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ABSTRACT

This report describes progress made by the Flat-Plate Solar Array Project
during the period April 1982 to January 1983. It includes reports on poly-
silicon refining, thin-film solar~cell and module technology development,
central-station electric utility activities, silicon sheet growth and char-
acteristics, advanced photovoltaic materials, cell and processes research,
module technology, environmental isolation, engineering sciences, module
performance and failure analysis and project analysis and integration. It
includes a report on, and copies of visual presentations made at, the 2lst
Project Integration Meeting held at Pasadena, California, on January 12 and
13, 1983.
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PROGIRESS REPORT
Project Summary

INTRODUCTION

This report describes the activities of the Flat~Plate Solar Array
Project (FSA) from May 1981 to January 1983, including the 21st FSA Project
Integration Meeting (PIM), held on January 12 and 13, 1983.

FSA, sponsored by the U.S. Department of Energy (DOE), has the responsi-
bility for advancing solar array technology while encouraging industry to
reduce the price of arrays to a level at which photovoltaic (PV) electric
power systems will be competitive with more conventional power sources. This
responsibility has included developing the technology for producing low-cost,
long-life photovoltaic modules and arrays. More than 100 organizations have
participated in FSA-sponsored research and development of low-cost solar
module manufacturing and mass~production technology, the transfer of this
technology to industry for commercialization, and the development and testing
of advanced prototype modules and arrays. Economic analyses were used to
select, for sponsorship, those research and development efforts most likely to
result in significant cost reductions. Set forth here is an account of the
progress that has been made during the reporting period.

SUMMARY OF PROGRESS

Silane was successfully produced in early January 1983 in the

experimental process system development unit (EPSDU) at Washougal, Washington,
by Union Carbide Corp. (UCC), where operation continues under UCC funding.
The silane EPSDU equipment title was transferred to UCC in exchange for EPSDU
operational data. UCC has achieved complete conversion of silane into silicon
during fluidized bed reactor (FBR) steady-state experiments. The FBR is being
installed for operation in conjunction with the EPSDU, with JPL funding.

An advanced research 6~in.-dia FBR has been successfully operated by JPL
in studies aimed at the characterization of the silicon deposition process
using high concentrations of silane.

Initial results indicate that deposition of silicon on the reactor walls
has been reduced significantly in cold-wall tests conducted by Hemlock
Semiconductor Corp. during research on its polysilicon process.

A new silicon dendritic web furnace configuration at Westinghouse
Electric Corp. has resulted in wider ribbons grown at higher growth rates with
less stress.

Both Mobil Solar Energy Corp. and Westinghouse Electric Corp. are
working on reduction of stresses induced in ribbons during growth.



PROGRESS REPORT

Solar cells made from three types of cast silicon wafers (Wacker Silso,
Semix Inc. UCP, and Crystal Systems, Inc., HEM) had similar efficiencies,
which were lower thau those of Czochralski (Cz) cells, when fabricated using
an advanced process,

Ethylene vinyl acetate (EVA) formulation A-9918 has been exposed to
weatherometer ultraviolet light (UV) and temperature for more than 30,000
hours without significant change in properties.

Mild steel coated with polymeric coatings has withstood 3,000 hours of
salt spray without corrosion.

Application of liquid depants by use of a new meniscus coating machine
has resulted in cell efficiencies equal to or greater than those of baseline
gaseous—diffused cells. In making these cells, Westinghouse used a belt
furnace instead of the usual tube furnace. 1In production, this technique
would permit continuous cell processing.

Underwriters Laboratories (UL) published a document titled Proposed
Standard for Safety, Flat-Plate Photovoltaic Modules and Panels.

An FSA paper on PV array-—power conditioner interfaces titled
"Characterization of the Electrical Qutput of Flat-Plate PV Arrays" was
published at an IEEE meeting, and numerous other reports and documents on
module reliability, design, and safety have been published.

Block IV module design, fabrication, and qualification testing
activities, including publication of a User Handbook for Block IV Silicon
Solar Cell Modules, have been completed.

Most of the Block V Group I Phase modules have been delivered to JPL.

The portable array data logger became operational in July 1982 and is
being used to monitor numerous PV field arrays.

An economic analysis of 1982 PV module industrial practices using Cz
technology compared well with a 1980 estimate of possible technologies that
could be used in 1982, including f.o.b. factory prices and an actual late-1982
module price quote of less than $5.00/Wp.

Economic analysis of module fabrication using today's dendritic web tech-
nology at a 25 MW/year production rate indicated that the f.o.b. price could
be about $2.00/W,. Expected technology improvements should allow the price
to be reduced to less than $0.60/W, in a few years. Potential additional
improvements might reduce the price to less than $0.50/W, (1980 §).

Economic analysis of lower-bound costs of encapsulation materials and
processes for thin-film modules indicated that these costs can contribute
from $0.12/W, (large, 12%-efficiency modules) to $0.30/W, (small, 8%-
efficiency modules) to the total module price.

Studies of silicon abrasion by the University of Illinois indicate that
cutting-fluid properties dictate whether the silicon surface is brittle or
ductile and that micronardness correlates with the dielectric constant of the
fluid.



Area Reports

PHOTOVOLTAIC COMPONENTS RESEARCH AREA

Advanced Materials Research Task

INTRODUCTION

The objective of the Advanced Materials Research Task is to identify the
critical technical barriers to low-cost silicon {Si) purification and sheet
growth that must be overcome to produce a photovoltaic cell substrate material
at a price consistent with FSA objectives and then to perform and support
research and development to address those barriers.

Present solar-cell technology is based on the use of silicon wafers
obtained by ID slicing of Czochralski (Cz)-grown ingots from Siemens-reactor-
produced semiconductor-grade Si. This method of obtaining single-crystal Si
wafers is tailored to the needs of semiconductor device production (e.g.,
integrated circuits and discrete power and control devices other than solar
cells). The small market offered by present solar-cell users does not justify
industry's development of the high-volume S8i production techniques that would
result in low-cost photovoltaic electrical energy.

It is important to develop and demonstrate the feasibility of several
processes for producing refined Si and sheet material suitable for long-life,
high-efficiency solar photovoltaic energy conversion. To meet FSA objectives,
sufficient research must be performed on a number of processes to determine the
capability of each of producing large quantities of pure Si and large areas of
crystallized Si at a low, competitive cost. The form of the refipned 8i must
be suitable for use in the sheet-growth processes, and these must in turn be
suitable for direct incorporation into automated solar-array industry schemes.

Silicon purification processes involving deposition of the material from
silane and dichlorosilane are being pursued because these two substances can
be purified relatively easily and, because of their high reactivity, they can
be more readily decomposed or reduced to form Si than can trichlorosilane,
which is used today in the conventional process.

FSA-funded improvements of the standard Czochralski ingot~growth process
by reduction of expendable material costs and improvement of ingot growth rate
together with improved slicing techniques have developed the technology so that
large areas of Si can be produced. Growth of large ingots by casting tech-
niques, such as the Ubiquitous Crystallization Process (UCP), may reduce sheet
costs further.

Growth of crystalline Si material in a geometry that does not require
cutting to achieve proper thickness is an obvious way to eliminate costly pro-
cessing and material waste. Growth techniques such as edge-defined film-fed
growth (EFG) and dendritic~web growth are candidates for such solar-cell
material.



ADVANCED MATERIALS RESEARCH TASK

SUMMARY OF PROGRESS
Semiconductor-Grade Silicon Refinement Processes

Silicon Refinemert Using Silane (Union Carbide Corp.)

Union Carbide Corp. (UCC) is conducting research on the pyrolysis of
silane in a fluidized-bed reactor (FBR), this being a critical step in the
process sequence of metallurgical-grade Si to silane to semiconductor-grade Si,
Silane synthesis is under active investigation in UCC's own pilot plant at
Washougal, Washington.

A 6-in,-dia FBR process development unit (PDU) was operated with silane-
fed concentrations.up to about 24 mole % in hydrogen. A total of 33 hours
consecutive run duration was accumulated, during which time approximately 26
kg of silicon prcduct was withdrawn in batches, while fresh seed material was
added to replenish the bed. The longest single run was 13 hours in steady
state. A suitable operating window was identified with a gas distributor tem-
perature below 300°C,

After completion of these tests, an FBR technology review was held. It
was concluded that (1) a suitable operating window for the UCC FBR had been
identified as a result of the long-duration tests in which steady-state opera-
tion was achieved; (2) greater than 20 mole % silane feed concentration could
be maintained with total conversion to 8i within the bed, making the process
economically attractive; (3) further work is necessary to demonstrate product
purity and to improve reactor performance.

The PDU, which was located in Tonawanda, New York, was dismantled and
shipped to the Washougal site, where it is being reinstalled for further R&D
using high-purity silane.

UCC completed construction of the silane pilot plant, using equipment
from the DOE-supported EPSDU (Experimental Process System Development Unit)
program. Title to this equipment had been transferred to UCC in exchange for
silane operation data. The plant was checked out and early in January 1983 it
produced silane for the first time.

Silicon Refinement Using Dichlorosilane (Hemlock Semiconductor Corp.)

Hemlock is conducting research on the critical portions of a process for
making semiconductor-grade Si, in which dichlorosilane (DCS) is made from tri-
chlorosilane (TCS) by a redistribution reaction using an organic amino func~
tional catalyst, and the DCS is then reduced by hydrogen to produce Si in a
chemical-vapor-deposition step using Siemens—-type reactors.

In June 1982, Hemlock completed the Phase II effort, which consisted of
checkout and operation of a DCS PDU integrated with intermediate-size and
large-size Si-deposition reactors. In this program, an Si deposition rate of
2 g/h per cm of deposition rod length and a conversion efficiency of 38.7%
(DCS to Si) were attained simultaneously, almost achieving the goals for these
parameters (2 gm/h + cm and 40%, respectively). However, the reactor power
consumption was 89.5 kWh/kg Si, appreciably above the goal of 60 kWh/kg.
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When the PDU was shut down, the batch of catalyst in the redistribution
reactor, which converts TCS to DCS, had produced 68,500 1b of DCS at a 13,6%
molar conversion efficiency during its entire period of use, corresponding to
2090 1b of DCS/1b of catalyst. At this usage figure, the catalyst cost contri-
butes a negligible amount to the product cost.

A major problem that was encountered was excessive deposition of Si on
the reactor vessel (bell jar) wall, resulting in frequent bell-jar breakage and
loss of Si product. Efforts to reduce this deposition had mixed results. Use
of mixed feed -- i.e., feeds consisting of DCS mixed with either TCS or silicon
tetrachloride (STC) -- reduced wall deposition and increased bell-jar life.
However, the deposition rate on the Si rods was also reduced and does not allow
program goals to be met. Post-run etching of Si from the bell jar by hydrogen
chloride increased bell jar life by a factor of two. This technique appears
to be both feasible and practicable as a method to control wall deposition.

The draft final report on the program since its inception in October 1979
was completed and delivered to JPL in January 1983,

With completion of the Phase II effort, Hemlock undertook an 18-month
program in which, at its own expense, the output of the PDU was approximately
tripled to 200 1b DCS/hr and this DCS was fed to various combinations of mid-
size and large Siemens-—type deposition reactors. The purpose is to charac~
terize further and to optimize the performances of the PDU and the reactors.
The enlarged PDU has operated well, achieving high on-line times.

In September 1983 a contract modification was executed for a research
effort on a cold-metal-wall Si deposition reactor. The objective is to elimi-
nate the excessive Si deposition on the inside surfaces of the reactor bell jar
and thereby allow operation at optimum efficiencies, so as to increase DCS-to-
Si conversion efficiency, increase Si deposition rates, and decrease reactor
energy comsumption,

The cold-wall reactor, which had been designed for use on TCS, was con-
verted to DCS use and put into operation., Baseline tests were conducted to
allow comparison with performance of similar-sized reactors having conventional
(hot-wall) quartz bell jars. There were essentially no differences in Si
deposition rate on the rods and in conversion efficiency of DCS to Si. The
amounts of Si wall deposition were considerably lower for the cold-wall reactor
than for the conventional reactor, a promising result,

Economic analysis of the DCS CVD process coupled with a hydrochlorination
process indicates a manufacturing cost of $15.60/kg Si (1000-MT/yr plant,
1980 $), and product price of about $20/kg (1980 $, 10% return on investment)
or about $25/kg for 207% ROI.
Silicon Refinement Process Supporting Studies

Hydrochlorination Reaction Investigation (Solarelectronics, Inc)

A research and development program is being carried out to study the
hydrochlorination of STC and metallurgical-grade silicon to TCS in a 2-in.~dia
reactor,
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In this period, the contract was extended with the goal of providing
basic understanding of the hydrochlorination reaction, The revised program
plan includes a systematic study on reaction kinetic measuremeits to develop a
rate equation, measurements on thermodynamic functions, and study of the reac-
tion mechanism for the hydrochlorination reaction.

A number of kinetic models for the hydrochlorination reaction were
developed and tested with previous and current kinetic measurements. Prelimi-
nary results showed that the rate of formation of TCS fits reasonably well in
a pseuco-first-order rate equation. The rate constant, ki, was measured over
a temperature range of 450°C to 5509C. The activation energy, AE, was
determined by plotting ln kj versus 1/T in the Arrhenius equation to give a
value of 13.2 kcal/mole. Variation of the hydrogen and STC councentrations
showed a small effect on the reaction rate. The rate constants decrease
slightly with a decreasing Hy/STC feed ratio. The effect of pressure on the
reaction rate was studied over the range from 25 to 500 psig. The pseudo-first-
order rate constant decreases with increasing reaction pressure.

Experiments were also carried out to measure the equilibrium constant,
K, for the hydrochlorination reaction for the temperature range of 500°C to
5759C. The heat of reaction, AH, was calculated by the Second Law method by
plotting 1n K versus 1/T in the Van't Hoff equation to give a value of 10.6
kcal/mole.

A new quartz hydrochlorination reactor was designed and built to study
the mechanism of the hydrochlorination reaction, using the deuterium isotope.
This quartz reactor will also be used for experiments at temperatures of 600°C
and above.

Fluidized-Bed Reactor Research (Oregon State University)

A study of radiantly heated fluidized-bed reactors for silicon production
was undertaken in this period by Oregon State University. The effort, consist-
ing of non-reactive studies, is intended to form the basis of an engineering
study to develop an internally heated reactor with relatively cool walls to
minimize silicon deposition on the walls. Experiments were designed to obtain
information concerning the effective absorptivity and the flow rate of heat;
to determine the heating characteristics of the internal heat source; to inves-
tigate the means of maintaining the distributcur plate below the critical tem~
perature to prevent clogging; and to measure the effective absorptivity, heat
flux, and bed-plate heat transfer coefficient at high temperatures. An analy-
sis based on the experimental results will be done to evaluate the character-
istics and capabilities of this reactor.

The initial objectives of determining low-temperature values for the
effective absorptivity and flow rate of heat are being conducted in a (-in.
reactor with square cross section. The first series of experiments is under
way using a variable matrix of the parameters of source power input, bed
height, and gas velocity. An HP85 computer and a data logger are incorporated
in the apparatus.
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Silicon Particle Growth Research (California Institute of Technology)

An investigation of the reaction system of silane pyrolysis in a free-
space reactor was undertaken in this period at Caltech. It was begun with the
objectives of characterizing the reaction system and attempting to develop the
conditions for the production of usable Si particles. (Early studies of the
operation of free-space reactors by UCC under a JPL contract and in-house at
JPL resulted in making submicrometer powder that is difficult to use.)
Theoretical studies led to a description of the experimentally-obtained
particle size distribution and then to calculations that suggested the
experimental conditions for obtaining substantially larger particles.

The theory of gas-phase nucleation quenching by aerosols was extended
from the continuum regime into the transition and free molecular-particle-size
ranges. Using this theoretical basis, a new renctor was designed and
constructed with the objective of extending the particle-diameter range from
submicrometer to 10 um. The efficiency of this reaction for producing one-pm
mass mean diameter particles in the first reactor stage was 307 to 50%. A
second-stage reactor to grow particles to diameters of 10 to 20 um by direct
chemical vapor deposition was designed and fabricated. It was intended that
the production rate would be 6 to 10 gm/h in a 10-mm-ID, 300-um~long extermally
heated quartz reactor. The first experiments operated in the free- pace reac-
tor mode have produced between 2 x 107 and 8 x 1018 particles cm™J; these
particles were in the 0.1 to 1.0-pm range. The product from the second stage
was particles as large as 20-um diameter in a concentration of 6 x 104 par-
ticles em™3., Modifications in the apparatus and way of operation have led
to the production of particles having a volume mean diameter of 35 um.

Investigation will continue under the original plan of characterizing

this reaction system and with the additional objective of producing particles
that can be used as seed for a fluidized-bed reactor.

Research on Silane Pyrolysis in Fluidized-Bed Reactors (JPL)

JPL is conducting FBR research with the objective of characterizing the
deposition of Si from silane and providing bases for significant improvements
in this process. - The 6-in.-dia FBR that was designed, constructed, and checked
out in the last period was operated and found to have certain deficiencies; for
example, incomplete conversion to Si was obtained. Modifications were made to
provide bed temperatures above 600°C while keeping the distributor tempera-
ture below 400°C, and operation of the modified FBR was successful. A test
program consisting of 18 tests was completed. For clean seed particles of
about 200-um-diameter size, 650°C bed temperature, U/Uys (ratio of super-
ficial velocity to minimum fluidization velocity) of 5, and a bed height of 60
cm, the following resuits were obtained: (1) for 20 mole % silane in hydrogen
feed over a 90-min period, the Si deposition rate was 1 kg/hj (2) for silane
feed concentrations ranging from 20%Z to 100% over a 2-h period (average silane
concentration of 57%), the Si deposition rate was 3 kg/h; (3) for 80% silane
feed for a 3-h period, the deposition rate was 3.5 kg/h. The effluent dust
level was 11% or lower in all cases, and no wall deposit or bed agglomeration
occurred. Complete conversion of silane to Si was obtained at 650°C. The
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product is being analyzed to provide information on particle growth mechanisms.
These results confirm the promising feasibility of the FBR to attain the $l4/kg
Si price goal. Further research to explore the high-concentration silane
region and to characterize growth mechanisms and product is planned.

Some preliminary experiments were conducted to investigate improved
methods of FBR seed material preparation. A limited study on cracking heated
Si particles by rapid cooling gave negative results, so no further effort on
this approach will be conducted. A set of experiments was performed to inves-
tigate the feasibility of employing fluid jet milling. The results indicated
that 207 to 40% of the mass of particles originally about one mm in diameter
was reduced to particles in the 400 to 500-um-diameter range in each 10 to
15-minute pass, warranting further study of this method.

Shaped-Sheet Technology

Edge-Defined Film-Fed Growth (Mobil Solar Energy Corp.)

A new contract titled "Stress Studies in EFG" was initiated in July,
1982. The effort will require research on defining growth-induced stresses in
8i ribbons, specifically EFG ribbous.

The work plan focuses on the development of a computer model for tempera-
ture field-stress relationships in dynamic ribbon-growth situations. The
relevant ribbon-temperature field data and boundary conditions will be obtained
experimentally from existing growth stations and used to refine and confirm the
theoretical analyses. The modeling effort will be directed toward generating
an optimum ribbon growth condition that allows high-speed growth with accept-
able residual stresses.

The computer code for residual stress calculation is operational. Sensi-
tivity analyses involving growth parameters such as speed, temperature, stress
boundary conditions, and strain rate are in progress. Experimental data on
temperature profiles of static 10-cm-wide EFG ribbon at growth conditions have
been obtained and integrated into the computer analysis.

Other ongoing work includes development of a high-resolution fiber-optic-
based system for measuring ribbon temperature; analysis of the liquid/solid
interface shape and composition; high~temperature measurement of creep behavior
for EFG ribbons; and laser interferometric in-situ measurement of ribbon-
surface topology during growth.

Dendritic Web Ribbon Growth (Westinghouse Electric Corp.)

Westinghouse is investigating the key problems that are associated with
a process for making a thin, wide-ribbon form of single-crystal Si directly
from the melt., '"Dendritic" refers to the wirelike supporting dendrites on each
side of the ribbon, and "web" refers to the Si sheet that results from the
freezing of the liquid film between the bounding dendrites as the latter are
raised from the molten Si.
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The main thrust of the effort in this period was directed toward under-—
standing and implementing the control of thermally generated stress, which is
the factor limiting the area rate of ribbon growth, not only for dendritic web
but for other forms of Si ribbon. To this end, development continued on
computer models that are being used to characterize critical elements of web
growth and to define growth system configurations that produce ribbon with
reduced stress at increased throughput rates.

Early in the period, the model for web temperature was modified by
incorporating a graphics output that prints the information into a curve,
providing a capability of evaluating a larger number of thermal cases and
reducing cost per case. Also, the buckling model was evaluated and verified
for application to the wider web that is now being developed.

Using the models, various configurations for increased area growth were
defined. One particularly promising one, designated J460, was built and
experimentally evaluated both at the R&D Center and at Westinghouse's Advanced
Energy Systems Division pre-pilot facility. The J460 hardware has produced
undeformed ribbon of up to about 5.5 cm width, the widest low-stress ribbon
grown to date. A second set of this furnace configuration was fabricated to
include provisions for melt replenishment so that longer runs could be made,
and runs as long as 90 hours were conducted. The growth behavior was repro-
ducible, usually producing web of 150-um thickness and in excess of 4-cm width.
A growth rate of about 13 cm?/min was achieved.

The use of Si pellets produced by the Kayex Corp. shotting tower was
introduced into the replenishment system. This tower, which was developed
under a subcontract with Kayex by UCC as part of the latter's FSA silane-to-
silicon program, was acquired by Westinghouse for the Module Experimental
Process System Development Unit (MEPSDU). The modified melt replenishment
system eliminates oxide accumulation and thereby permits both long-term
_continuous operation (for at least 90 hours) and interruptions in operation
for extended periods (i.e., overnight), thus greatly increasing flexibility.
In November 1982 growth runs were made with width-limiting versious of the
J460 furnace designj with such a feature, ribbon of constant width is grown.
The tests showed that the width was controlled to about the 4-cm design target.

Recently, further analysis of modeling results indicated that elastic
buckling stresses can be reduced to very small values by the use of configura~
tions with higher shield stacks. Modeling of one such configuration indicated
that some elements of the growth system affect ribbon growth in an essentially
independen: manner. For example, it was found that the top shield temperature
had almost no effect on the growth speed and relatively small effect on
residual stress, but had considerable effect on buckling stress. On the other
hand, the furnace 1id parameters such as temperature and slot width affected
both growth speed and residual stress, but had little effect on the buckling
stress. Such independence of these parameters is expected to facilitate
further improvements in the growth systems.

Since further sizeable improvements in ribbon growth rates are considered
not likely to be attained with static furnace configurations, the contract was
recently modified to provide for an effort in which dynamic control of the
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furnace elements will be studied. With such a system, ribbon growth can be
started with an appropriate set of conditioms, and the furnace configuration
can be changed during operation to that required for high growth rates.

To summarize some of the significant progress in this period, the quasi-~
steady~state (for ribbon 1engths of 30 to 100 cm) area growth rate was
increased by 60% (from 8 cmZ?/min to 13 cm /mln), the maximum ribbon width
at standard thickness (150 um) was increased by 30% (3.8 c¢m to 4.9 cm), and the
maximum low-stress ribbon width was increased by 12% (4.9 c¢m to 5.5 cm).

Shaped-Sheet Technology Supporting Studies

Vo ification of Silicon Surface Properties by Fluid Adsorption (University of
i'linois at Chicago)

The purpose of this study is to provide an understanding of the abrasion
and wear of Si through modification of its surface properties by interaction
with fluids.

The fundamental mechanisms of surface property modification of Si by
fluid adsorption are being investigated by the University. Effects of abrasion
by diamond, and of microhardness and fracture of S5i in fluids, are being
studied. The abraded surfaces are examined by scanning electron microscopy to
deduce the material fracture and removal mechanism; micro-hardness tests are
used to determine the changes in surface hardness due to fluid adsorption; and
fracture of the Si abraded in fluids is being studied to determine how the
subsurface damage due to abrasion is affected by fluid adsorption.

Diamond abrasion tests were made in deionized water, 5 wt 7% sodium chlo~-
ride ir water, acetone, and ethanol for normal forces of 5 gf and 10 gf. The
resultr indicated that the abrasion rate of Si in ethanol is twice as high as
in water, all other experimental conditions being held constant. The data were
compared with two models: one by Rabinowicz et al, who describe the wear rate
as a function of material hardness only, and one by Evans, who describes the
material removal rate as a function not only of hardness but also of fracture
toughness; the Rabinowicz model is based on the elastic/brittle fracture of
ceramic materials, and the Evans model is based on the elastic/plastic prop-
erties of materials. The experimental results indicate that the abrasion rate
in the aqueous liquids and acetone are within the range of the result predicted
by the Rabinowicz model. Examination by scanning electron microscopy indicated
little plasticity. However, the wear rate in ethanol appears to be more con-~
sistent with the Evans model. 1In addition, greater plasticity was observed on
the surface abraded in ethanol.

The surface hardness of Si was tested in toluene, acetone, ethanol, meth—
anol, glycerol, and deionized water, and it ranged between 1374 + 89 kg/mm
for ethanol and 1845 + 150 kg/mm for deionized water. The microhardness
correlates with the dielectric constant, €, of the fluid.

The subsurface damage due to abrasion of Si in fluids is being investi-
gated by fracture-strength test of Si wafer samples. A linear multiple-scratch

10
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groove generated in ethanol and acetone wae used as a '"thumbnail" crack in a
three-point bend test. The fracture strength varies for the grooves generated
in the two fluids, and a measure of the mirror radius, r, on the 110 fracture
surface and fracture strength, O, yields the constant A in Gyrl/z = A.

The constant A is 1.87 and 2.20 MN/m3/2 for grooves formed in ethanol and
acetone, respectively. This difference in A confirms that chemomechanical
effects are deminant in the fracture behavior of Si.

Materials Properties Modification (JPL)

In order to study the effect of environments on the mechanical properties
and/or cracking £ Si, double torsion (DT) and microhardness indentation testing
methods were recently undertaken. The environments of interest include light,
heat, chemical (contact fluids), and electrical and magnetic fields. 1Initial
efforts were focused on studying the effects of light, heat, and electric
fields,

Baseline data were generated on Cz 8i fractured along {lll} in air at
room temperature (23°C). The fracture touéhness (K1c) measured by the DT
method was found to be 0.715 to 1,0 MNMm™3+2, These values are within the
scatter of the previously published data measured by the controlled-flaw/bend-
bar method. The DT test data provide higher precision and are more useful for
design application than data from the contrclled-flaw/bend-bar method.

Preliminary tests on the effect of light on the mechanical strength of
8i were made. It was found that the strength of Si increased appreciably under
infrared irradiation (IR) in comparison with that of Si tested in darkness.
However, the strength of Si remained unchanged (compared to darkness strength)
when tested under intensified visible light. A better, controlled IR light
source and testing setup are being prepared for the detailed testing on the
effects of light irradiation.

Preliminary microhardness tests have begun on single-crystal Cz material
with and without an applied current/voltage passing through the samples. An
initial test consisting of 30 microhardness indentations indicated a softening
effect in the {211 Si surface when impressed with 10 volts at the time of
indentation. A reduction iu hardness of approximately 25% was recorded. How-
ever, subsequent tests have failed ts reveal this same electromechanical soft-
ening effect. These results are sor-what consistent with reports in the
literature, where there is no comsensus on the existence of an electromechani-
cal effect in semiconductors. Ongoing work at JPL includes new sample configu-
rations, standardized surface preparation techniques, and an optimized
electric-circuit arrangement for studying the effects of electric fields on
silicon.

ingot Technology

Semicrystalline Casting {Semix Inc.)

The semicrystalline cassting development effort with Semix is a continua-
tion of the cooperative agreement established in 1980 between Semix and the

11
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Department of Energy. Technical assistance in the monitoring of this agreement
is being supplied by JPL. The initial agreement envisioned a large-scale
development of the technology for casting and wafering semicrystalline Si.
Philosophical changes in the scope and direction of the Department of Energy
program have resulted in a reduction of scope of the effort with Semix to three
elements. These are non-destructive evaluation of cast ingot quality, high-
speed wafering developments, and modeling and experimental control of the
casting process, This latter element includes confirmation of cell effi~-
ciencies. Each of these technical elements will be reviewed in turn,

The approach to quantitative determination of ingot quality before
wafering would permit rejection of unsatisfactory bricks before the added
value of wafering. Such bricks could be remelted in total to minimize yield
losses. The approach under investigation involves generation of free carriers
by means of a brief laser pulse into the bulk of the Si ingot. Decay time for
the free carriers generated is then analyzed by a laser capable of penetrating
entirely through the brick and determining the absorption of this laser by the
carriers in the Si as a function of time. Decay time in absorption can thus
be correlated with free-carrier lifetime in the brick. Work has largely
involved investigations of various available lasers in terms of relative power
and absorption at the Center for Laser Studies in Philadelphia, Pennsylvania.
The choice of laser powers and absorptions is critical, since penetration must
be great enough to provide meaningful bulk measurements but not so great as to
provide inadequate signal for detection. Results suggest that the technique
is feasible, and experimentation continues.

The second element of the program involves high-speed wafering. This
effort is a result of earlier studies that indicated that multiblade wafering
as presently practiced was inadequate in both conventional and high-speed forms
as a result of excessive use of expendable materials, limited rates, and equip-
ment inadequacies. The details of the new technique are proprietary. As a
result of experimental difficulties and termination of wafering efforts
throughout the FSA program, this experimentation has largely been concluded

within the Semix effort. No experimental results were obtained at the conclu-
sion of the effort.

The final element of the program involves the use of a computer thermal
model to describe heat flows during the casting process. This thermal model
is to be correlated experimentally with crystalline behavior during the
process. Variations in crystallization would be imposed by varying the thermal
configuration within the casting furnace. Details of crystallization-front
behavior would be determined from the crystallization structure observed in the
ingot. Finally, implications of the ingot structure would be confirmed by
solar-cell measurements on wafers. Such a program contains many subelements
that are not described in detail herej; such description is available in Semix
quarterly reports. All elements of the analysis are now proceeding, but none
has progressed to the point that the total effectiveness of the approach can
be evaluated. Major results have been attained in the portion of the work
involving structure and its relation to performance. These are described in
detail in the Proceedings of the 2lst Project Integration Meeting in this
document.
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Devices and Measurements Research Task

INTRODUCTION

The objective of this task is tc identify and implement research and
development activities in the photovoltaic device and measurements area to meet
the near-term and long-term objectives of FSA. Task activities encompass
research in device physics, device structure, material-device property inter-
action, and measurement techniques for physical, chemical and electrical
evaluation of devices and materials.

Technical Approach, Organization and Coordination

To meet FSA objectives, efforts are now directed toward characterization
of various silicon-sheet materials, material-device property interaction
investigation, and measurement techniques. The program of the Task is struc-

tured accordingly.

Ongoing research contracts awarded for material and device evaluation are
listed in Table 1.

The program of the Task also includes JPL in-house activities to conduct
basic research in materials and devices characterization to support contractor
needs and other Tasks of the Photovoltaic Components Research Area.

SUMMARY OF PROGRESS

Cornell University

Studies using scanning transmission electron microscopy (TEM) and
electron-beam-induced current (EBIC) techniques were used to evaluate disloca-
tion networks in processed EFG ribbon. The networks appear to provide nuclea-
tion sites for small precipitates. The electrical activity of the dislocaticn
networks in the twin planes in web decreases sharply after cell processing.

An algorithm has been developed to determine the orientation of twin boundaries
by visual inspection of S8i surfaces after preferential etch. Ribbons using a
method of quenching liquid Si on a rotating wheel have been made to improve the
understanding of structural defects im silicon grown at high speed.

A general theory of the structure of {110) tilt boundaries has been
worked out in terms of repeating structure unit.

An extension of the contract has been approved for one year. The mile-

stone final report originally scheduled for late June 1982 has been rescheduled
for late June 1983.
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Table 1. Devices and Measurements Research Task Contracts

Contractor

Research Area

Applied Solar Energy Corp.
City of Industry, CA
JPL Contract No. 955089

Cornell University
Ithaca, NY
JPL Contract No. 954852

Materials Research, Inc.
Centerville, UT
JPL Contract No. 957977

University of Califoruia
Los Angeles, CA
JPL Contract No. 956233

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

Applied Solar Energy Corp.
City of Industry, CA
JPL Contract No. 956369

University of Pennsylvania
Philadelphia, PA

Cell fabrication and silicon-sheet
evaluation

Characterization of silicon-sheet
properties

Quantitative analysis of defects and
impurity evaluation technique

High-efficiency solar-cell
structures by molecular-beam epitaxy

Effects of impurities on solar-cell
performance

Microcrystalline silicon growth for
heterojunction solar cells

Development and analysis of silicon
solar cells of near 20% efficiency

JPL Contract No. 956290

Applied Solar Energy Corp.

Studies have been made to evaluate new silicon cast material (the
oscillating carbon crucible technique with Bridgman directional solidifi-
cation) and silicon cast materials: UCP (Semix Inc.), HEM (Crystal Systems,
Inc.), and Silso (Wacker Siltronic Corp.). The average results for the UCP,
HEM, and Silso cast materials indicate the their efficiency is about the same
(HEM 11.1, UCP 10.4, Silso 10.2). This contract expired in December 1982. An
add-on effort to the contract is being negotiated. A final report is scheduled
for February 1983. Future activities are expected to include dark current-
voltage data on cast silicon.

Material Research, Inc.

Characterization by quantitative microscopy of processed and unprocessed
semiconductor material has been completed. A final report containing
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information on both the processed and improcessed material was submitted to
JPL in November 1982. Negotiations are under way for an add—-on effort to this
contract.

C.T. Sah Associates

This project started seven months ago and contains two interrelated
tasks: (1) theoretical and experimental studies of impurities-related energy
levels, densities of the levels, and carrier capture probabilities; (2)
generation of a mathematical model to describe the experimental results and to
specify the material property requirements for high-efficiency cells. This
project includes stu'ies on thick and thin cells. Work is continuing on
developing the model for thin-film high-efficiency solar cells. This model
will allow for both single-crystalline and polycrystalline materials, and will
include the effect of drift field on allowable impurity concentration.

Applied £-lar Energy Corp.

The purpose of this contract is to investigate a new heterojunction
structure for silicon solar cells, consisting of microcrystal (m—-Si) with a
1.72 eV band gap grown on single-crystal (c-Si) sublayers, with band gap
=1.1 eV. N-type silicon wafers were supplied by ASEC to Boston College for
evaporation of a microcrystalline silicon layer (p-type) for formation of a
heterojunction. Of the cells made from the heterojunction material, most
showed interface shorts with very low open-circuit voltages. Ion microprobe
analysis is under way to evaluate the interface.

University of Pennsylvania

The project started in September 1982; purpose is to explore the capabil-
ities of certain process approaches with respect to yielding material proper-
ties adequate for the preparation of very-high-efficiency silicon solar cells.
A multi-variable experiment has been designed to study the process parameters
including type of gas and dopants that yield the highest minority carrier life-
times in CVD-deposited epitaxially grown silicon layers. Suitable p-type
substrate warers with minority carrier lifetime are due to be received from
Microwave Associates in January 1983. High-minority-carrier-lifetime samples
are also expected from Wacker Chemie.

University of California at Los Angeles

During the first seven months of this program, emphasis has been on
characterizing molecular-beam epitaxy (MBE)-grown silicon films and junctioms.
Studies of carrier concentration and Hall mobility in n-type (Sb) and p-type
(Ga) films shown near bulk-like properties. SEM and etch-pit studies indicate
low dislocation concentrations. Diffusion lengths in substrates did not
degrade during MBE processing. SIMS analyses of MBE films showed unexpected
carbon and boron impurities. One solar cell was made from and MBE~grown n-film
on a p-substrate with the contact added at JPL. Solar-cell parameters could
be measured but were poor due to high reverse leakage. Causes of the latter
are being studied.
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INTRODUCTION

The objective of the Environmental Isolation Task is the development and
qualification of the total encapsulation system required to protect the active
optical and electrical elements of a photovoltaic array from the effects of the
field enviromment. The most challenging technical problem has been the devel-
opment of high-transparency materials for the photoactive side of the module
that meet the Project's low-cost and 20-year-life objectives. The approach to
the objective includes a combination of contractor and JPL in-house efforts,
which can be divided into two technical areas:

(1) Materials and Process Research. This effort includes all of the
work necessary to develop, demonstrate, and qualify one or more
encapsulation systems to met FSA cost and performance goals. It
includes the testing of off-the-shelf materials, formulation and
testing of new and modified materials, identification of automated
processes to handle these materials during formulatinn and fabri-
cation of modules, and systems analysis and testing to develop
optimal module designs.

(2) Material Durability and Life Testing. This work is directed toward
the attainment of the FSA 20-year-minimum life goal for modules,
It includes research aimed at the development of a life-assessment
method applicable to terrestrial photovoltaic modules, and valida-
tion of that method by specific application to photovoltaic demon-
stration sites. Material degradation studies are being conducted
to determine failure modes and mechanisms. This effort supports
both the materials and process development work and the degradation
model development.

SUMMARY OF PROGRESS
Isolation Materials and Process Research

Module encapsulation material systems and configurations that meet the
original FSA performance and cost goals and have the potential of meeting the
service-life goal of 20 to 30 years have been developed and are being evalu-
ated extensively. Major PV module manufacturers, including ARCO Solar, Inc.,
Solar Power Corp. and Solarex Corp. are using and evaluating the FSA-developed
pottant (EVA) and primer materials (silanes) in their current product lines.

More advanced encapsulation concepts as well as work on some identified
problem areas with EVA have been worked on during this reporting period.
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Encapsulation Materials and Process Research and Evaluation
(Springborn Laboratories, Inc.)

New compounds were evaluated by Springborn for efficiency in curing both
ethylene vinyl acetate and ethylene methyl acrylate pottants intended for
vacuum—-bag lamination of solar cells. One compound in particular, designated
Lupersol-TBEC (Lucidol Division of Pennwalt Corp.), was found to be unusually
effective in promoting the rapid cure of both these materials. Formulation of
these resins with TBEC resulted in compositions of very high gel content, lower
temperatures of activation, and much lower cure times, even in the ethylene
methyl acrylate polymer that is more difficult to cure. It is expected that
TBEC-modified pottant formulations may permit the lamination-encapsulation step
to be operated at lower temperatures, higher speed, higher throughput and with
a much wider tolerance for intentional or accidential variations in the cure
schedule. Investigations of this new curing agent will be emphasized in the
development of future of formulations.

Two component aliphatic urethane casting syrups were evaluated for suit-—
ability as solar-module pottants on the basis of optical, physical and fabrica-
tion characteristics. One formulation was selected as being acceptable for
industrial evaluation, This compound, designated Z-2591, is a prototype solar-
cell encapsulant manufactured by Development Associates, Inc., North Kingstown,
Rhode Island, and is available in pilot-plant quantities. This urethane is
characterized by high transparency, low mix viscosity, fast cure time and
surprising lack of the moisture sensitivity that has given trouble with
previous urethane compositions. This material is produced with an ultraviolet
(UV) stabilizer system already blended in; similar formulations have a history
of use in outdoor applications. Commercial quantities are available for module
fabrication.

Mild steel is a readily available and easily worked material that holds
the promise of being a cost-effective substrate. Its major deficiency is cor-
rosion sensitivity. Experiments are under way to access the durability and
cost effectiveness of coatings for protection of steel. Test specimens were
prepared with a variety of films, paints and pottants and then exposed to 35°C
salt spray (ASTM B-117) and outdoor weathering conditions. The specimens were
evaluated for degree of corrosion, delamination and other destructive effects
at regular intervals. The salt spray and outdoor results generally correlated
well, except for the degree of attack, which was much more severe in the heated
salt fog. Untreated control specimens survived only three hours under salt
spray before extensive corrosion became apparent. The most successful coating
identified so far is lamination with an EVA/Scotchpar polyester combination,
which has endured 5,000 hours of salt spray with no sign of change. Other
coatings based on EVA modified with zinc chromate have also survived this
period without change. These coatings are currently too expensive to be
practical (approximately $10/m2), but they serve to demonstrate proof of
concept and show the effectiveness of chromate modification.

Investigations are continuing with commercial maintenance coatings based
on fluorocarbon and silicone-alkyd chemistries. Tests of these coatings show
good salt-spray resistance to 4,000 hours and the cost, including the steel and
both sides coated, is in the order of $3.50/m2. This is well within the
$7.00/m? upper limit for substrate cost.
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Wood products, such as hardboard, are potentially the lowest-costing candi-
date substrates identified to date. The high modulus (0.5 to 1.0 x 106 1b/in.2)
and low cost (approximately $0.14/ft2) satisfy cost and load-deflection
requirements. The difficulty with the use of these materials lies in their
very high hygroscopic expansion coefficients. Periods of dryout followed by
subsequent moisture regain cause large expansions and contractions that result
in cell fracture when these materials are used as substrates. Experiments were
conducted to determine the effectiveness of occlusive coatings to prevent this
effect. Both metal foils and organic films bonded to the hardboard with appro-
priate adhesives were found to decrease the hygroscopic response dramatically
and to lower the expansion coefficient by four orders of magnitude. These
results improve the position of wood products as potentially useful substrates
and future experiments will continue to assess this approach and identify cost-
effective coating materials and techniques.

An experimental program continued to determine the usefulness of soil-
resistant coatings. These coatings are intended to be surface treatments
applied to the sunlight side of solar modules to prevent the persistent
adhesion of soil to the surface, to aid in its removal, and thus to maintain
high power output. These treatments have been applied to Sunadex glass, Tedlar
and oriented acrylic film. The treatments are based on silicone, acrylic, and
fluorosilane chemistries. After 15 months of outdoor exposure, the most
effective treatment for Sunadex glass appears to be a fluorosilane designated
L-1668. TFor both the organic films, a silane-modified adduct of perfluoric
acid gave the best results. These treatments gave improvements of 2.5% to 47
in power transmission, measured with a standard cell. The surface treatments
were found to be self-cleaning during rainfall periods. After one year there
is evidence that the treatments are slowly being lost; consequently,

a maintenance schedule may be required to maintain effectiveness over long
periods of time.

Primers were evaluated for effectiveness in bonding candidate pottants
to outer covers, glass and substrate materials. The bond strengths were
determined by standard peel-test methods and measured in 1b/in. of bond line.
Successful primers were also tested after two weeks of water immersion and two
hours in boiling water. Good primers have been identified for bonding EVA
(A-9918) to almost all candidate materials and a new primer that is effective
with polyester films, that gave bonds of 35 1b/in.2, was identified. Despite
the similarity in chemistry, EMA is much more difficult to bond and successful
results have been obtained only with glass and mild steel. Polyurethane cast-
ing syrup has been effectively bonded to Sunadex, Tedlar and Korad but addi-
tional work is required on steel and polyester. Butyl acrylate syrup is the
most difficult pottant of all to bond; this limitation is additionally compli-
cated by its inherently low tensile strength. Bonds to Tedlar and Sunadex
glass that survive the water immersion and boiling tests have been achieved;
however, they are both low in bond strength, not exceeding 1 to 2 1lb/in. of
width.

The RS/4 Sunlamp exposure is a widely used industrial method of assessing
the relative stability of plastics subjected to the degrading effects of ultra-
violet light. The results are useful for the ranking and comparison of the
stabilities of polymeric materials and the effectiveness of additives and
formulations. The EVA formulation A-9918 is performing extremely well and has
survived more than 30,000 hours' exposure to date with no significant change in
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properties. In comparison, the uncompounded EVA resin begins to degrade in
about 500 hours. The other pottants are also surviving without change, but
they have not yet accumulated as many test hours. The fully compounded EMA has
endured 10,000 hours, and the casting syrups, polyurethane and butyl acrylate,
have been exposed for 8,600 and 5,700 hours, respectively. Pigmented back-
cover films of Tedlar and Scotchpar and outer-cover films of transparent Tedlar
(100BG30UT) show no signs of deterioration. The low-cost biaxially oriented
acrylic film, Acrylar (3M Corp.), has been exposed to 12,000 hours and shows

no change in useful properties, except that a 40% decrease in tensile strength
(from 24,000 1b/in.2 to 14,500 1b/in.2) occurred within the first 1,500

hours.

Fabrication of outdoor heating racks has been completed, and the racks
have been roof-wmounted, The heated surface of each of these racks is a thin-
walled aluminum plate, 3 feet on a side (9 £ft2 of heating area), behind which
will flow a Dow-Therm commercial heating fluid, regulated in a separate heating
chamber hot enough to yield the desired surface temperature. The racks were
designed to operate at surface temperatures as high as 125°C to 130°cC.

The intent of these racks is to achieve exposure of materials and modules
to natural outdoor conditions of UV, oxygen, humidity, etc., and to accelerate
aging with temperature. The racks can be operated at constant temperature on
a 24-hour basis, or can be cycled to turn on at sunrise and shut off at sunset.
The latter operation would generate diurnal thermal-stress cycles in experi-
mental modules.

Initially, the plans are to operate the racks in the cyclic mode, with
one rack at 80°C, a second at 95°C, and the third at 110°C. Identical
samples, yet to be selected, will be mounted on each rack, to yield data on
temperature dependence of property changes.

Module Design Analysis and Verification
(Spectrolab, Inc.)

The breakdown voltage of electrical insulation is a function of many
parameters, but the dominant ones appear to be the dielectric strength of the
insulation material and the geometry of the metal conductors separated by the
insulation. For real~world solar-cell assemblies that have sharp points,
corners, or edges with very small radii of curvature, electrical breakdown of
insulation will initiate at these geometric locations, rather than from flat
surfaces of the conductors, and electrical breakdown will occur at values of
volts/mil less than the dielectic strength of the insulator.

A computer program for the analytical modeling of electrical stress
(isolation) has hteen generated. This model will initially interrelate the
dielectric properties of encapsulation pottants, pottant thickness, and
geometry and thickness of electrodes and solar cells. The program is designed
to analyze both thick-film and thin-film PV modules.

In analytical work involving computer stress modeling, a reduced-variable
master curve has been developed for calculating deflection stresses in cells
due to module bending. This master curve, similar in concept to the previously
generated thermal~-stress master curve, provides the design interrelationships
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between mechanical properties of the pottant, cells, and structural pamnel to
provide encapsulation design criteria for reducing solar-cell stresses when a
module is deflected into an arc by wind pressure. As with the thermal-stress
master curve, this deflection master curve was generated for a 4~foot square
module bearing 15-mil-thick, 4 in.-square silicon solar cells with a 30-mil
separation distance. For both master curves, the effects of cell dimensions
(length and width) will be included, and solar-cell stresses generated by the
combined actions of module thermal and deflection stressing will be analyzed,

Synthesis of UV Absorbers
(Polytechnical Institute of New York)

A contract has been let to the Polytechnical Institute of New York for
the development and demonstration of synthetic procedures for polymeric ultra-—
violet stabilizers and absorbers. Professor Otto Vogl and his associates will
test and scale up synthesis of previously developed ultraviolet absorbers and
antioxidant additives that can be incorporated permanently into PV encapsula-
tion materials, This effort will continue the work on new stabilizer formula-
tions initially synthesized at the University of Massachusetts under JPL
Contract No., 955531,

Ion-Plated Coatings
(I1linois Tool Works)

This contract was scheduled to terminate October 31, 1982, and ITW is
preparing its final report. A draft copy is expected during January. ITW will
close out its experimental activities by measuring the I-V performance of ion-
plated n-on-p solar cells and by evaluating the antitarnish properties of ion-
plated AR coatings over copper metallizatiom. Both are in progress.

Fdwin P. Plueddemann
(Dow Corning)

E.P. Plueddemann has developed candidate primer systems for bonding EVA
and EMA to Acrylar, and for bonding EVA to Tedlar. He has also developed a
candidate primer system for bonding the Z-2591 castable polyurethane to Tedlar,
and continues work to develop primers for bonding this polyurethane to Acrylar
and polyester films,

Separately, JPI . Springborn, and some PV manufacturers have observed that
EVA will not bond to . '‘lder. Efforts to achieve and EVA-solder bond with
primers developed to boud EVA to other materials such as glass, copper, alumi-
num, and the various plastic films have not worked. Plueddemann will initiate
development of an EVA/solder primer system.
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MATERIAL DURABILITY AND LIFE TESTING

Interface Degradation
(Rockwell Science Center)

Experimental studies to establish the mechanical and viscoelastic
requirements for interface bond stability (IBS) of FSA-advanced encapsulated
PV systems have been carried out using reactive silane adhesion promoters.
Three reactive silanes, Z-6020, Z-6030 and Z-6031, which are used in Springborn
primers for EVA encapsulants, were selected for detailed bulk property studies.
Bulk polimerized films were prepared and studied by differential scanning
calorimetry. Results supported an important hypothesis that reactive silane
polymers retain chemical reactivity under long-term aging.

Jack Koenig at Case Western Reserve University has pioneered experimental
techniques based on Fourier-transform infrared and Raman spectroscopy for the
direct interrogation of a chemically bonded interface for fundamental chemical
information. His techniques offer the promise of being tools to qualitatively
and quantitatively monitor changes, at an interface, that may result from
accelerated aging tests or from natural outdoor aging. A consultant arrangement
to explore the potential of these techniques for FSA has been negotiated.

Springborn has supplied Koenig with test specimens of EVA bonded to glass
by means of the EVA-glass primer f{A-11861) developed by Plueddemann, and has
also supplied control specimens without the primer. Koenig's test methods for
chemically interrogating a chemically bonded interface are sensitive to sample
configuration. The Springborn test specimens were of various sizes and
material thicknesses in order to determine the optimum test configuration.

This activity is expected to be completed by January and to provide preliminary
chemical information about the chemically bonded EVA-~glass interface. After
that, EVA-glass test specimens will be aged at Springborn and Koenig will
investigate properties of the resulting interfaces.

Degradation Computer Modeling
(University of Toronto)

Work is ontinuing on refining EVA photodegradation model to allow for
the inclusion of substituent groups, the reactivity of secondary and tertiary
C-H bonds, and the influences of temperature cycling and dark reactions. These
modeling studies will provide a general understanding of polymer photooxidation
phenomena that can lead to a new understanding in the study of controlled
lifetimes for polymers.

Work is continuing to investigate the effects of moisture and crosslink
density on diffusion processes in EVA and how they influence the chemical
degradation process. Modification of the overall chemical mechanism on which
the computer program is modeled can then be evaluated to make aiiowance for the
appropriate choice of diffusion rates in the solid state.

Photothermal Degradation of Polymers (JPL)

Efforts to investigate electrical properties of encapsulation materials
are continuing., The initial objective is to monitor leakage current of
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candidate materials under various enviromnmental conditions. Monitoring of
leakage current of PVB as a function of temperature and salt-solution concen-
tration has been performed.

Preliminary results demonstrate that PVB becomes more conductive by a
factor of two when soaked in a salt solution, as compared with tap water. Data
on thermally aged PVB samples have also been obtained. Samples were aged at
50°C and 135°C in a dark oven for 2 days. Current versus soaking time was
monitored. Results indicated that PVB had become a better insulator as a
result of dry-oven thermal aging, when compared with the control sample.

The mechanical behavior of a polymer sample can be influenced by the
extent of the sample's crystallinity. A particularly effective way of
examining partially crystalline polymers, of which EVA is one, is by X-ray
diffraction.

Samples of EVA placed in the Controlled Environmental Reactor (CER) at
1359C for various periods of exposure are being tested using X-ray diffrac-
tion. Sample crystallinity will then be estimated from the X-ray pattern by
plotting the intensity of the scattered beam against the angle of incidence.
Any changes in the morphological network can be determined by the degree of
crystallinity. Results will be evaluated.

Quantifying Degradation Research Forum

This Research Forum, held at Williamsburg, Virginia, December 56-8, 1982,
was organized to address critical issues related to the identification and
quantification of photovoltaic module life-limiting degradation rates and
mechanisms. This forum focused on current industrial practices and potential
new approaches to identifying, characterizing, and modeling mechanisms such as
corrosion, cyclic fatigue, photochemical aging, surface soiling, debonding, and
electrical isolation breakdown. The meeting was attended by 66 representatives
of some 27 different industrial, governmment and academic organizations. The
experience and approaches of 10 non-photovoltaic-related industries in achiev-
ing and assuring hardware durability were reviewed and their application to
photovoltaics discussed. These presentations were by 13 representatives of
such companies as Ford Motor Co., PPG Industries, 3M Co., Eastman Kodak, Bell
Telephone, and Underwriters Laboratories, Inc. The Forum Proceedings,
including discussion comments, is in press.

A conclusion reached as a result of this forum was that the task of pre-
dicting and assuring photovoltaic module life is a very complex undertaking,
but the current FSA approach is consistent with the best current industrial
practice in other fields,
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Process Research Task

INTRODUCTION

The objective of this task is to conduct research and technology develop-
ment in critical areas of photovoltaic~device fabrication processes and module
formation to minimize technical barriers in those areas.

Process research is grouped in four categories for reporting convenience:
surface preparation, junction formation, metallization, and module completion.

SUMMARY OF PROGRESS

The Process Research Task was incorporated into the Photovoltaics Com-
ponents Research Area to provide greater visibility for the redirected Cell and
Module Formation Research Area contracts. Increasing emphasis on reduction of
technology barriers has resulted in the preparation of numerous technical
papers. No new requests for proposals have been issued; however, unsolicited
proposals were reevaluated in accordance with DOE guidelines and two contracts
were awarded to Spire Corp. for ion implantation of non-Czochralski silicon-
sheet materials and development of a hermetically sealed module.

A Photovoltaic Metallization Systems Research Forum has been organized,
to be held March 16-~18, 1983, at Callaway Gardens, Pine Mountain, Georgia.
Speakers from different organizations and backgrounds have been engaged along
with a meeting place offering off-season rates and an atmosphere conducive to
concentrated discussion and the equally important informal exchange of
information.,

Surface Preparation

The Photowatt International, Inc., effort to develop a thick-film metal-
lization system for application over a silicon nitride antireflection coating
was only partially successful. Even though the results of this small contract
were mixed, there were indications that a base-metal system could be developed.
No additiomal funding is being considered. RCA completed the final report on
its process-sequence development contract. PV cells were to be made on silicon
sheets that had been epitaxially grown on low-cost substrates. This contract
was cancelled before completion.

Junction Formation

Non-mass-analyzed (NMA) ion implantation tests by Spire Corp. have
demonstrated 15.5% cell efficiency. This equipment is designed to have a
throughput capability of 10 MW per year with lower capital investment, utility
costs and maintenance requirements.
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NMA efforts at JPL have been concentrated on back-surface field (BSF)
formation using boron trifluoride. This effort is aimed toward defining the
implantation parameters and process sensitivity.

Westinghouse Electric Corp.'s work on liquid dopants and masks has been
successful, Liquid dopant cells have shown photovoltaic conversion efficiency
equal to or greater than that of baseline gaseous-diffused cells, Part of this
excellent cell performance (15% to 16%) is due to the high quality of the film
applied by the new meniscus coating machine. Another advance is the demonstra-
tion that belt-furnace-diffused cells are as good as tube-furnace cells. This
allows a continuous process approach in all areas of cell production.

Solarex Corp. efforts on polycrystalline devices have shown that thin
cells show BSF improvements. Unfortunately, thin polycrystalline materials
still exhibit poor mechanical properties and therefore have high process
handling losses,

A JPL in-house pulsed-plasma ion source has been fabricated and tested.
Early results were mixed but the concept was successfully demonstrated,

Metallization

During this period Bernd Ross Associates demonstrated a successful copper
thick~film ink back-contact system. An adherent front copper contact system
was also shown but lack of a diffusion barrier prevented valid evaluations.

Spectrolab, Inc. also was successful with its tin/molybdenum/titanium-
hydride thick-film system, Cells equal to silver thick-film cells were
produced. Inherent in this system is a higher series resistance loss due to
lower metallic conductivity in the grid lines. This contract has been
redirected to include a conductive transparent oxide coating to reduce series
resistance,

Photowatt International was unable to develop a nickel-based thick-film
ink that would have good electrical and mechanical properties when fired
through a silicon nitride antireflecticn coating. A silver-based ink was
developed and successfully demonstrated.

Electrink succeeded in the development of a silver-based thick-film ink
that can be applied directly to as-sintered aluminum back-surface metallization.
This saves an expensive cleaning step and makes interconnect attachment easier.

Caltech researchers have formulated a general rule for the creation of
amor phous metal films. This work involved the creation of a number of differ-
ent binary amorphous metal films by ion mixing and co-sputtering, Seven papers
were published in this subject area.

JPL in-house metallization research centered on development of an
improved measurement technique for determination of the contact resistance of
the metal-~to-semiconductor interface. A new approach has been found and two
papers submitted. Another area of interest is the use of thermogravimetric
analysis for development of improved thick-film ink formulations., A paper on
this new application has been submitted.
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Module Completion

Spire Corp. started on a new contract !.» develcp an electrostatically
bonded, ultrasonically sealed module. This hermetic sealing approach could
provide reliable modules in remote or extreme environment locations.

Investigation of the process parameters required for vacuum lamination
of large modules was achieved by the in-house design, fabrication, testing and
operation of the 4 x 4 in. laminator. A report has been writtenm and a patent
application submitted.

A cooperative effort with Spectrolab and the Encapsulation Task resulted

in successful fabrication of 4-foot square, flexible "credit card" modules
needed for low-cost module substrate development.

General

The silicon shot tower transferred to Westinghouse from Kayex Corp. has
been operated with a 937% yield.

Solarex has obtained fill factois on polycrystalline cells equal to those
on single-crystal control cells.
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PROJECT ANALYSIS AND INTEGRATION AREA

INTRODUCTION

The objective of the Project Analysis and Integration Area (PA&I) is to
support the planning, analysis, integration, and decision-making activities of
FSA. Accordingly, PA&I supports the Project by developing and documenting
Project plans, and by contributing to the generation and development of
alternative plans through the assessment of technology options. The analysis
function of PA&I generally involves the establishment of standards for the
economic comparison of options under Project study, and development of the
analytical capabilities to perform the trade~offs required. Supporting the
integration of FSA ertails integrating tasks within the Project, and
interfacing between the Project and other elements of the National
Photovoltaics Program. Coordinated assessments of progress toward achievement
of goals are performed to guide decision-making within the T oject, the
project goals having been established to reflect the requirements of the
solar-array manufacturing industry and the National Photovoltaics Program.

SUMMARY OF PROGRESS

Assessing the state of the art of single-crystalline technologies and
extrapolating results to a future production environment are ongoing
activities of PA&I. Recently, a comparison of 1982 industrial practices was
made with economic estimates projected in 1980 for Czochralski technology.
Interestingly, all processes, equipment, and module design factors assumed in
the projections made in 1980 had been adopted by industry by the end of 1982,
and technical and performance parameters had all equaled or exceeded the 1980
projection with the exception of sawing. (The technology had been in
existence in 1980, but had not been adopted for use in full-scale commercial
production.) The f.o.b, factory price estimates made in 1982 (for factories
ranging in size from 2 MW/year to 30 MW/year) agrzed remarkably well with the
projectione for 1982 made in 1980. FEven more to the point, the required
market price projected for the industrialized technologies ranged from $7/W
to $8/W, (1980 $) at the 2 MW level of production. These price estimates
are, of course, in close agreement with actual market prices quoted in 1982.
Results of this study were presented at the 2lst PIM (see the Proceedings
section of this document).

Single-crystalline technology was assessed for its cost reduction
potential over the next decade. Estimates were made for ribbon technology
(dendritic web) in existence today but not yet used in full-scale production,
and longer~term projections were generated based on a program of realistic
ongoing technical innovation and development. If the state of the art in
ribbon technology were to be scaled up to a 25 MW/year level of production, an
f.o.b. factory-dock-required module price of about $2/WP was indicated by
the analysis. To date, thermally induced stresses have inhibited ribbon
growth rates and a conservative estimate of 10 cm2/min was therefore assumed
in the analysis. As our understanding of thermally induced stresses improves,
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however, higher growth rates can be expected to reduce module prices
significantly. Results of the silicon ribbon assessment are reported in the
proceedings section of this document.

A silicon cost-sensitivity study was initiated. The purpose of the
study is twofold: (1) to verify Improved Price Estimation Guidelines (IPEG2)
for silicon manufacturing processes by comparing IPEG2 results with those
provided by a Lamar University study. (The IPEG price was within an average
of 2.5% of the Lamar University price for the processes studies); (2) to
perform a probabilistic cost analysis of the Union Carbide Corp. and Hemlock
Semiconductor Corp. processes in order to access the uncertainty in silicon
cost. Although the prospects for lower-cost silicon are promising, the
results of the study should be regarded as preliminary. Further probability
cost analysis of silicon refining processes is scheduled. Results to date are
reported in this document.

New Allocation Guidelines (AGs) have been prepared. The AGs are a
project management tool for FSA that provide consistent and meaningful targets
for R&D. These guidelines are revised when necessary to reflect new
information and new programmatic direction. They replace the Price Allocation
Guidelines, which were last issued in January of 1980 (JPL Publication 80-51,
JPL Document No. 5101-68, Rev. A). Significant changes include the
following: (1) the Allocation Guidelines are now generic in that they are not
identified with particular sheet technologies; (2) efficiency is treated
parametrically, with cells and sheet receiving larger allocations if they can
provide greater efficiency; (3) advanced PV module concepts have also received
a set of Allocation Guidelines (see the Proceedings section of this document).

A preliminary study assessing the state of the art of metallization
techniques and the potential impact of R&D in this area has been completed.
The Grid Optimization Model was used to analyze the 12 metallization
approaches studied. Results of the analysis will be used to identify
preferred metallization techniques. The study, however, is not yet complete.
Necessary steps towards completion include analyzing a larger number of
metallization techniques and incorporating reliability analysis int- the

study. The study methodology and preliminary results were presentzd at the
2lst PIM.

Encapsulation requirements consistent with long-life, high-performance
systems, which have been extensively researched by FSA, were applied to
thin-film modules. Lower-bound encapsulating costs were found to be
comparable in magnitude to projected cell deposition costs, casting some doubt
on recent estimates of extremely low-cost PV modules (i.e., 15¢/W). The
lower~bound estimates of thin-film encapsulating costs were presented at the
21st PIM.

The Gross National Product deflator models used within FSA have been
updated. Copies of the revised tables have been sent to DOE, SERI, and Sandia.
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ARRAY REQUIREMENTS

The Array Requirements activity addresses the identification and develop-
ment of detailed design requirements and test methods at the array level.
Continuing areas of activity that addressed improved definition of array
requirements included the establishment of module and array electrical safety

criteria and the development of array-to-power-conditioner electrical inter-—
faces.

Safety Requirements

In support of array safety, Engineering Sciences Area and Procurement
staff members attended a Design and Contract Status Review on Protective Bypass
Diode Chip Encapsulation at General Electric Corp., Valley Forge, Pennsylvania,
on October 26. The objective of this contract is to research techniques for
using p-n junction or Schottky diode chips (dies) as bypass diodes within
glass-laminate type PV modules with current ratings from 2 A to 20 A. The
program is divided into three parts: requirements definition, design synthesis,
and component and module mockup evaluation. Emphasis of the status review was
on the third part, addressing specific design layouts to be fabricated.

Research aimed at developing module/panel and array subsystem electrical
and fire safety requirements continued with the publication in August 1982 of
UL's draft final report, which emphasizes work at the module level (first
phase) and includes UL's "Proposed Standard for Safety, Flat-Plate Photovoltaic

Modules and Panels.'" The final draft supersedes JPL Document 5101-164 (same
title).

Engineering Sciences Area staff members participated in the first meeting
of Underwriters Laboratories' Industry Advisory Group (IAG) for photovoltaics
in Chicago on June 29-30. The seven PV~industry persons who make up the IAG
provided a non-UL in depth review of UL's Standard for Safety for FlatPlate PV
Modules and recommended a variety of changes to the draft standard before its
final publication.

Power-Conditioning Interface

Specific areas of activity on the array-—power-conditioner task during
this reporting period included: (1) Submittal of final revisions for the
array--power—conditioner interface requirements document to Sandia National
Laboratories for their Power Conditioning Specification. Revisions stemmed
from discussions generated during a joint meeting with Sandia representatives
at JPL on April 9, 1982, and corresponding expansion of the written input and
tabulated data has provided an improved format for the specification. (2) The
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December 1982 release of the final report draft that summarizes the array-~
power-conditioner interface studies conducted by the Engineering Sciences Area.
The final report presents the computer simulation study results used to define
the array operating characteristics and extreme output limits necessary for the
systematic design of array-load interfaces under a wide variety of U.S.
climatic conditioms.

A paper titled "Characterization of the Electrical Output of Flat-Plate
Photovoltaic Arrays" by C.C. Gonzalez, G.M. Hill and R.G. Ross Jr. was given
at the 16th IEEE Photovoltaics conference in San Diego, September 27-30, 1982.
The paper presents the above computer simulation study results as normalized
ratios of power-conditioning parameters to array parameters to make the results

universally applicable to a wide variety of system sizes, sites and operating
modes.

Hot-Spot Heating

Work continued to focus on final additioms to, and major revisions of,
the task report draft submitted for review late in September, which summarizes
Engineering Sciences Area hot-spot heating research. Detailed discussions of
the analytical model developed for the task and specific conclusions comparing
model results and laboratory hot-spot test data are being incorporated into the
report. The report was rescheduled for release in April 1983 to provide addi-
tional time for reformatting and revising specific sections.

ARRAY SUBSYSTEM DEVELOPMENT

Array Subsystem Development activity is focused on the development of
conceptual designs for integrated flat-plate array and module support
structures as a key approach to minimizing total array costs. An important
output of array conceptual designs is the definition of specific design
requirements addressed to functional performance, interface and maintainability
(at the array level).

Integrated Residential Arrays

Supporting the development of cost-effective residential array support
structures, JPL Engineering Sciences Area in-house efforts have focused on the
environmental durability of black PVC extrusions for direct-mounted residential
array designs. The concept test model, which used black PVC extrusions to
support 12 frameless 2 x 4-ft Block IV modules on a portable 45-deg-slope roof
section, was placed on a JPL field site for weathering studies. In addition,
accelerated UV aging tests were conducted on black polycarbonate (PC) and
chlorinated polyvinyl chloride (CPVC) extrusions. These extrusions have shown
no changes in mechanical properties. However, a linear weight loss with time
after an equivalent 6-year exposure was recorded. Both CPVC and PC extrusions
are experiencing obvious cosmetic degradation on the sunlit surfaces. The
tests are scheduled for 40 weeks and use biweekly inspections, which are
equivalent to a year's exposure of UV, to gather a 20-year-life performance
assessment of these materials.
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RELIABILITY AND DURABILITY RESEARCH

Reliablity and durability development efforts are addressed to provide
the technical base required to achieve reliable modules with 20-year lifetimes.
Activities are conducted to clarify design tradeoffs, to develop analysis tools
and test methods, and to provide generalized design solutions for the PV com-
munity. Specific activities during this reporting period included: (1) cell
temperature and humidity testing, (2) module voltage isolation, (3) intercon-
nect fatigue, (4) array soiling, (5) module temperature and humidity testing,
and (6) module and array reliability.

Cell Temperature and Humidity Endurance (Ciemson University)

The encapsulated cell testing program, which includes six different rell
types and eight different encapsulated systems and combinations, have shown no
electrical degradation after completing 250 hours of exposure at 85°C/85% RH.
However, noticable physical changes were observed on two Springborn Labora-
tories EVA-encapsulated test samples. Springborn has been contacted and will
participate in the followup investigation on physical changes in EVA samples.

A draft Progress Report for the 1981 calendar year from Clemson Univerw
sity was released in September 1982. It includes a report on cell reliability
testing leading up to the current Encapsulated Cell Test Program.

Module Voltage Isolation

Voltage isolation studies continue to focus on the source and magnitude
of leakage currents to ground caused by material aging. Ongoing tests include
voltage breakdown of polymeric back~cover films that have been thermally aged
at 859C for 700 hours and for 1400 hours. The probability versus voltage
profiles generated for these materials will be used to predict medule life and
to identify voltage-withstand capability of PV design materials after thermal
aging.

Several modules featuring copper cells, EVA or EMA encapsulants and
various polymeric back cover films have been tested in the ac-corona mode of
the Biddle Partial Discharge Detection System, a key research tool in studying
degradation processes in PV insulation systems. Location and quantization of
discharges for improved sample voltage-withstand capability plus the determina-
tion of electrical discharges in module insulation are some of the operational
features of the Biddle. '

Interconnect Fatigue

Examination of the mechanical-fatigue life of cell interconnects is
continuing in an effort to obtain a 20-year~life predictive model. Fractograph
photos were used to show that crack propagation initiates on the concave sur-
face of a fatigued interconnect, which analysis revealed to be the most highly
stressed surface. The result suggested the use of bimetallic interconnect or
clad-laminant interconnects with the more highly fatigue-resistant metal on the
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outside for an improved operating life., Mechnical fatigue life testing of
thick-clad laminates followed, with sample copper Invar materials supplied by
Texas Instruments, Inc., in an effort to obtain a 20~year-life predictive
model. Two clad Cu~Invar-Cu materials used in the fatigue tests had the same
cladding ratios, but different metallurgical treatments.

A reliability design procedure was completed that includes tradeoffs of
design, fatigue resistance, electrical performance and economic costs for
copper, aluminum, copper-clad Invar and copper-clad stainless steel intercon-
nects. A paper describing the procedure, titled '"Design Solutions for Solar
Cell Interconnect Fatigue Fracture Problem,'" by G.R. Mon and R.G. Ross Jr., was
presented at the 16th IEEE PV Specialists Conference in San Diego.

Module Temperature and Humidity Testing {(Wyle Laboratories)

A total of 90 minimodules, including Block III and IV designs, have been
incorporated into the temperatures and humidity test series at Wyle Laborato-
ries. 8ix envirommental tests in progress include 85°/85% RH, 85°C/70% RH,
70°C/85% RH, 40°C/93% RH, 85°C and 100°C chambers with half of the test
lot in a forward-voltage~bias mode., The reduction of visual and electrical
performance data is being used in the development of degradation-rate curves
for various failure mechanisms, The Wyle accelerated environments will be
correlated through use of the degradation rates to 2(-year equivalent site
environments based upon temperature data from SOLMET weather tapes.

Initial observations from the Wyle tests have revealed: (1) the impor-
tance of foil back covers over Tedlar in protecting PVB-encapsulated modules;
(2) that electrochemical degradation of grid-line ends occurs on both print-Ag
and Ti-Pd-Ag metallizations and (3) the high resistivity of silicore over PVB
and EVA encapsulants to discoloration from long temperature exposure.

Array Soiling

Tests were conducted on smooth- and stippled-glass superstrate modules
to measure power losses from shadowing of soiling particles as well as losses
from Fresnel effects and cosine (of angle of incidence) effects. Results
showed that estimates of annual energy output can be overestimated by 6.5% for
smooth glass modules (10% soiling) and 6.2% for stippled glass modules (15%
soiling) if only cosine effects are considered and Fresnel and soiling losses
are ignored. Dramatic overestimates of up to 20% in annual power output were
obtained with heavily soiled stippled-glass superstrate modules.

Module and Array Reliability

IIT Research Institute (IITRI), Chicago, completed its final report,
titled "Reliability Engineering Analysis Research for Flat-Plate Photovoltaic
Modules /Arrays." The IITRI research was performed as a support effort within
the FSA Engineering Sciences Area and consists of an overview of component
failures and reliability within modules and arrays. The report was distributed
to the PV community and DOE National Laboratories.
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ENGINEERING SUPPORT

Engineering interface activities that provide for transfer of array
requirements, design guidelines, analysis tools and test methods to the overall
photovoltaic community continued in several areas.

Engineering Sciences Area supported the development of the Sacramento
Municipal Utility District (SMUD) Project in several key areas, which included
reviews of design criteria and module specification drafts, the establishment
of the electrical and mechanical subsystem functional requirements, natural
frequency analysis of the tracking array, design reviews and an array--power—
conditioner interface analysis for concept selection. JPL conducted a Safety
Workshop and participated in a Power—Conditioner Workshop involving representa-
tives from SMUD, Acurex, California Energy Council, DOE, Sandia, EPRI and
Aerospace Corp. In addition, JPL installed a field~test experiment to measure
variations in soiling rates at the SMUD PV System Rancho Seco site. Plans also
include acquiring an On~Site Data Acquisition System (ODAS) from Sandia for
SMUD to record local insolation and weather data. These data will aid in the
design of photovoltaic systems for SMUD; weekly telephone transmissions of ODAS
data will be made to JPL for storage and analysis.

Engineering Sciences Manager R.G. Ross Jr. participated in a meeting of
the U.S. Technical Advisory Group to the International Electrotechnical Commis-—
sion (IEC) photovoltaic technical committee (TC-82) in Phoenix, Arizona, on
August 2-3. Ross was nominated as a candidate for the U.S. delegate to Working
Group 2 on Module Environmental Testing and Electrical Measurements.

Engineering Sciences staff members participated in the ASTM meeting of
Subcommittee E 44.09 on Photovoltaics held September 13-16, 1982 in Reno,
Nevada. Meeting highlights included reviews of three newly revised Draft
Standards and a Subcommittee vote to resolve "negatives'" received on another
Draft Standard which had been through subcommittee~committee ballot. An Action
Item was taken to have FSA play an active role in the development of a Draft
Standard on "Standard Method for Performing Hail Test on Photovoltaic Modules"

at the mext ASTM meeting in March, 1983,

Members of the Engineering Group participated in a Research Forum on
Quantifying Degradation of Materials and Material Systems for Terrestrial
Service held in Williamsburg, Virginia, December 6-8. The miniconference of
about 75 researchers covered many degradation disciplines including fatigue,
glass breakage, soiling, polymer degradation and corrosion. R.G. Ross Jr. made
the theme presentation for the conference. Technical presentations were made
by G.R. Mon, D.M. Moore and Ross, all of the FSA Engineering Sciences Area.

Recent Engineering Sciences Area Publications

"Characterization of the Electrical Output of Flat-Plate Photovoltaic
Arrays," C.C. Gonzalez, G.M. Hill and R.G. Ross, Jr., 16th IEEE Photovoltaic
Specialists Conference, September 27, 1982.

"An Accelerated Stress Testing Program for Determining the Reliability
Sensitivity of Silicon Solar Cells to Encapsulation and Metallization Systems,"
J.W. Lathrop and E.L. Royal, 16th IEEE Photovoltaic Specialists Conference,
September 27, 1982.
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"Design Solutions for the Solar Cell Interconnect Fatigue Fracture Prob-
lem," G.R. Mon and R.G. Ross Jr., l6th IEEE Photovoltaic Specialists
Conference, September 27, 1982.

"Development of a Photovoltaic Module Qualification Test Based on
Combined-Environment Accelerated Stress Data," S.E. Trenchard, E.L.. Royal and
R.T. Anderson, 16th IEEE Photovoltaic Specialists Conference, September 27,
1982.

"Photovoltaic Array Power Conditioner Interface Requirements,"
C.C. Gonzalez, ISES Annual Meeting, June 1982.

"Advanced Residential Photovoltaic Array Designs," R.S. Sugimura,
N.E. Shepard and G. Royal, ISES Annual Meeting, June 1982.

"Photovoltaic Array Grounding and Electrical Safety," A. Levins and
R.S. Sugimura, ISES Annual Meeting, June 1982,

"Solar Cell Interconnect Design for Terrestrial Photovoltaic Modules,"
G.R. Mon and D.M. Moore, JPL Publication 81-111; JPL Document No. 5101-173,
presented at ASME Annual Meeting, April, 1982,

PERFORMANCE CRITERIA AND TEST STANDARDS

Active interfaces were maintained between FSA Engineering Area activities
and the SFRI Performance Criteria/Test Standards (PC/TS) project to establish
Per formance Criteria and Test Standards covering both flat-plate and concen-
tivator arras. Interim Performance Criteria (IPC) Issue 2, containing Perform-
onice and Criieria (Volume I) and Test Methods (Volume II) for both flat-plate
and concentrating photovoltaics was published and released by SERI to the PV
community. Environmental test methods included in the document were compiled
by FSA Engineering Sciences Area and represent a consensus of FSA Block V
Procurement and PV industry qualification test methods.

State of Arizona representatives chaired an Electrical Performance Sub-

group meeting August 18, 1982, to finalize reformatted copies of electrical
performance test methods for concentrating photovoltaics,
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INTRODUCTION

The overall objective of the Module Performance and Failure Analysis Area
(MPFA) is to evaluate the reliability and durability of modules that are con-
structed using the improved techniques researched in the other FSA Tasks and
Areas. This is accomplished through a structured program of:

(1)  Procurement of modules to a specification.
(2)  Environmental stress testing.
(3) Detailed failure analysis.
(4) Operation in a field environment to obtain data that will:
(a) Confirm the reliability and durability of the tested article.

(b)  Confirm the validity of the environmental test regimen
imposed in item (2).

Accomplishment of this work also requires implementation of an accurate,
repeatable, and reliable performance measuring system. Work activities and
accomplishments in all of these activities of the Area during the reporting
period are described below.

MODULE DEVELLOPMENT
Block IV Design and Qualification

The last open contract for Block IV module designs was completed with
qualification of the Photowatt International, Inc., module, and delivery of the
final report. Qualification had been delayed by failure of the final hi-pot
test. The problem was solved by substitution of a continuous rather than a
pieced vinyl gasket around the periphery of the laminate.

The performance characteristics and physical descriptions of 12 different
modules are given in the User Handbook for Block IV Silicon Solar Cell Modules,
JPL Document No. 5101-214 (DOE/JPL-1012-75), by M., I. Smokler, dated September 1,
1982. Included are eight successful Block IV designs and four other designs
that also were submitted to Block IV tests.

Block IV Production Orders

All block IV production orders have been completed with the delivery of
intermediate~-load and residential modules from Soclarex Corp. and of intermediate-
load modules from Applied Solar Energy Corp. (ASEC) and Photowatt International,
Inc. The Solarex deliveries were completed after JPL approval of a module
repair procedure. The ASEC production had awaited completion of environmmental
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tests to determine whether delamination problems in early production were
solved. Photowatt could not start production until successful completion of
the Design and Qualification contract.

Block V Group | Phase

The six contractors for the Block V designs weve invited to bid on sup-
plying 10 modules each for Block V testing. ARCO Sular, Inc., General Electric
Co. (GE), Mobil Solar Energy Corp. (MSEC), Solarex “orp. and Spire Corp.
elected to bid and were awarded purchase orders. WCA declined to participate.

GE delivered 10 modules, of which four &r¢ in a roof section. ARCO also
delivered 10, but four have been returned for investigation of the cause of
failure in the hi-pot test. MSEC has delivered six modules (with EFG cells)
and is installing the other four in a roof sectiom.

Solarex has delivered seven of the 20 due (two types). The Spire modules
are due by February 1, but will be several months late as have been those from
MSEC and Solarex. These late deliveries are not unreasonable, since the
modules represent the first attempt to manufacture the Block V designs.

Block V Group Il Phase

Requests for proposals were issued for a Group II phase of the Block V
effort to obtain design and inspection documentation, design review presenta-
tions, submission of 10 more modules and a final report. Fabrication of these
10 modules will not be permitted until the contractor presents acceptable
corrections to cure deficiencies arising in the qualification tests on the
Group I modules. This procurement effort resulted in contracts with ARCO,
MSEC, Solarex and Spire, with contract issue dates ranging from September
through January. However, no activity other than preliminary documentation has
been possible because mone of the Group I modules has completed qualification
testing.

A report on the Block I through Block V experience was presented at the
AS/ISES 1982 Annual Meeting, Houston, Texas, June 1-5, titled Experience in
Design and Test of Terrestrial Solar-Cell Modules, by M. I. Smokler and
L. D. Rumnkle.

MODULE TEST AND EVALUATION

Performance Measurements

The selection, fabrication and identification of 12 new reference cells
have been completed in support of Block V and Georgetown module testing.
Spectral response and temperature coefficient measurements have also been
completed., Final calibration and sealing of the cells has been awaiting good
weather and repair of the data acquisition equipment.
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JPL has given DSET Laboratories, Inc., a contract to fabricate and cali-
brate three types of reference cells: Spire, ASEC (BSR), AND MSEC (production).
DSET has completed the fabrication of four reference cells of each type. These
cells are presently scheduled for calibration in sunlight at DSET and are
expected to be returned to JPL for evaluation in May 1983.

Since the 20th PIM, further evaluations have been made of the Schott GG-4
filter presently in use with the LAPSS systems to simulate AM1.5 spectral
irradiance. A paper on the results was presented at the 2lst PIM. Some
refinements were made on the location and the height dimension of the intensity
slot in the lamp assembly to improve illumination uniformity. Uniformity is
now better than + 1% over a 4 x 6~ft area at the target plane. In additionm,
temporal stability tests have shown that about 1500 lamp flashes over a two-
month period have had no detrimental effect on the filter's transmission
characteristics. Tests to determine long-term filter stability are in
progress.

The Field Test effort required an improved means of normalizing module
electrical performance data for evaluating the long-term electrical degradation
of modules. To provide this means, intensity and temperature-dependent correc-—
tion factors, including series resistance, were measured for all modules to be
fielded, using the LAPSS and hot box. Knowledge of the module series resist-
ance was particularly important to normalize sunlight electrical performance
measurements correctly. Using these correction factors, module data taken over
a wide range of temperatures (28°C to 60°C) and intensities (50 to 122 mW/cm?2)
were normalized to 100 mW/cm? intensity at 45°C. The results showed excel-
lent agreement with empirical data taken at 100 mW/cm? at 459C and provided
a means of considerable improvement in the normalization of field-test data.

Last year, an in-depth study of the cause of random LAPSS flash failures
(failure to record data properly) was conducted. The conclusion is that there
are deficiencies in the ac source and in the LAPSS controller circuitry. The
ac source has higher-than-normal impedance, allowing LAPSS-generated pulses to
form. The LAPSS controller does not include adequate isolation between signal
circuitry and power circuitry to be independent of these pulses. Consideration
will be given to the tradeoff between LAPSS data recording failures and the
cost of correcting the problem.

Progress continues on the PDP-11/60 computer-LAPSS interface. The SYSGEN
phase is complete and documented. It is now possible to develop system soft-
ware with minimum interruption of normal LAPSS operations. When complete, each
LAPSS facility will be equipped with a printer/plotter and the disk access time
and storage capabilities of the PDP-11/60 will be much improved,

Environmental Testing

Another three sets of Georgetown University modules (for four prime con-
tractors) were tested in this period. (Problems with the first set tested last
winter, January - April, 1982, had resulted in rejection of all bid proposals
and reissuance of the RFQ.)
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In the current series of Georgetown module tests, one of the three sets
of modules passed the environmental tests. The other two types had various
problems including encapsulant bubbles and/or delamination, mounting-frame
failure, and electrical degradation.

A variety of other modules were tested, including:

(1) Block IV prototypes and other special modules procured for testing
to Block IV specs

(2) Block IV production modules tested to Block V specs
(3) Block V and commercial modules tested to Block V specs.

Results are given in Table 2.

Field Testing

Field-test activities during this period consisted of completing the
restructuring plan, getting the portable array I-V logger to an operational
state and initiation of data collection at all sites. The main effort con-
sisted of the installation of modules to complete the remaining three arrays
at the JPL site and to start the daily data acquisition process for all modules
in the field. The wmodules for ithe newly established site at the Florida Solar
Energy Center (FSEC) in Cape Canaveral, Florida, were installed and baseline
I-V data were obtained.

Installation of the remaining three arrays at the JPL site brought the
total at the site to six in accordance with the restructuring plan. The new
arrays were made up of mcdules from ASEC, Photowatt, and GE. The GE array
consists of 80 modules, wired four modules in parallel by 20 in series,
resulting in a system with an output in the 1200 W to 1300 W region. The ASEC
array consists of 12 modules in series yielding 800 W to 900 W. The Photowatt
array is made up of 11 modules with an output of 350 W to 400 W. All of the
arrays, including the three arrays installed during the last reporting period,
are connected to the data acquisition system and data are being taken daily for
all modules, except those in the GE array. Since the GE array consists of the
hexshingle type modules (on which module interconnections are inaccessible)
only array data can be sampled. Four months of data have been acquired to
date.

The portable array data logger became operational in mid-July, 1982,
Since that time the logger has been used to obtain data for the arrays at the
JPL site, at Mississippi County Community College in Blytheville, Arkansas and
at two residential installations near San Diego, California. The results of
the non-JPL site tests were presented to the managers of the systems in the
form of tabulated and plotted data.

A test site was established at FSEC consisting of 36 modules, six each
from ARCO, ASEC, Motorola, Photowatt, Spire, and Solarex. These modules were
individually wired to fixed resistors that represent peak power output loads.
The modules are visully inspected weekly by FSEC personnel on a contractual
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Table 2. Results of Environmental Tests
No. of
Vendor Modules Test Tests
Code Tested Spec. Completed Results

Block IV

S/Prod 4 v Final Tests Satisfactory

S/Repaired 2 v T~, H~, Hi-Pot Satisfactory

UR/Proto 4 v H~, Wind, Hail~ Many more cell cracks

US/Prod 4 v T~, HF, T-200~ A few cell cracks, cell movement, acceptable

2 interconnect fatigue; edge sealant extruding,

grid discoloration on all modules

V/Prod 6 v T~ Laminates loose in frame, gaskets shrunk, back-
skin wrinkled, cell cracks

V/Prod 1 v Hot-spot Satisfactory

YR/Prod 6/4 v T~, HF 1 cell crack, 1 back surface split, 1 loose
gasket; amber discoloration and cloudiness over
cells from HF

YS/Prod 6/4 v T~, HF Air bubbles at edges and cormers; back-surface
splits (2); amber discoloration, cloudiness;
splits in RTV edge sealant

M/Prod 3 v T~, H~ Small air bubbles at module edges; marginal

(Exchange) electrical degradation (1 module)

Special

F 24 v All Frame seal delamination, 360°; brown
discoloration, terminal corrosion (2), cover
glass cracks, cell crack (1)

F 1 NOCT Heavy brown/gray discoloration, 1 1in. wide

inboard of edge, 360°; edge delam, cloudiness
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Table 2. Results of Environmental Tests (Cont'd)
No. of
Vendor Modules Test Tests
Code Tested Spec. Completed Results

Block V

Us1 5/4 v T~, HF, MI 4 cracked cells; disccloration of grids; mild
extrusion of edge sealant and yellowing of RIV
terminal cover cement

Commercial

M 6/4 v T~- HF 3 electrical failures due to corroded terminalsj
drop in resistance to ground during test; 1 cell
crack; yellowing of terminals and Tedlar

M 1 Hot-spot Failed

Q 4f2 v Final Testing 2 of 6 failied final hi-pot; some problems with
delam, cell crack (1), yellow discoloration;
hot—spot wrinkled back surface

R 4/2 v Final Testing J-boxes loose (2), cover screw inserts cracked,
delam between cells ( 1 at 2.5 x &4 cm); Tedlar
splits and peeling

X 6 \' All Galvanized frame corrosion, mounting board
(plastic) cracked; some encapsulant yellowing

Foreign

I 1 v T~, H~ Delam front and back of cells, edge delam,

discolored metallization

Test Code:

T~
H~

HS

]

50 temperature cycles
Blk IV humidity test
85°/85% humidity-freeze
Hot-spot test

MI = Mechanical integrity
Prod = Production module
Prote = Blk IV prototype
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basis and monthly reports are sent to JPL describing the condition of the
modules. Electrical measurements will be made every six months by JPL, using
the portable module I-V logger.

FAILURE ANALYSIS

The quarterly problem/failure reports (PFRs) and summaries have been
issued to the module manufacturers in May, August and November, 1982. These
reports are intended to keep the manufacturers abreast of enviroomental, field-
test and application problems. Causes of problems are investigated to
establish failure modes resulting both from design inadequacies and from
workmanship.

The problem/failure reporting system now includes recorded
problems/failures on 35 manufacturers' products, both domestic and foreign,

The reporting system has accumulated a total of 1217 PFRs of which 1067 have
been closed,

The laser-scan equinment developed to support the solar project has been
used extensively to rec¢~d the condition of modules before environmental test
and to select specific cells to be subjected to hot-spot testing. The
laser-scan test has been successful in identifying shorted, partially shorted,
and cracked cells that affect the cell output.

The Block IV, Block V and commercial modules that are generally
contained in metallic frames have often exhibited problems in ability to meet
the high-voltage-withstanding tests, Failure analysis indicated that the
breakdowns were caused by either point-to~plane discharge or leakage current
between the active solar cell string and the frame, as a result of voids.

The failure modes of modules investigated during this reporting period
are summarized as follows:

(1) High-voltage-withstanding problems

(2) Shorted cells

(3) Cracked cells

(4) Fractured/overstressed interconnects

{5) Discolored encapsulation

(6) Voids in encapsulation

(7) Loose junction boxes/terminals

(8) Poor solder joints at terminals or bus interconnections
(9) Delamination of encapsulant at the edges of module

(10) Discelored cell collector grids.
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PROCEEDINGS

INTRODUCTION

The 2lst Project Integration Meeting (PIM) of the Flat-Plate Solar Array
Project (FSA) of the Jet Propulsion Laboratory (JPL) was held at the Pasadena
Center, Pasadena, California, on January 12 and 13, 1983, The theme, "“FSA
Progress and Plans," highlighted three subjects in addition to covering the
usual presentations and discussions of FSA photovoltaic activities: thin-film
solar cell and module technology development needs, polysilicon activities,
and central-station activities.

During the January 12 plenary session, presentations were made on each
of the three highlight topics as were summaries of the Silicon Material
Workshop and the Quantifying Degradation Research Forum, which were held after
the 20th PIM. On January 13, thin-film deposition techmologies for
photovoltaics were discussed by four speakers.

The three topics were highlighted because:

Excellent progress has been achieved in thin-film cell research during
the past few years. Increasingly efficient cells that can be duplicated
have been fabricated in laboratories. A few of these devices now have
the efficiency and quality to warrant the application of resources to
begin their transformation from laboratory devices into practical and
economically manufacturable products for large-scale use. The develop-
ment of the necessary technology requires a long-range commitment, the
involvement of a broad spectrum of talented people, considerable
financing, and years of consistent and productive labor. A vital factor
is the stimulation and involvement of people with diverse talents and
capabilities who can ¢ontribute to this new thrust in photovoltaics.

Significant progress has also been made in developing the technology
required for the production of polysilicon. More research in the
silane~to-silicon deposition technology is needed to acquire knowledge
before a commercial plant can be built that can produce high-quality
low-cost silicon. Assessment of the status of the competing low-cost
silicon refining technologies and the current silicon refining research
activities is necessary for guiding the remaining DOE-sponsored
technology efforts.

Significant progress has been made in photovoltaic central-station
studies, designs, and an actual installation. It is important to
understand how these achievements relate to future module and array
considerations.

A summary of plenary session presentations follows.
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OF POOR QUALITY

SUMMARY

Mort Prince, Chief of the Collector Research & Development Branch (Photo-
voltaic Division) of the U. S. Department of Energy (DOE), presented the latest
thinking within DOE regarding the FY83 photovoltaic budget. He discussed the
fact that the ARCO Solar, Inc. bid on the Sacramento Municipal Utility District
(SMUD) project of $4.95/W, for modules (£f.0.b.) compares well with the DOE
1982 goal of $2.80/W, (1950 $) when inflation, production levels, and markets
costs are considered. He also discussed DOE's initiation of a Thin-Film Study
Task Force.,

W.T. Callaghan, manager of the Flat-Plate Solar Array Project, was

chairman of the first plenary sessiom, titled Polysilicon Refining Progress,
Problems and Promise.

Silicon Material:

James McCormick of Hemlock Semiconductor Corp. described the status of
Hemlock's polysilicon process. Dichlorosilane (DCS) is made from trichloro-
silane (TCS) by a redistribution reaction using an organic amino functional
catalyst, and the DCS is then pyrolyzed to produce silicon in a chemical-vapor-
deposition (CVD) step using Siemens-type reactors. In June 1982 Hemlock's
contract effort was completed with promising results, which indicated that work
should continue. Hemlock has since tripled the output of the DCS process
development unit (PDU) by company-funded activities. JPL is funding experi-
ments with a cold-metal-wall silicon-deposition reactor to reduce excessive
silicon deposition on the reactor walls. Initial results are promising.

James Lorenz, recently retired from Union Carbide Corp. (UCC), described
the status of the UCC silane process for producing low-cost semiconductor-grade
silicon. The silane portion of the 100 MT/yr experimental process system
development unit (EPSDU) has produced its first silane. The quality of the
silane will be determined during the next stage of the effort. The operatiom
of the EPSDU will permit optimizing the design of a commercial UCC 1200 MT/yr
plant under construction at Moses Lake, Washington, with completion scheduled
for 1984. A fluidized-bed reactor for conversion of the silane to silicom is
now being installed.

A Science of Silicon Material Workshop, sponsored by FSA, was held
August 23 to 25. The objectives of this Workshop, which was chaired by
R. Lutwack of JPL, were to discuss the chemistry, physical chemistry, and
chemical engineering invelved in the preparation of semiconductor-grade
polysilicon; to review the status of preparation technologies, and to identify
critical barriers to improved processes and experimental programs to address
the technical problems. 8ix sessions were held: Silicon Production and
Purity; Thermodynamics, Kinetics and Mechanisms; Particle Formation and
Growth; Deposition in Fluidized-Bed Reactors; Chemical Vapor Deposition, and
Alternative Polysilicon Processes., The 22 invited papers and the discussions
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provided a stimulating forum for the exchange of information, the pinpointing
of problem areas, and the introduction of research ideas. A large part of the
Workshop dealt with the chemistry of, and the problems encountered in the use
of, silane for the deposition of silicon., Proceedings have been published.

Thin-Film Solar Cell and Module Technology Development :

K.M, Koliwad of JPL summarized a photovoltaic thin-film viewpoint: with
the recent excellent progress in thin-film PV materials and device research by
both government and privately funded efforts, it is now time to initiate
development of the technology required to make a competitive product. Some
industrial organizations are now funding product-oriented thin-film technology
development. However, thin-film module design and fabrication processing is
sufficiently different from crystalline silicon technology that extensive new
technology and techniques must be developed before inexpensive and reliable
products can be produced. Therefore, a comprehensive well-planned approach is
required to explore systematically the many technical options and parametric
tradeoffs in order to understand the complex interactions involved in good
module design and reliable, long~life module operation.

FSA's thin-film activities are in abeyance until the DOE Thin-Film Task
Force has submitted its report and decisions are made regarding future
activities and respomsibilities.

J. Stone of the Solar Energy Research Institute (SERI) presented a
comprehensive overview of promising thin-film solar cells, including a
chronology of significant events in the DOE-sponsored thin-film program. He
set forth a number of reasons for the development of thin-£film solar cells,
and he develouped a general rationale for the advantages of thin-film
technology. He presented plots of cell-conversion efficiency improvements
against time, and sketches of cell configurations for amorphous silicomn cells,
Cu binary and ternary cells, CdS/CulnSey cells, CdTe cells and gallium
arsenide cells. He explained key AR&D problems and discussed a possible
future federal government role in thin~film photovoltaics.

A concise overview of the thin-film deposition technologies was
presented by J. Thorntor of Telic Co., covering the basic deposition processes
and their general applicability to high-efficiency thin-film PV cells. He
discussed physical vapor. deposition (PVD), including evaporation and sputtering
CVD and plasma—assisted CVD (glow discharge), and presented sketches repre-
senting the basic process parameters and equipment functions. He described
the major limitations and problems involved in making photovoltaic cells.

The entrance of Ametek, Inc., into photovoltaics was described by
R.E. Russell. Ametek has been doing research on CdTe thin-film solar cells
and is now building a small pilot plant for fabricating prototype modules.
The company has electro~deposited CdTe on areas of up to 20 square inches,
which are then cut into smaller cells for encasement in glass tubes. Ametek
seeks understanding of a number of technical aspects of fabricating and
measuring the performance of CdTe cells, which could be aided by government
effort.

50



PLENARY SESSIONS

R. Gillette of Boeing Engineering and Construction discussed Boeing's R&D
priorities as the company initiates its activities in producing CdZnS/CulnSejp
thin-film solar cell modules. He discussed the four areas of Boeing's develop-
ment plan: cell and material characterization, cell and module design, process
development, and testing. Boeing realizes that considerably different tech-
nical approaches and different types of personnel are required to produce a
product than are required to perform research; consequentiy, Boeing has estab-
lished a new, separate organization for its production activities.

R. Blieden of Energy Conversion Devices (ECD) described ECD's entrance
into commercial thin-film PV production, started by its joint venture with
Sharp Corp. A one-foot-plus-wide, 0.008-inch-thick, 1,000-ft-long stainless-
steel roll has been coated with amorphous silicon PV materials by glow-
discharge~induced decomposition of silane., The automatic processor equipment
that continuously deposits the PV cell layers was designed and fabricated by
ECD. Initially the rolls of material will be cut into cells for use in solar-
powered calculators, Later the rolls of material will be used to make PV
modules for greater power generation.

"Chemical Reaction Engineering" was a presentation on the need for, and
the value of, using existing chemical-reactor technology for use in developing
future thin~film PV manufacturing capabilities. T.W.F. Russell of the Univer-
sity of Delaware explained the steps that today's profitable thin-film manu-
facturing operations have passed through as they evolved from laboratory to
commercial production, Each new process requires adaptation and an evolution
to a practical, profitable operation.

Module Degradation:

A major question in the large-scale use of photovoltaics is: How long
will photovoltaic modules and arrays function reliably? The answer has a
significant influence on power-generation economic projections. E.F. Cuddihy
of JPL presented a summary of an FSA~sponsored Research Forum on "Quantifying
Degradation,"” of which he was chairman. The Forum addressed the challenge of
assessing long~term durability by short-term field testing and/or accelerated
testing. Topics included current and potential approaches to identifying and
characterizing degradation mechanisms such as corrosion, cyclic fatigue,
photothermul aging, soiling, debonding and electrical-stress effects. Many of
the 25 invited speakers were from other industries; their presentations and
discussions related this broader experience to photovoltaics.

Central-Station Activities:

Three speakers offered presentations on progress :i. PV central—~station
studies and designs and on an actual installation.

M. Anderson, manager of the SMUD photovoltaic plant, presented SMUD's
plan for a 100-MW PV station amd the status of the first 1 MW plant. For the
first 1 MW, ARCO modules, selling for under $5.00/Wp f.o.b., have been
selected from competitive bids. These modules will be mounted on a
134-foot-long, 8-foot wide array that rotates om a north-south axis, enabling
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more PV power to be generated during the utility's late-afternoon peak-load
period. The modules are to be installed in 1983 and 1984 after a 10-kW test
array has been tested satisfactorily.

A 1-MW PV power station in Hesperia, California, designed, built, owned
and operated by ARCO Solar Electric Power, Inc., became fully operational on
December 15, 1982. This was 38 weeks after an agreement was signed with
Southern California Edison Co. (SCE). SCE buys the electric power from the
ARCO Solar subsidiary at a competitive rate. The plant was financed through
federal and state tax incentives, using a third-party arrangement. R.E.L,
Tolbert, manager of the site, presented a sequence of slides showing the
effort in planning and installing the 1-MW plant. It has 58 arrays, each 32
ft square, which are mounted on dual-axis tracker pedestals. The station is
automatic and is unmanned.

The economic viability of tracking flat-plate photovoltaic arrays was
presented by G. Jones of Sandia Nationmal Laboratories. He showed that at
today's module prices, two-axis tracking arrays are more economical than fixed
flat arrays, because the extra energy generated is worth more than the costs
of tracking and of the additional land requirements. Analysis shows that
two-axls tracking can be more economical, even at $1/Wp module prices,
although land costs are the key factor at low module costs. Cost analyses for
single-axis tracking arrays were not presented.

Thin-Film Deposition Technology Presentations:

The growth of thin films using a variety of materials and/or layers at
relatively low temperatures can be accomplished relatively easily by CVD.
V. Dalal explained how Chronar Corp. has used this technology to make
amorphous-silicon PV devices. Chronar is planning to start thin—-film PV
commercial module manufacturing.

The advantages of depositing amorphous silicon by tke glow~dischaige
technique in comparison with silicon deposition by evaporation or sputtering
was presented by A. Madan of Chevron Research Co. for SERI. Amorphous silicon
produced by the glow-discharge-induced decompocsition of silane (SiH4) gas
onto substrates (at 200°C to 300°C) has high photoconductivity and an
optical band gap of the range of 1.7 eV. Amorphous silicon deposited by
evaporation or sputtering tend to have more dangling bonds that act as
recombination centers for photogenerated carriers and consequently do not have
as high cell~-conversion efficiency. The decomposition of silane by glow
discharge results in amorphous Si-H and H, in which the substrate temperature
affects the amount of hydrogen incorporated in the film and the amount of
dangling bonds. Further research and development to improve our understanding
of the characteristics of amorphous silicon materials and devices can lead to
higher-efficiency devices and is required to develop the technology for
inexpensive mass~production capabilities.

The commercial aspects of physical vapor deposition (PVD) by sputtering
and physical evaporation as appropriate for photovoltaics was presented by
R. Hill of Airco Temescal. PVD is used today for coating large areas in

JRIGINAL PAGE (S

OF POOR QUALITY
52



PLENARY SESSIONS

quantity production; coated architectural glass is an example. Millions of
square feet of glass per year are coated by use of planar magnetron sputtering
facilities, which have the capability of depositing multilayer coatings.
Sophisticated thin~film PV coatings with stringent compositional, structural,
and stability requirements, which are required to yield high-efficiency
modules, will still require considerable research and development. A typical
sequence required to plan and design a machine for producing thin-film
products, which includes consideration of the many parameters required for a
high-quality, high-yield product was presented. Even with extensive planning
and development effort, there is a need to operate and fine-tune new process
equipment.

The thin~film sessions were concluded by a presentation on the Charac-
teristics of Thin Film by J. Thornton of Telic Co. The presentation included
thin-film characteristics versus bulk materials, properties versus deposition
conditions, and scale~up considerations. The general character of thin films
is that they grow with a colummar structure, which has structural flaws
induced by the many deposition parameters. Knowledge of the effects of
parameters such as geometry, departures from stoichiometry, multimaterial
fluxes, pressures, temperatures and many other conditions must be developed
and they must then be controlled adequately. In the scale-up procedure after
theoretical device development, deposition modeling, scaling laws, bench type
tests, and identification of critical issues must be addressed before
production equipment is designed.
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Process Flow Diagram for Hemlock
Dichlorosilane-Based CVD Process
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Comparison of Experimental Reactor and Pilot-Scale
Reactor Performance With JPL/DOE Contract Goals

Power
Deposifion Rate Conversion Consumption
gh™ cm~1 Mole Percent  kWh/kg
JPL/DOE Goal 2.00 40 60
Experimental Design 1.60 35.2 96
Modified Production Reactor 2.00 35.1 82

Summary of Solar-Cell Performance Using DCS

Cell Designation Voc {Ave.) Igc (Avez) CFF (Ave.) n (Ave.)
nv mA/cm 3 $
Applied Solar DCS 590 29.0 75 12.84
Applied Jolar Baseline 583 28.2 75 12.40
Westinghouse DCS 571 21,18 70 9.11
Westinghouse Baseline 553 21,10 71 8.9
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 UNION CARBIDE CORP.
. J. Lorenz -

UCC 100-MT/yr Pilot Plant for Silane Process
__ (Washougal, Wﬂﬁhiﬁgm& June 1982)

UCC Silane Pracess Pilot Plan for Producing
Low-Cost Semiconductor-Grade ?Z}iy&iﬁﬁﬁﬁ .
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Silane Section of the Plant (Late 1882)
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Site of Future 1200-MT/yr Silane Process
Plant at Moses Lake, Washington
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THE SCIENCE OF SILICON MATERIAL PREPARATION
WORKSHOP

August 23 to 25, 1982, at Phoenix, Arizona

JET PROPULSION LABORATORY

R. Lutwack
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PROGRAM

Session |: Silicon: Production and Purity

(R. Lutwack, Chairman)

s THE StL1coN CHALLENGE
(James LoreENZ, UN1oN CARBIDE CORPORATION)

¢ SiLicon PuriTy: IMPACT oN CRYSTAL GROWTH AND
SiLicoN PROPERTIES
(RicHarp Hopkins, WESTINGHOUSE RESEARCH CENTER)

Session II: Thermodynamics, Kinetics and Mechanisms

(D. Bailey, Chairman)

@ CHLOROSILANE THERMODYNAMIC EQUILIRRIA CALCULATIONS
WITH APpLIcATIONS TO HigH PuriTY SiLicoN PREPARATIONS

(Henry F. Erk, MoNnsanTo Corp.)

® KINETICS AND MECHANISMS oF CHLOROSILANE DECOMPOSITION
(DonaLp Bariey, CoNSULTANT)

® KiNeTics AND MecHANIsSM oF SILANE DEcomMposITioON

(Morrie Ring, SAN DIeGo STATE UNIVERSITY)

SESSION 11 - Discusston ﬁﬁﬂ;mmmmm 2
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Session lll: Particle Formation and Growth

(R. Flagan, Chairman)

* HoMosENEOUS GAS - PHASE CONDENSATION Of SILI1CON
BY SHocK-WAve-InDUCED DECOMPOSITION OF SILANE

(JURGEN STEINWANDEL, UNIVERSITY OF STUTTGART)

© KINETICS OF PARTICLE GROWTH IN SILANE SYSTEMS

(Witt1am FELDER, AEROCHEM RESEARCH LARORATORY)

® SuBMICRON PARTICLE S1ZE MEASUREMENT

(DonatD PeTTIT, UNIVERSITY OF ARIZONA)

o FACTORS GOVERNING PARTICLE SIZE IN THE FREe SPACE
Reactor (RicHARD FLAGAN, CALIFORNA INSTITUTE oOF
TecHNOLOGY)

* CoHERENT DeETECTION OF SCATTERED LIGHT FROM SUBMICRON
PARTICLES

(DonaLp PevriT, UNIVERSITY OF ARIZONA)

 SESSION I11 - DiscussioN
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Session |V: Deposition in Fluidized-Bed Reactors
(T. Fitzgerald, Chairman)

»  THe MECHANISM 0F THE CHEMICAL VAPOR UIEPNSITION OF
CArRRON IN A FLuiDIZED BED OF PARTICLES
(JamMEs KaAE, GENErAL ATomic Co.)

» A MopeEL FOR THE GROWTH OF DENSE SILiCON PARTICLES
FROM SILANE PyroLysis IN A FrLuipizen Bep
(THomas FitzeeraLD, TRW, Inc.)

¢ PapTicte S1ze DisTrRinuTION IN FLurpizen BED REACTORS

(FgrHAN KaYIHAN, WEYERHAUSER TECHNICAL CENTER)
e AN UppaTE oN A MaTHEMATiCAL MoDEL WHICH PREDICTS THE
ParTicLE Stz DisTrRIBUTION IN A FLutnizep BED PRocEss

(EaRL_GRIMMET, CONSULTANT)

o SESSION IV - Discussion
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Session V: Chemical Vapor Deposition

{(M.P. Dudukovic, Chairman)

ORIGINAL PAGE IS
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(MiLorap Dupukovic, WASHINGTON UNIVERSITY AT

St. lLouis)

* Twe DerosiTion oF Low DerecT DENSITY AMORPHOUS
SeMicoNDUCTORS BY HoMOGENEOUS CHEMICAL VAPOR
DeposiTiON
(Bruce Scov1, IBM ThoMas J. WaTson REsEArCH CENTER)

® MecHANISMS IN PLAsMA EnxaNCED DEPOSITION OF SiLIicON

(KALLURT SARMA, SOLAVOLT [NTERNATIONAL)

* CHeMIcAL Vapor DEposiTioN oF EprTaxiaL SiLicoN

(RaragL Reir, MAssAcHUSETTS INSTITUTE ofF TECHNOLOGY)

e (HeMicaL VapPor DEros’TION OF SiLIcon For (pTicaL
Uses

(MicHaEL JAcoBsoN, UNIVERSITY OF ARIZONA)

o SESSION V - DIscussioN

Session VI: Alternative Silicon Processes
(A. Briglio, Jr., Chairman)

2 KINETICS OF SILICON LLECTRODEPOSITION

(JERRY OLson, Souar ENERGY RESEARCH INSTITUTE)

* THE HemLock SeMIcanpuctor DICHLOROSILANE CVD ProcEss

(James McCormick, HeMLaock SemiconpucTor CORPORATION)
» PropuCTION OF SILICON BY THE REDUCTION OF SItIcoN

TETRAFLUORIDE WITH SoDIuM

(ANGEL SAaMJURJO, SRI INTERNATIONAL)

e SESSION IV - Drscussion

» HWORKSHOP DISCUSSION AND CLOSING REMARKS

{CHATRMAN, RaLPH LuTtwack)
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Thin-Film Solar Cell and
Module Development

K.M. Koliwad, Chairman

PROMISING THIN-FILM SGCGLAR CELLS: OVERVIEW

FY 78:

FY 79: »

SOLAR ENFRGY RESEARCH INSTITUTE
Jack L. Stone

Chronology of Significant Events

Amorphous thin film for solar cell applications (DOE/PRDA)
Thin film polycrystalline silican solar cells (DOE/PRDA)

Emerging materials systems for solar cell applications
(DOE/PRDA)

Photovollalc mechanisinis in polycrysiaiiine thin-flim solar celis
(DOE/PRDA)

SERI Photovoltaic AR&D Lead Cenler established

Electrochemical pholovoltaic celis (RFP)
Advanced photovollaic concenlrator celis (RFP)
Spray/screen print solar cell research (RFP)

Low-cost subslrates for palycrystalline silicon solar cells
(RFP)

Innovaltive concepls for photovoltaic converion (LOY)
Thin fitm gallium arsenide solar cell research (RFP)
Innovative conceptis for pholovoltaic conversion (LOY)
Future supply of gallium (RFP)
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FY 80: o

FY 82: »

FY 83: ¢

Exploratory development of thin film polycrystalline silicon
PV devices (RFP)

Stability of cadmium sulfide/copper sulfide 'solar celis (FP)

Investigations of electronic properlies ol polycrystalline
GaAs (RFP)

Investigations of edge-supported pulling of silicon ribbon
(RFP)

Advanced photlovoltaic system simulator (RFP)

Module optimizalion methodelogy fer advanced PV cells and
devices (RFP)

Basic understanding of high efficiency in silicon solar cells
(RFP)

Selected eleclrically aclive defects in polycrystalline silicon (RFP)

Advanced high efficiency concentrator cells (RFP)
New ideas for pholovoitaic conversion (LOI)

High efficiency single-junction monolithic thinfilm amorphous
silicon solar cells (planned RFP)

High efficlency slacked multi-junction amorphous silicon
alloy thin-film solar cells (ptanned RFP)

ORIGINAL PAGE 1S
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ORIGINAL PAGE g
Why Thin Films? OF POOR QuALITY

¢ Material Conservative (typically <10 micromelers)

¢ High Absorption (typically >10 times crystalline silicon)

¢ More Oplimum Bandgap for Efficient Solar Conversion (1.3-1.7eV)
* Bandgap can be Synlhesized in Many Material Systems

* Monolithic Approaches can be Used to Avoid Costly Conven-
tional Interconnects

* Polentially Scaleabie to Large Areas Using High Throughput
Deposition Approachkes

* Relaxes Encapsulation Requiremenls by Integraling the
Substrate or Supersirale as Parl of the Encapsulation

¢ Unique Structures are Passible Analogous to Integrated Circuit
Fabrication

* Processes are Energy Conservalive
¢ Material Ulilization can be High

¢ Low Cost Potential

Spectral Density {1017 Photons/cmz-sec-pm)
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-

Conversion Efficiency

14

12

10

[+2]

"Actual and Projected Amorphous Silicon
Solar-Cell Conversion Efficiency

, <&
ot , @y\f
P7% ~ A
=
0 ]

v

| Smail Scale

Applications

Single Junction
Solar Cells:
Small Area
A>50 cm?

| |

N A

| | | I

1876 1978

1980 1982 1984 1986 1988 1990

Calendar Year

ORIGINAL PAGE IS
OF POOR QUALITY

70



THIN-FILM SOLAR CELL AND MODULE DEVELOPMENT

a-Si:H Solar Cell Structure
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THIN-FILM SOLAR CELL AND MODULE DEVELOPMENT

Process Sequence for a-Si Module Using Series-Connected Cells
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SERI PV AR&D Thrusts in Amorphous Thi