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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 silicon technology.” The goal, estab-
lished for the Task, was to “resolve generic impedi-
ments to improve ribbon growth speed and quality in
different environments.” The goal was scheduled for
completion by the end of CY 85. The resources that
were made available to achieve this goal, however,
were considerably less than those estimated to be
required (Figures 2 and 3).

In February 1984, at the request of DOE, the FSA
Project issued a Crystalline Silicon Implementation
Plan to respond to the DOE's Five-Year Plan (see Refer-
ence 3). In the Implementation Plan, the Task goal is
unchanged from the goal stated in the Five-Year Plan.
The generic problems that must be understood better to
achieve successful ribbon growth TD are identified as
the problem of stress and strain in high-speed growth of
ribbons and the relationship between growth parameters
and solar cell performance.

2Wafering and ingot technologies were not yet ready to stand on their own to meet commercially the low-cost needs
of the PV community. Although several paths for possible R&D development in ingot wafering were identified at the
Workshop, no continued R&D then was supported by industry. The Defense Advanced Research Projects Agency
(DARPA) today is supporting an effort in fixed-abrasive slicing technique (FAST) development. The state of the art
in wafering and ingot technologies is virtually unchanged since 1982. The inability of the wafering technologies to
reach their goals by 1982 effectively prevented further consideration of the ingot technologies. The Cz ingot growth
process has advanced only incrementally since 1982. The FZ process, which yields the highly perfect wafers on
which all devices with the highest reported efficiencies have been fabricated, still remains unexplored for low-cost

terrestrial PV application.
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Figure 2.  Funding History for Flat-Plate Solar Array
Project and Large-Area Silicon Sheet
Task

Because analyses by utilities were placing higher
performance requirements on the modules to enhance
the feasibility of central station photovoltaics (Refer-
ence 4), the potential device efficiencies of the candi-
date sheet technologies became important selection
criteria. In 1985, the Task objective in terms of silicon
perfection and properties was redefined because of the
high module-efficiency requirements (15 to 17% AM1),
projected by the Electric Power Research Institute
(EPRI) and JPL. Dendritic web ribbon became the
prime sheet candidate because of its crystalline per-
fection and, therefore, potential for fabrication into
high-efficiency devices. The Implementation Plan pro-
posed that dendritic web research continue to be
funded at Westinghouse. The goal was to demonstrate
a 15 cm2/min throughput rate of ribbon yielding
14.5% efficiency average cells by mid-FY 85. It also
was proposed that a second dendritic web contractor
be supported to accelerate the rate of development
and increase the probability of technical success;
interest was solicited in the industry without success.
JPL was chosen as the second contractor because of

5,00.000r— T 1 1T 1 1 T T T T T 1
LEGEND:
—4— INGOT

4,000.000 | —
—X— WAFERING
—O— RIBBON

3,000.000 |— —{— GENERAL —

2,000.000 —

FUNDING (DOLLARS)

1,000,000

X
76 77 '78 '79 '80 '81 '82 '83 '84 '85 '86
FISCAL YEAR

Lk
7

Figure 3.  Funding History for Silicon Sheet
Technology (Flat-Plate Solar Array
Project Contracted Effort)

its demonstrated capability in the field of remote sens-
ing and its familiarity with dendritic web technology
and the Project. The purpose of the “Web Team,”
established at JPL, was to support the Westinghouse
effort and increase its probability of success. The
“Web Team” was independently to develop sensing
and control tools to be transferred to Westinghouse
when developed. The plan anticipated that growth-
process verification would be completed by the end of
FY 86, and that an Advanced Silicon Sheet Summary
Document would be issued by early FY 87. The
achievements of the Westinghouse and JPL teams are
summarized in Section {V.B.2.

Because these new requirements placed severe
constraints on most of the silicon sheet materials
under development, interest has been renewed in the
potential for high-quality Cz or FZ silicon wafers.

When Project wind-down activities were begun,
limited time and funding prevented substantive
changes in the approach or plan of the Task.



SECTION Il

Ingot Technology

A. INTRODUCTION

At the inception of the Project and the Silicon
Sheet Task, the operational sheet technology was
ingot growth and wafering. Although mature and effec
tive for the semiconductor industry and then-existing
solar cell production, this combination of growth and
slicing was perceived to be too costly and wasteful of
purified silicon material. Initial FSA Project efforts
emphasized sheet preparation by direct growth of thin
silicon sheets, as indicated by Table 1. However,
continuing in-house analysis of costs of Cz crystal
growth suggested that ingot technology could meet
Project goals with the aid of numerous technical
advances, and that wafering technology (Section 1)
could also reach the cost goals with technical
improvement.

Specifically, it was seen that the small-batch
processing limit on crystal growth could be challenged.
The production of multiple Cz ingots from a single
crucible and crystal-grower run and the growth of large
crystals at faster rates was considered. Beginning in
1977, four contractors (Kayex, Siltec, Texas Instruments,
and Varian) addressed these Cz-improvement options,
with varying approaches and degrees of success, as
described in Section I1.B.1.

Alternative ingot technologies to the Cz growth
method were also explored: the Heat Exchange Method
(HEM) of Crystal Systems Inc., and the Ubiquitous Crys-
tallization Process (UCP) of the Solarex Corp. (supported
under a cooperative agreement with DOE, with FSA
technical cognizance). The UCP effort also included
wafering activities, some described in Section 11.B.3 and
others as a part of the Wafering Section (see Section IIi).

Another alternative ingot technalogy in service at
the outset of the Project, FZ crystal growth, was
deliberately not selected for development support
because of a general perception of the limitations of
this process step and its products. Although of high
purity, and capable of being processed into high-
quality wafers and high-efficiency solar cells, FZ sili-
con wafers are soft (because of low oxygen content)
and limited to small diameter. Thus, both processability
and manufacturing cost are adversely affected.

In addition to wafering, several other FSA studies
supporting bulk crystal growth were performed. A
study of heat flow in Cz crystals was carried out by
investigators at Washington University at St. Louis.
Work relevant to molten silicon/container chemistry is
discussed in Section VI.B.1. Studies of the role of gas
environments on silicon crystal growth were a con-
sideration in a variety of programs, specifically includ-
ing those of EFG growth, Cz (Kayex), and materials
(University of Missouri).

PIBCIOMG PAGE BLANK NOT FILMED

At JPL, a small in-house program was supported
to produce specialized Cz crystals for research appli-
cations. Emphasis was placed on unusual crystal
orientations (such as <110>), controlled bi-crystals,
unusual dopants, and dopant levels.

The Cz growth TD effort was terminated in 1982
as part of the Project redirection. Since 1982, outside
of FSA, commercial Cz processes have been continu-
ously upgraded. Interest in continuous silicon ingot
growth presently is enjoying a resurgence. Numerous
totally automated pullers now are available in the
marketplace, 20-cm-diameter ingots are routinely
grown by silicon producers, and the introduction of
magnstic fields to inhibit meit convection has resulted
in more uniform, controlled-oxygen-content crystals.

B. IMPLEMENTATION
1. Czochralski Crystal Growth

The Cz method produces a cylindrical ingot of
single-crystal silicon by slowly withdrawing (pulling) a
silicon “seed” of the appropriate crystallographic
orientation from a pool of molten silicon in a quartz
crucible. In 1977, four research teams (Texas Instru-
ments, Varian, Siltec, and Kayex) were selected to
perform TD programs aimed at reducing the cost of
Cz-grown silicon ingot. Two major drivers of the cost
of Cz ingots were the cost of the quartz crucible and
the low throughput rate of the process (Reference 5).
Thus, the goals of the subcontracted programs included
the development of continuous growth processes (more
silicon crystals from a single crucible) and increased
process throughput rates.

a. Kayex Corp.. Continuous Czochralski
Growth. The approach taken by Kayex Corp. in 1977
was to modify existing commercial Kayex ingot-growth
equipment to pull multiple, batch-recharged, larger-
diameter crystals from a single crucible. The original
goals of the program included:

(1) Continuous growth of 100-kg ingots of single-
crystal silicon from one common container.
State of the art at that time was 25 kg from
one container.

(2) A growth rate of 20 cm/h instead of the then

available capacity of 5 cm/h,

T Lo

(38) An ingot diameter of 10 cm (4 in.) as com-
pared to the 7.5cm-diameter ingots then
available.

From October 1977 through April 1982, Kayex
performed a TD effort involving the continuous
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process scale-up (References 6, 7, and 8). The goals
evolved as the process developed and as Project
goals and DOE guidelines changed (Table 4). Late in
the effort, the work at Kayex included research on
more fundamental problems of Cz growth such as the
role of gas composition in the growth chamber. This
Cz TD effort, the most successful of the Cz work sup-
ported by the Project, resulted in the design and
commercial production of a new generation of auto-
mated, batch-rechargeable, 15.0-cm-diameter, silicon
ingot-growth systems.

From October 1, 1977 through March 31, 1980,
“Continuous Czochralski Growth” was a two-phase
TD contract. The specific objective of Phase 1 was the
growth from a single crucible of a 100-kg single-crystal
ingot with a diameter of 10 cm or greater. The goal of
Phase 2 was the growth of a 150-kg, 15-cm-diameter,
single-crystal ingot from a single crucible. To achieve
these objectives, Kayex initiated a program of equip-
ment design and development, process R&D, charac-
terization, data analysis, and economic analysis.

The redesigned Kayex CG-1000 commercial
puller featured a 20-torr operating pressure with con-
tinuous argon purging, a flapper isolation valve
between the growth and upper chambers of the sys-
tem to allow ingot removal, a reseeding capability, a
recharging capability without cooldown of the crucible
and growth chamber, and recharge mechanisms for
both solid polycrystalline rod or lump material. Rede-
sign included scale-up (for both) from a 30-cm to a
35-cm (14-in) crucible, and incorporation of a bead-
chain pull mechanism. Two growth runs, each greater
than 150 kg, successfully were demonstrated. During
the performance period, six 25-kg ingots were pulled
from a single 35-cm crucible in the modified system
redesignated as CG-6000.

The process development effort included develop-
ment of multiple ingot growth from a single container,

recharging of crucibles while at operating temperature,
and the growth of larger diameter ingots (10 and 15 cm)
from the larger crucibles. A significant effort also focused
on understanding the influence of the atmosphere of the
growth system on crystal quality. The multipie ingot
growth technique required successful development of
both the above hardware and the recharging technique.
For the recharge process, the lump recharge methods
prevailed because of problems experienced with the
solid rod recharge approach and the successful design
of a novel hopper for lump feed. A successful dopant
recharge system also was developed to maintain the
consistency of the electronic character of succeeding
ingots.

The scale-up to 10.0-, 12.5-, and 15.0-cm crystals
was economically motivated. Throughput, and therefore
cost, is extremely sensitive to ingot diameter, and
increase in ingot diameter is not limited by the more
fundamental barriers to high-speed linear growth.
Although the contract goal of a 20-cm/h linear growth
rate successfully was demonstrated for selected crystals
during the contract period, the maximum overall growth
rate observed during a 100kg run was 8.7 cm/h.

The furnace-atmosphere study emphasized the
identification and elimination of sources of impurities
that could end up in the melt and result in deterioration
of ingot quality. The silicon material etching process, the -
bake-out procedures for the graphite furnace compo-
nents, and other sources of volatile impurities were
reviewed and remedied. A residual gas analyzer (RGA)
was used to monitor the CO concentration {correlated
directly with SiO concentration) in the system atmo-
sphere during the growth runs. SiO and CO are believed
to be elements of an impurity transport couple ultimately
responsible for degradation of crystal quality. In a typical
growth run, the CO level rose dramatically during melt-
down, dropped during the melt-stabilization period, and
gradually increased during the growth period. The RGA
also detected air and water leaks in the system.

Table 4. Goals of the Kayex Corp. Czochralski Ingot-Growth Program

Contract Contract Contract
954888 954888 Contract 955733

Parameter Oct 1977 Mar 1980 955270 Apr 1982

Continuous growth total (kg) =100 =150" 50.0
Growth rate of length (cm/h) = 10 = 10 =10 15.0
Diameter (cm) = 10 15 15 15.0
ingot yield after growth and before

trimming (%) 90 >90.0
Throughput (kg/h) > 2.5
Cell performance (% AM1) >14.0

* Six ingots, each 25 kg, from a single crucible.




Kayex also performed an extensive study of the Crystal Growing Technology,” awarded to Kayex. Its

influence of crucible devitrification and erosion on purpose was the short-term cost reduction of the Cz
crystal quality. The vitreous quartz containers were process by:

suspected as the source of impurities or of SiO2

particles responsible for loss of ingot structure. (1) Adaptation of “cold<rucible” technology to
Although state-of-the-art crucibles were shown to be recharge the continuous Cz growth process.

impure and clear evidence of crucible degradation
was developed, the direct influence of the crucible on
crystal quality was not determined. Based upon the
devitrification rate, crucible lifetime was extrapolated

(2) Development of microprocessor control to
increase yield and throughput.

to be >100 h. . .
(3) Use of radio frequency (RF) heating and a water-
Solar cell performance was used as the final cooled heat sink in the growth chamber to
measure of crystal quality. Data from 2 x 2 cm base- accelerate both meltin and crystal-pulling rates.
line cells, fabricated and tested by Applied Solar
Energy Corp. (ASEC), were used to evaluate the base- During the 18-month course of the contract, the
line growth process, to evaluate the influence of process of melt recharging by the coldcrucible tech-
extended growth runs involving larger single crystals nigue was developed only through the bench test
and multiple crystals from a single crucible, and to test stage. This system featured an RF premelter/levitator
the usefulness for devices of wafers with degraded that delivered high-purity liquid silicon to the growth
structure. Typical results are given in Figure 4. Tri- crucible, without the silicon contacting the delivery
angies represent single-crystal material and show no system. Successful bench testing was demonstrated,
appreciable degradation after >80 kg of growth. The but the process was never adapted to, and demon-
squares represent polycrystalline cells and, although strated in, the crystal-growth system. The program-
no degradation is observed relative to total material mable microprocessor controller was used success-
grown, the performance of the polycrystalline material fully to control the diameter of a crystal for a limited
clearly is inferior to that of the single-crystal cells. period of time. The developments of hardware and
software to control meltdown, dipping, growth of the
In 1979, a series of unique short-term, high-risk, shoulder, and tailing, all of which were to be part of
accelerated TD contracts was awarded in parallel with the program, were not achieved during the perform-
the work continuing according to the Project plan. These ance period. The use of RF heating and water cooling
contracts were funded by a special Congressional appro- to accelerate the process was unsuccessful. The
priation and are known as the “Tsongas” contracts. One buildup of SiO on the coils interfered with the process,
of them was the JPL contract, “Low-Cost Czochralski and the effort was terminated.
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Two accomplishments of the program are
noteworthy:

(1) The microprocessor work became the founda-
tion upon which a very successful automated
growth process control system ultimately was
developed partly under a JPL contract, and
partly with Kayex internal funding.

(2) A conical molybdenum heat shield was devel-
oped that is placed above the melt in the
crucible. It results in accelerated melt-in and
crystal growth rates by effectively reducing
heat loss from the melt surface and establish-
ing a steep thermal gradient above the melt.

The Project undertook to support the further
development of the commercial Cz process to achieve
lower costs and higher throughputs. To achieve the
cost goal of the FSA Project, the following program
goals were established:

(1) Continuous growth from one common cruci-
ble, with melt replenishment, of 150 kg or
more of multiple ingots, each approximately
30 kg in weight.

(2) All crystals should have a resistivity of 1 to
3 Q-cm, p-type.

(3) Dislocation density of <104/cm~2.
(4) Diameter of 15 cm for each ingot.

(5) Growth throughput =2.5 kg/h of machine
operation.

(6) Crystal orientation <100>.

(7) After-growth yield of =90% of the as-grown
crystal.

(8) Development of prototype equipment suitable
for high-volume silicon production that is
transferable directly to industry.

Modifications (to a Kayex CG-2000 puller) included
microprocessor process automation, > 25 kg/h acceler-
ated chunk silicon recharge/melt-in capability, and a
radiation shield to help accelerate the product through-
put to >2.5 kg/h. A study of the influence of process
parameter variation on crystal quality was included in
the program as well as a demonstration of equipment
and process capability. The latter included the require-
ment that five consecutive runs produce a minimum of
150 kg of good-quality silicon material by pulling a maxi-
mum of five ingots, each of 15 cm diameter and of 30 kg
weight, at a growth throughput rate of 2.5 kg/h from a
single crucible, with the melt-replenishment procedure
developed previously.

Six months into the program, the FY 81 funding
was reduced and the contract was extended 6 months
through March 1982.

10

The new prototype crystal grower (Figure 5),
designated Mod CG-2000 during the program, was
offered with slight modification commercially as the
CG-6000 at the completion of the program. The new
baseline machine featured improved hot-zone design
with up to 40-cm- (16-in.-) diameter crucible capability,
improved crucible and seed rotation mechanisms and
seals, improved chamber design to reduce the chance
of water leaks, a larger power supply (150 kW versus
125 kW), a molybdenum heat shield/purge cone, mod-
ular construction, and a modified control console to
interface with the Kayex Automatic Grower Logic
(AGILE) computer control system. Construction and
trial testing of the Mod CG-2000 was completed in
April 1981. During subsequent process development
testing, a growth run was made in which five 30-kg
crystals were pulled, totaling 145.5 kg. The first two
crystals were 90 and 65 % dislocation-free, respec-
tively, but the subsequent crystals were dislocated.

- g
g

d

Figure 5.

Kayex Prototype Crystal Grower
(Model CG-2000)

The program then was revised by direction from
JPL. The number of 150-kg demonstration runs was
reduced in favor of:

(1) Increasing throughput, especially through use
of a radiation shield.

(2) Development of the microprocessor control
system.

ORIGINAL PAGE IS
OF POOR QUALITY

_



ORIGINAL PAGE IS

OF POOR QUALITY

(3) Study of the interaction between the furnace
atmosphere and the crucible/melt.

(4) Evaluation of the possible use of synthetic-
quartz crucibles. (The cost of such crucibles,
either bulk or synthetic-quartz-lined, was
prohibitive.)

A molybdenum cone radiation shield, supported by
a graphite ring and legs, was designed to stand on the
top heat shield ring. The cone extended up to the fur-
nace tank cover and down into the crucible. Using this
conical shield, accelerated growth rates up to 20 cm/h
were achieved. Additional advantages obtained from
using the shield included the growth of crystals free
from oxide coating and simplified melt-in due to the
shield’s funneling of silicon chunks toward the center of
the crucible.

The most significant single achievement of the
Kayex program was development of the hardware and
software to automate the growth process. Sensors were
developed to measure melt temperature, ingot dimen-
sions, and melt level to support automation of seed dip-
ping, termination of crown growth and shouldering,
ingot diameter control, and melt level control. The
proprietary Kayex AGILE control system was joined to
the Mod CG-2000 to complete the control loop.

The AGILE computer-based control system, a
Kayex Corp. proprietary development, not only contains
a control loop for setting and stabilizing the melt tem-
perature prior to seed dip, but also the logic to control
the growth of the neck, shoulder, body, and tail of the
ingot. The system reduces the responsibility for continu-

ous monitoring by the operator as well as the operator’s
freedom to vary arbitrarily growth process conditions
during the run. The result is the reproducible growth of
more-perfect crystals. Operation of the integrated sys-
tem successfully was demonstrated by growth of four
10-kg crystals from 12-kg melts using identical process
parameters. Two of the crystals are shown in Figure 6.

The purpose of the gas analysis program was to
determine the effects of process parameters on the
furnace atmosphere. This would relate process param-
eters and furnace atmosphere to characteristics of the
crystal. A new gas analysis system was designed con-
sisting of a modified ethylene gas analyzer sensitive to
low levels of CO and hydrogen, a continuous oxygen
monitor, and a hygrometer that could be used to pro-
vide continuous data to monitor water vapor levels.
Completion of the entire gas analysis system was
extended because of a reduction in funding. During test-
ing, the oxygen monitor was found unsatisfactory and
was removed from the system. The final system was
capable of monitoring hydrogen, carbon monoxide, and
water vapor.

A characteristic plot of hydrogen and CO concentra-
tions as functions of time during a crystal growth run is
shown in Figure 7. The overall pattern was similar for all
growth runs with details changing as run details changed.
In one case, continuous monitoring provided real-time
evidence of a major air leak that was remedied during
the growth run. Minor air leaks were lost in the signal
noise. Use of the analyzer provided valuable insight into
the requirements for the graphite, hot-zone hardware,
bake-out process. Monitoring of the water vapor and CO
concentrations in the furnace during the bake-out of new

Figure 6.  Ingots Grown with AGILE Control, 100-mm-Diameter, 10-kg
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Figure 7.

parts indicated a 3-day bake-out (5 to 7 h/day) was
necessary to reduce the production of CO and hydrogen
during the heat-up. Lower water vapor and CO concen-
trations typically are seen in the bake-out of used
graphite setup parts.

In 1982, as part of the Project redirection by DOE,
the Cz crystal growth TD effort was terminated. At
Kayex, all of the contract goals were achieved individ-
ually (e.g., growth rate, throughput, yield, etc.), but not
simultaneously.

The Mod CG-2000 prototype puller was shipped
to Arizona State University where it has been set up to
continue scaled-up silicon crystal growth TD with
alternative sources of funding. The Kayex CG-6000, a
modified Mod CG-2000, is commercially available and
is being used for the production of silicon ingots for
solar cells.

Key Accomplishments. The key accom-
plishments of the Kayex Corp. R&D are:

(1) Development of the hardware and software for
automating the growth process.

(2) Demonstration of the growth of 150 kg of
1 5-cm-diameter ingots from one quartz
crucible.
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(3) Development of a conicat molybdenum heat
shield located above the melt. It resulted in
accelerated melt-in and crystal growth rates.

(4) Development of a multiple growth process for
large ingots from one container. This included
development of a method to recharge cruci-
bles with chunks of silicon while at operating
temperature. Large-diameter ingots (up to
15-cm diameter) were grown. Five 30-kg
ingots were grown in a single growth run.

(5) Demonstration of no appreciable degradation in
the performance of solar cells made from silicon
obtained from extended growth runs of multiple
ingots from a single crucible after 80 kg of
growth,

Present Status. The Kayex CG-6000 Cz
ingot puller with automatic controls is a modification of
the puller developed under FSA Project support. It is
available commercially and is being used in industry
for production of silicon ingots for solar cells.

b. Siitec Corp.: Continuous Liquid Feed
Czochralski Method. Beginning in December 1977, the
Siltec Corp. was funded by the Task to develop the
continuous liquid feed (CLF) Cz ingot growth process.
Progress on this continuous ingot growth method is
summarized in this section and reported in detail in
contractor quarterly reports (Reference 9).
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The new CLF concept proposed by Siltec -
involved a dual-chamber Cz growth system. Silicon =
feed material, in the form of chunks of polycrystalline
ingot, continuously is fed into the hot zone of one fur-
nace chamber and melted in a quartz crucible. The
molten silicon then is transferred by a pressure differ-
ential through a heated transfer tube into a second
furnace chamber from which it is concurrently with-
drawn as a single-crystal silicon ingot using the Cz
process. The dual-chamber system includes melt-level
control in the second chamber by a closed-loop sys-
tem that senses the melt level and controls the rate of
melting in the first chamber (Figure 8).

e

The original contract called for the design), Gevdl-
opment, and fabrication of a CLF growth furnace,
theoretical analysis of the process, and evaluation of
the completed system. Evaluation was to include
demonstration of nonreplenished Cz growth, melt-
down in the first chamber, and melt transfer. Ulti-
mately, the evaluation was to include three 100-kg
runs each made up of five continuously replenished
20-kg ingots.3 The growth process parameters also
were to be evaluated by characterizing the quality of
the CLF silicon sheet product through the fabrication
and testing of solar cells.

By 1979, the furnace (Figure 9) had been Figure 9. Siltec Furnace for Continuous-Liquid-Feed
designed and fabricated, and initial liquid silicon Growth

Figure 8. Schematic of Siltec Continuous-Liquid-Feed Czochralski Ingot Growth Process

3Thg goal of 100 kg for each continuous CLF run was based on a Task analysis that indicated this was the
minimum yield required to achieve the 1982 cost goal (see Reference 5).
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transfer had been demonstrated. Some operational
shortcomings had been encountered, however, and
further cost analysis had indicated that continuous
runs yielding more than the 100-kg goal of the initial
contract would be required to achieve the 1986 cost
goals of the FSA Project.

A June 1979 contract extension and modification
called for redesign and improvement of the transfer
tube, design and fabrication of an automated silicon-
particle feed-hopper system, and modification of the
furnace to operate under reduced pressure. Most impor-
tantly, the contract called for two demonstrations each of
150 kg of 15-cm-diameter single-crystal silicon (six
ingots each of 25 kg from a single crucible) grown by the
continuous CLF Cz growth method. By October 1979,
Siltec had demonstrated successful furnace operation
and liquid transfer at 30 to 35 torr and had grown, on
their third effort, a 10-kg, 12.5cm-diameter by 32.5cm-
(13-in.-) long, zero-defect silicon ingot (Figure 10). (The
silicon transfer tube is seen to the left of the ingot.) By
February 1980, however, numerous technical difficulties
were encountered with the growth system. These
included melt vibration caused by the vacuum pump,
SiOy falling onto the melt surface and interrupting the
growth process, and, most critically, repeated transfer
tube failure.

Figure 10. Growth of Silicon Ingot by Continuous
Liquid Feed

In March 1980, a new transfer tube design was suc-
cessfully demonstrated and the Siltec contract was
extended. The goals of the extension (Phase 3) called for
two 150-kg scale-up feasibility demonstration runs by
July 1980. All original goals of the program remained
unchanged, including a growth throughput rate of 2.5 kg/h,
=90% yield of high-efficiency cells (=15% AM1) to be
fabricated from the sheet, uniform resistivity from ingot to
ingot, etc. An additional 15 months were added for the
design, construction, and demonstration of a prototype
production puller (Phase 3) and 10 demonstration growth
runs. Initiation of Phase 3 depended on successful
completion of Phase 2.

By April 1980, Siltec had successfully demonstrated
the following individual accomplishments: 70 kg of ingot
up to 15 cm in diameter from one crucible, 2.5 kg/h
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growth rate, 85% vyield, 14 % solar cell efficiency, and
1 kg/h growth rate average for 70 h. Because of
Siltec’s inability to achieve the required contract
deliverables and Project budget restraints, however,
the CLF TD effort was reduced. A final maximum
throughput demonstration of the process at Siltec was
the growth of a boule 65 kg in weight, 15 cm in
diameter, and about 1.5 m in length (Figure 11). The
first 30 cm of growth was single crystal, the remainder
being polycrystalline.
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Figure 11. Comparison of Czochralski Ingots Grown
by Early Technology and by Continuous-

Liquid-Feed Process

In 1982, the CLF growth system was shipped to
JPL where it was installed and made operational. It
was dismantled for storage after it was run intermit-
tently in a non-CLF mode until the end of the FSA
Program in 1986.

In this effort, Siltec successfully grew 100 kg of ingot
from a continuously recharged crucible at an average
rate of 2.1 kg/h; continuous liquid-silicon feed from melt
chamber to growth chamber was demonstrated. Auto-
matic control of ingot diameter (380 um in 12.5 cm or
more) was developed and demonstrated.

c. Texas Instruments: Czochralski Process
and Multiblade Slurry Sawing Technology Develop-
ment. From 1975 to 1977, Texas Instruments pursued
a large-area Cz silicon ingot growth TD effort and a
parallel multiblade slicing TD effort. In both cases, the
work involved development of innovative approaches
to achieve cost reduction. In a separately funded
effort, Texas Instruments endeavored to develop an
innovative “‘continuous” Cz process that included the
premelting of silicon in a separate crucible within the
growth chamber (Reference 10) and delivery of molten
silicon to the main melt as required to maintain the
melt level (Reference 11).

The “‘continuous” crystal growth method, devel-
oped in the period 1975 to 1977, employed the use of
water-cooled coils and direct gas flows around the
growing crystal. This cooling technique was to remove
the latent heat of fusion and increase the growth rate
and the use of an auger and vibrating drive to feed
granular silicon to the melt and allow semicontinuous




crystal pulling from a Varian Associates production
puller. Vertical and horizontal crucible premelters were
evaluated experimentally and the results compared to
theoretically derived maximum pull rates for the Cz
crystal growth process. A complete cost analysis was
included as part of this program.

Numerous problems were encountered in the
effort to charge or recharge the crucibles continuously.
Because of oxide formation and the introduction of
carbon and the subsequent formation of silicon car-
bide in the melt, no large single crystals were grown
by either process. No appreciable increases in growth
rate were obtained by either of the ingot cooling
schemes. In the slicing program, cutting rate goals
were approached using boron carbide as the abrasive.
The high cost of boron carbide, however, made its use
unacceptable in a scaled-up operation. Cutting rate
goals for use of silicon carbide as an abrasive were
not achieved. This effort was terminated because of
blade failure caused by bowing of the diamond
impregnated blades.

The wafering efforts tested both free and fixed-
abrasive multiblade sawing of fixed and rotating silicon
ingots. As part of the wafering cost-reduction program,
Texas Instruments evaluated the use of laser scribing
as opposed to ingot grinding for wafer shaping. An
economic analysis of the cost reduction potential of
these processes also was included in the program.

None of the innovations evaluated during the two
Texas Instruments TD efforts is in commercial use
today. The Texas Instruments effort was the first Cz
contract to be dropped from the program. The conclu-
sions and recommendations of the team at Texas
Instruments are:

(1) Crystal growth modeling and experiments:

(@) Pull rate enhancement techniques, such
as employing cold coils around the grow-
ing crystals or funneling ambient gas over
the crystal, have minor effects on the
maximum possible pull rate.

(b) The maximum pull rate varies inversely as
the square root of crystal diameter.

(c) Melt agitation from incoming molten sili-
con droplets does not, of itself, destroy
crystallinity.

(d) From economic and operational stand-
points, furnace runs consisting of four or five
crystals per run with a total weight of silicon
of 100 kg are optimal. A negligible cost

improvement is cbtained for larger runs.

{e) Oxide buildup on the premelter was the
major problem inhibiting more extensive
continuous runs.
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Auger-feed mechanisms for silicon result
in contamination from abrasion by the sili-
con particles.

(2) Multiblade slurry sawing:

(a) Slice thickness of 0.25 mm (plus
0.31-mm kerf) can be achieved with high
yield for large-diameter crystals.

(b) Sawing rates are directly proportional to
blade load and speed.

(c) A cutting rate of 5 mm/h is obtainable with
SiC abrasive. B4C abrasive is about 2.5
times faster, but its cost is prohibitive.

(d) As-sawed slices have a lapped appear-
ance and can be readily processed into
solar cells after a texture etch. Saw
damage depth increases with blade load
with 33 um being maximum at 2.5-N
loads.

d. Varian Associates, Inc.: Continuous Czo-
chralski Growth. In December 1977, the Lexington
Vacuum Division of Varian Associates initiated a con-
tinuous Cz silicon crystal growth process TD program
(Reference 12). Continuous growth was defined in the
contract as the growth of 100 kg or more of single-
crystal material from a single quartz crucible. The
overall objective of the work was to “lower the add-on
cost for the Cz growth of silicon to $11/mZ2 or less (at
0.795 m2/kg wafering capability).”

The program was divided into two phases. The
first phase was to demonstrate true continuous growth
using a modified Varian 2850 Cz furnace. Demonstra-
tion milestones were to be:

(1) Simulated recharging prior to furnace modifi-
cation, e.g., repeatedly remelting and regrow-
ing one ingot without opening the furnace.

(2) Batch recharging with solid silicon.
(3) Continuous recharging with solid silicon.
(4) Continuous recharging with molten silicon.

Moadifications to the 2850 furnace to make this possi-
ble were to include incorporation of an isolation valve
between the main chamber and the seed mounting/ingot
removal chambers, and addition of a silicon feeder with
its own charge-solation lock. Although the modifications
were made, and an automated control system was
installed on this furnace, none of the replenishment or
throughput goals were demonstrated with it.

Phase 2 was to be the design, fabrication, and
demonstration of a commercially scalable production
prototype furnace, designated the 2860, capable of
achieving the performance and cost goals of the Project.
The prototype furnace was planned to include all the
features of the modified 2850, plus improved sensing
and automation expected to result in higher throughput of
uniform-diameter ingot. The latter could be subsequently
ground to specification with nearly one-third greater after



grind yield. The furnace was to be designed to be
capable of growing individual ingots up to 1.8 m long and
also to use up to 40-cm (16-in.) crucibles. Although the
contract called for only a 100 kg demonstration, 150 kg
of ingot growth continuously per crucible were projected
by Varian to be required to meet the $11/m2 goal.

Key Accomplishments of the Varian R&D.
The single most significant accomplishment of the pro-
gram was the design and construction of the model 2860
Cz crystal growing system (Figure 12). This machine,
although never finally assembled or operated, incorpo-
rated both state-of-the-art and innovative features for its
time. The Cz growth system technology developed
under this contract served as the foundation for the
design of the present commercial production machine
produced by the Ferroelectrics Corp.

e. Washington University at St. Louis:
Czochralski Crystal Growth Modeling. From April 1985
through June 1986, Washington University at St. Louis
performed an extensive modeling study of Cz crystal
growth heat flow (Reference 13). The goal of the study
was to develop a comprehensive predictive model that
can be used to guide the direction of process TD for
the growth of larger, more perfect crystals. The work

Figure 12. Varian Model 2860 Czochralski Crystal
Growing System
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plan consisted of the following five tasks: (1) a critical
literature survey, (2) development of an algorithm/model
suitable for predicting the temperature distribution in
the crystal and for calculating the meltcrystal interface
shape, (3) performance of parametric studies using the
new model, (4) modeling of the melt hydrodynamics,
and (5) assessment of the model using available
experimental data.

A mathematical model, developed for the simula-
tion of the Cz process, predicted the temperature field
in the crystal and the melt along with the crystal-melt
interface shape and the pull rate. The modeling approach
analyzes the complete system: crystal, melt, and enclo-
sure. This model assumed either conduction-dominated
heat transfer in the melt or known heat transfer coeffi-
cients. The shape of the crystal-melt interface affects the
quality of the crystal by influencing the radial dopant con-
centration profile. The pull rate is important in keeping
the diameter of the crystal constant and in achieving the
acceptable level of productivity. The temperature field in
the crystal is needed to calculate thermal stresses.
These, in turn, are used to estimate the extent of disloca-
tions in the wafers along the crystal. Accounting for both
direct and reflected radiation, the effects of the melt-gas
meniscus shape and detailed radiation calculations were
incorporated into the model.

The detailed model of the Cz process was used
for extensive parametric studies. The effects of impor-
tant variables on growth rate and interface shape were
examined and explained. The results of the detailed
model were used to develop a simple model that
describes the relationships among the important
variables such as crystal radius, pull speed, crucible
temperature, melt volume, and interface shape.

The simple model can be used to simulate the
entire growth cycle of the Cz process and can also be
used to develop and implement various operating
strategies to monitor the growth process.

Based on the above simulations, a novel tech-
nigue that uses a gas jet to control the growth process
was analyzed. Adjustments of the gas flow rate
through the jet can be used to control the crystal
diameter which is more stable when the crystal is
grown in a convection-dominated environment. Con-
trol of diameter by gas-jet cooling is more effective
than control through adjustments of crucible temper-
ature or pulling rate. In the presence of jet cooling, it
may be possible to control simultaneously both the
diameter and the interface shape.

A steady-state model of the hydrodynamics in the
melt also was developed to study the relative effects
of conduction and convection heat transfer. The
Navier-Stokes equations with the Boussinesq approxi-
mation are solved with a checking finite-element
solution technique. The model and the computer code
are useful in studying and characterizing the relative
importance of the various phenomena (natural convec-
tion, crystal rotation, thermocapillary flow, etc.) that
dictate the melt flow field. Model convergence is not
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achieved, however, at the Reynolds and Grashoff
numbers characteristic of the commercial operating
region of interest. This implies that the flow field may
be of an oscillatory nature and that a transient model
may be needed. This would indicate that the highest
quality crystals cannot be grown without some stabil-
izing effect such as a magnetic field.

Thermally induced stresses are one of the major
causes of dislocations (by slip and twinning) in the
crystal. Preliminary stress calculations were performed
to study the dislocation density distribution on the
wafer surface. It was concluded that the best-quality
wafer is obtained away from the center and the outer
periphery. This distribution has also been observed in
past experimental investigations. The key to reducing
the stress levels in the crystal is to have growth at low
Biot numbers.

Key Accomplishment of the Washington
University at St. Louis Research. Development of a
comprehensive predictive model for the Cz growth
process that can be used to guide the direction of pro-
cess technology development for improved growth.

f. JPL In-House Research and Development.
JPL'’s crystal growth effort grew specialized Cz ingots
for research applications. The Siltec CLF furnace,
described in Section 11.B.1.b, and a modified Norton
system were used.

A variety of specialized crystals were grown to
evaluate and support in-house and contractor studies.
Single-crystal ingots of p- or n-type with orientations of
<100>, <111>,and <110> were grown up to
15-cm diameter. Accelerated ingot growth experiments
were performed using helium gas and copper dopants.
Small amounts of copper aided the growth speed, but
larger quantities of copper resulted in polysilicon material
(Reference 14). Bicrystals of <110>/<111>,
<100>/<110>, and <110>/< 111> configurations,
and <100>/<111>/<100> tricrystals were deliber-
ately grown with angles between the orientations ranging
from 1 to 20 deg. The smaller angles were stable and
formed straight-grain boundaries readily, but larger angle
structures were unstable. Straight-grain boundaries were
more difficult to maintain, frequently resulting in twins,
polysilicon interfaces, and zigzag grain boundaries.

Cz crystal growth runs also were made in support
of the Silicon Materials Task to provide material to
evaluate the silicon purification processes.

2. Heat Exchange Method

a. Crystal Systems, Inc.: Process Develop-

nt C N~ mh 4 +~
ment. From November 1975 to June 1981, the FSA

Project supported the development of the HEM to
grow silicon ingots at Crystal Systems, Inc. (CSI) of
Salem, Massachusetts (References 15, 16, and 17). As
part of the same contract (954373), CSI also worked
on the development of a multiwire ingot slicing tech-
nique calied Fixed Abrasive Slicing Technique (FAST),
described in Section l11.B.3.b.

17

The HEM process employs a directional solidifica-
tion technique in which a silicon melt contained in a
crucible is solidified by controlled removal of heat
without moving the crucible, heat zone, or crystal.
Removal of heat from the bottom of the crucible is
accomplished by a heat exchanger employing helium
gas. After its growth, the ingot (Figure 13) can be
annealed and cooled at a controlled rate to relieve
stresses and thereby prevent cracking. A configuration
of the HEM furnace is shown in Figure 14, and the
crystal growth scheme is displayed in Figure 15.

Figure 13.

Ingot Cast by Heat Exchange Method at
Crystal Systems, Inc.
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Figure 14. Schematic of Heat Exchange Method
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Figure 15. Crystal Growth Using the Heat Exchange Method

The HEM program consisted of the following four
phases:

(1) Phase 1: Establishment of the proof-of-concept.

(2) Phase 2: Square cross-section ingots were
grown with a high degree (up to 90%) of
single crystallinity; 10 x 10 cm cross-section
ingots weighing 3.3 kg were grown.

(3) Phase 3: Scaled-up process to grow 22 x 22 cm
ingots weighing 16.5 kg. No degradation in
material quality resulted from the five-fold
scale-up as the 30 % single crystallinity was
maintained.

(4) Phase 4: Design, fabrication, and testing of a
prototype furnace capable of directional solid-
ification of cubic ingots 30 cm on a side. The
concept of using grower parts made of unpuri-
fied graphite and removing impurities by initial
bakeout at high temperatures was established.
Use of this procedure did not degrade quality
of the silicon product. Ingot size was scaled
up to 34 x 34 x 17 cm with a mass of 45 kg.

One advantage of the HEM process is solidifica-
tion of the melt from the bottom center toward the
walls and the top surface. Thus, impurities are driven
to the outside surfaces. Subsequent trimming of the
resulting ingot removes this outer, less-pure material.
Analyses of an ingot grown from solar-grade silicon

e we
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produced by the Dow Corning Corporation’s Direct
Arc Reactor process showed that significant purifica-
tion and effective segregation has been achieved.
Another advantage of the HEM process involves ingot
slicing. It yields square wafers that provide high solar
cell packing densities.

Numerous problems were identified and, in some
cases, solutions were found. One problem was to
achieve sharp corners for the ingot. Rounded corners
decreased silicon yields considerably. Some improve-
ment was attained by supporting the crucible walls to
prevent deformation (rounding) during exposure to
elevated temperatures. Use of crucibles fabricated
from flat sheets of silica gave sharp ingot corners but
no low-cost technique for producing crucibles by this
method was available. Control of heat flow to obtain
rapid solidification rates and yet prevent formation of
polycrystalline silicon was not achieved (Figure 16),
nor was a sufficient reduction in cooldown time
achieved to improve the economics of the process. At
the close of the program, it required about 24 to 36 h
after solidification of the melt before the ingot could be
removed from the furnace. Silicon carbide particles
were found to be dispersed throughout HEM material.
They have been associated primarily with backstream-
ing of oil vapors from the mechanical pump. A
molecular sieve trap on the vacuum line reduced the
contamination, but did not eliminate it entirely.

Solar cell efficiencies for these unoptimized HEM
materials throughout the ingot averaged significantly




Figure 16. Cross-Section of Ingot Cast by Heat
Exchange Method Showing Single-Crystal
and Polycrystalline Regions

below that of coprocessed Cz material. This is a seri-
ous disadvantage if high efficiency is an important
factor. The large-grain polycrystalline regions pro-
duced solar cells having efficiencies comparable to
those made from the single-crystal regions. This sug-
gested that grain boundaries are not limiting material
quality, and therefore that silicon carbide precipitates
are probably responsible. In regard to cell perform-
ance, it should be pointed out that the device
processing was not optimized for HEM.

Key Accomplishments. Key accomplish-
ments of the CSI HEM development are:

(1) The HEM process was scaled up to produce
ingots about 34 x 34 x 17 cm in size that
weighed 45 kg.

(2) A square cross-section crucible was devel-
oped that gives >90% yield of silicon ingot.

(3) Solar cell efficiencies greater than 12% were
obtained from solar-grade silicon using HEM
material after a doubie-solidification process.

Present Status. Development of the HEM
process under JPL/DOE sponsorship ended in June 1981.
Crystal Systems, Inc. provides commercially available
HEM multicrystaliine silicon that has a columnar struc-
ture. Ingots about 33 x 33 x 15 ¢cm are sectioned into
nine 100 x 100 mm bars.

b. JPL In-House: Characterization of HEM
Silicon. Research was conducted to characterize the
chemical, mechanical, and electrical properties of
HEM material as functions of spatial position within the
ingots (References 18 and 19).

The study led to the following conclusions:

(1) Resistivity is very uniform throughout the
ingot.

{2) Oxygen content has no effect on the efficiency
of the material.
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(3) Overall efficiency of the usable material aver-
aged throughout the ingot is about 85% of
that observed for coprocessed Cz cells.

{4) Large-grain polycrystalline HEM material is
comparable in efficiency to that of single-
crystal HEM material.

(5) Large SiC precipitates (50 to 100 um) may
limit solar cell efficiency.

(6) A high dislocation density of about 106/cm?2
results in an overall low diffusion length of
34 ym.

3. Ubiquitous Crystallization Process: Solarex Corp.

A portion of the ubiquitous crystallization process
(UCP) development program was supported as part of a
cooperative agreement between DOE and the Solarex
Corp., and was instituted in June 1980 (Reference 20).
FSA Project personnel had technical cognizance of the
work with administrative control directly from DOE. For
two reasons, the information reported here is abridged
considerably. First, the scope of the program was quite
large, initially planned to cost-share $9 million, although
budgetary restrictions eventually reduced that to less
than $5 million. Second, the development was con-
ducted under a proprietary arrangement in which many
of the details of the technical processes involved were
held proprietary to Solarex. Significant technical progress
was made, however, and can be reported in a summary
fashion.

At the outset of this development program, UCP
was a commercial operation. It produced blocks of sili-
con approximately 10 x 10 x 12 cm high weighing
about 4 kg. These subsequently were wafered into
square slices for solar cell processing (Figure 17). As
initially planned, the specific elements of the develop-
ment program were to demonstrate:

(1) Suitablility of the polycrystalline cast material
for terrestrial applications.

(2) Development of equipment at the throughput
levels consistent with DOE price goals.

(3) Operation of production equipment consistent
with the DOE price goals. Key elements of the
effort involved development of scaled-up equip-
ment for casting, with the ultimate goal being
singte blocks of silicon in the 50 to 100 kg
range, followed by cost-effective wafering of this
material into useful slices. The manufacture of
these slices into solar cells was a part of this
program only to the extent that it had 1o be
demonstrated that the material produced was
consistent with the necessary efficiency. Empha-
sis was on the control and understanding of
defects in the cast material. Device design and
other cell and module processing elements were
not included.




Figure 17. UCP-Cast Polycrystalline Blocks and
Solar Cells Fabricated from UCP Material
(Solarex Corp.)

Cost analysis of the critical elements of the
process indicated major cost reduction could be
achieved by increasing the size of the cast block from
the initial 4 to 50 kg or better. To achieve this, several
prototype furnaces were built. The first had a capacity of
about 17 kg, producing an ingot 20 x 20 x 12 cm high.
Larger units designed for 50 kg operation were con-
structed and initial operating conditions successfully
determined. At that point in the development, emphasis
in the DOE cooperative agreement changed to a more
fundamental nature in which further development of this
furnace was not included as part of the agreement.

The furnace scale-up activities resulted in several
important conclusions concerning casting of polycrystal-
line silicon blocks. First, larger furnaces showed signifi-
cant advantages with respect to increases in kilowatt-
hours per kilogram for casting and with respect to
increases in the average grain size of the cast product.

The successful scale-up of this operation to an
economic level consistent with DOE goals requires a
wafering process capable of producing sufficiently thin
slices at an appropriate rate. Within this program,
several alternative wafering methods were evaluated
as well as additional development of new advanced
methods.

Early studies evaluated the performance of con-
ventional commercial multiblade slurry saws with
respect to the requirements of this program. Results of
these studies indicated these saws were incapable of
simultaneously meeting both the throughput require-
ments and the slice thickness plus kerf-loss require-
ments. Individual tests targeted for either parameter
approached the necessary values, but always at the
sacrifice of the other parameter. For this reason, these
studies were discontinued with the conclusion that
such wafering could not meet the economical goals of
the Project and that no concepts for technical
improvements were apparent.
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Subsequently, a high-speed multiblade slurry saw
was evaluated that was capable of operating at
speeds up to five times that of a conventional saw.
This study was done under a proprietary agreement
with the saw manufacturer. This saw showed consider-
able improvement over the conventional multiblade
slurry saw and simultaneously demonstrated output
rates of 0.52 m2/h at 0.57 m2/kg (slightly greater than
50% of required values). In spite of these reasonable
successes, numerous technical problems, involving
failure of mechanical components in the saw and
repeated adjustments during the course of a run, indi-
cated that substantial additional development would be
required. Consequently, evaluation was discontinued
at that time.

Studies were then conducted of conventional ID
wafering machines. After significant development in
conjunction with saw manufacturers and, more criti-
cally, blade manufacturers, the ID wafering process
was developed to where the slice and kerf goals were
achieved essentially at 0.86 m2/kg with a throughput
rate of 0.25 m2/h (about 25% of the required values).
A more serious limitation was the lifetime of the thin
diamond-coated blades. It was concluded that further
metallurgical development of appropriate high-strength
steel core material would be necessary. Such efforts
were not attempted.

Studies were also made of the sources of defects
within the material. Significant improvement was made
with respect to cell efficiency. At the earliest stages of
the research, conversion efficiency was about 10% for
10 x 10 cm devices from the production line. At the
end of the program, the efficiency was above 13%.
This value compared to a single-crystal control effi-
ciency of 15% . Although some of this efficiency
improvement was the result of improved processing,
not directly supported by this program, better under-
standing and control of the casting process itself also
resulted in significant improvements. Specifically, the
velocity of the crystallization front must be maintained
at a level to avoid constitutional supercooling (Refer-
ences 21 and 22). Specific crystallization velocities are
dependent upon the ingot size and the detailed shape
of the crystallization front. The effect of stress and
associated deformation during the casting process
could also be observed when thermal geometry was
not properly controlled.

To assist in a design of wafering experiments,
other research investigations included a study of the
fracture strength of the UCP material compared to
more conventional silicons. The results indicated no
detrimental effects from grain boundaries in the mate-
rial when compared to single-crystal silicon. This is
consistent with accepted theories of brittle fracture that
relate the fracture to microcracks in the material rather
than crystal structure.

Automated and semi-automated diffusion length
measurement techniques were developed to assist in
the characterization and analysis of the large quantities
of material that were produced as part of this program.
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These were applied both to silicon wafers and to
ingots in the as-cast condition. An excellent technique
was developed for measuring the diffusion length in
wafers. It involved the reflectance of microwaves as a
function of resistivity of the reflector. The reflectance
of a silicon wafer, when pulsed by an external light,
could be measured to yield the resistivity and bulk
lifetime of carriers.

A similar technique to evaluate the lifetime of an
ingot prior to wafering was developed. It consisted of
measuring the quantity of free carriers in a volume of
material using a 1.32 um infrared laser, while carriers
in that volume were activated by an external, ener-
getic, penetrating source. Two external sources were
considered: pulsed x-rays and a laser near the band
edge of silicon (1.1 um). The x-ray source was not
considered further because the short lifetime associ-
ated with high-energy pulsed x-ray sources would be
excessively expensive. Consequently, a tunable pulsed
dye laser was used. This combined laser technique was
able to measure lifetime in the silicon at distances up to
2 cm from the surface in a 10-cm-diameter ingot.
Because this process measures the change in concentra-
tion of carriers upon excitation, extremely low resistivity
material is not practical because of the higher intrinsic
concentration of free carriers. As developed, a lower limit
of the resistivity for this technigue was about 0.3 Qcm.

From the results described above, the cooperative
agreement with Solarex resulted in both numerous
technological advances to be used in a production
environment as well as other research advances of a
more general nature. Because many of the technicai
advances were incomplete, and because of the pro-
prietary nature of the agreement, the extent to which
these processes have contributed to the manufac-
turing capability of Solarex cannot be gquantified. A
more general technology development, such as ingot
lifetime measurement and better understanding of the
requirements of a bulk crystallization process, how-
ever, is available for application to other technologies.

a. Key Accomplishments. The key accom-
plishments of the Solarex Corp. UCP development
under the DOE agreement are:

(1) The UCP was successfully scaled up from
4 kgfingot to 50 kg/ingot, with improvements
in power use and crystal quality.

(2) A rapid technique was developed to measure
bulk lifetime in wafers.

(3) A rapid technique was developed to deter-
mine bulk lifetime in cast bulk silicon ingots to
a depth of about 2 cm.

b. Future Work. It would seem that the cast-
ing process, per se, does not constitute a fundamental
limitation to the UCP technique. Scale-up seems to be
largely a matter of economics and market. Wafering is
the most critical element remaining, and substantial
improvements are still required. Device performance
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suffers to a limited extent because of the polycrystalline
nature of the material. The use of hydrogen passivation,
however, could alleviate this problem somewhat and
should be pursued. Precise control of the casting
process seems to be an engineering development and is
required to ensure reproducibility in the material.

4. Oscillating Crucible Technigue: JPL In-House

The efficiency of devices from cast material is
limited by structural factors such as dislocations and
grain boundaries. The oscillating crucible technique
(OCT) was evaluated in the hope of improving crystal
quality (References 23 and 24). In this method, the
crucible containing the melt periodically is rotationally
accelerated and decelerated to cause an effective melt
stirring which promotes single-crystal growth. The sili-
con ingots used in this program were grown by IBM,
and the characterization was performed both by IBM
and JPL.

Several ingots were prepared. Two different types
of oscillations were tried: unidirectional and bidirec-
tional. The latter method, in which the crucible was
rotated first in one direction and then in the other, was
expected to improve the stirring action and keep the
liquid-solid interface cleaner.

The ingot oxygen content was measured both by
infrared spectrophotometry and secondary ion mass
spectroscopy (SIMS). The results indicated the oxygen
concentration was uniform throughout the ingots. SIMS
also was used to measure the total carbon in the ingots
and it showed no carbon gradient within each ingot.

Structural analysis was carried out for OCT ingots
and for a single ingot grown without rotation for com-
parison. For both ingot types, the single-crystal growth
front broke down early in the runs and turned to small-
grained polycrystalline material. In the case of the non-
rotated ingot, the remainder of the ingot consisted of
this polycrystalline material with the grains randomly
oriented. In the case of the OCT ingots, columnar
grains typically nucleated from the single-crystal
regions and grew all the way to the top of the ingot.
The optimal oscillation rate was not determined nor
whether bidirectional rotation is better than
unidirectional rotation.

In one case, furnace modifications were made to
improve control of the thermal environment, and an
ingot was grown at a relatively high growth rate with
bidirectional rotation. The structural change was dra-
matic: about 70% of the ingot was single-crystal with
the remainder being columnar large-grain
polycrystalline material.

Silicon carbide particles, seen throughout the ingots,
may be responsible for the breakdown of the single-
crystal growth front. Vitreous carbon crucibles were used
to prevent their cracking upon solidification.

The highest efficiency of solar cells made using OCT
material was 12.9% AM1. This was comparable to that




of Gz control cells. Minority carrier diffusion lengths in the
singlecrystal regions reached 200 um, and values in the
polycrystalline regions exceeded 100 um, indicating
excellent quality for both types of material.

The uniformity of the oxygen and carbon data indi-
cates that the primary objective of the program was
achieved: oscillation of the crucible leads to an
adequate stirring of the melt.

C. SUMMARY

Development of the ingot growth processes was
supported by the FSA Project. Work also was con-
ducted on three efforts in support of bulk growth.

Substantially increased throughput and reduced
cost of the Cz process were achieved, and measur-
able technological developments of other ingot
processes also were achieved. Specifically:

Kayex Corp. completed a contract in 1980 in
which the capability was developed and demonstrated
of growing 150 kg of 15-cm-diameter silicon ingot
material from one quartz crucible. Technology was
developed to allow the crucible to be recharged with
silicon while still under vacuum and at temperatures
above the silicon melting point. Significant improve-
ments were obtained compared to conventional Cz
technology including controls with improved sensors,
prototype equipment that was transferable to industry,
and increase in yields (90 % of melt pulled). High solar
cell efficiencies were obtained for the material from
the 150 kg demonstration growth-run product.
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Siltec was successful in growing 100 kg of ingot
material from a crucible at an average rate of 2.1 kg/h,
using continuous liquid silicon feed from the meltdown
chamber to the growth crucible. Equipment for auto-
matically controlling ingot diameter to +0.38 mm was
developed.

Washington University at St. Louis completed a Cz
crystal growth modeling study to predict the important
process parameters such as pulling rate and interface
shape, to provide strategies for growth of large-
diameter crystals, and to lead to improved process
control algorithms.

JPL completed a crystal growth effort both to
produce specialized Cz ingots and to characterize
OCT and HEM ingots.

CSl, which successfully pursued the HEM TD
program, now provides HEM silicon to the commercial
market.

Solarex Corp. carried out a TD program on their
UCP under a cooperative program funded directly by
DOE, with technical management provided by JPL.
Solarex commercially used the resulting scaled-up ingot
technology. The latter part of the program was changed
to a more fundamental nature wherein studies were
made of the sources of defects within the material (as
related to the casting process), of fracture strength (to
assist in design of wafering experiments), and of
characterization of the material.




SECTION i
Wafering

A. INTRODUCTION

The ability to wafer or slice silicon ingots, grown by
any one of numerous techniques, has a major impact on
the final cost of the wafers produced. Kerf losses (mate-
rial removed during slicing of the ingot) result in the
waste of considerable amounts of expensive silicon, and
wafering uses expensive, precision machines whose pro-
ductivity is relatively low. The added cost of the wafering
step, therefore, is large. Analyses of the cost elements of
PV manufacturing ted to the conclusion that slicing
needed to result in about 1 m2 of wafers per kilogram
of silicon, and at a rate of between 0.2 and 1 m2/h,
depending upon other factors of the specific
technology.

At the outset of the program, ID sawing and multi-
blade sawing were the standard techniques employed for
slicing silicon ingots. Evaluation and developmental pro-
grams for these technologies were conducted by ASEC,
Varian Associates, Hoffman Division of Norlin Industries,
Inc., Siltec Corp., and Silicon Technology Corp. Several
other novel and new wafering technologies also were
evaluated and developed. These included a free-abrasive
wire saw produced by Yasunaga in Japan and evaluated
by JPL and by the Solarex Corp. A proprietary high-
speed multiblade saw (800 to 1000 cycles/min) was
evaluated in the Solarex cooperative agreement and is
described as part of the ingot-casting subsection. A com-
pletely new technigue, called fixed-abrasive slicing tech-
nique (FAST), using diamond-coated wires, was devel-
oped by Crystal Systems, Inc. None of these technolo-
gies achieved the Project goals because of reasons
described in detail within this Section. The limit encoun-
tered was a trade-off between cutting speed and cutting
yield.

A more recent study at the University of lllinois at
Chicago contributed to understanding the basic process
of material removal. Scratch tests, indentation tests, and
other surface studies were conducted as functions of the
test environment. The results suggest that better under-
standing of the process of wafering could, in fact,
improve its performance. Application of such findings,
however, was not attempted as part of this effort.

The inability to achieve wafering goals in the
middle years of the Project was a significant factor in
the decision to terminate the process of ingot growth
and subsequent wafering as a viable option to produce
silicon sheet.

At present, ID sawing remains the most important
commercial process for fabricating silicon wafers. A
free-abrasive wire saw designed and built by Monsanto
now is used in the regular production of wafers at Mon-
santo, and a new multiwire saw is finding a favorable
market reception. The FAST R&D is being funded by
DARPA as a possible method for slicing ingots of
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various electronic materials. None of these processes
has come within a factor of two of meeting the add-on
costs required to support a viable ingot alternative.

B. IMPLEMENTATION

1. Assessment: Optical Coating Laboratory, Inc.

From September 1977 through February 1978,
the Photoelectronics Division of Optical Coating Labo-
ratory, Inc. (OCLI) (now Applied Solar Energy Corp. or
ASEC) performed an ““Assessment of Present State-of-
the-Art Sawing Technology of Large Diameter Ingots
for Solar Sheet Material” (Reference 25).

The OCLI approach was:

(1) To perform a series of slicing experiments
using multipie-blade slurry (MBS) saw slicing,
multiple-wire sturry (MWS) saw slicing, and 1D
saw slicing to characterize the results in terms
of process variables, product yield and quality,
and process cost.

(2) To perform a cost analysis in terms of add-on
slicing cost, wafer cost, and cost per square
meter of usable sheet area.

(3) To assess the cost reduction potential for each
of the processes and to draw up conclusions
and recommendations. These are given,
unabridged, below.

The OCLI assessment did not as thoroughly
explore all the process variables for the wafering
methods (MBS, MWS, and ID) as did subsequent
specialist subcontractors to the Project (Norlin, Varian,
Solarex, Siltec, and Silicon Technology Corp.), nor did
it include the fixed-abrasive multiple wire technique
(Crystal Systems, Inc.).

The final conclusions and recommendations of
OCLI were:

(1) At present, Solar Array Manufacturing Industry
Costing Standards (SAMICS) cost assessment
indicated that the ID saw slicing is more favor-
able than the MBS saw and MWS saw tech-
nigues. lts capability of automation, essential
for large-volume production, adds advantage
over the other two methods. Preliminary
results indicated the ID saw slicing technique
would meet the slicing goal in 1982 without
significant innovation of the slicing techniques.
Significant improvements in blade package,
slurry, wire, and machine capacity, however,
were needed to meet the goal for the MBS
saw and MWS saw techniques.




(2) The advantage of lower kerf loss by the MWS
saw slicing was obtained at the expense of an
add-on slicing cost higher than the 1D and
MBS saw techniques.

(3) Mechanical wafer parameters, such as thick-
ness variation, taper, bow and roughness,
were considerably better for wafers sliced
with both the ID and MWS saw than for those
with the MBS saw. Wafers sawed with the ID
saw (sliced at 2 in./min of cut rate) showed
slightly better parameters than those sliced
with the MWS saw.

(4) The add-on slicing cost should be assessed
taking into account the specifications of thick-
ness, kerf loss, and diameter of the wafers to
be sliced. These are the major parameters
that strongly influence the overall slicing cost.
The surface damage generated by the slicing
methods should be investigated, and the elec-
trical power output that can be obtained from
the sliced wafer should be incorporated in the
overall assessment. In other words, a systems
approach is necessary to obtain optimum
slicing conditions.

(5) Preliminary results using thin ID blades were
not successful, mainly because of short life-
time of the blades. Development of ID blades
that will give low kerf loss with long life is
needed.

(6) To achieve further reduction of the cost of
wafering, the following areas of development of
ID saw machine design are suggested: improve-
ment in machine productivity, use of a rotating
crystal system, and development of techniques
to detect mechanical instability (or vibration) of
ID blades during the slicing process. These
instabilities result from the blade head,
inadequate blade tension, etc.

2. Multiple-Blade Slicing

In the advanced MBS process, flat steel blades
are drawn back and forth across the ingot, in a fashion
analogous to a knife slicing bread. Instead of using a
blade with fixed teeth, however, as does a bread knife,
the MBS process uses a suspension of abrasive parti-
cles in a carrier fluid that is poured over the flat steel
blades and ingot at the point of cutting.

a. Norlin Industries, Inc.. Free-Abrasive
Multiple-Blade Slurry Sawing Process. Two contracts
for MBS technology assessment and development
were awarded to the P.R. Hoffman Company, Division
of Norlin Industries.

The first contract, “Slicing of Single Crystal and
Polycrystalline Silicon Ingots Using Multi-Blade Saws,”
was a 6-month effort (January through July 1980). its
goals were to qualify P.R. Hoffman as a Project tech-
nology development contractor and to evaluate the

feasibility of the MBS process to achieve Project
wafering goals. The contract required that wafering
runs be performed on the Varian 686 saw, the Meyer
and Berger GS-1 saw, and the Hoffman PL-4 saw (Fig-
ure 18). Hoffman investigators were to perform a tech-
nical and economic evaluation of the MBS process to
determine what, if any, further technology develop-
ment effort was warranted.

Figure 18. Hoffman PL-4 Saw in Operation

The second contract, “Multiple-Blade Sawing of Sili-
con Ingot Into Sheet: Testing and Development,” was
planned to be a 15-month effort, beginning in March
1981. It was terminated, however, after 10 months as
part of an overall Task redirection. The original work
plan, resulting from analysis of the first 6-month con-
tract, consisted of two phases:

(1) Phase 1, a 12-month effort, included design
and fabrication of a microprocessor-controlled
workpiece feed mechanism; design and fabrica-
tion of a wafer lift-off mechanism; test and eval-
uation of slurry and abrasive recycling; test and
evaluation of new abrasive, vehicle, and blade
materials; a parametric process optimization
study; and definition of the process and design
parameters for the Phase 2 engineering design
task.

(2) The objective of Phase 2 was to design a
high-throughput (1000-blade) MBS saw that
would be capable of achieving the Project
throughput and cost goals of 1/2 wafer/min
(up to 15-cm-diameter), with a conversion ratio
of 1 m2/kg at an add-on cost of <$14/m2
(1980 dollars).

Details of the program plans, the work performed,
and the results were documented by Norlin Industries,
Inc. (References 26 and 27).

Key Accomplishments. The key accom-
plishments of the Norlin/Hoffman MBS R&D efforts are:

(1) MBS became better understood as a candi-
date wafering technology. Run process
variables and their impact on performance
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were evaluated, and areas were determined
that required attention to increase yield and
throughput and reduce cost. The latter included
reduction of consumable costs (perhaps through
recycling), optimization of process control and
process parameters, improved wafer handling
methods, and increased productivity per saw (a
1000-blade machine).

(2) Performances demonstrated individually, but not
simultaneously, included 400 wafers/run, 100%
yield of 5-cm-diameter wafers, 20 wafers/cm of
5-cm-diameter wafers, and a 38 um/min cut rate
in a 10-cm-diameter workpiece. The add-on cost
for state-of-the-art MBS wafering was projected
to be $104/m2 (1980 dollars). These achieve-
ments and this cost are to be compared with the
SAMICS goals of simultaneously achieving 455
10cm-diameter slices, 25 slicesicm, 95% vyield,
and $13.70/m2 add-on cost (1980 dollars).

(3) Because the contract was terminated before its
scheduled completion date, few of the deliver-
ables were completed. The microprocessor-
controlled workpiece feed mechanism was
neither designed nor built. A wafer lift-off mecha-
nism, including a heated stage for wafer mount-
ing and demounting and floating brushes to sup-
port and protect the wafers, was designed and
partially fabricated.

(4) Considerable effort was spent to identify a
vehicle or abrasive recycling process using an
off-saw cyclone separation reclamation process.
By the termination of the effort, the system had
been designed, all the components had been
ordered, and some had been received. How-
ever, the process was not developed.

(5) Numerous slurry saw wafering tests were
performed to establish a baseline technology,
and to evaluate process variables such as
blade head speed, workpiece/blade force,
deliberate bounce, abrasive/vehicle ratios and
slurry volumes, etc. The purpose of these runs
was to indicate optimum process parameters
to incorporate into the Phase 2 saw design.
The trend of the results was not surprising
(increased blade head speed resulted in
higher cutting rates).

With the termination of these contracts, tech-
nology development of MBS came to a halt. None of
the new technologies under development is known to
have been carried forward by the industry and imple-
mented. Cost of MBS remains about the same as it
was in 1980. The process has had limited application
for silicon ingot wafering.

b. Varian Associates: Free-Abrasive Multiple-
Blade Slurry Sawing. In 1976, Varian Associates became
a subcontractor for 2 TD program with the goal to
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