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as module efficiencies have increased. Prices are in
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Typical module lifetimes were less than 1 year but
are now estimated to be greater than 10 years.
(Ten-year warranties are now available.)

Technology advancement in crystalline silicon solar cells
and modules (non-concentrating).

Union Carbide Corporation (UCC) funded the now
operational silicon refinement production plant with
1200 MT/year capacity. DOE/FSA-sponsored efforts
were prominent in the UCC process research

and development.
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A Block | module (fabricated in 1975), held in front of four
Block V modules, represents the progress of an 11-year effort.
The modules, designed and manufactured by industry to FSA
specifications and evaluated by FSA, rapidly evolved during
the series of module purchases by DOE/FSA.

The automated machine interconnects solar cells

and places them for module assembly. The second-
generation machine made by Kulicke and Soffa was
cost shared by Westinghouse Corporation and DOE/FSA.

More technology advancements of the
cooperative industry/university/
DOE/FSA efforts are shown on the
inside back cover. Use of modules in
photovoltaic power systems are shown
on the outside back cover.
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Abstract

The Flat-Plate Solar Array (FSA) Project, funded by the U.S. Government and managed by the Jet Propuision
Laboratory, was formed in 1975 to develop the module/array technology needed to attain widespread terrestrial use
of photovoltaics by 1985. To accomplish this, the FSA Project established and managed an Industry, University, and
Federal Government Team to perform the needed research and development.

The primary objective of the Silicon Sheet Task of the FSA Project was the development of one or more low-cost
technologies for producing silicon sheet suitable for processing into cost-competitive solar cells. Silicon sheet refers
to high-purity crystalline silicon of size and thickness for fabrication into solar cells.

The Task effort began with state-of-the-art sheet technologies and then solicited and supported any new silicon
sheet alternatives that had the potential to achieve the Project goals.

A total of 48 contracts were awarded that covered work in the areas of ingot growth and casting, wafering, ribbon
growth, other sheet technologies, and programs of supportive research. Periodic reviews of each sheet technology
were held, assessing the technical progress and the long-range potential. Technologies that failed to achieve their
promise, or seemed to have lower probabilities for success in comparison with others, were dropped. A series of
workshops was initiated to assess the state of the art, to provide insights into problems remaining to be addressed,
and to support technology transfer.

The Task made and fostered significant improvements in silicon sheet including processing of both ingot and
ribbon technologies. An additional important outcome was the vastly improved understanding of the characteristics
associated with high-quality sheet, and the control of the parameters required for higher efficiency solar cells.
Although significant sheet cost reductions were made, the technology advancements required to meet the Task cost
goals were not achieved.




Foreword

Throughout U.S. history, the Nation's main source of energy has changed from wood to coal to petroleum. It is
inevitable that changes will continue as fossil fuels are depleted. Within a lifetime, it is expected that most U.S. energy
will come from a variety of sources, including renewable energy sources, instead of from a single type of fuel. More
than 30% of the energy consumed in the United States is used for the generation of electricity. The consumption of
electricity is increasing at a faster rate than the use of other energy forms and this trend is expected to continue.

Photovoltaics, a promising way to generate electricity, is expected to provide significant amounts of power in years 1o
come. It uses solar cells to generate electricity directly from sunlight, cleanly and reliably, without moving parts.
Photovoltaic (PV) power systems are simple, flexible, modular, and adaptable to many different applications in an
almost infinite number of sizes and in diverse environments. Although photovoltaics is a proven technology that is
cost-effective for hundreds of small applications, it is not yet cost-effective for large-scale utility use in the United
States. For widespread economical use, the cost of generating power with photovoltaics must continue to be
decreased by reducing the initial PV system cost, by increasing efficiency (reduction of land requirements), and by
increasing the operational lifetime of the PV systems.

In the early 1970s, the pressures of the increasing demand for electrical power, combined with the uncertainty of
fuel sources and ever-increasing prices for petroleum, led the U.S. Government to initiate a terrestrial PV research and
development (R&D) project. The objective was to reduce the cost of manufacturing solar cells and modules. This
effort, assigned to the Jet Propulsion Laboratory, evolved from more than a decade-and-a-half of spacecraft PV power-
system experience and from recommendations of a conference on Solar Photovoltaic Energy held in 1973 at Cherry
Hill, New Jersey.

This Project, originally called the Low-Cost Solar Array Project, but later known as the Flat-Plate Solar Array (FSA)
Project, was based upon crystalline-silicon technology as developed for the space program. During the 1960s and
1970s, it had been demonstrated that photovoltaics was a dependable electrical power source for spacecraft. In this
time interval, solar-cell quality and performance improved while the costs decreased. However, in 1975 the costs were
still much too high for widespread use on Earth. it was necessary to reduce the manufacturing costs of solar cells by a
factor of approximately 100 if they were to be a practical, widely used terrestrial power source.

The FSA Project was initiated to meet specific cost, efficiency, production capacity, and lifetime goals by R&D in al!
phases of flat-plate module (non-concentrating) technology, from solar-cell silicon material purification through verifica-
tion of module reliability and performance.

The FSA Project was phased out at the end of September 1986.
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FSA Project Summary

The Flat-Plate Solar Array (FSA) Project, a Government-sponsored photovoltaic (PV) project, was initiated in
January 1975 with the intent to stimulate the development of PV systems for economically competitive, large-
scale terrestrial use. The Project’s goal was to develop, by 1985, the technology needed to produce PV modules
with 10% energy conversion efficiency, a 20-year lifetime, and a selling price of $0.50/W (in 1975 dollars). The
key achievement needed was cost reduction in the manufacture of solar cells and modules.

As manager, the Jet Propulsion Laboratory organized the Project to meet the stated goals through research and
development (R&D) in all phases of fiatplate module technology, ranging from silicon-material refinement through
verification of module reliability and performance. The Project sponsored parallel technology efforts with periodic pro-
gress reviews. Module manufacturing cost analyses were developed that permitted costgoal allocations to be made
for each technology. Economic analyses, performed periodically, permitted assessment of each technical option’s
potential for meeting the Project goal and of the Project’s progress toward the National goal. Only the most promising
options were continued. Most funds were used to sponsor R&D in private organizations and universities, and led to
an effective Federal Government-University-Industry Team that cooperated to achieve rapid advancement in PV
technology.

Excellent technical progress led to a growing participation by the private sector. By 1981, effective energy conser-
vation, a leveling of energy prices, and decreased Govemment emphasis had altered the economic perspective for
photovoltaics. The U.S. Department of Energy’s (DOE’s) National Photovoltaics Program was redirected to longer-
range research efforts that the private sector avoided because of higher risk and longer payoff time. Thus, FSA con-
centrated its efforts on overcoming specific critical technological barriers to high efficiency, long life, reliability, and
low-cost manufacturing.

To be competitive for use in utility central-station generation plants in the 1990s, it is estimated that the price of
PV-generated power will need to be $0.17/kWh (1985 dollars). This price is the basis for a DOE Five-Year Photo-
voltaics Research Plan involving both increased cell efficiency and module lifetime. Area-related costs for PV utility
plants are significant enough that flat-plate module efficiencies must be raised to between 13 and 17%, and module
life extended to 30 years. Crystalline silicon, research solar cells (non-concentrating) have been fabricated with more
than 20% efficiency. A full-size experimental 15% efficient module aiso has been fabricated. It is calculated that a
multimegawatt PV power plant using large-volume production modules that incorporate the latest crystalline silicon
technology could produce power for about $0.27/kWh (1985 dollars). It is believed that $0.17/kWh (1985 dollars) is
achievable, but only with a renewed and dedicated effort.

Government-sponsored efforts, plus private investments, have resulted in a small, but growing terrestrial PV in-
dustry with economically competitive products for stand-alone PV power systems. A few megawatt-sized, utility-
connected, PV installations, made possible by Government sponsorship and tax incentives, have demonstrated the
technical feasibility and excellent reliability of large, multimegawatt PV power-generation plants using crystalline sili-
oon solar cells.

Major FSA Project Accomplishments

¢ Established basic technologies for all aspects of the manufacture of nonconcentrating, crystalline-silicon PV
modules and arrays for terrestrial use. Module durability also has been evaluated. These resulted in:

Reducing PV module prices by a factor of 15 from $75/Wp (1985 dollars) to $5NVp (1985 dollars).
Increasing module efficiencies from 5 to 6% in 1975 to more than 15% in 1985.

Establishing a new, low-cost high-purity silicon feedstock-material refinement process.
Establishing knowledge and capabilities for PV module/array engineering/design and evaluation.
Establishing long-life PV module encapsulation systems.

Devising manufacturing and life-cycle cost economic analyses.

¢ Transferred technologies to the private sector by interactive activities in research, development, and field
demonstrations. These included 256 R&D contracts, comprehensive module development and evaluation efforts,
26 Project Integration Meetings, 10 research forums, presentations at hundreds of technical meetings, and ad-
visory efforts to industry on specific technical problems.

e Stimulated the establishment of a viable commercial PV industry in the United States.

vi

Stimulating industry to establish 10-year warranties on production modules. There were no warranties in 1975.



Silicon Sheet Summary

Silicon sheet is the primary component of a crystalline silicon photovoltaic {PV) module. The quality and shape of
the sheet, as well as the process by which it is produced, influence the fabrication, costs, and efficiencies of solar
cells and modules. Because the cost of silicon sheet dominates the overall cost of a PV module, the production of
high-quality silicon sheet must be based on low-cost growth processes. The primary objective of the Silicon Sheet
Task in the Flat-Plate Solar Array Project was to develop these processes.

The direction of the development has been toward both the reduced use of silicon and other consumable
materials and the achievement of high throughput (meter2/h) and high sheet quality (higher device efficiency). These
goals were to be attained within the bounds of an initial add-on price goal of $18/m2. This price goal, which did not
include the cost of silicon, depends upon the specific process used and its effect on the overall price of the module.
Taken into account were the potential trade-offs between solar cell efficiency, sheet production throughput, material
use, and other indirect costs associated with the sheet growth process.

As with many other technology development activities, the Task faced a major trade-off between high-risk, high-
return opportunities, and those that were more secure and potentially less rewarding. In order of increasing risk, as
perceived in the early years of the Project, most of the silicon sheet technology processes supported by the Task can
be grouped into the following three options:

Option 1: Ingot and wafering technology.

¢ Advanced Czochralski (Cz) ingot growth (Kayex, Siltec, Varian, Texas Instruments).
¢ Ingot casting (Crystal Systems, Solarex).

¢ |nternal diameter (ID) saw wafering (Siltec, Silicon Technology).

¢ Multiple-blade wafering (Varian, P.R. Hoffman).

s Multiple-wire wafering (Crystal Systems, Solarex).

Option 2: Shaped ribbon growth.

Edge-defined film-fed growth (EFG) (Mobil Solar).

Dendritic-web growth (Westinghouse).

Inverted Stepanov process (RCA).
® Ribbon-to-ribbon growth (Motorola).
¢ Low-angle silicon sheet growth (Energy Materials Corp.).
Option 3: Silicon coating on low-cost substrates.
¢ Silicon-on-ceramic dip coating (Honeywell).
e Chemical vapor deposition (GE, Rockwell, RCA).
o Liquid-phase epitaxy (Astrosystems).

Vacuum casting of silicon wafers was supported at ARCO Solar and at SRI International. Advanced development
of a commerciai and proprietary poiycrystaiiine silicon casting technigue was supported separately at Solarex by the
U.S. Department of Energy (DOE), and technical direction was provided by the Task.

To develop these technology options, the Jet Propulsion Laboratory (JPL) awarded contracts to industries and
universities. Specific research was aimed at understanding the behavior of low-cost silicon sheet based on the

characterization of its structural, chemical, and electronic properties. Although this research was performed by JPL
and others, the primary role of JPL was to plan, manage, and coordinate Task activities.
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The Task was planned to proceed in the following phases: feasibility research and development, advanced devel-
opment, prototyping, and production development. Because of the great complexity, variety, and novelty of some
sheet technology options, the rates of progress varied among the options. Consequently, only those options that
evolved most rapidly and offered the greatest promise for high-quality and low-cost sheet received continuing Project
support. New process options were considered and supported as they became available.

in addition to studies of sheet technology development, supporting research also was conducted in the areas of:

¢ Interaction of various materials with molten silicon.
¢ Development of improved refractory materials to be used in contact with molten silicon.

e Determination of the sources and implementation of the control of stresses and strains encountered during
the growth of silicon ribbons. This was a major focus of the Task at the conclusion of the Project.

The redirection of the DOE National Photovoltaics Program in late 1981 shifted emphasis to longer-term, high-
risk research. This essentially led to the termination of the prototype and production phases of the original concept,
and to the end of the support for nearly all the process option developments except the dendritic-web effort. The latter
was judged most promising because of its quality and low cost. None of the technical efforts involving the highest risk
(Option 3) were brought to the point of commercial feasibility. This was especially true in view of the need for
increased module efficiency that emerged after 1980. Because of the large funding reduction in 1981 and the Project
termination in 1986, many promising technical activities are incomplete. Some technical activities have continued with
private sponsorship, but at reduced levels of effort. The diverse technical aspects of the Task work are reviewed and
summarized in this report.

In spite of the limitations mentioned above, there were many major accomplishment, including:

o Growth of a 150 kg single crystal, Cz ingot (15-cm diameter) from a single crucible at a throughput rate
of 2.2 kg/h.

e Casting of a 34 x 34 x 17 cm shaped ingot (35 kg) by the heat exchange method.

e Demonstration of ID sawing of a 15 cm Cz ingot at 17 wafers per centimeter of length of the ingot (0.69 m2/kg).
e Demonstration of wire sawing of a 10 x 10 cm cast ingot at 25 wafers per centimeter of length of ingot (1 m2/kg).
e High throughput growth of EFG ribbons (40 cm2/min; 10 cm wide at 4 cm/min).

¢ Simuftaneous growth of multiple EFG ribbons (five ribbons, each 5 cm wide; three ribbons, each 10 cm wide).

e High throughput growth of high-quality dendritic-web ribbons (13 cm2/min for short ribbon lengths).

e Demonstration of 8 h dendritic-web ribbon growth at constant melt level.

o |dentification of mechanical stress and deformation as a primary limitation to the rapid growth of high-quality
silicon ribbons.

~ e Significant progress in understanding and control of thermal stress/strain effects in high-speed ribbon
growth.,

¢ Understanding and modeling of the origin of defects in low-cost silicon sheet and the effects of these defects
on electronic transport behavior.

¢ Development of a ceramic composition (Mullite) whose thermal expansion precisely matches silicon over the
temperature range from room temperature to the melting point of silicon.

¢ The first detailed and comprehensive study of the interactions of various refractory materials with
semiconductorgrade silicon.

¢ The generation of fracture data for silicon and its application to growth and processing of silicon sheet.
* Economic advancements were implemented by the various industrial contractors to reduce their product

cost. Detailed information on the specifics of these implementations and their effects of actual cost
are proprietary.
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The Task efforts led to commercialization of one ribbon option and extensive progress toward the commercializa-
tion of another. It also contributed to the commercialization of ingot casting and to the advancement of the Cz growth
technique. Work with the Cz growth technique now continues under numerous private development activities. The
Task also aided understanding and development of wafering technology, the crystallization process, and the effects of
the crystallization process on electronic properties and solar cell quality. Material interactions with moiten silicon are
now better understood, as are some of the limitations on growth rates and the trade-offs between production rates
and quality.
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SECTION |
Introduction

A. BACKGROUND

Despite its simple appearance and uncomplicated
structure (Figure 1), a crystalline-silicon solar cell is a
sophisticated semiconductor device. Solar cells that
convert sunlight into electricity with high efficiency
require high-quality silicon substrates with the follow-
ing precisely tailored physical and electronic proper-
ties: low density of structural defects, high purity, long
minority-carrier diffusion lengths, and high uniformity.
Unlike most semiconductor devices, the cost of a solar
cell is highly dependent on the cost of the silicon sheet
substrate on which it is fabricated. The solar cell is an
area-dependent device, i.e., large solar cell areas are
required to produce large amounts of power. To
achieve low manufacturing costs, the silicon sheet
growth process! must be inexpensive and yet not
compromise the material quality or its properties with
regard to subsequent processability. Processability
requires high mechanical strength, low residual stress,
and uniform, standard-shaped, flat wafers. The major
cost drivers for silicon sheet growth include costs of -
consumables, throughput rate, labor, and the cost of
capital equipment (Appendix A).

In January 1975, the Flat-Plate Solar Array (FSA)
Project (then called the Low-Cost Silicon Solar Array
Project) was established at the Jet Propulsion Labora-
tory (JPL) as part of a National Photovoltaics Energy
Conversion Program. The objective of this Project was
to achieve a major cost reduction in silicon solar array
prices by 1986. The FSA Project approach consisted
of technology development, industry involvement,
commercialization, and market stimulation.

When the FSA Project started, only two silicon
sheet types were available in the marketplace: the
wafers were sliced from either float-zone (FZ) or
Czochralski (Cz) single-crystal cylindrical ingots. These
high-cost materials (typically $4 to $5 per wafer) were
of a quality (purity and crystallinity) adequate for use
by the growing semiconductor industry and for photo-
voltaics (PV).

The standard semiconductor industry process for
silicon wafer manufacture in 1975 included Cz ingot
growth, centerless grinding, trimming, wafering by
internal diameter (ID) saws, etching, polishing, and
cleaning. These steps were expensive, low-yield,
labor-intensive, and resulted in an expensive substrate
material. This material cost was acceptable when
spread out among the many individuai semiconductor
devices obtained from a single wafer, but was
prohibitive for low-cost terrestrial PV applications.
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Figure 1. Crystalline Silicon Solar Cell

Cz wafers also were used for space-qualified solar
cells in which reliability and performance were the
issue, not cost.

Neither of these materials, however, seemed to
have a high probability for meeting the low-cost crite-
rion of the new Project. For that reason, alternative sili-
con sheet processes were sought that had potential
for meeting the Task’s add-on cost goals. At that time,
in the materials community, several innovative sheet
growth processes were in the conceptual or early
developmental stages. These included ingot growth
processes employing directional solidification tech-
niques, and methods to grow silicon in sheet form
directly from the melt. The direct sheet-growth
processes avoided the costly wafering step altogether.
Although the ingot processes yielded a product that
required subsequent wafering, they seemed to have
the advantage of low process costs.

This report summarizes the 11-year-ong activities
of the Silicon Sheet Task. The general goal of the Task
consistently has been better silicon sheet at lower cost.
Specific Task objectives and approaches evolved sub-
stantially because of changes in funding level, redirection
from the U.S. Department of Energy (DOE), and
response to the results of continuing analyses concerning
cost and technology trade-offs (Reference 1).

B. INITIAL GOALS AND OBJECTIVES

FSA Project price goals for solar arrays were
established on the basis of rated power ($/Wp) and of
area of arrays ($/m2). These price goals were trans-
lated into various technology goals in terms of
throughput, efficiency, material consumption, and
yields appropriate for each process step (see
Appendix A).

in this report, the term *'sheet” is used to mean silicon in a form suitable for processing into solar cells regardless of
whether it was grown in ingot form and subsequently sliced or grown directly from the melt to the desired thickness,

i.e., ribbons.



By the time of the first Task Integration Meeting in
January 19786, the 1985 FSA silicon sheet goals for
price, quality, and throughput had been established.
The goals were:

(1) A value-added cost of < $18/m2 for large-area
silicon sheet.

(2) Silicon sheet capable of array fabrication with
>10% energy-conversion efficiency.

(3) Automated sheet production capability of
>5 x 106 m2/year.

These engineering and production goals were
designed to meet the Project’s $0.50/Wp (1975 dollars)
goal. The goals were contingent upon scaling up for
commercialization (more machines per operator, better
process automation, lower consumables costs, etc.).
At this stage, the focus of the National Program and
the Project was on developing process technologies
that showed technical and economic feasibility, more
than on the fundamental technical issues such as
developing an understanding of the influence of growth-
process-related defects on device performance.

C. EARLY APPROACH/IMPLEMENTATION PLAN

The Task approach and schedule established in
1975 was to pursue evolving technologies in four
phases:

(1) Proof of concept and feasibility demonstration
(FY 76 to FY 77).

(2) Advanced development (FY 78 to FY 80).

(3) Prototype process development (FY 79 to
FY 82).

(4) Scaling up of processes as a transition to auto-
mated process development (FY 81 to FY 86).

Phase 1 was to include both theoretical and
experimental evaluation of the feasibility of candidate
processes to achieve the technical and cost goals of
the Task (development of goals commensurate with
Project cost goals).

In Phase 2, each technology that had demon-
strated technical feasibility was to be analyzed, critical
barriers to successful process development were to
be identified for directed R&D effort, and technical
goals were to be assigned to each process commen-
surate with Project-derived cost add-on goals.

Phase 3, the Technology Readiness (TR) demon-
stration phase, was planned to encompass the design,
construction, development, and quasi-production
demonstration of prototype machines. TR demonstra-
tions were intended to provide operation and cost data
to be compared against 1985 goals, and would be
used for the selection of processes for the final phase.

Phase 4 was intended to be the operation of a
pilot production facility consisting of several machines.
This was to develop and demonstrate production
capability commensurate with Project goals.

At its inception, the Task elected to support a
parallel-path technology development program. It
would support, at least through Phase 1, all those
technologies perceived as having a potential for
achieving the technical and economic goals of the
Project. The approach included support, through sub-
contracts, of R&D of silicon crystal growth methods. it
also included in-house silicon sheet characterization
and assessment, as well as complementary material
and crystal growth studies. In January 1975, an indus-
try briefing and planned solicitation were announced.
By August, source selections for the Silicon Sheet
Growth Development Subtask were presented. A list
of contractors to the Project in January 1976 is given
in Table 1. At the outset of the Project, a few of the
sheet growth methods had already been in develop-
ment or operation for some time, while others were
only concepts. The status of each of the technologies
in 1976 is given in Reference 2.

Table 1. FSA Project R&D and Silicon Sheet
Growth Methods 1975 to 1977

Organization Method

Ribbon growth

University of South

Carolina Dendritic web
IBM Shaping capillary die
Mobil-Tyco EFG
RCA Inverted Stepanov
Motorola Ribbon-to-ribbon laser zone
melting

Vapaor deposition
Rockwell CvD

Novel sheet growth
GE Floating substrate
Honeywelt Dip coating

Crystal Systems Heat exchange ingot

casting
Ingot cutting
Varian Breadknife sawing
Crystal Systems Wire sawing




Three milestones were defined by the Task to
measure the progress of technology development of
these sheet technologies against the Project goal of
demonstrating Technology Readiness by FY 82 (TR 82).
The milestones were:

(1) Simultaneous demonstration of performance
and productivity goals assigned to each pro-
cess. Each process was assigned individual
goals based on estimated performance and
productivity potentials and the trade-off effect
of the variables on performance against
Project goals.

(2) Completion of design and fabrication of a
prototype Experimental Sheet Growth Unit.

(3) Successful completion of operation of the
Growth Unit in a pilot production mode.

The task was not constrained to support only the
original subcontractors or technologies. Even as some
technologies failed to achieve their promise, others
were added, at least to the point of feasibility demon-
stration. The Cz process, for example, was added to
the program in 1977. Four Cz approaches ultimately
were supported. The original two wafering options
were expanded to four before wafering technology
development (TD) was dropped altogether in 1985.
Ultimately, the parallel-path TD program included three
ingot growth processes, four wafering processes, and
nine direct sheet formation processes (Table 2). All
technologies supported by the Task are reviewed in
the following sections.

In 1979, six FSA-supported technologies were
identified as candidates for TR 82. The six represented
the three major silicon sheet technology options pur-
sued by the Task: (1) ingot technology represented by
the advanced Cz process and the heat exchange
method (HEM), (2) supported-film technology repre-
sented by the silicon-on-ceramic (SOC) process, and
(3) shaped-ribbon technology represented by the
edge-defined film-fed growth (EFG) process and the
dendritic web process.

In addition to these primary studies of crystal growth
and wafering, the Task supported and conducted parallel
technological studies to support the primary investiga-
tions. These technoiogical studies involved.

(1) In-house determination of the interactions of
moilten silicon with the various materials that
were anticipated to be used in contact with
molten silicon.

(2) In-house investigation of the effects of
structural defects and their distribution on
electronic properties and cell performance.

(3) Subcontracted development eiforts to optimize
the performance determined by the in-house
investigations of mechanical behavior of silicon
in crystallization and the finished sheet.

Table 2. Total Parallel-Path Technology
Development Program for
Silicon Sheet™

Ingot Growth

Czochralski (Cz)
Heat exchange method (HEM)
Semicrystalline casting (SEMIX)

Wafering

Fixed abrasive internal diameter (ID)
Fixed abrasive muitiple wire (FAST)
Free abrasive multiple wire

Free abrasive multiple blade

Direct Sheet Formation

Vacuum die casting
Ribbon-to-ribbon (RTR)

Dendritic web

Edge-supported pulling (ESP, ESR)
Shaped ribbon growth (EFG, CAST)
Low-angle silicon sheet (LASS)
Floating substrate

Silicon on ceramic (SOC)

Inverted Stepanov

Support Technologies

Die and container materials studies

Theoretical studies on heat flow, interface stability,
mechanical properties, stress and strain in
ribbon growth

Abrasion analysis in various chemical
environments

Development of analytical tools (moire pattern
Interferometric analysis of residual stress in
ribbons, etc.)

Misceilaneous

Deformation processing

*This work included both subcontracted and
in-house R&D efforts.

(4) Additional appropriate subcontracted and
in-house studies.

In 1981, the Task initiated a series of Project work-
shops and research forums beginning with the Low-Cost
Solar Array Wafering Workshop. The objectives of the
Wafering Workshop were to clarify and define the state
of the art of ingot wafering, to define the requirements for
future work, to solicit and explore innovative ideas, and
to stimulate a productive exchange of technology within
the technical community. The Workshop accomplished
these objectives. But major developments clearly were
needed to achieve the Project economic goals.



This approach to problem solving and technology
transfer was followed by other major technical work-
shops dealing with growth and characterization of
crystals for solar cells as well as a continuing series of
mini-workshops on the problem of stress and strain in
high-speed ribbon growth processes (Table 3).

Table 3. Silicon Sheet Task Technical Workshops and
Research Forum™*

Low-Cost Solar Array Wafering Workshop,
June 8-10, 1981, Phoenix, Arizona

Flat-Plate Solar Array Project Research Forum on
the High Speed Growth and Characterization of
Crystals for Solar Cells, July 25-27, 1983,

Port St. Lucie, Florida

Flat-Plate Solar Array Project Workshop on
Crystal Growth for High-Efficiency Silicon Solar
Cells, December 3-4, 1984, San Diego, California

* " .
In addition to the above, four mini-workshops
were held on stress/strain in silicon ribbons.

D. PROJECT REDIRECTION

The first redirection came from DOE late in 1981.
It specifically supported a research thrust to address
the fundamental barriers to achieve the Task goals, in
contrast to emphasis on TD for commercialization. The
second redirection came in 1985 and redefined the sheet
performance goals to meet the new energy-conversion
efficiency requirement for utilityprojected modules of 15
to 17% at air mass (AM) 1.5. The new specifications for
sheet suitable for fabrication into high-efficiency solar
cells were established by the Task to be 0.1 to 1 -cm,
zero-D (e.g., <103 to 104 dislocations per square cm)
250- to 500-um minority carrier diffusion length, con-
trolled impurities (oxygen, nitrogen, carbon), processable
shape, and low residual stress. Ribbon stress problems
became apparent only when ribbons were grown wider
and faster. These remained the goals of the Task until its
phaseout at the end of FY 86.

The impact of the budget reductions and changes
in program emphasis included the phaseout of technol-
ogies perceived to be ready for commercialization (the
wafering and ingot TD programs),2 and the focusing of
research efforts and funding for the ribbon and support

technologies onto generic topics and critical elements
of specific sheet growth processes.

As part of its in-house research and test and verifi-
cation work, the Task at JPL had built up research
facilities during the first 6 years of the TD program.
Materials and device characterization, device process-
ing, and crystal growth laboratories already were in
place and operational in 1982 when the Project focus
was redirected. Thus, intensive research could be per-
formed at JPL addressing generic problems and topics
of critical importance to the successful development of
the sheet technologies.

A discontinuity occurred in 1982 when funding for
all technology options was substantially reduced. Not
only were the ingot and wafering processes dropped,
but the ribbon options also were narrowed. This
reduced funding and also reduced the probability of
technical success for the remaining processes.

In 1983, DOE issued its Five-Year Research Plan for
the National Photovoltaics Program (Reference 3). The
plan cited the success of the U.S. Government/industry
partnership in the development of the ingot-based single-
crystal silicon technology on which the then emerging
PV industry was based. It reiterated the Federal role
“to undertake research activities with the potential for
achieving long-term benefits in areas that industry is
unlikely to pursue because of the costs and risks
involved.” It further stated that “The Program, in
response to industry’s need, is working to resolve the
critical problems which currently limit the improvement
of crystalline