

RUN TIME 100H 40-80H 

GOOD ROD SURFACE ./ 01 

No VAPOR PHASE 
NUCLEATION 

v' v 

EPSDU Objectives 

" PRODUCE DICIiLOROSlLANE rRO~' REDISTRIBUTION OF 
TRICHLOROSILANE 

• PURIFY DICHLOROSILANE 

• PRODUCE HIGH PURITY POLYCRYSTALLINE SILICON 
FROfol DICHLOROSILANE 

• RECOVER REACTOR VEllT PRODUCTS 

• OPERATE ON SCALE OF 100-200 TONNE SILlCONIYR. 
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SILICON MATERIAL TASK 

Problems and Concerns 

• ACHIEVING 40 PERCENT CONVERSION EFFICIENCY 

• ECONOMICS OF IIYDROGEUATION PROCESS 

• EPSDU TIMETABLE 

IMPURITY EFFECTS IN SILICON 

WESTINGHOUSE ELECTRIC CORP. 

TechnololY R.port D,t. 

Impurity .ff.cts In silicon 7115/81 

. 
I 

l 
Approlch Stltus --Anllysls of IIl11con m,t.rl,l,nd solar Phlse IV .xp.rlm.ntll pro,rlm Is now 
cells with contNII.d Impurity Iddltlons compl.t.d. Final r.port pr.parl(;on Is 

underway 

Contractor Rectlnt Rtsults: 

~ 
r 

Westln,hous. EI.ctric Corp., R&D Cent.r • Impurity lensltlvlty of hl,h .fflcl.ncy 
cells r.duc.d In thlnn.r devlc •• 

• lir Implant d.mI,. ,.tt.rln, ralSts 
Phas.IV efficl.ncy of TI·dopeci cells but not as 

much IS Hel or POCI3 .Ion. 

Goals • 0 for Impurities calcul,t.d from cryst., - br.akdown data II. In ran,. 
Evaluate Impurity .".cts In: 1 to 4 Ie 10-4 cm2/sec 

• Hllh .fflci.ncy c.ns 
• Experimentll silicon mat.rl.1 • Cr el.ctrlcallctlvlty reduced ten fold 
• Cells subject.d to proctssln, In ,rlin boundlries vs. bulk 

e.,. ,ett.rln, 
• Cells treated to simullt. Ion, 

term behavior 
.'-
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SILICON MATERIAL TASK 

II 
~ 0.4 
Ii 
'" z 

0.2 

Fffiistock Impurity Concentrallon 
Co 

Melt Impurity Cone. 
Sequential Replenishment 
Ct - f IC",kelf , VeIVo' 

Melt Impurity Cone. 
Continuous Replenl~hment 

C." fICo' ke",ve lVol 

Solar Cells, 
Efficiency 

11/710 = t INx' 

Meidl Impurity Concentration (ppOldl 

10- 3 10- 2 10- I 1.0 
ory- r--'T""., , I 

Mn 

P • Type Silicon 

10 

I • I , , "I ._-'-' --'-, -1,-,",.11; ;:-'-'--'-.l..I;:--'---'--L.'-I;:;-l---L..w..J 

10
13 

10
14 

10
15 

10 16 1018 

Metal ImpUrity Concentration {atoms/cm3, 
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SILIOON MATERIAL TASK 

Degradation Threshold Concentrations, Nox 
N-Base Versus P-Base Devices 

Ti~V 

1012 1013 1014 1015 1016 1017 

N (P-Base Devices) • cm-3 
ox 
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SILICON MATERIAL TASK 

o Chromium 

... Vanadium 

o Titanium 
• ,Molybdenum 

I I j I I 

1013 1014 

Metallurgical Concentration (cm-~ 

129 

ax :z::O, 23 

a :z::Q. 28 x 
a =040 x ' 
ax = 1. 0 
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SILICON MATERIAL TASK 

Impurity Concentrations in Multiple-Doped Ingots 

Expected Trap Trap Concentration 
Trap Levels Concentration Measured By OLTS 

Ingot to eV (cm-3) (cm-3) 

l58/N-Ti/V/Cr Ec - 0.26 - Ti 2.0 x 1013 1.9 )( 1013 
Ec - 0.22 - V 1.4 )( 1013 1.4 )( 1013 
Ec - 0.46 - V 1.4 )( 1013 1.4 )( Ib13 

061-Cr/Ti EV + 0.31 - Cr 2.3 )( 1013 3.4 )( 1013 
EV + 0.30 - Ti 4.4 )( 1012 4.1 x 1012 

1 57/N-Ti/V Ec - 0.26 - Ti 3.2 )( 1013 4.8 )( 1013 
Ec - 0.22 - V 3.4 )( 1013 3.7 )( 1013 
Ec - 0.46 - V 3.4 )( 1013 3.7 )( 1013 

lO4-Ti/Cu EV + 0.30 - Ti 5.6 )( 1013 3.6 )( 1013 

Ill-V/Cu Ev + 0.42 - V 8.4 )( 1013 6.2 )( 1013 

l41-Mo/Cu EV + 0.30 - Mo 4.2 )( 1012 4.2 )( 1012 

Gettering of Impurities 

Getterlnq appears to be diffusion controlled and Is therefore most 
effect I ve for fast dl ffuslng Impurl ties, 

IMPURITY DIFFUSION CONSTANT ( 900 C) 

Copper 10-6 

I ron 6 10-6 

Chroml LIm 10-7 

Silver 2 10-10 

Vanadium 8 10-10 

TI tanlul11 2 10-11 

Molybdenum < 10-14 

Tungsten ( 10-14 
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SILICON MATERIAL TASK 

r DLTS Detection Limit _-t _______ . __ "'- __ _ 
f 

N2 Anneal Temperature (OC) 
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SILICON MATERIAL TASK 

1014 r----..,..---r---r----r--,---,-----, 

After 825°C/I Hr. N2 Anneal 

__ ---Ir-----.-Ti -123 

~----~~--------------~·~Mo-77 
• 

1011 L..--~----L--..L_ _ _l_.-"'--1--_:'::_-~ 
o 10 20 30 40 50 

- Distance from the Surface (jJm) 
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SILICON MATERIAL TASK 

Before Heat Treatment 

; ' 

I 

1 

10
13 

I 
~0--~lO--~~~--~~--~4~O----~~---~OO~~ 

Distance From Su rface ( \.I m) 
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SILICON MATERIAL TASK 

IMPURITY EFFECTS IN SILICON SOLAR CELLS 

C. T. SAH ASSOCIATES 

'KHNOlOOY alPel'DATI 

I",URITY EFFECTS IN SiliCON SOlAR CELLS 81107/16 

APNOACM IYANS 

AMI. YS I $ If THE EFFECTS ~ CELL TH I CKNESS o DESIGN CALCULATION",OR O'TIMUM CELL 
AND DEFECTIVE lACk-SURfACE-FIELD (BSF) THICKNESS Of HIIH-I"ICIENCY (171 ~) 
JUNCl'ION IN INITY .. DOPED CELLS. I",U~~TY-DO'ED (ZN) BSf CILLS COMPLETED. 
CONTIActOI o E"ECTI 0' '1~IMlNTI~ SHUNTS AC~OSS THE 
C. T. SAN ASSOCIATES BSF JUNCTIUH ON OPENeCI~CUIT VOLTAGE VOC 
GOAL. AS A fUNCTION OF CELL IIZE, THICKNESS 
o DlTIRMINE THE O'TI~ CELL THICKNESS AND BASE MINORITY CARRIE" DiffUSION 

AM&) ITS IMPURITY DlnNDINr.II. LENGTH ANALYZED. 
o DETE~MINE THE O'EN-CI"CUIT VOLTAiE 

o EFFECTS OF ~ANDOM IULK IHUNTS ACROSS THE 
DE,"ADATION DUE TO DE'ECTIVI BSf 

D~C J"Ne"'"'' .... V ANAL .. ··o. 
JUNCTION. ...." u 'Iun "" oc , ..... 

', . . 
o COMPARISON OF ANALYSIS WITH EK'ERIMENTAL o EKPE~IMENTAL V~RIFICATION 0' THIN 

CELL 'ER~nRMAHcE. ZINC-DOPED THIN (100 OM) CELLS STARTED. 
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SILICON MATERIAL TASK ORIGINAL PAGE IS 
OF POOR 0' 'ALITY 
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SILICON MATERIAL TASK 

ORIGINAL PAGE IS 
OF POOR QUALITY 

.. 

FLUIDIZED-BED REACTOR PROGRAM 
JET PROPULSION LABORATORY 

• OBJECTIVE 
• EXPERIMENTAL AND THEORETICAL STUDY OF EFFECTS OF OPERATION PARAMETERS 

ON CHARACTERISTICS OF FBR IN SILANE SYSTEM 

• CHARACTER I STI CS TO BE STUDIED 

• RATE AND TYPE OF PARTICLE GROWTH 

• YIELDS 

• FINES FORMATION 

• BED AGGLOMERATION 

• EXPERI MENTAL VARIABLES 

• S I LANE CONCENTRATION 

• TEMPERATURE 

• U/Umf 
• DISTRIBUTOR PLATE DESIGN 

• FBR SIZE 
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SILICON MATERIAL TASK 

Results From 2-in. -Dla FBR 

• RATE AND TYPE OF PARTI ClE GROWTH 

• RATE - 0.39 /-Lm/min AT 12% SILANE AND 700\lC 

.. 0.81 /-Lml mi n AT 60 - 100% S I LANE AND 700"C 

• TYPE ~ DENSE, COHERENT FROM 10 TO 100% SILANE AT TEMPERATURE> 600°C 

• YIELDS 

• SILANE TO SILICON CONVERSION - 96 TO 100% AT TEMPERATURE ABOVE 650"C 

• OVERALL yiELD .... 90% 

• FINES FORMATION 

• INCREASE WITH TEMPERATURE AND SILANE CONCENTRATION 

• LESS THAN 10% FOR 650'lC < TEMPERATURE < 800°C AND 10% S SILANE :5 100% 

• BED AGGLOMERATION 

• INSENSiTIVE TO DiSTRIBUTOR PLATES USED SO FAR 

• PRIMARILY DEPENDENT ON U1Umf 

• U/Umf > 3 - CLOG-FREE 

• SUGGESTED OPERATION AT U1Umf - 5 

Present FBR Program 

• COMPLETE DETERMINATION OF OPERATIONAL WINDOW BY EXTENDING PARAMETRIC 
STUDY OF 2-inch FBR 

• APPLIED R&D PROGRAM - 6" FBR 

• DES I GN COMPLETED 

• FABRI CATION UNDERWAY 

• STUDY OF REACTOR CHARACTERISTICS AS FUNCTION OF OPERATION VARIABLES 

• COLLABORATION WITH OREGON STATE UNIVERSITY 

137 



SILICON MATERIAL TASK 

SILANE-TO-MOL TEN-SILICON (8MS) PROGRAM 

JET PROPULSION LABORATORY 

OBJECTIVE: 

EXPERIMENTAL STUDY TO DETERMINE CONDITIONS NEEDED TO 
PRODUCE MOLTEN SILICON FROM SILANE IN A SINGLEtiSTAGE 
PROCESS 

PROBLEMS TO BE SOLVED: 

• PLUGGING OF SI LANE INLET 

• EFFLUX OF SILICON POWDER 

• CONVERSION TO MOLTEN SILICON 

• NON-CONTAMINATING, LONG-LIFE REACTOR MATERIAL 

EXPERIMENTAL VARIABLES: 

• CON CENTRA TI ON 

• FLOW RATE 

• TEMPERATURE 

• REACTOR DESIGN AND MATERIALS 

SMS Converter Sys,tem 

SILANE SUPPLY ...... --..., 

II---+- COOLI NG 
II--........ WATER 

SILANE INDUCTOR 

CRES FLANGED SHELL 

REACTOR CRUC I BLE -I-t~ 

GRAPHITE HEATER--./ 

SILICON MELT 

ARGON SUPPLY 

IMPEDANCE-TYPE 
PARTICLE COLLECTOR 
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PRESSURE SAFETY RELIEF VALVE 
SPARKwTYPE BURN-DFF 

MOISTURE SENSOR 

t-M-..---+ TO VACUUM 
PUMP 

GAS SAMPLE BOTTLE 

CARTRIDGE-TYPE 
FILTER 
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TECHNOLOGY DEVELOPMENT AREA 
Large-Area Silicon Sheet Task 
J. K. Liu, Chairman 

SHAPED-SHEET TECHNOLOGY 

Mobil Tyco Sola~ Energy Corp. (EFG) 

%>W 

A three-ribbon (each 10 em wide) growth run was made in March with 
Machine No. 16. Total growth run time was approximately 6.5 h and the total of 
10-cm-wide ribbon produced was ~33.8 m. Cartridge No. 1 produced 10.2 m of 
ribbon at an average growth rate of ~3.6 em/min; Cartridge No. 2 produced ~12.3 m 
at an average growth rate of ~3.2 em/min, and Cartridge No.3 produced ~10.6 m 
at an average growth rate of ~3.2 em/min. Two single-cartridge runs were made 
in Ap~i1 to check the automatic width-control system and the ribbon-pull-system 
guidance. A lO-cm-wide ribbon with a uniform thickness of 6 mils was grown at 
a speed of 4 em/min by refining the die-top temperature profile and improving 
the die design. Two. rl."ns were made in June, continuing the evaluation of the 
effect on material quality by C02 ambient manipUlation. A gas-tight ribbon 
seal wag made. It controls the gas ambient in the cartridge to achieve repeat
able ambient growth conditions. Cartridges longer than 10 cm for Machine No. 16 
have been designed. 

Face heaters for Machine No. 17 have been installed and the hollow-die 
design has been completed. Several runs w~re made with the aingle ribbon 
machine to evaluate face heaters and a hollow die. Six runs were made in June 
1981 to test growth rates. A growth of 4.1 em/min was achieved by using the 
cold shoe with a modified die and thermal configuration. Four runs were made 
in July to evaluate new linear cooling plates used to flatten the thermal 
profile in the cartridge. 

Several runs were made with Machine No. 18 without using the cold sho~. 
The main-zone temperature in this machine was found to be nonuniform. New die
face heaters were installed to improve the growth rate and ribbon thickness 
uniformity, Three runs were made in June. to evaluate a two-piece die and a 
modified thermal shield between the afterheater and the die top; both worked 
well. six runs were made with Machine No. 18 in July. No cold shr.,e was used. 
Two-piece dies and a special shield were used. Ribbons produced were thinner 
at the center. A critical design review of new mUltiple ribbon growth Machine 
No. 21 was completed in April and the block diagram and line sketches of the 
machine were provided to JPL. Its cartridges will be longer than those of 
Machine No. 16. The heating power supply for Machine No. 21 has been delivered; 
fabrication of the main zone of the furnace of Machine No. 21 has been completed. 

Wp.stinghouse Electric Corp. (Web) 

A Reticon diode array was evaluated for dendrite thickness and/or web
width control. Westinghouse hopes that the dendrite thickness will change 
slowly enough that an operator can maintain control manually and that the 
ribbon width can be handled passively. It is believed, however, that the array 
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LARGE-AREA SILICON SHEET TASK 

sensor system can now be considered a back-up if required, Programmed start-up 
of growth has been demonstrated successfully in a eeriee of trials. . 

Mechanical design has been completed for the growth chamber and chamber 
top and bottom plates. Th~ frame has been redesigned to accommodate the modi
fied chamber. A ribbon take-up reel material, a molded high-density poly
urethane, has been .ettled on. 

Continuous width control, a significant milestone achievement, has bgen 
demonstrated. Westinghouse has grown 5 m of ribbon at 10.1 mm width deviation. 
Successful control is attributed to a combination of fine melt-temperature 
control and heat-shield design. Westinghouse will u~e ribbon-width drift as a 
long-term temperature drift indication and will control both with a closed-loop 
system. this is expected to obviate dendrite thickness monitoring. 

The new melt-replenishment crucibles are 33% longer than the original 
design and are working well. The new automatic melt-level controller has been 
tested on the ribbon machine and is pe~forming as designed. 

The improved melt-level-control and melt-replenishment circuitry received 
its initial test, actually pulling web, and performed well. The programmed 
growth start-up has now been successfully interfaced with a second puller. 
Switch-over from automatic start-up to melt-level-control and constant width 
control still is manual, but routine. Longer crucibles, which were designed 
to allow the growth of wider ribbon, were operated on a trial basis growing 
l-in.-wide ribbon. No problems were observed. 

In the area of process analysis, stres~ modeling has essentially been 
completed. Temperature profile modeling has been initiated. Stress data from 
production runs correlates well with the modeling results. 

The first iteration of a mathematical mOI~el expleining stress-induced 
buckling of web is now completed. It has been verified against known lid and 
shield configurations in use in the laboratory today. Heretofore, shield 
design has evolved empirically. New configurations will now be designed, baeed 
on previolls growth experience and on the model. 

Experimental growth runs to identify a thermal geometry suitable for the 
high-speed growth of low-stress ribbons continued. Design of a "wide" geometry 
to aHow t'he growth of >1 in. ribbon is under way. The mechatdcal design of 
the ESGU is complete. Mechanical and electrical construction ha'.~ begun. 

INGOT TECHNOLOGY 

The ESGU CG6000 puller was run for the first time on March 19. Except 
for a few minor problems, the machine ran well, producing l3.7-cm-dia 22-kg 
ingot from a 30~'kg melt. The crystal diameter wab limited by a misalignment 
of the pull cable. 

Kayex has completed five growth attempts with the new ESGU Czochralski 
system. These were debugging runs using 14-in.-dia crucibles. For the 
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LARGE-AREA SILICON SHEET TASK 

most pa'tt t the system worked well and some IS-em-dia I~ero-dislocation ingot 
sections h(~ve been obtained. Power-line functions and acoustic noise, both 
from the power supply, originally a cause for concern, now appear to have b~~en 
solved. 

three crystal-growth runs were made in the Advanced Cz ESGU puller in 
May. 'the first yielded an la··in,-long lS-kg ingot, -:::::30% dislocation. Tb~ 
growth rate was low (;:;;:21.n./h) due to poor thermal gradients. The second run 
was m8de at an increased chamber argon preasure (30 vs 10 torr). Considerably 
less I smoke' was observed. Al.though this i.e an effective way to achieve better 
crystals, it is more expensivEI. The cryet~l grown was 5.4 in. in diameter, 
24 in. long, 20 kg in weight, and was totally z(~t'o-dislocation. For the third 
growth run, a graphite chimney was used to t'edu(;e the growth. chamber size abov~ 
the crucible. This was intended to increase thl~ purging effect of lower argon 
flows (20 torr), The resulting crystal was cleaner than any before it, but was 
polycrystalline. 

The gas chromatograph has been assembled and installed on the ESGU. 

Three additional crystal-growth runs were made in the advanced Cz ESGU 
puller in June. The first run yielded 15 in. (~15 kg) of zero-dislocation 
6-in.-dia. ingot: 32 kg were solidified in total from the 35-kg melt at a 
growth rate of 1.29 kg/h. The purpose of the second run was to set up and test 
the melt sensor for a plann(~d lS0-kg run. Twenty-five kg of zero-dislocation 
single-crystal were grown frofu the 32-kg melt. An attempt to extend this run 
to 150 kg failed because the virgin poly used to recharge the crucible proved 
to be contaminated as received f~om the supplier. The third run was a su~cess
ful attempt to grow 150 kg. from a single crucible in the ESGU unit. Approxi
mately 30% of the silicon pulled was zero-D. Kayex believes that the progres
sive loss of structure of the ingots as the run proceeded and the more frequent 
icing of silicon on the crucible walls ca~ be attributed directly to crucible 
degradation. This may be a serious problem; it will be addressed by Kayex as 
the pr1dgram proceeds. 

After the successful ISO-kg growth run in June, the machine was shut down 
for retrofitting of the Kayex-developed microprocessor hardware for process 
automation. The interfacing with the microprocessor (dubbed AGL, for Automatic 
Grower Logic, by Kayex) will be completed and testing will begin soon. 

Crystal Systems, Inc. (HEM) 

In March CSI grew a 35-'kg HEM ingot in 18 h (growth rate of 1.9 kg/h). 
This is the fastest growth r: .te of their recent six-ingot growth series. 
Typica 1 gro,.,th rates had been::::: 1 kg/h. To achieve the fas ter p;,J;\}I.<ii;.h ;'gte the 
furnace tem~·iHaturCl was made lower than usual; as a result the top of the ingot 
experienced some freezing problems, 

In May CSt grew a x 30-cm, 35-1~g ingot that meets the specifications 
set forth for this demonstration. 

Using a new vacuum pump and trap on the HEM crystal growth system, cst 
grew the fifth :35 kg ingot in a series of six for JPL in June. The ingot 
solidified in 21 h and had a total cycle time of approximately 52 h. '1'ha 
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material is very shiny. Some silicon carbide particles can be seen on the 
surface of the ingot. A new 2-in. heat exchanger will be used in growing the 
next ingot in order to increase the solidification rate by increasing the heat 
extraction rate. 

The final 35-kg ingot required under the current contract has been grown. 
The solidification time for the ingot was 40 hours and the total cycle time 
was 70 hours. 

In an ongoing JPL effort to characterize HEM ingots, CBI's material was 
found to contain a high density of dislocations and of silicon carbide precipi
tates. To reduce the nu~ber of SiC particles, CSl replaced the trap on ~he 
mechanical pump with one of a different design. 'the function of the trap is 
to prevent the backstreaming of oil into the furnace during the growth cycle. 
The ingot grown after the change has a bright metallic shi.ny surface and no 
large Si.C particles were detected visually. 

Semix Inc. (Semicrystalline Casting) 

A program review was held at Semix on March 3 and 4. Considerable insight 
was gained into the technology underlying the Semix program. Differences in 
solar-cell performance measurements have been resolved. Present performance of 
10 x lO-cm cells was found to range up to 11% AMI. 

The first quarterly report was reviewed and approved in May for public 
release. The second quarterly report was released in July; the third quarterly 
report has been returned to Semix for revisions. 

Solar cells and wafers have been received by JPL en schedule. Two 
10 x 10 x 15 em ingots were received by JPL in June. 

The detailed ESGU implementation plan is e,cpected to be completed by the 
end of July. 

Some Semix wafers have been sent to Applien Solar Energy Corp. (ASEC) 
for cell fabrication. 

A r.evised technology projection for $.70/watt and a continu,ation program 
plan for FY82 and beyond continue under review. Negotiations continue to 
produce a plan consistent with technology requirements and budget limitations. 

Cells manufactured by Applied Solar Energy Corp. (ASEC) using I'm un
sophisticated baseline process gave efficiencies comparable to other poly
crystalline sheet materials. Advanced processing methods are being applied by 
ASEC and Semix to determine material limits. 

Differences in predicted SAMIS price for Semix material contir.ue to be 
reviewed and narrowed. 

Silicon Technology Corp. (10 Wafering) 

HEM material of 11 x II-em cross section was cut by STC with the RD-22 
machine. The wafers were 7 mils (175 ~m) thick and the kerf was 11 mils (275 ~m). 
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This results in a material utilization of 0.94 m2/kg (22 wafers/em). The 
cutting rate WilS increased from 1.3 em/min to 3.8 em/min with production yields 
of 98% to 99%. A combination of handling experience and encapsulation of the 
ingots in epoxy is redponsiblc for this progress. 

Crystal Systems, Inc. (FAST) 

CSI was able to slice a 10-cm-dia ingot with 99% yield, using a soft Ni 
plating on a tungsten core wire. The averag~ slicing rate was 3.1 mils/min. 
This l57-wire paek used wires pr(,duced by CSI in-house facilities; it cut 
19 slicos/em in its first run. The same wire pack was being reused for a 
second run. 

CSI had two significant accomplishments in April: the first wafering 
run to slice through a lS-cm-dia ingot sllccessfully, at a cutting rate of 
2.0 mils/min, slicing at 19 wafers/cm with a yield of only 20%, and two 
successive runs slicing lO-cm-dia ingots at 25 wafers/cm. The cutting rate 
for the first run was 3.6 mils/min; th<': yield was 34% and the wafer thicltness 
was 8.3 mils with a kerf of 7.7 mils. The yield of the necond run was 99.1%, 
with only two wafers broken OU', of their lp.:rgest wire paclt yet (224 wires). 
The average cutting rate for the run was 3,.r,I.3 mils/min wi.th a wafer thickness 
of 8.1 mils :.md kerf loss of 7.9 mils. 

CSI continued to slice IS-cm-dia material at 19 wafers/em and lO-cm-dia 
material at 25 wafers/cm. All of the 15-cm-dia ingot runs have had ver!' poor 
yields (as low as 4%). The reason for thiR is not well understood by CSt. 
They speculate that if one wafer breaks, the broken pieces become lodged between 
the wires and the next wafer, tending to cause a dOIU1.no effect and resulting in 
a low yield. To elimina(.!:: this problem they plan to feed the inge)t into the 
wire pack from the top rath~'lr than the bottom and fluah broken pieces downward. 
A 10 x lO-cm section ingot run was completed at 25 wafers/em with a resultant 
yield of 46%. 

Using a steel-core copper-flashed wire instead of the usual expensive 
tungsten wire, CSI fabri~ated a wirepack that successfully sliced through three 
4-in.-dia poly Cz ingots. The wirepack was electroplated all around with 45-p,Lm 
natural diamond. The wires were spaced 19/cm and were baked to eliminate 
hydrogen embrittlement. The first cut sliced at an average rate of 3.5 mil/min 
(the goal was 4.1 mil/min) and had a yield of 99.4%. The second run averaged 
1.7 mil/min with a 63% yield. Most significant is that the wire-pack \,ras 
dressed before the third run, which is not normally done. The results of the 
third run were an average cutting rate of 2.58 mil/min (a substantial increase 
over the second run) and a yield of 37%. The low yield is attributed to the 
fact that a bearing in the drive mechanism had to be replaced, leaving the 
ingot half-sown for four days while repairs were completed. 

Two attempts were made in July to slice 4.,in.-square cross-section ingots 
but ,,rare aborted due to alignment problems. A third 4-in"-square cross-section 
ingot was sliced, resulting in a poor yield of only 19%. An unusual cutting 
profile was cited by CSI as the reason for the failure. 

Two 6-in.-dia ingot wafering runs were aborted, the first due to excessive 
wire breakage and the second due to diamond pullout in the wire. Efforts to 
improve the yields are continuing. 
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P. R. Hoffman (MBS) 

P. R. Roffman Division of Norlin Illdustries completed the first two l1BS 
waf~ring runs on t~e new contract in April. 'these were intended to be baseline 
runs that would yield slurry for reclamation studies. The Norlin-owned Varian 
saw was debugged during the runs and run yields were excelLent. Details of 
plans for future runs were reviewed during a visit to Hoffman. 

In addition to two sets of three runs each to study the effects of blade
head speed and vertical feed force, two runs were made in May to evaluate 
vadous vehicle:grit ratios. 

Preliminary design of the wafer lift-off mechanism has been started. 
The detailed design has not yet been specified. 

A series of sawing runs were made to evaluate the effect of varying the 
~lGhicle (PC oil):abrasive (SiC) ratio. When all other parameters are standard 
and held constant, preliminary results indicate that optimum cutting speeds are 
achieved at a I-gal-vehicle:2.5-lb-abrasive ratio. Cutting rate fell off grad
ually on either side of this mix. A limited series of runs with increasing 
blade pressure showed increasing cutting rates. High blade pressure, a shortened 
stroke, high blade speed and a 1:4 slurry ratio produced cutting rates greater 
than twice those seen at standard conditions and 1:25 slurry ratio. 

Preliminary used-vehicle recycling experiments were run for the contractor 
at the Bureau of Hines (Department of the Interior) at Rolla, Missouri. A suc
cessful proc~ss, possibly scaleable, was identified. It includes centrifuging 
to rec laim the oil (less filler, identified as diatomaceous earth by Sanborn 
Associates for the contractor), and heavy-liquid centrifuging to separate the 
silicon «1-3 fLID particle size) from the SiC, and drying of the sludge product. 
Initial microscopic examination of the SiC shows no apparent wear of the abra
sive particle surface. The oil may be reconstituted by adding diatomaceous 
earth (lost in the first centrifuging step) or silica flour. 

The alternative cutting oils received in June have been evaluated relative 
to the stnndard PC oil. Gardoil and Lubrizol, both petroleum- rather than fat
based fluids, appear have advantages over the PC oil. Lubrizol, especially, 
has price, clean-up and surface-tension advan,tages. Filtration, rather than 
centrifugation, is being considered for the oil recycling process because of 
the high costs of the heavy liquids used in the centrifugation. 

MATERIAL EVALUATION 

~plied Solar Energy Corp. (Cell Fabrication) 

Cells of web material characterized by MRI did not show significant 
variations in performance. This uniformity was expected, since the MRI study 
revealed a fairly uniform distribution of defect densities for these samples. 

Cells made from EFG ribbon grown ,~ith and without ambient C02 during 
the same run (baseline cell process) showed no difference in efficiency, Voc 
or Isc' Samples from a similar EFG ribbon run that did show significant 
difference in efficiency have been stripped of metallization and sent for 
chemical analysis. 
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HIM ingot No. 41-48 was wafered into horizontal and vertical cross-aectione. 
Oells were fabricated fl'C/ill wafers taken from the top, middle and the bottom of 
the horizontally cut sections and fronl a vertical section taken through the 
center of tht~ ingot. All cells showed signs of shunting on series resistance, 
partly due to poorly sintered front contacts. 'However, 30% of the area 
covered by the wafers was excluded from measurement due to severe shunting. 
Cell efficiencies and fill faccors ;,ndicate that only 39% of the top portion 
of the ing()t was usable, showing ef£icienci~s 79% of that of the Oz controls. 
Microcracks were indicated as a probahle cause fOl the poor initial condition 
of the ingots, which had chipped and crumbling corners and sides. The material 
yielding the highel~t efficiency ,~as ft.'om the t~enter, where cells had 91% of the 
efficiency of the controls, with 67% usable area. The horizontal slice from 
the bottom yielded cells ,~ith 83% usable area. ~1icroprecipitates--apparently 
SiC; St~e Orystal System Inc. (HEM above--are still suspected as the cause of 
the low efficien~il2s and non-uniform results obtained from the HEM material. 

Gettering t:ncpl~riments to improve efficiencies of HEH cells from ingot 
No. 41-48 are under way. Phosph(')rus-glass gettering and subsequent surface 
removal before junction formation is being used. 

SohI' cells WOl.'a fabric~1l:ed on Semix ubiquitous crystallization process 
(UCP) silicon mllterinl. Sixteen 2 x 2-cm cells were cut from each of six wafers 
to map the response of the matl~rial over the entire wafer. Adjacent wafers ,.,ere 
kept at JPI. for studies to correlate electrical characteristics with structure. 

Fabrication of solar cells from UCP silicon with an extra diffusion glass
gettering step revealed that there is no significant difference in efficiencies 
of cells with and without a gettering step. Diffusion lengths of baseline 
cells predictably correlated with the short-circuit current. 

Cell fabrication from ribbon was held up due to difficulties in obtaining 
II flat surface on the ribbon. 

Material sent to Sentix for correlation of their cell fabrication results 
with those of ASEC did nat yield useful data, due to Semix processing problems. 

Cornell University (Characterization) 

A report has been pl.·cpared on work done on RTR material. Oornell 
researchers observed that one electrically active defect consists of a pair of 
coherent twins interacting with two stacking faults. Presumably the inter
action makes the defect electrically active. 

Cornell has done high-resolution Illttice imaging of grain boundaries in 
EFG. They have discovered small precipitates in processed EFG material that 
did not (~ ... ist before processing. They have also completed some electron-beam 
induced-current (EBrO) experiments on silicon-on-ceramics (SOC). 

Cornell continues to make progress in the characteriz&tion of structural 
defects in silicon-sheet materials. They have completed EBIC expeJ."iments on 
HEM material. In order to investigate structural defects responsible for the 
reduction of the EBIC signal, several specimens are being prepared for TEM 
studies. They also have discovered high-order t\l1in boundaries in some sheet 
materials using the lattice-image technique. 
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During July, Cornell continued studies of high-order twins and low-angle 
boundaries using high-resolution TEM. 

A program was initiated to study hydrogen-plasma passivation of grain 
boundaries in EFG materials using conventional hydrogen-plasma generators and 
Cornell's high-power plasma diode. The latter is a plasma machine that provides 
a high-current beam of hydrogen ions on the order of several thousand amperes. 
Under the high current bombardment, the top level of the material is melted and 
regrown in a hydrogen-rich environment. 

Materials Research, Inc. (MRI) (Si Sheet Microstructure) 

Approximately 450 cm2 of 8i material was delivered to MRI for structural 
characterization using a Quantimet 720. Seventy 2 x 2-cm wafers of HEM Si, 60 
cm2 of as-grown EFG ribbon and 20 cm2 of cell-processed EFG ribbon were 
included. Four levels of step etching were to be performed on the solar-cell 
processed EFG material. The material was grown under varying atmospheres, 
e.g., C02 on or off, argon low or high volume. The cells were made at ASEC. 
MRI has reported the results of their analysis to JPL. 

University of Illinois (Silicon Surface Study) 

A contract was signed between the University of Illinois and JPL to 
support a study of surface-softening effects on silicon. Silicon will be 
abraded by a diamond stylus in the presence of various n-alcoho1s at selected 
temperatures to determine the mechanism of wear of the silicon surface and to 
characterize the surface damage. An optimum combination of temperature and 
coolant (n-alcohol) will be identified. It is hoped that this study will shed 
some light on the interactions of coolants and silicon surfaces that occur 
during silicon wafering. 

A detailed program plan has been received from UI. Experiments have 
begun to establish force normal to the surface and speed of rotation baselines 
for abrasion of p-type single crystal silicon at room temperature to deionized 
water, acetone and ethanol. Future experiments will involve varying the speed 
or rotation and abrading the silicon in the presence of mixtures of n-alcohols 
with water. 

IN-HOUSE ACTIVITIES 

Crystal Growth 

Four directionally solidified silicon ingots produced from in-house growth 
facilities were sectioned for macrostructure determination. The crucible mate
rials for these ingots were hot-pressed SiC coated with CNTD (a manufacturer's 
designation) SiC, hot-pressed with Si3N4 with CNTD Si3N4 coating 7 and 
bulk graphite (Run 6A) (nonpurified). Semiconductor-grade Si was melted in the 
graphite, SiC and one of the Si3N4 crucibles. The other Si3N4 crucible contained 
metallurgical-grade Si. Grain size was largest for the 8i grown in the SiC 
crucible. Cracking of both crucible and Si ingot was evident in each of the 
runs. 
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Eight Cz ingot growth runs were successfully completed. The purpose of 
the runs was to grow shaped Cz ingots. 

Four square-cross-section crystals were successfully pulled during June 
1981. The critical growth parameters to achieve and maintain the square cross 
section are being defined. 

During July 1981, seven (100) silicon single crystals and one 2l!/211 100 

bicrystal were grown. All of the (100) ingots were square and approximately 2 
to 4 in. long. 

Wafering 

The first demonstration run using the restored Varian 686 mu1tiblade 
slurry (MBS) saw has been completed. A 100-blade pre-pinned 7.5 cm-blade pack 
with 8-mil (200-~m)-thick steel blades, 0.25-in. (0.65 cm) height and 14-mil 
(350-?m) spacers was used. The wafered ingot measured approximately 11.5 x 14 
x 5 cm and was mounted on a Plexiglas submount. Final wafering yield was ~80%. 
The slurry was composed on PC oil with 2 lb/gal of No. 600-grit SiC. 

Present activities include jigging the MBS manufacturing saw for a second 
demonstratio~ run using a recently procured 3D-blade pack made up of 8-mil 
(200-~) thick by 0.5 in. (1.3-cm)-high blades. 

Seven HEM si wafer samples, wafered by a high-speed Meyer-Burger MBS saw, 
were received for depth of damage, bow, taper and thickness analysis. Thirty
eight coupons were sectioned out of the wafers for saw-damage study. Saw damage 
was observed to be nonuniform" Statistically, depth measurements were made 
from zero to ~75 ~m. Average depth of damage appea~ed to be in the 8-to-12 ~m 
range, while random surface areas exhibited depth of damage in the 2S-to-50 ~m 
range (maximum). Wafer thickness, bow and taper were also measured and 
reported. 

A second demonstration run using the restored MBS Varian 686 manufactur
ing saw has been completed. Final wafering yield was 88%; only five wafers 
were broken during the first half of the cut. Cutting rate was ~I to ~2 
mils/min. Renovation of the research MBS varian saw is nearing completion. A 
cutting-feed pressure transducer loop and other types of control instrumenta
tionnave been installed. The central sections, 2 x 2 x 4 cm, of four ingots 
grown by directionally solidified casting have been obtained. These sections 
are now being sliced into lS-to-20-mil-thick wafers for electrical 
characterization. 

Optimization testing of selected corrosion inhibitors continued for MBS 
application by using fatigue tests of 1095 high-carbon steel blades in a water 
solution of corrosion inhibitors. Several concentrations of these selected 
corrosion inhibitors in water were tested. A 20-h water-base sic abrasive 
slurry recirculation simulation run was made to investigate the suspension 
characteristics of 2 Ib SiC to 1 gal water. 

First, attempts to run the instrumented Varian MBS wafering machine 
resulted in a gear-box failure. A new gear was ordered. The instrumented 
Varian multi-blade wafering machine includes all electronic controls and 
digital force readout (in pounds). 

147 

I 
1 



I 
I 
I 
I 
l 

, 

I 
r 

I 

LARGE-AREA SILICON SHEET TASK 

Eight-mil-nominal-diameter Laser Technology, Inc, Super Wire, a candidate 
the FAST saw, was studied. Evaluation consisted of tensile-strength 

ting and scanning electron microscopy (SEM) examination. The Super Wire 
sists ~f a high-tensile core material and an electrolyte copper sheath for 
ing '45 ~m diamond. Three ten~ile pull tests were performed on as-received 

.• There was very little scatter in the load value at failure, one indica
tid of uniform quality material. The average failure load was 8.34 lhs. At 
the ominal 8-mil diameter this corresponds to a tensile strength of about 170 
klh/in2. However, the core diameter measures out at about 5 mil. The 
tensile strength of the core material is then about 427 klb/in2• 

Material Characterization 

Work on the surface-recombination velocity-measurement technique has been 
completed. Different Si surfaces have been used for measurement. An in-house 
document is being prepared. Surface passivation experiments will be done soon. 

Reasonably good EBlC pictures of Silso and HEM polycrystalline solar 
cells have been obtained using 8EM with electron energy down to 2 KeV. Since 
the depth penetration range of 2 KeV electrons in 8i is about 0.06 ~m, the £BlC 
pictures reflect the lateral distribution of minority carrier diffusion length 
in the n+ region. Various differences in contrast among grains were observed, 
which could be due to the differences in minority carrier diffusion length andl 
or electron scattering rate among the grains. The lack of EBlC contrast in 
the intergranu1ar regions could have either or both of two causes: the minority 
carrier recombination rate in the grains is at least as high as that at the 
grain boundaries, or the phosphorus diffusion process used to form the n+ layer 
has passivated the grain boundaries. 

A technique employing temperature dependence measurements of grain-boundary 
resistance, capacitance and capacitance transients is being developed to study 
the effects of heat treatments not only on intergranular sites but also on the 
properties of the material in the vincinity of grain boundary. 

EBlC measurements of grain boundaries in the diffused n+ regions of 
silicon ~olar cell continue. Grain boundary lines with line widths larger than 
0.5 pm have been observed. Grain boundaries in the diffused region observed 
by EBlC have line widths that are usually on the order of 1 pm. Some grain 
boundaries in this region become unobservable. All of the grain boundaries in 
the base region seem to be electrically active and easily observed. The dif
ference in observability of grain boundaries using EBlC between diffused and 
base regions can be attributed to the difference in diffusion length. 

Several experiments were performed on light-induced transient and static 
capacitance changes of grain boundaries in bicrystalline samples. The results 
support the premise that a grain boundary having a suitable potential barrier 
acts as a minority carrier trap when it is illuminated with weak light. The 
data also shl.iw that the light-induced transient capacitance could be used to 
measure minority carrier trapping levels at the grain boundary. More experi
ments and detailed studies are needed to explore the potential of the technique. 

Deep-level transient spectroscopy (DLT8) measurements on Si bicrystal 
samples were performed. Three additional bicrystalline ingots were grown and 
their properties have been tested. In addition to the bicrystals grown, one 
run was made to evaluate the chamber contamination level in the Cz puller. 
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LARGE-AREA SILICON SHEET TASK 

Effects of thermal annealing up to 8000 C on grain-boundary barrier 
heights and intergrain states in bicrystal samples have been studied using 
temperature dependence measurements of capacitance, conductance and DLTS tech
niques. Preliminary data indicate that the barrier height and the density of 
states usually increases with increasing annealing temperatur.-a. The data also 
indicate the existence of some inhomogeneities in the distribution of structural 
defects along the boundary, which makes explanation of the data difficult. 

Experiments to evaluate effects of bias conditions of DLTS spectra of 
bicrystalline silicon samples are continuing. The purpose of the experiments 
is to measure the trapping stages in the depletion regions at each side of the 
grain boundary and to obtain more information about electronic states associated 
with grain boundaries and their effects on carrier trapping and recombination. 

Two sets of Semix square polycrysta1line wafers were tested by the four
point twisting method. 'fhe 50% fracture prob,ability of Semix poly-wafer is 
approximately 12 klb/in2; that of Motorola 3-in.-dia Cz wafers is about 
15 k1b/in. 2 and ASEC 4-in. dia Cz wafers is 20 k1b/in. 2• This preliminary 
result indicates that Semic polycrystalline wafers have lower strength than Cz 
single-crystal wafers. 

Oxygen concentration mapping and measurement of the size and density of 
the SiC precipitates in HEM ingots were done. The dislocation and twin-plane 
densities were also measured. 

A study was made of the preferential crystallographic orientation of 
small sections of polycrystalline HEM material. All planes found near the 
sample surface belonged to the zone of crystallographic planes (001)-(111)-(110) 
with the axis of the zone in the <110> direction. The samples were taken from 
wafers that were sliced parallel to the ingot's growth direction. 

,Economic Analysis 

Price-Jensitivity analysis runs were made for the web process with updated 
data and modification of some of the subroutines of the SAIPEG program. Using 
computer programs developed within the Task, analysis was performed on the 
effect of silicon cost on sheet and module prices. 
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LARGE-AREA SILICON SHEET TASK 

6" 0 PLUNGE 

6" 0 qOTARY 

Lj" 0 ROATRY 

Lj" PLUNGE 
(TYPE 1) 

Lj" PLUNGE 
(TYPE 2) 

10 WAFERING 

SILICON TECHNOLOGY CORP. 

Contract Goals 

6-INCH DIAMETER - 17-18 WAFERS/CM 
(23 MILS T + K) 

4-INCH SQUARE 
4-INCH ROUND 

25 WAFERS/CM 
(16 MILS T + K) 

PLUNGE CUTTING 

ROTATIONAL CUTTING 

6" 0 ROUND 
4" 0 ROIIND 
4" SQUARE 

6" 0 ROUND 
4" 0 ROUND 

Slicing Results 

KERF 
SLICE \"AFERS/ 

THICKNESS CM 

13 1~ILS 11 MILS 16 

11,5 MILS 18 MILS 13 

9,5 MILS 9 MILS 21 

11 MILS 5 MILS 25 

10,5 MILS 8-10 MILS 19-21 

Slicing Influences 

1) TYPE OF CRYSTAL 

CU~TINCi 
PEED 

1.5 IN/MIN 

,6 IN/MIN 

,8 IN/MIN 

1 IN/MIN 

1 IN/MIN 

- SINGLE CRYSTAL ORIENTATION 

- DIFFERENT MANUFACTURERS OF 
POLY CAST INGOTS 

STRESS) CRACKS 

2) VIBRATION 

3) BLADE ~louN"r 

Lj) BLADES 

5) RECOVERY AND HANDLING 
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85% 
50% 
85% 
90% 

20-60% 
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LARGE-AREA SILICON SHEET TASK 

Goals 

CRYSTAL SIZE 

10 eM 

15 eM 

I~AFERS/CM 

25 
18 

ADD-ON COSTIM2 

$18 
$14 

Recent Achievements 

CRYSTAL SIZE T I< S HAFERS/CM ADD-ON 
COST/M2 

10 eM 

15 eM 

Kerf=11.5 mils 
Slicing Speed 

(in/min) 

0.5 
0.75 
1.0 
1.5 
2.0 
3.0 
4.0 
6.0 

I\erf=13.0 mils 
s~i.Tcing Speed 

(in/min) 

0.5 
0.75 
1.5 
2.0 
2.5 
3.0 
4.0 
6.0 

5.5 10.5 In/MIN 25 
12 13 1.5"/MIN 16 

Speed vs Thickness 

LIZ,50 
25.76 

Yield=95% 4" Square Ingots 
--:-tTim--e........:....-:-.-..",.~'V::--a fer Th:i. Gkn e s s 

(min) (mils) 

40 6 
8 7 
4 8 
2.7 10 
2 12 
1.3 18 
1 25 (Kerf =12.5 mils) 

.7 40 (Kerf =13.5 mils) 

Yield=95% 
time 
(min) 

60 
12 

6 
4 
3 
2 
1.5 
1 
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6" Round Ingots 
\\1afer Thickness 

(mils) 

10 
11 
12 
15 
20 
25 
30 
40 



4 Wif 

LARGE-AREA SILICON SHEET TASK 

Time per Slice vs Wafer Thickness 

V') 0 
V') N 
UJ 
:z: 
~ 
u 

:x:: V) . 

1--.-
C:EO 

~~~T 

:3: L" 

611 Round Ingot --------
~II Square Ingot 

-i-I -----+-I -----+--------1 
2 ~ 6 8 

(MINUTES) 
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LARGE-AREA SILICON SHEET TASK 

Total Sheet Cost vs Wafer Thickness at Varying Ingot Cost 

N 
V'l 

o 
o 
..:r 

o 
o 
f'I"I 

0:: 0 
UJ 0 
I- N 
UJ 
l: 
'-
oV)o 

o 
o 

4 I NCH SQUARE 'NGOTS , 

V 200 

, 
\ 
\ . 
I 
1 
I 

10 20 30 

n 

\\'AFER THICKNESS (mils) 
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LARGE-AREA SILIOON SHEET TASK 

t\I 
V) 

0:: 
W 
I-
w 
:t: 
....... 
VI-

o 
o 
.::r 

0 
e-
M 

C> 
( . 
I" 

o 
o 

6 INCH ROUND INGOTS 

~200 
I 
I 
I 
I 
1 
I 

\V' 
I 
I 

I 

----.--~-~- .. -"'-'. - -~-----

10 20 ~O 
l~rafer Thiclmess (mils) 

The dotted lines represent nUniwum cost. 
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LAFiGE~AREA SILICON SHEET TASK 

Cost Sensitivity Analysis: 1 a"em"Square Ingots 

Yield 
Ingot Cost 
Ingot Size 
Nafer Thickness 
Kerf 
Hours/day 
Duys/y(~ar 
Slicina s'Cced 
Equipment· Cost 
Labor Cost 
Floor Si:'3ce 
Blade Cost 
Blade I.,i fe 
Utility cost 

.95 
$40 
10cm 
12mils 
11.5mils 
20 
360 
2 inches/min 
~40,000. 
$12,500. 
84 Sq. Ft. 
$100. 
3000 
$1,676. 

Total Cost = $105.17/Meter
2 
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-.37 
.34 
.33 

-.29 
-.29 
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.13 

.10 

.06 

.04 
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LARGE-AREA SILICON SHEET TASK 

4·in. -Square Ingots 

T = 7· mils' 

K = 9 mils 

S = 4 inches/min 

Equipment = $40,000 

Floor Space = 84 square feet 

Labor rate = $12,500/year - 4.7 shifts per year 

10 saws per operator 

utilities + Material = $1,676 per year 

~,0 hours per day 

360 days per year 

Blade Cost = $50.00 

Blade Life = 4,000 wafers 

Add-on cost = $16.33 

25 wafers/em 
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LARGE~AREA SILICON SHEET TASK 

6~in. Round Crystal 

T ~. 12 mils 

K ::::: 10 mils 

S .~ 3 inchos/min. 

T"li>or Idtl~ ;; $1 ~~, ~)OO/Yl'tl1: I 4. 7 F~h'i rts/yc'nr 

10 ~;,l\\'};/('l'l'l"iltC)t' 

Utilitios + Mntorinls ~ $1/~7G/yonr 

20 hou]"s pc'r c1t1Y 

rnn<lo Life '" 4,000 \'Jafl~I'S 

18 \\'nfors/cm Add-on Cost - $].5.83 

Near-Term Development Projects 

RU\IlFS -
27 IN. AND ~2 IN. RIAnLS FOR 

G IN. AND 8 IN. INGOTS 

4.8 MIL CORES FOR 22 IN. & 27 IN. RLADFS 

10.5 MIL KFRF - 72 IN. BIADrs 

EI~lIl f'~lUH -
27 I NUl '·;,'1(,111 Ne I OH I'IWllllC rI ON 

- 6 IN. INGOTS 

- FULL AUTOMAflON 

- !,QUj,[lE INGOTS 

- MICROPHOctSSOR CONfROLS 

!2 INCH eXPERIMENTAL SAW 

- 9 INCH CAPACITV 
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LARGE-AREA SILICC N SHEET TASK 

Long-Term Projects 

BlfID S -
NEW t1ATER IALS 

Rr DUCE CORC TO 3 OR U MILS ON 

721 liD 27 IN . 

1[W 0 1/lt10t D ,A TIll X 

I:QUIP [,n -

AR,[ (i,rAC I fV - O\~ COST t~,\C H I ~ES 

FOR PHOTOVOlTAICS 

rUll rUTOt1f1T I ON WITH FE D- BACK lOOPS . 

C[ TRflLIZED Mo ITORING AND CONTROL 

r.UT O; ' I\ r ED L I HE . 

10 X 10 em HEM Wafer Sliced With STC 22-in . 10 Saw 

o IG t: PAGE 
o.CK A 0 HITE tl TO PH 
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LARGE-AREA SILICON SHEET TASK A 

10 X 10 cm HEM Wafers With Breakage at Corners Due to Inhomogeneity 

15-cm-Dia Cz Wafer Sliced With STC 32-in . 10 Saw 

159 



LARGE-AREA SILICON SHEET TASK 

STC Single-Slice Recovery System 

ORI INAL PAGE 
BLACK AND WHITE PHOTOGRAPH 
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MULTIWIRE SLICING: FAST 

I-" 
0'> 
I-" 
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RUN PURPOSE 

458-SX Life test 
(2nd run) 

459-SX Prevent wire 
breakage by 
changing plating 
solution 

460-SX Life test 
(2nd run) 

461-SX Test electro
fonred wirepack 

FEED 
FORCE/BLADE 

Ib gm 

0.084 38.1 

0.084 38.0 

0.084 38.0 

0.078 35.3 

CRYSTAL SYSTEMS, !NC. 

F. Schmid and C. P. Khattak 

Silicon Slicing Summary 

AVERAGE 
CUTTn.G RATE 

mil/min roo/min 
WIRE TYPE REHARKS 

3.6 0.(;91 5 mil, 0.125 mn W wire 38% yield; sare wires 

3.1 

2.1 

3.7 

co-deposited al1 around broken during slicing 
with 325/400 IOOSh natural 
diarronds at CST 
(sane as 457-SX) 

0.079 5 mil, 0.125 run W wire 
co-deposited all aromd 
with ·15).1m natural 
diarroncb at CSI 

0.053 

0.094 

&me as 459-SX 

5 mil, 0.125 mn W wire 
electrofonred to co
deposit 60).1 m natural 
Uian:onds in a 6(;0 ·v= 
groove 

gg:; yield; no wire breakage 

71% yield; 6.9 mils average 
kerf 

81% yield; 7.9 rroi1s average 
kerf 
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r » 
:0 

FEED AVERAGE 
(j) 
m 

RUN PURPOSE FORCE/BLADE CUTTInG RATE HIRE TYPE REI1A...1U<S 
I » 

Ib gm mil/min mm/min :0 
m » 

462-SX Life test of 0.097 43.8 3.6 0.091 5 mil, 0.125 nm W v.-i.re 24% yield; sare wires (f) 

electroformed e1ectrofo:rm::rl to co- broken because of wire r 
wirepack deposit 6O;.:m na~l wander 0 I 

(2nd run) diannnds in a eo V-groove 0 j at CSI (sanE as 461-SX) Z 
(f) 

1 463-SX Slicing of 15 em 0.084 38.0 2.9 0.074 5 mil, 0.125 mn W wire 20% yield; wire ~'2Ilder I 
m 

diarreter ingot with electrofonred to co- observed m 
electrofonmd deposit 60 \.l m na~ -i 

wirepack diaJlXJrlas in a 60 . V-groove -i » 
464-SX Slicing of 25 0.075 34.2 3.6 0.091 5 mil, 0.125 mn W wire 34% yield; 7.3 mils average 

(f) 

A 
wafers/em co-deposited with 45 \l m kerf, nickel buildup was 

natural. diannnds heavier on outer wires 

I-' 465-SX Slicing of 25 0.053 24.2 3.0 0.076 5 mil, 0.125 mn W wire 99.1% yield; average wafer 
0- wafers/em co-deposi ted with 30 \l m thickness 7.7 mils 
N 

natural. dianx::mds 

466-SX Life test 0.063 28.6 1.8 0.046 Same as 465-SX 36% yield; wafer breakage 
(2nd run) in slicing the second half 

of ingot 

467-SX Life test 0.063 28.7 1.3 0.033 Same as 465-SX Run aborted because of low 
(3rd run) cutting rates 

468-SX Slicing of 10 em x 5 mil, 0.125 nm W wire Run aborted as crystal was 
10 em ingot co-deposi ted wi-ch 30 1-1 m hitting guide rollers 
25 wafers/em natural diarronds 

469-SX Slicing of 10 em x 0.054 24.4 Sane as 468-SX Run aborted due to improper 
10 em ingot tracking of wires 
25 wafers/em 

......,;... ...... ~ .. _ .. -- - _ .... -' .. ; ~ .~.....,..,-~""-'- . ........,.- , 
,~._~~ ______ M ... * . ~~ .. ,,,,, ._ ... ~_ = t • r • _t's rt • ,,rr. 
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FEED AVERAGE 
m 

RUN PURPOSE FORCE / BLI\DE CUTTING RATE WIRE TYPE REMARKS • > 
Ib gm mil/min rnm/min 

:D m 
> 

470-SX Slice 15 em 0.072 32.6 2.6 0.066 5 mil, 0.125 urn W wire Wafer breakage due to fQ 

diameter ingot 
electroplated with 45 lim entraprent of wafer r 
natural diaIronds all around fragrrents bet1reen v.i.r:.. "- 0 

0 

471-SX Slice 10 em 0.054 24.4 2.4 0.061 5 mil, 0.125 ron W v.'ire 88% yield; average wafer 
Z 

diarreter ingot 
electroplated with 3Ol!m thiclmess 7.8 mils 

(J) 

:r: 

25 wafers/em 
natural diannnds all around m m 

472-SZ: Slice 10 em x 0.054 24.4 1.3 0.033 5 mil, 0.125 ron W wire 46% yield 
-I 

10 em ingot 
electroplated v.i.th 30 lim 

-I 

25 wafers/em 
natural diarronds all around 

> 
(J) 

A 

473-SZ: Test suitability 0.072 32.6 3.5 0.089 5 mil, 0.125 ron steel core 99.4% yield; no wire 

of steel core wire 
with Cu flash, electro- breakage 
plated with 45 11 m na~l 
diaIronds. Baked at 200 F 

..... for 5 hours . 

"" w 

474-SX Life test 0.072 32.8 1.7 0.043 Satre as 473-SX 63% yield; no v.'ire 
breakage 

(2nd run) 

475-SZ: Life test 0.075 34.0 2.6 0.066 Sarre as 473-SX 37% yield; diarrond pull-out 
observed 

(3rd run) 

110...,_ . __ ~~ __ ._.K __ .~~'_".".,"~. ___ ,~.__ - * ~_.,,_. ___ ~~~ ........ ......,~ 
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LARGE-AREA SILICON SHEET TASK 

\' 

11 

1 
FAST Slicing 10 cm 0, 25/cm 

Surface Speed • 90 m/min 
12 " 

Av': Slicing rate 'I'os t 
(\lm/min) 

11 77 

10 
45 
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CUTTING TINE (HOURS) 
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LARG -AR A SILICON SH T TASK 

Cross Section of Electroformed Wire 

BLACK 0 af G 
A 0 \ HITt. p 1 

HO OGRAPf{ 
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LARGE·AREA SILICON SHEET TASK 

11 FAST Slicing 15 em q, I 1()/(:m 

1: Surface Speed ~ 90 m/min 
Av. Slicing Rate = 74 ~m/min 

1~ ~ 

11 

10 

6 

... 
5 

x 

4 Ie 

3 . ~ 

II 
2 

IC 
1 

'A 

lL.1.-...J-.• , I I , , , I 

0 2 4 6 8 10 12 14 
I , , I I I ! I ! I I ! -L--L.. 1 

16 18 20 22 2lf 26 28 30 32 34 36 38 If 0 
1 

CUTTING TUlE (HOURS) j 

Choice of Core Wire ~ 
I , 

TUNGSTEN STEEL 

YOuNG'S MODULUS HIGH 

ELASTIC LIMIT HIGH 

CLEANING PRIOR TO PLATING (N I FLASH) (CU FLASH) 

PLATING EMBRITTLEMENT 

COST HIGH 

I 
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LARGE"AREA SILICON SHEET TASK 

Electroplating 

11 IT HAS BEEN POSSIBLE TO PREVENT BREAKAGE OF 
WIRE BY PLATING SOFTER NICKEL. 

2. USE OF COPPER FLASH HIGH-STRENGTH STEEL AS 
A CORE WIRE HAS BEEN DEMONSTRATED. 

Summary 

1. SLICING OF 10 CM DIAMETER INGOTS AT 25 WAFERS/CM HAS 
BEEN DEMONSTRATED WITH OVER 99% YIELD. 

2. 15 CM DIAMETER INGOTS HAVE BEEN SLIceD AT 19 WAFERS/CM, 

3, ELECTROFORMED WIREPACKS HAVE BEEN USED FOR EFFECTIVE 
SLICING, 

4. SOFTER NICKEL PLATING HAS PREVENTED EMBRITTLEMENT OF 
WIRES. 

5, CU FLASH HIGH-STRENGTH STEEL HAS BEEN DEMONSTRATED AS 
SUITABLE CORE MATERIAL. 

Problems 
1. WIRE LIFE 
2. YIELDS 
3. LARGE KERF L.ENGTH 
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LARGE .. AREA SILICON S.,IEET TASK 

MULTIBLADE SAWING 

P. R. HOFFMAN CO, 

I ~~~Q~QGY 
INGOT SLICING 

APPROACH 
MULTI-BLADE SLURRY TECHNIQUE (MBS) 

CONTRACIOR 
P. R. HOFFMAN CO. (NORLIN IND,) 

G.QAl.S. 

· Up TO 15 CM DIAMET~R WORKPIECE 

• CUTTING RATE 0,5 WAF"r, /t1INUTE 

· 25 WAFERSlcM 

· 95% YIEl.D 

· < $14.00/M2 (1980$) 

REPORT DA;~ 
7/15/81 

~ 
I 10 CM DIAMETER WORKPIECE 

, 1,5 MIL/MIN CUT RATE (,IS WAFER/MIN) 

• 18 WAFERS/CM 

. 95% YIELD 

DEMONSTRATION 

RECLAIM OF VEHICLE AND ABRASIVE IN 

LABORATORY TEST (SMALL VOLUME) 

Strategic Plan 

• EVALUATE PROCESS CONSTRAINTS 

• DEVELOP PROCESS IMPROVEMENTS 

• EVALUATE ALTERNATIVE CONSUMABLES 

• COST REDUCTION VIA RECYCLE OF VEHICLE AND ABRASIVE 

· DEFINE OPTIMUM PROCESS 

• EVALUATE DESIGN CONTRAtNTS 

• DEVELOP DESIGN IMPROVEMENTS 

• DEFINE OPIIMU/1 SAW DESIGN CONSISTENT WITH DEF!NITION OF 
OPTIMIZED PROCESS 

168 

1 

1 
! 

, 
" 

i 
j 



- ......... ...,·Ic--·'-- . 

LARGE-AREA SILICON SHEET r ASK 

Tactical Concerns: Process 

I BLADE PACKAGE SPECIFICATIONS 

I ABRASIVE PARTICLE SI7.E 

• ABRASIVE/VEHICL~ RATIO 

I SLURRY ApPLICATION METHODS (METHODS SYSTEM) 

• SLURRY ApPLICATION METHODS (VOI.UME) 

• BLADE HeAD SPEED 

• FeED FORCE/CUTTING RATE 

Tactical Concerns: Cost Reduction 

EVALUATE VEHI~LE RECYCLING 

I EVALUATE ABRASIVE RECYCLING 

I INVESTIGATE ALTERNATIVE VEHICLES 

I INVESTIGATE ALTERNATIVE ABRASIVES 

I INVESTiGATE ALTERNATiVE BLADE MATERiALS 

Tactical Concerns: Design 

I IMPROVE FEeD FORCE CONTROL 

I WAFER LIFT-OFF/SUPPORT DEVICE 

I INGOT MOUNTING/DEMOUNTING SYSTEM 

, PROCESS DEFINITION IMPACT ON EQUIPMENT DeSIGN 

CONCERNS - INGOT MOUNTING 

• E! IMINATE GRINDING OF FLAT SURFACE 

• ELIMINATE EFFECTIVE "HINGE" AT BOND LINE 

• BOND STRENGTfj DUR I NG WAFER I NG 

, EASE OF RELEASE OF COl1PLETED WAFERS 

CONCERNS - WAFER LIFT-OFF DEVICE 

• SUPPORT WAFERS 

• AVOID STRESSES ON WAFERS 

• MINIMAL OPERATOR TRAINING) ATTENTION 

, COMPATIBLE WITH CLEANING PROCESS 
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BLACK AND WHITE PHOTOGRAPH 
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LARGE~AREA SILICON SHEET TASK 

Reclamation of Vehicle and Abrasive: Proposed Process 

SPENT SLURRY ----.. [ CONTINUOUS CENTR.!f~I----"" RECLAIM OIL 

SOLVENT ,.loe_ 
r;'LVENT WASH HEAVIES 

MAGNI!TICS 
(~IASTE) 

SOLVENT -----I 

HEAVY LIQUID '-----++~ 

CONTINUOUS CENTRtFUGE 
HEAVIES & HEAVY LIQUID 

l 

-·-----TlISTILL 

LIQUID & 
SILICON -

RECLAIM SILICON 
CARBIDE 

Baseline Test Series Completed 

SILICON 

· PRELIMINARY EVALUATION-EFFECT ABRASIVE PARTICLE SIZE (2 TESTS) 

· EFFECT BLADE HEAD SPEED ON CUTTING RATE (3 TESTS) 

· BRIEF EVALUATION OF MINIMUM STROKE/MAX SPEED (SEGMENT) 

• EFFECT OF VERTICAL FEED FORCE ON CUTTING RATe (4 TESTS) 

• Ev.;.LtWl'£ ALTERNATIVE VEHICLE (1 TEST TO DATE) 

Cost Projections (1 980 $) IPEG 

ASSUMPTIONS: 
EQUIPMENT COST - $42K1MACHINE 
FLOOR SPACE - 36 SQ, FT. 
1 OPERATOR/IS UNITS 
EXPENDABLES/RUN - $140.89 (BLADE PACK} OIL} ABRASIVE) 
455 WAFERS/RUN (20 WAFERS/CM) 
45 BOUR RUN TUIE 
95% YIELD 
95% DUTY CYCLE 

PRQJETION: 
$104.4/M2 VALUE ADDED 
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LARGE-AREA SILICON SHEET TASK 

ANAL VSIS OF DEFECT STRUCTURE IN SILICON 

MATERIALS RESEARCH, INC. 

Quantimet 720 Image Analyzer 

[i II TV Display 

~c~ 7' 
7 

--------_ .. _-----

CID--
(tklivoc 1108) 

I Units 
Calibration f;]Clor 

\ Frome area 
l Averoge feature or60 

a 'END' e'--:=--' 
QTI,\ Measurement Routine 

Followinq measurements 
mode on features within 

Blon~ Frome oren: r-:='-{ AJ.~ 
Perimeter 

'0' 
'A' 

Vertical Projecllon 
Horizontal Pro ectlnn 

Delete from 
'------I Accumulohon ,1e91s16/5 

all mijosuremenls 01' 
10lt field 

172 

Plumbicon 
Camera 

Threshold 
Detector 

(gray level 
discriminatioN 

Anolyzer 
(A,I,P,C) 

Colculotu: . 
No. 0/ features 
No. of feoturIIs/Aleo 
M4!on lree path (Wlrticoll 
Mean 1m path tnorilontol) 
Le"9th 01 features I Alec 

1 
1 
j 

, 
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1 
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LARGE-AREA SILICON SHEET TASK 

Dislocation Density Distribution 

Oblique view or a. three ·. dimentional map showing the 

dislocation density distJ:"iiJuticn on the surface of a silicon wafer . 

The X- a.ud the y. axes specify the location of a point on the wafer 

surface. and the Z~s gives the dislocation density at that point. 
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LARGE-AREA SILICON SHEET I' ASK 

Analysis of HEM Single-Crystal (" A") Samples 

Lot C-19676 
I' 

Sample I Precipitate Density, 
Number precipi tates per p.m2 " 

.-

Al 1.88,3 E-O,3 
A2 6.095 E-O,3 
A,3 ,.475 E-O; 
A5 4.,367 E-O,3 
A6 8.840 E-O,3 
A7 9.910 E-03 
A8 4.291 E-O,3 
A9 8.,3,36 E-O,3 
Al0 1.592 E-O,3 
All 7.,585 E-O,3 
A12 6.96,3 E-O,3 
Al,3 6.67,3 E-O) l 
A14 7.1,3,3 E-O,3 
A15 2.541 E-Oj 
A16 7.J67 E-OJ • 
A17 1.159 E-OJ 
A18 2.896 E-OJ 
A19 2.,387 E-OJ 
A20 1.918 E-O,3 
A21 ,3.802 E-O,3 
A22 ,3~647 B-O.3 
A2.3 2.589 E-O.3 
A24 1.466 E-O) 
A25 1.50) E-02 

Batch Average 5.149 E-OJ 
SD .3.)47 E-O.3 
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LARGE-AREA SILICON SHEET TASK 

Analysis of HEM Polycrystalline (UB") Samples 

Lot C-19676 

Sample ~cipitata ,Density, Twin Density. Grain Bowldary ,:2 

NUII/ber precipitato'per ~m2 linea per nun2 Length, I1Ii1l per nun 

Bl 1.20,( :8-02 0.040 0.140 

B2 1.088 E-02 0.011 0.314 

B3 1.086 E-02 0.009 0.035 

B4 8.741 E-03 0.011 0.070 

B5 5./."33 E-03 0.045 0.524 

:s6 3.717 E-03 0.045 0.524 

B7 2.867 E-03 0.107 0.489 

Be 1.697 E-03 0.027 0.l.75 

B9 1.827 E-03 0 0 

Bl0 2.170 E-03 0.174 0.838 

BU 2.510 E-03 ttI.Oll 0.593 
B12 2.024 E-03 Q,llJ 0.454 

B13 3.326 E-03 0.040 0.244 

B14 1.987 E-03 0.0,/1 0.244 

B1G 2.205 E-03 0.153 0.244 

B17 3.275 E-OJ 0.017 0.035 
B18 2.008 E-O:3 0.018 0 ... 54 

B19 2.575 E-03 I 0.061 0.279 
B20 2.441 E-O:3 0.085 0.279 

.. , <1~' 

'3atch 
Avera.ge 4.384 E-O:3 0.055 0.312 

so 3.490 E-O:3 0.051 0.222 
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LARGE-AREA SILICON SHEET TASK 

Summary of Results for 72 HEM Samples 

SUC' D1I1ooaUon Precipitatl Twin nlnl! ty, Grain .... r Pit ~~a1ty, DlnBity. 
linlll Ji4t r II1II2 

Boundary 
pit. per .,.2 preCiP~tatl Lencth. 2 per ,14. WI per _ 

W-1 1.667 1.990 B-O) 0 0.022 
W-2 1.951 1.954 B-O) 0 0 
We' ).33' ).102 B-03 ).059 0 
2A2-5 1.442 2.058 B-O) 1.413 0.201 
2A2-6 1.456 2.480 B-O) 39.716 0.2,54 
1 .... 1 2.691 5.194 E-O) 15.425 0.117 
1M-2 1.844 2.615 E-O) 0 0 
1M-L 0·997 2.417 B-OJ 0 0.052 
2M-1 0.699 ).100 E-O) 2.454 0.419 
2M-2 ,.)20 5.173 B-O) 4.15) 0.1~)8 
2J/.-3 5.590 ,.157 B-O) 16.848 0.445 
3M-1 1.404 1.670 B-03 0 0.055 
3M-2 1.185 2.919 B-04 0 0 
".10-1 1.361 1.)29 E-03 8.105 0.150 
4110-2 1.014 1.162 E-02 9.315 Oc273 
4110-3 0.787 6.078 E-O) 22.7)5 0.144 
718-1 4.000 3.2)1 B-O) 16.286 0.489 
718-2 6.444 2.11) B-O) 27.)78 0.524 
718-, 2.667 1.4J.7 E-O) 2).Lr..49 0.419 
718-5 2.000 9.775 E-04 )8.77" 0.)49 
718-6 4.222 1.892 EMO) 68.868 0.489 
718-7 10.222 1.914 E-O) 0 0.070 
718-, 4.889 1.657 B-O) 1).752 0.454 
718-10 2.167 4.185 E-O) 1.5)9 0.1)1 
718-11 5.882 9.044 B-04 . 7.989 0.))4 
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LARGE-AREA SILICON SHEET TASK 

sue· DlIlooat1on Precipitate Twin Denai t1. Grain 
.... I' P1 t !)enli ty. Denaity • I Boundllll7' 

pUll per .2 
preci~ttat. lintu, per 11U1

2 Length 2 
per IMA 111ft per nun 

718-13 2.220 1.268 E-03 16.351 0.175 
718-14 2.764 1.676 E-03 5.471 0.230 
'118-1' 1.667 1.10;3 E-O) 4.024 0.18,) 
104-1 0.699 1.068 E .. 02 7.497 0.100 
104-2 1.510 ).1;32 E-O) 24.226 0.648 
104 .. , 2.100 2.596 E-03 11.969 0.449 
204-1 6.110 2.8)1 E-O) 2.4)0 0.9)7 
204 .. 2 9.260 4.958 E-04 4.515 0.541 
204-) 0.,'}49 1.68) E-O) 6.266 0.604 
3C6-1 4.651 1.486 E-OJ 1.867 0.268 
)C6 .. 2 4.167 3.111 E-O) 23.491 0.491 
)C8-) 2.667 1.094 E-O) 19.94) 0.524 
)08-5 2.862 1.612 E-O) 4.)15 0.416 
)08-6 2.299 ).020 E-O) 20.610 0.645 
404-1 0.524 1.)98 E-O) 12.776 0.209 
404-2 1.050 2.099 E-O) 6.78) 0.105 
404-3 0.349 6.616 E-04 7.957 0.279 
7112-2 8.67) 6.)68 E-O) 1.017 0.267 
7M2"'3 ).816 9.221 E-O) 1.987 0.950 
'7M2..4 ).182 1.504 E-O) 24.)52 0.!)71 
7M2-6 ).684 4.726 E-O) 0 0.110, 
7M2-7 ,.158 ).096 E-O:3 ).46) 0.165 
'7M2-8 2.444 1.282 E-02 10.866 0.559 
7M2-10 2.889 7.J.83 £-0.3 .3.547 0 • .349 
71112-11 2.889 5.546 E·,O) 0 0.0)5 -
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LARGEwAREA SILICON SHEET TASK 

Sample Dislocation Frecipitate TWin Density, Orain 
"UllINI' Pit Density, Density, 

lines pel' mm2 Boundary 

pi te pel' mm2 preclpitfte Length, 2 
per p.m rom per mm 

7112-12 8.869 :;.:;7:; E-O:; 6.117 0.454 
7112-14 25.556 8.467 E-O:; 19.441 0.803 
7112-15 4.444 6.644 E-O:; 12.595 0.384 
7M2-16 3.556 3.281 E-03 l) 0.244 
.".2-19 11.000 3.407 E-03 17.745 0.244 

7T7-1 4.127 3.299 E-03 7.976 0.150 
7T7-2 6.66', 2.434 E-03 11.208 0.224 

1T7-3 3.167 4 • .571 E-O:; 31.7Y· 0.340 
7T7-4 2.857 8.647 E-03 24.571 0.32L.-

7T7-.5 3.167 4.389 E-03 .50.215 0.419 
71'£7-6 1.789 4.608 E-03 124.943 0.2)0 

7T7-7 1.7.54- 3.8,54 E-03 23.412 0.138 
7T?-8 ,5.200 7.6,54 E-03 2.5.003 0.128 

71'£7-9 3.7.58 3.507 E-O:; 49.668 0.282 
7T7-10 3.4S4 4.818 E-O:; 28.84.5 0.:?17 
7T7 .. 11 4.61.5 1.804 E-03 46.132 0.242 
7T7-12 3.810 2.307 E-O; 88.872 0.474 
9A7-1 2.763 7.390 E-03 1.884 0.14,5 
9A'I-2 0 • .524 1. 80.5 E-O:; 1. :;.5.5 0.10.5 
9A7·) 1.5.700 3.060 E-O:; 39.560 0.66) 
9A7-4 4.,540 1.379 E-O; 6.869 0.419 
9A7-.5 1.7.50 6.101 E-O:; 10.19.5 0.079 

Group Averages for 72 HEM Samples 

Sample Dislocation Precipitate Twin Density, Gra.in 
Numbe!.' Pit Density, Density, 

lines per mm2 Boundary 

pi,ts per mm2 precipitate Length, 2 
per J)lnl mm per mm ,-

U2 2.317 2.349 E.,03 1.170 0.007 
2A. L449 2.269 E-O:; 20.56,5 0.228 
1M 1.844 3.409 E-03 5.142 0.0.56 
2:84 3.203 4.010 E-03 7.818 0 • .567 
3B4 1.295 9.810 E-04 0 0.028 
4B10 1.054 2.8.56 E-03 13.:;85 0.189 
7B8 3.929 1.861 E-03 18.6.58 0.321 
1c4 1.4,56 .5.469 E-03 16.564 0.399 
2c4 5.240 1.670 E-03 .5.090 0.694-
3C8 3.329 2.065 E-03 14.049 0.466 
4c4 0.641 1.386 E-03 9.0.53 0.198 
7M2 6.480 .5.841 E-03 7.779 0.392 
71'£7 3.697 4.324 E-03 42.714 0.264 
9A7 5.0:37 4.047 E-03 11.973 0.282 
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LARGE~AREA SILICON SHEET TASK 

Analysis of Mobil Tyco EFG Samples 

SUp1. Dislooation 13it Twin Denll ty, Grain BOunduy 
"uabtr Dln.ity, per tum2 per _2 Ltnath, rArA/u2 

11'0 17-139-A 1.$45 E-02 14-53.S:5:3 0.568 
(C02 0") B 1.264 E-02 14-03.335 0.171 

c 7.337 B-03 1192.780 0.1114-
D 2.490 1-02 179.962 0.229 
I 4.6)2 1-0) 695.01) -

IrO 17 .. 139-' 2.070 &-02 144.057 0.514 
(C02 ON) G ).292 &-02 204.798 0.600 

H 9.';'12 E-O) )22.519 0.)79 
l 7.616 E-03 96.891 0.14-00 
J 1.597 E-02 295.899 0.947 

Ira 17-14)-A 3.022 E-02 499.521 0.189 
(C02 'or,) B 1.415 E-02 611.570 1.326 

c 2.219 E-02 289.859 0.25) 
D 1.)46 E-02 228.574 0.286 
B 1.53C E-02 )68.724 0.540 

110 17 .. 143-' 8.796 &-03 47).206 0.160 
(C02 ON) G 8.67) E-03 76).666 0.267 

Ii 1.77) E-02 ;349.726 0.293 
I 1.887 E-02 :331.214-4 0.706 
J 2.)79 ~ -02 354.)61 1.123 

110 17-146-A 2.824 E-02 229.454- 0.960 
B ).130 E-02 460.619 0.25) 
c 3.50) E-02 165.054- 0.424 
D 1.253 E-02 )81.455 0.112 
E 2.28:3 E-02 218.708 0.884 
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LARGE-AREA SILICON SHEET TASK 

Batch Averayes of Mobil Tyco Sample Measurements 

Batch Dislocation Pit Twin Density, Grain Boundary 
Numb.r Densi ty, per A m2 per mm2 Length, mm/mm2 

EPG 17-1'9 
(C02 OPP) 
a) Avt~ag. 1.299 E .. 02 584.929 0.271 
b) SD 7.Q01 E-01 181i.Qli2 Q.284 

EPG 17-1'9 
(C02 ON) 
a) Av.rag. 1.7'S E-02 212.S" 0.56S 
b) so 1.011 E-02 Q6 3~ 0.210 
EPa 17-14' 
(C02 OPP) 
a) Av.rag. 1.906 E-02 399.650 0.519 
b) SO 7.141 E-01 !'iii Sc;4 0.4?1 
EPa 17-14, 
(CO~ ON) 
- "" a) Av.rag. 1.557 E .. 02 454.441 0.514 
b) SO 6.644 E-03 1S1.74Q 0.1Q2 
EPa 17 .. 146 
.) Av.rag, 2.599 E-02 291.058 0.527 
b) SO 8.74S E-01 124.321 0.1?8 
EPa 11-1'9 
(00mb1n.d) 
a) Av.rag. 1.519 E-02 '9S.6S1 0.4;36 
,~l ~ 8.861 E-01 12Q S1Q 0.258 
EFa 17-14, 
(combined) 
Q) Average 1.7.32 E-02 427.045 0.516 
b) SD 6.75S E-O;3 162.206 0.410 
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LARGE-AREA SILICON SHEET TASK 

Mobil Tyco EFG Sample Measurement Summary 

Sampl(' Dis\ocatlon PHz. Twin Dersity Ora in Bound. ry 
Numi>c-r Density per fUll per mm Length, rom fmm 2 

JPL5-1459-Al 1. 834 E-02 741. 888 O. 1Sl; 
JP:~S-1459-Bl 3.412. E-02 306.540 0.136 
JPLS ·1459.C 1 1. 951 E_02 1142.460 0.143 
JPL5-1459-Dl 8.777 E-03 750,317 0,190 
JPl .. 5·1459-El 1, 02.6 E-02 747.730 0.150 
JPL5-1459-Fl 2..226 £·02 638.795 O. 182 
.TP 1 .. 5.1459-01 2.692 E-02 464.212 0.08'1 
JPL5-1459-Hl L 275 £-02 1441. 190 0.045 
JPL5-1459-11 7.798 £-02 1044.880 0.143 
JPLS-1459·J 1 2.617 £-02 850.496 0.571 
JPL5.1508.F 2.00S E-02. 864.541 O. 905 
JPLS.1508.0 1. 609 E-02 558.001 0.409 
JPLS-1S08.J 3.865 £-02 79.940 0.400 

Batch A ve rage 2..553 £-02 740.845 0.2.73 
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LARG -AR A SILICON SH T TASK BCAac ORIGINAl' PAG~ 
ANO WHlT '. Tn r,RAPH 

EFG Material , 200X 

EFG Material , 400X 
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LARGE"AREA SILICON SHEET TASK 

Analysis of Honeywell Samples V .. 00578 

Grain Boundary Length 

Siruple , Nllmber of Fields Average Grain Sta~dara I~~£rror at 
t.keo lenQt:h .. ~~J .. J .stiQn 90~ Confidence (~) 

(mm/,,,,h 
&2 o· -- - . 
83 l8b 16.7611 5.8463 14.31 
84 31 9.0151 4.9943 16.37 
02 51> 15.8789 3.8895 23.35 
03 12b 15.0850 2.7503 9.45 
04 32 13.5962 7.4908 16.02 

till lOb 10.4801 3.6823 20.37 
HIR lob 13.9135 2.6781 11 .11 
tl2L 32 6.550' 3.6910 16.39 
M2R 32 6.4508 3.8250 17 .24 
H5L 32 7.9395 2.9084 10.65 
H5R 32 9.4281 4.4537 1:;.14 
TIL 32b 19.1540 6.2214 9.45 
TIR 32b 17.26M 4.7680 8 .• 03 
ill. .. " " .. 13.3979 4.6152 10.02 
T2R 32 10.7183 4.4731 12.14 
i5l. 32 9.3239 5.0335 15.69 
T5ft 32 13.1994 5.5366 12.20 
H 32 4.9622 3.9466 23.13 

L -
a) All the 51 has been etehed out 
b) Plenty of uncovered areas 
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LARGE-AREA SILICON SHEET TASK 

, 
Twin Density 

~,.. ~, 

Number of Fields Sample N Avera~e I::r 2) 
tlkllD Denst r IMI 

82 0"- --
83 18b 909.S106 
84 31 624.6091 

02 Sb 897.3880 

03 12b 978.7627 

04 32 822.3684 

HIL 'lob 808.8643 

HIR lob 1072.0222 

H2L 32 S68.7327 
H2R 32 801 .0285 

HSL 32 533.2410 
H5R 32 624.1343 
TIL 32b 625.0000 
TIR 32b 1034.4529 
T2l 32 892.4861 
T2R 3? 654.4321 

T5L 32 719.351)0 

T5R 3~ 909.7992 

M 3Z 534.1066 

a- All the 5i has been etched out 
b- Plenty of uncovered areas 
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a!andard vtat on 

--
202.3057 
31.9.21)08 
166.5779 
236.6235 
317.5137 
427.8349 
267.3229 
430.6487 
373.5975 
192.1538 
244.1130 
304.8766 
269.6022 
432.0150 
306.0798 
315.9518 
430.8287 
336.8394 

Relative Error(~J 
90" Confi dence ~ 

.. _-.-
9.12 

15.10 
17.70 
12.53 
11.23 
30.66 
14.45 
22.02 
13.56 
10.48 
10.86 
14.19 

7.58 
14.08 
13.60 
12.77 
13.77 
18.32 

- ." ._"", "' ....... f>I<_I""-"''''_ ,,,.,.,, .... _"','"""'_ ..... 
; __ """,,'.":'1, 

; : 
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LARGE-AREA SILICON SHEET TASK 

Dislocation Density 

Number of 
Sample II Fi~ld~ tallp.n 

82 
83 
84 
02 
03 
04 
HIl 
HIR 
H2l 
H2R 
H5l 
H5R 
TIL 
TIR 
T2l 
T2R 
T5l 
T5R 
M 

BSE 
BlE 
05E 
ME 

a- Measured Manually 
b- No Si on surface 

ob 

10 
25 
3a 

5a 

25 
5a 

5 
25 
25 
25 
36 

10 

10 
26 
36 
25 
25 
16 
4a 

3a 

4a 

4a 

185 

Average ~i 51 ocati,)n 
Densitv Pits/um2 

--
1 .5013 E-2 
2.1918 E-2 
8.7300 E-3 
1 .328 E-2 
1 .2532 E-2 
7.a'ISO E-2 
7.18;:'0 E-3 
9.4530 E-3 
1 .7050 E-2 
6.9459 E-3 
9.2352 E-3 

1.2229 E-2 
2.4692 E-2 
7.6482 E-3 
7.6761 E-3 
7.8268 E-3 
1.0575 E-2 
6.')893 E-3 
3.8191 E-2 
2.4200 E-2 
3.4410 E-2 
S.2938 E-2 

j 
1 
l 
! 
i 

~ 
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ORIGINAl PAGE 
LARGE-AREA SILICON SHEET TASK BLACK AND WHI E P; OTOGRAPH 

SOC Material, 400X 

Analysis of Westinghouse Samples 

JPI. o. of Dis locations No . of Disl ocat ion 
SaMpl e H Pits/field Pit s/ )Jm2 

J250- 4. 7-A 17 . 808 2. 737 x 10 
-4 

JZ50- 4. 7-B 14 . q46 2. 298 x 10 
-4 

J250- 4. 7-( 12 . 146 l. Rt,7 x 10 -4 

- 4 
J 250- 4. 7-0 ]6 . 614 2. 554 x 10 

J250- 4. 7-F. 15 . 520 2 . ~87 x 10 
-4 

T250 -4. 7-F 15. 800 2 .4 2~ x 10 
-4 

- 4 
J2 50-4. 7-K1 15. 828 2.4 33 x 10 

- 4 
J250- 4. 7-K2 16. 615 2. 554 x 10 

-4 J250- 4. 7-L1 37 .4 24 5 . 75~ x 10 
-4 .J250-4 . 7-L2 27 . 0R2 3. 702 x 10 
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LARGE-AREA SILICON SHEET TASK 

Itch 
"_bel' 

1 
-~-

2 

) 

Etch 
NUMber 

1 

2 

) 

Etch 
NUMber 

1 

2 

Etch 
NUMber 

1 

2 

) 

Summary of Analysis of Solar Cell Samples 

EFG-3 

Surfe/)I Ohtanee trOM OhloeaUon Pit '!'Win Dend t1. Oraln BOundar)' 
AM1111ed Orltinal 0lndt1. 2 

lin" per.,.2 
IAneth. 2 

SUI' ael, "il. pit. pel' I~ ... pel'. 

fllp 0 - '11·982 O.~O 

fOp 0.15 1.)15 1-02 )11.080 0.240 

II>ttOll 0.15 9.114 1-02 168.11t4 0.240 

f<l\p 1.55 ).224 1-02 12.6,2 0.240 

BOttOll 1.55 '.9)0 I-Ot Ito.021 0.240 

EFG-13 

Surfaci Olltancl trOll OhlocaUon Pit TWin 0lndt1. Orain BOundar)' 
AnIIlyzd orillnel DeMit1. 

line. pel' .2 
IAneth. 2 

Sur aCI. "ila pita pel' ~2 • pel'. 

fop 0 - )22.892 0.060 ,. 
fop 0.15 1.888 .-02 6)6.81t4 0.060 

BottOll 0.15 4.450 E-02 $42.618 0.060 ,.-
fop 2.45 ).414 1-02 1112.860 0.060 

\'-

BottOlft 2.45 2.146 .-02 415.622 0.060 

EFG-31 

Surtace Distance frolll OhloeaUon Pit '!'Win Olnd t1. Ora in BOundar)' 
Analyzed Original Oenllity, 2 

11ne. per .... 2 
IAneth' 2 

surtace. IIIlla pi til pel' ".. ... per. 

fop 0 - 561·258 1.020 

Top 0.40 t 1.914 E-02 459.)26 1.020 

8ottOll 0.40 ).241 1-02 ,19.204 1.020 

EFG-33 

Surtace Dlistanee trCIII Dia10cation Pit Twin Dend ty , Graj,n Boundary 
Ana1y,ed Original Dlnll1ty, 2 

Unes per '/ftlfI2 
IAneth, 2 

Surtace, lIIila pita per *'" IMI per IMI 

Top 0 - 201.8)3 0.180 

Top 1.25 2.211 E-02 )86.814 \).180 

Bottolll 1.25 4.)24 E-02 190·946 0.180 

Top 2.50 2.012 E-02 382.469 0,180 

Bottolll 2.50 1.425 E-02 :))9.582 '0.160 
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LARGE-AREA SILICON SHEET TASK 

Analysis of Variance for Jolar Cells (Dislocation Pits) 

Sourc. or 
Variation 

Ditt.r.nt 
Surtac. 
Plan •• 

Ditt.nnc. 
Within a 
Plan. 

Tot,.l 

Conclusion I 

SourO' ot 
Variation 

Ditter.nt 
Surtace 
Plan •• 

Ditt.r.nc. 
WUMn a 
PlaM 

Total 

Conclusions 

Source of 
Variation 

Different 
Surfaoe 
Planes 

Dif,fflre'nce 
Within a 
Plane 

Total 

EFG-3 

S-. ot D'ln .. Ot lII.an , COIIputed 't .. t, Squarea PH.dOM Square ", •• 0,5 

9.996 £-02 ) ).))2 1-02 2).20 2.68 

1.665 E-Ol 116 1.4)6 E-O) 

2.665 E-Ol 119 

The average dislocation pit d.nsity tor solar cell EPG-) vari •• trom 

plane to plane. 

SWlI ot 
Squal"l11 

1.055 1:1:-02 

1.429 E-01 

EFG-13 

Dllere" of 
PH.dOll 

116 

M.an 
Square 

2.86 2.68 

The average dislooation pit density tor solar cell Era-l) vari •• 

trom plane to plan •• 

Sum of 
Squares 

1.437 E-02 

1.140 E-Ol 

EFG-33 

Degrees ot Mean 
Freedom Square 

) 4.790 E-03 

116 

119 

Foomputed 

5 • .58 

'test 
c(= .05 

2.68 

Conolusions The average dislocation pit density tor solar cell Era-)) varies 

trom plane to plane. 
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LARGE~AREA SILICON SHEET TASK 

Hamco 101-1 

Itch surtace Dlaunce trolft Precipitate Den.ttl TWin ~a1n lIoundar1 
IIl1aber Ana1)',..,d orl~lna1 preoipitate pir /AlA D.nllt)', 2 "«th. 2 

Sur] ace m11. lin .. pit'lMI JIIII per 1M! 

1 Top 0 0 0 0 

Top 1.10 0 0 0 
2 

BottOIl 1.10 0 0 0 

Top :;.10 :;.076 Ew04 0 0 
3 

Bottom ,.10 5.006 E-04 0 0 

Hamco 101-4 

Etoh Surface Distance trOll Preoipitate Den8it1~ twin Greln l'oU!ldU'y 
NUlftber Analyzed or111nal preoipitate per ,-..m - Den.1ty. IAllllth. 2 

Sur aoe. mUs Un .. pet_l 1ft per _ 
-

1 TOp ~ 0 10.14,5 0 - --].lor 0.90 c r:J 0 
2 --Bottolll 0.90 0 0 0 --Ttlp 1.80 3.438E~0:3 0 0 
:3 -- --IIottOlll 1.80 3.965 !-03 0 () 

Hamco 108-1 

Itch Surf.olt Dlitano. tr08 ,"o1pU.te PenaltJ. twin 0"1n 
"'-bel' AJlaJ,r.e4 0I'1t!,nal prealp1 tate ,.1' ,.2 Pena1tJ. 2 J.IltItil. 2 

SIll' 0.. 11111 11M. pel' _ • pel'. 

1 'fop 0 0 0 0 

'fop 0.80 0 0 0 
2 

Botto!!! 0.80 0 0 0 

Top 
) 

1.55 ).0421~03 0 0 
IIotto", 1.55 5.3?5 1-0) 0 0 

Analysis of Defects in Silicon: Summary 

.. ~-- - ~~~-.- -~7~;':';'t;(~'~;~'I'-~;~'::tQ'~":"ty Mn'~I~; "-G'~~n-~ry-' '~--;:~;;'---r 
Type ~"'" ~ .... Ity. l'n.'CIplt.~.. Line. LL~th t;CUciency. 

"~~i~:~':~:~I-' -;:--- ,.!!: .• ~~r ,~... -~~~-:~~ ... -... :r -__ ~~r-""!-'_I 
bl I'oLy crystal 

I! Batch I 19 0 4.384 X 10-3 0.0)) 0.312 
III Batch 2 72 3.752 X 10'(' 3.482 X 10-3 1.~.417 0.315 

.--~--~~ -. -- -._- '. __ ..... -.. -
t;R;: 
n) <l7 on 

h) 002 n(C 

c) Unclassified 

SlIlcon-oo 
Cerarnlcs 

10 
10 
18 

23 

L.b48 X 10-2 

1.603 X 10-2 

2.51J6 X 10.2 

1 ---.-.----l------.-I-----,\ 
333.637 0 541 • o 

o 

o 

6LS.904 

77H.350 

• I: 
0.39S 
0.344 

ll.844 

+------j----- 1---- --+--------f ------/------+-----i 
~~mc 10 2.871 X 10-" 0 0 0 ~ i 

'--------''------'--_._--'--- ----~----'-------"-.--------
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LARGE-AREA SILICON SHEET TASK 

ADVANCED DENDRITIC WEB GROWTH DEVELOPMENT 

WESTINGHOUSE ELECTRIC CORP. 

Technology 
Single crystal ribbon growth 

Approach 
Silicon dendritic web growth 

Contractor 
Westinghouse Eiectln Corp. 
Research & I)~velopment C~nter 
JPlCo urac. 955t4l. __ ."_~' ___ ~_ 

Goals 
• Automated melt-replenhihed 

growth period to 65 hours 
• Area rate of growth 25 cm2/min 
• length of web crystal> 10 meters 
•• Dislocation density <1041 cm2 
• Resistivity 1 to 3 ohm-em p·type 
• Terr'estrial solar cell efficiency:> 15% 
• Demonstrate advanced throughput to 

30-35 cm2/min area growth rate 

R.port Date 
07/15/81 

Statlls -• Advanced throuehput 
development in progress, 
computer models 
developed and verified 

• Design of prototype web 
growth machine complete, 
new toncepts verified 

• Fabrication and assembly of 
prototype web growth 
machine underway, on 
schedule 

1 986 Cost Projection per SAMICS/IPEG (1980 $) 

Assumptions: 

Area throughput rate 25 cm2/minute 
Terrestrial Cell efficiency 15% 
Continuously melt.replenished 3 day growth cycle 
Automated growth 
Solar grade polysilicon price $14/kg 
Thickness 150 Jim 

Projected Cost, $/Wpk 

Value-Added Sheet Cost .151 
Poll(silicon Cost .039 
Total Sheet Cost .190 
DOEI JPl 1986 Goal .224 
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Milestone Chart -):-
:D 
G) 

- ---

1911) 1981 19112 
TASteS/MILESTONES 

D J F M A M 0 N D J f M A M j J A S 0 N 

m 
> 
:D 
m 

1. Design and Fabricate a Prototype Web Growth Machine 
1 2. Investigate Form of Feedstock Silimn 

I 
> 
en 
r 
5 

3. Operate the Prototype Mac.~lne 0 
4. Evaluate Prototype Machine for Technology Readiness 

z 
(J) 

I 
5. Develop Advanced Web Growth Techniques 

Z 
30 em Imln throughput 

I 
t:. 

35 cm
2
'min throughput t:. 

6. Update Ec.onomie AnalysiS I 
. ! 

I 
m 
~ 1 
~ 

j » en 
A 

7. Evaluate Effect of Process Variations on Quality of Silimn Web , 
8. Provide Web Samples 

I I 

I 9. Evaluate Energj Utilization of the Prototype Machine 

I 10. Provide Technology Transfer Information in Form of: 
" 

1 

AI Equipment capable of producing sllimn equivalent 

I 
t:. 

to that demonstrated during program 

B) Written procedures applicable to the equipment In (A) aoove t:. 

11. Support Preliminary and Final Design and I I Pertormance Reviews 
Pr~iiminilry • I Final (Upon completion of prototype) A-

ll. Support Meetings I I 
AS DIRECTED BY JPL I 

13. Provide Documentation ! I , I 

14. Provide Prototype Web Growth Machine at Close of AS ~tREckD Jy J pl I Contfilet 
------ --- ~ .--~ ------~. --_._- .. _-- --- - , i I I _ ... - -

, 

j 
i 

I 
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LARGE-AREA SILICON SHEET TASK 

VVork In Progress 

• Development of advanced web erowth techniques for 
hleh throuehput 

• Fabrication and assembly of prototype web erowth 
machine 

Development Plan 

,Mvanced Web Growth T echmques For Hilh Throuehput 

,~.J~h Speed Growth Increase dissipation of latent heat. 
• Develop ntiw lid desi," 
• DeV,lor n~w shield tOl1filul'ations 
• Contro melt height (continuous melt replenishment) 
• Manale las flow 

Wide Web Growth Manage melt profile and thermal stress 
• Control thermal stress (elastic) 

• De .. elop criteria for buckling stress 
• Identify accl&ptable thermal profile in web 
• Design lid/shield sys.tem to generate this profile 

• Maintain control of meit profile 
~bine Speed and Width Designs 

Status 

Advanced Web Growth Techniques for High Throughput 

High Speed Growth 

.. A lid and shield design concept for improved speed with 
stable growth conditions has been demonstrated 

• Automatically controlled melt level is now established 
• Methods for control of gas flow and oxide deposition have 

been developed 
Wide Web Growth 

• Melt profile control is now routinely attained 
• A computer model for critical buckling stress has been 

developed and verified 
• A computer model of thermal stress/temperature profile is 

developed and in use 

Status of Design of Prototype Web Growth Machine 

Mechanical Design 

• Detail design drawings complete 
• Assembly drawings nllaring completion 

Electronic Design 

• Design complete 
• Detail design drawings nearing completion 
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LARG -AR A SILICON SH T TASK 
ORIGINAL" PAG~ 

BLACK AND WHITE PHOTOGRAPH 

Prototyp Furnace and Controller: Initial State of Assembly 
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LARGE-AREA SILICON SHEET TASK 

3.0 

2.5 

Automatic Web Width Control 

Now Functional: 
• Holds width to within tenths (If millimaler 
• low-cost principle us"s passive shields wlt~out 

electronics or movin, parb 
• Slmpl~ operation requires little operator 'Iklll 
• 3 em web width routine. 5 em width under development 

Web Growth Run J·374, Width vs Length 

•• •••••••• •••• • ••••••••••••••••••••••••• •• ••••••• 

O~ ______ , __ ~I ________ ~ ____ , ___ ~I __ --______ ~I ________ ~J 

1 2 3 4 5 
Web Length - Meters 

Programmed Start of Growth 

• Repeatable high quality wide starts demonstrated 
• Standard commercial process programmer is used 
• Minimal operator skill required 
• Single programrner serves many furnaces 

194 
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LARG -AR A SILICON SH T TASK 

Test Setup for Programmed Start 
(Programm r at Front Center) 

ORIGINAL PAGr: 
BLACK AND WHITE P GRAPH 
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LARG -AR A SILICON SH T TASK 

Automatic Melt-Level Control System 

Imjlroved Circuitry: 

• Util izes exlstine melt replenishment system 
• Provides cont nuously v.rl.ble polysilicon 

feed r.te 
• Insensiti"e to ch.nees In I"er beam Intensity 
• Oper.tion denlonstr.ted 

Control Panel for Improved Melt Level Control 

(Commercial Controller at Left) 

ORIGINAL PAGE 
BLACK AND WHITE PHOTOGRAPH 
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LAR -AR A SILICON SH T TASK 

Polysilicon Pellets From Kayex Shot Tower: 

Left 0.4 to 2 mm, Right 2.0 to 2.8 mm 

Problems 

• long delivery time fDr components 
• Availability of low·cost pellet-form polysilicon 

Summary 
All Tasks On Schedule Per Contract Requirement 

.., Prototype furnace design. fabrication. assembly 

• Development of techniques for higher throughput 

ORIGINAL PAGE 
BLACK AND WHITE PHOTOGRAP"" 
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LARGE-AREA SILICON SHEET TASK 

MULTIPLE RIBBON GROWTH BY EFG 

MOBIL TyeO SOLAR ENERGY CORP. 

1981 Goals 

• DES ION, FABnl CAT! ON AND OPERAT I ON OF NEW EX PER II~ENTAL 

SHEET GROvffH UN I T (ESGU), FUFlNACE 21, FOR GROvffH OF FOUR 

10 CM I'IIDE fUBBONS AT 4 eM/MINUTE v/lTH AUTOMJ\TIC vJlDTH 

CONTROLS AND r·:EL T REPLEN I SHMENT • 

• DEf.10r~STRAT I ON OF LARGE AREA ( %J CM2) CELL OF EFF I C I ENCY 

GREATER THAN 12.0% 

1 981 Program 

MU11LELE R I BBQN FURNACES 

• FURNACE 16 - TESTI NG OF NEvi CARTR lOGE DES I GNS FOR STRESS 

REDUCT ION I AflIB I ENT CONTROL AUTO~v\ TIC CONTROL SYSTE~IS, AND 

UPGRADED MELT REPLENISHER. 

• FUHNACE 21 - NEW ESGU UNIT IS TO BE BUILT AT MOBIL TYCO EX

PENSE AND I NCORPORATED I NTO THE PROGR,l\JIl ON NOVE~IBER " 1981 

FOR DEVELopr~ENT WORK 

SINGLE 10 CM CARTRIDGE FURNACES 

• fJ,JRNACE 17 - OPT I I'll! ZA T! ON OF SPEED CAPAB I L I TY AND QUAL I TY 

AT 4 CMlfIJINUTE. 

• FURNACE 18 - DEVELOP/,IENT OF 10 CM WIDE RIBBON GROWTH WITH

OUT CONVENTIONAL COLD SHOES. 

CELL AND MATERIAL CHARACTERIZATION 

• STUDY OF GROvffH PARAMETER , MATER I AL PROPERTY AND CELL 

PROCESSING INTERRELATIONSHIPS. 
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LARGE-AREA SILICON SHEET TASK 

Ambient Effects in Multiple-Ribbon Furnace Environment 

• PREL 11'01 NARY TEST I N FURNACE 16 OF INTERFACE AMO I ENT CONTROL 

SYSTEM DEVELOPED IN SINGLE-CARTRIDGE FURNACE 17 WAS SUC

CESSFUL • 

• FACTORS IDENTIFIED FOR ACHIEVING REPRODUCIBILITY: 

- CO LEVEL IN ~v\IN FURNACE IS HIGH AND VARIABLE WITH 

TIME: MAIN ZONE GASES EXIT THROUGH CARTRIDGES. 

- GAS OlJTFLOV~ THROUGH EACH CMTR I DGE I S I NDETERM I NATE 

BECAUSE OF MULTIPLE OPENltXGS. 

FUTURE WORKl DES I GN OF A GAG TI GHT RIBBON SEAL TO 

EXCLUDE EXTERNAL ATMOSPHERE FROM MEN I SCUS MEA I S 

COtvPLETE; SEAL COt.'PONENTS NOW BE I NG PREPARED FOR 

TESTI NG. 
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R~~ Data for ~~ltinle 10 em Wide Ribbon Gr~wth in Furnace 16 (MOdel 3A). 

Fourth Quarter 1960 

r Run rios.: 244 2!;.7 2ho 2 .. 9 250 
Overall System: Duration of growth period (mir.utes) 2'(9 150 327 310 595 

Length of ribbon produced (meters)* 12.2 7.9 18.9 8.2 33.0 
Til'lle percentage of simultaneous 0 15 34 0 21 

three-ribben growth 
Cartridge lil: length of ribbon produced {n:.eters} 11.1 3.8 6.0 3.2 9.6 

Tirr-e percentage of run period 44.8 80.0 56.7 31.2 48~1 
operating 

Average growth rate (em/minute) 3.25 3.l'{ 3.30 3.27 3.36 
Cartridge #2: Length of ribbon produced (meters) 7.6 3.0 8.9 5.0 15.6 

Time percentage of run period 93.5 62.0 98.1 41.0 89.1 
operating 

Average ~rowth rate (cm/minute) 2.92 3.22 2.81 3.40 2.92 
Cartridge #3: length of ribbon produced (rr.eters) 0 1.5 C:;.O 0 1.& 

Time percentage of run period 38** 41.3 41.0 
operating 

Avera~e growth rate (em/minute) 2.6** 2.63 2.18 

First t 
Quar.;er 193:. t 

,,--'" i::::;.' J 

::' .&..;,...,'0 

33.8 
4? 

-~ 2 .:;..v • . 

62 • 

3.59 
12.3 
S~ 

3.20 
1~.6 
12 

3.21 

r » 
:D 
G) 
rp 
» 
:D 
m » 
(J) 

r 
o 
o 
z 
(J) 
I 
m 
m 
-i 
-i » 
(J) 
A 

*p~ listed quantities are for full-vidth ribbon, except cartridge 63 in run 247. 
, 

**Estimated data. 
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LARGE~AREA SILICON SHEET TASK 

SUMMARY OI~ SOLAn CELL DA:,rA I,'OR HtJur'[PLE RIBpON FUHNAcr,: RUN, NO. 16 ... 252. 
~ 

m~QW!H •. SPEED 3. 2. CMlMCNtlTE l1li 1.0 11-GM 6.21) CW OEUJ AREA. 
,~IN ZONE ARGON PUnGE HNI'E 9. /ttlNtrTN., 

PHS PROCESSED; ELU T",!GHlll, 100 mW/C;', 28°0, NO AH CONl1INC. 

~E CARTRrnGl~ OPERNnON 

CELTJ PJ\HM~·:r.l·l~RS 

A~1HIl!:NT GAS Ln ' 0
1 NO. 01" .:r v li'F 

IN CARTRlDGE PIECES se 2 00 
( llm) );:~016 cnr 3 (mA/cm :) lVJ_ . 

o tim, A1' 8 * 7 11.0 0.h69 0.753 
<-~-

0.0'( ,e)m, J.% 
30 * 3 15.9 0.53.1 0.751 CO", in Al' ,., -- -

0.15 R.Jm, 1% 112 ND 7 16.9 0.516 0.699 CO,) in Al.' 
t;; 

o .:27 ,t/ m~ 1'~ 1"'\1. 6.8 7 l6~1 0.513 0.6,8 
cO2 in AI' 

.;.;., ... 

* NOT MEASURED. 
ND = NOT DETECTED. 

High-Speed Growth Performance: Furnace 1 7 

• IWACT OF DIE AND COLD SHOE DESIGN ON (iRO\tHH STA

BILITY AT I, CM/MINUTE IS UNDER EXAMINATION. 

• TH I CKNESS UN I FORM I TY AT 2110 M I CRO~'ETERS (8 MILS) 

ANO GUIDANCE/FLATNESS IMPROVEMENT STUDIES IN PRO

GRESS. 

S~ GROVHH S'fABILITY WITH #IBIENT CONTROL IttfLEMENTATION 

GOOD AT :3.5 CM/MINUTE. 

ImmON FLATNESS AT 8 MILS (200 MICRO~\tTERS) NOT SATISFACTORY 

ABOVE 3 CMlM I NUTE DUE TO GU I DANCE AND S mESS~ I NOUCEO BUCKLI NG 

PERTURBATIONS. 
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LARGE-AREA SILICON SHEET TASK 

Quality Studies: Furnace 17 

• PROPERTIES OF RIOBON GROvlN WITH COLD SHOES HESPOND 

TO M1BIENT GAS CHANGES IN ~\UCH THE SMIE WAY AS FOH 

R IBOON GROvlN WITHOUT COLD SHOES • 

• QUARTZ I N THe ~fL TIN GHAPH I TE CRUC I BLES AND MEN I S

CUS C02/02 HAVE SIMILAR ItIf'ACT IN I~'PROVING CELL 

PROPERTIES. 

SIATUS: CELL PERr:OR~'ANCE <10 TO 11%) FOR SYSTEM \~ml COLD 

SHOES IS BEL()~ THAT OF SYSTEM WITHOUT COLD SHOES <12 TO 13%). 

ru.~ .. QE..l\Y~H{illULSQL.N.t J.:ELL..j)AI8...EOlUlJQS[~lllt\~ 
ERO.CfSSCU~Ct:LLiJlillNJillillQtL.QROkmUslJtLw ... _.1I:l;l6k.-mII:l 

CQ2- P.LWLOZ·lti.&l1UENIl. 
OOQIiI1LSflI1LO.L2 ... 1. !';~lLMlNlJIL--.e.::....6Jl=Ct1.. 

GRo\~TH CARTRIOGl: Lo [0] I No. 01: 
5~LI. PARt\t1{114R~ (~~ /\Is) '. 

SC OC EFF. 

SEG~IEN" AMOIENT (14~1 ) X 10- 16 PIECES (MAiCM2) (V) (x> 
1A AR 19 6 15.8 " .1/72 0.681 5.1 

28 0,14% CO 
0/' 1/1 PN\202 

liS 16 11 18.6 0.519 fl.717 6.9 

2C 0.23% CO2 311 28 
... 23 PP~\ 02 

12 19.2 0.5211 0.7116 7.5 

SIUOL.Of...illillLC02 .~N[LQ2 .cDNCEtiIBAIlQtiJ. > (3. 2~) EEEfrut:l 
CE.L.LEEBEQR~E... __ GBQl.m:LSPE.EIl..QL~ 1!2 CMLM I W.IE... 

OOMltUlL...f:.=.J..1l::.CM... 

IN~W~ AR 33 8 12.5 0.1177 0.707 4.2 

17-175 0.3% CO2 36 7 7 16.8 0.521 0.728 6.4 

17-178 0.5% CO 
... 50 pp~ 02 

35 TRACE 7 17 .5 0.522 0.705 6.1, 

1.0% CO'l 
+ 100 Pl'M 02 

31, TRACE 'I 16.8 0.519 0.622 5,5 

17-1'16 1.m: CO 
+ HJ(J P~M 02 

37 NA 9 15.7 o .5~}8 0.686 5.!;> 

17-177 1.0% CO~ 32 NA 
+ 100 p ~, 02 

10 15.9 0.519 0.615 !). 1 

NA ~ NOT AVAILABLE 
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LARGE-AREA SILICON SHEET TASK 

Quality and Stress Basic Studies: Furnace 18 

• COlD SHOE '",PACT ON QUALITY AND STRESS IS UNKNOWN. 

t GR(}IIHH SPEED I NFLUENCE ON QUAL I TY I S UNKNOWN. 

THESE QUEST IONS ARE BE I NG ADDRESSED THROUGH DEVELOPMENT OF 

SYSTEM FOR "ROvITH OF 10 CM vJlDE RIBBON AT 3 TO 4 CM/MINUTE 

~II THOUT USE OF CONVENT I ONAL COLD SHOES. 

- GROl'ITH WITHOUT COlD SHOES AT 2 CM/MI NUTE HAS BEEN ESTA
BLISHED. 

- HIGHER SPEEDS SOUGHT WITH USE OF END-ONLY AND ASYtI~'1ETRIC 
COLD SHOES. 

Construction and Operation of Furnace 21 

• NEvJ UN I T FOR S IfI,UL TANEOUS GROvJTH OF FOUR 10 CM W I DE R I B
BONS. 

- DESIGN OF FURNACE CO~PLETED. 

- FABR I CATION OF MA I N ZONE COMPONENTS I S NEARL Y 
COfoPLETE. 

- ASSEMBLY OF SUBSYSTEMS IS NOVJ UNDERWAY. 

• INPUT TO 10 CM CARTRIDGE DESIGN IS TO CONTINUE UNTIL SEP
TE~'6ER. 
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LARGE~AREA SILICON SHEET TASK 

Summary 
QUALITY 

• II/PROVE~ENT OF HIGH SPEED RIBBON CELL EFF I C I ENe I ES ABOVE 

CURRENT 11% IS REQUIRED: 

- GROWTH PARJIJ>IETERS HAVE BEEN IDENTIFIED THAT CHANGE 

AS .. GRO~IN PROPERTIES AND BEHAVIOR OF RIBBON IN PROC

ESSING, BUT SPECIFIC MECHANISMS ARE NOT KNm~N. 

• PRODUCT I V tTY AND THROUGHPUT INCREASES REQU I RE H I GHEI~ GROI'ITH 

SPEEDS THAT MUST BE ACH I EVED ~II THOUT CO~"PROM I SING QUAL I TY : 

- THE I NFLUENCE OF COLD SHOES ON QUAL I TY AND STHESS 

LEVEL NOT KNOvIN, 

. - GU I DANCE Af\'O BUCKLl NG PERTURBA II ONS OF RIBBON FLAT

NESS AT 200 MICRO~1ETERS (8 MILS) LIMIT PRODUCTIVITY 

ABOVE 3 CM/MINUTE. 
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I 
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LARGE-AREA SILICON SHEET TASK 

Future Work: Quality 

• COLO SHOE/SPEED II«::REASF. EFfECTS ON QUAL I TY : 

_ DYNMlIC (f.fLT At{) GROVITH INTERFACE) PHENOllfNA IN-

fLIJENCE. 

_ TEMPERATURE PROFILE, IN SITU COOLI~G CYCLE, 

_ AMBIENT GAS-MENISCUS SURFACE REACTIONS. 

_ DEfECT GENERATION BY INCREASED LEVEL OF STRESSES. 

- Itf>URITY CONT/lM1 NATION , 

• APPROACHES 

_ OEVELOPf4ENT AND CHARACTERIZATION OF SYfnE~' fOR 

GROWTH WITHOUT CONVENT I ON.AL COLD SHOES, 

_ STUOY OF MELT TRANSPORT PHENO~ENA BY fiNITE ELEMENT 

. CQf>fUTER SlfI.ULATION (COLLABORATION ~IITH MIT), 

.. OPTIMIZAl'ION OF GAS INTRODUCTION SYSTEM IN MULTIPLE 

At{) S I NGl.E RIBBON FURNACES AND STUDY OF INFLUENCE 

OF DIFFERENT GAS SPEC I ES, CONCENTRA 11 ONS AND GAS 

FLOW PATTERNS. 

_ MATERIAL PROPERTY (RESISTIVITYI OXYGEN ~EVEL) STU

D I ES CO~'PAR I NG LOW AND HIGH SPE~D GROI'IN R I SBON. 
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LARGE-AREA SILICON SHEET TASK 

Future Work: Productivity 

• COlD SHOE/SPEED II\CREASE EFFECTS ON PRODUeTt v I TY; 

- STRESS AND BUCKLII\G CHAAACTERIZATION 

- GROWTH STABILITY AT 4 eM/MINUTE 

• AEeRQ8.CW 

- COfJPAR I SON OF RIBBON STRESS/BUCKLI NG LEVELS ~JI TH 

AND WITHOUT CONVENTIONAL COLD SHOES. 

- TESTI NG OF MOD I F I ED TEMPERATURE PROF I LES I N POST

GROWTH ENV I RONI,fNT • 

- DESIGN WORK ~IITH NEW DIES, COLO SHOES. 

- GROVITH IN MULTIPLE RIBBON FURNACE 2) WITH ONE OPER

.ATOR TO FXAMINE 12 RI8BON PER OPERATOR ESGl) GROWTH 

CONCEPT. 

ADDED CONSTHAINT: SPEED AND PRODUCTIVITY INCREASES MUST BE 

CONSISTENT WITH MAINTAINII\G OF GOOD QUALITY LEVEL. 

- IT IS THEREFORE NECESSARY TO HAVE CONCURRENT RIBBON 

PROPERTY STUDIES AND BASIC MATERIAL CHARACTERIZA

TION AND CELL PROCESSING EFFORT. 
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LARGE-AREA SILICON SHEET TASK 

ADVANCED CZOCHRALSKI INGOT GROWTH 

KAYEX CORP. 

R.L. Lane 

This l'eport on Contract 955733 is titled "Advanced Czochralski Ingot 
Growth for Technology Readiness." 

The contract work started October 1, 1980, and was first scheduled for 
completion 13 monthe later on November 1, 1981. Subsequently, at the request 
of JPII, the program plan was extended five months for a new com.pletion date of 
March 31, 1982, to minimize current fiscal year expenditures. 

All references to program plan and status will be mad~ on the revised 
schedule, which became effective M~y 1, 1981. 

Presentation Format 

1. OBJECTIVES OF CONTRACT 

2. APPROACH 

3. PROGRAM PLAN 

4. PRESENT STATUS 

5, AREAS OF CONCERN 

6, PLANS 

This is the presentation format I will follow. After stating the 
contract objectives, I will describe our approach to achieving these 
objectives. 

The program plan will describe how ''Ie have broken down the project into 
separate tasks. Although the program plan does illustrate current status, I 
will elaborate considerably on our status in this presentation. 

There are certain areas of concern, or problems, which present obstacles 
to the achievement on our status in this presentation. 

Finally, I will describe our plans for the balance of the contract and 
what we hope to achieve. 
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LARGE·AREA SILICON SHEET TASK 

Goals 

" GROWTH OF 150 KG OF INGOTS FROM ONE CRUCIBLE USING PERIODIC 
~ELT REPLENISHMENT 

w DIAt1ETER - 15 CM 

" THROUGHPUT - 2.5 KG/HR 

- RECHARGE f1ELTlNG RATE - 25 KG/HR 

- AFTER GROWTH YIELD - 90% 

" MI CROPROCESSOa CONTROLS PLUS U1PROVED SENSORS FOR MELT TEMP I 
INGOT DIAMETER, AND MELT LEVEL 

- PROTOTYPE eQUIPMENT SUITABLE FOR HIGH VOLUME SILICON PRODUCTION, 
TRANSFERABLE DIRECTLY TO INDUSTRY 

Of course, the whole effect is designed to reduce the add-on {~ost of 
ingot growth. 

We have, in the past, established that 100 kilograms can be grown from 
one crucible (using semiconductor-gtade poly) and that the efficiencY' of the 
last material produced is the same as the first, provided single-crystal 
structure is achieved. (Loss of single crystallinity degrades Bolar 
efficiency somewhat.) 

Also, we have achieved up to 88r. of high-quality single-crystal ingot 
from lOO-kilogram runs. 

1':1 this program, we have increased the goal to 150 kilograms a,nd the 
diameter to 15 centimeters in an attempt to reduce the cost further. 

Additional cost savings, however, will not come from even larger 
quantities. (r~deed, the add-on cost per kilogram is essentially flat as you 
approach 150 kilograms.) Cost improvements will now CODle from improvements in 
throughp'~t and process parameter control, yields, automation and equipment 
performance. 

-- A significant portion of this project is devoted to understanding the 
process parameters as they relate to yields and throughput. 

-- Yield improvement means more material per run that meets the required 
solar efficiency. 

Automation improvement means not only reduced labor, but consistent 
product. 

Equipment can impact cost by performing more reliably with less 
down-time. 

The equipment that has been designed and built on this project has a 
large number of inprovements, specifically ad.dressing the needs and 
requirements for the production of large quantities of ingot material. 
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LARGE·AREA SILICON SHEET TASK 

Approach 

~ CONSTRUCT ~N IMPROVED CRYSTAL, GROWER HAVING THE 
PERFORI1ANCE REQUIRED TO ACHIEVE GOAtS 

- CONSTRUCT AN AlJTot~ATED SYSTEM WH 1 CH WILL OFFER 
RELIABLe PERFORMANCE LEADING TO IMPROVED YIELDS 
AND REDUCED LABOR COST 

- CONDUCT PROCESS DEVELOrl1ENT ON LARGE SIZE CRYSTAL 
GROWTH 1 1·1ELT REPLENISHI1ENT AND IMPROVED THROUGHPUT 
AND YIELDS 

- CONDUCT A PARALLEL ANALYTICAL PROGRAM TO HELP 
UNDERSTAND THE PROCESS 

Kayex personnel continue to believe that there are a number of areas in 
conventional Cz that can be cost-improved. In our approach, we started first 
by constructing improved equipment. 

Long runs, lasting 60 to 100 hours, multiple recharge cycles, large 
ingots up to 50 kilograms requiring up to 60 kilograms of melt, all require 
speci~t consideration in equipment design. 

The JPL facility design has incorporated these improvements. Improved 
areas include seals, sectional furnace chambers, increased capacity, longer
life graphite designs, additional sight ports for sensors and the like. 

All these improvements have been reported in detail previously and are 
expected to help achieve the improved cost goals. 

The growth facility alse) is controlled with a microprocessor-based 
programmable controller. This will result in significant cost benefits 
relating to labor, throughput, yields, etc. The controller is easily 
programmed on the factory floor by a supervising engineer for the particular 
material being produced or process required. 

The equipment is the tool; however, process development is required to 
demonstrate what can be achieved with the tool. The process development task 
will identify important variables and attempt to optimize them. Specifically, 
we will attempt to demonstrate improved throughputs and yields. 

The analytical program is being conducted in support of the process 
development task for the purpose of better understanding of the process. 

Here, the main approach is to: 

(1) Conduct crucible and silicon purity analyses 

(2) Fabricate and evaluate solar cells prepared from grown ingots 

(3) Analyze furnace gas atmosphere (CO, C02' H20, etc.) and correlate 
the results with crucible performance and ingot quality. 
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Advanced Czochralski Growth 
For Technology Readiness 

-
" 

Task Description 
.-

1. EguiEment Construction & Test 
·a. Const:ruc£.~.on Phase 

.",",-

b. De-bug and Test . 

• _J 
2. Process Development 

a. Accelerated Recharge 
b. Accelerated Growth 

c. Yield Improvement 

-"3. Controls and Automation 

a. Sensor Development 
h. ControIs Dev. on Grower . 
c. Final Demo Runs 

4. Analytical Study 
a. Gas Analyses 

b. Purity AnaLYses 
c. Solar Cell Fab 

5. Documentation 

a. Technical Reports 
b. Economic Analysis 

c. Production/Process Spec. for 
Technalogy Readiness 

d. Final Report 

-
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LARGE-AREA SILICON SHEET TASK 

This plan, dated April 21, 1981 t reflects the recent schedule change, 
but includes all of the original tasks. 

It shows that the crystal grower was completed nearly to schedule plan. 

A number of single-ingot runs have been made and one ISO-kilogram run 
was recently completed. This run was performed to establish that the 
equipment was totally functional for the process development work to be 
performed ~llbsequently. 

The simultaneous program on sensor development was conducted up to the 
present on another grower (a standard Hamco CG2000). 

Although the program plan reflects the substantial reduction of effort 
for the current fiscal year, we are doing some pre~aratory work in 
anticipation of completion of the contract. 

This is specifically in the area of gas analysis. We now have a 
compLeted gas chromatography system capable of measuring co in the exhaust 
gas. We believe determination of CO in the furnace atmosphere to be 
indicative of the condition of the furnace and the reactions taking place 
during growth. This system is functional now and preliminary calibrations and 
CO measurements have been performed on one growth run. 

Purity analyses, solar cell fabrication and further sensor development 
work have been postponed until later in the program. 

TASK JPL GROWER ~1, p, CONTROLS SENSORS 

~ 

EQU(PMENT pESIGN 12/80 I HAMCO AUTO GROWTH J 
DESIGN • LOG I C SYSTEr~ 6/81 

CONSTRUCT 2/81 
-: r'lELT TEt·1P 2/8~ AND 

, 
~. 

CONSTRUCT ION - (TEST/DEBUG 3/81 
-: AUTO, SHOULDER 3/811 , . 

150 KG RUN 6/81 
ANALGG CONTL, 

f 
INTEGRATE GROWER 
AND CONTROLS J 

~ I MELT LEVEL I - . PROCESS ACCEL. GROWTH 
DEVELOPMENT - FAST MELT 

IMPROVED YrSLD 
t 

150 KG RUNS 
TECHN. READINESS 
DEMONSTRATION ... 

START DATE: 9/21/80 
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LARGE·AREA SILICON SHEET TASK 

This program block diagram illustrates a li~tle better where we are in 
the program and how the various tasks relate to the overall projects. 

Dates in the blocks indicate the date of milestone completion. 

I have already indicated that the JPL grower is now complete and 
functional and that the first ISO-kilogram run has been performed on it. 

We are now preparing to install the microprocessor control system on the 
grower. That will be complete this month. 

With regard to sensors, we have demonstrated automatic melt temperature 
trim (before seeding) and automatic shouldering on IO-centimeter-diameter 
crystlills using a standard CG2000 machine. The software for these sensors has 
been incorporated in the microprocessor program and is ready for tests on 
large-diameter crystals and large charge melts. 

Automatic melt level control will be integrated in the system later in 
the program. 

We are now just beginning the key portion of the program: the process 
development task. Here we hope to be able to demonstrate faster throughput 
and improved yields. This involves a number of experiments relating to 
crucible performance, gas-flow control, and a radiation shield to assist in 
heat transfer from the crystal. 

Finally, the technology readiness demonst.ration will consist of a number 
of ISO-kilogram runs. 
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LARGE-AREA SILICON SHEE; TASK 
ORIGINAl' PA E 

BLACK AND WHITE PHOTOGRAPH 

Gas Analysis System 



ORIGINAL PAGE 
LARGE-AR A SILICON SHEET TASK BLACK AND WHITE PHOTOGRAPH 

150-kg Run on JPL Growth Facility (Five 30-kg Ingots) 

Gas Analysis Task: Objective, Approach and Status 

OBJECTIVE 

APPROACH 

STATUS 

T 0 QUA NT IT AT! VELY ANALYSE GASEOUS Cor1PONENTS OF THE 
CRYSTAL GROWTH ENVIRONMENT DURING GROWTH. 
OPERAT ING PRESSURE. 7.6 TORR (1/100 ATM) 

GAS CHROMATOGRAPHY FOR CO AND H2 
CALCIUM STAB ILIZED ZIRCONIA FOR O2 
ALUM IN UM OX IDE HYGROMETER FOR H20 

GCA OPERATJ NG 
PRELIM INARY MEASUREI1E TS OF CO OBTAINED 
O2 AND H2 ON HOLD UNT IL FY 82 
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LARGE-AREA SILICON SHEET TASK 

OR'G\NAl PAGE II 
Of POOR QUAU1'V 

Typical CO Analysis With Gas Chromatography System 

"~~n-+-'-'I-l-°: '-t-, I-f~ ~~ #~;~1~i1 f~1 :; 
~~r+4-r+,-11-+~~9<~~~~~~~~ 

~- ~ ...... ,- '"' ... ,-... ... . 

CALIBRATION PEAK CRYSTAL GROWTH RUN 
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LARGE-AREA SILICON SHEET TASK 

Kayex Automatic Grower Logic : Implementation a Id Functions 

IMPLEMENTATION 

- DIGITAL CO TRuLLEr.S FOR DIAMETER, TEMPERATURE, GROWTH 

- PROCESS RECIPES 

- CR ITICAL DECISIO S BY OPERATOR 

- PARAt1ETERS CONTROLLED BY COMPUTER 

FU CTiONS 

- t1ELTDOWN - RECIPE CONTROL, TERMINATED BY OPERATOR 

- STABILIZATION TO SEEDING TEr1P - CLOSED LOOP 

- NECK GROWTH - REC I PE CONTROL, TERMINATED BY OPERATOR 

- CROWN AND SHOULDER - FULLY AUTOr1ATIc, RECIPE, A D SENSOR 

- BODY - CLOSED LOOP DIAr~ETER AND GROWTH RATE CO TROL 

- FINAL TAPER - AUTOMATIC START, REC I PE 

1 OO-mm 1 O-kg Crystals Grown With Hamco AGL System 

ORIGINAL PAGE 
BLACK AND WHITE PHOTOGRAPH 
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LARGE-AREA SILICON SHEET TASK 

Project Status 

ADVANCED CZOCHRALSKI FOR TECHNOLOGY READINESS 

TASK 

EQUIPMENT DESIGN AND CONSTRUCTION 
GCA DESIGN AND CONSTRUCTION 
150 KG QUALIFICATION RUN 
AGL CONTROLS 
SENSORS 

r·1ELT TEt1P 
AUTO SHOULDER 
MELT LEVEL 

PROCESS DEVELOPMENT 
ANALYTICAL STUDY 

AREAS OF CONCERN 

- YIELD OF QUALITY INGOT 

- CRUCIBLE DEGRADATION 

- GROWTH RATE IMPROVEMENT 

217 

STATUS 

COMPLETE 
COMPLETE 
COMPLETE 
INTERFACE TO JPL GROWER 7/81 

DEMONSTRATED ON 10 KG MELT 
DEr~ONSTRATED ON 100 MM DIAr~ 
SCHEDULE COMPLETION 11/81 

ONGOING 
ONGOING 

PLANS 
" 

- CORRELATE FURNACE ATMOSPHERE TO 
INGOT QUALITY AND CRUCIBLE 
PERFORr1ANCE 

- CRUCIBLE PURITY ANALYSES 

- INSTALL RADIATION SHIELD 
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LARGE-AREA SILICON SHEET TASK 

UBIQUITOUS CRYSTALLIZATION PROCESS 

SEMIX INC. 

Thomas P. Rosenfield 

$2.80/Wp Commercial Readiness 

SAMIS Results 

PLANT CAPACITY: 10 MW/YEAR 
$/WP 

SILICON ($56/KG) 0.939 

CRYSTALLIZATION VALUE-ADDED 0.26 

BRICK FINISHING VALUE-ADDED 0·04 

WAFERING VALUE-ADDED 0·39 

WAFER RINSE VALUEmADDED 0·006 

QUALITY ASSURANCE VALUE-ADDEO 0.014 
TOTAL $/WP 1·649 

Goals 

1. DEMONSTRATION OF $2·80/WP CUMMERCIAL READINESS DEPART
MENT OF ENERGY GOAL. 

2. DEMONSTRATION OF $0.70/WP TECHNOLOGY READINESS DEPART
MENT OF ENERGY GOAL· 

Status 

1. SEMIX HAS DEMONSTRATED TO THE SATISFACTION OF JPL AND 
DOE THAT TARGET TECHNOLOGY PROJECTIONS CAN BE MET FOR 
THE COMMERCIAL READINESS GOAL AND WILL PROCEED TOWARD 
THE $2.80/WP TARGET WITH INTERNAL FUNDS. 

2. THE COOPERATIVE AGREEMENT HAS BEEN RESCOPED TO FOCUS ON 
THE BASIC CRITICAL TECHNOLOGY ELEMENTS NECESSARY TO 
DEMONSTRATE TECHNICAL FEASIBILITY FOR $O·70/WP· 
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LARGE"AREA SILICON SHEET TASK 

Demonstration Parameters 

TECHNOLOGY 

UBIQUITOUS CRYSTALLIZATION 
PROCESS TO YIELD SILICON SHEET 

PHASE I COMPLETlbN DATE: 6/1q/81 

.GJUl.l..u 
1· ~RYSTALLIZATION: 

o BATCH PROCESS 

o BKICK SIZE: 30 x 30 x 20 CM 

o PROCESS YIELD: 99% 

o .5 MACHINE/OPERATOR 

2· WAFERING; 

o WAFER AREA: 100 CM2 

o .584 MM CENTER TO CENTER 

o PROCESS YIELD: 98% 

o 4 MACHINES/OPERATOR 

3. GENERAL; 

o SILICON UTILIZATION: .64 M2/KG 

o AMl CELL EFFICIENCY: 12% 

219 

REPORT DATE 7/15/81 

STATUS; 

1. CRYSTALLIZATION; 

() BATCH PROCESS 

o BKICK SIZE; 20 x 20 x 15 CM 

o 95% 

o 3.0 MACHINES/OPERATOR 

2. ,WAFERING; 

o DEMONSTRATED 100 CM2 

o .597 MM CENTERS (ID) 
o .610 (MBS) 

o 95% (J D) 
99+% (MBS) 

o 6 MACHINES/OPERATOR (MBS) 

3. GENERAL; 

o >.50 M2/KG. 

o OVER 3000 CELLS VERIFIED 
AT 11-12% FOR 100 CM2 
17% FOR 2 x 2 CM 
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LARGE-AREA SILICON SHEET TASK 

Average Energy Consumption 

CRYSTALLl ZAT I ON 
DATES 

SEPt 20 • OCT. 19 
OCT. 20 - NOV· 19 
NUV. 20 - DEC· 19 

TOTAL 

CRYSTALLI ZAT I UN 
DATES 

NOV 4 - NOV 19 
NOV 20 - UEC 19 

TOTAL 

PROTOTYPE 1 

ENERGY USAGE-
NO. (KwHR/KG OF S I) 

OF RUNS MELTING CRYSTALLIZATlON 

10 20 5 
16 14 G 
20 12 7 
46 15 6 

PROTOTYPE 2 

ENERGY USAGe.-
NO. (KwHR/KG OF SI) 

OF RUNS MELTiNG CRYSTAl.Ll ZAT ION 

11 £) 7 
21 5 7·7 
32 £) 7 

uell'· 
YIELD 

99% 
94% 
98~ 
96% 

UCp·· 
YIELU 

9b% 
90% 
9~% 

.VALUES ARE AVERAGED FOR THE NUMSEH OF RUNS DURING THE SPECIFIED 
TIME PERIOD· 

•• UCP YIELD = USABLE BRICK WEIGHT/CHARGE WEIGHT X 100. 

Status of Wafering: Simultaneous Experimental Results 

(Best to Date) 

-' 
MilS MBS II lU 

PROCESS YIELD, % 95 98 95 

MATERIAL YIELD, M2/KG .70 .63 ·72 

WAFER SIZE, MM 100 x 100 100 x 150 100 x 100 

WAFER THICKNESS, MM ·330 .356 .292 
(INCH) (.013) (.014) ( .0115) 

KERF LOSS, MM .279 ·330 .305 
(INCH) ( .011) (.013) ( .012) 

RUN TIME (MBS), HR:MIN 28:00 14:00 
OR CYCLE TIME (ID), MIN 2·5 

MACHINE OUPUT, .11 .29 ·24 
M2/HR 
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LARGE-AREA SILICON SHEET TASK 
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Distribution of Measured Values of Efficiency 

"till! VALUr: " 11 ... 11 
nllhOllllO DEVIATION" 1.\2 

94 CH2 ACTlVI! AReA CBLLS I'ROC~nlW ON A STANDARD, LOll COST. 111011 TlIKOIJGIIPUT 
HAtlUFACTURINC LIN!'.. NO BACK SURFACB tU!I.D, 13); GRID SIIAO()IHNC, lIAMPl.r Slzt:: 171~ nu.s 

ORIGINAL PAGE IS 
OF POOR QUALITY 

-. • ••• ... ••• U 
t.(1 2.0 3,(1 •• 0 11.(1 8.0 ,.0 e.G 8.0 1(1.0 lI.O 

EFFICIENCY AT MAXIMUM rOUER I 7. ) 

$O,70/Wp Technical Feasibility 
SAMIS Results 

PLANT CAPACITY 100 MW/YEAR 

S I LICON 

CRYSTALLIZATION VALUE-ADDED 

BKICK FINISHING VALUE-ADDED 

QUALITY ASSURANCE VALUE-ADDED 

WAFERING VALUE-ADDED 

WAFER RINSE VALUE-ADDED 

SHIPPING VALUE-ADDED 

TOTAL S/WP 

$/WP 

0·1726 

0.0110 

0.0032 

0·0003 

0·0976 

0.0003 

0.0012 

0.2862 

JPL PRICE ALLOCATION: SO.37/WP 
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LARGE"AREA SILICON SHEET TASK 

-lli.I1E 

Technical Feasibility 
'Demonstration 

1UO MWP/YCA~ CAPAClfY 

IECU~QLOGY 

UBIQUITOUS CRYSTALLIZATION 
PROCESS TO YIELD SILICON SHEET 
.G.!l.Ali;. 

1. CRYSTALLIZAII~ 

o CRYSTALLIZATION HATe: 2.5 KG/HR 
o BRICK SIZE: 30 X 30 X 19 CM 
o PROCESS YIELD: 99% 
o 1 MAN/MACHINE 
o AUTOMATED CONTROLS 

2. WAFERING; 

A. INTERNAL VIAMETEH 
o 100 X 150 X .227 MM 
o .454 MM CENTERS 
o THROUGHPUT RATE: .3 M2/HR. 
o PROCESS YIELD: 95% 
o 12 MACHINES/MAN 

B. HIGH SPEED MULTlwBLADE SLURBY 
o 100 X 150 X ·254 MM 
o .508 MM CENTERS 
o THROUGHPUT RATE: 1.0 M2/HR. 
o PROCESS YIELD: 951. 
o 4 MACHINES/MAN 

3. ill.E1181.i. 

o OVERALL SILICON UTILIZ~TION: 
.81 M2/KG 

o AMI CELL EFFICIENCY: 
15% 10 X 15 CM 

COMPLETION DATE: b/19/84 
REPORT DATE 7/~5/81 

STATUS; 

1. CBYSTALLIZATIQ~l 

o 2.5 KG/~H 
o BRICK SIZE 20 X 20 X I~ CM 
o TO BE DEMONSTRATED 
o TO BE DEMONSTRATED 
o UNDER DEVELOPMENT 

o 100 X lOu X .292 MM-
o .592 MM CENTERS 
o .24 M2/IIR. 
o 95% 
o 6-13 MACHINES/MAN 

DEMONSTRATED IN THE 
INDUSTRY 

PROPRIETARY 

o >·50 M2/KG. 

o 11-12% 10 x 10 eM 
17% 2 X 2 eM 

- 120 X 160 X ·343 MM WAFERS HAYE BEEN VEMONSTRATED. 

Technical Strategy 
Crystallization 

PfiASE IV 
6119/Sq PHASE II PHASE III TECHNICAL STATUS 6119/82 6/19/83 FEASIIIILlTY 6l12lBl. A ' !.WSIH8IIQN 

1· IlHICK SIZE 23 x 23 x lq CM 31 x 31 x 19 eM 30·6 x 30.6 x 19 30.$ x 30.6 x 19 17.4 KG Q2.5 KG 41.5 KG Q1 KG 
2. CIlYSTALLl ZA- 2.5 KG/HH 

T fUN RATE 2.5 KG/HR 2.5 KG/fiR 2.5 KG/HR 

3. CONTROLS ANtiLOG PROGRAMMED PROGRAMMED PROGIIAMMEU CONTROLS UESIGNED CONTROL CmJTIIOL 
q. PROCESS YIELU 95% 97X 98% 99% 
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LARGE·AREA SILICON SHEET TASK 

Wafering 

PHASE IV 
6119/84 

PHASE 11 PHASE III TECHNICAL 
6/19/82 6/19/85 FEAS\liILITV 

10 MACHIN~ 22" 27" 27" 27" 

1. WAFER SIZE, MM (IN) 100 x 100 x .292 100 x 100 x .254 100 x },O x .227 100 x 150 x .227 
( ·115) ( ·010) (.OOg) (·009~ 

2. KEKF LOSS, MM (IN) .305 (.012) .279 (.Oll> .2,4 (.Ole) .227 (.009) 

5. OUTPUT, M2/HR .24 .3 .3 d 

4. MATERIALS VIELU, M2/KG .72 .80 .89 .94 

5. PROCESS VIELD, % 9S 95 9S 95 

MBS MACHINE HIGH SPEED HIGH SPEED HIGH SPEED HIGH SPEEU 

1· WAFER SIZE, MM (IN) 100 x 100 x .381 100 x 100 x .279 100 x 150 x .279 100 x 150 x .254 
( .015) ( ·011) (.Oll ) (.010) 

7,. KERF LOSS, MM (IN) .330 (·on) .279 (·Oll> .279 (.Oll) .254 (.010' 

2· OUPUT I M2/HR .59 .63 1.0 1.0 

4. MATEKJALS VIELD, H2/KG .60 .77 ,77 .84 

5· PROCESS VIELD, % 90 95 95 95 
I 

Process and Materials Performance I 
~ 

PHASE IV 
6/19/84 

PHASE 11 PHASE III TECHNICAL 
STATUS 6119/81 6/19/85 FEASIBILITY 

1. OVERALL SILICON ) .50 H2/KG .65 M2/KG .75 M2/KG .81 M2/KG 
MATERIAL UTILIZATION 

2· CELL PERFORMANCE 11 " 12% 13 - 14% 15% 15% 
(AMl> 10 x 10 CM 10 x 10 CM 10 x 10 CM 10 x 15 CM 

17% 
2 x 2 CM 

MAJOR DEVELOPMENI FOCUS; 1 
o THROUGHPUT OF LARGE BRICKS AT 100 MW/VEAR 

o 15% 10 X 15 CM CELLS 1 
o .018~ CENTER-TO-CENTER SPACI~u FOR ID TECHNOLOGY 

o 9 MIL KERF LOSS ON LARGE (27-) BLAUES 

o MAINTAINING HIGH CUTTING RATE WITH THIN WAFERS 

o HIGH-THROUGHPUT MATERIAL EVALUATION TECHNIQUES 
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LARGE .. AREA SILICON SHEET TASK 

SEMIX MATERIAL JPL EVALUATION PLAN 

JET PROPULSION LABORATORY 

Purpose 

• PROVlre TECHfUCAI. IJATA FOR PHOOIWI MANAWl:Nr 

• INCREASE JPlIJNItRSTANDlkG OF SOlAR CELL PERFOfl11ANC1: OF 
ut«:ONVEHTlOOL SILICON 

• AID CONTRACTOR IN MAXIMIZING PERFOIlMANCE 

• PROYllf PRELIMINARY INFORMATION TO PY INDUSTRY ON PE~i.~E 
OF THE FUTURE SHtET 

Material Received by JPL 

THRU 711181 

• 100 SOlAH C!:.lLS 

• 200 AS SAWN WAFERS 
• 2 INGOTS 

lOcH x lOcH 

lOcH X lOcH 

lOcH X lOcH X 12cH 

Performance Evaluation 

CELLS (SEI1IX): 

• MUTUALLY ACCEPTABLE MEASURfMENT TECHNIQUE HAS BEEN 
ESlABLlSllED 

• PRESENT BARE CELL PERFORMANCE ON 10 x lOcH CELLS IS 
11 - 12% AMI (10 CELLS) 

• lAIIGER NltIBER OF CELLS (90) ARE IN IflISUREf'ENT PROCESS 

• PERF~E l:YALUATION WILL CUNTlNut ON A PERIODIC BASIS 
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LARGE-AREA SILICON SHEET TASK 

SHEET: 

CEll PItOCESSING stfiT I 

• BASE LINE CElLS 2 )( 2Cft PfIOOCk:ED BY ASEC 

• ENtW«:ED PROCESS CELLS (2 x 2CH) PRODOCED BY SEJ1IX 
F~ JPL MATERiAl 

• EHHAt«:ED PROCESS CEllS (2 x 2CH) PRODOCED BY ASEC 

• ENHANCED PROCESSING TO CONTINUE AS DIRECTED BY 
JPUSEJ1IX 

• MATERIAl. QUALITY EVAlUATION WILL CONTINUE ON PERIODIC 
BASIS 

SHEET: • 

• SPECTRAl RES~SE 
• LOCAL ELECTRICAL ACTIVITY J LIGHT SCAN, £BIC 
• DIFFUSION LENGTH 
• IUS 

• LOCAl. CHEMISTRY/STRUCTURE 
SIMS 
~~ C 
TEM 

• OTHI:.R 

• SPECIFIC SAMPLl:.S SI:.LI:.CTEU FROM PRUCESSlU 2 x 2CM CELLS AS 
REPRESENTING GOOD, AVERAGE, POOR, AND -INTERESTING- SAMPLES. 

INGOTS: 

• RE~lSTlVnY DISTRIBUTION 
c WAFERING CHARACTERISTICS 

• ~(cHANICAL PROPERTIES 
• DISTRIBUTION OF PERFORMANCE 

• GENERAL ASPECTS OF CHEMISTRY 

• GENERAL STRUCTURE 
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LARGE-AREA SILICON SHEET TASK 

Baseline Performance 

ASEC RESULT I 

• 10 ~ 10 eM WAFERS AS SUPPLIED wtRE CUT INTO 16 2 ~ 2 eM PllCES 

12 ~ 15 CEllS PER INITIAL WAf~R· 
I£AN FOR E/o£II INITIAL WAfER VARIED fR()1 10.3 TO 11.01, S.D. FR(J1 .q TO .7 

GRAND f'IEAN WAS 10.71, S.D. WAS .3 

3 Cz C~lROl - CI:.LLS tt:AH WAS 13.1%, S.O ... ,1 

ALL RtSULlS a 28-C 

SEM1XlJPl R~SULTS 

• 10 ~ 10 eM CELl.S AS SUPPliED WI:RE !tASURl:ll UY Sl:MIX AND JPl 

S~IX - lI.tilJ S.D. "·3 Q 2bQC 

JPL - 11.31 S.D. • .13 a 22°C 

-ONE SHUNTED CEl.L WAS RI:JECTED AND (»IHlED FR{XI\ RESULTS 

INGOT CASTING: HEAT EXCHANGER METHOD (HEM) 

CRYSTAL SYSTEMS INC. 

F. Schmid and C. P. Khattak 

Characterization of Two HEM Ingots 

CONCLUSIONS: 

1. RESISTIVITY IS VERY UNIFORM THROU~HOUT THE INGOT. 

2. OXYGEN CONCENTRATION VARIES 3-33 PPMA. 
No CORRELATION WITH EFFICIENCY. 

3. OVERALL EFFICIENCY IS 85% OF CONTROL CELLS. 

4. LARGE GRAIN POLYCRYSTALLINE HEM MATERIAL IS COMPARABLE 
TO SINGLE CRYSTAL HEM. 

5. LARGE SIC PRECIPITATES (50-100 pM) MAY BE LIMITING SOLAR 
CELL EFFICIENCY. 

6. HIGH DISLOCATION DENSITY (lOfi/CM2). 
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LARGE-AREA SILICON SHEET TASK 

PROBLEM 

I. SIC PRECIPITATES 

2. HIGH DISLOCATION DENSITY 

SOLUTION 

BACK STREAMING OF OIL VAPORS 
CHANGE TRAP AND MECHANICAL 
PUMP. 

CHANGE COOlDOWN CYCLE. 

Best Simultaneous Achievement 

INGOT SIZE 

SOLIDIFICAT!ON TIME 

TOTAL CYCLE TIME (EST.) -

227 

36 KG 

18.5 HOURS 

51.5 HOURS 
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LARGE-AREA SILICON SHEET TASK 

IPEG Analysis: HEM 

INGOT SIZE 

LABOR 

SECTIONING ADD-ON 

SHEET CONVERSION 

EQUIPMENT COST) $ 

FLOOR SPACE PER UNIT) 

LABOR) UNITS/OPERATOR 

CYCLE TIME; HRS. 

EXPENDABLES/RUN) $ 

ADD-ON PRICE) $/M2 

ADD-ON GOAL) $/M2 

SQ. FT. 

36.6 KG 
9 BARS (10 CM x 10 CM x 15 CM) 

$9/HOUR 
4.7 PERSONS FOR 3 SHIFT OPERATION 
345 WORKING DAYS 

$1. OS/KG 

1 M2/KG 

ALLOCATION FOR 
ESTIMATE GOAL 

35)000 42)240 

60 

10 8.5 

56 60 

135 152 

17.39 

18.15 
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LARGE-AREA SILICON SHEET TASK 

MATERIAL EVALUATION 

APPLIED SOLAR ENERGY CORP. 

1. HEM (CRYRTAL SYSTE~) 

A. HEM I.D. 41-41C 

R. HEM I.D. 41-48 

2. DENDRITIC WEB (WESTINGHOUSE) 

PRE-CHARACTERIZED WAFERS 

Wafer Identification Within the HEM Ingot 

SIZE: 12" X 12" x 6" 

IH.,.oJ 35 kg 
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LARGE-AREA SILICON SHEET TASK 

HEM 1.0. 41-41C 

REPRESENTED BY TOP LAYER ~ 

REPRESENTED BY MIDD~E LAYER ~ I 

,.'- --,. -
oJ'" .... '". 60% 

REPRESENTED BY BOTTOM LAYER ~ r--__ 
~---I'/ 

AVERAGE'1 FOR THE ImOLE CRYSTAL: 10.7% AMl 

NORMALIZED TO CZ CONTROL: 87% 

Map of Normalized 11 (% to Control) for Center 
Layer of Vertically Cut HEM (41-41 C) 

,- - - - j" - - - i - - - . 'I ~ - - - " 
I J I , J 

: 78.7 I 88.5 I 86.91 76.2: 
J • J , L _ _ ~I _ _ ~ _ _ L __ , ... 

,- - - - t - - t" - - i - - .', 
: 100.8: 89.3 :88. 5 : 69,7 : , , , , , 
1 ____ , ___ !.. ___ I ___ l 

1- ---1- - - r -- -,- - --, 
I I I I I 

, : 100 : - : 95. 1 : 97.5 , 
I ...... __ I .. ___ I.... ___ .J. _, ___ ~ 

I - - -,- - -., - - T - --, 
, I ' 1 I 

i .9163.9: 66.4 : 46.7 : 
1_ _ L _ _ __.' 

AVE. 85.1% 
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LARGE-AREA SILICON SHEET TASK 

Map of CFF (%) For Center Layer of Vertically Cut HEM (41-41 C) 

1---- j--- -i---"I--~ ·'1 

: 61 ; 68 : 67 ; 59 ; 
, I : f ~ L _ _ _" _ _ ..J _ _ \... _ _ .... 

1- - - • t - - I - - i - - ·'1 
I I I I I 
1 77 ' 73 1 70 , 61 I 
1 1 1 ' 1 1_ • _ • '. _ _ !.. _ _ .1 _ _ _ L 

1- - - - ,- - - i - - -, - - - -, 
1 I I I : 

• 1 77 1 - '75 1 77 1 
1 1 , 1 , ,. ___ I. __ • 1.. ___ .J _ • __ I-

--,---, 
71 : 54 : 

1 ... -- 1 1 , , 

r - - - I- - - 'j - - ,- • - ., 
I I I I 'f 
: 71 : 73 :/76 Ij' 71 • 
L • ,- -.:. -1 --.! - - :. 

:····If(·:~g ! 61 V . : 72 .f{yrl 
,--- ,--_... ..l-r--I 

AVE,: 72% (93%) 

CONTROL AVE.: 76% 

Map of Normalized,., (% to Control) for Quarter 
Layer of Vertically Cut HEM (41-41 C) 

1-· - - , - - • T· - - j • - - I 
, I I 1 I 

: 80 I 94: : - : 
L_ ... _L~_~_ .. j ___ ! 

r - - -; - - 7 - - "j - .I -j 
I 1 I , 

I 91 1 90 I 98: - I 
I I I I 
~ __ -1 __ J ___ 1 ___ ~ 

i - - -, - - I 
, I I 

, 90 : 93 I 
, I i 
'----r----

1- - -j 

98 : 87 : 
I I - _1- __ _ 

.- - - -, - - - I - - - ,- - - -, 
, 1 I , 1 

I 85 I 1 , 1 
I : - I 87 I 94 I 
l... ___ L _ - .! - - -1- • - ~ 

j---I- --~--l- .. --j 

: 85: : 98; 99: 

t- - - -, - 7" -.- - - • - - • 1 
I I , ' , 
, 89 ' 92 1 ' 70 1 , I , I I 

L __ .' __ -1 __ .1. __ I I. _ _ J. _ _ _I • _ _ 1_ _ _ j 

i - - -,- - - I ... - -, - - - -, 
, , 1 I I 

I 103 I 96 , 97, 101 I 

,.- - - - - - _, 1- _ _. ___ " 

I J I I , 

: 100 : 96 ; : 55 : 
L _ • _,_ • _ .!. _ • _, ___ ! L __ .!.. __ '! __ J __ .. .! 

r--T--'--i'--"; 
, , I I I 
1 , I I 96 I 
L __ .! ___ I. _ -' ___ 1 

... - - - - - - -, - - - - - - --
" ' 
: 91 : -, 1 88 ~ L. ___ I ___ J ___ , ____ , 

AVE, 9m~ 
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LARGE-AREA SILICON SHEE~' TASK 

91 

Map of Normalized 11 (% to Control) for Edge 
Layer of Vertically Cut HEM (41-41 C) 

-- . . ", - - -, ~ - . -, - - '" . - , . " -, ,. w - .. i 

, 1 , , t 

, I 
, 1 

, 
, 105 1 81 91 72 

, 69 I , 87 1 

, I I , , I 
, I 

I I 

1 

I . - ' ........ .' ! ..... --I . . -'. - _L - - _,I 

, ____ J 

- . . -- - - r . --" . - -"1 i' - - r - - i 
I 

, - . 
I 

'i ,.. - ... -.'" - . , I 
- --j 

I 

, , 
, I I 98 1 86 I , , , . 91 

, 
100 

, 88 
I 

97 97 
, 

92 94 
, I , , , , I I , I , , , 

. 1 I 1 !. .! I 
__ J L ...... ' .1 _ .L .} 

- ...... - -. - .! - - -- . . -
.! " . -- ~ - - - - ... '-

-- - . -- -. - ,- - . ,... - - ., r· - . r - - "1 - - -t- --.. , 
I I I 

r- - . - i -, - -1 r I I , , I , 84 I 72 95 1 90 I ~6 I , , , , 
, 92 

, 
84 , 89 

, 84 , 84 
, 

96 , 89 , , , , , I 
, I I I 

, , 
1 

, I , , I I L _1- _ _ L _ .. - .,.1 L • _ '- - ~ .! -. .. ' 
-- - - - - - -

L. __ . - - - .' -- -.- ... --\ 

, .. __ ... ,- .. - .. - - • ., - .. ....j 

I I ~ ~ I 

: 87 ,84; 83 : 84 \ 
~_ ....... I .... _ .. ~ ...... _ .. I ....... ! 

... - '" .. ~ ...... i ........ ~ 

1 ' 
,84 73 I 95 : 95 
1 ......... 1 __ .... I .. _ .. _J .... _ ... _1 

'r "' ....... -I - ... - r • - .. "\ ........ "'i 
I I 

, 81 : 90 ,75 ~ 66 : 
1. __ - I .... - ...... 1 _ ...... _, - - - .. I 

AVE, 86% 

Map of CFF (%) for Quarter Layer of Vertically Cut HEM (41-48) 

r--~~~ -'~:.~.\- •• ~\- -·t·, rr-""" ---::-""--:-'"1':---'1 .l\,-----\,' -' --; ---ii , 
, ,\'" I' '\ -' '·'42"'1 '/6 .: ·7f1 : '76" _.-'7_.:_7..~ I 35 \ \29, '\ J 
: 'l7 \ \34 ': '" \ }26 • , : :' ,--\...' \, \ I 1\ ../."""- I I , , ' , L.~ __ ... : ... L ___ -J I" 
L ____ .'.--;;');-·:'--.---.-.' ·- .. ----1.---·-----'----:-~ - I,,; ......... ~~ ~._._ _ __ ._. , -·-;t:~'-- \ 

\ .,' I ' • ' ' .. -. ~-,--·r-~.~,r:-'_T--·--l ' ;·~--i--7--I·~;-:----i ' ~,····-T7--T--···I··-··~,· 
1 28 I ?6 , • I :r.,72 , ' 76 , 7, : 66 ' 77 " - I 45 ( , 31 , 
:, ". I ,,4 _..., L '''. 11'-, , I : : ~ : I,,' :. ' :" L ____ t ___ - •••• - __ • --""'.J. I. ____ .i. ___ -' ___ ._"'-_-_._J .... ' ~-----~ -,"'-\, ••...••• --1 

~') '" ! ...=:';1/ .,~~; Jf "./~: . // :-. .:;-;;... _. -' 
.-" - ,,_.~~,-. ",' / (' I / I,' { . \.-/' '-_ ,'-.~, \ . / 7 (-'-./"'--·T--··-··,--·~-·I 

, ____ _ '1 '·"-.;'rr,-,,~····-·r'---··'-·-- 1 r /' I' , 

r - - r 7 ,. -'-,,"IT _ ... -i -:::'~" -- . , '; -'" .: ,'" ": I \ : • : I 

\ \! I , 1 \ • - , ' \ 76 ' 7r. ' 75'-':' 76: / '. 741.. , 75 I 76,) 71 , 
, • 7 \ 76"· 7 4 I 75 : ' ',:>- . ..; , '. ", ' ' ' ' , " ,1, • ,. • , to ___ J.-- .. L---.J·--··I 

1-"'::-"" ,j J, \.,----..... -.- ••• - ........ ----. ,--. 
L-----r··--'--·--···-··--- , '" ,.)'.... ... -: ._ ... "'_' ...: ___ ~ .. ..:. j i, .... -.' ,': '-:' . .', .~) ·C. ~\ ,'""\ r:..:;\ '1-' .. . I ..... \,.r\ / (y,1' f \ ~J .. . ,,' ... , .. \ .. '" __ .. - _ ...... _.. - _ ...... r" 4 .. , ...... -, 

• .:.. __ -;.. _______ .r •• __ \f \ .' . r----r.------r----.-',·----·., \ r, .' r , 1 ,.. "r ~!.. I ' \ '" \ ,I. ",' .I, .... ,,' I ' 
: \ " ".- ,. ,,_ .... ' i • • 75' ," 71(' "( '·,· .. 7.S: 7/0' 75 ~ 74 ; 
: 75 ",66 \ 75 'r 75 \ \ \ 75, : \ / : '\, ~-.-.\:!.--.~----.[-- ... ~ 
L ••• __ .L .•. - ..... 

1
., ••••••• ' L----Jl----;·~----·'-···-··- \, ' 

(WE. OF USI\BLE I\REI\: 75 (Regions seporated by '7.-1ines are 
excluded due to shlint1ng.) 

I\VE, OF CONTROL: 75 
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LARGE-AREA SILIOON SHEET TASK 

Map of Voc (mV) for Quarter Layer of Vertically Cut HEM (41-48) 

'\~ - '- • \ '\ J 
r·--··v,,\,o_-.,, -··-r,J\j-·("· rr- ol.- ---,. .... :--.':"1---- . ~----- .-..... ----., 
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fiVE. or USABLE /\IlEA: lil8 (Regions separated by-·- lim'S 
are excluded due to shunting) 

hVE. OF CONTROL: 578 

Map of Normalized,., (% to Control) for Quarter 
Layer of Vertically Cut HEM (41-48) 
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LARGE-AREA SILICON SHEET TASK 

Map of Normalized 11 (% to Control) for Center 
Layer of Vertically Cut HEM (41-48) 
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Map of Normalized 11 (% to Control) for Edge 
Layer of Vertically Cut HEM (41-48) 
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AVE. OF USABLE AREA: 84% (Regions seaprated by -.- lines 
are excluded due to shunting. 
In thi 5 case. the Il'hol e upper 
region is excluded.) 
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LARGE-AREA SILICON SHEET TASK 

Map of Normalized,., (% to Control) of Top Layer 
of Horizontally Cut HEM (41-48) 

.... I . I . 'j 
• I I 

1 00 ~ 91 97 100 ~ 

'* ......... . '; ........... t •• .... ~ l ~ ........ , 
I I It' 

. 35 I ... '53 • I 
, J ' ( I 
L' l I 

AVE. OF USABLE AREA: 79% (SliMED AREAS II/fiRE EXCLUDED DUE TO SHIJNlIi 

ESTIMATED PERCENTAGE OF USAOLE AREA: 39% 
ESTI~IATr:D TOTAL EFFICIENCY VS. CONTROL: .79 )( .39 .. 31% 
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LARGE"AREA SILICON SHEET TASK 

Map of Normalized 11 (% to Control) of Middle 
Laver of Horizontally Cut HEM (41-48) 

95 • 100 95 

r ............ .,. r .......... , '" " .. "'." ......... .,., 
I ' 

I 103 I ~ I .. : _ I 

! I j 

' ....... _ ..... :.~ ..... .. .• ' ......... ,I ......... ""' ... ; 

AVE. OF USABLE AREA: 91% (SIIADED ARf.A ARE EXCLUDED DUE TO SIlUNTltlG) 
ESTIr~ATED PERCENTAGE OF USABLE (1. e I NON~SIlADED) AREA: 67% 

TOTAL EFFICIENCY VS. CONTROL: .91 x .67% • 61% 

ORIGINAL PAGE IS 
OF POOR QUALITY, 
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LARGE-AREA SILICON SHEET TASK 

Map of Normalized 11 (% to Control) of Bottom Layer 
of Horizontally Out HEM (41 .. 48) 
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ESTHIATED TOTAL EFFICIENCY VS. CONTROL: .83 )( .89 II 74% 

HEM 1.0. 41-48 

REPRESf.NTED BY TOP LAYER F:::=~:n~=:::::::t 

REPRESE~lTEr) 13Y I1InDLE L4YER 
6~r. - - - - •• 

REPRESENTED BY 130TTOM LAYER P~---:~--_-.L 
251~ 

EFFECTIVENESS OF THE TOTAL CRYSTAL NORMALIZEr) TO CZ CONTROL:61~ 

237 

J 
! 

J 

1 
i 
i 
; 
.' 

j 
l 

I 
I 
'1 



LARGE-AREA SILIOON SHEET TASK 

Ana~ysls of Westinghouse Samples 

I JPL NO. OF DISLOCATIONS NO. OF DISLOCATIONS 
SAMPLE # PITS/FIELD PITS/um2 

-
J250-4.7-A 17.808 2.737 x 10 .. 4 

J250-4.7-B 14.946 2.298 x 10-4 

J250-4:7-C 12. 146 1. 867 x 10-4 

J250-4.7-D 16.614 2.554 x 10-4 

J250-4.7-E 15.526 2.387 x 10, .. 4 

. 
J250-4.7-F 15.800 2.429 X 10-'+ 

J250-4.7-K, 15.828 2.433 x 10-4 

J250-4.7-K2 ',16.615 2.554 x 10-4 

J250-4.7-L1 37.424 5.753 x 10-4 

J250-4.7-L2 27.082 3.702 x 10-4 I 
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LARGE-AREA SILICON SHEET TASK 

AVERAGE 

STANDARD 

DEVIATION 

RANGE 

Summary of Pre-Characterized Web Wafers 

Voc (mV) 

.534 26 • .3 

1 .1 

.532-.5.34 26.2-26 • .5 

Minority Diffusion Lengths of 
Pre-Characterized Web Cells 

CFF (%) 

77 

76-78 

SAMPLE 1.0. bo(um) 

C 65 

T2 62 

F 58 

K-l 62 

K-2 63 

L 62 

Control 1111 121 
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TECHNOLOGY DEVELOPMENT AREA 

Encapsulation Task 

c. D. Coulbert, Chairman 

MATERIAL DURABILITY AND LIFE ASSESSMENT 

Developing quantitative relationships that relate environmental stress 
such as solar ultraviolet, wind, temperature extrePtes, and mohture to the rate 
of degradation of module performance and structural integrity are objectives of 
the Encapsulation Task in-house efforts. These activities are integrated with 
contractual activities to develop an overall module-life-prel:liction method. 

Photothermal degradation rates and mechanisms and ultraviolet absorption 
characteristics of polymeric encapsulants are being measured 8S a function of 
polymer composition and test-expcsure cond~tion8. Data are being obtained for 
silicones, EVA, PnBA, polyurethane, EMA, PVB, and acrylic films. Failure mech
anisms and critical temperature 11'~Lts associated with module hot-cell experi
ence are being identified for use in establishi.r!lg module circuit design and 
diode protection criteria. 

Encapsulation material degradation data for cost-competitive advanced 
encapsulant systems is being gathered using various test hardware such as 
minimodules (12 K 16 in.), two-cell modules and individual material samples. 
Exposure facilities include tbe JPL laboratory test chamber and selected Cali
fornia field test sites at Point Vicente, JPL, Goldstone, and Table Mountain. 

Solar-cell corrosion protection provided by various encapsulants, coat
ings and primers is being studied by Rockwell Science Center using a galvanic
cell atmospheric corrosion monitor (ACM). Initial results confirm that metal
lic surfaces encapsulated with properly bonded polymers will fiOt corrode even 
in the presence of strong acidic or alkaline liquids in contact with the sur
face of the protective polymer. Further studies will assess the effects of 
contaminated interfaces and polymer encapsulants that have been photothermally 
degraded. 

ENCAPSULATION ENGINEERING 

New material products tailored to the specific requirements defined and 
publicized by the LSA Project for PV module encapsulation are now available 
from Du Pont and 3M for the PV manufacturers. These products include non
blocking EVA film in production quantities, laminated EVA-Tedlar sheets, and 
PMMA UV-screening cover films. 

A display of these and other candidate polymeric encapsulation materials 
was presented in the 18th PIM exhibit area. These materials, provided at the 
request of the Encapsulant Task, were assembled to demonstrate the otatus, 
source, availability and form of candidate module encapeulants for pottants, 
cover films, edge seals and gaskets, adhesives and primers. 

A JPL report titled Photovoltaic Module Encapsulation Design and 
Materials Selection, JPL Document No. 5101-177, has been written and is in 
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ENCAPSULATION TASK 

pnss; it describes the module encapsulant material requirements for the vari
ous functional elements of a complete photovoltaic module encapsul~ti~n ~ack
age. This information is presented in terms of material properties, perfor'" 
mance, life and '<!ost requirements. It describes the status and availability of 
potential material and process candidates with criteria and guidelines fa .. ' 
their selection, processing, and optimizing configurations for specific appli
cations. A preliminary draft volume of this report was available in the put 
exhibit area and its publication and distribution is expected in about three 
months. 

Under a contract with the University of Massachusetts to develop poly
merizable UV stabilizers, the synthesis of 2(2 .. hydroxy-5-isopropenylphenyl) 
2H~bellzotriazole (2lt5P) and its copolymerization has been accomplished. The 
compound does not homopolymerize and grafting with 2U5p haa not been success"" 
eu!. At the same time, and based on the same intermediates as those used for 
the synthesis of 2ltSP, a new synthesis of 2(2hydroxy-S-vinylphenyl) 2H
benzotriazole (2H5V) has been carded out l:hat promises to have advantages over 
that accomplished earlier. 

Grafting of 2HSV onto a number of common polymers has been accomplished, 
including atllctic polypropylene, poly-[ethylene-co-vinyl (acetate)], poly
(methyl methacrylute), poly-(butyl acrylute) and polycarhol\ate. In preliminary 
experiments 2USB does not graft under similar conditions. 

Efforts will continue to evuluate the spectral characteristics of these 
compounds in attempts to establish clearly and beyond any doubt the most effec
tive polymerizable derivative of 2(2-hydroxyphenyl) 211-benzotriazole as the 
prime candidute for polymerizable UV stabilizers for the Low-Cost Solar Array 
Project. 

Progress was reported on the Illinois Tool Works contr~ict to develop and 
demonst,:ate the cllpability to produce operational solar celts having front and 
back metallhations and lI1'ltireflective c.oatings de~osited by gadess ion plat
ing. In summary, it is noteworthy that tbe process has repeatedly produced 
0('118 that perform as well as or better thlln comparable commet·c:i.al cells at a 
proj~~cted (SAMIS) producti.on cost of S.6¢!Wp for the metallization plus AN. 
contlng. 

Spectrolab, Inc., t-eported progress in the experimental verific.ation of 
their module-design anlllysis methods, evaluating the effp~rs of various module 
encapsulunt-design parameters on module thermal response, optical perfOl.'lUal\Ce, 
electrical isolation, and solar-cell stresses. A summary of the tests on 
optical performance and electrical isolation is included in its p'resentation, 
bt.'llow. One significant result of the electrical tests was that module electri
cnl isolation approaching intrinsic materi~l properties could be achieved with 
two or l1Iore dielectric layers (pottant plus film). All break-downs, however, 
occurred finally at tlharp corners and edges of solar cell or circuit compo
tll~nts. Voids and bubbles in the encapsulant did not significantly contribute 
to electrical brellkdown. 

A joint effort with Spectrolab is ul\der way to develop graphical design 
analysis curves, i.e., master curves with reduced variables. These curves, 
when defined and verified, will enable the module designer to optimize the 
encapSUlant system dadgn parameters slIch as pottant thickness, pottant modulus, 
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ENCAPSULATION TASK 

and cover-film properties and to determine which module performance character
istics are most aHected by encapsulant configuration and material choices. 

Progress in the development Bnd characterization of other advanced encap
sulant materials by Springborn Laboratories, Inc., JPL, and the interested 
industrial groups was sumnuu:hed by E. F. Cuddihy of JPL and x>. Willis of 
Springborn. A summary of property and performance data is included below. 
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ENCAPSULATION TASK 

MINIMODULE PROGRAM 

ADVANCED MODULE TESTING 

JET PROPULSION LABORATORY 

Minimodule Qualification Test Results 

SIN CE 1121 114, 115 GLASS / EVA / CELLS / 

CRANEGLASS / EVA / MYLAR 

PRETEST: 

TEMP TEST: 

PMAX = 10,81 WATTS 

PMAX = 10,60 WATTS (~1.9%) 

GAS POCKETS ~OVED TO THE BACKS OF CELLS 

(2 MODULES) 

HUMIDITY/FREEZE TEST: PMAX = 10.64 WATTS (-1.51,) 

SIN DE Ill, 1121 113 

PRETEST: 

TEMP TEST: 

TACKY SEALANT (3 MODULES) 

DELAMINATION (1 MODULE) 

PMAX = 6.45 WATTS 

KORAD / EVA / CELLS / CRANEGLASS / 

~IHITE EVA / SUPERDORLUX / 

CRANEGLASS / \~HITE EVA 

PMAX = 4,86 WATTS (-24.7%) 
CRACKED CELL (2 MODULES) 

EDGE DISCOLORATION (1 MoDULE) 

DELAMINATION (1 MODULE) 

WRINKLED FILM (1 MODULE) 

HUmDITY/FREEZE TEST: PMAX = 2.61 WATTS (-59.5%) 
DISTORTED INTERCONNECTS (3 MODULES) 

SPLITS IN SURFAf,E FILM (2 MODULES) 

ENCAPSULANT DISCOLORATION (1 MODULE) 
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ENCAPSULA TION TASK 

SIN DE 1271 1281 129 

PRETEST; 

TEMP TEST: 

PMAX • 6.21 WATTS 

GLASS / EVA I CELLS / WHITE EVA / 

tRANEGLASS I AL FOIL 

PMAX • 5.94 WATTS (-4.3%) 
AL FOIL I~RINKLED (3 ~lODULES) 

ENCAPSULANT D I SCOLORATI ON (1 f'lO))UI.E) 

CRACKED CELL (1 MODULE) 

HUMIDITY/FREEZE TEST: PMAX • 5,84 WATTS (-5%) 

SIN CE 128, 129, 130 

PRETEST: 

TEMP TEST: 

ENCAPSULANT EDGE DISCOLORATION (2 ~10DULES) 

EDGE SEALANT FLOW (2 ~10DULES) 

DISTORTED INTERCONNECTS (1 MODULE) 

PMAX " 10.80 WATTS 

GLASS / EVA / CELLS / 

CRANEGLASS / EVA / ACMETITE 

PMAX = 10,60 WATTS (-1,9%) 
GAS POCKETS MOVED UNDER CELLS (3 MODULES) 

AL Fo I L WR I NKLED (3 ~loDuLEs) 

HUMIDITY/FREEZE TEST: 10.64 WATTS (-1,5%) 
TACKY SEALANT (2 MODULES) 

ENCAPSULANT DISCOLORATION AT EDGES (2 MODULES) 

GAS POCKETS (1 MODULE) 
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ENCAPSULATION TASK 

SIN DE 1411 1421 143 

PRETEST: 

TE~'P TEST: 

" 

PMAX • 6.50 WATTS 

KORAD / EVA I CELLS I CRANEGLASS / 

WHITE EVA / GAL. STEEL / 

CRANEGLASS / WHITE EVA 

PMAX • 6.23 WATTS (-4.2~) 

WRINKLED FILM (3 MODULES) 
ENCAPSULANT EDGE DISCOLORATION (1 MODULE) 

DELAMINATION (1 MODULE) 

HUMIDITY/FREEZE TEST: PMAX = 6.13 WATTS (~5.7%) 
EDGE SEALANT FLOW (3 MODULES) 

SURFACE FILM SPLITTING (3 MoDULES) 
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Minimodule Qualification Tests m z 
0 

Pmax. Watts » 
After After Conments -U 

(J) 
Serial No. Origina1 TernE Test HurniditllFreeze Test After TernE Test After Humiditl/Freeze Test C 

r 
CE-112 11.24 11.08 (-1.4%) 11.19 (-0.4%) No Change. Sealant tacky. » 

-I 
CE-114 10.51 10.28 (-2.2) 10.23 (-2.7) Gas pockets moved to backs of cells. Sealant tacky. delamination. 0 
CE-115 10.68 10.45 (-2.2) 10.50 (-1. 7) II If II II .. II .. Z 

CE-128 10.83 10.65 (-1. 7) 10.69 (-1.3) Gas pockets moved under cells. Al Sealant tacky, Encapsulant discoloration -i 
foil wrinkled. » 

(J) 

CE-129 10.88 10,65 (-2,ll 10,65 (-2.1) Gas poc~ets moved under ~ells, Al Gas pockets. A 
foil wrinkled. 

CE-130 10,69 10.50 H.8) 10.58 (-1.0) Gas pockets moved under cells, Al Sealant tacky, Encapsulant discoloraticn 
foil wrinkled, at edges. 

DE-lll 6.24 6.09 {-2.4} 5.88 (-5.8) Cracked cell r film wrinkled, edge Encapsulant discoloration, interconnects 
dfsc(lloratlon, distorted. 

DE-112 6.B1 2.54 (-62.7) 1.83 (-73.1) Cracked cell. Interconnect distorted, splits in 
;- surface film. 

DE-113 6,29 5.95 (-5.4) 0.12 (-98.l) Delamination. Interconnect distorted, splits in 
N 

surface film. 
.p- DE-127 6,05 5.82 (-3.8) 5,59 (-7.6) Al foil wrinkled, Encapsulant discolored at edges, CP 

Interconnect distorted. 

• DE-l28 5.24 5.96 (-4.5) 5.96 ( .. 4.5) Al foil wrinkled, Encapsulant Edge sealant flow. 
\ discoloration. 

~ DE-l29 6.34 6.05 ( .. 4.6) 5.98 (-5.7) Al foil wrinkled, Cracked cell. Edge sealant flow. Encapsulant 
• discoloration at edges • 

DE-141 6.71 6.48 {-3.4} 6.35 (-5.4) Delamination, wrinkled, film Edge sealant flow. splits in surface 
encapsulant discoloration at edges film. 

DE-l42 6.50 6.09 (-7.6) 5,9f! (-8.0) Wrinkled film. Edge sealant flow splits in surface 
film. 

DE-143 6.28 6.12 (-2.5) 6,05 (-3.n " • Edge sealant flow splits in surface 
film. 

~ 
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Battelle Accelerated Test Results 

.................. .... 

ELECTRICAL CONTINUITY AT 9S0C 

........... . ..... ........ 
...... GRADUAL DECREASE INDICA'rES ......... 

...... INCREASING INTERCONNECT 

.... "... FRACTURE DUE TO THERMALLY 

"' ... ~ INDUCED FATIGUE CYCLING 

'" ... .. ... ... , .. 
~" .. .. 

25 0 75 -'--ino" '. 
TIME <DAYS) 
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ENCAPSULATION TASK 

INDUSTRIAL ACTIVITIES 

JET PROPULSION LABORATORY 

E. F. Cuddihy 

Industrial Contacts 

• AMERICAN CYANAMID • MONSANTO 

• AMERICAN PLYWOOD ASSOCIATION • NATIONAL STARCH AND CHEMICAL CORP 

• CIBA~GEIGY • OWENS-CORNING FIBERGLAS 

• CORNING GLASS • PAWLING RUBBER COMPANY 

• CRAM:: COMPANY • POTLATCH 

• CYRO INDUSTRIES • QUINN INDUSTR IES 

• DEVELOPMENT ASSOCIAlES, INC. • RICHARDSON COMPANY 

• DOW CORNING • ROHM AND HAA S 

• DUPONT • ROWLAND, INCORPORATED 

• GENERAL ELECTRIC • SHEWAHL 

• GRACE (EMERSON AND CUMING, INCJ • SHELL DEVELOPMENT CO. 

• GULF OIL CHEMICALS • SPAULDING FIBER COMPANY 

• HEXCEl • 3M COMPANY 

• lei AMERICAS, INC. .. UNION CARBIDE 

• MASONITE • U. S. GYPSUM 

• MEAD PAPERBOARD PRODUCTS • XCEL 
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ENCAPSULATION TASK 

DuPont-Rowland Ethylene Vinyl Acetate (fVA) laminating Film 

A) COST(QUOlEO APRIL. 198U 

QUANTITY! ft2 

> 25,W) 
> 50,000 
> 100,000 
>250,000 
> 500,000 

B) TECHNICAL SALES AND INFORMATION 

WILLIAM J. WALKER 
JOSEPH liCE 
ROWlAND, INCORPORATED 
SPRUCE BROOK INDUSTRIAL PARK 
BERLIN, CONN. 06037 

TELEPHO~ (20}) 828--6364 

PRICE RANGE. _Iff 

31 TO 33 
30 TO 32 
25 TO 27 
23 TO 25 

TO BE ~GOTIAlED 

ROBERT WASHBURN 
DUPONT 
ETHYLENE POlYMERS DIVISION 
PLASTIC PRODUCTS AND RESINS DEPT. 
CHESTNUT RUN 
WILMINGTON, DEL. 19898 

TELEPHONE (302) 999-3057 

DLipont Tedlar Products 

A) COMMERCIAL 

U CLEAR, UV SCREENING TEOLAR FILMS FOR FRONT COVER 
APPLICATIONS 

2) WHITE-PIGMENTED TEDLAR FILMS FOR BACK COVER 
APPLICATIONS 

B) EXPERIMENTAL 

11 WHITE-PIGMENTED AND CLEAR, UV SCREENING TEOLAR FILMS 
SURFACE COATED WITH AN ADHESIVE FOR BONDING TO EVA 
(ADHESIVE DESIGNATION 61Q4O) 

2) BACK COVER LAMINATE CONSISTING OF WHITE TEDLAR/61KM01EVA 

C) TECHNICAL SALES AND It-fORMATION 

JOSEPH D. C. WILSON" 
DUPONT 
POLYMER PRODUCTS DEPARTMENT 
CHESTNUT RUNDFILM 
WILMINGTON, DEL. 19898 

TELEPHONE (302) 999-3253 
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3M Co. Film and Allied Products Division 

A~ CLEAR, UV SCREENING ACRYLIC FflMS FOR FRONT COVER 
APPLICATIONS (X-22416, X-22417) 

B~ WHITE-PIGMENTED "SCOTCtiPARu POLYESTER FILMS FOR BACK 
COVER APPLICATIONS (SCOTCHPAR-20-CP-WHiTE) 

C) TECHNICAL SALES AND INFORMATION 

RICHARD G, LUNDGREN 
3M COMPANY 
3M CENTER 
BUILDING 236"GA 
ST. PAUL, MINN. 55101 

TELEPHONE (612t 133-4281 

ROGER BREKKEN 
3M COMPANY 
3M CENTER 
BUILDING 223-55 
ST. PAUL, MINN. 55101 

TELEPHOt€ (612~ 733-1969 

3M Co. Adhesives, Coatings and Sealers Division 

A~ ''WEATHERBAN'' FAMILY OF BUTYL EDct SEALING TAPES 

B) PRESSURE-SENSITIVE ADHESIVE SOlUTIONS 

C) COATINGS FOR WOOD AND STEEL 

D) TECHNICAL SALES AND INFORMATION 

MICHAEl JONES 
3M COMPANY 
3M CENTER 
BUILDING 223-6N-02 
ST. PAUL, MINN. 55101 

TELEPHONE (612t 733-7198 
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More Materials 

A' AVAILABLE FOR PV INDUSTRY EVALUATION 

U ETHYlE~ METHYL ACRYLAlE tEMA' lAMINATING FILM 

21 POlY-n-BUTYL ACRYLAlE (P-n-BAI CASTIN~ LIQUID 

3' AUPHATIC POlYETtlR URETHANE CASTING LIQUIDS 

4' [PPM EDGE GASKETS 

B, UNDER INVESTIGATION 

U ANTI .. SOILING COATINGS H.e., L·U68, 3M COMPANY) 

2' POlYMERIC AND MONOMERIC UV STABILIZERS 
(AMERICAN CYANAMID) 

3) HIGH PERFORMANCE ANTI-OXIDANTS (AMERICAN CYANAMIDt 

41 LIQUID ACRYLIC CASTING RESINS 

--~---~--~,-----------

PRIMER DEVELOPMENT BY E. P. PLUEDDEMAN 
OF DOW CORNING CORP. 

JET PROPULSION LABORATORY 

E. F. Cuddihy 

Primer Formulation for EVA-Glass 

A) PRIMER FOR BONDING EVA TO GLASS 

BI PRIMER FOR BONDING EVA TO POlYESTER FILMS 

SUCH AS MYLAR, SCOTCHPAR, llUMAR 

C) PRIMERS FOR EMA, P .. n-8A, URETHANES 
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ENCAPSULA'nON TASK 

Primer Formulation for EVA-Glass 

C3MPONEN! 

DOW CORN INC, Z -6030 

BENZV DIMETHYL AMItE 

LUPER SOl 101 PEROXIDE 

COMPOSITION 

90 PARTS BY WEIGHT 

10 PARTS BY WEIGHT 

1 PART BY WEIGUT 

~SE OPTlON~ 

NOTES: 

A. "SELF-PR~MING" EVA - DISPERSE TI-E THREE COMPONENT MIXTURE 
INTO EVA PELLETS PRIOR TO FILM EXTRUSION (QUANTITY, 1 wt. ~ 
IN EVA FILMI 

B. SEPARATE PRIMING OF SURFACES - DILUTE THE THREE COMPONENT 
MIXTURE IN METHANOL TO to wt.", WIPE THINLY ONTO SURFACES 
AND ALLOW TO AIR DRY AT LEAST 15 minutes, 

1. ADEQUACY Of BONDING EVA POTIANT TO FLUOROCARBON FILMS 
(e.g., TEDLARI WITH THIS PRIMER SYSTEM NOT YET 
DEMONSTRATED 

2. rHLUTEI> PRIMER MIXTURE IN METHANOL AVAILABLE FROM 
3PRINGBORN UNDER THE DESIGNATION "A-l186t-l, 
EVA PRIMER" 

Primer Formulation for EVA-Polyester Films 

COMPONENT 

CYMEL303 (AMERICAN CYANAMIO, 

Z-6040 (DOW CORNINGI' 

METHANOL SOLVENT 
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ENCAPSULA TION TASK 

PROPERTIES OF f':THYLENE VINYL ACETATE (EVA) 

JET PROPULSION LABORATORY 

E. F. Cuddihy 

Cured EVA (A-9918) 

GLASS TRANSITION ltMPERATURE: -430C 

DENSITY: 0.92 gms/cc AT 2",oC 

THERMAL EXPANS ION COEFFICIENT 

a' BELOW Tg t -430C, 0.9 • 10ff4 0c-1 

b) -43 TO +l00C 2.0. 10-4oC-1 

c) ABOVE +100C 4.0· 10-4oC-1 

YOUNG'S MODULUS AT 25°C: 900 psi 

TENSILE STRENGTH (250Ch 1900 psi 

ELONGATION AT BREAK t250C): 51()11, 

THERMAL CONDUCl'IVITY: 9. 102 watts-mil 
ft2 _ 0c 

SPECIFIC HEAT: 2.09 w~~o~c 

DIELECTRIC STRENGTH: 620 volts/mil 
I R EM ISS IV ITY t250C): 0.88 t CLEAR) 0.91 tWHITE' 

REFRACTIVE INDEX: 1.482 

OPTICAL TRANSMISSION: ~92" MOO TO 800 mm) 
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ENCAPSULA TION T AS\( 

Dynamic Mechanical Properti('s 

Dynamic Modulus (E*) of Encaf:;;;.loi;~tlon-Grade EVA 
(A-9918) at a Frequency o~ 11 0 H~ 

CURED EVA 

UNCURED ~tVA ../ \ 
~''fLUID'' 

If _L-~~ __ L-~~ __ ~-L~ 
-160 -120 -IK) -40 0 40 IK) 120 160 200 240 

tEMPERATURE, °c 
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ENCAPSULA TION TASK 

Dynamic Me~hanical Properties 

Loss Tangent (Tan +) of Encapsulation-Grade EVA 
(A-9918) at a Frequency of 110Hz 

to .---,.---,..--,---..--,..---,..__--r-__._--.------. 

0.001 I I I I I I I 
-160 -120 -I) -40 0 40 I) 120 160 200 240 

ltMPERATURE, °c 
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ENCAPSULATION TASK 

Cured EVA (Formulation A-9918) 

Linear Expansion During Measurement 

of Dynamic Mechanical Properties at 110Hz 

0.2 

40.0 

0.8 

~ 0.6 

~. 
0.4 

§ 
~ 0.2 

3 
~ 39.0 

0.8 

80 120 
T£MPERATIJRE, 0c 

Densities at 25°C of Enc8rJsulation-Grade EVA (A-9918) 

MAl£RIAl 

ElVAX 150* 

COMPOUNDED AND UNCURED EVA 

COMPOUNDED AND CURED EVA 

• 

DENSITY, gms/cc 

0.957 

0.97 

0.92 

FROM DUPONT TECHNICAL LITERATURE FOR ElVAX RESINS 
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ENCAPSULA TION TASK 

General Speculations on Elvax EVA Resins 

• At! OF Tt£M BlOCK COPOlYMERS 

• ALL HAVE 10130 (VAlE' RANDOM COPOlYMER BLOCK 

• ALL WOULD HAVE T9 ~"43 TO" 440C 

• DIFFERENCES AMONGST Tt£ RESINS ARE PROBABLY 

It WT. FRACTION DISTRIBUTION OF Ttl: BLOCKS 

2' MOlEC,ULAR WEIGHTS OF THE BLOCKS, ESPECIAllY 

PE BLOCK WHICH WOULD REGULATE MELTING POINT 

Considerations for Imprqving Weatherability and 
Durability and Increasing Service Temperature of EVA 

U STABILIZATION OF POlYETHYLENE 

2t STABILIZATION OF THE ETHYLENfIVINYL ACETATE 

BLOCK 
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ENCAPSULATION TASK 

MASTER CURVES FOR STRUCTURAL ANALYSIS 

JET PROPULSION LABORATORY 

E. F. Cuddihy 

Master Curve Development 

General List of Structural Parameters Being Considered 
for Reduced-Variable Master-Curve studies 

POTIANTS - 1) MODULUS 

2) THICKNESS 

3) THERMAL EXPANSION COEFFICIENT 

4) HYGROSCOPIC EXPANSION COEFFICIENT 

SOlAR CELLS - 1) MODULUS 

2) ~'IMENSIONS (THICKNESS, WIDTH, LENGTH) 

3) THERMAL EXPANSION COEFFICIENT 

4) INTERCELL SPACING 

5) GEOMETRY (I.e., ROUND, SQUARE, RECTANGLE, ETC.) 

PANELS - U MODULUS 

2) DIMENSIONS (THICKNESS, WIDTH, LENGTH) 

3) THERMAL EXPANSION COEFFICIENT 

4) HYGROSCOPIC EXPANSION COEFFICIENT 

, 
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ENCAPSULA TION TASK 

Structural Analysis 

Deflection and Thermal stress 

INPUT PROPERTIES 

I, MODULUS 

2' TENS ILE STRENGTHS 

3 I THERMAL EXPANS ION COEFF 

4, PANEL THICKNESS 

MODULE DES IGN FEATURES 

U 1. 2 X 1. 2 SQUARE METER 

2t 10 X 10 SQUARE CM CEllS 

3) 1. 3 MM CEll SPACING 

~, SOLAR CELL ALLOWABLE STRESSES 

~ jSOLAR CELLI \.. ISOLAR CELLI ~ 

POTlANT 
a) DEFLECTION. 8000 PS I 

b) LINEAR HHERMAU, 5000 PS I 

PRIMARY OUTPUT 

GENERATED STRESS IN SOLAR 

CELLS AS A FUNCTION Of 

POTlANT THICKNESS BElWEEN 

CELLS AND STRUCTURAL PANEL 

STRUCTURAL PANEL • 

t t t t t t 
DEFLECTION, 50 lBS/H2 -_ . .. 

THERMAL EXPANS ION/CONTRACTION 
100°C TEMPERATURE RANG[ 

Structural Analysis 

Structural Material Properties 

THERMAL EXP 
MODULUS COEFFICIENT ALLOWABLE STRESS 

MATERIAL (PS I) (IN/IN/OC) (PS I) 

GLASS 

TEMPERED 10xl06 9.2xlO-6 13(Xl) 

ANNEALED 10)(106 9.2xlO-6 2(Xl)-3600 

WOOD 0.8-1. 2xlO 6 7.2xlO-6 2500 

SiLICON 17xlO
6 4.4)(10-6 5(Xl)-8000 

STEEL 30xl06 lO.8xlO-6 28000 
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THERMAL STRESS ANALYSIS (L\T = 100 0 C) 

Glass Superstrate Design 

.. , I " "I 

COMPUTER TRACES FOR 118 Inch THICK 
TEMPERED GLASS 

" " , q 

POITANT MODULUS 
E, KSI 

~IO'O 
MOOULUS M .IOXI~ 1:0 

GLASS PROPERTIES ~.~ 

THERMAL EXP. COEFF. a -9.2 X 10-6 oC-1 0.5 

1. 0 L..---'---'--'--'-'-'-'w......----'-"""--..J-...J'-'-'-'-L~ _ _'__L__'__'_.&....I...J .......... 

0.1 1.0 10.0 100.0 

t, POTTANT THICKNESS (mils' 

HORIZONTALLY SHIFTEO COMPUTER 
TRACES USING REDUCED 
VARIABLE (tiE' 

0:: 

:5 o 
VI 

1. 0 ~. ---1.---'---'--l---lI-L..l~--...l-..!-.-L-..I-LW..J.-L-_-L.--L--L-L.LLJUJ 
0.1 10 

POTTANT REDUCED VAR IABLE, tiE (mUs/KS" 
100 
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ENCAPSULATION TASK 

100 

CCJt\PUl£R TRACES fOR WOOD, ST££l, AND GlASS 
SHIFlED HORIZONTALLY USING THE 
REDUCED VARIABLE CtaM/Et 

1.0 L-_...L-.....l-.....I-.1.....L..L.L.LL-_....l---1-...L--i-.L...1-IL.LL----'-..L-"--'-~~ 
W ~ ~~ 

REOUCED VARIABLf, taMIE 

Master Curve for Thermal Stress An~lysis 

SYMBOlS 

S, SOlAR·CRl MAX. STRESS, KSI 
t, POTTANT llHCKNESS, mils 
E, POTTANT MODUlUS, KSI 

M, MODULUS OF STRUCTURAL PANEl, PSI 
a, Tl£RMAlEXP. COEFF. OF STRUCTURAL PANEL, oC-1 
~T, TEMPERATURE DIFFERENCE, oc 

REDUCED VARIABLE, taMIE 
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ENCAPSULATION TASK 
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Hygroscopic Stress Analysis (6.RH = 100%) 

Wooden Substrate Design 

I " ""1 -, 

PREDICtED BEHAVIOR 
EMPLOYING n£ MAS1ER CURVE 

WOOD f.,QOPERTIES 
--~ 

i , 

MODUlUS M • 0.8 J( 106 PS I 
HYGROSCOPIC EXP, COEFf. a.. 50 J( 10-6 "RH-l 

~ 

- - ALloWABfiOlAR CELt. -
STRESS IN tENSION 

10 100 
t, POTTANT THICKNESS, mils 

POTT ANT MODULUS 
-E. teSt 

2.0 

Deflection Stress Analysis (Load = 50Ib/ft2) 

Glass Superstrate Design 

HORIZONTAllY SHIFtED COMPUtER 
TRACES USING REDUCED VARIABLE (tiE) 

----
1/8 Inch THICK 
tEMPERED GlASS 

1. 0 '--_-L---L---I.-..l.-.L...L.-L..L.J-..._--'-_-'---'---'-.L..l....JL...L-J..._----'_-L-.I.-...I.-'-I-L..L..I 

0.1 1. 0 10 100 
POTTANT REDUCED VARIABLE, tiE (mlls/KSI) 
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ENOAPSULATION TASK 

COMPOSllE COMPUlER TRACES FOR GlASS, WOOD, 
AND SltEL SHIFlED HORIZONTALLY AND 
VERTICAlLY TO DEMONSTRAlE POlENTIAL OF 
SUPERPOSITION TO A MASlER CURVE 

" 
ARB'TRARY UNITS 

ION PLATING 

ILLINOIS TOOL WORKS-ENOUREX 

-- DEVELOP ION PLATING FOR DEPOSITION or METALLIZATION 
ON SOLAR CELLS. 

-- DEVELOP MASKING TECHNIQUES TO BEST MAKE USE OF ION 
PLATING DEPOSITED METALLIZATION. 

-- DEVELOP LOW COST METALLIZATION SYSTEMS FOR USE ON 
SOLAR CELLS. 

-- DEVELOP ION PLATING DEPOSITED AR COATINGS. 
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ENCAPSULATION TASK 

I 
S •• pl. of 9 c~ll •• ver.s. " • 12.49 

( AMPS) 1S:S:S:S~s::s~~i.3:~i::s:~S;:S::::S:;~ 2.0, 
Controls (3) .v~r.&e " • 11.2 

1.5 

1.0 

0.5 

o +-----~----~-----,------~----,-----~~ 
o .1 ,2 .3 .4 

Ion Plating SAMIS Results 

.056 ($1980>/PEAK-WATT 

BASED ON: 

.. - 50 MWIvEAR PRODUCTION 

-. 4# DIAMETER ROUND CELLS 

-- NI/Cu FRONT ME'TAL!.IZATION 

-- TI/Cu BACK I1ETALLIZATION 

-,. S lOX AR 

.5 

-- 6 VACUUM SYSTEMS + 1 RECYCLE STATION 

IPEG SENSITIVITY ANALYSIS IS IN PROCESS 
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ENCAPSULATION TASK 

Future Opportunities and Problems 

A) METALLIZATION OF CELLS WITH OTHER THAN ROUND SHAPES. 

-- SQUARE CELLS 

-- RIBBON SILICON 

B) JUNCTION FORMATION AND Y::, :ALLIZAnON HI UME MACHINE. 

-- ION IMPLANT JUNCTION 

-- LASER RECRYSTALLIZATION 

-- ION PLATE METALLIZATION AND AR 

REQUIRES: 
-- SEPARATE VACUUi'l SYSTEMS FOR IMPLANT AND ION PLATI NG 

OPERATIONS 

-- MATCHED THROUGHPUTS 

C) DEPOS,ITlON OF JUNCTION AND METALLIZATION BY ION PLATING 
IN ONE MACHINE 

-- D~POSIT DOPED SI LAYER ~4000 a THlCK 

-- I.ASER RECRYSTALLI ZATlON 

-- ION PLATE METALLIZATION AND AR 

REQUIRES: 
-- DEVELOPING RECRYSTALLIZATION TECHNIQUES 

-- DETERMINING PROFILE OF RESULTING JUNCTION 

I'MIN'iT WITACT ~K. 
tLtD RAn;; 1 PALArUMItI. 
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ENCAPSULATION TASK 

ENCAPSULANT DESIGN ANALYSIS AND VERIFICATION 

COUPON NO. '00-1 

Low-Iron 
Lol4 learln9 MeMber Gl ... 

SUpple-In 

Top Cover --
Ene,plulant EVA 

Enelplul.nt ltl rd1 Thiekne .. 

Cdl 'l'ype. 5C-2'S'I 

No. Cell. a 

·SC - ~::'n9le Cry. tal Silicoll 
PC - PolvcrYltalllne Silicon 

SPEC'TROLAB, INC. 

Optical Verification Testing 

• 13 SPECIMENS1 TWO CELI_S EACH 

• XENON AND TUNGSTEN SIMULATORS (AMO AND AMI) 

• COMPARE BARE VERSUS ENCAPSULATED CELLS , 

Optical Test Specimens 

OO-Z 00-3 00-4 00-' oo-f 00-7 00-' 00-' 

Loll-Iron ~19h-Iron Low-Iron J.9v lf9n 
Gl ... Gl.~. Gl ... G1 ... N/A N/A N/A N/A 

Stlppl.~ir Stipple-In Stipple-Out 

-- -- -- -- lIond 'I'edlar 'I'e4lar 'I'edlar 

EVA EVA rNA/CG EVA/CI3 IVA IVA riYA/c.a EVA/CG 

10 .. 1.1 10 IIll lCl,d1 10.11 10.11 10 IOU 10 .11 10 .11 

PC-Z'x4' flC-Z'Sq SC-Z',5q SC-~'lIq SC-2"lq IIC-Z"I<4 3C-2"11I SC-Z'Sq 
(AR) 

2 2 2 2 2 2 :I 2 

NIA - Not applicable for thtl telt 
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00-10 00-11 OO-1Z 00-13 

N/A N/A N/A N/A 

'I'edlal' 'I'edl.r 'I'edl.r 'I'edlal' 

EllA/CO EVA EVA EVA/CG 

10 IOU 54.11 10.11 10-.11 

5C-Z'D SC-2'Sq IIC-2'Sq 5C-2<0 
('I'ext) (Ak) (AR-'I'ut 

:I 2 :I :I 

\ 
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ENCAPSULATION TASK 

Typical Optical Test Coupon 

l~tCTRICAL CONTACT 

I, 

5" 

x 
x. 

')( J 

...... r---- s
" 1 

4ASURE TOTAL TH!CKNESS AT LOCATIONS MARKED IIX" 

L .-_____ -.....=-==~~- STIPPLED SlOt 
.127" Io.hII";N~Atl.,c..J.'..,A.I.WWWOAAAA.I~,p,,t.~CJ,AAPoA+e-F ..... ACIN\; INWARD 

T TBD ....,....-=EV~A _..,..-_""""" .L oJ§. "'~L .. "' ..... .;; .012" 
J... I--__ ~-..... ~I::.. .• -",~'::';b ':::":~>-:""""~~\":::::-'::"';::"..,;;J------'T 

lI.\CK SIDE OF CELL IS BARE 
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ENCAPSULA TION TASK 

Optical Results 

• STIPPLE IN VERSUS OUT NO EFFECT 

• CRANE GLASS NO EFFECT 

• EVA THICKNESS NO EFFE~T 

• IRON CONTENT LARGE EFFECT 
! 

Specimens for Electrical Verification Tests I 
~ Front Side 

Back Side 
A .004 Tedlar .018" EVA/CG .018" EVA/CG .001 Al/Polyester 
B .001 Tedlar .018" EVA/CG .036" EVA/CG .001 AI/Polyester 
C .001 Tedlar .018" EVA .018" EVA/CG Wood* 
0 .001 Tedlar .036" EVA/CG .036" EVA/CG Wood* 

*Duron 'U. S. Gypsum Co.) 

,j 
.~ 
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ENCAPSULATION TASK 

I-< 

Setup for Electrical Isolation Tests 

---- 4.0· \:> r-- 3.5

M 

,---. - 3.0" -1 / 
I'V' I I 

I 
r - - - ~ - - - - --, 
I I 
I I 
I I 
I I 
: ~ 
t 
I 
I 
I 
I 
I L _________ 

WEIGHT 
(3 l,I>S) 

TEST SPECHIEN 

I 
I 
I 
I , 
I 
I - - .... 

~ L----

l-l.---

AREA OF COPPER 
SIIEET 

AREA OF Ar.umNI:JM 
BLOCK 

I 5" ALUm'NU~1 BLOCK i . 
~I ______ ~--__ .~--------~,,~~ 

INSULATION 
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ENCAPSULATION TASK 

Electrical Coupon, Type A 

·--'l·=--':~=:=--=-·-=-l·~J ------3.,5"------
.010" 1'1l1CK n:p 

r - -" :'1'-:'1",-
4" 3.,5" I - _-::::=:J .45" 

l __ J ___ Jf..i-

i _ - -l..s"-I 
- .2 

if' . 

--------------------~ -1- ~. ________________________ ~ 
1""" • ..-______ 4" 

Summary of Electrical Test 

Average 
Breakdown std. 

£2EEon 'l'ype Voltage ~ High Low 

A Front 15.6 2.B 19 12 

B Front 15.2 1.9 19 12 
l' c Front 13.2 3.6 21 5 I 
11 

D Front w/e.G. 18.1 3.7 22 10 I 
D Front no e.G. 15.8 4.0 25 12 

A Back 6.B 3.1 11 1 

B Back B.6 2.1 13 5 

e Back 22.2 4.2 25 B 

D Back 24.0 1.2 25 21 
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ENCAPSULATION TASK 

Electrical Results 

• BREAKDOWN AT CORNERS AND EDGES 

• VOIDS AND BUBBLES NOT SIGNIFICANT 

• RELATIVELY HIGH DIELECTRIC STRENGTHS FOR 
ALL SAMPLES 

Technology Voids in Electrical Test 

• EFFECTS OF WEATHERING IGNORE.D 

• MODEL DOES NOT TA~~ nELl) CONCENTRATION EFFECTS 
INTO ACCOUN'I 

• EFFECTS OF CONTINUOUS ELECTRICAL FIELD NOT 
INVESTIGATED 

• EDGE PROBk~MS IN FRAMING NOT INVESTIGATED 

TOPICS IDENTIFIED REQUIRING FURTHER RESEARCH 

Thermal-Structural 

• EFFECT OF POTTANT SURROUNDING CELL C(l"lPLETELY 

• TEMPERATURE VARIATIONS OF STRUCTURAL PROPERTIES 

• MATERIAL PROPERTIES OF POLVCRVSTALLINE VERSUS 
SINGLE CRYSTAL SILICON 

• WEATHERING EFFECTS ON MATERIAL PROPERTIES 

• RESIDUAL STRESS FROM ENCAPSULATION PROCESS 
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ENCAPSULATION TASK 

Structural-Deflection 

• LeADING FROM BOTH SIDES OF MODULE 

• COMPLETE ENCAPSULATION 

~ RESIDUAL STRESS 

• STRESS MEASUR~MENTS AT VARIOUS POINTS ON CELL 

• STRESS AT INTERCONNECT POINTS 

• VARYING MATERIAL PROPERTIES WITH TEMPE~ATURE 

• CELL SHAPE AND SIZE/MODULE SIZE 

• CELL THICKNESS 

• WEATHERING EFFECTS 

Thermal 

• LOCATION OF 110DULE IN ARRAY FIELD 

• WIND PATTERNS IN ARRAY FIELD 

• REF I NEMENT OF CONVECT I VE HEAT TRANSFER ALGOR ITHM 

Optical 

• OFF NORMAL RADIATION 

• ZERO DEPTH CONCENTRATOR EFFECTS 

• DIFFUSE REFLECTION EFFECTS 

• DIFFUSE SUNLIGHT EFFECTS 
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ENCAPSULATION TASK 

Electrical 

• FIeLD CONCENTRATION 

• EFFECTS OF BUBBLES AND VOIDS 

• EFFECTS OF MOISTURE 

• EFFECTS OF ENCAPSULANT AGING 

MATERIALS DEVELOPMENT 

SPRINGBORN LABORATORIES, INC. 

Status of Available Technology 

ACCOMPLISHMENT DATE 

ETHYLENE VINYL ACETATE POTTANT 3/79 

DEMONSTRATED DOUBLE VACUUM BAG LArHNATION 
TECHNIQUE FOR MODULE FABRICATION 61/'9 

NON-WOVEN GLASS SPACER IDENTIED 1/80 

FORMULATION OF HIGH STRENGTH PRIMERS 
(GLASS/EVA) 9/80 

GASKET MATERIAL/SUPPLIER IDENTIFIED 4/81 

ETHYLENE/METHYL ACRYLATE POTTANT 5/81 

POLYURETHANE CASTING SYRUP IDEN'(IFIED 6/81 

BUTYL ACRYLATE POTTANT 7/81 

, 
; 
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ENCAPSULA TION TASK 

Pottant Materials 

• ETHYLENE VINYL ACETATE POTTANT 
A~9918 

, DU PONT EXTRUSION OF EVA ON COMMERCIAL 
SCALE 

, EXPlORING EVAITEDLAR CO~EXTRUDED FIU1 

, SMALL VOLU~lE ORDERS ( TO 30,000 FT2) 
AVAILABLE - SPRINGBORN LABORATORIES 
CRANEGLASS INTERLEAF AVAILABLE 

Ethylene Methyl Acrylate (EMA) 

, COST) $0,59 / LB * 

, HIGH THERMAL STABILITY 

. ADHESION PROPERTIES (HOT MELT) 

, NON-HYDROPHILIC 

. ANTJ-BLOCKING ADDITIVE AVAILABLE 

, VACUUM BAG LAMINATION DEMONSTRATED 

INTEGRATED TRANSMISSION: 91.5% 

, EXTRUDABLE IN THIN FILMS 

, MELT INDEX, 6 GMS / 10 MINUTES 

* GULF OIL CHEMICALS, BASE RESIN) TD - 938 
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ENCAPSULATION TASK 

EMA Formula No. A-13439 

eABTS 
EMA TD 938 BASE RES I N 100,0 
LUPERSON 101 (CURING AGENT) 3.0 
CYASORB UV-531 (STABILIZER) 0.3 
TINUVIN 770 O.J 
NAUGARD - P (ANTIOXIDANT) 0.2 

. INGREDIENTS TUMBLE BLENDED PRIOR TO EXTRUSTION -
NO SEPARATE COMPOUNDING STEP REQUIRED 

I NO RELEASE PAPER REQUIRED 
I FDR USE IN VACUUM BAG lJ\MINATION 

CURE STUDIES: 

CURE TIME 

10 MINUTES 

20 MINUTES 

30 MINUTES 

40 ~HNUTES 

60 MINUTES 

THERMAL CREEP: 

DEGREE OF CURE I % GEL ,---, 

I_OW GEL 
-~ ------- 1-. 

LO\i/ GEL 34% 

LOW GEL 47% 
-

or. 

37% 

53% 

63% 

65% 

BLOCKS OF CURED E.f>1A AND UNCURED RESIN 
HUNG IN AIR OVEN AT 90° C - NO CREEP 
IN EITHER 

EMA HAS NO ESTAB I LI SHED GEL REQU 1 REMENL 
MAY NOT REQUIRE CURE, 

MODULES UNDER TEST AT 90° C 
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ENCAPSULATION r ASK 

CURED PROPERTIES: 
TENSILE STRENuTHJ PSI 
ULTIMATE ELONGATION, % 

2,080 
570 

YOUNG'S MODULUS, PSI ~,200 * 
INTEGRATED OPTICAL TRANSMISSION, % . 90.5 
HARDNESS, SHORE D 35 
REFRACTIVE INDEX 1.49 

* HAS A THICKNESS REQUIREMENT 

• INDUSTRIAL EVALUATION SAMPLES AVAILABLE 
FROM SPRINGBORN LABORATORIES 

· PILOT PLANT QUANTITIES AVAILABLE 
FROM SPRINGBORN AT $0.40 PER SQUARE FOOT 

· STANDARD SIZE: 24 INCH WIDTH, 0.018 
INCH THICK 

, ROLLS OF APPX. 230 LINEAR FEET WINO 
RELEASE INTERLEAF 

· PRIMER: SPRINGBORN Al1861 (TO GLASS) 

Butyl Acrylate Casting Syrup SA 1 3870 

(IDENTIFIED BY JPL) 

CURRENT FORMULATION: BA 13870 PARTS 

. BUTYL ACRYLATE POLYMER 35 

. BUTYL ACRYLATE MONOMER 

HEXANEDIOLDIACRYLATE 
(CROSSLINKING AGENT) 

L,'IUVIN - P 
<UV SCREENER) 

TINUVIN 770 
(UV STABILIZER) 

60 

5 

0.25 

0.05 

SAMPLES ARE AVAILABLE FROM SPRINGBORN LABORATORIES FOR 
INDUSTRIAL EVALUATION 
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ENCAPSULATION TASK 

CURE CHARACTERISTICS: -
• CURED IN 18 t11NUTES AT 600 CJ OR 

14 MINUTES AT 700 C 

INITIATOR: ALPEROX - F I 0.5% BY 
WEIGHT (LAUROYL PEROXIDE) 

POT LIFE IN EXCESS OF 8 HOURS AT 
25° C 

-

Low-Temperature Initiators: Butyl Acrylate Pottant 

CURE TIr1EJ (MINUTES)A. 
..2ft. ~ ~ 6!tC-

INITIATOR LEVEL 

NP NP 21 12 
40 5.5 4 3 

LUPERSOL - 11 0.5 
VAZO-33W 0.5 
LUPERSOL - 11 0.5 NP 29 11 5 
STANNOUS OCTOATE 0.1 

ALPEROX -F 
(LAUROYL PEROXIDE) 0,5 NP NP NP 18 

A. UNDER NITROGEN TO PREVENT INHIBITION 

ALPEROX - F RECOMMENDED FOR INDUSTRIAL EVALUATION \~ORK : 
NON - GASSING 
NON - HAZARDOUS 

, LONG POT LIFE, AT LEAST 8 HOURS 

, RAPID CURE AT 600 C 
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ENCAPSULATION r ASK 

--

Butyl Acrylate Syrup 

PROPERTI ES: 
SYRUP: WATER WHITE) CLEAR 

VWCOSITY APPX, 8/000 CENTIPOISE 
SPECIFIC GRAVITY APPX, 0,94 

CURED PROPERTIES: 
TENSILE STRENGTH (D638) 300 PSI 
YOUNG'S MODULUS (D~638) 100 pst 
ULTIMATE ELONGATION (D638) 110 % 
HARDNESS (SHORE A) 44 
GEL CONTENT 84 % 
INTEGRATED TRANSMISSION 90 % 
REFRACTIVE INDEX 1. 47 
RESIDUAL VOLATILES 0.7 % 

ODOR: ACCEPTABLE LOW 

MAY BECOME ACCEPTABLE REPLACEMENT FOR RTV SILICONES 
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ENCAPSULATION TASK 

NEH METHOD OF PRODUCTI OH • 

l SOLVENT\ I MONOMER j I INITIATOR ~I 

,1\ 1, 
I--..~, 

.... POLYMERIZATION ~ 

-"r VESSEL 

'" CROSSLINKlNG 
'" AGENT 

-[EOOoMEO 
:-. -1 ~:TABILIZERS I 

, I 

HIPED - FILM 
...... VACUUM STRIPPER 

'-

SOLVENT RETURN 
LOOP 

ELH1INATES THE RECOVERY OF DRY POLYMER AND 
PROCEEDS DIRECTLY TO SYRUP FORt1ULA TI ON 

INDUSTRIAL SAMPLES AVAILABLE -
SPRINGBORN LABORATORIES 

PILOT PLANT QUANTITIES ALSO AVAILABLE -
COST TO BE DETERMINED 

INITIATOR AND DATA SHEET SUPPLIED WITH 
EACH REQUEST 

PRIMER: TENTATIVE RECOMMENDATION 
DOW CORNING Z-6032 W 
(10% SOLUTION IN METHYL ALCOHOL) 
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ENCAPSULATION TASK 

Aliphatic Urethane Pottant (Casting Syrup) 

CONMERCIAL SOURCES: 
, H, J, QU INN, r1ALDEN, MASS, 

Q - 621 I Q - 626 

, DEVELOPMENT ASSOCIATES 
N, KINGSTOWN, R,I. 
Z - SERIES PRODUCTS 

DEVELOPMENT INTER~ST: (NO COMr1ERCIAL PRODUCTS) 

, MOBAY CHEMICAL CO,) PITTSBURGH, PA, 

, AMERICAN CYANAMIDE, BOUND BROOK, N,J, 

REQUIRED TECHNOLOGIES: 

FASTER CATALYST SYSTEMS 
, ADHESIVES I PRIMERS 

ANTIOXIDANTS - THER~lAL STABILIZERS 
UV STABILIZERS 
PROOF OF PERFORt·lANCE 
100 % ACTIVE 
LOW MOISTURE SENSITIVITY 
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ENCAPSULATION TASK 

(PROTOTYPE) 

DEVELOPMENT ASSOCIATES, INC, 

DESIGNATION: Z-2211-

MIXED UNCURED SYRUP: 
V I scas ITY I CPS ~oa 

15 GEL TIME, MINUTES 

CURE 90°C / 15 MINUTES 

CJ.JRElL PROPERTl ES : 
TENSILE STRENGTH) PSI 3,600 

ELONGATION) % 200 

YOUNG'S ~10DULUS) PSI 1,1100 

HARDNESS, SHORE D 60 

INTEGRATED TRANSMISSION;% 91 

GLASS TRANSITIOfL 0 C -117 
COLOR NONE 

CUTOFF WAVELENGTH, NM 360* 

FIELD PERFORMANCE 6 YEARS 

* CONTAINS UV STABILIZER SYSTEM 

AVAILABLE - DEVELOPMENT ASSOCIATES) INC, 
NORTH KINGSTOWN, R,I. 

COST: APPX. $3,00 PER POUND 
(MIXED SYSTEM) 

,CONTACT: MR. BUD NANNIG 

PRIMER: TENTATIVE RECOMMENDATION 
DOW CORNING Z-6020 
(10% SOLUTION IN METHANOL) 
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ENCAPSULATION TASK 

Soiling Effects 

DECAY IN OPTICAL TRANSMISSION 
SITE: ENFIELD) CONNECTICUT 

% TRANSMISSIONA. -MATERIAL CONTROL 4 WEEKS 8 WEEKS 

PYREX GLASS 92 90 90 

SODA UME GLASS 87 84 87 

TEDLAR 100BG30UT 84 72 77 

RTV 615 79 65 65 

Q1"2577 74 65 64 

SYLGARD 184 82 81 54 

AI DIRECT RRANSMISSION FROM 350 NM TO 900 NM, 

JPL SOILING THEORY SUGGESTS THAT ~OIL RESISTANT 
SURFACES HAVE THE FOLLOWING PROPERTIES: 

I HIGH SURFACE HARDNESS 

I HYDROPHOBIC 

OLEOPHOBIC 

I ION FREE 

I LOW SURFACE ENERGY 

. SMOOTH 
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ENCAPSULATION TASK 

Anti-Soiling Experiments 

SURFACE UNDER INVESTIGATION: 

• SUNADEX GLASS 

• 3M ACRYLIC FILMJ X-22417 

· TEDLAR lOOBG30UT - DU PONT 

SURFACE TREATMENTS UNDER INVESTIGATION: 
· 3M FLUOROSlLANE TREATMENT L-1668A• 

• PERFLUORODECANOIC ACID BASED COATINGA. 
DOW CORNING E-3820 

I OWENS I LLI NO I S G LASS RES I N 650 

I GENERAL ELECTRIC SHC - 1000 

• ROHM & HAAS 'tIL-81 

A, ALSO USED WITH OZONE TREATMENT TO COUPLE TO 
ORGANIC SURFACES 

STANDARD 
CELL 

'---tr---- LAMP 

t't f .• ~iI' "', ~. t,~: .'.'. '/ Of:. '!t':. JI::: 00 Of : .' 

DIFFUSER 
/GLASS 

,..--

SPECIMEN 
HOLDER 

DIGITAL 
MI LLIAMP 
ME"fER 
(LO\~ SHUNT 
RESISTANCE) 

;CURRENT W/SPECIMEN X 100 = % CHANGE IN SHORT 
SHORT C I Reu IT CURRENT C I RCU IT CURRENT 
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ENCAPSULATION TASK 

Antl-Soillng Test Results 

TWO MONTH EXPOSURE, 
ENFIELD, CONN, 

CHANGE IN SHORT CIRCUIT CURRENT, Isc 

TREATMENT SUNADEX ACRYLIC TEDLAR 
-- X~22g1Z 100 56 30 U1 

lHI1I8L. - I~IIIAL I~III8L 
CONTROL 
NO TREATI1ENT 90,5 ·1.8 84,0 -3,3 87.7 

L-1668 89,7 -1.1 80,3 -0,3 88,4 

L-1668/0Z0NE A, 84,5 -2,1 88,1 

PF!iA E-3820 90,0 -0,1 80,0 ~1.3 86,0 

PFDA E-2820/0Z0NE A. 84,1 -1.7 86,0 

GLASS RESIN 650 91.0 -1.4 81.1 -2.2 89,0 

SHC -1000 91. 9 -2,5 82,1 -4,) 89,Q 

WL-81 90,7 ~2,O 8~!6 -2.9 87.7 

A. NO:' PREPARED 

GENERAL OBSERVATIONS: 

LOWEST LOSSES - SUNADEX AND TEDLAR WITH E-3820 

, SUNADEX GLASS) LOI~EST CONTROL LOSS, LOI'iEST 
OVERALL LOSS 

HIGHEST LOSS OF CONTROL FOUND FOR ACRYLIC 
FILM 
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ENCAPSULA TION TASK 

Gasket Compounds 

COMPOUNDED COST COMPRESSION COST/SETAl 
ELASTOMER lliB. SEI BECQ~EBY BECQ~EBY IMDE~ 

$/% 
SI LICONE $2.53 65 ~ 90% 2.81 M 3.89 
ETHYLENEIVI NYL 
ACETATE $0.85 65 " 80% 1.06 - 1.31 
NEOPRENE $0.87 75 - 85% 1.02 - 1.16 
EPDM $0.58 70 - 90% 0.64 - 0,83 

EPDM COMPOUNDS) ADVANTAGES: 
BEST COMPRESS toN SET/COST RATIO 
LOW COST 
EASY EXTRUS [ON .. COf~PLEX PROF I LES 
DEMONSTRATED WEATHERABIUTY 
HISTORY OF SUCCESSFUL USE IN RELATED 
APPLICATION (AUTOMOTIVE \~INDSHIELDS) 

A, FOR COMPARATIVE PURPOSES ONLY 

Gasket Materials 

SUPPLIER OF GASKETS M 

PAWLING RUBBER COMPANY 
PAWLING, NEW YORK 

CONTACT: STEVE SMITH 
FORMULATION: EPDM NUMBER E 633 

(DEVELOPED ASSOCIATION WITH DU PONT) 
PAWLING SUPPLIES ABOUT 75% OF THE SOLAR INDUSTRY 

WITH GASKETS 
SERVICE TEMPERATURES: (-SOGC TO ) 

CONTINUOUS: 120°C 
INTERMITTANT: ISOoC 

SERV 1 CE IJ FE: TWENTY TO TH I RTY YEARS BASED ON 
RELATED FORMULATIONS 

SPECIAL EXTRUSIONS OR "OFF THE SHELFI! PROFILES 
APPROXIMATE COST: $0,12 PER RUNNING FOOT -

DEPENDS ON VOLUME AND PROFILES 
DESIGNED FOR SOLAR COLLECTOR SEALING, HAS PASSED 

THE HUD 30 DAY STAGNATION TEST 
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ENCAPSULATION TASK 

PAWLING RUBBER COMPANY, E 633 

TENSILE STRtNGTH, PSI 
ELONGATION, % 
DUROMETER, SHORE A 
TEMPERATURE RANGE, °c 
COMPRES~ION SET, % 

22 HOURS170oC 
WATER IMMERSlUN, % CHPNGE 

70 HOURS/lOOo C 
FLEXIBILITY, BRITTLE POINL °c 
OVEN AGING, 70 HOURS/100°C 

TENSILE CHANGE, % 
ELONGATION CHANGE) % 

OZONE RESISTANCE 
SUNLIGHT RESISTANCE 

2,200 
42.5 
60 
-50 TO + 150 

20 

0,5 
-40 

-4 
-10 
OUTSTANDING 
OUTSTANDING* 

.PAWLING ESTrr~ATES SERVICE LIFE TO BE TWENTY YEARS MINIMUM 
BASED ON CLOSELY RELATED COMPOUNDS 

Solar Module Sealants 

TO PROVIDE FLEXIBLE CAULKING MID WATERPHOOFING BETVIEEN 
EDGE OF MODULE AND GASKET HATEr-lAL. 

sURVEY OF INDUSTRIAL COMPOUNDS BEGUN: 

COMPANY PRODUCT CHE~lISTRY 

TREMCO PROGLP'zE SILICOt'iE 

TREMCO MONO ACRYLIC 

TREMCO 440 BUTYL 

3M 5354 BUTYL 

3M 5376 BUTYL/POLYETHYLENE 

THIOKOL POLYSULFIDE 

H.B. FULLER 1081 BUTYL 

ALL HAVE LIFE EXPECT,~NCY OF 20 YEARS. 
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ENCAPSULATION TASK 

L 

CLASS APPX. COST APPX. COST 
PER POUND PER MODULE 

SILICONE $ 3.50 $ 0.50 

POLYAMIDES $ 2.60 $ 0,30 

POLYSULFIDES $ 2.25 $ 0.27 

POLYURETHANE $ 2.25 $ 0,28 

ACRYLICS $ 1,70 $ 0.24 

BUTYLS: 
TAPE COMPOUNDS $ 3,67 $ 0.44 

HOT ~lELT 
(NON .. CURE) $ 2.00 $ 0.24 

HOT MELT $ 1.62 $ 0,19 

* 2 FOOT BY 4 FOOT MODULE (l/8 1 NCH BEAD OF SEALANT) 

TENTATIVE RECOMMENDATIONS: 
TAPE STYLE, 3M 5354 BUTYL 
CAULK TYPE, TREMCO "GUNNABLE BUTYL" 

REMAINING INVESTIGATION: 
CURE/NON-CURE 
APP\.! CATION 
TESTING 
COST PERFORMANCE OPTIMUM 

Solar Module Gasket-Sealant 

NEW MATERIAL FROM DU PONT MAY SERVE AS BOTH 
COMPONENTS. 

VAMAC VMR - 5254, ETHYLENE/ACRYLIC ELASTOMER 
HOT-MELT APPLICATION 
WATER, OIL, SOLVENT RESISTANCE 
VERY LOW MOISTURE VAPOR TRANSMISSION 
FLEXIBLE TO -60°C 
GOOD ADHE~ION TO GLASS, METALS, 

RUBBERS, POLAR PLASTICS 
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4 Q$ 4144 .. 

ENOAPSULATION TASK 

% 

!k1:L.-

( 70 F ) 

Substrate Materials 

MAIEBIAL . 

COLD ROLLED MILD STEEL/28 GAUGE 

GLAVANIZED STEEL, G-90 

SUPER DORLUX HARDBOARD 
(MASONITf CORPORATION) 

DURON TEMPERED HARDBOARD 
(US GYPSUM CO,) 

" ¢/ET"" 

15,5 

24,5 

14,0 

14,5 

, SUBSTRATE ALLOCATION APPX, 70¢/FI2 

, COS)' INCRf.MENT WILL APPEAR FOR PROTECTIVE 
TREATMENT 

Masonite Hardboard Products 

90 

80 

I , • 

II V V l.--- f-t- i-- • 
) I v 

If I.;"" 

70 

60 

'J II V 
7 rlj lr 

v 
rill! l- i-' 

, ~ 

Jill 
50 In/ -

'I. v 
40 ~~ VI v 

V 
30 'II 17 

JV/ / 

ZO I~ 
~u . 

10 
7, 
~ : 

~ 
o Z 4 6 8 10 lZ 16 

PERCENT MOISTURE CONTENT 

Z. SUPER DORLUX 

_$[M2 

1.67 

2,64 

1.51 

1.56 

ZZ 

• LINEAR COEFFICIENT OF HYGROSCOPIC EXPANSION 

0.35 TO 0.4 0/. OVER 0 TO 100 % R. H. RANGE 
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ENCAPSULATION TASK 

Hardboard Protection Experiments 

• WEIGHT LOSS OF HARDBOARDS AFTER EXPOSURE TO 
VACUur1 'BAG LA'ilNATlON CYCLE 

TREATt1ENT RELATIVE HUMIDITY WEIGHT LOSS 
.JA~l.l.JJlMt.t.QH.L ---

• CONTROL 50 % 

, EDGE SEAL WI EPOXY 50 % 

· SURFACES SEALED W/KORAD 
EDGES SEALES W/EPOXY 50 % 

· ALUMINUM FOIL H/3M 4910 
ADHESIVE 60 % 

· 2 MIL STAINLESS FOIL WI 
EVA 9918 ADHESIVE 55 % 

• TEDLAR 200 PT \YEVA 9919 60 % 

· TEDLAR 200 PT H/EMA A13439 60 % 

, ALUMINUM FOIL W/4910 ADHESIVE 
THEN EMA A 13439 vl/TEDLAR 
200 PT 60 % 

. SAME AS ABOVE 100 % 

SURFACES SEALED W/ KORAD AND 
4910 ADHESIVE) EDGES W/ 
EPOXY 100 % 

, ALL SPECIMENS WERE 11" x 15/1 IN SIZE 
. DIMENSIONAL CHANGE IN THE RANGE OF 

0.05% TO 0,1% PER % v'EIGHT LOSS 
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4.85 
4.17 % 

3,04 % 

4.6 % 

3,13 % 
2,19 % 
2,2 X 

1.9 % 

6.4 " i' 

6.78 % 
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ENCAPSULATION TASK 

AS/4 Sunlamp Exposure 

t1ATERIAL HOU~S ;-1~1OPEBI~ BEIAI~ED (ASTM D·6~al 
IENSILE 

3M ACRYLIC FILM 
X-22Ji17 

EMA BASE RESIN 
<UNCOMPOUNDED) 

EMA Alla77 
(COMPOUNDED) 

DUPONT TEDLAR 
100 BG 30 ur 

BUTYL ACRYLATE 
BASE FORMULATION 

FUJOREX ~ A 
POLYURETHANE 

Z ~ 2341 
REFERENCE; 

P[1i,rHHYLENE 
OfW'(ABILIZED 

POLYPROPYLENE 
UNSTAB r LIZED 

5/700 54% 

5/000 10% 

5/000 100% 

5,000 100% 

lJJOOO N/A 

51 000 100% 
1/000 100% 

500 

500 

EVA POTTANT 
(NO COVER FII.M) 

CLEAR STABILIZED EVA EXPOSED 22,700 HOURS 
NO OBSERVABLE CHANGE 

TOTAL INTEGRATED ULTIMATE* 
TRANSMISSION ELONGATION --(X) (X) 

CONTROL 91 510 
EXPOSED 

22)700 HRS. 90 560 

ELQNGAIIQ~ 
100% 

10% 

200% 

100% 

N/A 

100~ 

100% 

11)% 

0:'. 

TENSILE* 
STRENGTH 

(PSI) 

1890 

1870 

UNSTABILIZED ELVAX 150 (EVA) BECOMES SOFT, TACKY) _ 
LOSES PHYSICAL PROPERTIES IN LESS THAN 1,000 HOURS 

* ASTM D~6.38 
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ENCAPSULA TION TASK 

Thermal Aging Specimens, Air Oven Aging: EVA 9918 

CGtlTROL 90°C 130°C 
10 MONTH& 10 MO~THS . ---TENSILE 

STRENGTH, PSI 2,100 2,100 144 

ELONGATION, % 670 660 37 

COLOR CLEAR CLEAR CLEAR 

% TRANSMISSION 91 92 74 

TANGENT MODULUS) 
PSI 700 800 300 

GEL CONTENT, % 70 92 88 

-AIR OVEN AGING 

'! 

l 
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PROCESS DEVELOPMENT AREA 

D. B. Bickler, Chairman 

Prr"cess P,evelopment Area progress and status reports included an intro
duction and detailed presentations en the two MEPSDU processes and individual 
contr.actor reports on other process developments. 

MEPSDU 

Westinghouse presented ita MEPSDU Prototype Module Design Review in a 
workshop session, and during its process development presentation a summary of 
th~ module design was presented, as was material on SAMICS c'.)sting and alterna
tive process de,velopments. 

'the ~o1arex Corp. presentation covered its MEPSDU process, module design 
and input material selection. Technical progress included work on spray-dopant 
belt-funlace diffusion, optimized back-junction formation, spray AR processing 
and encapsulation process development. 

Contract Review 

The following highlights are summarized from the LSA contract review ses
sion, which also covered JPL in-hollse efforts on robotics, ion implantation, 
lamination and technology transfer. 

Tracor MBA discussed robotics and computer-assisted assembly concepts 
being developed: cell-stringing by a robot, module layup, automated vacuum 
lamination and edge aea1ing. A videotape of equipment operation and a poster 
were presented. 

Motorola Inc. has been working on process sequence developments in pro~ 
cess technology, cell design and metallization. Its process technology efforts 
include surface preparation, etching and texturizing; substrate drying, and the 
handling of rectangular shapes. Plated metallization advances and thermal 
stress studieD of metallized silicon were r.eported. 

Photowatt International. tnc., is developing a metallization system using 
thick-film and electroplating technologies. 

The RCA process sequence e:E£Ot'ts are centered on the processin3 of up
graded metallurgical-grade siliclon substrates. 

The Bernd Ross Associates presentar:on addressed base-metal thick-film 
metallization adherent contacts using copper-leael-silver fluoride and copper
lead-carbon fluoride pastes. 

Spectrolab, Inc., discussed progress on the Midfilm metallization process. 
A bimodal ceU-efficiency plot was obtai.ned tbat showed a contact-resistance 
problem; use of an indium-tin oxide AR coating solved it, and gave average cell 
efficiencies of 12%. 
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PROCESS DEVELOPMENT AREA 

Junction formation by ion implantation and electron-beam pulse annealing 
was described by Spire Corp. 

Westinghouse Electric Corp.'s efforts to provide base-metal contacts of 
evaporated titanium and nickel with electroplated copper have shown good elec
trical characteristics but poor adherenue. 

The University of Pennsylvania independent assessment of the MEPSDU pro
cesses has reached the final compilation and reporting stage. 

JPL In-House Activities 

Labor reductitdt 'ilnd quality impl:'ovement are two areas of interest to the 
JPL robotics assembl;), effort. An improved computer vision system and force 
sensors have been developed. 

Non-mass-analyzed ion implantation has been demonstrated by JPL and 
industry transfer is following. 

Contractor-developed solar-cell processes are made available for industry 
evaluation by JPL. Since more processes are being developed, a continuing 
industry review is needed. 

A progress report on JPL laminating process development and materials 
research was presented to an encapsulation session. Recent results have shown 
some adherent, chemically bonded surfaces. 
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PROCESS DEVELOPMENT AREA 

MEPSDU 

APPROACH TO LONG-LIFE PERFORMANCE 

WESTINGHOUSE ELECTRIC CORP. 

C.M. Rose 

Contract Milestone Schedule 

MI'=-.E.STO~ 

START DATE 

PRELIMINARY DESIGN REVIEW 

PROTOTYPE MODULE DESIGN REVIEW 

MIDTERM DESIGN REVIEW 

MEPSDU DESIGN REVIEW 

MEPSDU INSTALLATION 

TECHNICAL FEASIBIL TY EXPERIMENTS 

FINAL REPORT 

OR I G..:.J?. .. ~J E 

NOV. 26/ 1980 

MAR. 3,1981 

JULY 1, 1981 

JULY 1, 1981 

DEC. 1, 1981 

JUNE 15, 1982 

FEB. 15, 1983 

MAR. 1,1983 

Goals and Approach 

• DESIGN MODULE MEETING JPL 5101-138 SPECIFICATIONS 

R !=Yl~.u:RPt)TE 
NOV. 26, 1980 

MAR. 3, 1981 

JULY 14, 1981 

JAN. 14, 1982 

MAY 15, 1.112 

JAN. 31, 1983 

DEC. 15, 1983 

DEC. 31, 1983 

• SELECT AND VERIFY PROCESS SEQUENCE FOR FABRICATING MODULES 

• DESIGN AND BUILD A TEST FACILITY TO FABRICATE MODULES USING 
SELECTED PROCESS SEQUENCE 

• PERFORM 3 TECHNICAL FEASIBIL TY EXPERIMENTS 

• ACCEPTANCE AND QUALIFICATION TESTING OF MODULES PRODUCED 

• DETERMINATION OF 1986 MODULE PRODUCTION COSTS 
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PROCESS DEVELOPMENT AREA 

t.. 

PRE·DIFFUSION 
CLEAN 

AR/PR 
DEPOSITIONI 

BAKE 

~.,. .--

REJECTION/ 
Cu PLATING 

MODULE 
lAMINATION' 

1--<-

ASSUMPTIONS 

Baseline Process Sequence 

RACK 
JUNCTION 

FOAMATION 

FRONT GRID 
DELINEATION 

CELL 
SEPARATION 

AND TEST 

Cost Analysis - SAMICS 

1. 3 SHIFT, 345 DAYS!YEAR OPERATION 

• ,_ > .~, , __ , , __ ~~_"",,· __ 'r~ ............ 

---~-- .. -..-. .. ----.-,-

FAONT 
JUNCTION 

FORMATION 

METALLIZE -
FRONT Be BACK 

(Ti/Pd) 

CELL 
INTERCONNECT 

CRATE 

-

-

2. 12% MODULE EFFICIENCY AT 28°C AND 100 tnW/cm2 INSOLATION 

3. 90% CELL YIELD: 95% MODULE YIELD 

4. 25 MW/YR PRODUCTION 
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PROCESS DEVELOPMENT AREA 

Value Added per Process Step 

PROCESS STEP 

PRE-DIFFUSION CLEANING 
(INCLUDING INPUT SILICON DENDRITIC WEB) 

BORON 01 FFUSION 

PHOSPHORUS DIFFUSION 

DEPOSITION OF ANTI ... REFLECTION AND PHOTORESISTS 
COATINGS 

EXPOSURE/DEVELOPMENT/ETCH TO FORM GRID LINES 

METALLIZE WEB 

REJECTION/PLATING 

CELL SEPARATION AND TESTiNG 

CELL INTERCONNECTION 

MODULE LAMINATION 

CRATING OF MODULES 

TOTAL 

Alternative Process Sequence Steps 
Under Evaluation 

• ION IMPLANTATION JUNCTION FORMATION 

• LIQUID DOPANT JUNCTION FORMATION 

• LOWER COST METALLIZATION SYSTEMS 

- ELECTROLESS NI DEPOSITED ON SI 

ELECTROLESS NI DEPOSITED ON TI 
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VALUE ADDED 
(1980$/WA TTl 
".-,. ~f 

0.320 

0.032 

0.027 

0.015 

0.018 

0.038 

0.039 

0.035 

0.027 

0.141 

0.026 

0.72 
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PROCESS DEVELOPMENT AREA 

[ 

Cell Metallization Configuration 

• TIIPD DIFFUSION SARRIER QUALIFIED FOR SPACE 
SOLAR CELL APPLICATIONS 

• LONG-TERM EFFECTIVENESS OF BARRIER BASED 
ON 20 YEARS OF OPERATING DATA 

Module Design Innovations 

• USE OF DENDRITIC WEB SINGLEMCRYSTAL SILICON 

• USE OF HIGH ASPECT RATIO (3.5:1) RECTANGULAR 
PHOTOVOLTAIC CELLS 

• TEMPERED GLASS SUPERSTRATE 

• FRAMELESS CONSTRUCTION 

• ELIMINATION OF SOLDER JOINTS INSIDE THE 
ENCAPSULATION ENVELOPE 

• HIGH CELL INTERCONNECT REDUNDANCY 

• 12 PARALLEL CELL CIRCUITS 

Module Layup 

1/8" TEMPERED Gl.ASS 

:;=t .005" CRANEGLAS 

.020" EVA 

.006" SOLAR CELLS 

.020" EVA 

.005" CRANEGLAS 

.003" MYLAR (KORAD) 
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PROCESS DEVELOPMENT AREA 

Module Layup Lifetime Considerations 

• 1/8" TEMPERED GLASS 

• CRANEGLAS 

• EVA POTT ANT 

• KORAD BACKING 

• EDGE TAPES 

SURVIVED 1979 FT. COLLINS HAILSTORM 

ASSISTS IN REMOVAL OF ENTRAPPED AI R 
DURING LAMINATION 

ACCUMULATED OVER 16,000 HOURS WITHOUT 
DEGRADATION UNDER ACCEL. TESTS 

GOOD ADHERENCE ACHIEVED. 
UV DEGRADATION SECONDARY. 
ALTERNATES UNDER INVESTIGATION. 

VARIOUS CANDIDATES UNDER INVESTIGATION 

Module Electrical Circuit 

• 12 PARALLEL STRINGS OF 15 SERIES CONNECTED CELLS 

- NO CELL CARRIES OVER 9% OF MODULE CURRENT 

- CELL DAMAGE POTENTIAL DURING SHADED/SHORT CIRCUIT 
OPERATION ELIMINATED 

~" NO DIODES REQUIRED 

• LATERAL CONTACT OF CELLS WILL NOT AFFECT PERFORMANCE 
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PROCESS DEVELoPMENT AREA 

12 X 15 CEll 

MATRIX 
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PROCESS DEVELOPMENT AREA 

Cell Electrical Interconnects 

• ULTRASONIC BONDING REPLACES REFLOW SOLDERING 

- REDUCED ELECTRICAL CONTACT RESISTANCES MEASURED 

,- FASTER PROCESS ALLOWS INCREASED BOND REDUNDANCY 

- NO FLUXES INTRODUCED INSIDE LAMINATED LAYUP 

• INTERCONNECT FAILURE CONSIDERATIONS 

"'- EXTENSIVE ANALYSIS INDICATE THAT INTERCONNECT STRESSES 
CANNOT EXCEED ENDURANCE LIMIT 

- THERMAL CYCLE TESTING OF PROTOTYPE MODULES HAS 
CONFIRMED RESULTS 

- NEED FOR STRESS RELIEF ELIMINATED BY GEOMETRY 

Maintainability Considerations 

• AMP TERMINAL CONNECTIONS REQUIRE NO FIELD TOOLS 

• REMOVAL OF MODULE FROM ARRAY IS ONE-MAN OPERATION 

• NO EXPOSED METAL ON MODULE SURFACE 

MEPSDU Module Operation 

• MODULE OPERATING PARAMETERS AT SO mW/cm2; 20°C AMBIENT 

OPEN CIRCUIT VOLTAGE :::; S.16 V 

SHORT CIRCUIT CURRENT :::; 7.52 A 

POWER 

EFFICIENCY 

:;;: 44.9 W 

= 11.9 % 

NOM OPERATING VOLTAGE = 6.63 V 

• MODULE OPERATING PARAMETERS AT 100 mW/cm2; AM1.5, 
AND 2SoC CELL OPERATING TEMPERATURE 

POWER 

EFFICIENCY 

== 59.6 W 

:::; 12.6 % 
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PROCESS DEVELOPMENT AREA 

Conclusions 

.@MEPSDU PROJECT CURRENTLY ON SCHEDULE AND BUDGET 

• ADDITIONAL PROCESS SEQUENCE STUDY WORK UNDERWAY IN 
REVISED PROGRAM PLAN 

.@MEPSDU MODULE DESIGN COMPLETED 

_ MEETS JPL 5101-138 SPECIFICATIONS 

_ LONG ... LIFE PERFORMANCE, PRIMARY DESIGN CONSIDERATION 

• PRELIMINARY ECONOMIC ANALYSIS (SAMICS) COMPLETED SHOWING 
COST EFfECTIVE PROCESS 
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PROCESS DEVELOPMENT AREA 

MEPSDU 

SOLAREX CORP. 

John H. Wohlgemuth 

CONTENTS 

GENERAL PROCESS DESCRIPTION 

MODULE DES IGN 

INPUT MATERIAL SPECIFICATION 

TECHNICAL PROGRESS 

EXPECTED PERFORMANCE 

SCHEDULE 

Design Philosophy 

USE PROCESSES THAT HAVE ALREADY BEEN VERIFIEDJ IN MOST 

CASES BY MORE THAN ONE CONTRACTOR. 

• USE COMMERCIALLY AVAILABLE EQUIPMENT OR MODIFICATIONS 

OF SUCH EQUIPMENT. 

, USE PRODUCTION EQUIPMENT; NOT LABORATORY-SCALE EQUIPMENT. 

o No MANUAL HANDLING OF CELLS. 
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PROCESS DEVELOPMENT AREA 

General Process Description 

INCOMING 
~.mi.l.f\j, 

SEf>HCRYSTALLING 

10 eM x 10 eM 

.s.J.LflFJ..£UB..F.P}.BAI 1 ~I 

NAOH ETCH 

FRONT JUNCTION EQRt:JA..l1.Qtl 

SPRAY-ON DOPANT 
AND BELT DIFFUSION 

BACK Jllttr.JJPN. . .EQJ?J1.l\TJPN 

AL PASTE 

. BELT FIRE 

l1J1 .. i~flf\IJNJ1 

SPRAY-ON 

t:1FIN-.LJ?.Al.111N, 

NEGATIVE SCREEN PRINT 

ELECTROLESS N I PLATE 

~_R_D_IP ______ .~ 
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PROCESS DEVELOPMENT AREA 

f.DGING, 

LASER SCRIBE 

JJ\l3 AND mJN~ 

SOLDER 

CONTACT:) 

l 
.E.tiCAPSUI,NJ;J1Q..P...\J.Lf. 

LftMINATED EVA 

ON GLASS 

SHIP 
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PROCESS DEVELOPMENT AREA 

Laser SQribe 

USE OF LASER TRENCHING UNDER REEVALUATION I COMBINATION OF NEGATIVE SCREEN 

PRINTING t1ETAL HALO AND LASER SCRUHNG TRENCH RESULTS IN HIGH LIKELIHOOD OF 

SHORTING INTt:RCONNECT TO HAL.O , 

FOUR AL.TERNATlVES UNDER EVAL.UATION: 

• OXIDE MASK EDGE TO PROTECT EDGE DURING DIFFUSION AND Nt PL.ATING, 

• PL.ASMA ETCH TO REMOVE N+ AND Nt FROM EDGE ON LARGE STACK OF WAFERS. 

• LASER SCRIBE ALL THE WAY THROUGH THE SILICON RATHER THAN TRENCHING, 

• SCREEN PRINT AL.L THE WAY TO THE EDGE AND STILL USE LASER TRENCHING. 
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PROCESS DEVELOPMENT AREA 

Module Design 

72 10 CM X 10 CM SEMICRYSTALLINE CELLS 

2 PARALLEL - 36 SERI~B 

ApPROXIMATE ENVELOPE DIMENSIONS 

66 CM X 12G CM 

26 11 X 49.6" 

DESIGN VOLTAGE - 14.5 V 

GLASS SUPERSTRATE 

ETHYLENE VINYL ACETATE ENCAPSULANT 

POLYETHYLENE VAPOR BARR!ER 

GASKET FOR MOUNTING (No FRAME) 

AMP OUTPUT CONNECTORS 

INTERNAL DIODE PROTECTION - 3 DIODES PER MODULE 
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PROOESS DEVELOPMENT AREA 

(, 

Module Design Rationale 

REQUIREMENTS: 

• MODULE CAPABLE OF CHARGING 12 VOLT BATTERY, 
, SIZE REASONABLY HANDLEABLE BOTH IN PRODUCTION 

EQUIPMENT AND IN FIELDI BUT LARGE ENOUGH FOR 
ECONOMIC PRODUCTION. 

• PARALLELING TO PROVIDE RELIABILITY 
• USE 10 CM X 10 CM SEMICRYSTALLINE CELLS 
• PROVIDE DIODE PROTECTION 

DESIGNS: 

• USE 36 CELLS IN SERIES TO PROVIDE 14 TO 15 VOLTS 
OUTPUT AT PEAK POWER AND NOCT. 

• USE 2 CELLS IN PARALLEL TO PROVIDE RELIABILITY; 
• PLACE 72 CELLS IN 6 ROWS OF 12 CELLS EACH TO 

MAKE A MODULE CLOSE TO 2 FEET BY 4 FEET; 
• PROTECT EACH PARELLEL SET OF 12 CELLS WITH A 

DIODE TO MINIMIZE DIODE COST BUT PROVIDE 
REQUIRED PROTECTION. 

Module Cross Section 

.... ---.--

POLYETHYLENE 

81A 
CRANEGLASS 

CELL 

~ 
--,-,·--81A 
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PROCESS DEVELOPMENT AREA 

Glass Selection 

OH Hi I NALlY ~LLLl'Tln 1/8 INC'I! ANNr:AU~D St)l)A-L l~lE t3LASS, 

• t\NAI, YS ($ SHm~rn TIIAT nm ~10lH1LE l'081S anu)w n~o nOLLAHS 1't:H WATT J Tile 

l t)Wl'I{ l~mn or: Sl)\)A-L IME GLASS MOHC THAN OFT Sl:tT Tilt: fumucr:n 01'1'1 CAL 

• !lm~HVlHJ TIlL HrnUt'lm STRENGTH lW ANN\~AI~En SOOA-Ll~m GLASS MAY rO~\rRQ~HS[ 

till' Bt:L.IABIL.IrY or TilE ~mnlllJ: TO ~H:eIIANl(,AL LOADING, 

nr,n~~lnN WM, Tn lISC 1/13 lNt'lI TE~'Pr:Hr:t) Lo\~ IHnN L1L.ASS AS l\ASl:t[NF. HownVFB J 

\~I: \~lLl" t'ONliNlIt 10 LXPlJ~UmNT \~lTll Lo\~l:H t~OST GLASS, 

;nterconnect Design 

INITIAL PROPOSAL 

• STANDARD OYER-UNDER DESIGN 
• Two PADS PER CELL ON ONE EDGE 

PROBLEMS WITH THIS DESIGN 

• No CRACK TOLERANCE 
• REDUCED CELL EFFICIENCY BECAUSE OF LARGE 

TRAYEL DISTANCE OF CARRIERS ACROSS CELL 
FACE 

• MAYBE INSUFFICIENT STRESS RELIEF IN HIGH 
DENS ITY PACKAGE 
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PROCESS DEVELOPMENT AREA 

SOLU1'ION 

• USE WRAPAROUND CONTACTS WITH FOUR PADS ON 
EACH CELL 

• FOUR TAKE-OFF POINTS ON FRONT AND BACK 
PROV IDE CRACK TOLERANCE . 

• USING TWO PADS ON TWO OPPOSITE EDGES BREAKS 
10 X 10 INTO FOUR 5 X 5s! RESULTING IN 
HIGHER CELL EFFICIENCY 

• WRAPAROUND AND IN PLANE STRESS RELIEF 
IMPROVES STRESS RELIEF PROPERTIES 

Module Layout 

INITIAL MODULE DESIGN CALLED FOR SERIES STRINGS OF TWELVE CELLS ALONG FOUR 

FOOT DIMENSIONS WITH PARALLEL CROSS-STRAPS OF PAIRS OF STRINGS EVERY THREE 

SERIES PAIRS AND DIODES PROTECTING EACH DOUBLE STRING OF TWELVE CELLS. 

THIS DESIGN HAD TWO MAIN PROBLEMS: 

• PARALLEL CROSS-STRAPPING THREE CELLS ADDED SIGNIFICANT COMPLICATION TO 

THE TABBING AND STRINGING MACHINE. 

• DIODE CONFI~URATION REQUIRED A WIRE TRAVELING THE LENGTH OF THE MODULE 

BETWEEN CELL STRINGS, 

To ALLEVIATE THE PROBLEMS, SERIES STRING SIX CELLS ALONG TWO FOOT DIMENSIONS. 

RETAIN TWO CELLS IN PARALLEL, BUT ONLY CROSS-STRAP AT BUSES, l-loUNT DIODES IN 

BUS BARS WITH ONLY SHORT TABS BETWEEN BUSES, 
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PROCESS DEVELOPMENT AREA 

Electrical Schematic 
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PROCESS DEVELOPMENT AREA 

Wafer Size and Tolerances 

NOMl~AL SIZE 

10.0 CM X 10.0 CM 

ACCEPTABLE LENGTH oE ANY ED~ 

9.97 CM TO 10.03 CM 

RECTANGULARITY 

900 ± 0.50 

CORNER CRoe 

BETWEEN 3/32" AND l/S" ON EACH CORNER 

IHICKNESS 

0.012" TO 0.016" 

IAPER 
THICKNESS VARIATION IN ONE WAFER 

LESS THAN 0.003" 
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PROCESS DEVELOPMENT AREA ORIGINAL PAGE IS 
OF POOR cmALlN 

Cell Outline & Pad Placement 
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PROCESS DEVELOPMENT AREA 
ORIGINAL PAGE IS 
OF POOR QUALITY 

Electrical Requirements 

"P" TYPE 

RESISTIVITY 

0.5 OHM-CM TO 10.0 OHM-CM 

LIFETIME 

MINIMUM OF 4 l.l SECOND LIFETIME 

1 0 x 1 O-em Grid Pattern 

5 
AJ(JT£. : 
ALL DIIVlEI11:310AJ:5 /,U ClVI. 
U;UU;:SS MARKED OTHERYVI5t:: 
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PROCESS DEVELOPMENT AREA 

Ter.:hnical Progress 

• PRELIMINARY PROCESS,MODULE AND EQUIPMENT DESIGN 

• DEVELOPMENT OF SPRAY DOPING - BELT DIFFUSION PROCESS 

• ~PTIMIZATI0N OF BACK JUNCTION FORMATION 

• BACK CLEANUP EXPERIMENTATION - HCL ETCH OR GLASS BEAD SPRAY 

• DEVELOPMENT OF SPRAY AR PROCESS 

• ~ESIST INK EXPERIMENTS 

• METALLIZATION TAB PULL TESTS 

• ENCAPSULATION PROCESS DEVELOPMENT AND MATERIALS INVESTIGATION 

• PRELIMINARY CELL FABRICATION AND TESTING 

Diffusion Process 

SPRAY DOPING 

MUST USE OXYGEN OR AIR FLOW OR DIFFUSION OXIDE IS IMPOSSIBLE TO REMOVE. 

USE VERY LITTLE DOPANT FOR EASE OF OXIDE REMOVAL, CELL PERFORMANCE 

INSENSITIVE TO AMOUNT OF DOPANT AS LONG AS ENTIRE WAFER SURFACE IS WETTED. 

CELL PERFORMANCE INDISTINGUISHABLE BETWEEN SPRAY DOPING AND GASEOUS DIFFUSION 

FOR SAME TUBE DIFFUSION PROCESS, 

SMALL AREA SEMICRYSTALLINE CELLS MADE USING SPRAY DOPANT WITH EFFICIENCY GREATER 

THAN TWELVE PERCENT AMI. 
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PROCESS DEVELOPMENT AREA 

Diffusion Temperature Experiments: 
1 O .. mln Diffusion Time 

EFF (SINGLE CRYSTAL) 

IEMPERATURE SHEET RES I STANCE NQ AB 

(OC) (0/0) (%) 

870 72 10.1 

380 56 10.3 

890 1.~1 9.5 

900 38 9.8 

910 32 8.5 

EXPERiMENTING WITH ELECTROLESS NI AT SHEET RESISTANCE UP TO 

60 % - INITIAL RESULTS ENCOURAGING, 

Belt vs Tube Diffusion 

TUBE ~ 15 PERCENT MORE POWER THAN BELT I 

Now OPTIMIZING BELT DIFFUSION PARANETERS. 
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PROCESS DEVELOPMENT AREA 

Back-Junction Formation 

AL PASTE ALLOY AT 8500e, 

USE DIFFERENT SCREEN SIZES AND ALLOY TIMES, 

SCBEe~ SIZE 81.L.QY Ill:!lE ~se\.) fE.E.J!) 
80 20 13,1 
80 30 13,75 

100 20 13,55 
150 20 13,4 
200 20 10.1 
250 20 7.4 

~E.ED LARGE SCREEN OPENINGS Wl1H LONGER ALLOY TIMES, HOWEVER J MUST COMPROMISf; 

WITH WARPAGE OF WAFERS FOR THICKER AL PASTE. WILL PROBABLY USE 100 MESH SCREEN, 

Back Cleanup 

FSI ETCH-STRIP MACHINE (2120) 

PROCESS: HCL (600C) 300 SEC. 

DI RINSE 1BO SEC. 

HF ETCH 60 SEC, 

Dr RINSF. 120 SEC. 

SPIN DRY 150 SEC. 

PROBLEMS: 

IR TRANSMISSION TESTS SHOW 300 SEC. rlCL CLEANUP IS NOT SUFFICIENT CLEANUP 

TO MAKE ADEQUATE SOLAR CELLS. 

AT 600c HCL DEGRADES RAPIDLY) REQUIRING EXCESSIVE MATEfUAL AND LONG 

HEAT-UP TI~\ES, 
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PROCESS DEVELOPMENT AREA 

Glass Bead Cleanup 

STANDARD SANDBLASTING EQUIPMENT USING GLASS BEADS SATISFACTORILY REMOVES 

CONTAMINATION BUT LEAVES MOST OF ALI 

SUBSEQUENT NI PLATING GIVES GOOD ADHERANCE, PULL STRENGTHS FROM 11.5 TO 

35 OZi 326 TO 992 GRAMS. 

CELLS HAD HIGHER EFFICIENClfS THAN STANDARD HCL CLEANUP AND SOLDER DIP ON 

BOTH SIDES, 

Spray AR 

o 0 
AVERAGE FILM THICKNESS - 850 A t 100 A 

INDEX OF REFRACTION - 2.1 TO 2.2 

CONSISTENT BLUE COLOR ON POLISHED SURFACE. 

ON NAOfl ETCHED SEMICRYSTALLINE 81 GET GRAY COLOR WITH APRROXIMATELY 16 PERCENT 
REFLECTION, 

UPON ENCAPSULATING GAIN 7 TO 15 PERCENT SHORT CIRCUIT CURRENT. 

I 

TRY TO PRETREAT WAFER TO YIELD MORE UNIFORM AR THICKNESS. SO FAR MATERIALS 

EITHER EVAPORATE TOO FAST HAVING NO EFFECT OR DRY TOO SLOWLYi LEAVING UNEVEN 

UEPOSITS OF TIOX. 
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PROCESS DEVELOPMENT AREA 

Resist Ink 

MUST BE CAPABLE OF: 

• SURVIVING AR COATING ETCH 

• SURVIVING NI PLATING BATH 

• BEING SCREEN PRINTED EASILY WITH GOOD CONTROL 

• CURING QUICKLY 

• NOT BLEEDING INTO THE PATTERN AREA DURING PROCESSING 

• BEING EASILY AND COMPLETELY REMOVED. 

LOOKED AT A LARGE NUMBER: 

WARNOW 

HILTON-DAVIS 

CHROMA-CHEM 

UNIVERSAL COLOR DISPERSION 

MACDERMID 

COLON IAL 

INMONT . HOMEMADE FROM ACRYLOIDS AND BUTYL CELLUSOLVE 

Select Colonial Resist ER·6055 

CLEANUP IN EITHER: TRICHLOROETHYLENE 

1/1;2-TRICHLOROETHANE 

~1ETllYLENE CHLORIDE 

EACH WOHKS I1ELL I1ITH GOOD ULTRASONIC AGITATION. (CASSETTES TEND TO A13S0RB A LOT 

OF ULTRASONIC ENERGY,) 
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PROCESS DEVELOPMENT AREA 

Tab Pull Tests 

USE LOW TEMPERATURE SOLDERING IRON (sooOe) 

CONSISTENT HIGH PULL STRENGTHS FOR HI-SOLDER. 

ALMOST NONE BELOW 7 oz. 
r~ANY ABOVE 20 OZ, 

No EFFECT FROM HEATING AT ISOOC FOR ONE HOUR (LAMINATION CONDITIONS). 

Encapsulation 

CURE TESTS 

TESTING OF EVA TO DETERMINE TIME-TEMPERATURE CURE RELATIONSHIP 

USE OSCILLATING DISC RHEOMETER (ODR) TEST - DONE BY MONSANTO. SEE 

RESULTS ON GRAPHS FOR 1400C AND I500C 

AT I400C) 70-75% CURE ~ 95 MINUTES 

AT IS00C) 70-75% CURE - 30 MINUTES 

RESULTS AGREE WITH SPRINGBORN DATA. 

CREEP TESTS AT 700C AND 900C INDICATE THAT 70-75% CURE REQUIRED SO 

THAT CELLS DO NOT MOVE AT A SIGNIFICANT RATE, 
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PROCESS DEVELO~'lMENT AREA 
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PROOESS DEVELOPMENT AREA 

Cure Process 

DURING LAMINATION, GAS BY-PRODUCT IS EVOLVED, 

IF LAMINATION PRESSURE IS TOO LOW, THEN GAS WILL NOT BE EXPELLED FROM EVA AND 

BUBBLES RESULT. 

SO OPTIONS ARE HIGHER PRESSURE - HIGHER TEMPERATURE - SHORTER CURE TIME 

LOWER PRESSURE - LOWER TEMPERATURE - LONGER CURE TIME 
I 

Now USING 7-10 LB/SQ FT - lS00C - 30 MINUTES 

Polyethylene Vapor Barrier 

GOOD PUNCTURE RESISTANCE 

Low PERMEABILITY TO WATER VAPOR 

LONG LIFETIME 

SUFFICIENt DIELECTRIC STRENGTH 

COMPATABILITY WITH PROCESSES AND MATERIALS (EVA) 

VERY LOW COST 

PROBLEMS WITH SHRINKAGE 

PROPER SELECTION OF MATERIAL 

PROPER LAYUP AND LAMINATION RESULTS IN UNIFORMLY GOOD BACK COVERING 

WITH E)(CELLENT ADHES I ON 
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PROCESS DEVELOPMENT AREA 

Insulation Tapes 

SINGLE SIDED ADHESIVE TAPES THAT ADHERE TO CELL AND EVA AS WELL AS PROVIDING THE 

REQUIRED ELECTRICAL ISOLATION. 

POLYKEN - POLYETHYLENE TAPE WITH ACRYLIC ADHESIVE S32 

PERMACEL - POLYESTER TAPE WITH ACRYLIC ADHESIVE P280 

ADHESIVE RESEARCH - POLYESTER TAPE WITH ACRYLIC ADHESIVE S5913 

3t·1 - POLYESTER TAPE WITH ACRYLIC ADHESIVE 480 , 

SHUFORD - POLYPROPYLENE WITH ACRYLIC ADHESIVE PS748 

ALL ARE NOW UNDERGOING ENVIRONMENTAL TESTS. 

Cell Fabrication 

PRELIMINARY FABRICATION OF 10 CM X 10 CM CELLS BY MEPSDU LABORATORY PROCESS 

AVERAGE LOT EFFICIENCIES AS HIGH AS 8.8% HAVE BEEN OBTAINED. 

UPON ENCAPSULATION, SHORT CIRCUIT CURRENT AND MAXIMUM POWER INCREASE FROM 

7 TO 15%. 

SO LOT AVERAGES AS HIGH AS 9\5 TO 10% HAVE BEEN OBTAINED BEFORE OPTIMIZATION 

OF THE PROCESSES. 
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PROCESS DEVELOPMENT AREA 

Efficiency of Semicrystalline Material 

SMALI~ AREA SAMPLES (2 ,CM x 2 CM) 

BEST - 17% 
BEST LOT AVERAGE - 16.5% 

LARGE AREA SAMPLES (9.5 CM x 9.5 CM) 

BEST - 13.5% 

BEST LOT AVERAGE 12% 

TYPICAL PRODUCTION 

10 - 11% LOT AVERAGE 

ALL EFFICIENCIES MEASURED AT 100MW/CM2 - AMI - 250c. 

PRE-PROTOTYPE CELLS - 10-11% 

PROTOTYPE DEV. CELLS - 11-12% 

TDR CELLS - 12% 

LONG TERM PRODUCTION GOAL - 15% 

AREAS REQUIRED FOR IMPROVEMENT 

• DIFFUSION TO IMPROVE OPEN CIRCUIT VOLTAGE AND 
BLUE CURRENT. 

• ALLOY PROCEDURE TO IMPROVE OPEN CIRCUIT VOLTAGE 
AND RED CURRENT 

• FRONT SURFACE PASIVATION TO IMPROVE OPEN CIRCUIT VOLTAGE 

• CONTROL OF NARROWER METALLIZATION TO REDUCE SHADOWING 
AND IMPROVE FILL FACTOR 

• IMPROVED LIFETIME OF SEMICRYSTALLINE SILICON 
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PROCESS DEVELOPMENT AREA 

FIRST 4 WILL BE ADDRESSED IN THIS PROGRAM. 

LAST IS BEING ADDRESSED IN DOE COOPERATIVE AGREEMENT. 

TYPICAL CELL VALUES FOR TDR 

EFF. = 12% 
POWER = 1.2 WATTS 

VOC = 0.59 VOLTS 

Isc = 2.75 AMP 

VMAX POWER = 0.47 VOLTS 

IMAX POWER = 2.55 AMP 

AT AMI 

100 M~~/cM2 
25°C 

FROM PREVIOUS EXPERIENCE INCLUDING BLOCK IV -

TEMPERATURE COEFFICIENTS FOR CELL ARE: 

t, I 

t, T 

So AT 500C 

= 

= 

EFF. = 10.7% 

POWER = 1.07 HATTS 

Voc = 0.53 VOLTS 

Isc = 2.81 AMP 

VMAX POWER = 0.41 VOLTS 

IMAX POWER = 2.6 AMP 
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PROCESS DEVELOPMENT AREA 

Module Performance 

llilU 

BLOCK IV MEASUREMENT - 56°C 

HOWEVER TH I S WAS MEASURED AT 100 M\'J/ CM2 WH I LE r1EPSDU 

SPEC (5101-138) CALLS FOR MEASUREMENT AT 80MW/CM2. 

ESTIMATE THAT THIS MAY MAKE 6° DIFFERENCE. 

SO USE 50°C AS PRELIMINARY VALUE 

ESTIMATED MODULE EFFICIENCY - TDR 

72 CELLS 10CM X 10CM 

2 PARALLEL - 36 SERIES 

EXPECT TO HAVE REDUCTlON IN POWER DUE TO MISMATCH OF CELLS. ASSUME 

TWO PERCENT LOSS FROM SUM OF CELL OUTPUTS. 

TYPICAL MODULE OUTPUT AT ROOM TEMPERATURE: 

EFF = 10.1% (MODULE AREA) 

EFF = 11.75% (CELL AREA) 

POWER = 84.6 WATTS 

VOC = 21.2 WATTS 

lsc = 5.44 AMP 

VMAX POWER = 16.75 VOLTS 

IMAX POWER = 5.05 AMP 
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PROCESS DEVELOPMENT AREA 

TEMPERATURE COEFF IC I ENTS FOR r10DULES 

6V = -86.4 (MV/oC) 
6T 

= 

TYPICAL MODULE OUTPUT AT NOCT 

EFF = 9% (MODULE AREA) 

EFF = 10.5% (CELL AREA) 

POWER = 75.3 WATTS 

Voe = 19.0 VOLTS 

Ise = 5.55 AMP 

VMAX POWER = 14.6 VOLTS 

IMAX POWER = 5.16 AMP 
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PROCESS DEVELOPMENT AR A 

ORIGINAL PAGE 
BLACK AND WHITE PHOTOGRAPH 

ASSEMBLY 

TRACOR MBA 
(Poster) 

Automated Cell Stringing System 

331 



PROCESS D V LOPMENT AR A 

Automated Module Lamination System 

ORIGINAL PAGE 
SLACK AND WHITE PHOTOGRAPH' 

6J t DING PAGE BLANK NOT rl 0 
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Automated dge Sealing and Framing 

ORIGINAL PAGE 
BLACK AND WHITE PHOTOGRAPH 
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PROCESS DEVELOPMENT AREA 

Solar Module Assembly System 

ROBOT NO.1 

STATION NO.2 
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PROCESS DEVELOPMENT AREA 

PROCESSING EXPERIMENTS ON NON-CZOCHRALSKI 
SILICON SHEET 

MOTOROLA INC. 

Major Areas of Investigation 

1. PHOCtSS T~CtINOLOGY 
SIJI)STRATE SURFACE PH~PAHIH IOli 

SUt{FACE ETCH II~G 
SUHFACE n:XTUHII~G 

SUBS mATI:. uHY II~G 
HAliDLII~G RECT/\I~GULAH SHAPES 

2. CELL DI:.SIG~ 

l'iETALLILATlOli PArr~Rl~ OPlll'llJ..ATIOI~ rUK RI::CTA1~GULAH CELLS 

j, 1'ltJALLI LATl Ot~ 
PLATED I'lE.'! ALLILATIOi; AI.lVAI~Cl:I\lbiTS 

THEHhAL STRESS STUDIES 
Lj. COST AI~ALYSIS 

iJOCUl;IEtHATIOI~ OF 110TOROUI APPROACH AmJ COIIPARISOI~ WITH SlIfHS 

Process Technology: Baseline Process Sequence 

I. BLANKET PHOSPHORUS DIFFUSION, PH3 AT 900°C. 

2. MESA JUNCTION ETCH, PHOTORESIST WITH A PLASMA ETCH FOR SILICON. 

3. SILICON NITRIDE COAT, LPCVD SI3N4 AT 780°C. 

4. OHMIC PATTERN, PlASr~A ETCH NITRIDE. 

5. METAL PLATE, NICKEL-COPPER OR PALLADIUM-NICKEL-COPPER. 
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PRocess DEVELOPMENT AREA 

Surface Preparation Experiment 

1. DESIRED STRUCTURE: SIDE-BY-SIDE COMPARISON OF TEXTURED 
AND NON-TEXTURED (FRONT SURFACE) CELLS. 

2. PROCEDURE: USE SILICON NITRIDE COATING TO MASK TEXTURED 
SURFACE PREPARATION ON ENTIRE BACK SlOE AND HALF OF 
FRONT SIDE (LENGTHWISE) FOR 10 RIBBON SN1PLES. 

3. SOLAR CELL STRUCTURE: FORM PAIRS OF SIDE-BY-SIDE 1 eM BY 2 eM 

SOLAR CELLS 1 ONE CELL OF THE PAIR ON TEXTURED SIDE AND THE 
OTHER ON SMOOTH SIDE OF THE RIBBON, <USE BAS.ELII~E PROCESS,) 

Substrates Used for Texture Etch 
and Surface Etch Studies 

D 
~D ~--c.._- TEXTURED CELl. 

NON-TEXiURED CELL 

lemx2cm 0 

NON-TEXTURED 
HALF RIBBON 

D 

I em x 2 em 
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PROCESS DEVELOPMENT AREA 

AVERAGe 
STD, IJLV, 

% STu, Dl:V. 

Results 

I. 10 RIBBONS PROCESSED, UP TO 11 CELL PAIRS PER RIBBON. 

2. 48 PAIRS USED FOR ANALYSIS, 

3, 32 PAIRS INDICATED IMPROVEMENT IN SHORT CIRCUIT CURRENL 
ISCI WITH TEXTURING. 
AVERAGE ISC INCREASE 2.1 MA OR 4,3%. 

4. 15 PAIRS INDICATED DECREASE IN ISC WITH TEXTURING, 
AVERAGE Isc DECREASE 1.6 MA OR 3.2%, 

5, TOTAL AVERAGE INCREASE WITH TEXTURING (FOR ALL 48) WAS 
o.g MA OR 1.9%. 

Cast Polysilicon Substrates 

TEXTUHEO 1sc 
(MA) 

I~OI~~ Tl:XTURI:.D lsc 
(MA) 

r i~CHf:.ASE DUE 

TO TEXTU!<t:. 

52,4MH 
1.6MA 
3,0% 

50,/:lMA 
1,lMA 
2,2~ 

BASElJ Oli ~7 CtLL PAl RS 

Surface Etching: 

1 0% by Weight NaOH Solution Boiling at 102 0 C 

t.TCf1 H/\TE OBSERVATIOI~S CfHICKI~ESB LOSS): 

<lOa) CL WAFEI<S 
WACKtR-SILSO POLY 
i\OTOROLA RTR 

0,26 I'll LS/j'1 I I~UTt 
0, 30 1'1 I LSII'I I I~UTE 
0,40-0.55 /'1 I lSI!'! I I~UTt: 
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14 

Vl 
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Vl 
V') 

9 
V') 
V') 
w 10 
?Z 
u -::r: 
I-
0:: w 8 ll.. « 
3: 
-l 
« 
f-g 

6 

4 

2 

0 
0 

BOILING 10% NaOH ETCH 
<100> Cz WAFERS 

BOTH SIDES ETCHED 

Y :: 0.258X 

•• I-,. 
•• 

'.II 

I ,. 
10 20 30 40 

ETCH DURATION - MINUTES 

• ,/ 

50 

REDUCTION OF THICKNESS FOR BARE SILICON WAFERS 
CAUSTIC ETCH (BOTH SIDES ETCHED). 
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Metallization: Thermal Stress Studies 

NICKEL CONTACT TIME-TEMPERATURE 
SINTER MATRIX FOR VARIOUS 
SUBSTRATE MATERIALS. 

TEMP~RATURS TIME SUBSTRATE_ 
( C) '(ml n) Cz RTR WEB 

250 15 x 

250 30 X X X 

250 60 x X x 

250 120 X 

300 15 X 

300 30 X x x 

300 60 X X X 

300 120 X 

350 30 X X X 

350 60 x X x 

400 15 X x x 

Each X designates a test sample. 
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PROCESS DEVELOPMENT AREA BLACK 
UklGINAL PAl'"lt'" 

AND W '-w. 

+
c 
C) 
l
I.. 
;:I 

U 

HITE PHOTOGRAPH' 
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• 1 .2 .3 . It .5 .6 
VOLTAGE (V) 

Nickel plated and sintere~ diode, <100> Cz substrate, 
2500t for 15 min., 1.9 cm junction are~. 
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PROCESS DEVELOPMENT AREA ORIGINAL PAGE 
BLACK AND WHITE PHOTOGRAPH 

10 

<:t: 
E 

.1 

.01 
• 1 

. ~·~~~t~·1~i 
--. -:.:-. -,--'--'- ~ ': .. 

"-: '''~:: ... :,- .-~: .. ;' .': ~ 0; : 
.~~~.--~~~~~~ 

-_ .. _--_ .... ,,- -._ ..... -. . 

.2 .3 .4 .5 .6 
VOLTAGE (V) 

Nickel plated 
Cz substrate, 
junction area. 

and sintered diode, 
400°C for 15 min., 

<100>2 
1.2 cm 
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PROCESS DEVELOPMENT AREA 

lIel RTRPNI 
'~UBSTRATE 
W0 11l 5 050cM D"1.480clJI 
H-S.333E-004 SQA/W E0"'9.159 
Rl- 30 I) ..... s~ 
COLLECTOR 
R0-~.009E-oe6 O-cmN N"1.099 
BUSS 
M=l W3=0.102CIII 
R3..: 1 .700E-904 o/~<!. 
MODIFY DATA (Y"-N>? 

1101 RTRPMl GIVEN LINEWJOTH 
lIHEWIOTH 3.013 mils 
PERIOD 107.83 mils 

lOSS OF EFFICIENCY 
LOSS OF FILL FACTOR 
SHADOW LOSS OF INPUT 
Call :2.726%~ 
BUSS 2. e 12~~ 
OH~l I C 
SURF 
COLL 
BUSS 
SHAOOI~ 
COLL 
BUSS 

EFF I C I ENC\,' LOSS 
.173~ 
.IH6:-~ 
.13£16% 

EFFICIENC\' LOSS 
.4139% 
302% 

a.935:-; 
13.015 
4. 738~ 

13.711% 
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tHH RTRPI'11 I)PT IMLIN LINEWIOTH 
I IHEWIOTH t "36 Mil:i 
PEPIOD 158. 24 11'111$ 

LOSS OF EFFICIENCY e.a14~ 
I.OSS OF F I l.L FACTOR 0.01'3 SHADOW LOSS OF INPUT :3.971~ CaLL 1 . 959% 
BUSS 2.012% 

OHNIC EFFIC!ENC'V LOSS 0.219}; SURF .e71~ 
COLL . 142',~ 
BUSS .0e6~ 
SHADOW EFFICIENCY LOSS 0.596% COLL .294:: 
BUSS 302:·: 

1101 RTRPMl GIVEN LIHEWIDTH 
lINEWIOTH 6.ee mils 
PERIOD 141.54 roils 

LOSS OF EFFICIENCY 
lOSS OF FIll FACTOR 
SHADOW LOSS OF INPUT 
COlL 4. 154~ 
BUSS 2 . 13 12:-~ 

OHMIC EFFICIENCY LOSS 
SURF 285% 
COLL 015:~ 
suss . ee6,: 
SHADOW EFFICIENCY LOSS 
COLL .623% 
BUSS .3132% 

, 

1.23el% 
13.029 
6.166% 

0.3135% 
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PROCESS DEVELOPMENT AREA 

NICKEL-COPPER METALLIZATION PROCESS 

PHOTOWATI INTERNATIONAL, INC. 

Goals of the Contract 

• TO DEVELOP A RELIABLt METALLIZATION WHICH: 

USES NICKEL PASTE PRINTED OVER (SI3N4> AR COATING 

~" WilEN SINTERED PENETRATES THROUGII SI3N4 AND' BONOS 
TO SILICON 

"" USES BRUSH PLATING OF COPPER FOR ADDITIONAL CONDUC
TIVITY 

PRODUCES 4" DIAMETER CELLS OF EFFICIENCY IN EXq:SS 
OF 10% UNDER AMI 28°C 

liAS PULL STRENGTII WITH 5MM WIDE STRAP OF > 2 LBS 
WHEN PULLED 90° TO SURFAC~ 

• TO PROVIDE COST DATA ON THE ABOVE SYSTEM 

Proposed Cell Processing Sequence 

N+ JUNCTION FORMATION 

S 13N4 VEPOS I TI ON BY LPCVD TECIIN I QUE 

ALUMINUM nSF FORMATION 
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PROCESS DEVELOPMENT AREA 

DIFFUSED WAFER 

Si3N4 AR COATING 
APPLI EO 

Ni BASED INK 
SCREENED ON 

Ni BASED INK 
FIRED-iN 

ELECTRODEPOSITED 
Cu 

345 

01 FFUSED 
LAYER 

. Si3N4 

~F ===:::===========-(=1 0 IFF USE D 

LAYER 

Ni BASE INK 

I 

Si3 N4 

DIFFUSED 
LAYER 

ALUMINUM 
BSF 

Ni 
BASED INK 

ALUM I NUM BS 



PROCESS DEVELOPMENT AREA 

Present Status of Contracts 

SUBCONTRACTS NEGOTIATED 

NICKEL PASTE DEVELOPMENT - ELECTRO-SCIENCE LAB, PENNSAUKEN. NJ 
-- BRUSH COPPER PLATING - VANGUARD PACIFIC, SANTA MONICA, CA 

SAMPLES OF CELLS 

• 
• 
• 
• 

• 

WITH VARIOUS NITRIDE THICKNESS PROVIDED TO ESL LABS 

FOR REVERSE ETCHING OPTMIZATION PROVIDED TO VANGUARD PACIFIC 

ETCHING CHARACTERISTICS Ol~ NICKEL PASTE BEING EVALUATED 

COPPER SOLUTION (PH) COMPATIBILITY WITH NICKEL PASTE UNDER EVAL
UATION 

Advantages of the Process 

USES LOW COST NICKEL PASTE 

ELIMINATES NEED FOR MASKING AND ETCHING--HENCE LABOR COSTS 

UTILIZES STATE-OF-THE-ART EQUIPMENT FOR HIGH THROUGHPUT 

UTILIZES CONTINUOUS BRUSH PLATING OF COPPER INSTEAD OF BATCH 
PLATING 

OVERALL COST OF PROCESS SEQUENCE IS LOWER, BY A FACTOR OF 3, 
THAN THE EXISTING ELECTROLESS NICKEL SOLDER PROCESS SEQUENCE 
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PROCESS DEVELOPMENT AREA 

Cellco Added Value (1 980 ¢/W) 

r-----~'-

PROCESS EQUIPMENT FLOOR LABOR MATERIAL UTILITIES TOTAL 
REFERENT COST SPACE COST COST/BY PROD. COST PROCESS COST 

! 
ORGANIC 
REMOVAL .0826 .0212 .0918 0.3748 .4092 .9741 

-.0056 

ETCH .7392 .0841 .8382 .9316 .5785 3.1577 
-.0139 

SPRAVJUNC .3878 .1122 .1886 .3471 .2227 1.2446 
-.0138 

LPCVDNIT .9539 .0676 .6841 .4008 .0008 2.0907 
-.0166 

ALUMINUM BSF .4091 .1110 .1865 .0014 .2203 .9145 
-.0137 

LASRIM .8069 .0776 .8135 0.0 .1577 1.8405 
-.0152 

TESTCELL .0345 .0153 .1436 0.0 .0132 .2438 
~.O128 

TOTAL ELEMENT 2.7808' 
COST 4.0637 .7537 4.0525 oJ .1297 2.2584 1-3.7794 
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EPITAXIAL PROCESS SEQUENCE 

RCA CORP. 

D. Redfield 

1110 MG SUBSTRATES 

42 WAFER/RUN 
(4 RUNS) 

FORM MIXEO LOTS 50 WAFER/LOT 

FABRICATION 

EPI/MG SG 

25 WAFERfLOT 

2 LOT INITIAL 
.. - QUALIFICATION RUN 

Small-Module Test and Disposition Requirements 

CONF1 CONF 2 

SEMICONDUCTOR ENHANCED 
(1) STARTING Si MATERIAL GRADE WAFERS METALLURGICAL 

GRADE WAFERS 

(2) CELL SIZE 3.0 In. dla. (3.0 In. dl~. 
(OR EOUIV.) (OR EOUIV.) 

(3) MODULE SIZE 11.64 in. X 11.64 in. X 
15.64 in. 15.64 in, 

(4) CELLS/MODULE TBD TBD 

(5) MODULES TO BE TESTED 7 7 
BY CONTRACTOR 

(6) MODULES TO BE SENT 7 7 
TO JPL DlRECTL Y WITH 
ELECTRiCAL PERFORMANCE 
MEASUREMENTS ONLY 
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..... 
E 
u 
I 

CI 

>- 0.1 .... 
> 
i= 
~ 
CI) 
UJ 
It: .01 

Representative Resistivity Profile of Epitaxial Layer 

~STRATE 
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SG WAF'E:RS 

0:: 
o 

0.80 

0.70 

0.60 

t; 0.50 
'rt 
...J 
...J 

)( 

i: 040 - + 

0,;30 

MG SUBSTRATE: 

Process Lot 04P 

A 

X I' 
g x I x x x x ¢ 

SCREEN PRINT AG 
GRID ANlJ F'IRE 

SPRAY ON AR 

CELL TEST 

SOLDER INTERCONNECT 

LAMINATE PANEL 

MODULE: TEST 

x i o 0 o 0 . )( )( 
x )( 0 

+ 

)( 

+ 

+ + 
+ + 

+ + + ... ... 

• • 0 

• • 
• 

• 

x UMG } 
A CONTROL AFTER 

HF DIP 
o SG 

¢ CONTROL ~EFORE + UMG } 
HF DIP 

• SG 

I I I I I I I 1 I I I, 1 I I 
15 20 25 

WAFER POSITION IN POCl3 FURNACE 
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t700 
. 

,.600 

a: o 

~ .5001-

::l 
ii: 

.400 

.300 

<> 

\.OT 04P 
.~FTER AR COATING AND HF DIP 

o o 

x 
x x 

(A - CONTROL. 
FF') 0 - SG 

IJ( - UMG 
<> - SHEET RES 

o 
o 0 

o o 

o 
o 

<> 
<> • 45 

~ 40 

~ 35 

• 30 

~~~~~~~~I~I~I~I~I~I ~I~~ 25 
I 2 3 4 5 6 7 a 9 10 II 12 13 14 15 16 17 18 19 20 21 22 23 24 25 

,

,700 

.600 

a: 
fZ 
~ .500 
:l 
ii: 

.400 

.300 -

----WAFER POSITION IN POCl lI FURNACE .. 

STAGES 

I. !3EFORF. HF DIP 
2. AFTER HF 01 P 
3. AFTER AR COATING 
4. 5 DAYS LATER 
5. 1 MONTH LATER 

0------0 

o 04P05S 
~~--_____ -L-, ________ ~ ________ ~ ________ ~ 

2 3 
STAGE 
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DEVELOPMENT OF ALL-METAL THICK-FILM 
COST .. EFFECTIVE METALLiZATION SYSTEM 

BERND ROSS ASSOOIATES 

Bernd Ross 

Progress 

A COPPER-LEAD SILVER FLUORIDE PASTE GAVE ADHERENT CONTACTS 
TO SILICON. 

EARLIER SILVER PASTE RESULTS WERE REPRODUCED, 

A :OPPER-LEAD-CARBON FLUORIDE PASTE GAVE ADHERENT CONTACTS 
BEFORE AND AFTER DI WATER BOIL TEST. 

A SOLAR CELL FABRICATED WITH AaOVE NONOPTIMUM CONTACT 
GAVE AMI EFFICIENCY OF 7% UNCOATED. 
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PROCESS DEVELOPMENT AREA 
ORIGINAl: P GE 

LA K A D HITE HOTOGRAP 

Reproduction of silver electrode wi th original silver paste S032 with 5 wt.% Pb, 
2 wt.% AgF. Print was fired in hydrogen at 550 0 C for 5 min. Note tightly 
sintered structure with fe1N open spaces. c:ambt>idge SEM, 1800X. 

Same as above, ~(' \ ' X 
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PROCESS DEVELOPMENT AREA 
BlAe 

OGR 

SEM photomicrograph of F17 copper print with 1.2 wt.% AgF fired at 62S oC by 
two-step process. Exposure wa s done at oblique angle (640 ) to bring out 
needle formations of the Cu-Si eutectic . This electrode passed the Scotch 
Tape adherence test. 21UOX. 

Same as above, 10 SOOX 
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PROCESS DEVELooMENT AREA 
ORIGINAL PAGE r 
OF POOR QUALITY 

Thermal gravimetric analysis (TGA) curve of lead acetate run in hydrogen 
(Courtesy Brian Gallagher, JPL). 

J 
j . 
• » 

TGA curve of lead acetate run 1n nitrogen (Courtesy Brian Gallcgher, JPL). 
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""""'II PLX 4C11lO r.1OO "'ITI!. 'C/m,,,, (nm.lIN"",n ~lJf'f'Allfl'iOI'4 "'U 
C f"lIl"U>N') 'III'1T~ .... ,C0ClI. ,'" '110 '" WEIGHT "'\I .d. WIUtlHT .• 'Q nAS,' 

"TMAIR • IlIHIfIT '", .• _. t... .., <' _. ~PI1FlfiNCIl ... T/MII CoolIT .. ~.. • 

lOW ""Til ~ ovorJw. ...... , ..... ,...." tV. (mg/f1®) lin ''''-" 

II I I 
.. 
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II 
:1 II 
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II 
if I 
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11 
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0 i , 
, , 

IIIII~ I 
I 

0 'DO IIIlO 300 400 DOU (JOO 100 
T1!MP'fnATLJAe. 'C (Pt/Pl.·13'1! fwd 

., . 

. 

I 

Thermal gravimetric analysis and differential thermal analysis of carbon 
fluoride run in air. RUns have been made on several production runs o~ this 
material, and in nitrogen and hydrogen atmospheres, with similar results. 
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PAoe 55 0 V lOPM NT AA A 

AC 

SEM photomicrograph of copp r past F13 with 1.1 wt.% carbon flourid and 
2.3 wt.% 1 ad ac at, fir d at 5500 C by th two-st p proc ss. This 
material pass d crap and Scotch Tap t sts and Dl water boil. Not th 
r latively open structur , indicativ f immatur sint tlng proc ss. 
Magnification 1800X. 

Sam as abov , 9000X 
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ORIGINAl OF Po . -. ' PAc::t: ,f" 
OR QUALItY 

PROCESS DEVELOPMENT AREA 

I ,I, . ~. 
-" Hi 
i' • 

) 

IV curve of 2 x 2 cm solar cell with screened copper back electrode made with 
paste F16, containing 1.1 wt.% carbon fluoride and 4.5 wt.% lead acetate. 
Print was fired by two-step process at 625 0 C. Electrode on cofired pieces 
did not pass Scotch Tape or scratch tests. Projected AM1 efficiency 10%. 
Edge etch resulted in curve (2) with improved Voc but increased series 
resistance. (Courtesy Brian Gallagher, JPL). 
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PROCESS DEVELOPMENT AREA 

Conclusions and Problems 

I. AN ECONOMICAL COPPER PASTE :MPLOYING CARBON FLUORIDE 
POWDER OXIDE SCAVENGER YIELDED GOOD DEVICES AND SHOWS 
FURTHER PROMISE. 

2. PREVIOUS COPPER ELECTRODES USING AGF DID NOT SURVIVE 
1 YEAR'S STORAGE. 

3. PROBLEMS EXIST WITH REPRODUCIBILITY OF FIRING RESULTS 
BOTH DURING A SINGLE RUN AND BETWEEN RUNS. 

4. COPPER ELECTRODE PASTES WITH SILVER FLUORIDE AS WELL 
AS CARBON FLUORIDE ADDITIVES HAVE PASSED SCRATCH AND 
SCOTCH TAPE TESTS) AND SHOWN SOLDERABILITY. 

5. A COPPER PASTE WITH CARBON FLUORIDE ADDITIVE PASSED 
THE SCOTCH TAPE ADHERENCE TEST BEFORE AND AFTER 
IMMERSION INTO BOILING DI WATER FOR OVER 10 MINUTES. 

6. THE PROCESS WINDOW FOR BASE METAL PASTES IS NARROWER 
THAN THAT FOR SILVER ELECTRODES. 
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HIGH-RESOLUTION, LOWaCOST 
CONTACT DEVELOPMENT (MIDFILM) 

SPECTROLAB, INC. 

Nick Mardesich 

powder and Resin Recommendations 

• OPTIMUM SILVER POWDER 

POWDER #3347* (THICK FILM SYSTEMS) INC.) 

Low SERIES RESISTANCE 

SOLDERABLE 

• OPTIMUM RESIN 

MIDFILM RESIN #RC-4933 

No HUMIDITY SENSITIVITY 

*95% TFS SPHERICAL TYPE POWDER 

5% 3347 TrS FRIT 
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PROCESS DEVELOPMENT AREA 

800 

700 

600 

400 

300 

200 

100 

I-V Characteristios of Good and Poor Midfilm Cell 

Poor Cell 

CF'F;:: .504 

Good Cell 
CI~F' ::: .746 

__ '--0- J.-~.oo.____ I -----L-___ -I-___ -'-___ -\-U 
0.1 0.2 0.3 0.4 0.5 0.6 

Voltage (Volts) 
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800 

700 

600 

-IJ 500 
~ 
<IJ 
)..j 
).1 
:;l 
U 

400 

300 -

200 

I 
100 

L 
0.1 

Effect of Sliver on Poor Midfilm Cell 

Before Plating 
CFP ::::: .504 

0.2 0.3 0.4 
Voltage (Volts) 

363 

0.5 

l\fter 
Plating 
CFI~ ::::; .726 

0.6 
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PROCESS DEVELOPMENT AREA 

Effect of Conductive AR Coating 
On Curve Fill Factor of Midfllm Cells 

ITO AR COAT;~'~ 
(', 50 :J I 750 ) S 1 Ox AR C~ATI NG 

('v 750 ) 

CELL if CFF CELL II 

B14 ,739 B-4 
B-15 .741 B-6 
B-16 ,729 B-.19 
B-17 ,741 B-21 
B-18 .7/42 B-23 
B·IO ,741 

I-V Characteristics of Midfilm Minlmodule 3.0 c"""'='-__ -______ ... ___ _ 

-----.." 

.2.0 
AM1, 28 0 C 

1 ( . 
• J 

*Activc Cell Area 

1.0 
5\" Loss due to co11 mismatch 
13'.. Loss due to soda lime front 91ass 

(" 
• J 

Voltage (Volts) 
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PROCESS DEVELOPMENT AREA 

Alternative Materials Composition 

POWDER 

TrS 5514 
TFS 5511 
RH 3659-B 
HH 3659-C 
RH 3659-D 
fm 366S 
RH 3662 
r~H 3659-A 
RH 3659-E 

COfv1POSITION 

AIR-FIRINC Cu POWDER 
AIR-FIRING NI POWDER 
,2 MOl ,8 SN 
,195 MOl ,8 SN, .005 TIH? 
,2 MoO x ,8 SN -
,195 MoOx 03 SN, .005 TrH2 
.2 WI ,8 <)N 
,85 MOl ,IS SN 
,85 NI, ,IS SN 

Firing Parameters of RH 3659-C 

i PRE-FiRE AT sooOe, 30 MIN, IN AIR 

-- REMOVE ORGAN1CS 

• 2 FIRINGS AT 675°C, 36 MIN, IN 95% N2' 5% H2 

-- SINTER POWDER 

365 



or 

PROCESS DEVELOPMENT AREA 

tWO 

700 

600 

..... 
co 
E. 500 
.jJ 
t: 
(l) 
H 
H 
::1 
t. 

.1 () 0 

300 

200 

100 

I"V Characteristics of RH 3659 .. 0 Mldfllm 
Cell Before and After Sliver Plating 

Before Plating 
R ~;;: 185 mit 

H 

rlAH '" 11. 4\(, 

After Pl<'lting 
R ~.C 96 mil s 
" AH ~; 13.3% 

-._--L_,_~I ::--___ ~I ~---..,.....+I--.~'--l.I ___ .I..1.l 

0.1 0.2 0.3 0.4 0.5 0.6 
Voltage (Volts) 
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PROCESS DEVELOPMENT AREA 

DEVELOPMENT AND FABRICATION OF A SOLAR 
CELL JUNCTION PROCESSING SYSTEM 

SPIRE CORP. 

Spire-JPL Junction Processor 

• 10Mwp/YR 
• 4.5¢/wp 

, ION IMPLANTER 
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PROCESS DEVELOPMENT AREA 

Agenda 

1. I NITIAL TEST ANNEALS WITH ELECTRON BEAM PULSER 

2. WAfER TRANSPORT SYSTFM 

3. NON-MASS ANALYZED IMPLAmED CELL FABI<ICATION 
RESULTS 

4. INITIAL DESIGN OF SOLAR CELL ION IMPLANTER 

Calorimeter Readout: 
Average Reading on All Points, 0.64 ± 0.09 J/cm2 

f-oIl ... r------ 4" ~I 
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PROCESS DEVELOPMENT AREA 

SPI·Pulse 7000 Discharge Characteristics 

V(kv) 

20 

10 

4.'5 inch cathode 

Smm AK gap 

3.4mm S-A dlst. 

1300 gauss 

o~----~------~------~------~------
80 120 160 

'I(KA) 

80 

40 

o 

0 
0 

40 

40 

TIME(n sec) 

80 120 160 

~N(E)= f.L09mC ~ soo~ ~ P(T)=60.S Joules 
0 

..:.::: - Eavg= 9.86keV 

~ i! = .s.n 
, ..... 
!8 250 
z 

o~~~~~~~~------~---------------
so o 10 20 

ENERGY(keV) 
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E 
OJ .... .., 

6 

C 3 

w 
en o 
p 

2 

o 

Absorbed Energy in Silicon 
(Normalized to 1 J/cm2 Fluence) 

EL TRAN: MONTE"'CARLO 

CALCULATION FOR 
SHOT 97 ON "7000· 

-4-- ENTHALPY OF MELTING 

2 3 4 

DEPTH(,um) 
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PROCESS DEVELOPMENT AREA 

68 

Sheet Resistance (ohms/square) 
4·in. Si Wafers; 2x1015 31 p+/cm2 at 10 keV 

69 

63 

71 

FURNACE ANNEALED 

~ 

37 

32 . 

30 

35 

PULSE ANNEALED 
(7000) 

E~TERNAL QUANTUM EFFICIENCY 
CELL: 383~-05-2 date: 07/88/81 standard: 5-88 

1 
at'€a.: 4CN2 test t'es: 1 s\:d. r..es.: 1 

0.9 ",--
./ ,.-

0.8 Nona na Iyzed-l' 
I 

0.7 I 
I 

0.6 
/ 

I 
0.5 / 

I 
0.4 I 

/ 

fil.3 
I 

/ 
0.2 

.J. • 
F.~~ 8QB 

Wavelength In nanoMeters 

371 

Lo.r1bda QE 
< flr1) 

350 13.2104 
409 e.3802 
4S0 0.4681 
see 0.6490 
6£10 13.8618 
700 8.9243 
800 0.8909 
9130 0.7712 
950 0.6515 
960 0.6254 
970 13.58£13 
980 0.5381 
990 13.4819 

H100 0.4144 
lose 0.1(l44 

Ln : 
115 folicrons 

R : 9.985 
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PROCESS DEVELOPMENT AREA 

y -Track Cassette Input Locks 

ELEVATOR 
DRIVE 

/ 

372 
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PROCESS DEVELOPMENT AREA 

INrllT 7XlOR 
('''''ow Ii (Ifl"ni)~-.. 

INPr.lf CA:lSFr7E ~ 
( "ii/OWN FtlLL OF"~ wnrrRS .) 

IIV!'(/; "11":,1101' ~ Wllf ;:,r,S(N&'Y 

I 

INPUT END _ L 

Elevator-Chamber Integration 

HIGH VC.IL"rA5[ 

Pfrf'i<'lItr£ Yf~F;fI.· 

,,...I/Vf'/JT nFVII70R ~ • t'llS5177E 
// (5110WN EMPTr) 

I~::::;:;~::.::..-=--··""~,>;;".,;.;;;c-'~·-_ 

·-"7 
'~'-"---r' ===:r 

Summary of Pulse Annealer Progress 

1. 

2. 

3. 

ANNEAL OF 4" DIA. WAFER Done 

VACUUM TRANSPORT AT 3 SECONDS/WAFER Done 

CHARGI NG PULSE IN 3 SECONDS - When 15 rnA Power 
Supply Delivered - 7/21/81 

4. SIMULTANEOUS DEMONSTRATION OF ABOVE ON 
50 WAFERS August 

373 

1 

OUTPUT END_ 

I 
.' 
I 

.j 

l 



:;:a h 

PROCESS DEVELOPMENT AREA 

Non-Mass-Analyzed lon-Implanted Cells: 
Preliminary Samples 

• IMPLANT: Phosphorus, 3 x 1015 ions/cm2, I mplanted at JPL 
Cell Processi ng at Spire 

• PURPOSE: Preliminary Comparison with Normal Cell 
Processing 

• RESULTS: Cell Efficiency Lot Average Slightly Less than 
Normal Production. Th is Appears to be Caused by: 

1. Lifetime Lower than Expected 

2. Non-Optimum AR Coating Lowered Jsc (Minor Effect) 

• CONCLUSIONS: More Cells will be Produced to I solate Cause 
of Item 1. 
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Non-Mass-Analyzed Implant 

.16 

.14 

.12 

.,-.. 
« -t- .10 Z NON-MASS-ANALYZED w 
a: IMPLANT 
a: 
:::> 
0 Voe=='564 mV 

.08 
Jse=36.4 mA/em2 

17(AMo) =11. 1% 

17(AMi) =13.0% 

.06 (extrapolated) 

A::;4.0 em2 

P=7.'5 ohm-em 

.04 

.02 

o ~----~-------J--____ ~ ____ . __ -L ______ ~ __ ~~ 

o 0.1 0.2 0.3 0.4 a.? .,,,11 0.6 

VOLTAGE (V) 
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PROCESS DEVELOPMENT AREA 

Non-Mass-Analyzed Implant Cells 

I 

LOT NUMBF.R: 3836 
CONTRACT No: 10073 

RES' STI V I1Y: 10.0 oh m~cm 
AR COATI NG: Ti02 

OR I GINA TOR: S. Bunker MATERIAL: FZ 
SURFACE: Pol 
COMMENT: JPL Imp. 
CELL AREA: 4.0 cm2 
I LLUMI NATION: AMO 

-
Dose Voc 

Cell (xW15) (\I) 

2 3 0.564 
3 3 0.564 
4 3 0,554 
5 6 0.559 
6 6 0.559 
8 6 0.554 

ave. 0.559 
sdv. 0.005 

-

Jsc 

THICKNESS: 15 Mils 
DATE: 07/01/81 
RATED VOLT: 0.400 V 
T~PERATURE:25OC 

FF Eff. 
mA/cm2 (% ) (% ) 

36.36 72.9 11.05 
35.87 73.1 10.93 
34.55 73.6 10.41 
34.22 75.2 10.63 
35.04 7&:\ ? ."".L. 10 00 .... 00 

34.05 75.5 10.53 

35.01 -74.3 10.74 
0.93 1.2 0.25 

-

Rsheet 
Ohm/o 

78 
83 
83 
61 
58 
59 

,--

r-·--··~-----r----------' 

Lot 3836 Lot 2706 
Non A nalyzed I mplant standard Implant 

r-----~,----+_-.---"-... ----.--~---.--.------l 
Voc (mV) 

Jsc (mA/cm2) 

Fi" Factor (%) 

1J (AMO) (%) 

11 (AMI) - Extrapolated (%) 

Lifetime':' (/Jsec) 

Diffusion Length+ (pm) 

p (ohm-cm) 

Cell Thickness (pm) 

0;. Open-Circuit Voltage Decay Msthoo 
+ I nferred from Lifetime 

5M 5~ 

36.4 

72.9 

11.1 

13.0 

14.0 

220 

7.5 

200 

376 

38.8 

77.0 

12.8 

15.1 

41. 0 

380 
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Solar-Cell High-Throughput Ion Implanter (Task 3) 

• I mplant Rate: 1800/hour, Walking Beam Transport 

• Implant lonslDose: PI +, P2 +, etc. @ 2.5 x 1015 lons/cm2 

«I Ion Current: 2 Units @ 10-15 ma over .. cm2 

• I on Energy .. 5 -10 keV 

• Dlagnqstlcs - Beam Current 
Beam Centering 
Transverse Uniformity 

• Wafer Heating .. 100°C Ri~e for Two Sou~es 

BAFFLE 
No.1 

Ion Implanter Beam Profile 

BAFFLE 
No.2 90° BEND/ 

DEFOCUS 

BAFFLE No.3 

BEAM DEFINING/ 
CENTERING BAFFLE 
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PROCESS DEVELOPMENT AREA 

SOURCE 
ISOLATION 

I-l---L!:::====:======n VALVE 

44.P 

ION SOURCE ELl:C"I'ROSTATIC BENDI 
--..... DEFOCUS 

FARADAY 
FLAG 

WALKING 
BEAN; 

MECHANISM 

SILICON DENDRITIC WEB MATERIAL 
PROCESS DEVELOPMENT 

WESTINGHOUSE RESEARCH & DEVELOPMENT CENTER 

D. L. Meier 

Contact Systems 

1. Baseline: Evaporated Ti Pd Ag, Plat.ed Cu 

2. First Experimental System: Evapora~ dd Ti Ni Cu, 
Plated Cu 

3. Second Experimental System: Evaporated Ni, 
Plated Cu, Heat·Treatp,d to Form Ni2Si 

• Also Investigate Plating a Ni Layer 00 the Plated Cu 
to Protect Cu from Oxidizing and to Provide a Bet~er 
Galvanic Match to the AI Interconnects 
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PROCESS DEVELOPM~NT AREA 

Contract Objectives 

• DEwelop a Low,CI)st Contact System for Solar Cells 
• Fabricate Several Modules Using Dendritic Web Silicon 

Solar Cell Contact Mask 

• 1.6 x 4.0cm Solar Cell 
• Contact Resistance Test Pattorn 
• Minority Carrier Lifetime Pattern 

0 

o II . I 

~ ... ,..~ --=--0 
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PROCESS DEVELOPMENT AREA 

Contact Resistance Test Pattern 

• Current Repeatedly Passes From Diffused Silicon Subs~rate to Metal Bar and Back to Substrate 

• Given the Pattern Geometry, Rc Is Determined by Measuring Two Voltages and One Current 
(No Plots Are Required) 

IO 

NB93 
NB98 

NB4 

I 
--)100-

Jsc 

-

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

Baseline Contact System: Typical Results 

Material: FZ Silicon, 4ncm, <111>, 250J,Lm Thick 

Evaporated Metal: 500 A Ti, 300 A Pdt 300 A Ag 

Elect:oplated Metal: 5J,Lm Cu 

Heat Treatment: None 

'inc Log ~ Ff: ~ 
31.2 mA/cm2 

31.1 

0.583 V -10.4 

0.572 -9.1 

0.789 

0.770 

0.785 

15.'7% 
15.0 

14.6 

0.9 x 10-6, ncm2 

3.6 
29,3 0.584 -9.9 4.6 

• Good Quality Cells With Low Contact Resistance Are 
Made With the Baseline System 

380 
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to 

NB86 

NB64 

NB92 

Pre·Sinter 

Post·Sinter 

Pre-Sinter 

Post·Sinter 

First Experimental Contact System: Typical Results 

Jsc 

Material: FZ Silicon, 4ncm, <111>, 250Mm Thick 

Evaporated Metal: 500 A Ti, 400 ANi, 300 A Cu 

EI~ctrop'l;Ited Metal: 5Mm Cu 

Heat Treatment: None 

Voc Log (Jo ) FF 11 Rc 

31.2 mA/cm2 0.584 V -10.9 0.796 15.8% 5.9 X 10-6 ncm2 

30.3 

31.1 

Jsc 

0.577 -9.5 0.781 14.9 2.5 

0.572 -8.2 0.762 14.8 11.7 

• Replacing Pd and Ag With Ni Has no Effect on Cell 
Performance Prior to Thermal and Humidity Stressing 

Typical Sintering Results 

~.J1aterial: FZ Silicon, 4ncm, <111>, 250~m Thick 
Heat Treatment: 3000 C for '15 Minutes in H2 

Baseline: Ti Pd Ag Cu (NB72) 

Voc FF 11 Rs Rc 

30.4 mA/cm2 0.585 V 0.782 15.2% 0.113n 1.5 x 10-6 ncm2 

29.9 0.590 0.782 15.1 0.094 1.2 

First Experimental: Ti Ni Cu (NB64) 

Jsc Voc FF 11 Rs Rc 

30.3 mA/cm2 0.577 V 0.781 14.9% 0.133n 2.5 x 10-6 ncm2 

29.8 0.585 0.785 14.9 0.089 2.2 

• No Degradation at 3000 C for 15 Minutes for Either Contact System 

• &. & 's Resistance and Contact Resistance Decrease From Initial Low 
Vaiues (Does Not Alter Cell Performance) 

Ultrasonic Bonding of Aluminum Interconnect 
To Niokel-Coated Cell Pad 

• Bonds are Excellent 

• In All 24 Pull Tests the Aluminum Finger 
(1.5 Mil Thick) Yielded Before the 
Aluminum Could Separatp. F rom the Nickel 

• The Layer of Nickel on the Electroplated 
Copper Does Not Appear to Degrade Cells 
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PROCESS DEVELOPMENT AREA 

Second Experimental Contact System 

Materi~t: FZ Silicon 4S2cm <111> 
Evaporated Metal: 600 A Ni, 300 A Cu 
Heat Treatment: 3000 C for 24 Minutes in H2 
Elemental Depth Profile by Auger Spectroscopy With Sputtering 

200 

150 

I-
:J: 
C!1 Cu 1.1: t!'l 

W ... , ... , 
:J: 
~ 
c{ 100 w 
a.. 
a: 
w 
(!) 
::::> 
c{ 

50 

o 10 20 

SPUTTERING TIME (minutes) 

• Copper Appears to Have Penetrated '" 400 A Into the Ni 

382 
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Status of Ni .. Cu System 

• Poor Adhorence of Metal System to Silicon for Initial 
Attempt with Evaporated Ni 

IJ Additional Work in Pr9gress Where Ni is Deposited by 
Sputtering After 100 A of Si has Been Removed by 
Sputter Etching 

• Indications are That Cu Can Penetrate Approximately 
400 A in 15 Minutes at 300oC. Thus, a Thin Layer of 
Ni May Not be an Ad~quate Diffusion B&rrier for Cu. 

ANALYS'S AND EVALUATION OF MEPSDU PROCESSES 

UNIVERSITY OF PENNSYLVANIA 

M. Wolf 

OBJECTIVE: THE TECHNICAL ADVANTAGES AND DiSADVANTAGES 
OF THE PROPOSED) DEVELOPED) OR ALTERNATE 
MEPSDU PROCESSES WILL BE EVALUATED. 
ATTENTION WILL BE FOCUSED ON THE IMPACTS 
OF THE PROCESS INTERFACES AND SEQUENCES, 
THE AVAILABLE DATA WILL BE EXAMINED WITH 
RESPECT TO THE PROJECTED PROCESS COSTS) 
WITH PARTICULAR ATTENTION TO BE PAID TO 
CRITICAL INDIRECT MATERIALS AND EXPENDABLE 
TOOLl NG, 

STATUS: REPORTS RECEIVED) ORGANIZED) AND READ (WITH 
NOTATIONS IN MARGINS). 
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PROCESS DEVELOPMENT AREA 

JPL IN-HOUSE ROBOTICS 

JET PROPULSION LABORATORY 

T.L. Brooks and R. Cunningham 

Task Objective 

ApPLICATION OF ADVANCED ROBOTIC AND MACHINE 

PERCEPTION TECHNIQUES TO SOLAR CELL MODULE 

PRODUCTION. 

Milestones to Date and Planned 

, AUTOf1ATION EVALUATIOI~ STUDY TO IDENTIFY POTENTIAL APPLICATIONS 
OF r1ACH I NE I NTELLI GEN CE 
1) STRAWMAN BASED ON 1978 JPL PROCESS SEQUENCE (OCTOBER 1980) 
2) AUTOMATION EVALUATION STUDY FINAL REPORT (IN PROGRESS) 

• LAB DEMONSTRATION OF SELECTED DEVELOPMENT TASKCS) 
1) SOLAR CELL LAYUP USING COMPUTER VISION (FEBRUARY 1981) 
2) ATTACHMENT OF POWER-OUT CONNECTOR TO SOLAR CELL MODULE (JULY 1981) 
3) SOLDERING OF POWER-OUT TAB TO SOLAR CELL MODULE (SEPTEMBER 1981) 
4) INTEGRATION OF ITEMS 3 & 4 TO DEMONSTRATE TOTALLY AUTOMATED 

CONNECTOR ASSEMBLY SYSTEM (OCTOBER 1981) 
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PI,OCESS DEVELOPMENT AREA 

CONCUHfU:NT 
PIHH'CSStt'i 

CONt'lJRIU:NT 
PHLH:f"S~,Ul 

/llH~:l.IlllHOlJL 
mNsoH--. 

• • 
• 
• • 
• 
• • • 
• • 

Glut ,.-' 
I))SI'LNSU~ 

NAN 11'1IL./\ T ll/{ 
HANIl 

Demonstration Task Scenario No, 2 

PICK UP CONNECTOr{ HOUSING FROM NAtJAZINE 
DLTLr{MINL CONNECTOr{ TAB LOCATION WITH COMPUTER VISION 

VISUAU.Y INSPl;Cl GlUU BUM FOH WIDTH" BReAKS AND POSITIONING 
OHILNT HANn ABOVL: TAB HEADY FOR INSERTION OF TAB INTO HOUSING 

MOVE HANn DOWN UNTIL HOUSING CONTACTS TAB 
CONT ACT SEN:iL:D lHHOUGH CONTINUOUS ~\oN nOR I NG or FORCE FI~lmBACK 

SLIDE HOllSING ArHOSS TAB UNTIL TAB IIpOPS" INT'O SLOT 
"PlW" seNSED BY SUODlN ABSf~NCE OF CONTACT f~ORCE 
SUDr HOUSING DOWN ON TAU ANI> SEAT IN GLUE 
HU.r:ASL HOUS I Nt; AND START NeXT CYCLE 

Components of Robotic System for Automated 
Attachment of Power-Out Connector 

CONN [~Cl'OR 
, .",,-""" IIOU!) I NG 

NAtiAZINE 
HOllS I Nt1 
1)1 spr;NSER 

385 
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SOLAR CELL MODULE 
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VISION SYSTEM 
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PROCESS DEVELOPMENT AREA 

PUMA Robot for Advanced Automated 
Solar"Cell Module Production 

UPPER ARM 

Vision System Features 

• ADAPTS TO CHANGES IN THE ABSOLUTE LOCATION AND ORIENTATION 
OF Ar:1P CONNECTOH TAB 

INSPECTS GLUE BEAD FOR ~JIDTH} BREAKS} AND POSITIONING 

EASILY PROGRAMMED TO HANDLE DIFFERENT CONNECTOR CONFIGURATIONS 
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PROCESS DEVELOPMENT AREA 

Robot System Features 

• ADAPTS TO VARIABLE TAB LOCATION AND ORIENTATIONS 

• ADAPTS TO TAB HEIGHT INCONSISTENCIES 

• USES FORCE FEEDBACK INFORMATION (0 PREVENT DAMAGE TO 
CONNECTOR HOUSING AND TAB 

• CONTROLS GLUE BEAD LAYUP TJ GIVE CONSISTENT SEALS 

System Goals 

• ATTACH, SEAL AND INSPECT CONNECTORS ON ONE MODULE PER 
MINUTE (ASSUMING 25 MW PLANT) 

• MAINTAIN SYSTEM COSTS LESS THAN $150K 

Key Points 

• AUTOMATION OF LABOR INTENSIVE TASK 

• SYSTEM COST WITH OFF-THE-SHELF TECHNOLOGY IV $lOOK 

• PRESENT SYSTEM CAPABLE OF BETTER THAN TWO CONNECTORS PER 
MINUTE 

~ BOTTOM LINE - ONE ROBOT SYSTEM CAN HANDLE OUTPUT OF 25 MW 
PLANT 
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PROCESS bEVELOPMENT AREA 

PUMA 

Other Lab Activities Since 17th PIM 

I I~STALLED AND RUNNING UNDER VAL 
• INTERIM INTERFACE TO spc-lS FOR SENSORY FEEDBACK TO 

PUMA COMPLETED 
• MODIFICATION OF JARS (JPL AUTONOMOUS ROBOT SYSTEM) 

TO CONTROL PUMA ONGOING 
• HAND AND FORCE/TORQUE SENSOR INSTALLED ON PUMA 

COMPUTER VISION SYSTEM 
• WORK ON IMFEX (REAL-TIME IMAGE PROCESSING DEVICE) ONGOING 

NON .. MASS .. ANAL YZED ION IMPLANTS 

JET PROPULSION LABORATORY 

Dennis Fitzgerald 

Current Objectives 

• FIND EFFECT OF CDIFFlJSEll) BSF ml CELL WITH N-M-A JUNCTION 

• IMPLANT N-~1-A JUNCTIONS AND BSF WITH GASEOUS SOURCES 

• N-M-A IMPLANT PHOSPHOROUS FOR \~ESTINGHOUSE AND SPIRE FOR THEIR 
EVAUJATION 

• FABRICATE COMPLETE CELLS llSING N-M-A H1PLANTATION MD RECOM~1ENDED 
ANNEALI NG STEPS 
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PROCfiSS DeVELOPMENT AREA 

NMA Junctions With Diffused BSF 

DOSE Voc(MAX) Voc(AUG) Isc 1 (A~O) F.F, 
(ATOMs/eN?') (MV) (MV) (MA/ct12) % Il 

BSF? 

3 'X 1015 538 525 34.5 9,15 68 NO 

3 x 1015 560 5LI7 30.2 9.25 63 YES 

6 x 1015 538 535 '35,5 9,93 71 NO 

6 x 1015 574 570 3'7.6 11,13 70 YES 

CONTROL.S* 546 541 34,6 10,0 72 NO 

CONTROLS* 578 '577 36,6 11,27 72 YES 

* DIFFUSED JUNCTIm~ (APPLIED SOLAn ENFRGY CORPORATIO~!) 
• 

NMA 1mplant With Gaseous Sources 

• HOllOH CPITHODE FREEMAN SOURCE DID NOT PERFORM HELL ON PFs AND BF3 

• ION SOURCE CONVERTED TO CONVENTIONAL REFRACTORY CATHODE CONFIGURATION 
FOR EVALUATION OF GASES 

• PF5 IMPLANTS <FX-MATERIAU FOR \~ESTINGH(1IJSE DID NOT WORK 

• PFs IMPLANTS AT ASEC IN PROCESSING 

• FI LAMENT ION SOURCE RAN ~IELL ON BOTH GASES 
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PROCESS ·DEVELOPMENT AREA 

Westlnghouse"Spire NMA Evaluation 

NAME DOSE CO~MENTS F.F. ~ (Ar~O) 
(ATOMS/CM2) (%) (%) 

WESTINGHOUSE* 2 x 10J5 t1A(GcA) 77 9,59 

WESTINGHOUSE* 3 x 1015 NMA(JPL 72 9,29 

HESTINGHOUSE* N/A DIFFUSED 77 9,86 

SPIRE** 3 x 1015 NMA(JPU 75 10,67 

G x 1015 NMA{JPU 75 10,79 

*F-Z, 4nCMJ BSF, NO AR COATING 

**C=ZJ 10~M, BSF, WITH AR COATING 

Fabrication of NMA Cetls at JPL 

BACK DOSE Voc Isc 
(ATOMS/CM2) (MV) (t'1A) 

0 496 81.3 

2,5 x 1015 518 79,2 

5,0 x 1015 522 80,2 

1.0 x 1016 526 79,6 

Bf\CK: N-M-A BF3 12.5KVJ 10°, VARIABLE DOSE 
FRONT: N-M-A P 12,5KV, 100

1 5 x 1016 ATOMS/CM2, 

* NO AR COATING 
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F.F. 
(%) 

54 

62 

65 

65 

Isc Voe 
(MA) (MV) 

84,8 563 

89.6 544 

86,8 560 

1 , 
" 

1 

1 

j 
~ (AMI)' , 

%) 
, 

I 5,42 
, 
l , 

6,33 

6.73 

6,82 



PROCESS DEVELOPMENT AREA 

MATERIAL & PROCESS RESEARCH 
FOR MODULE ASSEMBLY BY 

VACUUM LAMINArlON 
JET PROPULSION LABORATORY 

Dale R. Burger 

Equipment Deve!opment 

• TSONGAS LAMINATOR 

• EVA MODIFICATION 

• FUTURE CHANGES 

Process V(:.)rlfication 

• SPECTROLAB PROCESS 

• ADHESION PROBLEMS 

• EVA TO BACI( SHEET 

• SOLDER FLUX 

• GEL TEST 

Material Research 

• EVA-GLASS 

• EVA-PVF 

• EVA-POLYESTER 

• EVA-ACRYLIC 

• EMA SYSTE~1 
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PROCESS DEVELOPMENT AREA 

Other Research Efforts 

• LAMINATOR OPERATION 
• MECHANICAL TESTS 
• SOLDER FLUX REMOVAL 
• r~ATERIAL HANDLING 

Conclusions 

• CHOICE OF MATERIALS 
• LOW-COST LAMH!ATOR 
• CHEMICAL BONDING 
• MATERIAL HANDLING 

TECHNOLOGY TRANSFER: 
LSA PROJECT TO INDUSTRY 

JET PROPULSION LABORATORY 

B.D. Gallagher 

Objective 

• PROMOTE ADVANCEMENT OF PV INDUSTRY 

• OBTAIN INFO'RMAlION ON ADEQUACY OF SPECS 
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PROCES::; DEVELOPMENT AREA 

SHEET 
RESISTANCE, 

(.0./0) 

1000 

100 

Sheet Resistance vs Dose 

() JPL 5Scor (2 HR) + esooc (1SM) 

tJ SPIRE S~cor. (2 HR) + 3500C (15M) + 

~ cz MA:::::L:1;R~ 14 ~- eM 

o 

I I (I '''I ' 
1 x 1016 

APPARENT DOSE, (AT('l~ls/n12) 

Conclusions 

1 X 017 

• N-M-A JUNCTIONS WITH DIFFUSED BSF COMPAREn ~IELL WITH DIFFUSED 
CONTROLS (ASEC) 

• WESTINGHOUSE/SPIRE EVAL.UATIO~ SHOWS REDUCED MINORITY CARRIER 

LIFETIME WITH N-M-A P 

• FIRST N-M-A CELLS MADE AT JPL HAD L0I1 F. F I AND Voe BUT SHOWED 

IMPROVEMENT WITH BSF 

• TESTS SHOW POSSIBLE BAD ,ACTORS IN N-M-A ION. BEAM AND/OR THERMAL 

ANNEAL PROBLEMS 
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PROCESS DEVELOPMENT AREA 

Caveats 

• INFORMATION IS TRANSFERRED BY INDUSTRY REQUEST ONLY 

• EVALUATION IS NOT A JPL-FUNDED EFFORT 

• THESE SPECIFICATIONS WERE PREPARED A~, AN ACCOUNT OF WORK SPONSORED BY 
THE UNITED STATES GOVERNMENT. NEITHER THE UNITED STATES NOR THE UNITED STATES 
DEPARTMENT OF ENER~~t NOR ANY OF THEm EMPLOYEES, NOR ANY OF THEI R CONTRACTORS, 
SUBCONTRACTORS, OR lHEIR EMPLOYEES, MAKES ANY WARRANTY, EXPRESS OR 
I MPLIED OR ASSUMES ANY LEGAL L1ABI L1TY OR RES PONS I BI L1TY FOR THE ACCURACY, 
COMPLETENESS OR USEFULNESS OF ANY INFORMATION, APPARATUS, PRODUCT OR PROCESS 
DISCLOSED, OR REPRESENTS THAT ITS USE WOULD NOT INFRINGE PRIVATELY..QWNED RIGHTS. 

CONTRACTORS 
pnOCE$S 

DEVE\.OPMENT 
CONTRACT 

PIM 

ST ATUS REPORT 
I : : ; : I 

I 
! 

• 5 URFACE PREPARATION 

• JUNCTION FORMATION 

Transfer Procedure 

Process Categories 

394 

• VERIFY SELECTED 
PROCESSES 

• SENSITIVITY TO 
PROCESS VARIABLES 

• VERIFY ECONOMIC 
DATA IN FORMAT As 
FROM CONTRACTOR 

• MEfALLI ZATION 

• MODULE ASSEMBLY 
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PROCESS ~DEVELOPMENT AREA 

Metallization 

PROCESS CONTRACTOR STATUS SURVEYED BY COMMENTS 
~'""",~'';O.-_;-;<-,,-_-,<, ,;1:'":",", ,'.1" "~~;~''-:wr~'''- . - •. ,,"~.- 7_~·'"''''''~.;o-_· -~ --r '0;:'-7< .,.·~~·~t.·" -

ALUMINUM BACK ARCO SOLAR EVALUATED WESTI NGHOUSE CONFIRMED 
CONTACTS UNDER EVAL GENERAL EI.ECTR I C 

SOLAR POWER 
UN I V. OF PENN. ECONOMIC ONLY 

THICK FILM LOCKHEED UNDER EVAL. GENERAL ELECTR I C 
UN I V. OF PENN. ECONOMIC ONLY 

FRONT CONTACT MB ASSOC. UNDER EVAL SOLAR POINER 
FORMATION 

ELECTROLESS MOTOROLA EVALUATED APPLIED SOLAR ENERGY CONFI RMED 
Pd/Ni PHOTOWATT CONFIRMED 

SOLft·,MAT CONFIRMED 
SOLAREX CONFIRMED 
SOLAR POWER CONFIRMED 
WESTINGHOUSE C()NFI RMED (MOD) 

UNDER EVAL AReo SOLAR l 
NASA LEWI S I 

UNIV. OF DELAWARE ECONOMIC ONLY 
j UN I V. OF PF.N'4, ECONOMIC ONl.Y 

status t 

UNDER i 

AVAILABLE .EVAL.U.JjnQ~" QONf.!RMI12. I ~,_, "d' ~-",~._ _"" . ...,.-'.-". 

SURFACE PREP. 21 15 5 
1 

JUNCTION FORMATI ON 25 16 6 i , 
MET A LLI ZA TI ON 18 

1 
11 3 I MODULE ASSEMBLY 28 13 0 1 . 

I 

TOTALS 92 55 14 
I 
I 

l 
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ENGINEERING AREA 
OPERATIONS AREA 

JOINT TECHNOLOGY SESSION 

rHEC'EDING PAGE BLANK Nor HLMl:O 

R. G. Ross and L. D. Runkle, Chairmen 

Presentations from the Operations and Engineering Areas were offered in 
two joint technology sessions. Summaries of the presentations and reproduc
tions of the visual materials that were presented are given below. 

S. E. Forman of MIT Lincoln Laboratory reported on the module-procurement 
experience and module field performance at the Southwest and Northeast Residen
tial Experiment Stations and at the innovative PV installations in Arizona, 
Florida and Hawaii. Histograms showing peak-power distributions of modules as 
received, discussions and illustrations of the quality of modules as received, 
performance curve~ and photographs of the installations were features of the 
pre sentation. 

L. D. Runkle, LSA Operations Area manager, spoke on the performance and 
reliability of modules and the relations between field testing exp~rience and 
the development of qualification testing. He emphasized that qualification 
testing is a step in the design process, and thnt implications drawn from such 
testing do not include any guarantees or certifications of module performance. 

P. Jaffe reviewed the .JPt field-testing experience and described test 
rest ruc turing aimed toward early de tee tion of modu le-failure modes, espec ially 
those that are triggered by arraying the modules. Endurance testing will con
tinue, but with less emphasis. 

R. W. Weaver of JPL described some details of a portable data logging 
device for field use and discussed the configuration of a test field for opti
mal data recovery. 

A. H. Wilson of JPL discussed inexpensive techniques for cleaning flat
plate photovoltaic arrays that have been exposed to atmospheric soiling. Arti
ficially and naturally soiled materials have been cleaned uGing a variety of 
detergent solutions. A commercially available detergent has proven to be 
effective in cleaning soiled glass samples exposed to an oil-refinery atmos
phere. Unlike most glass samples tested, the oily samples were not effectively 
cleaned with mUltiple water washes. 

The Clemson University accelerated-stress testing reliability study on 
silicon solar cells was presented by J. Lathrop. Twelve different cell types 
have been tested for reliability-attribute data and a wide range of differences 
in cells metallized by different techniques (Le., vacuum deposition, plating, 
screen printing or soldering) were noted. Significant findings were presented 
from the wide range of stress tests performed on cells made with plated 
\copper) metallization and from a comparison test of electrical degradation in 
unencapsulated cells vs encapsulated cells. After the presentation, three 
cell manufac turers indicated their desire to participate with new cell types 
in the next round of testing at Clemson. 

A. R. Hoffman of JPL compared U.S. and foreign environmental-testing 
criteria, including descriptions, test levels and field data. Foreign 
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ENGINEERING AREA AND OPERATIONS AREA JOINT SESSION 

l.'{lquirl~\l\l\nt.s, initially bnal!d on JPL specifications, arc rurtlll~r innUtlm'{~d by 
£i.~ld ('Klh·ri(.'.nc~~ and Internationd rn~~Ctl.·()tl~clmicnl COUllllll\si,m rcqui r,t;,)\1wnl:s. 
Similnrities eKist for moat mechanical and electrical stress testR but r~senrch 
must ad\ltt.>,ss diCh~rellces in humidity, (reeze, temperature-humidity soak und t1V 
tl~SCS • 

D. H. Mt)ore I s prescncntimt at: the 16th PUi, "Cell Int~H'COl\m)ct: Fatigue 
Life Predictiotl," showed 11 st.r·~mg corl'l~lation bet\tlmm the pl,'cdicted ft\tig\l~ 
life of the cell interconnects on a Block II glass-fiber substrate module and 
identical field-application modules. Interconnect strain was predicted using n 
t.initt'''eh~\l\l~nt m()(h~l thut agrel~d with Manson's empirical rat:igu(\'~tn·vl.' [nt' cop
pm' tWU c,H'recting Lor the l'KpOBUt'C (cycles) at: the Schuchu ti, Arizona, appU .. 
cRti~n site. At ehe 18th PIM, Moore presented a nomograph of the finite 
l>h'ulI.'nt model. Its uset\llt1.CSS w~s d~ml)n!ltrllt(>cl~ it pm:'lllit8 tIll' IIHH.lulc 
dllsiglwr to prl.~dicc strutn and fnt:igue life of vurious inClWCOn\Wct designs 
llllS i 1y. 

S. D. Glazer of J~L discussed n sertcs of hot-spot tests performed under 
buck-bias conditions on ~evQrul modules by C. C. Gonzalez Qnd E. S. Jetter. 
lie olso included the results of un nnolycical thermal model thnt predicts peak 
l~('ll tl'mlWl.·uClll'CS \oJlCh hack bins. Cl)\Ilpnt'iaon of mo(\(>l predictions ,,,,ith dlltn 
ta\tl'U uu ring Llm hot-spot tests show{~d good agr('l~l1lellt: fm: most m()dull~ designs. 

N. Shepord of G~ner81 Electric Co. provided details of the inte8rat~J 
t'l'sidl'nt;i.;ll PV module-array concupt soloct(>d for optimizIlClt)l'l. 'l'hl'dl'sign 
l'mplHlsis is on 100~ut' total cost: t\lt'ollgh l.·Nluc~~d m/ltt~dlll content und un intl'g
t',ll mounting SI'IH~mt\ \~iLh fmltUl"\~S that (\ccollunodllt\~ din~ct l)L' sCundoff mounti.llg. 
'l'hl~ lIIl)dl.lh's mount dtrm~tly on incerlockins, l.'ol1-tl)r\lll~d SUP\H)t't: sl~~tions t\wt 
nt'~ attached to 2 x 4-in. purlins fnstenad dir~ctly to the roof rafters. 
Waterproofing is accomplish0d by horizontal module overlop and vertical closure 
Blt'ips. HlHlull> pr~Hh\(~tion and instulllltinl1i ,~ost: data \1101'(' Pl.'l~SCllt:cld. 

l~. Hoyal o( thl~ AIII(>rican Instttutl~ ~)f At,·chic('I'Cul."(, Resl'.'U·eh Corp. 
\AIA/IW) SUII1I1HU'izl)tI work b~ttlg dl)\W on thl~ incl'grntl1d t'l~sidtml:illl PV module 
<1lTuy lnvotving \.d.ghC (It·chi.tl'cturul dl1sign tOLllns that pt'ovidl'd 15 Cl'lll('epl:S tOl' 
initial clHlsitil't':ll:ion. The Burt Hill Kosut' Rittl)l.mann ASSl)ciatl)s concnpt was 
Hul0ctud for dutaLlud optimization. Preliminary esCimntuH of cost tlntn rOl' 
modlll~ production, hnrdworu fabrication, Shipping and hondling, installation, 
and tlIHn'ntio!) Wl~n~ Pl·l'Hl'nteu. 

A. Levins of Underwriters Laborntorius, Ine.t reported on thu progr0ss of 
modlllt' nnd nn:ay SULllty l'l'qui1.'t'I\U'IltS WOl.'\< in t1w nt'l~O or t;\w 1nl:l'1'il11 StanciaI'll 
tot' 8Ilh'!;>,; Flllt-Plnt~' PV Nt)(lull~s nlld PIlIWts (,JPL Intermll l)oC\lIllcnt: No, 
[1101-1(4), l'lIIphnsizing thl' IWUO (Ol' compntllbility with, Ilod recognition Ott 

lllt' n~qllh\~l\ll'nts IH~ing proposed by n sl~pm'ot:\:~ Nntiol\ul rn(>ctricnl Code Ad Hoc 
Sllbcommittue on Photovoltaics. In addition, generic aspects DE sofety systcmy 
rulnLing to electrical shock and ground fOlllts with their associnted potential 
1m' rt l't' hazards Wt'\'P d iscus~H'd. Dota tls nf tln Ilrc lIl~tl~C tt)r I st 1.11 itt tho 
concept ~0vel.o~"0nt Rtage, WQr~ pr~s0nted. 

Th~ 0([e~t9 or dynumic wind loads on rlot-plnte photovoltaic arrays w~re 
discUSHCd by lL Hilll~t· of Boeing. 'l'ht> nnalysis combined st:rUl~tut'lll dyn{ltnil~s 
,,,,j.th wind ch<lt'a~:tln·istics. The r(~tHllt.illg lond magnificat:ion factors '"('\'l' then 
applied to known pressure loads to determine design loads. Magnification fac
tot'S ilH hit~h as 1.8 WlU·\..' found fot' tM shielded arrays in lI\id-fi~~ld. Tilt' uPP<'>\, 
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hount.! on the design load for 90 mph winds and a single array in an open area 
were shown to be 22 to 25 lb/ ft2. 

An open session on reliability of modules addressed questions raised in 
earlier sessions. R. Willis of Solenergy Corp. was especially con~erned with 
findings presented in a recent U.S. Coast Guard report that indicated that in 
a sevm.'ety moist environment pvn has some limitations. A. R. Hoffman reviewed 
this report for the participants, and the matter was taken under advisement. 
User interest in qualification and warranties was express~d. 

399 

r.; 

, . 

II 
~ j 
j j 

i J 

I , 
i , 1 , 

i~ 
" ' , ! 

I 

1 , 

,1 
J , 
! 

• ,1 

II , , 
I; 

l 

j 



. 
ENGINEERING AND OPERATIONS AREA JOINT SESSION 

MODULE PROCUREMENT EXPERIENCE AND MODULE 
FIELD PERFORMANCE AT MIT LINCOLN LABORATORY 

RESIDENTIAL TEST FACILITIES 

MASSACHUSETTS INSTITUTE OF TECHNOLOGY 
LINCOLN LABORATORY 

S.E. Forman 

MIT·LL Residential Photovoltaic Test Facilities 

1, NORTHEAST RESIDENTIAL TEST STATION (NERES) 
o 5 PROTOTYPES IN CONCORD, MASS, 
o 1 I SEE I N CARL I SLEJ '1ASS, 

2, SOUTHWEST RESIDENTIf.IL TEST STATION (S~4RES) 

o 8 PROTOTYPES IN LAS CRUCES) N,H. 

3. INNOVATIVE PV APPLICATIONS FOR RESIDENCFS (IPAR) 
o ARIZONA) FLORIDA) HAWAI I (3) 

NE RES, SW RES, ISEE and IPAR Procurement Experience 

• DIRECT PROCUREI1ENT OF 120 BLOCK IV SOLAREX 
~'ODULES FOR LL PROTOTYPE AT NERES 

, DIRECT PROCUREMENT OF 132 BLOCK IV SOLAREX MODULES 
FOR CARLISLE ISEE 

• INDIRECT PROCUREMENT OF A t11NIMUM OF 2 PRE-PRODUCTION 
PROTOTYPE MODULES FOR EACH OF 12 RESIDENTIAL PROTOTYPES 

• IN-SITU VISUAL INSPECTION OF MODULES AT IPAR SITES 
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PlUME CONTRACTOR 

TRISOLAR . 
.~ . 

GENERAL ELECTRIC 

SOLAREX 

WESTINGHOUSE 

MIT LL 

CARLISLE 

Northeast Residential Test Station at Concord MA 
Site Operator: MIT-LL 

# OF MODULES ARRAY CIRCUITRY RATED rOWfR {t)"r 
,~ ,.-. ,.,,- ,-,;-', --~, , 

36 ASEC 1 BRANCH CIRCUIT 
INTEGRAL 2 IN PARALLEL x 18 IN SERIES 4.8 KW 

"~'.o-->=_ ,"=-=-"""._,,,,-,,-,",' -, Ik, >c"'-='#,'",~,<~~. ;;; '" '''"0<- _-c •• ..,., "'':''<''~''''c·"''-'''I<>" ""_."". ___ ,,,,,,,,,,",,,' __ ':)l-""',,, ,~.,.·:;;-,~.,.".",~='C!,~~-",,,,,·o,,,,-""'-""'''''''''''''_' ," ~ .'-" .", 

375 GE 1 BRANCH C I RCU IT 
SIHNGLE 15 IN PARALL.EL x 25 IN SERIES 6.8 KW 

.", ~. > ,r_' -', _,_"--"~·",,,,a,",,,",,,'~'<,~_,;'.,,,,,,'''_~''-''-'''''~ 

s m:ANCH C I RCU ITS 80 SX 
STANDOFF 16 IN SERIES x 5 IN PARALLEL (EST> 5,3 KW 

160 ARCO 
INTEGRAL 

"" """ "'1",,,,.,,. ''':=, , -.... ,~ ~ 

1 RRANCH CIHCUIT 
12 IN PARALLEL x 13 IN SFRIES 

,.-"t-:-"'''~- "~)OC-",,"'.t',,~-,, 

112 SX 
STANDOFF 

126 SX 
STANDOFF 

8 BRANCH C I Reu ITS 
14 IN SERIES x 8 IN PARALLEL 

*'-""",·.'1<""".oM!<"""-t-""_; __ *""~'~"~"''''''''#8'--v-... n''' ... "-'f_""""" Ii ..... ". "'."'''''''~''' ~,.,. 

9 BRANCH CIRCUITS 
14 IN SERIES x 9 IN PARALLEL 

MIT ·LL Prototype - NE RES 

• 120 MODULES (BLUE FRAME) 

• EACH MODULE WAS FLASHED AND HI-POT TESTED AT 
1500 VOLTS DC 

~-VENDOR RATED POWER - 62.6 WATTS (100 MW/CM2, 28°C) 
--LL MEASURED POWER (AVG) - 66.3 WATTS (100 MIUCM2, 28"C) 

HIGH MODULE 75.3 WATTS 
LOW MODULE 58.5 WATTS 

-~ONE ~'ODULE FAILED THE HI-POT TEST AND WAS REPLACED 
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h }IEAR I'IlWI',R DISTRtllllTItlN ~'OR 120 StOCK tV RESIlWNTlAJ. SUlARFl( MOf)lll.~.~ USFll IN lliF 

M[1'/I,I. I'RUHlTYl'E AT lilt: NORTIIEAST RBSIIWN'fTAL EXPERIMfNT STA11llN 
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MIT·LL Prototype at NE RES 5/81 

MIT/LL PROTOTYPE AT NERES 5/81 

8RIINCH N IILl 
11MB T .. 11.6 
eEL T .. 33.8 
INSO .. 97.3 
vo!: '" 265. 
ISC '" 35.3 
PMIIX .. 6425 • 

• 2LJ5. 

-·-1 - 1 

31'3 60 

V 

CEG C 
DEG C 
MW/SQ eM 
VOlTS 
,4,MPS 
WATTS . 

& 31.2 A 

1 I 

90 120 150 

VOLTAGE - VOLTS 

180 
I ' 

211'3 

MIT-LL Prototype NE RES Branch Circuit 
Power Characteristics 

INSOLATION 96 MW/CM2 
Ar~B I ENT TEMP 10-1l"C 
CELL TEMP 30-33°C 

CIRCUlI lSC Y,/lC eMAX 
1 4.25 AMPS 267 VOLTS 787.2 WATTS 
2 4.31 268 811.2 

3 4.35 268 829.6 
4 4,41 265 819,9 
5 4.35 266 820.4 
6 4,39 266 820.4 
7 4,35 264 801.9 
8 4.35 266 815.,8 
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MIT·LL Prototype NE RES Module Problems 

o SINCE TURN-ON, 7 MODULES HAVF. BEEN REMOVED WITH EXCESSIVE 
LEAKAGE CURRENT, 

-» PRlOR TO INSTALLATION, THE MEASURED MODULE LEAKAGE CURRENT 
AT 1500 VOLTS DC WAS LESS THAN 0,1 MICROAMPS, 

-. AFTER INSTALLATION, BRANCII CIRCUIT LEflKAGE CURRENTS OF AS 
MUCH AS qOO MICROAMPS AT THE SYSTEM OPEN CIRCUIT VOLTAGE 
(260-280 VOLTS) WERE MEASURED. 

-- PROBLEM IS CAUSED BY MOISTURE PENETRATION INTO VOIDS IN EVA 
ENCAPSULANT AND SUBSEQUENT CONDUCTIVE PATHS BETWECN CELLS 
BUSBARS AND METAL FRAME, 

Carlisle - ISEE 

• 132 MODULES (BLACK FRAME) 

• EACH MODULE WAS FLASHED AND HI-POT TESTED AT 1500 VOLTS DC 
--VENDOR RATED POWER - 62.6 WATTS (l00 MW/CM2 j 28°C) 
--LL MEASURED POWER (AVG) - 67.q WATTS (100 MW/CM2, 28°C) 

HIGH MODULE 75.8 WATTS 
LOW MODULE 56.6 WATTS 

--TWO 110DULES HAD ZERO OUTPUT AND WERE REPLACED 
--ALL MODULES PASSED THE HI-POT TEST 

PROBLEMS 

o 5 MODULES WITH EXCESSIVE LEAKAGE CURRENT H~VE BEEN 
LOCATED AND REMOVED. 

o LEAKAGE CURRENTS AS 4IGH AS 2000 MICROAMPS AT THE 
SYSTEM VOLTAGE HAVE BEEN rlEASURED. 

o PROBLEM IS THE SAr~E AS AT MIT LL PROTOTYPE AT NERES. 
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Quality Control Experience - NE RES 

• IN GENERAL, MODULE PHYSICAL APPEARANCE IS GREATLY IMPROVED 
COl1PARED TO THOSE FROM BLOCKS I, 11 AND 1 I I • 

• MODULES WITH STIPPLED GLASS ARE DIFFICULT TO INSPECT! AS A 
FLUID (ALCOHOL) MUST BE SPREAD ON THE GLASS SURFACE IN ORDER 
TO CLEARLY VIEW CELLS THROUGH A I~ICROSCOPE. 

• OF 252 MODULES! 32 WERE INSPECTED AT LL, WITH THE FOLLOWING 
OBSERVATIONS, 

BRANCH fI. 
A!olS T .. 
eEL T '" 
INSO .. 
voe .. 
ISC .. 
PMAX .. .. 

1. SOLDER USAGE WAS SPARSE ON MOST INTERCONNECTS. 
2. THERE WAS AN AMPLE NUMBER OF TWISTED AND DISTORTED 

INTERCONNECTS. MANY WERE VERY SHORT. 
3. SOl1E INTERCONNECTS WERE CRACKED, ONE WAS MISSING. 
LI, THE STIPPLED GLASS WAS REVERSED! MATTED FINISH DOWN, 

ON MANY MODULES, 
S, SOME MODULES HAD TOUCHING CELLS, 
6, VERY FEW CRACKED CELLS WERE FOUND. 

1l'iSoiar Prototype at NE RES 5/81 

All 
16.1 DEG C 
51.6 DEG C 
101- MW/SQ CM 
224. VOLTS 
24.2 AMPS 
3979 • WATTS 
182 • V & 21. 7 A 

VOLTAGE - VOLTS 
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'" .. 
" ~ 
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w 
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J J[) 131 132 133 131/ 135 136 117 118 lH 140 1111 11,2 143 144 145 WATT~ 

Pt:AK POWER PISTIUlJUl'IUN r'OIl 40 QUADS OF ARen REStnt:NTtAl. MOIlUl.ES 

USI':» IN 't'IIE Wr:S'l'lNGIIOUSt: PROTOTYPE AT TilE NORTHEAST REtl!llENTlAI. J~XPERIH~:NT STATHlN 
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Westinghouse Prototype NE RES 5/81 

32 

29 -'-----------. 

BRANCH -(; ALL 
12 

AMB T .. 19. S OEG C 
eEL. T .. 3~.0 OEG C 
INSO .. 10l. MW/SQ eM 

8 voe .. 245. VOLTS 
ISC .. 28.5 AMPS 

4 
1 

I 
PMAX • 4556. WATTS 

• 179. V 8. 25.5 A 

\ I I I I I I 

~/3 60 9" 120 150 180 213 240 27" 

VOL.TAGE .. VOLTS 

PARALLEL GROUPING POWER CHARACTERISTICS , 

1 

INSOLATION--I0l ~lW/CM2 TAMB--12-15°C 
TCELL--48-50°C 

GlliJlle.lN2 lli Y.Q.C etlAX 
1 28.2 AMPS 18.~ VOLTS 350,9 HATTS 
2 28.3 18,9 358,4 
3 28,7 19.1 365.9 1 
4 28.2 19,0 358,4 ! 

I 

5 28,3 18,9 360.9 
6 28.7 18.9 365.8 1 

I 

7 28,7 18.9 363,4 
8 28.7 18.9 355.8 
9 28,2 18.9 355.9 

10 28.2 18.9 353,4 .. . 
11 28.3 19.0 358.4 
12 27.7 18,8 341,1 
13 28.0 13.8 341.2 

407 



r ' .m 

ENGINEERING AND OPERATIONS AREA JOINT SeSSION 
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J. 
iti 
(f) 

3£5 
GE Prototype at NE RES 5/81 

32 ---------. ------... ............... 
28 

24 

20 

115 

12 

B .. sa. 1 AMPS 

4 

t 
'" 5699. WATTS 
'" 198. V eo 28.7 }, 

I I I 

" 60 90 120 

NE RES Module Temperature Study 

r'[iOTOTYP.E ~-.-.. ~ M-.. OD-ULE ·~-IO-UN-TI-NG--I-N-SO-i.A-TI-ON-MW-/C-"M2""'---A-t1B-I E-'NT THIP 0 C 

i11T LL 

TRISOLAR 

I'IEST I ilGHOUSE 

GE 

SX 
STAND-OFF 

ASEe 
INTEGRAL 

ARCO 
INTEGRAL 

GE 
SHINGLE 

97.3 11.6 

101 16,1 

101 13.3 

97.3 10 
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PV IT Quality Experience 

• AS IN THE CASE OF PV-ONLY MODULES, THE QUALITY OF THE PV/T 
MODULES INSPECTED RANGED FROM EXCELLENT TO POOR. 

• VERY FEW CRACKED CELLS WERE FOUND, CONSIDERING THE NUMBER OF 
CelLS INVOLVED. 

• THE MOST PREVALENT VISUAL ANOMALY WAS DISCOLORATION OF VARIOUS 
KINDS ON CELLS, INTERCONNECTS AND GRID lINES, 

• ONE VENDOR If AD PROBLEMS WITH INTERCONNECT SOLDER JOINTS. 

SW Residential Test Station, Las Cruces, NM 

SITE OPERATOR: NMSEI 
.. _--.... ,._-----'*-... 
PRIME CONTRACTOR # OF MODULES ARRAY C I Reu ITRY -. 
BDM 117 MOT 9 BRANCH CIRCUITS 

STANDOFF 13 IN SERIES x 9 IN PARALLEL 

TEA 112 MOT 8 BRANCH CIRCUITS 
RACK MOUNT 14 IN SERIES x 6 IN PARALLEL 

---~-, --
SOLAREX 80 SX 10 BRANCH CIRCUITS 

STANDOFF 8 IN SERIES x 10 IN PARALLEL 

THISOLAR 44 ASEC 2 IN PARALLEL BY 
INTEGRAL 22 IN SERIES -

ARTU H4 ARCO 12 BRANCH CIRCUITS 
STANDOFF 12 IN SERIES x 12 IN PARALLEL 

ARGO 150 ARCO 5 BRANCH CIRCUITS 
BATTEN-SEAM 26 IN SERIES x 5 IN PARALLEL 

GE 375 GE . 15 IN PARALLEL BY 
SHINGLE 25 IN SERIES 

WESTINGHOUSE 160 ARCO 12 IN PARALLEL BY 
INTEGRAL 13 IN SERIES 

409 

RATED POWER 25·C 
. -.--

4.4 KW 

4.2 

(EST>4.8 

5.2 

(EST)4.9 

(EST>5.9 

(EST>5.6 

(EST)5.4 
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TEA Prototype at SW RES 4/81 
22.5 

---
20 

17.5 

n 15 

i 
~ 12.5 o-l 

:t x 
'U 1~ tf'I 

BRANCH ~ ALL4 

7.5 AMB T .. 24. a DEG C 
eEL T .. 37.0 DEG C 
INSO .. H!l4 • MW/SQ CM 

5 vac '" 253. VOLTS 
ISC .. 22.4 AMPS 
PMAX .. 4145 • WATTS 2.5 .. 201. V & 20.5 A 

I' I I I I I I 
121 3121 6121 9121 12121 150 180 21121 240 27121 

VOLTAGE ... VOLTS 1 

j 
24 80M Prototype at SW RES 4/81 

~ ----.\ -, 
21 

l 

18 
j 

B 
,I ;u 

;u 

!!J 15 ! o-l 

I 
:> 
3: 

1 
'U 12 tf'I 

BRANCH ~ ALL2 
, 

9 AMB T .. 23.2 DEG C 
CEL T .. 51. ~ DEG e 
INSO .. 95.4 MW/SQ eM 

6 vae .. 215 • VOLTS 
ISC .. 23.9 AMPS 
PMAX .. 3656 • WATTS . 

.. 17121. V & 21.4 A 

I I' 
30 6121 9121 12121 18121 21121 24121 27121 

V(lLTAGE - VOLTS 

l i 
1 

410 j : i 
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PROTOTYPE 

BDM 

TEA 

31.5 

29 

24.5 

n 21 
c: 
~ 
~ 17.5 -I 

I 
> 
3: 
·0 14 II) 

10.5 

7 

:3.5 

SW RES Module Temperature Study 

~IOTOROLA 
STAND-OFF 

MOTOROLA 
RACK MOUNT 

95,11 23.2 

104 24 

TriSolar Prototype at SW RES 4/81 

-

BRANCH ~ ALL2 
AMe T .. 2:1.7 DEC C 
CEL T .. 44. a DEG C 
INSO .. 110 • MW/SQ eM 
vac .. 23'1 • VOLTS 
ISC .. aa.6 AMPS 
PM AX .. 5202 • WATTS .. 18a. v 8. 28.4 A 

-t-----+-,-I . -+- 1------1-

a0 60 90 120 150 180 

VOLTAGE - VOLTS 

411 

51.0 

37 

I -+---1 
210 240 270 
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Preproduction Module Quality Control Experience, 
NE RES and SW RES 

• THE VISUAL QUALITY OF THE PREPRODUCTION MODULES RECEIVED RANGED 
FROM EXCELLENT TO POOR. 

• TIlE MOST OBV 10US V I SUAL ANOMALY WAS TUE CRACKED CELL I EACH 
VENDOR SUFFERED ONE OR MORE OF THESE OF THE LOTS RECEIVED. CRACK 
TOLERANT CIRCUITRY WITHIN THE MODULES NEUTRALIZES THE PRESENCE OF 
CRACKS IN MOST CASES, 

• ON TWO 60 CELL MODULES, FROM ONE VENDOR, 24 AND 10 CELLS WERE 
FOUND TO BE CRACKED. NO DESIGN IS THAT CRACK TOLERANT I 

Innovative PV Applications for Residences 

JOHN LONG 120 ARCO 5 BRANCH CIRCUITS 
HOUSE-PHOENIX BATTEN"SEAM 24 IN SERIES x 5 IN PARALLEL 

--.~------

12 BRANCH C I RCLIITS 

7,5 K\~ 

FLOR IDA SOLAR 
ENERGY CENTER 

152 ARCO 
STANDOFF 14 IN SERIES x 12 IN PARALLEL , 5,0 KW 

HAWAII NEJ 
PEARL CITY 

KALIHI 

~1OLOI<A I 

112 ARCO 
STANDOFF 
56 ARCO 
STANDOFF 
112 ARCO 
STANDOFF 

8 BRANCH CIRCUITS 
14 IN SERIES x 8 IN PARALLEL 4 KH 
4 BRANCH CIRCUITS 
14 IN SERIES x 4 IN PARALLEL 2 KH 
8 BRANCH CIRCUITS 
14 IN SERIES x 8 IN PAHALLEL 4 KH 

M ____ ' •• ___________ • _____ . _______ "' __ --------.. -
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27 

J4 

21 

n 19 (., 
:l;l 
::0 

~ 
-l 1S 
I :.-
'fi 1~ 1/1 

9 

6 

0 

2.4 

2.1 

n 1.8 

i g 1.5 
I 

~ 1.2 
01 

.9 

• 8 

• S 

Florida Solar Energy Center 5/81 

~
---.-----~ 

BRANCH * i\LL 
AMB T .. 29.2 DEG C 
CEl T .. 4S.5 DEG C 
INSO .. 9S.4 MW/SQ eM 
VOC .. 259. VOLTS 
ISC .. 27.7 i\MPS 
PM~X .. 4876 . WATTS .. 191. V 8, 22.8 " 

t t .'1--+ I I 

S0 60 9111 12e 1511l 

VOLTAGE - VOLTS 

BRANCH * 8 
AMB T .. 27.8 DEG C 
eEL T .. ole. S DEG e 
INSO ... 88,9 MW/SQ eM 
Voe .. 239, VOLTS 
lse .. 2. 13 AMPS 
PMi\X .. 327.4 WATTS .. 180. V 8, 1. 81 

311l 6111 QI1I 12111 

VOLTAGE - VOLTS 
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2.4 

" 
2.1 

I 
1. e 

1.5 

NORMAL CIRCut~ 9 

! 1.2 

BRIINeH * 10 

• 9 
11MB T 1M 27.8 01::0 C 
eEL T 1M 4111.5 DI:G e 
INSO .. e9.8 MW/SQ CM 

• 6 vac .. 260 • VOLTS 
Ise .. 2.11 liMPS 

• 3 
PMIIX .. 324.0 WIITTS • .. 199. V 8. 1..62 II 

3'" 60 90 120 150 18~ 21':1 24!11 27~ 

VOLTIIGE - VOLTS 

HNEI IPAR Sites 

,-------_ ... _--
INSOLATION TP~1B TCELL VOC ISC VI1P !MP PMAX 

MW/CM2 ·c _:L- VaLIS ,., AMPS _~QLIS ..... ,AMeS WAITs" . 

KALIHI 100 23 50,8 257 9.31 189 7.84 1482 

--.-_. ----------------------------
PEARL CITY 100 30 55.9 259 19 195 16,4 3200 

MOLOKAI 100 27.7 41.8 271 18,9 197 16.9 3350 L-_. ____________________________________________________________________ ~ 
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2.7 

2.4 
~~ 

2.1 

n 1.8 
fij 
::u 
~ 1.5 -i 

I 
> 
3: 1.2 "0 
(J) 

BRANCH * 
.9 AMa T .. 

eEL T .. 
INSO .. 

• 6 VOC .. 
ISC .. 

. 3 
PMAX .. .. 

" 

~--,#".,-.,«, ' 

2 
27.0 
54.1 
107. 
254. 
2.S!!I 
416.1 
190. V 

PV Array Kalihl 

DEG C 
DEG C 
MW/Sr.l eM 
VOLTS 
AMPS 
WATTS 

, 

Eo 2. 19 A 

BRANCH 4/ 
375,6 WATTS 

VOLTAGE - VOLTS 
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BRANCH 2 
~416'1 WATTS 
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2.4 t 
2.1 

n 1.8 
c 
:t1 
:t1 

~ 
-I 1.5 

> x 1.2 iJ 
(I) 

.,9 

• 6 

. 3 

PV Array Molokai House 

BR"NCH ~ a 
"MB T .. 28.1 OEG C 
CEL T '" 42.6 CEG C 
INSO .. 99.2 MW/SGI eM 
voe • 225 • VOLTS 
ISC .. 2.27 AMPS 
PM "X .. 3sa.6 WATTS 

'" 171. V & 2. 1M A 

30 60 90 120 150 180 210 

VOLT"GE - VOLTS 

In-Situ Visual Inspection of Modules at IPAR Sites 

• OF 168 MODULES AT ONE IPAR S ITEI ABOUT 1/3 WERE DELIVERED WITH 
CRACKED CELLS, 

416 
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PERFORMANCE AND RELIABILITY 
OF TODA Y'S MODULES 

JET PROPULSION LABORATORY 

L.D. Runkle 

Outline 

QUALIFICATION IN AN EMERGING TECHNOLOGY 

JPL DESIGN AND TEST SPECIFICATIONS 

FIELD FAILURE EXPERIENCE 

EVOLUTION OF QUALIFICATION TEST 

FiElD OBSERVAT!ONS 

SIGNIFICANCE OF QUALIFICATION 

Qualification in an Emerging Technology 

PROGRAM EFFECTS 

NATURE OF CRITERIA 

MODULES NOT PURCHASED BY JPL 

JPL Design and Test Specifications 

CHARACTERIZA'flON 

QUALIFICATION 

ACCEPTANCE 

CRITERIA 

417 
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Field Failure Experience 

PRINCIPAL CAUSES OF MODULE FAilURE 

CRACKED OR BROKEN CELLS 

FRACTURED INTERCONNECTS 

UNSOLDERED INTERCONNECTS 

GROUNDED CELL STRINGS 

ENCAPSULATION DELAMINATION 

APPLICATIONS EXPERIMENT MODULES 

HOT-SPOT PROBLEM AT MT. LAGUNA 
FRACTURED INTERCONNECTS AT UPPER 

VOLTA, SCHUCHULI AND BRYAN, OHIO 
CRACKED COVER GLASS AT NONM 

418 
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~ '"-, 

TESTS 
- ~.--. _. 

'(HER MAL CYCLE 

HUM JOITY CYCLE 

MEC 
LOA 

HANICAL 
DING CYCLE 

WIN D RESISTANCE 

TWI ST 

HAl L iMPACT 

ELEC 
ISOL 

TRICAL 
ATiON 

HOT 
END 

-SPOT 
URANCE 

-

Qualification Test Evolution 

_ .. '" ~ '" _C_~'-""~~_-_""",-_a,,,,_"" 

k-~'" . -~. ." ..-' 
MODULES 

'BLOCk IV.- ·aUlcR\i*' TCST LEVELS 
BLOCK I BLOCK II BLOCK III RESJlLC RESIILC 

7">0'" ~ .. -. , ~ '~-,.~, .," - -~ -~~'=""> • .".,._~, __ -~ "''\< ~~O:-
"~""-.'''''',''',''''.- .,"'-'=' .• __ ~_'~"_-~W.,,_~_~_~~·_,,_· ___ ._,._." ... 

100 50 50 50 200 -4<f.lC TO +9QOC, CYCLES AS 
INDICATED 

X 5 5 5 10 5 CYCLES AT em. RU, 230C TO 
400c OR 10 CYCLES AT 85~ 
RH. -4()OC TO +85OC IBlK I. 
7(f)c AT 90,. RH, 68 H) 

100 100 10000 10000 2400 N/m2 (50 Ib/tt2) CYCLES 
AS INDICATED 

X X UNDERWRITERS LAB TEST 
NO. 997 IRES I DENTIAl ONLY) 

X X X X ' ONE CORNER LIFTED 2 cm/m 
OF LENGTH 

20 25 10 HITS WITH ICE BALLS, 
DIA AS INDICATED (mm) 

1500 1500 15001 15001 50 fLA MAX CURRENT AT 
2000 3000 VOLTAGE INDICATED 

X 100 h SHORT CIRCU ITED AT 
100 mW/cm2• NOCT 

ORES: RESIDENTIAL, ILC: iNTERMEDIATE LOAD CENTER 

Observations Fro,m the Field 

REAL-USE FAILURES OFTEN SURPRISE US 

NEW MODULE FAILURE RATE IS DECLINING 

QUAL TESTS ARE USEFUL IN REDUCING INFANT MORTALITY 

HAILSTONES ARE A RELIABILITY DESIGN PROBLEM 

NO SLOW MONOTONIC WUROUT MECHANISM HAS BEEN 
OBSERVED TO CAUSE A DECREASE IN ELECTRICAL 
OUTPUT. TRAUMA IS THE ULTIMATE CAUSE OF 
MODULE FAILURE 

DATA FROM JPL ENDURANCE SITES SHOWS NO OBVIOUS 
CORRELATION BETWEEN CLIMATE AND FAilURE RATE 

419 
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Significance of Qualification 

• A NUMBER OF MODULES OF A GIVEN DESIGN HAV~ BEEN 
SUBJECTED TO A SPECIFIED SET OF STRESS TESTS 
WITHOUT SUFFERING MORE THAN THE PERMISSIBLE 
DEGRADATION OR ALLOWABLE VISIBLE DAMAGE 

• THE MODULES TESTF.D DURING JPL BLOCK PROCUREMEN'tS 
HAVE HAD SOURCE INSPECTION TO AN APPROVED PLAN 

• THERE IS NO ASSURANCE THAT ANY SUBSEQUENT MODULE 
OF IDENTICAL PART NUMBER WILL PASS THE SAME TEST 

JPL FIELD TEST STRUCTURING 

JET PROPULSION LABORATORY 

P.Jaffe 

Synopsis of Current Status 

• PRIMARY FUNCTION OF THE FIELD TEST PROGRAM IS COLLECTING REAL-TIME 
ENDURANCE DATA 

• THE ACTIVITY MAINTAINS A NETWORI< OF 16 TEST SITES PROVIDING A FULL 
RANGE OF CLIMATIC CONDITIONS: 

• PRINCIPAL SITE AT JPL 

• 3 MEDIUM-SIZ~D SOUTHERN CALIFORNIA SITES 

• 12 SMALLER "CONTI NENTAL" REMOTE S ITES -~ ("ROM ALASI<A·ro THE 
CANAL ZONE 

• 650 PRE-1979 MODULES ARE CURRENTLY UNDER TEST AT THESE SITES -- OLDEST 
HAVE BEEN IN FIELD 5 YEARS, YOUNGEST 3 YEARS 

• UNIQUE CHARACTERISTIC OF THE PROGRAM IS THAT EACH MODULE UNDER TEST 
IS INDIVIDUALLY MONITORED. 

420 

1/1 

t 
1 

I 

, j 

I 
I 
i 

( 
L 

j 

j 



... " ---'---------

ENGINEERING AREA AND OPERATIONS AREA JOINT SESSION 

Reasons for Restructuring 

• IMPENDING DEPLOYMENT OF A LARGE QUANTITY OF NEW STATE"OF"THE-ART 
MODULES REQUIRES A REALLOCATION OF THE TEST SPACE ANDIOR ENLARGEMENT 
OF TEST 5 ITES 

• BUDGETARY REDUCTIONS NECESS ITATE A CURTAILMENT OF ACTIVITIES 

• MAJORITY OF MODULES CURRENTLY UNDER TEST REPRESENT OLD Dr: IGN 
TECHNOLOGy .... CONTINUED TESTING ON A BROAD SCft\.€. ~s OF QUESTIONABLE 
VALUE 

• DATA COLLECTED TO DATE SHOWS WEAK CORRELATION BETWEEN ELECTRICAL 
FAILURE AND CLIMATE"" LITTLE JUSTIFICATION TO TEST IN ALL ENVIRONMENTS 

• PAST EXPERIENCE SUGGESTS THAT LARGER SAMPLES AT FEWER SITES IS 
PREFERABLE 

• UNEXPECTED FAILURE. MODES EXPERIENCED IN REAL .. USE APPLICATIONS POINT 
TO THE DES IRAB ILI~Y OF TESTING IN ARRAY CONFIGURATIONS 

Restructuring Plan Highlights 

() A MAJOR CHANGE IN FlEW TEST PRIORITIES IS PLANNED·- EMPHASIS WILL BE 
SHIFTEDAWAYFRo"'KrcOLLECfi'NG'ENDURANCE DATA AND TOWARD EARLY DE7ECTION 
AND ANALYSIS OF MODULE PROBLEMS 

• TESTING WILL BE CONSOLIDATED INTO A 5 5 ITE NETWORK CONS ISTING OF THE 
4 SOUTHERN CALIFORNIA SITES AND A NEW FLORIDA SITE 

• THE 12 CONTINENTAL REMOTE SITES WILL BE DECOMMISSIONED 

• 16 KW OF NEW STATE-OF-THE-ART MODULES, 6 KW IN ARRAYS, WILL BE DEPLOYED 

• 2 KW OF THE OLD MODULES WIl.L BE RELOCATED TO AN ENLARGED GOLDSTONE SITE 
FOR CONTINUED TESTING 

• A PORTION OF THE FIELD TEST ACTIVITY WILL BE D~VOTED TO SUPPORTING THE 
LEAD CENTER'S T & A ACTIVITIES 

• ANALYSIS OF PROBLEMS WILL BE CENTERED AT THE JPL SITE WHERE NEW MODULEI 
SUBARRAY TEST CAPABILITIES ARE BEING DEVELOPED 
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Details 

• LIFE TESTING OF THE NEW MODULES WILL BE CONDUCTED UNDER BOTH IND IVIDUAL 
AND ARRAY LOAD CONDITIONS: 

.6 EACH OF6 DIFFERENT INTERMEDIATE LOAD MODULE DESIGNS WILL BE 
DEPLOYED AND INDIVIDUALLY TESTED AT EACH SITE 

.7 ARRAYS OF DIFFERENT TYPE MODULES WILL BE TESTED AT JPL 

o IN NORMAL OPERATION IND IVIDUAL MODULES WILL BE RES ISTIVE LOADED NEAR 
SHORT-CIRCUIT CURRENT"" ARRAY MODULES Will. BE ~FRIES WIRED AND 
RES ISTIVE LOADED NEAR PEAK"POWER 

-IV DATA WILL BE OBTAINED DAILY AT JPL ON EAQJ:j INTERMEDIATE LOAD TYPE 
MODULE, INCLUD ING THOSE IN ARRAYS. TOTAL ARRAY I~V DATA WILL BE 
OBTAINED WITH A NEW ARRAY DATA LOGGER • 

• REMOTE SITE I-V DATA WILL BE OBTAINED TW.ICE A YEAR WITH OUR MODULE 
PORTABLE I-V DATA LOGGER. 

!! DATA ON THE OLD MODULES W!LL BE OBTAINED ON A AS-TIME-IS-AVAILABLE BASIS 

Test Modules 

NOMINAL 
OPERATING CONDITIONS 

SUPERSTATE 
VOC ISC 

PEAK 
SIZE OR POWER 

MANUFACTURER TYPE (meters) TOP COVER (VOLTS) (AMPS) (WATTS I 

ARCO SOLAR INT 1. 22 x O. '30 GLASS 20.6 2.4 34.8 

ASEC INT 1.20 x 0.70 GLASS 19.8 6.4 89.3 

MOTOROLA INT 1. 20 x 0.34 GLASS 18.8 2.5 36.4 

PHOTOWATT INT 1. 20 x 0.35 GLASS 6.8 7.0 33.4 

SOLAREX INT 1. 20 x 0.64 GLASS 13.4 6.8 59.0 

SPIRE INT 1. 20 x 0.40 GLASS 21. 5 3.6 56,6 

ARCO SOLAR RES 1. 20 x 0.58 TEDLAR 10.6 6.8 53.3 

G.E. RES HEXAGONAL, 0,48 GLASS 9.3 2.4 14.4 
51 DE TO SIDE 

.l.'illtlY?!. _, _I_UP_" .. ,. ___ i_iilillon_rliiliwr_-IO-,.,,,,,,,,--, '_''',_,-•. __ ~.. .' _> •.• ~2~, .•••. 
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JPLlPASADENA 

GOLDSTONE 

TABLE MOUNTAIN 

POINT VICENTE 

CAPE CANAVERAL 

Test Site Network 

URBAN, HIGH POLLUTION ENVIRONMENT: HOT SUMMERS 
AND MI LD WINTERS. LARGEST AND MOST THOROUGHLY 
INSTRUMENTED S !TE. COMPUTER CONTROLLED,. AUTO
MATIC DATA ACQUISITION SYSTEM 

TYPICAL HIGH DESERT ENVIRONMENT: VERY HOT AND DRY 
SUMMERS, CLEAR SKIES. LOCATED NEAR BARSTOW, 
CALIFORNIA, AT AN ELEVATION OF 3, 400 rEET 

TYPICAL PILPINE ENVIRONMENT; HEAVY WINTER SNOWS 
AND MILD SUMMERS. LOCATED IN THE SAN BERNARDINO 
MOUNTAINS AT AN ELEVATION OF 7, 500 FEET 

MARINE ENVIRONMENT: DAMP MORNINGS, CLEAR AFTER
NOONS, HEAVY SALT SPRAY. LOCATED ON THE PALOS 
VERDES PENINSULA ATOP A IOO-FOOT BLUFF OVERLOOKING 
THE OCEAN 

TYPICAL SOUTHEAST ENVIRONMENT; VERY HOT AND 
HUMID. LOCATED AT THE FLORIDA SOLAR ENERGY 
CENTER 
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Array Strings 

I I NOMINAL 
OPERATING CONDITIONS 

Vac Isc 
PEAK 

NUMBER OF POWER 
MANUFACTURER TYPE MODULES (VOLTS) (AMPS) (WATTS) 

ARCO SOLAR INT 18 371 2.4 630 

ASEC INT 12 235 6.4 1070 

MOTOROLA INT 20 376 2.5 730 

PHOTOWATT INT 11 75 7.0 370 

SOLAREX INT 22 295 6.8 1300 

ARGO SOLAR RES 20 212 6.8 1170 

G.E •• RES 80 186 9. 6 1150 

-. ~--

Goldstone Test Site 

"'~.-------------------------------

OLD RELOCATED MODULES 

NEW MODUl.ES 

1 .. 25 
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ENGINEERING AND OPERATIONS AREA JOINT SESSION 

Table Mountain Test Site 

L BLDG.TM2 . _____ -1 

'---__ .L.~_~~~~ROLA I 13 MOTOROLA I OPEN 

------~.--
N 

" 

,I 

Summary 

I 
I 

• RESTRUCTURING OF THE LSA FIELD TEST ACTIVITY IS CURRENTLY GOING ON 

• RESTRUCT UR ING SHOULD BE COMPLETE BY THE END OF SEPTEMBER 

I 
1 
~ 

• MAIN FEATURES ARE: 

- TESTING CONSOLIDATED INTO 5 SITE NETWORK 

- THE 12 CONTINENTAL REMOTE SITES WILL BE DECOMMISS 10NED 

- EMPHAS I SWILL SH Iff FROM COLLECTING ENDURANCE DATA TO QU ICK RESPONSE 
PROBLEM RECOGNITION AND ANALYSIS 

- 161<WOF NEW STATE-OF-ART MODULES WILL BE DEPLOYED 

- 6 KW OF THESE IN ARRAY STRINGS 

- ARRAY STRINGS, IN CONJUNCTION WITH NEW ARRAY DATA LOGGER, WILL 
FUNCTION AS TEST BED FOR INVESTIGATION OF REAL-USE PROBLEMS 

, 
~ 

'J 
i 
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ENGINEERING AREA AND OPERATIONS AREA JOINT SESSION 

NEW TEST CAPABILITIES 

JET PROPULSION LABORATORY 

R.W. Weaver 

• THE NEW SOLAR PHOTOVOLTAIC SYSTEMS THAT ARE BEING INSTALLED 
HAVE A WIDE RANGE OF OPERATING CHARACTERISTICS 

• DATA MUST BE OBTAINED IN OIWER TO EVALUATE PEB~()RMANCE AND 
DESIGN 

• PAST EXPERIENCE INDICATES THAT FAILURE HATES INCREASE WHEN 
MODULES ARE SUBJECTED TO THE OPERATIONAL STRESSES FOUND IN 
AHRAY CONFIGURATIONS 

• DETAILED DATA AHE r~EQUIRED TO DETERMINE EFFECTS OF ARRAY 
FAILURES AND ANO~,\LIES 

• POIHABLE SOLAR ARRAY DATA ACQUISITION 

AND ANAL YS I S SYSTEM (SADAAS ) 

• SOLAR ARfMY TEST FACILITY 

427 ,j 
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ENGINEERING AREA AND OPERATIONS AREA JOINT SESSION 

Solar Array Data Acquisition and Analysis System (SADAAS) 

I' 

• REQUIREMENTS 

• VOLTAGE RANGE TO 400 VOLTS 

• CURRENT RANGE TO 40 AMPS 

• ACCEPT SIMULTANEOUS INPUTS 
INSOLATION 
TEMPERATURES 
REFERENCE CELLS 

• DATA STORAGE 
TEMPORARY 
PERMANENT 

• DATA MANI PULATION 
STANDARD PROCESS 
PROGRAMABLE 

• DISPLAY 
DIGITAL 
PLOTS 

• DATA RATE 
COMMENSURATE WITH CURRENT-VOLTAGE 
TO MINIMIZE VOLTAGE STEP SIZE 
ACQUISITION TIME OF A SECOND OR LESS 

• CONSTRAINTS 

• SELF POWERED. RECHARGEABLE AND OPERABLE FROM 
AC LI NE POWER 

• MAX I MUM CARRY WF.I GHT 40 pounds PER CASE 

• MUST SURVIVE BEING CHECKED THROUGH AIRLINE 
BAGGAGE OR FIT UNDER SEAT 

428 
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ENGINEERING AND OPERATIONS AREA JOINT SESSION 

• DESIGN APPROACH 

• LOAD PATTERNED AFfER MITILL CAPACITIVE CHARGE 
TECHNIQUE WITH A BANK OF SW1TCHABLE CAPACITORS 

• USE PLUG~IN EPROMS FOR DATA AND ADDITIONAL 
PROGRAM STORAGE 

• A PERMANENT RESIDENT PROGRAM FOR DATA ACQUISITION 

• A BASIC LANGUAGE INTERPRETER FOR OTHER PROGRAMS 

• CONTROL, INPUT AND OUTPUT VIA KEYBOARD WITH LCD 
01 SPLAY 

• PLOTS ON OSCILLOSCOPE (BATTERY POWERED) 

• DATE RATE CONTROLLED VIA VOLTAGE-CURRENT RANGE 
SELECTORS WHICH CONFIGURE THE CAPACITOR BANK 

• AUXILIARY OUTPUT INTERFACE FOR HARDCOPY DATA OR 
PLOTS (R S-232) 

Major Component Diagram 

AC/POWERj 

IT 
IN 
RE 

MP 1 ~OL 

MI CROCOMPUTER 
CONTROL 
I/O 

1"""'<. 

I KEYBOARD 
OSCILLOSCOPE AND 

LCD DISPLAY 

AUX 
OUTPUT 

CHARGE 

429 

DC 
BATTERY 
UNIT 

EPROMS 
16K, 32K 

LOAD UNIT l, 
AND RANGE I 

SELECTORS 
ARRAY 7 

I 
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ENGINEERING AREA AND OPERATIONS AREA JOINT SESSION 

SADAAS Contd. 

• MI CROCOMPUTER UN IT 

• CONTROLS SYSTEM VIA KEYBOARD INPUT 

• CPU, RAM 

• CUSTOM SOFfWARE EPROM FOR DATA ACQUISITION FUNCTION 

" §hlli EPROM FOR SPECIAL PROGRAMMING 

• SELF CALI BRATING MODULE 

• I NTERFACES FOR CONTROL AND 1/ 0 

• SPECIAL OUTPUT FOR OSCILLOSCOPE 

DIGITAL TO ANALOG HIGH SPEED OUTPUT OF DATA 

• LOAD UNIT 

• CAPAC ITOR BANK 

• RANGE SELECTION SWITCHES 

V I 

400 40 

200 20 
) 

100 10 

50 5 

ANY COMBINATION AVAILABLE j 
• ANALOG TO DI GITAL CONVERTERS 

• VOLTAGE REFERENCE 

• SCR CONTROLLED 

430 
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ENGINEERING AND OPERATIONS AREA JOINT SESSION 

• IT CAN GO ON AN AIRPLANE 

• NO COMPONENT WEIGHS OVER 40 pounds 

• SELF POWERED 

• SPECIAL PROGRAMMING AVAILABLE 

• DATA FROM EPROMS CAN BE FEED INTO 
EXISTING PDP II COMPUTER 

• WILL BE REA DY I N SEPTEMBER 

Array Simulation at the JPL Site 

• OBTAIN DATA FROM ARRAYS OF LATEST TECHNOLOGY MODULES 

• SIMULATE ANOMALI ES AND FAI LURES AND MEASURE THE EFFECTS 

• VARY OPERATIONAL PARAMETERS TO DETERMINE EFFECTS 

• CORRELATE OPERATIONAL DATA WITH ARRAY DATA 

DATA 

• INDIVIDUAL MODULE IV 

• TOTAL ARRAY 

• PARTIAL ARRAY 

• VARYI NG LOAD 

431 
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ENGINEERING AND OPERATIONS AREA JOB~T SESSION 

- MOD 1 ~ -
..... SWITCH I- -,.... IN/OUT 

Typical Configuration 

COMPUTER 

II .~ 

MOD 2 - - MOD 3 

SWITCH - SWITCH 
I N/ OUT r---' . IN/OUT 

I.OA.D /TEST 

ARRAY RANGES 
V OC 75 TO 390 VOLTS 

ISC 2 TO 7 AMPS 

MAX P O. 4 TO 1. 3 KW 

Summary 

• EXPANDED IN FIELD TESTING 

• ARRAY SIMULATION 

• ANALYZE PERFORfvV\NCE 

432 
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ENGINEERING AREA AND OPERATIONS AREA JOINT SESSION 

CLEANING STUDY OF SOILED GLASS PV MODULES 
JET PROPULSION LABORATORY 

A. H. Wilson 

• OBJECTIVE 
• EFFECTIVELY CLEAN MODULE GLASS WITHOUT RUBBING OR WIPING 

• PROCEDURE 
• OBTAIN SOILED GLASS SAMPLES 

• FROM SITES 
• FROM PREPARATION IN LABORATORY 

• CLEAN SAMPLES 
• WATER WASH ONLY 
• COVER WITH DETERGENT FILM, THEN WATER WASH 

• MEASURE CLEANING EFFECTIVENESS 
• PERFORMANCE OF MODULES BEFORE AND AFTER FIELD EXPOSURE TO RAIN 
• TRANSMITTANCE CHAN3E OF SAMPLES 
• VISUAL EXAMINATION 

FIELD APPLICATION FACTORS 
• LABOR 
• DISPENSER 
• CHEMICALS 
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NGIN RING AND OP RA IONS AR A JOINT S SSION 

Transmittanc M'~asurlng Appar tus 

Samples 

434 ORIGINAL PAGE 
BLACK AND WHITE PHOTOGRAPH 



NGIN RING AR A AND OP RATIONS AR A JOINT S SSION 

Experimental Cleaning 0 vic 

ORIGINAL PAGE 
BLACK AN D WHITE PHOTOG 
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NGIN RING AR A AND OP RATIONS AR A JOINT S SSION 

xperlm ntal Cleaning 0 vic in Op ration , 
Cleaning Two Gla Plate 

ORI GINAL AGE 
LACK AND WHITe p ~ TO~R PH 
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ENGIN RING AND OPEFIA TIONS AREA JOINT SESSION 

Closeup of Cleaning Tube 
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Upp r GI 55 Plat After Cleanin 

ORIGINAL PAGE 
LACK AND WHITE HOTOGRAP"'f 
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ENGINEERING AREA AND OPERATIONS AREA JOINT SESSION 

Various Cleaning Methods Applied to Soiled Window 
(Obtained From Auto Wrecking Yard) 

.J 

o IGINAr.: PAGE 
BLACK AND WHITE! PHOTOG 
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ENGINEERING AREA AND OPERATIONS AREA JOINT SESSION 

ENCAPSULATED AND UNENCAPSULATED 
SOLAR CELL RELIABILITY TESTING 

CLEMSON UNIVERSITY 

J. Lathrop 

Solar Cell Metallization Systems Tested 

VACUUM 

(9,H) 

PLATED 
(K,L,M) 

PRINTED 
(E ,J) 

SOLDER 
( A , C • F, G, I ) 

r__----.----_ 
SILVER FRIT 

50: 50 TIN~ LEAD 
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ENGINEERING AND OPERATIONS AREA JOINT SESSION 

Relative Performance In Accelerated Stress Tests 

GRADUAL 

ELECTRICAL 

DEGRADATION 

121°C I 15 PSIG 

CATASTROPHIC 
MECHANICAL 

CHANGE 

Accelerated Test Schedule 

CUMULATIVE STRESS HOURS 

50 100 500 1000 5000 10000 
~--~----------~----~.--------~I~--~I 

BMT 75"0 

BMT 135°C • • • • 
BMT 160·C • 

B"TMH 85/85 • • • • 
TMH PC -K 

CUMULATIVE CYCLES 

o 10 20 30 40 50 60 

THERMAL CYCLE I: ~ : : ' 
THERMAL S HOC K H. -_----4:_---4:..-------_: 

I ! 

* 25 AND 50 HOURS 
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ENGINEERING AND OPERATIONS AREA JOINT SESSION 

.8 

.6 

Average Normalized Pm as a Function of B .. T 
Stress mTime for A-Cells (Au-NI .. Solder) 

I I· I 
75 ·c 

! 

OL ____ IW~f_E.~K __ _L~~I~~ll_ML~N~IT~IH~I ____ ~ __ ~ __ ~~ 
100 1000 10000 

\ TIME (HOURS) 
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ENGINEERING AREA AND OPERATIONS AREA JOINT SESSION 

Gross Failure Rates for Catastrophic Tests 

THERMAL 
CYCLE 

40 CYCLES 
-65 TO +150 "C 

100% 

o 

100% 

, THERMAL 
SHOCK 

40 CYCLES 

-65 TO t 150°C 

PRESSURE 
COOKER 

121 °C ,15 PSIG 

300 HOURS 

o 

0 

o 

A 

n 

A 

A 

--

H K E - r- L r-
r-

F 

C nAn B 

SOLDER VACUUM PLATED PRINTED 

M 

,l. 
~ 

~ 
F ,.... 

G 

rl E 
C n n 

. SOLDER VACUUM PLATED PRINTED 

K L 

~ 
G H 

C F n I nn E 

SOLDER VACUUM PLATED PRINTED 
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ENGINEERING AREA AND OPERATIONS AREA JOINT SESSION 

Catastrophic Failure Mode Conclusions 

Sll~e Fracturin~ 

1) Bro\lght on by thermal cyclo/thermal ahook 

2) Little problem for vacuum cella 

3) Moderate problem for other type. 

Open Laad (Metal-Silicon) 

1) Only brought on by preSBure cooker 

2) SeriouB problem for plated cells 

Open Lead (Metal-Metal) 

1) Mainly result of thermal cycle/thermal shock 

2) Not a problem for solder or plated cells 

2) Moderate problem for vacuum and printed cells 

Open Lead (Silicon-Silicon) 

1) Only brought on by thermal cycle/theJ;mal shock 

2) Not a problem for vaculw cells 

3) Moderate problem for plated and printed cells 

4) Can be workmanship/design problem for solder c:lls. 

1 , 
1 

1 

I 
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ENGINEERING AND OPERATIONS AREA JOINT SESSION 

Minlmodule Construction DetaU 

GLASS SUPERSTRAT~ 

GLASS ::=:----
EVA -=-----= 
CELl.. -E: ~~~~~~3~~"~A="=AA!:a=A 
!~~:IN~M ::::-=== ~.-

MASONITE SUBSTRATE 
KORAD ............. 
EVA -- ~ ;: 

~------~~~~~. 
SUPER DORI.UX --:;:::;========== 
EVA -----

* EVA WITH GLASSMAT AND WHITE fJlGMENT 

Average Normalized Isc as a Function 
of 1 50 0 C 8 .. T Stress Time for Minimodules 

1.0 r=:::;;;;;;;:'=~~~~~~~D=:-;:::;:~~~-;;"-.,,-r-'l = ~~ UNENCAPSULATeD 
GLASS 

Isc 

PLASTIC 
.6 f- -

.6 - -

.4 f- -
T " 150 °C 

.2 r- -

I WEEK I MONTH I YEAR 

o ~ ___ J~I __ ~' __ ~J-~~l~~I ______ ~ __ ~~~~~l~ 
100 1000 

TIME(HOURSl 
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ENGINEERING AREA AND OPERATIONS AREA JOINT SESSION 

Average Normalized Pm as a Function 
of 135 0 C B .. T Stress Time for Mlnlmodules 

1.0 ,..----..,.--r--r---rj--rI-r"1 "-Ir-r"1 ---.,--.....,---r-,,- ... ,-.-....-...... 

.B 
CEl.L 

.6 

.4 

.2 

I 
I WEEK I MONTH 

O~ ____ ~~-L ____ J~-L-LI-LI-LI~JI.~I_I~ _____ ~ ____ ~~~~~~~ 
100 1000 

TIME (HOURS) 

Encapsulated Cell Test Summary 

HIGH TEMPERATURE (>120oC) TENDS TO INTRODUCE NEH FAILURE Il0DES 
ASSOCIATED HITH ENCAPSULATION AND IS NOT NECESSARILY AN 
ACCELERATING FACTOR. 

10000 

NO INDICATION THAT ENCAPSULAnON EITHER ENHAIICES OR RETARDS ELECTRICAL 
DEClRADATION ASSOCIATED HITH TEMPERATURE (DIFFUSION) PHENOMENON. 

NO INDICATION THAT ENCAPSULATION EITHER EtlHAIICES OR RETARDS ELECTRICAL 
DEClRADATIOrl /lSSOCIATED I-IITH PRESSURE COOKER (CORROSION) PHENOtlEIION. 

SO~lE INDICliTION THAT GLASS ENCAPSULATION rlAY RESULT IN GREATER 
DEGRADATI ON OUR I NG 85/85 TESTING. 

PLASTIC ENCAPSULATION MAY 8Esor·1E~IHAT ~lORE SENSITIVE TO THERrVlL CYCLE 
STRESS THAN GLASS ENCAPSULATION. 

447 
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ENGINEERING AREA AND OPERATIONS AREA, IO/NT SESSION 

COMPARISON OF U.S. AND FOREIGN 
ENVIRONMENTAL TESTING 

• u.s. 

• FOREIGN 

JET PROPULSION LABORATORY 

A.R. Hoffman 

Sources 

JPL BLOCK PROCUREMENTS 

SERI INTERIM PERFORMANCE CRITERIA 

U.S. COAST GUARD 

DoD 

COMMISSION OF EUROPEAN COMMUNITIES (CEC, JRC) 

FRENCH (LCIE) 

AUSTRALIAN (TElECOM) 

JAPANESE (MANUFACTUREm 

CANADIAN (COAST GUARD) 

448 
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Qualification Test Evolution 

n:STS 
BLOCK I 

100 

~~'MOOUi:ES "" " "=--r",<c'W->< '~"r"'-"~-~~~~~ _'S-"~_ ',,"~ --

"I I BLOCK IV· BLOCK vo' TEST LEVELS 
BLOCK II BLOCK III RES IItC RES [llC 

THERMAL CYCLE 

!lUMIDITY CYCLE 

MECHANICAL 
LOADING CYCLE 

WIND RESISTANCE 

lW'IST 

flAIl. IMPACT 

El.ECTRICAL 
IS Ol. ATI ON 

ENDURANCE 

50 

x 

100 

X 

1500 

H()T~SPOT ~ J 
..-<~ ""~"""",,,""*=,,,-#,,,,,, ,-•• ,~. ~''''' - .""'-

. Rf:.S: RESIDENTIAL, IlC: INTERMEDIATE 

50 I 50 
j 

5 I s 

100 10000 

x 

X X 

20 

1500 1500/ 

I 
2000 

I 

200 

10 

10000 

~400C TO +9OOC, CYCLES AS 
INOICAreo 

.5 CYCLES AT 9~ RH, 230C TO 
400c OR 10 CYCLES AT 85% 
RH, ~4()OC TO +85OC <BlK I. 
700c AT 9D'lIo RH, 63 HI 
2400 Nlm2 (50 Iblft2) CYCLES 
AS INOIC,\TEO 

X UNDERWRI1tRS LAB reST 
NO. 997 !RES I DENTI AL ONI YI 

X 

25 

15001 
3000 

ONE CORNER I.IFTED 2 em/m 
OF LENGTH 

10 HITS WITH ICE BALLS, 
DIA AS INDICATED (mm) 

50 fLA MAX CURRENT AT 
VOLTAGE INDICATED 

l---L X 
100 h SHORT CIRCUITED AT 
100 mW/em2, NOeT 

LOAD CENTER 
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. 
c .--• c .-
~~r -Vl 
0:: 
:::> 
u 
(;S 
:z 
<t: 
0:: 
I-
Vl 
_I 

~ 
0 
I-

1.0 ., 

0.01 .. 

0.001 
0.1 

Thermal"Cycle Test Acc.jeratlon Factor 
(~40°C to +90 0 0) 

TEST STRAIN LEVEL 
( A TEMP " 130ct) 

FIELD STRAIN LEVEL 
(ATEMP" 46 C) 

FATIGUE CURvrr 
FOR COPPER 

(10% FAILURES) 

1 10 102 
CYCLES TO FAI LURE 

1'---___ -1...1 _. _----J,L... I , 
1 mo 1 yr S yr 10 yr.?O yr 

Time to Interconnect Field Failure 

TIME TO 10% INTERCONNECT 
TEST DESCRIPTION FAILURE IN FIELD - , 

U. S. (BlK II-IV) "40°C TO +9oDc, SO CYCLES 1 yr 3 mo 

U. S. (BLK V) -40°C TO +90oC, 200 CYCLES 4 yr 10 mo 

EUROPEAN 1 } 
FRENCH -40°C TO +8SoC, 200 CYCLES 4yr 9 mo 

EUROPEAN 2 -40°C TO NOCT +SOOC, 50 CYCLES 1 yr 8 mo 

JAPANESE -40°C TO +80oC, 10 CYCLES 70 days 
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ENGINEERING AREA AND OPERATIONS AREA JOINT SESSION 

10!i 

104 

102 

10 

Acceleration of Humidity and Temperature 

........ ...... '0~ 20-yr SITE ENVIRONMENT 

, / ...... , 
~ 'i!!OIt, ......... ........~Sl .. 

....... '" r'11.1.~ 
........ -...!lIo. "' ........ 

~4'/-t .......... , 
""'" ........ o FRENCH ........ ......... ......... 

......... 
.......... ....... 

(!]BLKU 

BLK II-IV (!] 
• BLK I 

DEGRADATION RATE ~ 
CURV~ FROM RTC ~ ~ 

6. -FIELD TEST RESULTS ~ 
@ -LABORATORY TEST RESULTS 

(!] -QUALIFICATION TEST LEVEL 

100 150 
CELL TEMP. (OC) + RH ('Yo) 

Loading Test Requirements 

6r 113 Ib/ft2 r---, 
5 

(;;4 
CL. 

=-w 
g; 3 
en 
en w 
g: 2 

1 

0 

50 leJ/ft2 

en w ..... 
c.,) 

>-
c.,) 

- ~ 
.:.: = CI .-
.-

I 

I~ 
liZ 
len 
Ie 
liZ 
Ics: 
I ~ 600 CYCLES 
I-
I 

!---i 
I II 
I 
I I 
I I 
I I .-

~~~~--~~--~.-.~~~ 
JRC FR£NCH U.S. CEC 
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Mechanicai Test Requirements 

u.s. CEC* JRC* FRENCH* --
TWIST 1.2° 1.2° 1.2° 

HAIL IMPACT 
TERMINAL VELOCITY 
ICE BALL D1A {mm) 25 40 25 

STEEL BALL IMPACT 
DIA (mm)/DROP HEIGHT (m) 5111.3 4011 

WIND RESISTANCE UL STU 997 

(SHINGLES) 

ROBUSTNESS 89 N X X X 

OF 20 Iblft2 '-~ 

TERMINATIONS BASED ON IEC 68·2·21 

*DRAFT 

UV Test Requirements ,'I 

~ 

• U.S. (SERI-IPC) j - OUTDOOR 
9.56 x 108 J/m2 (REAL TIME) 
1.59 x 109 Jlm2 (ACCELERATED) ! 

- CHAMBER 
9.56 x 108 J/ 1112 

• CEC I JRC 
4.0 x 107 J/m2 (30 Mediterranean days) 
(280 to 400 nl11) 

• FRENCH AND AUSTRALIAN 
UNDER STUDY 

• JAPANESE (MAN~FACTUREru 
200 h CARBON"Anc ILLUM'INATION i 

WITH PERIODIC WATER SPRAY 
1 
" 

452 , 
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HIGH POTENTIAL 
TEST 

HOT~SPOt: 

ENDURANCE 

INSULATION 
RESISTANCE 

Electrically Induced Test Requirem~~nts 

M,~~ "~~, t."W~ 

60 fLA MAX 50 fLA 
CURRENT CURRENT 
1600V/3000V 2V+1000 

100 h SHORT· 50 h SHORT· 
CIRCUITED AT CIRCUITED AT 
NDCT AND NOCT AND 
1000 mW/cm2 IAV at VR 

1500V/3000V, 1 min ± 1 OODV, 1 min ±1000V,1 min 
:-.30 mn, :.60 m!l ;>100 m!l >100 mn 

Salt Fog rest Requirements 

• EUROPEAN TESTS BASED ON lEe 68-2-11 
35°C, 5% NaCi, 96 h 

• JAPANESE TeST: SALT-WATER SPRAY 
5% NaCI, 100 h 

Special Application Test Requirements 

• U. S. COAST GUARD 

PRESSURE, IMMERS ION, TEMPERATURE (P IT TEST) 

5 Ib/IN.2(g); SOoC AND 5°C SALTWATER 
2000 CYCLES 

• CANAD IAN COAST GUARD 

SALT WATER TESTS 

453 
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ENGINEERING AREA AND OPERATIONS AREA JOINT SESSION 

Candidate Test Requirements 

ICE FORMATION (JRC) 

ABRASION (FRENCH) 

EASE OF CLEANING (FRENCH) 

OZONE (JRC) 

S02 (JRC) 

INDUSTRIAL POLLUTION (FRENCH) 

Conclusions 

• FOREIGN REQUIREMENTS BASED ON JPL SPECS, 
INFLUENCED BY OWN EXPERIENCE AND IEC REQUIREMENTS 

• SIMILAR FOR MOST MECHANICAL AND 
ELECTRICAL-STRESS TESTS 

• RESEARCH ADDRESSING DIFFERENCES IN HUMIDITY-FREEZE, 
TEMPERATURE SOAK, HUMIDITY-SOAK, AND UV 
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t:)ALCULATION OF STRAIN IN CELL INTERCONNECTS 

JET PROPULSION LABORATORY 

D.M. Moore 

Objective 

• DEVELOP A SIMPLE TECHNIQUE FOR CALCULATING STRAIN IN 
INTERCONNECT MATERIAL FOR PREDICTION OF INTERCONNECT 
FATIGUE LIFE 

INTERCONNECT 
MATERIAL 

RELATIVE 
CELL MOTION 

tNTERCONNECT 
GEOMETRY 

INTERCONNECT 
1----4Il0>l MATERIAL 

FATIGUE 
V' 

Approach 

PREDICTED 
INTERCONNECT 
LIFE 

-DEVELOP FINITE-ELEMENT AND CLOSED ORM ANALYTICAL MODELS TO PREDICT 
TH£ MAXIMUM LOCAL STRAIN IN THE INTERCONNECT MATERIAL 

-IDENTIFY THE DOMINANT GEOMETRIC PARAMETERS 

-CONSTRUCT A NOMOGRAPH PERMITTING RAPID CALCULATION OF INTERCONNECT 
STRAIN ,'S A FUNCTION OF THESE D IMENS 10NLESS PARAMETERS 
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ENGINEERING AND OPERATIONS AREA JOINT SESSION 

\nterconnect strain 

At: :::: 
peA~ ,0 p~tc: 

s-r~AI,.l ~~v~SIO~ 

- ~ (J)({-J -
w~\;:.iZ£. 

~ 
.b.. K 

0:::::; 
FIJt--lC."f"IO..l of 

AND 

G --h 

'nterconnect strain Nomograph 

w~--~--~-----~--~---~--~--\ 
1 

2 

1.0 
4 - 6 
S 

10 

"l 20-------] 

~ ,h 
, .. \ 'J 

\-- G --I \- -:-----~ 
SlRAIN-/'.' 'ft~Il%1 -h ji===---=::J 

0.01 \..---_..J----..J-----1--.--1-----"-G _1----..J----..J-----1--.-J 

o 

0.1 

0.2 
0.4 

0.6 
\l./h 

0.8 1.0 
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ENGINEERING AND OPERATIONS AREA JOINT SESSION 

Example: Interconnect Fatigue Failure Prediction 

PARTICULARS 

• BLOCK II MODULE 

• RANDOM ORIENTED FIBERGLASS SUBSTRATE 

• 192 MODULES INSTALLED NOVEMBER 1978 

• 34 MODULES FA I LED A S OF MA Y 1980 DUE 

TO BROKEN INTERCONNECTS 

Cell Interconnect Deflection 

• TOTAL TEMPERATURE EXCURSION 

~TDN • 14t C (YEARLY AVERAGE) 

~TOp • 32°(.' (AT 100 mW/cm2) 

~T • 46°c (YEARLY AVERAGE) 

• THERMAL EXPANSION COEFFI CIENTS 

as • 2.78 X lO·"oC (fIBERGLASS SUBSTRATEI 

aC· .29 X lO-',oC (SILICON SOLAR CELU 

• CEll I NTERCONNECT DEFLECT! ON 

6· (aSC· aCD) .1 T 
• .0035 II 
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ENGINEERING AND OPERATIONS AREA JOINT SESSION 

. ( ~ , 

Cell In erconnect B2 , S ion d from Solar x Block II 
Modu1 SI N 023134 

.. 
- -- • oj / ." --~-i 

Cell Interconn ct G2 , Sectioned from Sol~ro~ Block II 
ttodu1 e SI N 0234134 
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ENGINEERING AND OPERATIONS AREA JOINT SESSION 

Calculate Interconnect Strain 

h/G klh f Af 

0.31 0.292 4. 15 0.0196 

O.61J1 3.15 0.0164 

0. 932 2. 63 0. 0136 

0. G) 3.90 0. OVO 
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ENGINEERING AND OPERATIONS AREA JOINT SESSION 

Interconnect Fatigue Curve: Annealed OFHC Copper 

z 

~ 0.1 
f.I') 

:w: 

~ 
I 

f2 
~ 
~ 0.01 

IU 
<l 

0.001 , , 

~ rPt It PROBABILITY OF FAILURE 

~ 1.00 

"" 0.50 
, 0.30 

0.03 

CALCULATED STRAIN 
FOR 6 INTERCONNECTS 
EXCISED FROM BLOCK II 
MODULE RElURNED 
FROM SCHUCHUlI SITE 

FAILED INTERCONNECTS 

10 100 1000 10000 1(xx)oo 
Nt - CYCLES TO FelLURE I I I I I 

1~--~--~~2--~~ 5 10 0 50 100 
YEARS 

Failed Model 0 Modules With Broken Interconnects 

FAILURES WITH 
TOTAL NO. TOTAL NO. BROKEN INTER-

SlIE {MFGl OE MODULES QE failURES CQNNECIS Ill1E 
NEB (0- 11) 728 39 5 3 2/3 YRS, 

OH 10 (0- I I J) 800 46 44 5/6 YR. 

RES STF <0- II !) 192 13 13 2 112 YRS. 
ROOF STF (0-111) 74 2 2 2 112 YRS. 
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ENGINEERING AND OPERATIONS AREA JOINT SESSION 

LO 

z -

Interconnect Fatigue Curve: Annealed OFHC Copper 

111111'1 

10 

1 I tllI'I I I 1111111 I 1 11111'1 

~ rP'" PROBABILITY OF FAILURE 

'" LOO 
" 0.50 

" 0.30 
0.03. 

100 1000 

fAILED INTERCONNECTS 

100l) l<XX>OO 
Nt ~ CYCLES TO F~ILURE I I I I I 

1~--~5~~10~ro~--5~O~100 

YEARS 

HOT-SPOT HEATING STUDIES 

JET PROPULSION LABORATORY 

S.D. Glazer 

Objectives 

• DEVELOP GU IDELINES FOR FUTURE DES IGNS 

• DEVELOP ANALYTICAL MODEL TO PRED leT HOT"SPOT TEMPERATURES 

• DEVELOP SIMPLE DES IGN TOOL 

461 

, 
j 

I 

l 
I 
l 
; 

I 



ENGINEERING AND OPERATIONS AREA JOINT SESSION 

A. 

B. 

C. 

130 

120 

110 

100 

I- 90 

g 80 
Z 

l-
I 70 
~ 

D. 

E. 

8. 60 -
u' 

.... 50 

40 

30 

20 

10 

Cases Run 

UNINSULATED MODULE, LIGHT + POWER 

INSULATED BACK MODULE, LIGHT + POWER 
INDOOR LAB TESTS 

UNINSULATED MODULE/ LIGHT, NO POWER 

UNINSULATED MODULE/ POWER, NO LIGHT 

OUTDOOR TEST IN NATURAL SUNLIGHT, WITH POWER 

Selected Hot-Spot Test Results: Peak AT 
vs Total Power Density for Several Modules 

/ 

~ MODULE A - RTV!HBERGLASS , 

~/ 
",... -<---MODULE C ~ RTV!PVC SCREEN! 

ALUMINUM 
(INSULATED BACK) 

o~-----~--~-----~--·~----~-----~I----
100 200 300 400 500 600 o 

TOTAL POWER DENSITY I mW!cm
2 
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ENGINEERING AND OPERATIONS AREA JOINT SESSION 

Analytical Thermal Model 

KEY FEATURES 
• 1-0 MODEL GEOMETRY 
• CONVECTION + LINEARIZED RADIATION HEAT TRANSFER 
• HANDLES INSULATFD ,A,Njj UNINSULATED MODULE BACK 
• SIMPLE CLOSED-FORM SOLUn ON 

REQUIRES 
• MODULE + CELL GEOMETRY 
(II k; p OF MATER IALS 
• AMB lENT COND ITIONS 
• SOLAR FLUX + BACK"B lAS POhl!R 

YIELDS 
• TEMPERATURE PROFILE + PEAK CELL TEMPERATURE 
• SENSITIVITY ANALYSIS 

STEADY·STATE ENERGY BALANCE: REG ION I 

1 d ( dT) I II 1 -- "-" k tr .• ,. + (.t Q + P • 2 h (T - T l 0 0 
r dr 1 dr 1 s BS eff a 

HEAT CONDUCTED 
THROUGH MODULE 

INSOLATION + 
BACK-B lAS 
ENERGY 

---.----
CONVECTIVE + 
RAO IAllVE 
HEAT LOSS 
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ENGINEERING AND OPERATIONS AREA JOINT SESSION 

Predicted 6.T peak Sensitivities to Selected Parameters 

NOMINAL MODULE GEOMETRY: GLASS/PVB/POL YESTER 

NOMINAL ATpeak = T HOT SPOT -, T NORMAL CELL': 32.2°C 

PARAMETER ... --,...".. .. "., 

CEll. iUICKNES5. in. 

CELL DIAMETER, In. 

SUBSTRATC 

REAR SURFACE EMITTANCE 

INSULATED BACKS IDE 

NOMINAL. 

0.015 

2.0 

0.005 
POLYESTER 
FILM 

0.91 

NO 

NEW 

0.0075 
0.030 

4.0 

0.005 
ALUM. 

PAR~~1fTm I ATpeak' 
CHANG!: NEW 

~:,-""""""'" 

·50 83.4 
+100 23.6 

+100 60,7 

16.6 

-96 38.0 

44.1 

',~)ATpear. 

CHAN(lE 

+ l~'1 
-27 

+89 

-48 

+18 

+37 

BACK-BIAS POWER FLUX, mW/cm2 1271 

0.04 

YES 

542 +100 64.4 +100 

Model Predictions vs Experimental Data 

~ 

INSOLATION BACK-BIAS 
INSULATED FLUX, POWER, T Ilbeas MODULE BACK? mW/cm2 W C 

A" GLASS/PVB/POLYESTER N 87.1 3.72 70.0 

A" GLASS/PVB/POLYESTER N 0 6.8 89.1 

A" GLASS/PVB/POLYESTER Y 0 7.4 111.2 

A" GLASS/PVB/POLYESTER Y 0 1. 84 70.5 

B '" GLASS/PVBffEDLAR N 77.5 15.0 125.0 

C " RTV IPOL YESTER N 79.4 14.56 121. 0 

D':' " RTV/ALUMINUM N 89.0 3.84 68.25 

':FINNED ALUMINUM SUBSTRATE 

464 

,,-

TpJed 
C 

73.4 

82.9 

114.5 

69.0 

126.6 

116.8 
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ENGINEERING AND OPERATIONS AREA JOINT SESSION 

RESIDENTIAL ARRAY DEVELOPMENT 
GENERAL ELECTRIC CO. 

N. F. Shepard 

Program Objectives 

• DEFINE AN INTEGR/\TED RESIDENTIAL MODULE/ARRAY DESIGN WHICH 
t1EETS THE 1982 TECHNOLOGY READ mESS GOALS 

- SUPPL~ DETAILED DRAWINGS AND MATERIAL SPECIFICATIONS 
CO~lPATIBLE IHTH LOI'I-COSL r1ASS PRODUCTION PROCESSES 
CURRENTLY IN USE 

- PROVIDE INSTALLATION DETAILS AND INSTRUCTIONS 

• ASSEMBLE A PROTOTYPICAL ARRAY SECTION TO DEMONSTRPITE THE 
SELECTED CONCEPT 

Current Status 

• DETAILED DESIGN OF SELECTED MODULE -- COMPL~TE 

• INSTALLATION DETAILS -- COMPLETE 

• PRODUCTION COSTING ANALYSIS -- COMPLETE FOR 50,000 M2 PER YEAR 
-- OTHER RATES TO BE INCLUDED iN 

QUARTERLY REPORT NO, 3 

• INSTALLATION COST ESTIMATES -- COMPLETE (PRELIMINARY) 
-- TO BE REFINED FOR INCLUSION IN 

QUARTERLY REPORT NO, 3 

• PROTOTYPE'ARnAY ROOf SECTION -- CONCEPTUAL DESIGN COMPLETE 

465 

1 

I 
,1 

-1 
1 

~ 
, j 



,.. - - - '-

ENGINEERING AND OPERATIONS AREA JOINT SESSION 

Program Assumptions and Constraints 

• DEVELOPMENT OF CELLS AND ENCAPSuLATION SYSTEMS tiQI HITfIiN 
HORK SCOPE 

• BLOCK V RES !DENT IAL DES! GN 1 CONSTRUCTION AND TEST It!£; REQU I REr1ENTS 

• ARRAY SIZE APPROXIMATELY 74 M2 PER HOUSE 

• ARRAY DESIGN SHOllLD PERMIT EXPANSIOtl FOR VARIOUS SIZE HOUSES 
BETWEEN 11m AND 280 M2 OF FLOOR SPACE 

• CELL COST DATA SUPPLIED BY JPL 

• USE 6 PERCEtn DISCOUNT RATE FOR LIFE-CYCLE COST ESTP~ATES 

• COSTS TO BE IDENTIFIED IN 1980 DOLLARS 

• ENCAPSULATED CELL EFFICIENCY OF 13,5 PERCENT AT 
100 M\'I/CM2 AND 280C 

• A CELL OPE~I-CIRCUIT FAILURE RATE OF ONE CELL PER TEN 
THOUSAND PER YEAR 

Annual Production Rates for Costing Analysis 

--
ANNUAL PRODUCTjD~ qATE 10,000 50,000 

(M2/YEAR) 

NUMllER OF SOI.AR CELLS 1,000,000 5,000,000 

NUMBER OF MODULES 13,889 69,444 

POWER OUTPUT AT PEAK 1. 35 6.75 
PQWER RATING CONDITIONS (MW) 

.,.~'" .. 
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500,000 

50,000,000 

694,444 
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ENGINEERING AREA AND OPERATIONS AREA JOINT SESSION 

Observations From Previous Experience 

• MgTAL SUBSTRATES LEAD TO RELIABILITY AND SAFETY PROBLEMS, 

• POLYMI1HIC OUTEf~ COVERS HAVE QUESTIONABLE LONG-TERM WEATHEH

ABILITY AND FIRE-HESISTANCE, 

• EXPOSED CONDUCTIVE ELEMENTS flEQUIHE GRQUNDING WITH ASSOCIATED 

COST, 

• HIGH AREAL POWEH DENSITY IS REQUIRED FOR MINIMUM INSTALLED 

COST. 

• SAFETY IS A CRITICAL DESIGN CONCERN. 

Concept No.1: Direct-Mounted, Overlapping Shingle 

COVER Gl.flSS (,188 THK. 

fiONom AOIIESrV£:. STRIP. _--1 

(mi.-OI'l fJL~1) 
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ENGINEERING AND OPERATIONS AREA JOINT SESSION 

27.560 
REF. 

Concept NO.2: Integrally Mounted With Plastic Tray 

1~71fJ x 2 III. IIOL.£ 
fOR ELECTRICAL 
CONNEcn ONS 

50 IN. 

EVA ADHESIVE 

,: .. -
. . i i I 

5. _ .-.-~-=--.:-:=.. __ . . . 
L- .. E==: --'- -... --.-----. -- 46.375 IN. GLASS 

48.600 OP~NIIi~ 

49.7fiQ OUT$lP~ PIM. 

ORIG!NAl PAGE fl 
OF POOR QUALJ1'Y 
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-'-~~~ .. ~-----

ALUM. E~TRUSICN 
SUPPORT 
HEHIlER 

26-1/6 IN. 

J 
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ENGINEERING AND OPERATIONS AREA JOINT SESSION 

Concept No.3: Stand-off Mounted With Aluminum Frame 

\lEST 
~ 

49.04 III. 
MODULE WIOTII 

ALUIUHUll EXTRUSIOll FMHE 

~< ,,/ ~ EVA AOHESIVE FILM --.I 

PR 
OF 

IN 

E,\H 

Cost Comparison (1 980 $/Module) 

ODUCTION COST (EXCLUSIVE 
SOLAR CELLS) 

STAI.LATION COST 

TOTAL: 

DIRECT-MOUNTED INTEGRALLY-
OVERLAPPING MOUNTED WITH 

SHINGLE PLASTIC TRAY 

88.36 86.02 

39.91 33,26 

128.27 119.28 

ORIGINAL Pt'Gl! i!:» 
OF POOR QuALITY 

469 

STAND-OFF 
~10UNTED 

ALU~llNUM FRAME 

83.27 

39.75 

123.02 

, ! 



ENGINEERING AND OPERATIONS AREA JOINT SESSION 

Desirable Features of an Optimized Module/Array 

• FURTHER REDUCTION IN ~10DULE PRODUCTION COST THROUGH DESIGN SIMPLIFICATION 
AND REDUCED MATERIAL CONTENT. 

• RETAIN Lml INSTALLATION COST ASSI)CIATED I"ITH THE INTEGR~.L MOUNTING SCHEME 

• INCORPORATE DESIGN FEATURES TO PERMIT UNIVERSAL MOUNTING (DIRECT, INTEGRAL. 
OR STAND-OFF), 

Selected Array/Module Design 

'19,88 

EVAICRAKI:GLASS ~~~ - SOLAR CELL C I RCU IT 

r.GVI~ CI.ASS J -- EVAILRANEGLASS 
I 

470 

REAR COVER slim 
(ALU~l Fa 1 LlTEDLAR) 

25.00 

PURLINS 
(2x~) 

ROLL-FORMED 110DULE SUPPORTS 
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ENGINEERING AND OPERATIONS AREA JOINT SESSION 

Section Through Horizontal Overlap 

Encapsulated Cell Assembly ---~ 

Enclosure cap -----..... 

"l" section sealing strip --H-l 

Rolled steel 
spacer & clamp 

section 

t--=_Tru~s or joist 
framing support 

Section Through N-S Channel 

( 

t 

471 

4-1- '2-11 
) 

,,__-- Enclosure cap & screw 

Encapsul a ted Ce 11 Asscmb ly 

'P" section sealing strip 
(typ, ) 

Rolled ste.l support channel 



ENGINEERING AND OPERATIONS AREA JOINT SESSION 

'" 
Outlet !lox 

-
I 

-~ Condu i t--~II 

Array Layout and Wire Routing 

ORIGINAL PAGE IS 
OF POOR QUALITY 
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ENGINEERING AND OPERATIONS AREA JOINT SESSION 

Integral Mount: Eave Detail at Channel 

Enclosure cap with "P" section 
sealer strip 

Black painted aluminum 
flashing (continuous) 

Fase i a ------1-1-\0 

(to centerline of ridge) 

473 

*SWQV 4 

Glack painted 
aluminum flashing 

Tt'uSS or jOi 5 t 
f,'ami nq support 
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ENGINEERING AND OPERATIONS AREA JOINT SESSION 

Integral Mount: Eave Detail Between Channels 

Encapsulated Cell Assrmbly -------, 

Enclosw'e cap (beyond)-

"L" section sealing strip 
(south side) 

Black painted aluminum 
flashing 

Illocking cut from 
2 x 3 

Fu5cia ------I-...lr-lt 

Rolled steel spacer & 
clamp sect.ion 

'--;~I\'Ollntin9 screw 

(---- Tru~s or joist-
framing sUPilcrt 

(t,o cenwrline of ridge) 

ORIGINAL PAGE'S 
OF pOOR QUA,L,TY 
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ENGINEERING AND OPERATIONS AREA JOINT SESSION 

Integral Mount: Rake Detail 

Enclosurn c.-p " 
screw 

"P" snal 

3/8" plywood sheathing 

~~-I---l- I" blocking cut from 2 x 2 

tf., ~-z.( 
'lr;;~ ccntn;';";~~ or~ 

. mouult) 
Lncapsulatcd Cell 

" 

1I~r-~r-r---~~~r-------------------------~~---··-------~ 

as cia --J.-\-\ 

<-( -- 2 x 4 purl In ----7 

11011 cd 5 tee 1 
support channel 

---f-t-'TrlJss or joist framing support 

[I,R[~~H----/--+-1/2" sheathing 

........ ....jf£>,~.1--4~-···---f-+-Building finish material 
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ENGINEERING AREA AND OPERATIONS AREA JOINT SESSION 

Integral Mount: Installation Sequence at Rake 

Ro 11 ed s tee I SlIpn')rt channa 1 

") 

Truss or joi 5 t 
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ENGINEERING AND OPERATIONS AREA JOINT SESSION 

$44# t 

Encllp,sulated Cell AS5cmlJly with 
"P' se~tfon soaling 5trip 

Ro 11 ed s teo 1 support channel 
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ENGINEERING AND OPERATIONS AREA JOINT SESSION 

o 

o 

478 

.'.' _ .... --~ 

Encapsulated Call A55etn!Jly with 
"P" section sealing strip 

Rolled steel support channel 

'1 
1 
; 
i 

i 
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ENGINEERING AREA AND OPERATIONS AREA JOINT SESSION 

Jlolded aluminum flashing 
with 2" minimum folded 
lap at chulllllll stop 
securod El fuscin with 
clips and at support 
chnnnol. with enclosure 
cup 

INTEGRAL MOUNT 
PICTORIAL OF IN9TALLATI0N 

SEQUENCE AT RAKE 

c-b 

479 
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Integral Mount: Ridge Detail 

"'-l'" . " 
• -~"" "", >., •• , 
, ~Ihuml'l _n ._ ?d:(p~ " 

(to rOle of (".Inol 

Assumptions 

- Rtt.1IJl" of t .. u~'S or 'r""11n\) 
Juht 

• PLANT OPERATES THREE (3) EIGHT HOUR SHIFTS/DAY, 6 DAYS/I'IEEK 

<144 l'lCIRK flOURS/I-lEEK)) WITH NItlE HOLIDAYS AND ONE HEEK PLANT 

SHUTDOI'/N, THIS YIELDS 297 IWRKItIG DAYS/YEAR OR 7128 WORKING 

IIOU RS/YEAR, 

• PRODUCTION OUTPUT REQUIREMENTS 
50,000 M2/YEAR = 5)000)000 CELLS/YR ~ 
69445 fl0DULES/YR = 9,74 MODULES/HR 

• MATER I ALS HANDLI riG AND STORAGE REQU I REr~EtnS l\ASED ON 14EEKLY 
DELIVERIES OF INCOMING GOODS PLUS A OllE I'IEEK SAFETY STOCI< 
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ENGINEERING AREA AND OPERATIONS AREA JOINT SESSION 

OUTIJOIN(; 
1.,t"1\. 

Plant Layout 

W~BLHQIJ5E - IO~ 

I'~AWO _.--::II:::;I'~=-' ----.1.. __ 

ORIGINAL PAGE IS 
OF POOR QUALITY 

Production Parameters 

PARAMETER VALUE 

MANPOWER (No. OF EMPLOYEES) 11 
FLOOR SPACE (FT2) 4720 
UTILITY SERVICES 

ELECTRICITY (KW) 31.5 
AIR (CFM) 6 
WATER (GPM) 13.1 

EQUIPMENT COST (1980 $) 9LJ3,000 
PROCESS YIELD (%) 

LAMINATION 98 
FINAL ASSEMBLY 99.5 

481 
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ENGINEERING AREA AND OPERATIONS AREA JOINT SESSION 

Produotlon Cost Methodology 

PRODUCTION COSTS ARE CALCULI\TED AS TilE SU~1 OF: 

1 . DIRECT LAGOR 

~ (N,Q"·~··'~~N~nRt9~~55~H4~~)~1t~~JJ?~·,9Q). 

2. 170 PERCENT LABOI~ OVERHEI\D 

3. DIRECT MI\TCRIAL 

4. 3 PERCITNT ~1ATERII\L OVERHEAD 

[). PROCESS EQUIPMENT CIIARGE 

~ ~R~~,~.~!~l(I\~~~k~ P'ROblle-nON'lfM"lt)' 

6. FLOOR SPAC1~ ReNTl\l 

( tl,' ,5C() )( rq10R. S P I\~~g [::mIJR ED .~"~,JI2J , 
J\NNUJ\L PRODUCTION RI\TE; 

7. UTILITY SERVICES 

• ELECTRICITY 

• COMPReSSED AIR FACILITY 

• CHILl.eO \~ATER FACILITY 

4B2 
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ENGINEERING AREA AND OP~RA TIONS AREA JOINT SESSION 

Production Cost Summary (1 980 $/Modute) 

SOL.AR eEL.1. UNtT COST <1980 $/CEU,} 

[) 1 2 .1 II 

DIH!;CT LABOR 9,88 9.88 9.88 9.88 ~l. 88 
LABOll OVURIlL.AD <170%) lu.BD 16.80 IG.8{) 16,80 16.80 
COST OF CAPITAL EQUIPML.NT 2.71 2,7'1 2.71 2,71 2.71 
COST OF UTILITY SURVICES 0.13 O,B 0,13 0,13 0,13 
RI;NT FOil FLOOR SPACU 0.37 0.37 0.37 0.37 0.37 
DIRECT MATERIAL 31.118 Imi.32 179.16 253,00 326.811 
MAWUAL OVtiHllEAO (3%) 0,911 3.16 ~). 37 7, ~59 9.81 

SUBTOTAL 62,31 138.57 21/1,112 290. 118 366.511 
!lnoH T AND HAHHANTV (20%) 12,li6 27,67 /12.88 58.10 73,:n 

10TAL ['ACTORY FOB PRICU 711,77 166,011 257.30 3118,58 11'59. 8~) 

Assumptions 

• srL(: !ALlY RFS I DLNT I I\L PIIOTO\/0LTA I C I NSTI\LLER 

• SL'JI RI\L l;UNnQLD INSTALL.ATIONS PER YLfm ON 1\ ONF··BY-ONE BASIS 
rOH 1 NH I V InIiAL CnNTHI\CTORS OR IImlEOHNERS 

• A\ L HORK PFHrOHtlED IW CI\IWErm:ns J [LEeTH reI ANSJ AND GLAZ I ERS 
<HO RonFERS lIstn) 

~ 

r J 

H.88 
1u,80 
2.H 
0,15 
O.:~7 

/100,68 
12.02 

/1112, ~)9 
88, !>t 

531.11 

• LABOR HAlLS RITLICT BOSTON \"ME SCALE/ 1''II!el! IS ALS() UNION seAU 
(USUALLY H 11'11 J N n OF 111E Nfl TI GNAL 1\ VFRA(1[) 

• NOIHINION CRFHSARE ASSU~l[n so THAT \,IORK FLEXIBILITY HITIl RESP[CT 
TO 1 P.AIltS CAN HL Mill NT 1\ r Nr:n, 

• II()% COMB 1 NU) LAllOH mmnFN APPL 1[:11 

483 
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ENGINEERING AREA AND OPERATIONS AREA JOINT SESSION 

Installation Cost Estimate 

. ~--.-~~ 

UNIT 
PRICE TOTAL COST 

ITEM DESCRIPTiON QUANTITY UNITS <1980 $) U98U $) - ... __ ,,-=,.,..>'t_ 

CI.OSURE STRIP 62 EA 3.00 186 
SPACER AND CLAMP SECTION 57 EA 2:70 154 
CHANNEl. 70 EA 3,00 210 
MOUNT INO SCREW:. 2 .I.B 0.50 1 
P SEAL 50 LF 0.30 15 
Dounu: SIDED FOAM TAPE U/W' X 21t) 211 LF 0,511 13 
Ar1P SOLARLOK HARNESS 

6' DOUBLE END 50 EA 2,50 125 
-l 12' SINGLE END 5 EA 3,00 15 « ... 24' SINGLE END 5 4,25 21 IX EA OJ 

t:5 CDX PLYWOOD 3/8" T1jK 2 SUT 10,00 2D 
~- CDX PLYWOOD 1/2" TflK 0.5 SUT 12.50 6 

PURLINS (2 x II FIR) 277 LF 0,24 66 
fLASHING - BLACK AL.ut1INUM 

,032" x 10· X 50' .z RL 24.00 48 
,032" x 14" x 50' 0.5 RL 311.00 17 

EAVE BI.OCKING 2" x 3" I 22 LF 0,18 4 
CONDUIT - 1" DJA I 20 LF 0.30 6 
OUTLET Box 4" X II" 2 EA 2,00 4 

.. - ' . .. 
SET-UP, PURL INS, BLOCKING, FLASHING, PLYWOOD 

SUBSTRATE - 10 HRS CARPENTER AND LABORER 9 $25.20/HR. 252 

IX LAYOUT) SeT SUPPORTS, LAY-IN CONNECTORS, SET PANELS~ SeT COVERS, 0 
III 

CIIECK Arm CAULK -~ 4 IIRS GLAZIER AND CARPENTER 9 $30.80/HR. .:5 123 

SeT OUTLET BOXESJ'CONNECT PANELS AND CHECK -- 2 HRS ELECTRICIAN 
AND HELPER @ $37,00/HR. 7lJ 

SUBTOTAL 1360 
OVERHEAD AND PROFIT (20%) 272 
WARRANTY 100 --TOTAL INSTALLATION COST $1732 ._-



ENGINEERING AREA AND OPERATIONS AREA JOINT SESSION 

Cost Summary (1980 $/Module) 

SOLAR CeLl. UNIT COST (1980 $/CELl.) 

0 1 2 3 II 

r1oDUL.E fOB FACTOHV PRICE 7Q,77 166.0Q 257,30 3118.58 439,85 

SHIPPING) IIAI'lDLING I MAHKUTING 
AND nlSTRIBUT!O~ COST -- -- -- -- --

~--.--, -' 
INSTAl.LATION COST 

INTEGRAL 34,61j 

DlflECT 37.32 
STAND-OFF 41,08 

-
TOTALS 

INTEGRAL 109,41 '200.68 291,94 383.22 47/1. LI9 
lllllECT 112.09 203,36 294.62 385,90 LI77 ,17 
STAND-OFF 115,85 207.12 298,38 389,66 480,,93 

"'--
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565.75 
568,113 
572.19 
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ENGINEERING AREA AND OPERATIONS AREA JOINT SESSION 

INTEGRATED RESIDENTIAL PV ARRAY DEVELOPMENT 

AlA RESEARCH CORP. 

Objectives 

• DEVELOP INTEGRATED ROOF-MOUNTED RESIDENTIAL ARRAY FOR 
EARLIEST AND LARGEST MARKET PENETRATION. 

• OPTIMIZ[ ARRAY FOR LEAST LIFE CYCLE ENERGY COST A'SUMING 
ANNUAL PRODUCTION RATE OF 10,000, 50,000,ANO 500,000 M2, 

• FOLLOW INTEGRATED SYSTEMS APPROACII CONSIDERING DETAILED 
ELECTRICAL. MECHANICAL, AND ENVIRONMENTAL REQUIREMENTS. 

• OPTIMIZE FOR REGIONAL VARIAi3LES SUC" AS COOES~ CONSTRUCTION 
PRACTICES. AND LOCAL COSTS. 

• PREPARE DOCUMENTATION OF FINAL DESIGN SUFFICIENT FOR THIRD· 
PARTY FABRICATION. 

• FABRICATE PROTOTYPE OF DESIGN TO IDENTIFY ADDITIONAL ROOFI 
ARRAY INTERFACE CONCERNS. 

486 
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ENGINEERING AREA AND OPERATIONS AREA JOINT SESSION 

--------------------
TASK I 

t Convene Advh:ory eOllllltteli to review 
Issues. aPI/rove draft of nfl' 

• Develop and dIstrIbute RfP 
• Develop lee data requireMents 
I Select 6 flrM$; ~dvtsory C~.'ttee 

supplies technlca' 13Shhnce 
• Advisory COII1IIltti1l1 $Iflect!i ,tb,'ol!! 

best toncepts 

Program Tasks 

.I: 

ORIGINAL PAGE IS 
OF pOOR QUALITY 

fisk I Iloc..ented I 
~--.----- ,..-------

____ .iL 

----~-----~---------
TASK 2 

• AdvIsory Coomlttee "evlew 3 designs 
and selects opUona,l des tgn 

• Suhcontracting fll11I develop optlona' 
design hI detail 

• Arch. P. V. contractor, IIIlInuhc:turer 
lind lee consultant proy Ide tech~ 
nlcal assistance 

• AdvIsory Coomlttee review and .p~ 
"roves cons tructt on and spec If 1-
cation documents 

TASK 3 

• Model fabrIcator provIdes full-scale 
prototypical IIIadel based on /I rel'
resentatlve secUon based on con
struction dacuments 

EntIre Project Ooc~-;nted 
for JPL .. ~----~----~--~ 
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AdvIsory c~tttee 
AlA/fe,research Igency of 

er Cin InstItute of 
AN:hltllct,s 

IIEERY ; YlIl ue-engl neerl ny 
~Inll'lll 

E~.prlnclp.l Invest.lgator 
Jeildentl., PV Hodule Ihd 
ArrlY Requlr~ents Study 
., 
HIIII&JRF.rIlS!!Irr;h Igenty of 
IfitioiiII Assocl.tlon of 
Ilolllebu t hlers 

~OlAREX,PV ~~dule manu
:-rmur,er 

1 
,::::; 
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pmm! !f!I.~ 
Olle Dnl@ Iltc, 
t!oijl1t11lii f., Is Rt. 
"'n,,;heUer, VA 22601 
CONTACt: TIM ",Janey 

Sunnower Sohlr. inc. 
!a64 SullIvan Ro.d 
Co'lege Plrk, GA 20337 
CONTACT: W.yne Robertson 

Dubln·S 100lllC! Auocl.te$ 
42 West 39th Street 
Hew York, NY 10018 
CONTACT: Serll.rd levIne 

Sohw DesIgn Assoctates, Inc. 
Conant ROlld 
lIncoln, HA 01773 
CONTACT: Stevlln J. Strollg 

Total EIIV'rofllllllntal ActIon, Inc. 
Church '" II IInrrlsvllle, HlI 03450 
CONTACT: Peter Te~le 

The Architects Collaborative, Inc. 
46 Brltt'e Street 
C!!Hibrldoe, ... ~ 02t:m 
CONTACT: Peter Horton 

H~'ler Assocl.tes, Inc. 
190(1 Sul,,/uw $IJI'ln9 Rd. 
Balt"rlOrll. HfJ 21221 
CONrACT: Ted SWInson 

Burt III II Kosar RI ttl/llIICn 
Associates 

400 Horgan Center 
Butler, PII 16001 
CONTIICT: Jolin Os tllr 

PartiCipants 

~R..Kl!tr.l!!!JY~!~~ 
Allan lev Ins 
Underwriters laboratorfes, Inc. 
1265 Wilt Whtt •• u Road 
Helv.lle, NY '1747 

Car) 1I.llsln 
Truss Plate III~tltute 
0605 CllIIO,'on Stretit. Suite 146 
Silver Sprillg, HI) 20910 

Ollntel Arnltoh 
AHr, 'nc. 
P.O. Bo)(3(;08 
Illrrhbufg, M mos 
leo Schrey 
NIP, flic. 
P.O. BOil 3608 
lIarrlsburg, I'A 17105 

Russell SU91~l\Ir,. 
Jet PropulsIon bblirltorles 
Hlfl Stop 510.~60 
4600 Oak, Grove Orlve 
rlsadena, CA 91109 

Ron Ross 
Jet Propulslol1 laboratorIes 
4000 Oak Groye DrlYe 
Pnude"l, CA 91109 

J ,. 1100 Isehe,' 
Solarex 
'335 Plecard DrlYe 
Rockville, HU 20850 
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@VJ§.Q!l!rAJt~'" 

IIugh "n"letOll 
NAlIlI Research FoundatlQn 
1'.0. SO)( 1627 
fi21 South'_HII ll~e 
RockvIlle, 1111 20%U 

Steve ,",ullOor 
Ene"gy Des f 911 AS$oC fa teS 
114 East OI.lIItllld Street 
Butler, PA 1600' 

OeOf1l1! ROYI! 
AlA Res •• reh torpor_tlon 
1735 "~W Yotk Avenue,H.W. 
W'~h'ngton, DC 20006 

H,nfred G. Iflh~ 
Solarex 
1335 Plccard Drive 
Rochl I 'e, HO 201)50 

Glen 8el1l1111Y 
'leery ~"el'9Y Consultants, 

Inc. 
sao West Peachtree St., 
N.If. 

Atlanta, GA 30309 

RUssell SUgftlrura 
Jet \'r'opu!s Ion labotatorll':!s 
Hall Stop 510-260 
qOOO Oak Grove DrlYe 
Pasadena, CA 91109 

II' 
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ENGINEERING AREA AND OPERATIONS AREA JOINT SESSION 

PHASE 1 
Summary 

.Q.O~C-;,.;.T ..... I V;..;;E .. S 

DEFINE ARRAY DESIGN TRADE-OfFS 

MARKET PENETRATION 

FABRICATION 

DESIGN AND SPECIFICATION 

INSTALLATION 

OPERATION 

MAINTENANCE 

DEVEl.OP DESIGN REQUIREMENTS FOR CANOID~TE OPTIMUM CONCE"."'~ 

APPROACII 

DEVELOP GROUNDRULES A~D CRITERIA 

GENERATE REPRESENTATIVE DESIGN AND TRAUE-OFF DATA 

SYNTHESIZE DESIGN TRADE-OFFS 

ANALYSIS 

NORMALIZATION OF SYSTEM AND MODULE SIZE 

SCREEN DESIGN TRADE-OFFS 

RECOMMEND PREFERRED DESIGN(S) FOR FURTHER OPTIMIZATION 

489 



ENGINEERING AREA AND OPERATIONS AREA JOINT SESSION 

Design Concept Evaluation Criteria 

~RKiT,!QI~JJtAJ lPN. 

• SATISFY TIlE tARGtST HI DOlE-INCOME MASS HARKET 

• SERVE II VARIETY OF 1I0U51NO 31ZES. TYPtS AND 
ROOF SIIAPES 

• SELEtrlOH OY BOTII LARGE AND SHALL VOLUME 
BUII.IlERS 

• fLEXlllILlTY IH IHSTALLATlOtl TlHING 

• IIIT1IlN TIlE TYPICAL PRODUCT DELIVERY AND 
SFRVICE CIIAIN OF TIlE IIOHEDUILOIIIO INDUSTRY 

f fI!'illAT tQI! 
" MIXTURE OF FIICTORY liND FIELD LADOR fOR IIRRAY 

ASSEMBLY 

• REQUIREMENTS fOR COMPOtlENT INVENTORY 

• MINIMIZE TilE COST fOR SHIPPING AtiD IIAHDLlNG 
IIIlI1 ACCEPTAOL£ DURABILITY 

~ESJ!!L~J!Q. §l'E!tlf1£lli.tlli 
• DESIGN ENGIIIEERltlG CIIPIIBILITY 1I0RHALLY 

EMPLOVED BY TII[ !!IHLPER OR CONTRACTOR 

~ MIIUM1ZE FIELD INSPECTION 111m /ii'PROVAL REQUIRE
MEIITS or lOCAL OUI LDlIlO 11110 lOlliNG CODES. TilE 
NATIONAL ElECTlIICAL com: (NEe), FIRE CODES AND 
INSURANCE WARRANTS 

• USE OF EQUIVALENT MATERIALS AND PRODUCTS IN 
STIINDARD CONSTRlICTIOti PRACTICE 

• FLEXlDILlTY IN LAO DR AND SCIIEDULE COORDltlATiOU 
TIIAT HEETS STANDARD PRACTICE CONDITIONS 

• OOClJMEIITATION FOLLOW STlltlDlll10 PRACTICE 

J!!m!ll!lQN 

, LITTLE IMPACT ON TilE NORHAL STRUCTURAL MD 
ENVIRONMENTAL EXPOSURE OF TilE BUILOING 

• COMPATlIlLE \11TH STAIIDARD CONSTRUCTION 
PRACTICES, TOOlS AND EQUIPM£NT 

, HIIIIMIZE FIELD APPROVAL OF ELECTRICAL CON/IEC. 
TIONS, FIELD CABLING AND GROUHDIIIG 

, HIWHIZE SAFETY RISK DURIIjG JNSTALlATlOIl 

• OPTIMIZE 1I11NDLING AIID ItlSTALlATlON DURIlBILlTY 

• OPTIMI Zt MECIIAIIlCAL IITTIICIIMENT AND ELEetllJ CAL 
CONNECT/all REQUIREMENTS 

Q!,!!Y!!,LlLH, 
• AN IICCEPTABLE OUTPUT RAHGE rOR SllE AND 

TEHI'EIlATURE COtiDITIOllS 

• ARRAY OUTPUT MUST SATISFY BAlAIICr. OF SYSTEM 
JlITERFACE REQUIREHENTS 

• MINIHIZE GRDUNOltiG CONCERNS AtlD REQUIREHEIITS 

• AOGRESS APPROPRIATE POIIER AIIO DIMENSIONAL 
MODULARITY CONCERNS 

• LIFETIME RELIABILITY liND DURABILITY CONDITIOIIS 
liT liN ACCEPTABLE COST 

~WJENAm 

• MIIlIMIZE TIfE REQUIREMENTS FOR IDENTIFICATION. 
REMOVAL AND REPLACEMENT OF FAILEO PARTS 

• NOT INTERfERE WITII NORMAL DUILOftlG MIHNTENANCE 
AND REPAIR 

, MINIHI7E AnOEIl LIFE SIIFETY 111m hlIIIOIHIl RI~1<5 

I 

i 

'~hj 
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ENGINEERING AREA AND OPERATIONS ARf!A JOINT SESSION 

Ground Rules 

CELL AND ENCAPSULATION PROCESSING BEYOND SCOPE OF STUDY .. 
[NCAPSUI.ATEl) CEll. EFFI Cl ENCY OF 135 Wp/m2 AT 100 mW/cm2. AM 1. 5. 200e 
GLASS ENCAPSULATED MODULE COST OF $O.70/Wp IN $198Q 

EXCESSIVE tlOT-SPOT tlEATlNG PREVENTED 

Voc LESS TIIAN 30 Vd~ AT -20oC FOR MODIJLES/PANELS WITIi EXPOSED TERMINALS 

ARRAY IS PV .. ONLY,AIR-COOLED. fLAT .. PLATE. SOUTH .. FACING WITU FIXED TILT 

ARRAY DESIGN LIFE IS 20 YEARS 

ONE MODULE REPLACEMENT EVERY FOUR YEARS 

ARRAY OUTPUT BETWEEN 4-10 kWp 

USE OF REGIONAL CODE LOADS 

ARRAY DESIGN AND INSTALLATION WITHIN STANDARD BUILDING PRACTICES 

INITIAL COSTS ONLY CONSIDERED IN PHASE 1 

LIFE CYCLE COSTS WITU 6% DISCOUNT RATE CONSIDEnED IN PHASE 2 

DESIGN TEAM SPECIFIES MARKET AND DISTRIBUTION ASSUMPTIONS FOR EARLIEST 
ANO LARGEST PENETRATION . 

TECHNOLOGY pnOVEN NOT LATER TIIAN 1982 
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ENGINEERING AREA AND OPE:.RATIONS AREA JOINT SESSION 

Summary of Design Concepts 

G TYPE DESCRIPTION SAMPLE OUTPUT AREA TOTAL IJAROWARE WIRING CREDITS 
N • 16 Wp M2 $/Wp $/Wp $/Wp ..... Ji.l:!L -"-"~-"-~"""----~----y 

"IOUNTlN 

INTEGRA L EI GHTEEN (18) U~~FllAMEL) PANELS/MODULES AilE 1 4455 41.43 1.31 0.50 0.03 C.13 
PRESSURE FITTED I N A "T" SHAPED NEOPRENE 
GASKET GRID AND SEALED BY A ZIPLOCKING 
STRIP. TIlE GASKET GRID IS PRESSURE 
FITTED INTO AN ALUMINUM CHANNEL EXTRUSION 
GRID TlIAT IS SCREWED DIRECTI.Y TO THE 
RAFTERS. 

.... _----,-_-.. ... _,. .. ".- '";':'.-:;:-. 
~~---~ 

TEN (10) FRAMED PAll~LS EACH MADE FROM TWO 2 9760 76.2 1 .41 0.70 0.13 0.30 
EXTRUDED ALUMINUr~ CARRIAGE PIEC(S JOINED 
OY LATERAL ANGLES ARE BOLTED TO TIlE 
RAFTERS. EAell OF 'filE NINE (9) MODUlE5 
PRESSURE FITTED IN A PANEL OVERLAPS TIlE 
lOWER ONE AND IS HELD IN PLACE BY A LAP 
BAR. 

1----' -
fIGIlTY (80) FRAM£LESS MODULES ARE SEALED 3 9990 78.1 1.07 0.23 0.04 0.11 
USING A SILICONE ADIIESIVE TO A PREFABRI-
CATED GRID OF RIGID TAPE AND SHEET METAL 
1J0lTED TO TIlE RAFTERS • 

.. -
FORTY (40) GASKETED MODULES ARE SEALED IN 4 9990 78.1 1.11 0.27 0.04 0.1' 
A SET OF PREWIRED MOUNTING CHANNELS 
NAI lED ALONG TIlE LfNGTIl Of TIlE RAFTERS. 

TWENTY-FOUR (24) UNrRAMEO MODULES ARE 5 4200 50.5 1.10 0.40 0.06 0.17 
PRESSURE FITTED IJETWEeN A SERIES OF 
EXTRUDED ALUMINUM IJATTEN STRIPS ANO PLY· 
WOOD SUPPORT STRIPS MOUNTED DIRECTLY TO 
THE RAFTERS. WATERPROOF SEAL IS PROVIDED 
BY BUTYL GLAZING TAPE AT THE TOP AND 
SIDES Or THE MODULES. 

DIRECT FIFTY-SIX (56) UNFRAMED MODULES ARE 6 9250 83.3 1.10 0.2.0 0.05 0.06 
PRESSURE FITTED IN A GRID OF THERMO-
PLAST! C "T" ANO "I" SHAPED GlAZI NG 
GASKETS THAT ARE SCREWED TO THE ROOF 
SHEATIHNG. THE "I" SHAPED SECTIONS HAVE 
BEEN 1;OEXTRUOED WITII EMBEDDED BUSBARS 
FOR MODULE PARALLEL WIRING. EACH MODULE 
RESTS ON A RIBBED PLASTIC BACKING SHEET. 

EIGHTY (80) FRAMELESS MODULES ARE SEAlEO 7 9990 7B.1 1.13 0.23 0.04 0.05 
IJY A SILICONE ADHESIVE IN A PREFABRICATED 
GRID OF R I GI 0 TAPE AND SIIEET METAL 
ATTACHED TO THE ROOF. 

--
FORTY (40) GASKETED MODULES ARE SEALED B 9990 78.1 1.18 . 0.27 0.04 0.05 
I N A SET OF PREWI REO MOUNT! NG CHANNELS 
MECHANI CALLY FASTENED TO THE ROOF. 

-

1 

'·1 
I 

I 
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ENGINEERING AREA AND OPERATIONS AREA JOINT SESSION 

MOUNT I Nil 1 YI'l m'lrIUPTlON SAMIIIE' OUTPUT MlA TOTAl. IIMIlWARE WUtlNG till III TS 
N .. 111 Wil M?, .$IW!lo V~jl $/Wp $/WP 

~lAtll)OII IORTY (40) UNFRAMtD MOOUlfS ARl IlRL55URI:: 9 5168 59.5 1.2? 0.30 U.Ol 0 
Fl1'n II Itl A snms OF lIJlrfRlOCKING ~,PllH 
RUlllH It ~ XTilUS IONS ADillS I VI'LY t10NIlL II TO 
lit[ flOur SURf ACt. 

I HlIITllN (111) I'RAl-UO AN!i SlAUO IIAtlH,1 Hl 427& 4b,111 l.bll 0.69 0.02 0 
MOllUlI.S Ml IASTl Nfll TO 3D UNlQIIAI tni 
"T" SIIAN I) llRACKt T5 \I0L no TO Till RAFTl liS, 

TWfI VI (ll') AlUMINUM rIlAM~O !'liN! I ~ WlTli 11 11:100 76.7 2.!I~ 1.17 0.1 I) U.J\ 
I Al (flAIL Y SUPPORTING "1'" !I TlUIlS AIll 
CIAMIIU) III A STANOING SIAM INSUI.ATLll 
Mll'AI IlllO! 01 CK MOUrlTE II ON lllE IIAIHIlS. 

IORTY~lWO (42) lIIlIIV.M~ll HOllllUS AIH \2 blJ60 b7.b 1. \5 0.,)4 0.01 U 
PIIUiSlIIU, lilTlD IN A StitH!! Of' lIPfll,ll" 
LOCKING t(lllM IHIOUFn l.XTllUSIONIi lllAT AII~ 
AOII! SlVI LV BONIlHl TO TIIf ROO£' SlIIHArI. 

lWl NTY ·Illlll{ (,'4) fIlAMUl PANU'i{MOllUUS 1:\ 44011 36.11 1.74 0.13 O.1l4 () 
AIU. rlUSSlIll1 (Tfn!) IN rm (5 "Til 
~II/1fl1 II mACKS AlONG TIIF I [NGW or Till 
Rlmr. 

,',," 

1111l1TY (till) GI\SKIT! 0 M[l!)lIll 5 /lRt PRLSSlIl\[ 14 6M!I b!l.7 1. 63 0.'2!i 0.23 0 
liTHO llllWI ftl A sums or (lve 11010 DOWN 
CAPS ANll I xmUOI.O ALUMINUM CIIANNII.S 
rASinHIl TO TIlt ROOF. 

':----.,....- "-'.'. -

I [(j11TV (till) tiA5KlTl 0 HOllllUS All!. HOUNTl 0 \5 8360 74.71 il 0.47 0.18 0.06 
llvt It A SIIHI S III CONlINUOllS Ml TAt I'ANS 
ANIl PIHSSlln~ lITHO iN SHn BATTl.N', ~~J_ (ASlINIO HI 111[ 1l0Ur. 

~"-.~~ "''''''¥I .. ~~' >'-..,...~>,~">_,,.,,,,,,,,,;;.,-.,,,,~~ ...... :t_'t"~.,..,._~. _'~"""I>"7''''''$'''''''- ~ __ '-""-'-_' 
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ENGINEERING AREA AND OPERATIONS AREA JOINT SESSION 

Critical Faolors 

• MINIMIZE NEED FOR GROUNDING 

~ NON-CONDUCTIVE SURFACES 
- UNEXPOSED TERMINATIONS 

• SQUARE OR RECTANGULAR CELLS FOR IMPROVED PACKING DENSITY 

• WRAPAROUND TECHNOLOGY DEVELOPMENT AND SERIES/PARALLELING FOR RELIABILITY 

• MODULE EDGE TOLERANCES FOR HANDLING AND ATTACHMENT 

• UNFRAMED, GASKETED MODULES 

• SYSTEM INTERFACE 

- EXISTING INVERTER VOLTAGE WINDOW 
- FUTURE FAMILIES OF INVERTERS 
~ CIRCUIT DESIGN FOR MODULE MISMATCH 

• SAFETY AND CODE INSPECTION 
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ENGI~~~ERING AREA AND OPERATIONS AREA JOINT SESSION 

concept Evaluation 

o CONCIlPTS GJ.ASSIIIIllD )IOR COMPARISON IN 'l'tlIUlU CA1'UGOIUnS 

(\ CONCHIlTS BVALUATBn WI'l'IIIN DACti CATEGORY 1I0R SEU1CTION 

DVALUATION CATDGORIES CATEGORY DLEMDNTS EVALUATION CONceRNS 
"'_'<1,,,,,, ___ ,~._ -----__ , ______ 1 __ , _____________ 1 

Proof-oE-Concept Off~thc-Shclf Concept Development 
Structural, Life Safety, 
Durability,and Environmental 
Testing 

Stage Pilot 

Prototype 

Field Application 

.----------.,----------.-----·---I-------------------------~ 
Innovative Peatures 

Moullting System 

OFF ~ TltJ:.::~ll~J:£.fONg:rIS.. 
1'1'.0 totypc dove 1 apment compl etod 

Pro to typo tos t I 1'19 comp 1 ctod 

Field ~ppljcattons wIthin one year 

Module Design 
Wiring 
Installation 

Integral 
Bit-ect 
Standoff 
!lack 

Minimize Labor/Material 
Ensure Reliability 
Improve Efficiency 
Assure Safety 

Weather Protection 
Roof Load Support 
Modular Array-Hdge Support 

----~----.------~------------------~-------I 

Proof-of-Concept Stage 

£ltQ.Lf.Q.~,£U)J.S 

Prototype developillent ncar compl etton 

Prototype testing requIred 

field illlplications within two years 
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PI'ototype dave 1 ol~nent conti nui n9 

Prototype testIng required 

Field applications within four yoars 
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em. t" ~ t«~~, • .Io...L, ... ,..,xc.", I·,.M>.""_~."'-"" .. _."" > 

1 

1 

I 
I 
1 

1 

! 
I 
1 
~ 



ENGINEERING AREA AND OPERATIONS AREA JOINT SESSION 

Innovative Design Features 

Htllllltl III ~ Itili 

• HOUlill AIH A tlIU.All II lIIfIIl 1 H" 

• ~!}UAra 011 III CT ANnUl AR CIII S 

• ItlllllNllIINT PIt01f(:l(ON 1011 HO!lU! L 

IlI'IN·,t'[IICUlT VOLTAGE., OVtll .HI Vdc 
nt .~llIlG 

• HIIiIMIIIIl IlIIllUNIIING 

• lUll SOiliNG fllVlI! HAlIllifIl 

• stilI! :;JI'AIll\IIIIINIl liNn UlllUI 
PRllTICTlU RltlAlllLITY 

WIIHNIl 

• III III Nil IIAIlN'\~ lllHlllATlON 

• JlIH·Wlntll HOIINIIN" IIJII10WAIlI 

• H1NlHl/tO WIRt '>111 ANO 
IN~UIATlON 

• ~lnIlVI'AIli\lIIlINtl HIIIAIlIUTY 
1011 HOllllll H1~HAHII AND ~YmH 
1I1Tl11i Ael 

Mounting Types 

lN~lfllIATlON 

• IIf11WWt\I!l AI'I'I [(AUI.! III ',I VIIli\l 
HIll/NlI Nil TY PI !> 

• HINIHllI1J INIllVlIlUll1 HUllUIt/ 
pANIl '" lllNHI NT 

• HI CHAN I CAL rA~ Tl NI Ntl llI!'l An·, 
HINT 

• I'lU·cm HAHRIAI ~ 

• HIIlIH! Ir!! CONSTRlICIION· THAllf 
IIHIfS 

• IIHIT HtlIllJll/PANI I ROIlS Tn 
~IIfIlHllf MOUNTING rr:I\HI 
fOHrUXITY 

- -'-_ .. ,......",_ ..... --... _"" --,_. - ...... 

ELEMENT INTEGRAL DIRECT STANDOFF RACK 
'..--... .... _"'-._--"",.--..,....,. ... "" ,,-1----- -... --'"'-~ 

WEATHER 
PROTECT! 

STRUCTUR 
STAUILIT 

ON 

-~ 

AL 
Y 

,--,~.~-

'DGE NODULE E 
SUPPORT 
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PHASE 2 
Summary 

ODJECTIVES 

DEFINE ARRAY DESIGN TRADE-OFFS 

MODULE GEOMETRY AND CIRCUIT OESIGN 

ARRAY ALIGNMENT AND ATTACUMENT 

ARRAY CONNECTION AND CABLING 

iii 4. 

DEVELOP DESIGN REQUIREMENTS FOR PREFERRED OPTIMIZED CONCEPT 

.APPROACI~ 

DEVELOP CRITERIA AND METHODOLOGV FOR DESIGN TRADE-OFF ANALYSIS 

GENERATE REPRESENTATIVE DESI~NS AND TRADE-OFF DATA 

SYNTUESIZE OESIGN TRADE-OFFS 

ANALYSIS 

PROTOTYP J NG 

SCREEN DESIGN TRADE-OFFS 

RECOMMEND PREfERRED DESIGN FOR FABRICATION 
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Reference Cell and Encapsulation System 

REFERENCE CELL I-V CIIARACTERISTICS 
-~"'- -

3.0 

10 eM x 10 C~1 SEMICRYSTALLINE SILICONE 

0.1 0.2 0.3 0.4 

VOLTAGE (VOLTS) 

ENCAPSULATION SYSTE M 

I Sunadex (low iron glass) .125 11 

LV.A. 2 layers 
P. V. Cell s 
Craneglass 
E.V.A. 
Tedl ar 
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Anthropometric Data 
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Model Code Load Components 
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Estimates of Field Application 

ANNUAL PRODUCTION (H2) 
ELEMENT 10000 50000 500000 

Cells (@ 0,01 H2) 1,000.000 5.000,000 50,000,000 
-

Peak Power Output (MWp) 1.229 6.143 61.431 

Max power Output (MWp) 0.921 4.605 46.050 

---
Houses at Nom. 4 KWp 193 965 9650 

Houses at Nom. a KWp 96 482 4825 
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Estimates of Field Installation 

100% 
1/1 s-
al 
"0 75% t-.... ~ 
::l 

a::I 

a::I 
50% ~ 

:<: 
f-

.-
< 25% 
4- f-
e 

'/jl( 
. --

10 11-25 51-100 1~1-500 

No. of Single Family Units Built Per Builder Per Yeal' 

100% 

+J .--.,.. 
75% ::l 

:XI I-

til 
+J .,.. 

50% c: 
:;::I 

"-

...-
< 25% 4- -e 
u~~ 

10 11-25 101-500 

No. of Single Family Units Built Per Buildur Per Year 
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Design Concept Optimization 

-.?~ 

Cr, r-. 
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UIII: aWIIi OWII" LAlOUI L~OI" '1OTAL 

COOJPlN4.ftOM • Iit-Uf 1/4 1/4 3/4 3/4 2 

loor (8C'l 1/4 1/4 1/2 

lit fl .tDI JAlL 1/4 1/4 1/1 
, ... 1I II)OUtiS , rlWll &/4 1/4 l/2 

lOut '1 IIIIIDU , JOLL CII1.' 114 1/4 ,l/4 1/4 1 

SIJ/AII, UCI. 811M. MAIL 1/2 1/'1. 1/4 1/4 1"1/1 

SIt '1 11DI JAIL 1/4 1/4 1/1 

n"AII f1II111DU 1/4 1/4 lIZ 
KOtst f1 JUlfDLI • IIOLL Wt 1/4 1/4 1/4 1/4 1 

SqilUl, nel. 8II11C, WI. 1/4 1/4 1/4 1/4 1 

.urAII rtASlIIMQ 1/2 1/2 1 

INSTALL fWIIIIIG liZ 1/2 1 

IIU'toTAL Z-3/4 Z"3/4 2-3/4 Z-3/4 11 

IIiStALL 1ST .,W 3/4 3/4 3/4 3/4 3 

BWJC POI UJICCIi 1/'1. 1/2. ., .. I J~ 2 "" ... 
llCSTALL 2MD IIOW 1/2. 1/2 1/2 1/2 3 
XIISTALL 3aD MI/ 1/2. 1/2. 1/2 1/2 2. 

til STALL 4T11 1101/ 1/2 1/2. 1/2 1/2 2 

INSTALL 5T1t 1101/ 1/2 1/2. 1/2. 1/2 2. 

lNSTALL 6TH J¥)W 1/2. 1/2 1/'J. 1/1 2 

INSTALL 7T11 I10W 1/2. 1/2 1/2 1/4 1"3/4 

INSTALL 8TH 110101 1 1 3/4 2-3/4 

oWN UP 1/4 H/'" H/2 

SUiTOTI.L 4-3/4 ~\-3/4 4-3/4 4-3/4 19 
h-- --=-

f(lT44L 8 B 8 8 ;)1 

I 
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PRICING SHEET For Schttllt Hc), -.;,B...,!lKR_A ......... 3 __ _ 

Cost COftIpontnt: COST PER REPLACEMENT ACTION , 
O.tt: AprIl 29, 1981 
ArrlY Ou/glltr; Burt 1If11 Kosar RUte1/ftann Assoc;1.tes 

COST/CREDIT ~ANTJTY HAl"L HAT'L LA80R LABOR TOTAL REHARKS ITEH UNIT r.Q$T UNIT COST INSTALLED 
COST COST n COST 

tL"Jc7 -S~t·Up 0.75 !Irs. $19.92 $14.94 $14.94 Cut Out I4o.3dule 0.25 Hrs. 10.99 2./5 2.75 Remove Modu 1 e 0.25 !irs. 19.92 4.90 4.98 
Prepare Modul. 0.25 Hrs. 8.93 2.2:1 2.23 
Place Module 0.25 Itrs. 19.92 4.98 4.90 Sealant 1 Tube $7.00 $7.00 10.99 2.00 9.00 Cle.n-Up 0.33 Hrs. 19.92 6.64 6.64 

TOTAL $45.52 TOTAL COST/H2 
$52.93 Per Square 

lietllr of Module 

PitlCING Sl!tET For SGhllll1. No. 

Cost Component: MfNOR UPKEEP COSTS 

D.te: April 29, 1981 
Arr.y Deslgn.r: Ourt Hfl1 Kosar Rfttelmann Associates 

COST /CREOIT ~ANnTY HAriL HATIL LAIlOR LABOR 
ITE:~ UNIT COST UNJT COST 

COST COST 
: 

Cleaning 

TOTAL 
rOrAl COST/H2 
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ENGINEERING AREA AND OPERATIONS AREA JOINT SESSION 

Life"Cycle Cost Calculation 

Itl. eM + G~\l) + C CiH,C • MI.e 
_!O"~.~ ... ".:." + _.o:-=,.""as4,o¢t ... 

nM nu S II t:r.c II * £LC 1\ 1\ 1\ 1\ 

RL '" Total system Ilfe-cycle energy cost (./kWh) 

CM • Initial module cost per unit urea of module ($/M2) 

GMIl '" Balanco of mooule-dependent system in~nnl cost pel' unit of module ($/M2) 

CMLC • Modulo.dupcpdent life cycle cost exclusive of initial ~ost. pel' unit of 
module ($/M2) 

CULC • Total module-independent balanco-of-plant li~e-cycle cost per kilowatt of 
total plant Dutput power at insolation S Bnd NOeT ($/kWpl 

"M _ Module efficiency (power output per unit of total module area at insolation 
Sand NOCT, divided by 5) 

"8 m Balance of vlant efficiency (averugo plant power output divided by array 
powor input) 

S ~ Reference insolation level lkW/M2) 

II '" Peak imola2ion hours pOl' year cuptJ,lTcd by the array (l,anglcys/day divided 
by S, mW/cm * 423.4 hTs/yr) 

ELC '" Life cycle'summation of Dnnual fraction of initial energy output 
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Array rnstallation Total 

• Sealants Materials and Labor 
• Flashing Materials and Labor 
• Mounting Hardware/Glazing 

Ga.kets Materials 
• Field and Shop Assembly Labor 

Roof ~Jork 

IHring Total 

• lIarnesses 
• Connectors 
• Eusbars 

Modules 

Standard Roof Credit 

Net Installed Cost 

Integral 

$0.20 

$0.03 

$0.04 

$OS3 

$0.10 

$LlO 

/ Hb.EDWAI!:i" ,kJ'-A~ 

Initial Cost Drivers 

Direct Standoff 

$0.17 $0.13 

o o 

$0.04 $0.04 

$0.93 $0.93 

$0.04 0 

$1.10 $1.10 
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ENGINEERING AREA AND OPERATIONS AREA JOINT SESSION 

Program Optimization Status 

Module Production ------- ~ 
module geometry 
circuit desjgn 
llroduction l'ates 

Haruware Fabrication 
--... ~--- # ~- ,~-

mounting attachment 
connectol'S 
pre-wiring 
production l'a tes 

ph~I?llins..L llandl..!1}g and Distl'i~tio,! 

modules 
hu rd\<Ju 1'0 

end-usc economies-oE-scale 

!!!. s tall.!!! i, ~!!..".i!!!.~ S P e c i f i c n.t i ,211 
systcm si~;c 

module size 
buil do l' 1>1"0 fil es 

Opcrat ion alld_~!!.i n tenance 
s tn t·tup/ shu tdowil 
minol' upkeep 
diagnostics 
rep.' UCCl\lerl t 
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ENGINEERING AREA AND OPERATIONS AREA JOINT SESSION 

A.RRA Y SAFETY DESIGN 

UNDERWRITERS LABORATORIES INC. 

A. Levins 

I DRAFT STANDARD FOR FLAT-PLATE PHOTOVOLTAIC MODULES AND PANELS 

II SAFETY SYSTEMS FOR PHOTOVOLTAIC ARRAYS 

III COMPONENTS FOR USE IN IMPLEMENTING SAFETY SYSTEMS 

Standard for Safety: 
Flat-Plate PV Modules and Panels 

EFFORT TO DEVELOP STANDARD WAS INITIATED BY AND IN LARGE PART SPONSORED BY THE JET PRO
PULSION LABORATORY (JPL) AS A PART OF THE LSA PROJECT, 

STANDARD IS BEING WRITTEN IN RECOGNITION OF PROPOSED NATIONAL ELECTRICAL CODE (NEe) 
ARTICLE ON PHOTOVOLTAICS AND THE SEVERAL PROPOSED SAFETY SYSTEMS, SO THAT MODULES AND PANELS 
WILL BE CAPABLE OF BEING INSTALLED IN CONFORMANCE WITH PROVISIONS OF THE NEe, 

STANDARD RELATES TO FACTORY BUILT ITEMS, CODES (E.G.-NEe) RELATE TO INSTALLATION. 

FIRST DRAFT OF THE STANDARD WAS PRESENTED AND USED AS A BASIS OF DISCUSSION AT SAFETY 
WORKSHOP HELD AT JPL, FEBRUARY 1981. 

STANDARD IS INTENDED TO ADDRESS SAFETY ISSUES ONLY AS MAY ARISE FROM THE GENERATION AND 
USE OF ELECTRICITY AND DOES NOT ATTEMPT TO ACHIEVE ANY "STANDARDIZATION" OF PRODUCTS, EXCEPT 
WHERE SUCH MAY BE NECESSARY FOR SAFETY. 

STANDARD IS NOW AT A STAGE WHERE TRIAL EVALUATIONS TO IT ARE DESIRABLE, TO DETERMINE ITS 
WORKAB I LI TY. 

SrANDARD IS DIVIDED IN TWO MAJOR PARTS: 

A) CONSTRUCTION 
B) PERFORMANCE 
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ENGINEERING AREA AND OPERATIONS AREA JOINT SESSION 

Safety Systems ORIGINAl' PAGE" 
SLACK AND W/-flTE PHOTOGRAPH 

GROUND FAULT SYSTEMS FOR PROTECTION AGAINST HAZARDS FROM SHOCK1 MAY SERVE AS PART 
OF A MECHANISM AS AN ALTERNATIVE TO RESTRICTIONS ON MAXIMUM VOtTAGEI VOLTAGE LIMIT 
(300 OR 600 VOLTS) BEING PROPOSED BY NATIONAL ELECTRICAL ~ODE AD-HOC COMMITTEE. 

~ As GROUND FAULT SYSTEM WILL NOT PROTECT AGAINST HAZARDS ARISING FROM LINE-TO-LINE 
CONTACT, PARTS OF THE ARRAY WHICH ARE MORE THAN A SPECIFIED VOLTAGE WITH RESPECT TO 
EACH OTHER SHOULD BE SPACED MORE THAN TWO ARMS LENGTHS APART. 

GROUND FAULT SYSTEM TO PROTECT AGAINST SHOCK HAZARD SITUATIONS WILL ALSO PROVluE 
PROTECTION AGAINST ARCING TO GROUND (FIRE) HAZARD SITUATIONS. 

GROUNDING - NEC AD-HOC COMMfTTEE HAS ACCEPTED CONCEPT OF AI.TERNATE MEANS TO ACHIEVE 
VI.RTUES OTHERWISE ASSOCIArED WITIi "SOLID GROUNDING 11

, IF THE SECTION THAT IS 
INCORPORATED IN THE flEC REFLECTS THIS 1 GROUND FAULT SYSTEMS ARE A STEP CLOSER Tel 
REALITY. 

In-Circuit Arc Detection 

o PROBLEM -- IN-CIRCUIT ARCING CAN RESULT IN MATERIAL IGNITION AND IS 
DIFFICULT TO DETECT BECAUSE CURRENT APPEARS NORMAL. 
o MAGNITUDE 
o FLOW PATH 

o APPROACH -- INVESTIGATE ARC CHARACTERISTICS 
o MATERIAL 
o FREQUENCY 
o BANDWIDTH' 
o ENERGY LEVEL 

o EXPERIMENTAL RESULTS 
o 8 APRIL 1981 

o FREQ. SPECT. 110 KHZ TO 
12 MHZ 

o ARC I NG r10DE:, OPEN 
CIRCUITED CELL INTERCONNECTS 
(1 OF 15 IN PARALLEL) 

o VDC = 147 V 

o PLOAD = 4 KW 
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ENGINEERING AREA AND OPERATIONS AREA JOIN!" SESSION 

:1ULTIVIBRATOR 

o HIGH FREQUENCY RESPONSE DEVICE: OUTPUT OPEN CIRCUITS ARRAY, 
THUS TERMINATING ARC. 

o PRESENT STATUS-CONCEPT APPEARS FEASIBLE 
o LOCATION DEPENDENT 

o SUSCEPTlBI.E TO POHER CONDITIONER INl'ERFERENCE 

o FUTURE PLANS 

o DEVELOP INCREASED SENSITIVITY AND DISCRIMINATION 
o IN SITU TESTING 
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Grounding and Ground-Fault Systems 

,"-n---
._.\ DIFFERENTIAL I 
TO ~RC DETECTORS I ETECTOR 

f ! - - "'\ 

~---~~~--~------~~~-----~~-~----~ 
~I 
I I 
I I 

f-~t~ -. , 
~-------- '-

'----______ . .J 

GROUND FAULT SYSTEMS MAY OPERATE IN EITHER Of TWO WAYS: 

A) DIFFERENTIAL 
B) DETECTING CURRENT IN GROUND PATH 

PROS CONS 

DIFFERENTIAL A) FUNCTION WHERE BASIC GROUND 
IS NOT UNDER USERS CONTROL 

B) CAN DETECT SPURIOUS GNDS 

C) CAN FUNCTION ON A SEGMENT 
OF CIRCUIT 

CURRENT IN A) ONLY ONE CURRENT IS 
GND PATH MEASURED, CIRCUIT IS 

SIMPLE 

A) COSTS AND DIFFICULTY OF 
DETECTING SMALL IMBALANCE IN 
LARGE OVERALL CURRENT 

B) POWER LOSS IN DETECTORS 

A) No GROUNDS PERMITTED 
OTHER THAN THROUGHjDETECTOR 

B) CIRCUIT CANNOT BE SEGMENTED 

FRAME GROUNDING SHOULD KEEP FRAME AT POTENTIAL OF EARTH AROUND ARRAY. THIS MAY 
NECESSITATE MULTIPLE GROUNDS DEPENDING UPON SOIL RESTIVITY. WHEN ARRAY CIRCUIT IS 
GROUNDED AT CONDITIONER) AND NO METAL CONDUCTOR (WIRE) IS RUN BETWEEN GROUND RODS 
OF FRAME (AT ARRAY) AND CIRCUIT (AT CONDITIONER), EARTH BETWEEN THE TWO IS AN 
ELECTROLYTE FOR LEAKAGE CURRENT PATH. ONE OF THE ELECTRODES MAY BE CONSUMED AS A 
RESULT OF ELECTROLYTIC ACTION. THEREfORE) A WIRE BETWEEN GROUND RODS IS SUGGESTED, 

ARC DETECTOR - To DETECT IN~CIRCUIT ARCS, 
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ARRAY DYNAMIC WIND LOADING 

BOEING ENGINEERING & CONSTRUCTION 

Wind Loads on Flat .. Plate PV Array Fields 

ObJective: 

Approach: 

• Develop more refined estimates of wind loading 
on flat-plate photovoltolc modules and array 
support structures and develop design guidelines 

• Theoretical (Phase II - Report No. DOE/JPL954833-79/2) 

- Literature search 
- Separated flow analysis 

• Experiment (Wind Tunnel Test - Phase III - Report No. 
DOE/JPL954833-81/3) 

- Colorado State University environmental tunnel 
- 1/24 scale model 

• DYnamic Analysis (Pl1ase IV) 

Combined tlleoretical - experill1entCll analysis 

Wind Tunnel Test 

Steady State Test 
• Measured Steady State Pressure Coefficients 

(Report No, DOE/JPL954833-81/3 
• Calculated RMS Pressure Coefficients of 

Fluctuating Pressures 

Non-Steady State Test 
• Recorded Array Upper and Lower Pressures 

Simultaneously 
• Calculated Auto and Cross Spectrums 
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Approach: 

Results 

Dynamic Analysis 

• Theoretical Structural Dynamic t10del 
• Utilizes Auto and Cross Spectrums 
• Utilizes Random Harmonic Analysis Techniques 

• RMS Dynamic Loads 
- Dependent upon structural characteristics 

and configuration 

• Magnification Factor 
Theoretical RMS Dynamic Loadsl 
Experimental RMS Pressure Loads 

Array Characteristics 

20 ft 

Configuration I 

\'It,= 977# 
1st Plate 
Bldg, Mode = 10 Hz 

Itt, = 933# 
Pitch Mode = 3 Hz 

1st Plate Bldg, Mode = 10 Hz 

Configuration II 
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.2 

ACp .1 

1.6 

1.4 

M.F. 
1.2 

1.0 

Dynamic Analysis Results 

Conftguratton 1 - Fence - 1st Array 
Experimental RMS Pres5uro Coefficient 

,II • C , 0 fo..." ,6 I 

.f?;q 
Wind . 

-
I 

• 
-l 

I 
.2 .4 .6 .8 1.0 

fraction of Chord (SIC) 1st IIrray 
(Fence) 

Magnification Factor (M.F.) • Theoretical RMS Dynamic Load 
Experimental RMS Pressure Load 

0, 
C\\ 

Outer Chord 

\'-B ..... - ... ...:::;:--_ ..... 
A"" ... ··:-- -~- ---~-............ __ :: :: .... _ _ -..a:-_--= ::: 

-- - =- - ----=-.: 

¢ 
Configuration 1 

L--~. __ ~ __ ~, _____ ~, __ _ 
2 4 6 8 2 4 6 8 10 

t st Mode Natural FreqlJency "" Hz 1st Mode Natural Frequency"'" Hz 
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Conf1guration I - No Fence· 1st Array 

Experimental RMS Pressure Coefficient 

.2 
,0 

,A ,0 :C ~ 
ACP.1 1-' __ -+ __ ------;r-- i lUnd 

Q 

1.4 

1.2 

M.F. 

1.0 

I 
.2 .4 .6 .8 1.0 

Fraction of Chord (SIC) 1st ft.rr~y 
(No Fence) 

Magnification Factor (M.F.) • Theoretical tlMS Dynamic Load 
Experimental RMS Pressure Load 

Outel' Chord 

D-_ A--:::::...... . 
C- ............... ' ::.:::- .... -.. 

................... _-------D- _ -- - '::.."":..-=--- - - --- ~=--- ...... ----.:.:::-=== 

L_. __ ~ ____ ~ __ ~I ____ ~ __ ~ 

2 4 Ii D 10 
T 

2 

, . 

Configuration I 

Hid Chord 

4 Ii 8 
1st Mode Natura I Frequency"" liz 1st Mode Natural Frequency ",liz 
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Configuration I ~ 5th Array 
Exporlmental RMS Pressure Cooffieient 

.0 

.2\IA .8 ===t::!C i 
ACp .1' ti I · __ ----,~~----:~ .. 

• 2 .4 .6 .0 1.0 
Fraction of Chord (SIC) 

5th Array 

Magnification Factor (M.F.) • 

1.6 
Outer Chord 

1.4 

Theuretical RMS Dynamic Load 
Experlm~ntal RMS Pressure Load 

\ 
\\ 

" ~ \ 
\,. 

" 

Configuration I 

Mid Chord 

,8 
" , ...... C- ....... ,' __ _ ........ ------B M.F. 

1.2 

1.0 

'( 

A", 
'\, ", 

1~'1~~ .......... _ 

I ,.......,....... --------
C I ..... - ---I .... ------o ............ ----

2 4 6 Il 
1 st Mode Natural Frequency"" Hz 

10 
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ENGINEERING AND OPERATIONS AREA JOINT SESSION 

Application to Design 

• Steady State 
Pressure Coefficient 
(Report No. DOE/JPL954833-8113) ACP 

o Unsteady Pressure Coefficient 
- RMS pressure coefficient 

times 2 (95.5% probability) 
- MagnificatIon factor 

o Design Pressure Coefficient 

ACo 

AGO 

531 

Steady State 

+ 
Unsteady 

(2)(t·1.F.) (Rt1S ACP) 

=: 

Total 

Fraction of Chord 

DesIgn Envelope 
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90 MPH 
Wind 

22,2 

20 

15 

Pressure 
#/ft2 

ConfIguration I 
5th ArraY 

Tilt Angle = 350 

vlind from Rear 
M,F. @ 5 Hz 

10 

5 

o 

Design Wind Loads 

1.0 

.8 

.6 

ACP 

• Ll I 
/ 

.2 

Conflguration I 
1st Array 

TIlt Angle • 350 

rio Fence 
WInd from Rear 

M,F, !i) 5 Hz 

.......... -'-"- " ............ -
/ ' ",.. ~- Steady State 

/ 

I , 

.2 .4 .6 .8 
FractIon of Chord (SIC) 

1.0 

90 MPH 
\'I1nd 

Pressure 
#/ft2 

10 

ACP 
5 

.6 

.2 Steady State _~ ___ _ 

------ .............. 
".,." -- ",- 1 

o o~--~----~--~----~--~ 
.2 .4 .6 .8 1.0 

Fraction of Chord (SIC) 
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Typical Auto and Cross Spectra 

,001 

90 mph Hind 

.0001-

,00001 

Frequency rJ Hz 
,0165 ,165 1,65 16,5 
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PRECEDING PAGE BtANK NOT FILMED 

PROJECT ANALYSIS AND INTEGRATION AREA 
P. K. Henry I Chairman 

SAMICS 

A discussion of planned improvements in the SAMICS methodology was pre
sented in response to a number of comments and criticisms made by participants 
in the SAMles Critique at the 17th PIM. 

Environmental Control Costs 

The SAMICS Cost Account Catalog and the indirect charge matrix in SAMIS 
are being updated to include more recent and detailed environmental and 
effluent-control equipment and processing costs. The various effluents will 
create indirect requirements based on the type of effluent and the volume as 
specified on Format A. These improvements will be incorporated in SAMIS 
Release 4. 

Energy Payback of Flat-Plate PV Modules and Arrays 

An analysis of energy payback times was offered in response to several 
reCel';lt articles in popular and technical literat;,u:re claiming that PV was subject 
to a 15-to-20 year energy payback time. The articles were b~sed on obsolete 
or incorrect data. The present analysis incorporates the most recent energy 
content information accumulated over the past year by the PA&I Area. 

The presentation in the PA&I technical session compared 1976 space 
modules, which had ,!In energy payback time in terrestrial use of 11 to 21 years, 
with terrestrial modules in 1976 (6 to 11 years pay~ack), 1982-83 modules 
(3 to 5.4 years payback) and 1986-90 ribbon-based technology (0.6 to 1.1 years 
payback). The balance of the systems add 0.8 to 1.S years to the system energy 
payback time, for a total of 1.4 to 2.6 years. 

This analysis will soon be published in a journal article. 

Spinoff Benefits of the DOE PV Program 

The PV program has conducted Rdvanced research and technology development 
since 1976. Several unexpected technology spinoffs have developed in that time, 
and in some cases substantial ~conomic benefits can be quantified. Continued 
R&D may produce further spinoffs of considerable value. 

Consideration is given to the progress resulting :rom the DOE Program and 
to progress that was likely to have occurred within private industry in the 
absence of a federal program. The major reasons for net program benefits are: 

(1) PV R&D has occurred in high-risk areas. For example, more than 80% 
of the silicon purification concepts $tudies have failed. This 
has discouraged innovations in that area for more than 20 years. 
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PROJECT ANALYSIS AND INTEGRATION AREA 

(2) R&D payback from spinoffs is very slow in several cases. For 
example, new techniques for sawing crystal ingots will require five 
to 10 years of development to catch up with and surpass conventional 
processes. The firms that are leading the way in this area are 
small companies that could not have Bustained large negative cash 
flows over such a period. 

(2) Many spinoffs will benefit the semiconductor industry and its cus
tomers. Semiconductor firms concentrate R&D funds on their big 
cost drivers, such as quality of product, miniaturization of devices, 
and improving process yields. PV program R&D has emphasized reduc
tion of material costs and key process step coats that complement 
rather than duplicate semiconductol' R&D. Small reductions in semi
conductor materialFJ costs do not attract marlY 8p.r.!iconductor firms' 
R&D dollars, but are of significant value to the industry as a whole. 

Two spinoffs that have quantifiable benefits are low-cost semiconductor
gra(~ silicon and more efficient crystal ingot pullers. The program originally 
SOU$ut solar-grade silicon and ingots; semiconductor quality is a windfall. For 
purposes of :118 analysis, it is assumed that in the absence of the program, 
silicon cost.s would havre )~allen according to historical trends and that the 
price will drop suddenlY in 1991 to the !.ow cost available from the program's 
technology. Also, it is assumed that in the absence of the program, the value 
added to that silicon by ingot growth also will fall at about a 75% learning
curve rate, consistent with historical trends, and that prices would have 
dropped to the levels avaiable from the new PV program technology in 1987. 

Using a real discount rate of 10%, the net present value of these 
benefits ia $984 million in 1980 dollars. 
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PROJECT ANALYSIS AND INTEGRATION AREA 

RESPONSE TO SAMICS CRITIQUE AT 17th PIM 

JET PROPULSION LABORATORY 

P. K. Henry 

COMMENT/CRITICI SM 

• "SAMIS REPORTS DO NOT CONTAIN INFORMATION USEFUL 

TO CORPORATE FI NANCI AL ANALYSTS AND PLANNERS" 

ANALYSIS 

• HIGHT! 

ACTION 

• SAMIS RELEASE 4 (OCT 1981) WILL HAVE YEAR-BV-VEAR 

FINANCIAL REPORTS; INCOME STATEMENT, BALANCE SHEET, 

SOURCE, AND APPLI CATI ON OF FUNDS 

COMMENT/C I~IT\ CI SM 

• "SAMI S COSTS TOO MUCH TO RUN AND I S HARD TO US E" 

ANALYSIS 

• MANY RUNS I~EQUI RED ij,Y SOME USERS DUE TO IMPROPER 
OR ERHONEOUS INPUT DATA 

• USERS UNFAMILIAR WITH cu~r SAVING OPTIONS 

• USERS GUI DE DIFFICULT FOH UNINITIATED TO USE 

ACTION 

• SAMI CS SHORT COURSE WI LL BE OFFERED, POSSI BLY WITH 
NEXT PIM 

• ENGINEER'S USERS GUIDETOSAMIS BEING WRITIEN FOI~ 
'NEXT SAMI S RELEASE I N'OCTOBER 1981 

• USER'S QUI CK REFEHENCE CAHD BEING WRITTEN 

• REVI SED FORMAT A AND C FORMS WITH MORE EXPLICIT 
INSTRUCTIONS AND FORMAT A DATA DERIVATION SHEET 
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PROJECT ANALYSIS AND INTEGRATION AREA 

COMMENT/CRITICI SM 

• IIARE SAMICS RESULTS BELIEVABLE? II 

ANALyst s 

• VALIDATION 6,CTIVITIES AND EXPERIENCEWERENOTVISIBLETO 
MOST USERS 

• FORMAT A INPUT DATA FREQUENTLY NOT TRACEABLE 

• SOME PRICES IN COST ACCOUNT CATALOG OUTDATED 

• ENVI RONMENTAL CONTROL ALGORITHMS NEED IMPROVEMENT 

ACTION 

• PUBLISH DOCUMENT WITH DETAILED VALIDATION AND EXPERIENCE 

• NEW FORMAT A SHOULD LEAD TO BffiER INPUT DATA DERIVATION 
AND TRACEABILITY 

• COST ACCOUNT CATALOG BEING UPDATED FOR RELEASE 4 

• MAJOR EFFORT TO IMPROVE EFFLUENT CONTROL ALGORIiHiviS AND 
UPDATE CONTROL EQUI PMENT AND PROCESS COSTS 
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PROJECT ANALYSIS AND INTEGRATION AREA 

SAMICS CATALOGUE CHANGES 

JET PROPULSION LABORATORY 

R.W. Aster 

PURPOSES: 

• IMPROVE ESTIMATES OF ENVIRONMENTAL EFFLUENT COSTS 

• UPDATE INFLATION ESTIMATES 

• EXPAND, UPDATE, AND BETTER SPECIFY THE COMMODITIES LIST 

• INCORPORATE SOME SUGGESTIONS MADE AT THE LAST LSA PIM 

STATUS AND SCHEDULE: 

INITIAL WORK ON ENVIRONMENTAL EFFLUENTS IS NOW COMPLETED. 
A REVIEW ALSO HAS BEEN COMPLETED 

NEW INFLATION RATES HAVE BEEN PROJECTED. A JPL REVIEW OF 
THESE AND OF OTHER SAMICS FINANCIAL PARAMETERS IS SCHEDULED 
FOR NEXT WEEK 

AN UPDATED COMMODITIES LIST HAS BEEN ASSEMBLED OVER THE 
LAST SEVERAL MONTHS (THIS IS AN ONGOING TASK). CONTRACTOR 
INPUTS HAVE BEEN MOST HELPFUL 

DATA ENTRY WILL BEGIN IN 2 WEEKS. COST IMPACTS WILL BE 
INVESTIGATED BEFORE THE NEW CATALOG AND REllASE 4 OF SAMIS 
ARE MADE AVAILABLE FOR GENERAL USE, PROBABLY IN AUGUST 
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PROJECT ANALYSIS AND INTEGRATION AREA 

ENERGY PAYBACK OF FLAT-PLATE 
PV MODULES AND ARRAYS 

JET PROPULSION LABORATORY 

R.W. Aster 

Energy Content of Flat-Plate PV Modules 

ENERGY CONTENT OF PV MODULES INCLUDES THE ENERGY CONTENT 
OF ALL MATERIALS AND SUPPLIES PLUS DIRECT AND INDIRECT ENERGY 
I~EQUIREMENTS OF THE PV FACTORY 

THE MAIN CONTRIBUTORS TO PV ENERGY CONTENT HAVE BEEN: 

• SILICON MATERIAL 

• ENERGY REQUIRED TO GROW AND SAW INGOTS 

• ENCAPSULATION MATERIALS 

PV TECHNOLOGY IS CHANGING RAPIDLY: 

• NEW SILICON PURIFICATION PROCESSES (113 LESS ENERGY CONTENT! 

• SILICON REQUIREMENTS ARE BEING REDUCED 

• ENCAPSULANT MATERIALS ARE BEING OPTIMIZED 

TH IS SUBJECT IS IMPORTANT BECAUSE OF NUMEROUS MISLf.AD INO REPORTS 
IN RECENT POPULAR AND TECHNICAL JOURNALS 

THE SCOPE OF THIS PRESENTATION INCLUDES THE EXPECTED EVOLUTION OF 
PV MODULES FROM 1976 TECHNOl.OGY TO POTENTIAL GRID-CONNECTED 
TECHNOLOGY. FURTHERMORE, THE ENERGY CONTENT OF AN ARRAY STRUCTURE, 
INSTALLATION, AND OTHER ELEMENTS OF BOS ARE CALCULATED FOR A LARGE 
GROUND~MOUNTEO ARRAY 
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PROJECT ANALYSIS AND INTEGRATION AREA 

1 f376 PV Technology Module Energy Content (kWh/kWp) 

TERRESTRIAL SPACE 

SILICON 11,250 22,500 

DIRECT AND· 2,300 5,000 
INDIRECT 
PROCESS ENERGY 

ENCAPSULANTS 1,500 1,500 

TOTALS 15,050 29,000 

ENERGY PAYBACK TIMES RANGE FROM 6 TO 1] yrs FOR TERRESTRIAL PV, 
11 TO 21 yrs FOR SPACE CELLS, BASED ON INSOLATION RANGING FROM 
1400 TO 2500 kWhl kW p 

Future (Near-Term) PV Module Energy Content (kWh/kWp) 

kWh/kWp BASED ON 

SILICON 5,400 12 kg SILICON IkWp 

DIRECT AND 1,400 $2.70/ W FACTORY 
INDIRECT PROCESSES, MATERIALS 
PROCESS ENERGY 

ENCA PS ULANTS 700 3/16 in. LOW-IRON GLASS 
EVA, TEDLAR, 9.6% MODULE 

TOTAL 7,500 .J 
ENERGY PAYBACK TIMES WILL RANGE FROM 3 TO 5.4 yrs 
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PFIOJECT ANALYSIS AND INTEGRATION AREA 

Potential (Late 19808) PV Module/Energy Content 

kWh/kWp BASED ON 
,.....----- - I---~~"~' ~,~ -.=',~ 

SILICON 480 DENDRITIC WEB, 
3.2 kg/kWp 
NEW SI PROCESSES 

DIRECT ftlND 460 LESS SI MELTED, 
INDIRECT NO SAWING 
PROCESS ENERGY 

ENCAPSULANTS 560 13.3% MODULE 

TOTAL 1500 

ENERGY PAYBACK iliviES FOR THE MODULE (NO BOS) RANGE FROM 0.6 
TO 1.1 yrs 

Potential BOS Energy Content 

kWh/kWp BASED ON 

STRUCTURE MATERIALS 

STEEL 1370 

} LSA ENGINEERING ARRAY 
WOOD 457 STRUCTURE DESIGN 
HARDWARE 43 2 kWpl STRUCTURE 

13.3% MODULES 
TRENCHES, SITE PREP 70 2 TRENCHES, 2 h WitH 

HEAVY EQUIPMENT 

INSTALLATION. 140 CENTRAL STATION. 
CABLING, OTHER SUBSTATION NOT INCLUDED 

TOTAL 2080 

ENERGY PAYBACK TIMES FOR THE BOS (NO MODULE) RANGE FROM 
0.8 TO 1.5 yrs FOR CENTRAL STATIONS 
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I:>ROJECT ANALYSIS AND INTEGRATION AREA 

Energy Payback as a Function of Module Efficiency 

6 \ 
\ 
\ 
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" 
-...-....-......... BOS PLUS DENDRITIC 

........ WEB MODULE ......... ........ 
........ 

MINIMUM AREA~RELATED 
ENERGY CONTENT 

........ _-- .................. 

o~ __ ~~ __ ~ ____ ~ ____ ~ ____ ~ 
4 6 l{) 12 

MODULE EFFICIENCY (%) 

-... 

BASED ON 2000 kWl1/kWp/yr INSOLATION. MINIMUM AREA--RELATED ENERGY 
CONTENT BASED ON BOS PLUS GLASS ONLY 

Conclusions 

ENERGY PAYBACK TIMES ARE CHANGING DUE TO FUNDAMENTAL CHANGES 
IN PV TECHNOLOGY 

SINGLE-CRYSTAL-SILICON FLAT-PLATE PV SYSTEMS CAN HAVE AN ENERGY 
PAYBACK TIME OF 1.4 TO 2.6 yrs, WHICH IS MUCH LESS THAN EXPECTED 
SYSTEM LIFETIME 

LOW EFFICIENCY PV CONCEPTS (e.g., SOME THIN FILMS) WILL REQUIRE 
LONGER ENERGY PAYBACK TIMES DUE TO AREA-RELATED ENERGY 
REQUIREMENTS 
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PROJECT ANALYSIS AND INTEBRA TION AREA 

SPINOFF BENEFITS FROM LSA PROJECT R&D 

JET PROPULSION LABORATORY 

R.W. Aster 

THESIS 

THE LSA PROJECT HAS CONDUCTED R&D TO RESOLVE PROBLEMS OF LOW-COST 
PV MANUFACTURING. THE TECHNOLOGY DEVELOPED SO FAR, AND TECHNOLOGY 
THAT MAY BE DEVELOPED, CAN ALSO (IN SOME CASES) PROVIDE SIGNIFICANT 
SPINOFF BENEFITS TO SEMICONDUCTOR AND OTHER TECHNOLOGIES. 

ANALYSIS PROBLEM 

ESTIMATE THE NET SP INOFF BENEF ITS OF lSA PROJECT PV R&D. "NET 
SPINOFF BENEFITS" MEANS ECONOMIC BENEFIT (Ir TECHNOLOGY ADVANCES 
ABOVE AND BEYOND WHAT COULD REASONABLY HN/E BEEN ACCOMPLISHED 
IN THE WORLD WITHOUT AN LSA PROJECT. 

Why Would Any Net Benefits Occur? 

PV R&D HAS OCCURRED IN HIGH-RISK AREAS 

• Sill CON MATER IAL R&D 

• NEW INGOT SAWING AND RIBBON TECHNOLOGIES 

• NEW MANUFACTURING PROCESSES 

PAYBACK FROM PV R&D SPINOFFS (IF SUCCESSFUL) OCCURS MANY YEARS 
AFTER THE R&D EXIPENDITURE, DISCOURAGING INVESTMENT IN PRIVATE R&D, 
PARTICULARLY IN SMALL FIRMS. 

PAYBACK FROM AN R&D PROJECT MAY BE SMALL FOR INDIVIDUALFIRMS, 
BUT LARGE FOR AN INDUSTRY. 

SOME PV R&D SPINOFFS BENEFIT THE SEMICONDUCTOR INDUSTRY. 
SEMICONDUCTOR R&D EMPHASIZES DEVICE QUALITY AND MINIATURIZATION. 
PV R&D EMPHASIZES MATERIAL COSTS, YIELDS, AND AUTOMATION. THESE 
OBJECTIVES TEND TO BE COMPLEMENTARY RATHER THAN DUPLI CATlV£. 
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PROJECT ANALYSIS AND INTEGRATION AREA 

Some Potential Splnoffs 

VERY LlKEl,Y 
• SEMICONDUCTOR-GRADE POLYCRYSTALLINE SILICON 
• LOWER-COST SEMICONDUCTOR INGOTS 
• LOWER-COST WAFERING 
• JON IMPlANT COST REDUCTION (AUTOMATION) 
• SIlANE, LOW-COST! H' GH-PUR ITY SEM J CONDUCTOR-GRADE 
• NaOh ETCH, RATHER THAN ACID ETCHING OF WAFERS 

POSSIBLE 
• MIDFllM METALLIZATION OF PRINTED CIRCUITS 
• EVA SUBSilTUTED FOR OTHER MATERIALS 
• SILICON AND SILANE USED IN NEW APPLICATIONS 

LESS LIKELY OR HARDER TO QUANTIFY 
• GlASS THICKNESS SIZING ALGORITHM 
• ION PlATING FOR CORROSION PROTECTION 
• LOW-COST STRUCTURES 

Semiconductor Polycrystalline Silicon 

HIGH-RISK R&D « 20% SUCCESS RATE), 

UNANTICIPATED (SOlAR-G RADE SILICON WAS EXPECTED). 

A HIGH ESTIMATE OF NET BENEFITS IS BASED ON INDUSTRY !IN THE ABSENCE OF 
PV R&D) CONTINUING TO RELY ON SEIMENS PROCESS TECHNOLOGY, WITH THAT 
TECHNOLOGY IMPROVING OVER TIME. 

A LOW ESTIMATE OF NET BENEFITS ASSUMES THAT INDUSTRY ACHIEVES A 
BREAKTHROUGH (IN THE ABSENCE OF PV R&D) THAT WOULD HAVE ALLOWED IT 
TO MEET PROJECT GOALS ($141 kg) BY 1991, ANYWAY. 
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PROJ~CT ANALYSIS AND INTEGRATION AREA 

YEAR 

1982 
1983 
1984 
1985 
1986 
1987 
1988 
1939 

1990 
1991 
1992 

High and Low Estimates of Silicon Benefits 

REQUIRED 
REVENUE LOW ESTIMATE HIGH ESTIMATE 
PROJECTION BREAKTHROUGH BENEFITS 'SEIMENS BENEFITS 
1980 $/ kg 1980 $I kg (MILLIONS. $) 1980 $fkg (M I LLiONS. $) 

70 80 31 80 31 
65 75 34 75 34 
60 70 38 70 38 
50 65 63 65 63 
40 60 94 60 94 
14 55 206 55 206 
14 55 227 55 227 
14 55 249 55 249 
14 50 240 50 240 
14 14 0 50 252 
14 14 0 50 265 

A Summary of Low and High Estimates 

-
NET PRESENT VALUES (MILLIONS, $) 

SP INOFF LOW ESTIMATE HIGH ESIrIMATE 

SILICON 709 
INGOT GROWTH 244 
WAFERING 101 
ION IMPLANT 0 
SILANE 66 

TOTALS 1,120 

NET PRESENT VALUES ARE BASED ON 7% REAL DISCOUNTING. 
NOT EVERY SPINOFF HAS BEEN ANALYSED YEl 
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PROJECT ANALYSIS AND INTEGRATION AREA 

Concluding Comments 

THESE SPINOFFS WERE NOT ORIGINALLY ANTICIPATED, AND FURTHER 
INVESTIGATiON IS REQUIRED TO OBTAIN MORE PRECISE ESTIMATES. 

THEIR MAGNITUDE IS LARGE COMPARED TO PV R&D EXPENDITURES TO DATE, 
BUT ltSS THAN 1% OF THE SIZE OF THE SEMICONDUCTOR INDUSTRY 
($300 TO $;00 BILLION IN REVENUE BETWEEN 1980 AND 1995), 

SPINOFFS FROM FUTURE PV R&D ARE POSS IBLE, BUT ESTIMATES CANNOT 
BE MADE DUE IN PART TO UNCERTAINTY ABOUT FUTURE PROGRAM FUNDING 
AND EMPHASIS. 

Consumer Surplus - Producer Surplus Benefits 

SUPPLY 2 

DEMAND 

QUANTITY 
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PROJECT ANALYSIS AND INTEGRATION AREA 

ENVIRONMENTAL EFFLUENT COSTS 

JET PROPULSION LABORATORY 

R. Gershman 

OBJECTIVE 

• IMPROVE COST ESTIMATES FOR PROCESS WASTE DISP()S}\LANU 
POLLUTI ON CONTROL 

• COVER ALL EFFLUENTS WITH POTENTIALLY SIGNllqCANT 
COSTS 

• ALL REQUIREMENTS TRIGGERED BY SPECIFICATION OF 
BY"PRODUCTS ON FOR(!fIAT-As 

OUTLINE 

• COST ESTIMATION APPROACH 

• DESCRI PTiON OF MATERIAL ADDED TO COST CATALOG 

• REQUEST FOR FEEDBACK 

• PROCESS 
DEVELOPERS 

• ENV I RONMENTAL 
ASSESSMENTS 

Approach to Cost Estimation 

• PROCESS 
DEVELOPERS 

• REGULATORY 
AGENCIES 

• PROCESS 
DEVELOPERS 

• CONTROL 
EQUIPMENT AND 
SERVICE 
SUPPLIERS 

• PROCESS 
DEVELOPERS 
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PROJECT ANALYSIS AND INTEGRATION AREA 

Notes on Approach to Cost Estimation 

• EfFLUENT CATEGOR IES BASED ON CALIFORN IA REQU I REMENTS 

• VARIATION OF CONTROL METHOD WITH SCALE INCLUDED 

• RELIANCE ON JUDGMENT OF PROCESS DESIGNERS 

• UNCERTAINTY OF REGULATIONS 

• DEPENDENCE ON PROCESS DETA I lS 

Cost Catalog Effluent Entries 

EFFLUENT CONTROL METHOD 

WASTE WATER NONE OR CLARIFIER 

ACIDS OR ALKALIS NEUTP.AlIZATION OR 

LIQUIDS NEUTRALIZATION WITH 
CHEMICAL TREATMENT ,,-

HAZARDOUS OR LANDFI LL 
EXTREMELY HAZARDOUS 

OILMIST MIST COLLECTOR 

SLURRIES OR NON-HAZARDOUS OR LANDFilL 
SLUDGES OR HAZARDOUS OR 
SOLIDS EXTREMELY HAZARDOUS 

CHLORINATED RECYCLE BY VENDOR 
OR IN-PLANT 

SOLVENTS COMBUSTIBLE RECYCLE BY VENDOR OR 
CATALYTIC INCINERATION OR 
THERMAL INCINERATION 

--
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PROJECT ANALYSIS AND INTEGRATION AREA 
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EFFLUENT CONTROL METHOD 

VENTI LA TI ON --
ACID OR ALKALI VENTILATION AND 

SCRUBBER .. 
ORGANIC { ADSORBER OR 

VENTILATION CATALYTIC 
FUMES AND BURNEr; OR 

THERMAL BURNER 

HAZARDOUS OR VENTILATION, SCRUBBER, 
EXTREMELY HAZARDOUS LANDFILL ,-
HYDROGEN FlOURIDE VENTILATION, SCRUBBER 

CYANIDES VENTILATION, SCRUBBER -
DUST 

VENTILATION AND {FILTER OR 
SCRUBBER 

HAZARDOUS OR VENTILATION, FILTER, 
EXTREMELY HAZARDOUS LANDFILL 

Cost Catalog Entries Not Triggered By By·Products 

• MONITORING 

• HAZARDOUS GASES 

• COMBUSTI BlE GASES 

• ARS INEI PHOSPH INE 

• PF.}(MITS AND ENVIRONMENTAL COORDINATION 
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PROJECT ANALYSIS AND INTEG(:;lATION AREA 

Requirements Tr;~lgered by By .. Product Entry 

r-"'-

~ 
INSTALLED 
COST .. VENTI LATION _ 

FACILITY .. 
ELECTRICITY 

~ 
~ .... 

ACID FUMES I-
COSTS FOR 

~ FLOOR SPACE -..... VARIOUS .. SCRUBBER I-
FACILITY 
AND .. OPERATOR ... PERSONNEL 
REQUI REMENTS 

~ WATER .. 

Lt- INSTALLED 
COST 

Request for Feedback 

- OMISSIONS 
\( 

- ACCURACY 

- DIFFICULTIES IN APPLICATION TO PARTICULAR PROCESSES 
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PRECED1NG PAGE BLANK NOT FILMED 

Summary of the 18th PIIVI 

As a user o~modules for assembly in photovoltaic systerns, Ron Hlltl1n of 
Tri80lar Corp. had comments and suggestions: 

High price of modules is still the major barrier to widespread use of 
photovoltaics. 

Cost of installation of today's small modules into sy~tems of 1 kW or 
larger is significant. 

Shift as much work as possible from field to factory; e.g., from instal
lation viewpoint, ideal module size is 4 ft x 6 ft fo~c a 3 kW or larger 
system. 

System powf!~r mismatch losses can be reduced by as mu(:h as 3 to 5% by 
amount of ,/paralleling in a module. 

The viewpcilints and requirements of the Arizona Public Service Utility for 
future use of pl;lotovcltaics t-lere presented by Merwyn BroWll\. Photovoltaics can 
be utilized eff1ective1y, but the extent and manner of incorporation varies 
with the speci~ic utility and its loading and other generating characteristics. 

I 

I 

Nearly ait.l of the equipment for the Union Carbide Corp. 100 MT/yr 
si1ane-to-silifcon experimental process system development unit (EPSDU) has 
been delivered to the construction site; mechanical and electrical 
installation lare scheduled next ~ before checkout and op,eration. Preli.minary 
fluidized-bed! process development unit (PDU) tests were successfully run using 
silane concen:trations of 10% to 21% in hydrogen (minimum economic design point 
is 10%). Fr.~e£1owing silicon shot was obtained in somla initial tests of the 
8i licon-powdler-mel ting consolidation equipment. 

The H"~m10ck Semiconductor Corp. PDU for investigating redistribution of 
trichloros" ,.ane (TCS) to dichlorisilane (DCS) was completed, integrated with 
an intermediate-scale reactcL, and operated successfully. Operation of the 
intermediate-scale reactor on cylinder-fed DCS confirmed silicon deposition 
rates required to meet the process goal. 

In the investigation of the effects of impurities and processing on sili
con solar--cell perforIJ1ance, Westinghouse confirmlF.;d 'that, at least for 
vanadium, molybdenum, and chromium, the threshold impu.rity concentration for 
breakdown of a smooth crystal-liquid interface is two to 10 times smaller for 
polycryst.alline than for single-crystal ingots. E,ctensions of the 
experimentally supported impurity performance model to high-efficiency devices 
indicate' that impurity tolerance is less in high-e,fficiency devices than in 
conventional n+p devices and that impurity sensitivity can be reduced by 
using thinner high-efficiency cells. 

A 2-in.-dia fluidized-bed reactor (FBR) was successfully operated at JPL 
using very high silane concentrations in hydrogen, indicating an attractive 
potential usefulness of the FBR. 
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PIM SUMMARY 

The advanced-Cz ESGU initial operation resulted in the growth of five 
lS-cm-dia ingots (total weight 150 kg) from one crucible, but using manual con
trol (throughput rates and single crystal yield require improvement). 

Semix Inc. has demonstrated that technical readiness for the $2.80 W 
goal has been met for its ubiquitous crystallization process (UCP) in mOdule 
manu fac t;uring. 

Progress continues on the critical elements of the edge-defined film-fed 
growth (EFG) and web ribbon technologies. 

Material suppliers (Du Pont Corp., Dow Corning Corp., 3M Corp., and 
others) recently made material, new or tailored for photovoltaics, available in 
commercial quantities for the photo'voltaic industry. These materials were made 
to LClw-Cost Solar Array Project (LSA) specifications but were not funded by LSA 
or the Department of Energy (DOE), LSA will perform life testing of these 
materials, which were on display. LSA encourages direct photovoltaic industry 
and material suppliers interaction. 

Specific techniques for detecting and assessing corrosion mechanisms on 
solar cells and in modules have been developed. 

Analytieal models of chemical kinetic degradation rates in EVA have been 
developed. Accelerated experimental verification methods are being developed. 

Spire's pulsed-electron-beam annealing (PEBA) machine successfully 
annealed 4-in.-dia wafers. 

Bernd Ross Associatefi\ has metaUJmed cells using a copper-based thick
film ink that incorporates a fluorocarbl.ln as a fluxing agent. 

A Westinghouse ultrasonically bonded aluminum-to-copper sample encapsu
lated in EVA withstood 30 days of immersion in water. 

The Clemson University accelerated solar-cell stress study of 12 types of 
silicon solar cell. was summarized. The major differences noted in cell relia
bility characteristics are attributed to metallization technology differences; 
i.e., vacuum deposition, plating, screen printing, and soldering. Cells with 
copper-plated metal contacts were the least durable from. a contact adhesion and 
mechanical stress viewpoint. There was no evidence of Cu diffusion 'into the 
silicon of the tested cells (Ni barrier worked well). Thus, it is important 
that metallization studies continue, especially on Cu, which can be the 
lowest-cost type of metallization. Three cell manufacturers offered to donate 
new cell types for the next round of testing at Clemson. 

Module hot-spot and cell-interconnect fatigue nomographs have been 
devised. 
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PIM SUMMARY 

TECHNOLOGY DEVELOPMENT AREA 

Silicon Material Task 

Union Carbide Corp. 

• IlMONSTRATE EXPERIMENTAL OPEHATION OF MG SI/SIH4/SI PROCESS (CAPABLE. OF <$14/KG PRODUCTION) 

• EPSDU-

CIVIL AND STHUCTUHAL WORK C!X1PLETI:D -- M:AHLY ALL I:QUIIt1I:NT OI:L1V1:RED TO sm. -- t'KlST MAJOk 

EQUIPMENT PIECES INSPECTED AND PLACED IN POSITION -- MECHANICAL INSTALLATION BID PACKAGES 

BEING EVALUATED -- MECHANICAL INSTALLATION DELAYED FH0I1 END OF JUNE DUt: TO FUNDING WlITATIONS 

• FLUIDIZED-BED PDU -

TESTS SUCCESSFULLY C()!!1PLETED WITH 10% TO 2]% SILANE IN HYDROGHJ (~mJIML'M ECONQIlIC DESIGN POINT 

IS 10%) -- PROGltAM STOPPED IN MID-JULY DUE TO FY '81 FUNDING RECISION 

• SI POWDER MELTING/CONSOLIDATION -

INITIAL TESTS WITH CHUNK SI COMPLETED -- FREE-FLOWING SHOT OBTAINED IN SOI'1E TESTS 

TO BE DONE -

REMAINDER EPSDU PHOGRAM - ['IECHANICAL AND ELECTRICAL INSTALLATION, CHECK-OUL ESTABLISH 

SILANE PURITY, EXPEHIMENTAL INTEGRATED/STEADY STATE PHOCESS OPERATION WITH FSRlSHOTTER 

PYHOLYSIS UNIt DENONSTRATING SI PURITY, EXPERI~lENTAL INTEGHATED/STEADY-STATE PHOCESS OPERATION 
WITH FBH UN IT 
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PIM SUMMARY 

MIT-Solarelectronics, Inc. 

TWO-YEAI{ PROGHAM AT MIT CONPLETED -- STUDY OF HYDRUCIll.OKINATIUN Jr MG-SI AND sn: 

TO TCS TO Hf:. CONTINUED UNlli:.K CONTllACT TO SULAKELECTHUNICS WITIl fiiV'1E PRINCIPAL IN

VESTIGATOl{ -- PKOCESS PROVllJES TCS fOR BOTH lJCC AND HB1LOCK PRUCESSES AND PUTENTIALLY FOl{ 

CUNVENTIONAL (SItMENS) PKOCESS FOR SEMICONDUCTOH .. GH/IDE SI -- IN rm STUDY THE FUN

DftJi1ENTAL OPEHATING PAHAMETERS OF PHOCESS WEHE WELL CHARACTEHIIED -- IN NEW CONTRACT 

FUNDAMENTAL PHOCESS PARAMETERS WILL BE INVESTIGATE.D USING ENGINEEHING -SCALE FBR 

Hemlock Semiconductor Corp. 

• OBJECTIVE -- DEMONSTRATE FEASIBILITY OF lJCS - BASED CVD PR',.lCESS FOR PROOUCTION OF LOW-COSL 

HIGH PURITY SI 

• CONSTRUCTION OF PDU FOR INVESTIGATING REDISTRIBUTION OF 1':;S TO DCS CO~lPLETED 

• HEAT SHIELD FOH INTEHMEUIATt:: - SCALE SI DEPOSITION HEACTOR MODIFIED TO CONTAIN BELL JAR 

fMGMENTS IN CASE OF EXPLOSION OF IlCS-HYUROGEN-AIR l'llXTUi{E -- REACTOR WITH HEAT SHIELD 

SUI :CESSFULLY PASSED SAFETY TEST 

• INTEHMEUIATE~SCALE Hl:.ACTOH OPEHATED SUCCESSFULLY ON CYLlNDEH-FEU lJCS -- DP,TA CONFIHM HIG~j 

81 DEPUSITIUN RATES THAT ARE Nl:.EUED TU MEET PHUGHAM UB,JECTlVES 

• PDU INTEGHATED WITH INTEHMEDIATE-SCALE HEACTOH AND OPEHATED SUCCESSFULLY 

• TWO PRUBLENS ENCOUNTERED -- AI~OUNT OF SI DEPOSITED ON HEACTOR WALLS (2% OF TOTAL DePOSIT) 

GREATER THAN DESIRED -- REACTOR POWER CONSU~IPTION HIGHER THAN DESIRED 

• TO HE DONE -

COMPLETE EXPEIUMENTAL PHUGHAM WITH INTEGRATED PDU/IN1ERMEDIATE-SCALE REACTOH TO INVESTIGATE 

PRUCESS PARPJl1ETEHS 
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PIM SUMMARY 

Westinghouse R&D Center 

OBJECTIVE -- UETERMINE EFFECTS OF IMPURITIES1 PROCESSING} AND IMPURITY-PROCESS 

INTERACTIONS ON PROPERTIES OF SI AND SOLAR CELLS TO PERl'lIT DEFINITION OF IN

PURITY EFFECTS ON SOLAR CELL PERFORMANCE AND TO ALLOW COST-PERFORMANCE TRADE
OFFS TO BE 11A1l: 

• PHASE I V EFFORT C(A'olPLETED -

- EVALUATION OF EXPERIMENTAL SI r'lATERIALS 

- INVESTIGATION OF 1~IPURITY EFFECTS IN POLYCHYSTALLlNE DEVICES 

- IDENTIFICATION OF IMPURITY THRESHOLDS FOR HIGH-EFFICIENCY CELLS 

- ASSESSMENT OF PHOCESS EFFECTS SUCH AS ION IMPLANTATION ON IMPURITY-OOPEU DEVICES 
- lUENTIFICATION OF LONG-TERM I~IPURITY EFFECTS 

• TI1RESHOLU IMPURITY CONCENTRATION FUR BIU:AKIXlWN OF SMOUTH CHYSTAL-UlJUID INTERFACE 

IS 2 TO 10 TlMtS SMAL.LEH FOR POLY-SI THAN FOR SINGLE-CRYSTAL SI 

• IMPURITY TOLERANCE APPEARS LOWER IN HIGH-f..FFICIENCY 

DEVICES THAN IN CONVENTIONAL N+P DEVICES -- 1~IPUH1TY 

SEN~IT1VITY REDUCED IN TH1~NER HIGH-EFFICIENCY CELLS 

• NO CUNTINUATIUN -- BUDGET Rl:,STRICTION 

C. T. Sah Associates 

• PUHPOSE -- DEVELOP COMPUTER MODEL BASED ON FUNDAt~ENTAL PAltAMETF.RS UF SOLAR 

CELLS AND APPLY IT TO DETERMINATION OF EFFECTS OF IMPURITIES AND DEFECTS 
IN SI ON SOLAR CELL PEHFOHMANCE 

• EFFECT OF CELL THICKNESS ON PERFOffi'~NCE OF SI SOLAH CELLS CONTAINING IM

PURITY RECOMBINATION CENTERS WAS ANALYZED USING ZINC I~IPUHITY AS THE f10DEL 

RECOMBINATION CENTER -- EFFICIENCY PEAKS AROUND CELL THICKNESS OF ABOUT 

50~M BUT PEAK IS VERY RROAD (LESS THAN 001% VARIATiON FROM 20 TO 70~m IN 

BSF CELLS OF 17% EfFICIENCY -- OTHER FACTORS LIMITING PERFO~~NCE OF THIN 
CELLS JUENilFIED 

TO BI: IXJN[ --

• EXPI:HINENTAL AND THEUHETICAL ANALYSIS OF RECOMBINATION RATE DATA TO MAKE ACCURATE 

PREDICTIONS OF r'~XIMUM ALLOWABLE 1~IPUR1TY CONCErHRATIONS FOR GIVEN CI:LL I:FFICIENCIES 
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PIM SUMMARY 

JPL In~House Program 

• PURPOSE ~" OBTAIN (1) CHEMICAL ANO CI1EMICAL ENGINEERING DATA FOR HIGI1 POTENTIAL 

SI REACTORS AND (2) BASIC INFOIWITlOI~ OF EFFECTS OF IMPUIUTIES C~ S, MATERIAL 

AND SOLAR CELL CI1ARACTERISTlCS 

• TO PROVIUE BASIS FOR EXPERIMENTAL PROGRAM USING (>-INCH-OIA. F~R, TESTS WERE 

RUN IN 2~lNCH UIA. FBR TO INVESTIGATE SI FINES FORMATION AND ~:D AGGLOMtKATION "

TESTS CONDUCTED SUCCESSFULLY AT HIGH SILANE CONCENTRATION IN HYDROGEN (INCLUDING 

100% SILANE> WITHOUT EXCESSIVE FINES FOHMATION OR BED AGGL(XrIEltATlON -~ RI:.SULTS 

INDICATE POSSlBILI1Y OF ACIHEVING LOWER COST BY MI:.ANS OF INCRCASED THROUGl1PUT 

SINCE FBIl OPERATION WITII AS LOW AS 10% SILANE SHOWN TO BE ECON(XrI!CALLY ATTHACTIVE 

• NEASUHE"'ENTS OF ENERGY LEVELS AND DENSlTlES CAUSED BY IMPURITIES BEING MADE 

USING TSCAP 

• ZEEMAN ATONIC ABSORPTION SPECTR0f>1ETER BF.ING ADAPTED TO ~1EASIJRENENTS OF S(XrIE 

IMPURITIES IN PPBA HANGE 

TO BE DONE -~ 

• H&AD PHOGHAM WITH 611 FBR 

• CONTlNU\:. FUNDANENTAL IMPURITY MEASURl:NENTS AND RI:.LATE TII8"1 TO PERFORMANCE CHARACTERISTICS 

Large-Area Silicon Sheet Task 

Status 

INGOT TECHNOLQGY 
GROWTH 0 150 KG OF INGOTS HAVE BEEN GROWN FROM ONE CRUCIBLE IN 

THE ADVANCED Cz ESGU, 
FIVE 15 CM DIA INGOTS WERE GROWN UNDER MANU4L CONTROL, 
50% OF THE INGOTS WERE SINGLE CRYSTAL. 
AVERAGE THROUGHPUT RATE IS 1,6 KG/HR (GROWTH RATE AT 
2,5 KG/HR), 

o SEMIX HAS DEMONSTRATED THAT TECHNOLOGY PROJECTIONS 
CAN BE MET FOR $2,80/Wp GOAL, 
ADDITIONAL WORK IS BEING RES COPED TO FOCUS ON CRITICAL 
TECHNOLOGY ELEMENTS REQUIRED TO DEMONSTRATE TECHNICAL 
FEASIBILITY OF $O,70/Wp, 

o BEST SI~ULTANEOlJS ACHIEVEMENT FOP HE~ IS SOLInIFICATlotl 
OF 30 x 30 x 15 CM, (36 KG) INGOT IN 18,5 HOURS, TOTAL 
GROWTH CYCLE TIME IS 51,5 HOURS, 
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PIM SUMMARY 

I~bOI TECHNQLO~ 

WAFERING 0 SILlCON MATERIAL UTILlZATION GOALS HAVE BEEN DEMONSTRATED 
FOR 15 eM DIA. AND 10 x 10 eM INGOT WAFERING. (17 WAFERS/eM 
AND 25 WAFERS/eM RESPECTIVELY,) KERF LOSSES REMAIN HIGH AT 
>10 MILS. 

RIBBON TECHNOLOGY 

INGOT TECHNOLOr,Y. 

o WAFER THROUGHPUTS DEMONSTRATED ARE TYPICALLY 0.25 WAFER/MIN. 
(GOALS ARE 0.5 WAFER/MIN AND 1 WAFER/MIN FOR 15 eM DIA AND 
10 x 10 eM INGOT RESPECTIVELY,) 

o POTENTIAL FOR SLURRY VEHICLE RECLAMATION HAS BEEN 
DEMONSTRATED FOR THE MBS PROCESS. 

o WORK CONTINUES ON DEVELOPING MODELS FOR ACHIEVEMENT 
OF HIGH WEB DENDRITE RIBBON THROUGHPUT (HIGH GROWTH 
RATE OF WIDE RIBBON) WITH COMMENSURAT~ MATERIAL 
QUALITY (15% AMI CELLS). 
FABRICATION AND ASSEMBLY OF AN EXPERIMENTAL GROWTH 
UNIT TO VERIFY ABOVE IS UNDERWAY. 

o ONGOING EXPERIMENTS FOR THE EFG PROCESS CONTINUE TO 
TEST NEW DIE DESIGNS AND GROWTH ATMOSPHERE VARIATIONS 
FOR THROUGHPUT AND QUALITY IMPROVEMENT, 
THREE RIBBONS OF 10 eM WIDTH EACH HAVE BEEN GROWN AT 
3.3 eM/MIN, SIMULTANEOUSLY FOR 47% OF A 7.5 HOUR GRo\HH 
CYCLE, 

Additional Work 

ADVANCED Cz 0 J,MPROVEf>lENT OF INGOT QUALITY 
o INCREASED THROUGHPUT 
o CRUCIBLE/MELT INTERACTION 

UCP 0 IM?ROVE~1ENT OF MATERIAL QUALITY FOR 15% Am CELLS 
o DEMONSTRATION OF HIGH SPEED \~AFERING OF 10 x 15 eM INGOTS 

HE~l o IMPROVEMENT OF MATERIAL QUALITY FOR 15% AM! CtLLS 
(E.G.) REDUCE DISLOCATIONS AND PRECIPITATES) 

o INPROVE INGOT GROWTH YIELD 

HAFERING o INCREASE I'IAFERING THROUGHPUT 
o REDurE KERF LOSSES 
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PIM SUMMARY 

RIBBON IECtlMQ1.QGY 
~IEB DENDRITE o INCREASE HEAT DISSIPATION FOR HIGHER GROHlH SPEED. 

EFG 

o I1ELT PROFILE AND THERf1AL STRESS ANALYSIG FOR WIDE 
WEB GROHlH. 

o GRO!'ITH M1BIENT ATf.10SPHERE STUDIES FOR ItlPROVED 
~1ATERIAL QUALITY, 

o GROWTH ZONE TPERI"lAL MODELLUIG TO REDUCE RIBBON 
STRESS AND BlICKLH!G. 

Encapsulation Task 

Encapsulant Materials 
- STATUS 

o MATERIAL AND SYSTEM REQUIREMENTS IDENTIFIED FOR EACH FUNCTIONAL 
ELEMENT (COVERS, POTlANTS, PRIMERS, ADHESIVES, EDGES, ETC,j FOR 
OPTICAL, THERMAL, ELECTRICAL, STRUCTURAL, PROCESSING, COST, ETC. 

o NEW OR TAILORED MATERIALS FORMULATED, TESTED AND TRANSFERRED TO 
PV INDUSTRY FOR FABRICATION AND PERFORMANCE EVALUATION, 

o MATERIAL SUPPLY INDUSTRY (DUPONT, DOW CORNING, 3M, ETC,) RESPONDING 
TO LSA REQUIRHIENTS WITH NEW PRODUCTS AND TECHNICAL ASSISTANCE 
DIRECTLY TO PV INDUSTRY, (NOT DOE FUNDEDJ SEr: EXHIBITS) 

o TECHNOLOGY TRANSFER INTERFACES ESTABLISHED; 
vlITH IN LSA PROJECT 
BETWEEN LSA PROJECT AND PV INDUSTRY 
BETWEEN LSA PROJECT AND MATERIAL SUPPLIERS 
BETWEEN PV INDUSTRY AND 'MTERIAL SUPPLIERS (E.G" ARCO, DUPONT, ETC,) 
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PIM SUMMARY 

w NEEDED WORK 

• THESE ARE NEW MATERIAL~ AND NEW INTERFACE COMBINATIONS THA1' NeED 
EVALUATION AND CHARACTERIZATION TO DEFINE PROPERTIES} APPLICATION 
LIMITS) PERFORMANCE MARGINS AND PROCESS OPTIMIZATION, COMBINATION 
INDUSTRIAL AND DOE SUPPORT IS APPROPRIATE, 

• DEFINE) COMPILE} UPDATE AND PUBLISH ENCAPSULANT DESIGN GUIDE LINES) 
DESIGN ANALYSIS METHODS AND MATERIAL SELECTION CRITERIA AND STANDARDS, 
FOR INDUSTRIAL EVALUATION AND ADOPTION. 

• ASSESS ADVANCED (HIGH RISK) MATERIAL AND FABRICATION CONCEPTS THAT 
HAVE LONG-TERM HIGH PAY-OFF POTENTIAL, EVALUATE FOR IMPROVED ENVIRON
MENTAL STABILITY) LOWER MODULE LIFE CYCLE ENERGY COS'L APPLICATION 
TO ADVANCED SOLAR CELLS, 

Encapsulation Durability and Module Life 

- STATUS 
• SCREENING AND RANKING TESTS OF CVRRENT CANDIDATE MATERIAL SYSTEMS 

INDICATE 20-YEAR OR GREATER LIFE POTENTIAL IN RECOMMENDED DESIGNS 
(GLASS) EVA) EMA) SILICONES; PMMA) TEDLARJ ETC,) 

• DEGRADATION MECHANISMS AND EXPECTED PROPERTY CHANG~S DUE TO 
ENVIRONMENTAL AGING HAVE BEEN DEFINED AND MEASURED. 

• PROGRESS MADE IN EVALUATING AND IMPROVING LIFE TESTING METHODS AND IN 
INTERPRETING ACCELERATION EFFECTS. 

• CHEMICAL AND ANALYTJSAL COMPUTER MODEL OF EVA DEGRADATION RATE 
DEVELOPED AND BEING EXPERIMENTALLY VALIDATED. 
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PIM SUMMARY 

- NEEDED WORK 

• ANSWER THE QUESTIONS 
HOW LONG WILL THE MODIJLE LAST? 
WHAT WILL BE THE PROBABLE WEAR-OUT FAILURE MODE? 
WIIAT IS THE WEAK (LIFE"LIMITING) LINK IN THE DESIGN? 
WHAT CAN BE DONE TO INCREASE LIFE (REDUCE LIFE-CYCLE ENERGY COST)? 

• DEVELOP A SPECIFIC SET OF DESIGN ANALYSES AND COMPONENT TESTS FOR 
THE ASSESSME~T OF MODULE LIFE. (PARTIALLY ACCOMPLISHED) 

• UNDERSTAND AND BE ABLE TO DETECT AND CONTROL CORROSION MECHANISMS 
IN MODULE INTERNAL CIRCUIT ELEMENTS, 

• DETERMINE AND SPECIFY PHOTOTHERMAL STABILITY LIMITS OF ENCAPSULANTS 
UNDER ALL MODULE OPERATIONAL CONDITIONS. 

• DEFINE CRITICAL ENCAPSULANT INTERFACE STABILITY CRITERIA AS AFFECTED 
BY DISSIMIL4R f'I.4TERIALS; BONDING TECHNIQUES AND OPERATIONAL STRESSES, 

PROCESS DEVELOPMENT AREA 

MEPSDU Status 

o CONTRACTS RESCHEDULEDJ REDUCED FUNDING RATE 
\) PREUMINARY DESIGN REVIEWS COMPLETED WITH MODIFIED DESIGN 
o SOLAREX ESTABLISHED SUBCONTRACT FOR AUTOMATED SOLDERING 

MACHINE 
o PROCESS DEVELOPMENT AREA LABORATORY BEGINNING TO PROCESS 

MEPSDU SILICON SHEET MATERIALS 
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PIM SUMMARY 

Metallization 

° Cu THICK FILM SYSTEM REQUIRES SIMULTANEOUS MECHANICAL 
AND ELECTRICAL DEMONSTRATION 

° CU"PB-CX Fv PASTE ADHERES AFTER H20 BOIL TEST 
o NONOPTIMUM Cv CELl.S EQUl (nLENT TO lOX, 

° Nl SILICIDE FOR~~TION APPEARS TO BE CRYSTAL ORIENTATION 
SENSITIVE 

o PHOTOWATT WORKING ON Nt PASTE FIRED THR~JGH AIR COATING 
o MIDFILM ® PROCESS HAS CAPABILITY OF PUTTING BASE METALS 

ON IRREGULAR SURFACES 
o COPPER PENETRATES 400 ~ NI AFTER 15 MINUTES AT 300°C 

(WESTINGHOUSE) 

Junction Formation 

o SPIRE BEGINNING DESIGN OF NON-MASS ANALYZED ION IMPLANTATION 
o EULSED gLECiRON ~EAM ~NNEALING (PEBA) MACHINE SUCCESSFULLY 

ANNEALED FOUR INCH DIAMETER WAFERS 
o POCI3 DIFFUSION WITH EPI ON UPGRADED METALURGICAL GRADE 

SILICON 
o SOLAREX SPRAY-ON DOPANT APPEARS SUCCESSFUL 

Surface Preparation 

o MOTOROLA SHOWED SMALL BENEFIT FROM TEXTURING POLYCRYSTALLINE 
SILICON 

oRCA EPI CELLS INFLUENCED BY SAWING SURFACE DAMAGE 
o ITO AIR COATING REDUCES SERIES RESISTANCE 

Assembl~' 

o TRACOR MBA PROGRAMMABLE ROBOT FOR ENCAPSULATION AND 
EDGE SEALING AT D810NSTRATION STAGE 

o JPL IN-HOUSE WORKING TO INTHODUCE SOPHISTICATED 
SENSING TECHNIQUES 

o WESTINGHOUSE ULTRASONIC BONDED Al TO Cu SAMPLE EVA 
LAMINATED WITHSTOOD 30 DAY H20 IW>1ERSION 
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PIM SUMMARY 

ENGINEERING AREA 

MODULE RESEARCH 
o SOLAR CELL RELIABILITY (CLEMSON) 
o !NTERCONNECT FATIGUE 
o HOT-SPOT HEATING TIlERMAL ANALYSIS 
o INTERNATIONAL ENVIRONMENTAL TESTS 

ARRAY RESEARCH 
o INTEGRATED RESIDENTIAL ARRAYS (GE & AIA/RC) 
o ELECTRICAL SAFETY SYSTEM DEVELOPMENT (UL) 
o CLEANING STUDY 

Activities Not Presented 

MODULE RESEARCH 
o ELECTRICAL INSULATION BREAKDOWN 
o ~NCAPSU LANT SO I LI NG 
o LONG-TERM HUMIDITY TESTING (WYLIE) 
o MODULE RELIABILITY STUDY (IITRI) 
o WIND COOLING (NOCT) ANALYSIS 
o MODULE ACCELERATED WEATHERING (DSET) 

ARRAY RESEARCH 
o BUILDING CODE REVIEW (BHKRA) 
o RESIDENTIAL FIRE TESTING <UU 
o GROUND-MOUNTED STRUCTURES 
o WIND LOADING ANALYSIS (BOEING) 
o POWER CONDITIONER INTERFACE REQUIREMENTS 
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