' N§3-=19219 N ASA-CR~ 167,40

9950-774
NASA-CR-169920 - ~ DOE/JPL 954355/81-21
198NX“0948 . Distribution Category UC-63

Mobil Tyco Solar Energy Corporation
16 Hickory Drive '
Waltham, Massachusetts 02254

LARGE AREA SILICON SHEET BY EFG

Program Manager: Juris P, Kalejs

Final Report - Subcontract No. 954355

Covering Period: October 29, 1975 - December 31, 1981

Distribution Date: September 15,.1982

"The JPL Flat Plate Solar. Array Project is sponsored by the U.S.
Department of Energy and forms part of the Solar Photovoltaic
Conversion Program to initiate a major effort toward the
development of flat plate solar arrays. This work was performed
for the Jet Propulsion Laboratory, California 1Institute of
Technology by agreement between NASA and DOE."

(T



e gy
(8]

. . -

Lofemer
L.
e

AR




DOE/JPL 954385/81-21
Distribution Category UC-63

Mobil Tyco Solar Energy Corporation
16 Hickory Drive
Waltham, Massachusetts 02254

LARGE AREA SILICON SHEET BY EFG

Program Manager: Juris P. Kalejs

Final Report - Subcontract No. 954355

Covering Period: October 29, 1975 - December 31, 1981

Distribution Date: September 15, 1982

"The JPL Flat Plate Solar Array Project is sponsored by the U.S.
Department of Energy and forms part of the Solar Photovoltaic
Conversion Program to initiate a major effort toward the
development of flat plate solar arrays. This work was performed
for the Jet Propulsion Laboratory, California Institute of
Technology by agreement between NASA and DOE." )

N>~ 1941 %



Intentionally Left Blank



ABSTRACT

This report describes work carried out on the JPL Flat Plate
Solar Array Project under the sponsorship of the U.S. Department
of Energy for the purpose of developing a method for silicon
ribbon production by Edge-defined Film-fed Growth (EFG) for use as
low-cost substrate material in terrestrial solar cell manufacture.
The program was funded over a period of more than six years, from
October 1975 to December 1981, to a level cof $4.6 million dollars,
The program has culminated in the construction of a multiple
ribbon furnace unit that is designed to operate on a continuous
basis for periods of at least one week, with melt replenishment
and automatic ribbon width control, and to produce silicon sheet
at a rate of one square meter per hour.

Program milestones set for single ribbon furnace cperation to
demonstrate basic EFG system capabilities with respect to aqrowth
speed, thickness and cell performance were achieved for 10 cm wide
ribbon: steady-state growth at 4 cm/min and 200 um thickness over
periodi of an hour and longer was made routine, and a small area
(~5 cm™) cell efficiency of 13+% demonstrated. Large area () 50
cm“) cells of average efficiency of 10 to 11%, with peak values of
11 to 12% were also achieved. However, at the program's
conclusion, the integration of these individual performance levels
into multiple ribbon furnace cperaticn, as demanded by the interim
Taechnical Features Demonstration goals for 1980, was not
accomplished.

The performance level of the multiple ribbon furnace in many
areas has been very successful in spite of the fact that the
Technical Features Demonstration requirements were not all
fulfilled at the end of the contract period, Full implementation
of automatic ribbon width control systems and continuous melt
replenishment were achieved. This has allowed one operator to
grow four 10 cm wide ribbons in run lengths of 10 to 15 hours and
demonstrate significant periods of simultaneous growth of four
ribbons at full width. Shortfalls in performance have occurred
mainly in an inability to consistently and reproducibly achieve
acceptable growth conditions that result in homogeneous ribbon of
required quality. This has contributed to depressing average cell
performance to the range of 9-10% efficiency at the best in the
multiple furnace operational mode.

At this point, the shortfalls in performance and material
quality levels cannot be attributed to specific causes. A lack of
flexibility in optimizing growth conditions may be a central
element in contributing to deficiencies in both of thesgse areas.
This situation arises because of a relatively high capillary rise
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distance for this design of furnace, which then limits the range
for operating variables that is available during growth initiation
and continuation, Generation of high defect densities by stress
relief is a second possible contributing factor in limiting cell
performance. Even though residual stress has been reduced to a
level where processing of large area cells is feasible, growth
system configurations for which the defect density is reduced are
not yet available. The final multiple ribbon furnace construction
phase, which took place during 1981, was funded entirely by Mobil
Tyco due to curtailment of DOE funding for this part of the
program.

"The JPL Flat Plate Solar Array Project is sponsored by the U.S.
Department of Energy and forms part of the Solar Photovoltaic
Conversion program to initiate a major effort toward the
development of flat plate solar arrays. This work was performed
for the Jet Propulsion Laboratory, California Institute of
Technology by agreement between NASA and DOE."
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I, INTRODUCTION

A, Historical Perspective

The program summarized in this final report was initiated
at Mobil Tyco Solar Energy Corporation in October 1975 with
funding from NASA. Its objectives were to demonstrate continuous
production of EFG silicon ribbon from resistance heated furnaces,
while reducing ribbon thickness, increasing growth speeds and
width, and maintaining quality levels sufficient to allow
manufacture of low-cost solar cells. Both theoretical work on
advancing understanding of the basic growth concepts, and
experimental studies on improving design of furnaces were
undertaken.

At this time, research and development on means to produce
silicon ribbon by the EFG process in both resistance and induction
heated furnaces was in progress at Mobil Tyco. The resistance
heated furnace approach was chosen for further development in this
program in order to explore its potential for reducing the cost of
silicon ribbon. The possibility of lowering power consumption and
achieving greater flexibility in design and operation of the
growth system were factors influencing this decision.

Construction of a resistance heated furnace that would allow
growth of more than one ribbon from a single hot zone, in the
so-called multiple ribbon furnace concept, was already underway at
Mobil Tyco in 1975. This multiple ribbon furnace development
program and the government funded work were combined in 1977 and
their objectives refocused toward the goals of the LSA subtask of
the U.S. National Photovoltaics Program. This expanded program
continued under funding from ERDA and later from DOE. The program
goals at this time called for a demonstration of technical
readiness for this EFG technology that could achieve encapsulated
solar cell manufacturing costs of $2.00/pW in 1982, and §$0.50/pW
{all in 1975 dollars) by 1986.

In the process of work toward achievement of these goals with
the EFG multiple ribbon furnace concept, the program scope
expanded from growth system design and furnace construction to
include areas of basic research. This became necessary because
the ribbon quality and system growth performance in the new design
of furnaces initially were not sufficient to allow fulfillment of
the program goals. Graphite crucibles, not used in conventional
silicon crystal growth, were introduced. This reduced SiO
generation produced from the usual silica crucibles that had led
to growth instability and furnace component deterioration,
Properties of ribbon grown from melt contained in graphite
crucibles had not been previously investigated. New design
concepts for growth control, continuocus melt replenishment and
automatic control systems for ribbon width were developed to
improve productivity and aid in scaling up of ribbon width from
2.5 to 10 cm. The technical aspects of these and other research
and development tasks are summarized next in an overview of the
main areas.of program activity.



B. Technical Overview

The NASA project goals set for the Mobil Tyco Solar Energy
Corporation program initiated in October 1975 required development
of EFG silicon ribbon growth technology capable of contributing
toward reducing costs of substrate material for terrestrial solar
cell manufacture., At that time, throughput goals called for
growth of 7.5 cm wide ribbon at 7.5 cm/min in a multiple ribbon
(per furnace) format, demonstrating 10% solar cell efficiencies.
During subsequent years these goals were substantially modified,
in part because of constraints encountered due to shortfalls in
growth performance of the EFG system under development, in part
because of updates and changes in perceived costs of a large-scale
technology. For instance, growth speeds in excess of 5 cm/min
resulted in ribbon stress levels that produced severely buckled
ribbon unsuitable for cell fabrication. Thus, throughput goals
were changed to accommodate reduced growth speeds of 4 cm/min,
while ribbon width requirements were increased to 10 cm,
Subsequently, the cell efficiency goal was raised to 13%. This
reflected added costs arising from more detailed and comprehensive
consideration of balance-of-system contributions to encapsulated
peak watt manufacturing costs, and also from technology shifts to
new operating parameters, particularly the number of growth
stations per operator, These changes resulted in 1986 goals that
called for development of an EFG ribbon technology that was
centered on a multiple ribbon furnace accommodating arowth of four
150 um thick and 10 cm wide ribbons at 4 cm/min; producing
substrate material capable of making average cell efficiencies of
13%: and utilizing melt replenishment and automatic ribbon width
controls to allow operation of the furnace continuously over
periods of a week minimum with three such units (twelve ribbons)
under the control of one operator, The culmination of this
program saw the construction of the basic multiple ribbon furnace
unit during 1981 with the costs carried entirely by Mobil Tyco.

The cartridge mode of silicon ribbon growth was developed at
Mobil Tyco {1] to demonstrate the feasibility of high speed growth
utilizing a multiple ribbon (per furnace) configuration. 1In this
concept, the cartridge or growth unit is incorporated as a subunit
in the larger multiple ribbon furnace whose main heater, crucible
and melt are shared by a number of cartridges. The basic
cartridge unit contains the EFG die, the die top isotherm (growth
interface) control components, water-cooled "cold shoes" to
enhance the growth speed capability, and an active afterheater
region for annealing of stress in the ribbon.

The multiple ribbon furnace throughput capability is
increased by the addition of a melt replenishment unit to allow
continuous growth and of automatic control systems for ribbon
width at each cartridge station. The technology readiness of this
furnace in areas of growth performance (duty cycle) and material
quality was to be demonstrated through successful completion of a
number of interim Technical Features Demonstrations that required
continuous operation of the furnace for periods of up to 15 hours,



Development tasks for machine readiness that were addressed
in working toward interim Technical Features Demonstrations
involved design and testing of various pieces of equipment and
concepts of growth., These were carried out using two single
cartridge furnaces as well as the multiple ribbon furnace. The
projects most relevant to contributing toward success of the
program are summarized next.

(1) Design, construction and testing of resistance heated
growth systems. These were introduced as an alternative to the
conventional rf induction heating to increase efficiency and
provide flexibility in attaining a high speed continuous ribbon
growth capability [2]. A multiple ribbon furnace main zone
configuration was developed using graphite resistance heaters for
crucible and melt replenisher unit heating [3]. Resistance
heaters were introduced to control die top isotherms (growth
interface position) and ribbon edge location at individual
cartridge stations [4].

(2) Scale-up of ribbon width from 2.5 to 10 cm. This was
carried out in several stages, The initial Technical Features
Demonstration (May 1979) goals were successfully achieved with
multiple growth of five 5 cm wide ribbons (Section III, page 29 of
this report). 1In concurrent studies, research on 7.5 cm wide
ribbon growth (Section III, page 31 of this report) indicated that
unacceptable stress levels and buckling developed at growth speeds
of about 5 cm/min and above. The 10 cm cartridge system was
subsequently introduced to allow reduction of the target growth
speed to 4 cm/min (Section III, page 34 of this report), and
optimizations of performance and ribbon thickness of 200 um were
successfully completed.

(3) Introduction of graphite crucibles [3,5]. Generation of
Si0 from silicon melt reaction with fused silica crucibles used in
conventional silicon crystal growth systems shortens furnace parts
lifetime, and affects growth stability. Graphite crucible designs
that avoid these problems and further have the potential for reuse
to lower ultimate product costs were successfully tested in the
multiple ribbon furnace format [6].

(4) Development of special die designs and heater
configurations for die top isotherm control. These have been
demonstrated to lead to improvements in growth stability [4] and
in ribbon quality [7].

(5) Development of automatic control systems for ribbon
width. This achievement was required for operation of the
multiple ribbon furnace unit at high duty rates with only one
operator for up to five ribbon stations. A special anamorphic
optical system [8] was introduced to provide improved sensitivity
for viewing and controlling the growth interface for this task
(see also Section III, pages 32 and 46),



(6) Design and implementation of a melt replenishment system
for supplying silicon to the main furnace crucible [9,10]). This
has made it possible to demonstrate simultaneous continuous ribbon
growth for periods of up to 15 hours in the multiple ribbon
furnace mode,

(7) Design, construction and testing of cold shoe elements
for growth speed enhancement up to 7.5 cm/min [1]. The maximum
speed capability was not realized in practice because of the onset
of thermal buckling at about 5 cm/min which led to growth
destabilization. The cold shoe design was subsequently evolved to
improve growth performance at the target speed of 4 cm/min and
thickness of 200 pm for 10 cm wide ribbon {5,9,10].

(8) Construction of cartridge configurations allowing ribbon
stress to be reduced [10]. Although full understanding of stress
generating mechanisms has not yet been achieved, theoretical
guidance has led to construction of growth systems that produce 10
cm wide ribbon with a low resigual stress and buckling amplitude.
As a result, large area (50 cm®) blanks have been fabricated into
solar cells for the first time from 10 cm wide ribbon grown at 3.5
cm/min and above (see Section IV, page 63 of this report).

(9) Development of understanding of ribbon property
responses to growth condition and cell processing variations
peculiar to silicon grown from melt contained in graphite
crucibles., Unexpected influences of ambient variations were
discovered {8,11], and it was demonstrated that material
properties were sensitive to the level of oxygen available during
the growth process, either through the presence of quartz in
contact with the melt or from ambient gases reactive with silicon
melt introduced in the meniscus/growth interface region [12].
Alternative means to introduce the oxygen via ambient gases CO
and CO were studied in detail. The understanding gained in th%s
work contributed toward achieve?ent of cell efficiency goals of
the program. Small,area (~5 cm”) cells of 13+% were achieved, and
large area () 50 cm®™) efficiencies of 11 to 12% also resulted (see
Section IV, page 70 of this report) from optimization studies.

(10) Extension of theoretical concepts in areas of stress-
analysis [12], heat and mass transport modeling of growth
interface phenomena [13] and growth stability and dynamic system
response [5] have contributed to overall understanding of silicon
ribbon EFG.

During the multiple ribbon furnace development period,
milestones were achieved in subtasks of the program aimed at
demonstrating the baseline capabilities of the cartridge system in
single ribbon furnaces in many of the above areas. At the program
conclusion, December 31, 1981, it remained to integrate all these
individual elements into operation of a prototype unit for the
simultaneous growth of four 10 cm wide ribbons. This multiple
ribbon furnace had undergone construction and testing in an
internal program funded entirely by Mobil Tyco during 1981, The



new furnace was built with an updated design in order to correct
significant shortcomings of the original multiple ribbon furnace.
The latter had been constructed in 1975 for multiple growth of 5
cm wide ribbon. Subsequent rework to accommodate 10 cm wide
ribbon cartridges had left the original furnace inadequately
configured to achieve the interim Technical Features Demonstration
goals set for the program in 1980.

An economic model to analyze costs associated with large
scale implementation of the multiple ribbon furnace EFG technology
was developed concurrently with the technical program (see Ref.
[5], Section II, page 9, and Section III, page 34 of this report).
This analysis was subsequently broadened with the help of the
SAMICS economic costs analysis procedure [14].

The following sections of this report present a review of
the milestones achieved during the course of EFG technology
development pursuant to the 1986 FSA project goals. The tasks
were changed on numerous occasions during the more than six years
of continuous funding of the program. This resulted in frequent
redirection of the program research and development efforts in
response, and has generated information that covers a diverse
spectrum of topics related to EFG silicon ribbon growth. There
will be no attempt made here to review all these areas. The most
significant engineering and scientific results have been
referenced above and in publications and patents listed in
Appendix 7. This report presents a program overview by
reproducing two in depth reviews of the technology at important
junctures of the program, and reports on the status of the
multiple ribbon furnace technology for 10 cm wide ribbon at the
end of 1981, :

In Section II that follows, operation of the earliest design
of multiple ribbon furnace for five 5 cm wide ribbons is described
in a report given for an in depth review of the technology at the
16th Program Integration Meeting (PIM) at JPL in April 1978.

After a successful multiple ribbon furnace demonstration
fulfilling the technology readiness criteria for this furnace
followed in May 1979, it was reconfigured for growth of 10 cm wide
ribbon. Subsequent work to achieve multiple ribbon growth of 10
cm wide ribbon in this furnace and to demonstrate the technical
readiness goals set for 1980 is discussed in Section III. This
material was presented during a second in depth review at the 18th
PIM in September 1980. 1In Section IV, progress in design and
construction 0of a new multiple ribbon furnace for four 10 cm wide
ribbons is described, and results given of concurrent research
work carried out during 1981 in stress reduction and quality
improvement tasks in single ribbon furnaces for 10 cm wide ribbon,
The program status is summarized in Section V,
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IT. 16th PIM PRESENTATION - April 1978 - F.V. Wald
TASK II - LARGE AREA SILICON SHEET TASK
Mobil Tyco Solar Energy Corporation
EFG SILICON RIBBON

Status Report

A. Historical Introduction

It seems appropriate to preface this presentation with a
short historical introduction. The EFG method was invented in
1965 when efforts were made to prepare alumina fibers for the
reinforcement of metal matrices. This work was quickly extended
into preparing a variety of shapes and also a variety of materials
which appeared to have utility in shaped form. At Tyco, the
"Saphikon” division was established to fabricate and market
sapphire shapes for a variety of purposes. The most popular of
these shapes were however discovered to be fairly simple ones such
as tubes and ribbons. The tubes were found to be suitable
competitors in the high pressure sodium arc lamp market which was
then solely based on the translucent “Lucalox" ceramic. The
process feor this purpose was, therefore, licensed to Corning Glass
Works, which intended to compete in this market using multiple EFG
sapphire tubes for which they set up a production facility.

It was also recognized early that EFG ribbons would compete
in the substrate market for silicon on sapphire devices with
Czochralski grown, sliced, and polished sapphire boules, and the
process was subsequently licensed to Kyoto Ceramic, RCA and Allied
Chemical for this purpose.

It is quite obvious, then, that since the early 1970's the
process as such has been well recognized as an industrially
suitable competitive process for fabricating sapphire shapes.

In June 1971, we started our first small exploratory effort
under the sponsorship of the U.S. Navy on grcwing Si ribbon, and
in December of that year we published a report documenting that it
was indeed possible to grow single crystal EFG ribbon from
graphite dies {1]. Simultaneously, an in-house effort was started
to demonstrate that this ribbon possessed properties which made it
a suitable vehicle for the preparation of electronic devices in
gaeneral and, somewhat later, for solar cells in particular.
Starting in 1972/73, the Jet Propulsion Laboratory and the
National Science Foundation sponsored further efforts with the aim
of making such a ribbon an economic vehicle for the preparation of
solar cells [2,3].

~J



In 1974, recognizing the potential of photovoltaics in
terrestrial solar energy conversion as well as the potential of
the EFG ribbon technology in this field, Mobil 0il Corporation
committed itself to expend $30 million in order to develop the
technique toward that end and Mobil Tyco Solar Energy Corporation
was formed as a vehicle to accomplish this task. This, at that
time, was surely the most significant commitment of private funds
toward the development of any technique for photovoltaic solar
energy conversion, and I much suspect it is even yet one of the
largest of such commitments. Therefore, our present JPL sponsored
effort is only one part of a large integrated facility devoted to
decreasing the cost of all steps in the silicon solar power supply
sequence from crystal growth to cell making and array fabrication.
Recently, our process has also been licensed to a Japanese
consortium which considered it the major contender for economical
silicon sheet fabrication. It is clear, therefore, that a variety
of groups consider EFG a viable industrial technology for several
areas, including silicon sheet growth towards terrestrial power
generation,

During our NSF-RANN contract (April 1973 - February 1975
[2]), we developed our first somewhat detailed analysis on the
economics of the EFG process as it applies to the preparation of
silicon solar cells at a cost of 50¢/watt. The results then
achieved were summarized as follows:

",..The EFG process seems eminently capable of being
developed to a point where it can be used in the
production of silicon solar cells for sale at less than
$500/kvw (peak)}. The development areas which must be
addressed to attain the full potential of the technique

include:
1. The growth of wider and thinner ribbon.
2. Multiple ribbon growth,
3. Melt replenishment during growth.
4., Automatic controls for growth.
5. Low-cost polycrystalline silicon.
6. Low-cost ribbon to cell processing techniques.

In addition, low-cost techniques for "panelizing" the
cells must be developed, possibly using solar
concentrators. Finally, there is a great deal of upside
potential from increased efficiency cells, say, 15%
instead of 10%."

Based on these guidelines, we started evolving concepts and
machinery to meet these various goals with a particular emphasis
on the first four since these were by and large the "EFG-specific"
ones and we could not hope to get any help towards solving the
problems inherent therein by any general progress towards low-cost
silicon solar cells.



From that time on, then, concepts for our present multiple
furnace evolved, and its operation, recently demonstrated in a
five-ribbon run over a 12-hour day, provided us with the necessary
inputs to carry out a detailed cost analysis based on the
SAMICS-IPEG model.

B. Economic Analysis Using SAMICS-IPEG

To get a realistic price from these guidelines does
indeed require some significant detail of knowledge about the
process. For instance, the space requirements of the machines
should be reasonably well known. One should also be able to
clearly distinguish which parts of the machine will in fact last
through the depreciation cycle assumed in IPEG and which will not,
and thus what can be counted as equipment and what is material.
Also realistic duty cycle projections are essential or the IPEG
denominator may be significantly off. Operating a real model of
the equipment we will in fact use, backed by parts tests from
single ribbon machines which are run on a three-shift pilot
production basis, has therefore enabled us to make a fairly
detailed analysis of the process. Since most of you have heard
the analysis described at the last PIM and have also probably had
a chance to study it in our last quarterly report [4], I will only
highlight those parts here which I feel are particularly
significant.

Table I shows the input data for the analysis. The end of
1978 figures are essentially costs as they are incurred at present
{1977 dollars), costs for the "single production unit" are based
on the concept of a twin five-ribbon machine operated by one
crystal grower where each of the ten ribbons growing is 7.5 cm
wide and grows 7.5 cm/min., The arrows indicate where changes
occur between "now" and "then". As you can see, the projected
changes are rather modest, except to assume that silicon will
indeed be available for §10/kg.” Under these circumstances, the
price picture drawn in Table II results, It can be seen that even
one such unit woyld come much closer to meeting the 1986 JPL goal
which is $20.8/m" inflation adjusted from 1975 into 1977 dollars.
Note that the silicon has been burdened here by 30% since we
assume that we will purchase it from an outside vendor.

If one now makes some reasonable projections of costs to
procure very many of these items to build 100 of these production
units and run them for a year (i.e., one procures for instance
52,000 dies/year), one arrives at the cost reductions sthn in
Table III. With these, a final product cost of §22.63/m" is
realized (Table IV). Such a 100 groguction unit plant would have
an annual output of over 1.1 x 10 m", which represents about 25%
of the total estimated 1986 wafer market. This is a reasonable
plant size then, not too large so that it must claim 100% of the
market and not so small as to be entirely insignificant.
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Table I : INPUT DATA TO ECONOMIC ANALYSIS MODEL

CONSERVATIVE
END TECHNOLOGY PROJECTION
OF 1978 SINGLE PRODUCTION UNIT
Ribbon width (in.) 2.0 3.0 «
Growth rate (in./min) 2.0 3.0 =«
Run length (hours) 116 116
Number of runs per year 52 52
tiumber of ribbons per furnace 5 5
Number of furnaces per production unit 1 2 +
Number of operators per production unit¥* 1 1
Yield (mass ribbon wafers/mass poly) 0.65 0.80 <«
Duty rate 0.67 - 0.67
Polysilicon ($/kg) 70.0 10.0 <
Dopant ($ dopant/$ poly) 0.1 0.1
Thickness (in.) 0.008 0.006+«
Furnace lifetime subsystems ($/furnace) 30000 30000
Cartridge lifetime subsystems ($/ribbon) 9000 9000
Melt replenishment subsystems ($/furnace) 9000 9000
Electro-optical controls ($/ribbon) 3000 3000
Area for omne production (sq ft) 100 165 +
Labor pay rate ($/hr) 5.00 5.00
Furnace insulation ($/furnace) 2000 2000
Insulation lifetime (runs) 52.0 52.0
Heating elements ($/furnace) 500 500
Heating elements lifetime (runs) 26.0 26.0
Crucible ($/furnace) 400 400
Crucible lifetime (runs) 5.0 5.0
Melt replenishment materials ($/furnace/run) 40.00 40.00
Die ($/ribbon) 15.00 10.00 «
Die lifetime (runs) 1.0 1.0
Cartridge materials ($/ribbon/run) 40.00 40.00
Argon ($/100 cu ft) 2.35 2.35
Helium ($/100 cu ft) 8.48 8.48
Electricity ($/kwh) 0.05 0.05
Furnace argon flow rate (ft3/hr/furnace)* 10.0 10.0
Cartridge argon flow rate (ft3éhr/ribbon)* 5.0 5.0
Cartridge helium flow rate (ft3/hr/ribbon)* 2.0 2.0
Furnace power consumption (kw/furnace)¥* 20.0 20.0
Cartridge power consumption (kw/ribbon)#* 2.2 2.2

*Modes of time-dependent variables.
j i l J | ! | , ' ' ' j



PRICE BREAKDOWN FOR MULTIPLE RIBBON GROWTH BY EFG

EQUIPMENT
FURNACE LIFETIME SUBSYSTEMS
CARTRIDGE LIFETIME SUBSYSTEMS
CONTROL EQUIPMENT
MELT REPLENISHMENT SUBSYSTEMS
TOTAL EQUIPMENT

FLOOR SPACE
AREA FOR ONE PRODUCTION UNIT

DIRECT LABOR
DIRECT LABOR PAY RATE
TOTAL LABOR

MATERIALS
FURNACE INSULATION
HEATING ELEMENTS
CRUCIBLE
MELT REPLENISHMENT MATERIALS
DIE
CARTRIDGE MATERIALS
FURNACE ARGON
CARTRIDGE ARGON
CARTRIDGE HELIUM
TOTAL MATERIAL

UTILITIES
FURNACE POWER
CARTRIDGE AND MR POWER
TOTAL UTILITIES

QUANTITY
OUTPUT FROM ONE RUN

TOTAL QUANTITY

PRICEl= 8.652 + 1.427 + 5.453 + 7.349 + 2.211

= § 25.99/SQ M

PRICE2=PRICEl+1.3(POLY COST)=PRICE1+1.3($ 4.88/SQ M)

= § 31.44/SQ M

Table II
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($/§Q M)

M/RUN)
M/YR)

2.622
3.933
1.311
8.787
8.652

1.427

5.453
5.453

0.464
8.232
0.965
B.482
0.6403
2.411
8.315
8.774
1.104
7.349

1.352
0.859
2.211

215.643
11213.425
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Table III INPUT DATA TO ECONOMIC ANALYSIS MODEL

CONSERVATIVE CONSERVATIVE
TECHNOLOGY PROJECTION TECHNOLOGY PROJECTION
SINGLE PRODUCTION UNIT 100 PRODUCTION UNITS

Ribbon width (in.) 3.0 3.0

Growth rate (in./min) 3.0 3.0
Run length (hours) 116 116
Number of runs per year 52 52
Number of ribbons per furnace ' 5 5
Number of furnaces per production unit 2 2
lumber of operators per production unit# 1 1
Yield (mass ribbon wafers/mass poly) 0.80 0.80
Duty rate 0.67 0.67
"Polysilicon (§/kg) 10.0 10.0
Dopant ($§ dopant/$ poly) 0.1 0.05 <«
Thickness (in.) 0.006 0.006
Furnace lifetime subsystems ($/furnace) 30000 A 20000 «
Cartridge lifetime subsystems ($/ribbon) 9000 4500 «
Melt replenishment subsystems ($/furnace) 9000 4500 «
Electro-optical controls ($/ribbon) 3000 1500 <
Area for one production (sq ft) 165 165
Labor pay rate ($/hr) 5.00 ‘ 5.00
Furnace insulation ($/furnace) 2000 1000 +
Insulation lifetime (runs) 52.0 52.0
lleating elements ($/furnace) 500 250 +
Heating elements lifetime (runs) 26.0 26.0
Crucible (§/furnace) 400 200 “«
Crucible lifetime (xruns) 5.0 5.0
Melt replenishment materials ($/furnace/run) 40.00 20.00 <
Die ($/ribbon) 10.00 2.00 «
Die lifetime (runs) 1.0 1.0
Cartridge materials ($/ribbon/run) 40.00 10.00 «
Argon ($/100 cu ft) 2.35 2.12 «
Helium ($/100 cu ft) 8.48 6.36 «
Electricity ($/kwh) 0.05 0.03 «+
Furiace argon flow rate (£t3/hr/furnace)* 10.0 10.0
Cartridge argon flow rate (ft3/hr/ribbon)* 5.0 5.0
Cartridge helium flow rate (ft2/hr/ribbon)¥* 2.0 2.0
Furnace power consumption (kw/furnace)¥* 20.0 20.0
Cartridge power consumption (kw/ribbon)®* 2.2 2.2

*Modes of time-dependent variables.
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PRICE BREAKDOWN FOR MULTIPLE RIBBON GROWTH BY EFG

EQUIPMENT
FURNACE LIFETIME SUBSYSTEHS ($/5Q M) 1.748
CARTRIDGE LIFETINE SUBSYSTEMS " 1.966
CONTROL EQUIPHENT " 8.655
MELT REPLENISHMENT SUBSYSTEMS n 8.393
TOTAL EQUIPMENT " 4.763
FLOOR SPACE
AREA FOR ONE PRODUCTION UNIT " 1.427
DIRECT LABOR
DIRECT LABOR PAY RATE n 5.453
TOTAL LABOR : " 5.453
MATERIALS
FURNACE INSULATION " 8.232
HEATING ELEMENTS “ 6.116
CRUCIBLE " 6.482
MELT REPLENISHMENT MATERIALS o 0.241
DIE " 0.121
CARTRIDGE. MATERIALS " 8.693
FURNACE ARGON .. 6.284
CARTRIDGE ARGON " 0.698
CARTRIDGE HELIUM " 0.828
TOTAL MATERIAL " 3.684
UTILITIES
FURNACE POWER " 0.811
CARTRIDGE AND MR POWER " 0.516
TOTAL UTILITIES " 1.327
QUANTITY
OUTPUT FROM ONE RUN (SQ M/RUN) 215.643
TOTAL QUANTITY (SQ M/YR) 11213.425

PRICEl= 4,763 + 1.427 + 5.453 + 3.604 + 1.327
= § 16.57/SQ M

PRICE2=PRICEl1+1.3(POLY COST)=PRICEl+1.3($ 4.66/5Q M)
= § 22.63/5Q M ($21.23/sq m if poly cost not burdened by 30%)

CONSERVATIVE TECHNOLOGY PROJECTION
100 PRODUCTION UNITS

Table IV

13



Based on these data, a variety of sensitivity analyses can
now be performed and we have reported a number of them in our last
quarterly report. For instance, it could be shown that multiple
growth is always preferable to single growth, that argon cost and
the cartridae cost are significant variables, and that, depending
on the yield of material, provision of polysilicon at $10-$15/kg
is absolutely essential to achieving the price goal. However, in
terms of discussing technology readiness, perhaps the most
significant of the analyses is depicted in Fig. 1. It shows that
there is a considerable range in the trade-offs between yield of
material, and duty cycle for a machine which clearly indicates
that one is not rigidly tied to solving each and every small
problem the technology may have,

C. Status of Technology

This topic can be best discussed in two parts, namely (a)
is EFG ribbon generally of sufficient quality to prepare solar
cells with reasonable efficiency? and (b) what is the status of
the multiple, fast, wide effort which will bring the cost to the
levels needed to achieve the 1986 goals? To address myself to the
first question, I am happy to report that solar cells from EFG
ribbons grown in single ribbon machines at 2.5 ¢cm width and ~2.5
cm/min now are routinely expected to produce 11% cells (Table V).
Those of you who attended the last PIM have seen me project a
similar sheet in which I proudly announced an average 10%
efficiency from such a lot of cells, This type of progress is
occurring through general improvements in Mobil Tyco's "“pilot"
three-shift crystal growth operation, and in adjustments in the
cell making procedures to better cope with the idiosyncrasies of
the material. Using these kinds of cells, over 10% panel
efficiencies have recently been achieved,

Obviously then, one must come to the conclusion that in spite
of its defect structure, EFG material per se has indeed excellent
potential for the preparation of solar cells with the kinds of
efficiencies that are demanded by the terrestrial photovoltaic
power program. To assess the status of the multiple effort is
somewhat more difficult, though,

Let me therefore simply state first where the various parts
of it stand at this time as they relate to the ultimate goal of
building the twin five-ribbon production unit on which the
economic analysis is based.

1. Multiple Growth of Five Ribbongs, 5 cm Wide

This was demonstrated during a continuous 12-hour run
{5] on January 26/27, 1978, with the focllowing ocutcome.

Cartridge No. 1 grew ~9 m of 2.5-4 cm wide ribbon.

Cartridge No. 2 grew ~12 m of largely 5 cm wide ribbon.
Cartridge No. 3 grew 2 m of 2.5-4 cm wide ribbon.

14
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RIKEON NUMBER 12-769
DIFFUSION NUMEBER C-3-Pé
DATA TAKEN BY AJ

DATE 3/22/78

NUMBER OF CELLS &0

COMMENTS ¢
Because of shortind cell 21209 was not included in data.

CELL NO. AREA(CM2) IRV(MA/CHM2) VOC(WV) IP(MA) ISC(MA/CM2) FF P(MW/CM2)

21191 21,74 0.247 0.561 562.3 27.83 0.738 11,53
21192 21.74 0,157 0.558 560.5 27.63 0.748 11.54
21193 21.74 0.337 0.555 564,9 28.32 0.726 11.62
21194 21.74 1.482 0.535 488.3 26.05 0.703 9.79
21195 21.74 0.180 0.554 538.3 27,42 0.723 10,99
21196 21,74 .22 0.557 565.9 28.84 0.740 12,11
21197 21.74 0.047 0.553 544.,4 27.46 0.701 10.64
21198 21.74 0.157 0.551 520.5 27.27 0.711 10.68
21199 21.74 0.157 0.565 551.6 28,12 0.744 11.81
21200 21.74 0.090 0.566 568.4 28.46 0.738 11.88
21201 21.74 0.471 0.566 552,9 28.28 0.717  11.47
21202 21.74 0.292 0.565 557.6 28,09 0.736 11,69
21203 21.74 0.718 0.546 530,46 26.54 0.726 10.52
21204 21.74 7.071 0.550 436.3 27.83 0.581 8.88
21205 21,74 0.629 0.556 554.,2 28,23 0.734 11.71
21206 21.74 0.0%0 0.568 559.1 27.75 0.753 11.86
21207 21.74 0.359 0.549 544.7 28,03 0.753 2.00
21208 21,74 0.067 0.557 541.7 28.21 0.6%96 10.95
21210 21,74 0,494 0.538 517.3 24.54 0.712 10.17
21211 21.74 0.584 0.560 526.8 28.19 0,713 11.25
21212 21.74 0.382 0.570 572.7 28,93 0.728 2.00
21213 21.74 0,047 0.567 554.0 28,84 0.710 11,60
21214 21.74 0.045 0.557 562.1 27.98 0.737 11.48
21215 21.74 0.292 0.545 S51.4 28.32 0.749 11,98
21216 21.74 0.359 0.570 567.5 29,28 0.719 12,01
21217 21,74 0,135 0.562 559.4 28.11 0.721 11.38
21218 21,74 0.359 0,543 565.9 28.37 0.735 11.75
21219 21.74 0.247 0.565 565.1 28,59 0.739 11.93
21220 21.74 0.337 0.857 537.8 27.73 0.722 11.16
21221 21,74 0.180 0.555 533.2 27.44 0.724 11.05
21222 21,74 0.009 0.545 568.5 28.87 0.744 12,13
21223 21.74 0.6%96 0.540 556.2 28.21 0.718 11.35
21224 21,74 0.009 0.545 521.5 26.83 0.734 10.73
21225 21.74 0.224 0.554 544,9 28.29 0.729 11.42
21224 21.74 0,112 0.563 573.4 28,63 0.734 11.84
21227 21.74 0.247 0,559 549.8 27.65 0.730 11.27
21228 21.74 0.282 0.542 55646 27.80 0.734 11.48
21229 21.74 0.314 0.571 573.7 29,07 0.733 12,16
21230 21.74 0.384 0.561 985 .3 28.45 0.726 11.59
21231 21.74 0.718 0.555 514.5 27,47 0.702 10,69
21232 21.74 0,337 0,563 547.9 28,10 0.714 11,29
21233 21,74 0,202 0.555 552.9 27.98 0.726 11.30
21234 21.74 0.022 0.566 545.3 28.10 0,725 11.51
21235 21,74 0.135 0.560 556.3 28.08 0.736 11.56
21236 21,74 1,639 0.544 504.9 26.65 0,499 10,12
21237 21.74 0.426 0.564 567.1 28,40 0.754 12,07
21238 21.74 0.741 0,563 564.9 28.52 0.714 11.45
21239 21.74 0.337 0.546 534.0 27.57 0.598 10.51
21240 21.74 0.382 0.555 546.9 28.23 0.727 11,39
21241 21,74 0.202 0.560 561.2 28.44 0.719 11,45
21242 21.74 0.629 0.568 554.3 28.73 0.714 11,65
21243 21,7 0,292 0.566 559.1 28,38 0.729 11.71
21244 21.74 0,067 0.542 559.6 27.88 0.744 11,66
21245 21,74 0.494 0.561 553.7 28,20 0.721 11.40
21246 21.74 0.180 0.558 555.5 27.43 0.752 11.51
21247 21,74 0,269 0.570 570.1 28.83 0.723 11.89
21248 21.74 0,112 0.557 550.8 28.10 0.746 11.66
21249 21,74 0,449 0.543 564.9 29,09 0.744 11.75
21250 21.74 0.359 0,540 562.8 27.85 0.742 11,57
21251 21.74 0.696 0.539 508.8 26,07 0.498 9.81
MEAN VALUE 21.74 0.459 0.559 548.7 27.99 0.72S 11,36
STANUARD ERROR OF HEAN 0.1185 0.0011 0.088 0.,0031 0,083

TOTAL FOWER GEMERNTED (AM1 CONDITIONS) IS 14812.8 MUW.

pATA IS IN FILE A21191

Table V. Recent production run of solar cells from RF heated
furnace. Ribbons are 2.5 cm wide, grown at 2.5 cm/min.
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Cartridge No, 4 grew ~13 m of largely 5 cm wide ribbon,
Cartridge No, 5 grew ~9 m of largely 5 cm wide ribbon.

({The average growth speed for all cartridges was ~3 cm/min.)
Several problems were discovered here aside from the significant
achievement that most of the many parts required worked quite
reliably together for the 12-hour run, Cartridge No. 1 which is
located next to the melt replenisher could never be brought up to
full width; the thermal interaction between it and the melt
replenisher made that impossible. In Cartridge No. 3, a short
circuit developed in the electrical system shortly after the run
started, and we decided not to attempt to withdraw and repair it
during this critical run,

Otherwise, the most general problem discovered was that we
know too little about the phenomena which influence spreading of
ribbons to full width. The spreading phase takes too long at
present and requires the full attention of the operator. It is,
however, a transient phase; as soon as the ribbon is spread to the
“bulbous ends" of the die, it is anchored there. The phencmenon
which then interferes with growth is the "freeze", a condition in
which the liquid film collapses and the ribbon attaches to the
die, If a "freeze" occurs, the ribbon must be "unfrozen" by
increasing the die temperature and reseeding the ribbon and
spreading it again. It is obvious then that frequent "freezes" in
multiple growth are quite intolerable.

2, Wide (7.5 cm), Fast (7.5 cm/min) Growth
Towards the end of 1977, after several design changes
had been made in the original cartridge, considerable improvements
in the growth conditions were realized.

Nearly 25 m of ribbon were grown in eight of the runs. The
width was up to 7.0 cm and speeds up to 6.3 cm/min were realized.
The 7.5 cm belt puller has been routinely used in these
experiments; in one run continuous growth of ribbon over a 1 3/4
hour period was achieved.

These experiments permitted important observations with
respect to thermal stress in fast and wide ribbon growth. These
problems include: (i) high residual stresses in the ribbon which
shows up in problems of cutting it into solar. cell blanks, or (ii)
generation of buckles in the ribbon during growth, which makes the
ribbon useless for cell fabrication because it is not flat [4,5].

It was found that residual stress in_the ribbon could be
avoided by running the afterheater ) 1100°C. However, there are
still unsolved problems since it is difficult to keep the
afterheater temperature this high if one has to use helium to cool
the interface region, The helium then has a tendency to carry too
much heat away from the afterheater. This will have to be solved
by redesign of the cold shoe-heat shield-afterheater combination.
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The most pressing problem at this time is the persistent
presence of buckles in almost all ribbon. The reasons for this
are not clear and the buckles have occasionally disappeared for no
obvious reasons during a run. Under low speed growth conditions
({ 4 cm/min) the ribbon is essentially always flat for widths )
2.5 cm in width, using present afterheater designs.

3. Materials Quality

Three significant pieces of information were derived
here:

(a) Chemical analysis efforts on many ribbons have now fairly
conclusively shown that the main culprit which influences the
quality of ribbons grown from resistance heated machines is the
stainless steel used in the construction of various hot parts [4].
A program to redesign these parts using other materials will now
be undertaken,

(b} As a backup to these efforts, it has been demonstrated
experimentally and theoretically that fluid flow effects in the
ribbon strongly affect the impurity distribution, By using a
center capillary only, to transport liquid to the top of the die,
the impurity distribution in a "dirty" 5 cm wide ribbon was
manipulated such that the center 2.5 cm width could be used to
prepare solar cells of up to 10.6% efficiency [4]. These effects
will now be vigorously explored to see whether their use is indeed
practicable, i.e., can we concentrate impurities into the very
edge of the rlbbon so that removal of the dirty part does not
consume too much silicon.

(c) Ribbons grown at higher speeds () 4 cm/min) have shown a
deterioration of the grain structure through the ribbon thickness.
It was feared that this might negatively impact solar cell
efficiency. It has now been rather conclusively demonstrated that
this structure in itself is not the cause of any cell degradation

(4].

The "demonstration" phase of our current contract which ended
on January 31, 1978, has thus functionally proven all the basic
elements for multiple EFG growth at high speed (Table VI)} and has
uncovered no intrinsic physical limitations to prevent the
achievement of the cost goals.

D. Where Do We Go From Here?

Having now identified all the basic elements, the normal
next step would be to integrate them all into one true prototype
machine, Before attempting to prepare such a design, however,
there are three basic areas in which progress must be made:
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Table VI
BASIC ELEMENTS FOR MULTIPLE HIGH SPEED EFG GROWTH

We have a 5 ribbon furnace.

We have a 7.5 cm/7.5 cm cartridge.

Melt replenishment has been demonstrated.

A form of automatic control has been demonstrated.

A few > 10% solar cells have been made from material
grown in the multiple furnace, and a lot has been learned
about impurities and their actions in these furnaces.
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1., Select construction materials for the multiple furnace so
that contamination is avoided and 10+% cells result.

2, Produce an improved cartridge design that allows
' consistent stress-free growth of 7.5 cm wide ribbon at
7.5 cm/min.

3, Improve growth stability by understanding, avoiding or
automatically controlling "freezes".

This, in fact, is our basic program for 1978, in order of
importance. If indeed at the end of this year either the multiple
furnace or the single cartridge furnace produce 9-11% cells fairly
consistently, one may be quite confident that the quality goal can
be achieved, This has to be done by judicious selection of the
construction materials for the hot areas of these furnaces. As an
example, currently the hot zone enclosure of this furnace is
constructed using several square feet of stainless steel sheet.

At present we are experimenting with both a molybdenum enclosure
and a more rigid carbon insulation which is bakeable and needs no
structural reinforcement. So far, scant attention has been paid
to this kind of problem because a demonstration that the present
concepts could indeed achieve the required volume output had to be
provided first.

High speed wide ribbon growth at present is impeded by stress
generation and "buckling". These problems are known to be related
to the temperature gradients the ribbon sees on cooling and they
can thus be addressed in principle by manipulation of these
gradients. ‘

This has to be, in practice, accomplished by a variety of
design iterations in the thermal control parts of the growth
cartridges [5].

Firstly, to achieve heat transfer of a sufficient magnitude
to allow growth at 7.5 cm/min requires convectively aided
radiative heat transfer, which is provided by arranging
water-cooled heat removal elements which also contain channels for
helium introduction within a fraction of a mm above the
solid-liquid interface. Thus, ~2 mm above the solid-liquid
interface, the ribbon is cooled from its melting point - 1415% to
1200°C in a very steep temperature gradient. However, below that
temperature where Si is no longer able to relieve the thermal
stresses {(on the time scale of the growth) caused by contraction
in a nonuniform gradient, the cooling must proceed in a uniform
thermal gradient in order not to generate such stresses. To
achieve this, linear cooling plates powered by an afterheater
which opesrates at about 1100°C are provided, along with heat
shields wnich minimize thermal communication between the 1100°C
operating temperature of the afterheater and the 500 to 600°c
operating temperature of the heat removal element. Hence, the
design and the geometrical relationships of the heat removal
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element-heat shield-afterheater combination determine the rate of
growth which can be achieved along with the properties
(stress/buckling) of the resulting ribbon which do, to a large
extent, determine its utility for solar cell fabrication. The
detail in the arrangement of parts a few millimeters above the die
top is exceedingly important and must be arrived at largely by
empirical methods. An important feature of the modular
({cartridge) approach to growth system design is that these
critical parts can be developed in small experimental furnaces and
then transferred to the multiple machine where they will perform
similarly. From the changes we are now making, we conclude that
this is a tractable problem. Although progress in this area may
not be very fast, we hope that during 1978 a sufficient number of
gradient measurements and design iterations can be executed to
arrive at a design for the production of straight, flat and
reasonably stress-free ribbon (at 7.5 cm/min).

Finally, progress has to be made this year in understanding
and controlling "freezes". They are a significant nuisance in
multiple growth, and our electro-optical automatic width control
system is completely defeated by their occurrence. To reiterate,
a "freeze" is a condition where the liquid on the die top ceases
to exist and thus the ribbon attaches to the die, which brings
growth to a halt until it is restarted by the operator, which
usually occasions loss of the full-width condition; thus
respreading is required, Freezes have a long history in EFG
growth and they are not a special feature of multiple or fast
growth. However, in a situation where there is only one operator
for ten ribbons, they are more detrimental since "unfreezing" and
“reseeding" ribbons can consume a significant fraction of the
operator's attention,

Although the phenomenon is well known, its origin is not.
There is, however, a general correlation of the kind that the time
between freezes has increased in our 2.5 cm pilot machines with
time (the present record is set by a run where no freeze occurred
for 28 hours), concurrent with improvements in operating
procedure, accuracy of machine parts, placement of temperature
control elements, and the like. Also, a large percentage of
"freezes" is preceded by optical phenomena which are of sufficient
magnitude and occur early enough so that a skilled operator can
take corrective action. This indicates that an optical freeze
sensing device with a suitable feedback control could probably be
devised.

In any event, study of this problem has high priority in our
1978 program and we expect to have enough information on it to
know of some ways to cope with it by the end of this year.

In summary, then, in the work during 1977 we clearly
demonstratad that fast, wide, and multiple growth of EFG ribbons
is indeed possible using realistic engineering concepts. We also
discovered some phenomena which, using present parts and machine
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designs, interfere with stable multiple growth and high speed
growth, These problems seem basically tractable ones, but they do
regquire more delineation in order to devise the most effective
solutions to them.

However at the present time there do not appear to be any

multiple EFG growth from reaching the 1986 goals of the JPL
program,

April 11, 1978 F.V. Wald, Program Manager
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III. 18th PIM PRESENTATION - September 1980 - F.V, Wald

TASK II - LARGE AREA SILICON SHEET TASK
Mobil Tyco Solar Energy Corporation
EFG SILICON RIBBON

Status Report
Contract Start Date: October 29, 1975

A, Introduction

During the 9th PIM in April 1978, we presented a
historical review of the EFG process and an update of our work to
that time. The review also mentioned Mobil 0Oil Corporation's
commitment of $30 million to this technology and the subsequent
formation of Mobil Tyco Solar Energy Corporation. This commitment
has made it possible to develop the technology to the point of
product introduction, which is occurring now, and it is expected
that this support for development will continue further into the
future.

Already then, we had evolved the multiple machine design
concepts which are still in use, Indeed, the power supply,
furnace body, and some of the controls which were already
installed then to test multiple 5 cm cartridge growth are the very
same which are even now in use for the "Technical Features
Demonstrations", in which three cartridges grow ribbon of 10 cm
width. If nothing else then, this basic furnace structure, which
was built in 1975, has proven quite durable, along with the
"cartridge concept" for multiple EFG ribbon growth.

The conclusion presented during that presentation was that
indeed the engineering concept chosen was feasible and could be
developed so that it might meet the 1986 goals of the LSA progranm,

At that time, "growth stability” and "materials quality" were
the main concerns expressed, and in the latter category we
expected to have to work toward a 10% (AMl1) efficiency only.
Although generally optimistic, the 1978 report sounded a number of
cautionary notes, which, by hindsight, have proven to be all too
true, and I quote:

“Hence, the design and the geometrical relationships of
the heat removal element-heat shield-afterheater
combination determine the rate of growth which can be
achieved along with the properties (stress/buckling) of
the resulting ribbon which do, to a large extent,
determine its utility for solar cell fabrication. The
detail in the arrangement of parts a few millimeters
above the die top is exceedingly important and must be
arrived at largely by empirical methods. An important
feature of the modular (cartridge) approach to growth
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system design is that these critical parts can be
developed in small experimental furnaces and then
transferred to the multiple machine where they will
perform similarly. From the changes we are now making,
we conclude that this is a tractable problem. Although
progress in this area may not be very fast, we hope that
during 1978 a sufficient number of gradient measurements
and design iterations can be executed to arrive at a
design for the production of straight, flat and
reasonably stress-free ribbon (at 7.5 cm/min)...

. In summary, then, in the work during 1977 we clearly
demonstrated that fast, wide, and multiple growth of EFG
ribbons is indeed possible using realistic engineering
concepts. We also discovered some phenomena which,
using present parts and machine designs, interfere with
stable multiple growth and high speed growth. These
problems seem basically tractable ones, but they do
require more delineation in order to devise the most
effective solutions to them,

However at the present time there do not appear to be
any outstanding fundamental problems which would seem to

prevent multiple EFG growth from reaching the 1986 goals
of the JPL program."

The situation with respect to ribbon quality (in terms of
solar cell efficiency) was still gquite confused then, as only a
few random cells from resistance-heated machines had achieved ~10%
(AM1) efficiency, although ribbon lots which were grown from
induction-heated machines at low speeds were already fabricated
into cells of 12+% efficiency. The discrepancy between the
ribbons grown from resistance-heated machines and induction-heated
machines at that time was taken to be quite significant and was
generally attributed to random impurities picked up from the
construction materials of the resistance-heated equipment or was
believed to be a fundamental feature of high speed growth.

B. Progress and Changes in Approach Between 1978 and 198

©

1, Multiple Growth Demonstration - Five Ribbons, 5 cm
Wide at 3.5 cm/min

One of the major aims of the program during 1978/1979
then was a demonstration that the equipment existing at the time
of the 9th PIM could indeed be considered to be prototypical for
an eventual multiple ribbon production unit. This was to occur by
demonstrating that the basic design was sufficiently sound to
allow growth runs of at least one/day, using continuous melt
replenishment, and a basic design that guaranteed a rudimentary
level of purity, to be demonstrated by preparing cells of ~9%
efficiency.



From the early growth runs it was quite obvious that various
improvements were necessary:

a. Long-Term Growth Stability: In the beginning of
1978, the typical length of ribbon growth between "freezes" (i.e.,
a momentary collapse of the meniscus due to temperature
fluctuations which freezes the ribbon to the die top, thus totally
interrupting growth) in multiple-cartridge operation was less than
two meters, corresponding to a time interval of not more than one
hour. As the ribbons typically require between five and 15
minutes for initiation of stable growth, the probability that all
five would be growing at any time was rather small. It thus
became a job of the highest priority to increase the length of
periods of stable, unattended growth.

A number of refinements were made to improve the performance
of the pulling mechanisms and cartridge temperature control
subsystems, However, the most dramatic effect upon stability was
realized from a better control of the inert gas atmosphere around
the growth meniscus. In the course of a general investigation of
the flow rates and patterns of gases in the furnace, it was
discovered that the destabilizing influence upon the meniscus of
even small amounts of backstreaming air was severe. A separate
inert gas purging supply within each cartridge was found to be
necessary to prevent backstreaming under all conditions. These
inert-gas supplies supplemented the argon purging system already
present in the main furnace.

The above system design modifications were devised and
verified in single-cartridge operation of the multiple-ribbon
furnace. By the end of 1978, several such experimental runs had
been made, in which growth was continuous for five to eight meters
from first "seeding" until depletion of the melt. These long,
stable growth periods were accomplished with only periodic, rather
than continuous, operator surveillance. Such a schedule is
necessary to allow the crystal growth operator to divide his
attention among the five ribbons without strain. Throughout this
period, a further factor which contributed significantly to more
stable growth was the utilization of bulbous-ended dies.

b. Improvements in Growth Initiation: Although the
time needed by the operator to establish steady-state growth of a
ribbon is highly dependent on the overall system stability,
another important factor is whether or not the ribbon must be
spread from some narrower width to the full width of the die. To
eliminate this time-consuming procedure, a technique of full-width.
"seeding" was developed which included the addition of an
electronic ramp circuit to coordinate the temperature drops of the
die end and center regions during the starting transient.
Following these improvements, the time required per cartridge for
the first "seeding" of a run was reduced to less than five
minutes, and start-ups after subsequent "freezes" took about one
minute,
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c¢. Machine Reliability: A program of standardization
of the cartridges and calibration of the related subsystems was
carried out over the course of a year. These improvements
permitted full advantage to be taken of the modular design of the
overall system: Any cartridge, inserted into any position in the
furnace, would respond similarly to operator inputs and would
easily produce full-width ribbon. The success of this
standardization effort is felt to be reflected in the tight
distribution of the average efficiencies of solar cells made from
ribbon grown from each of the five cartridges in the 15-hour
demonstration run (Table I). Finally, the cartridges have
demonstrated the durability to last through several successive
runs of 10 to 15 hours in length without replacement of any
component except the dies, which are destroyed upon cool-down.

The redesign of the main furnace portion of the system, which
was undertaken principally for material purity reasons, also
resulted in a far more reliable unit than the original one. The
new furnace has now operated for hundreds of hours without
adjustments of parts replacement, and can thus be considered a
prototype for future production units of this general type.

modify the apparatus for continuous feeding of liquid silicon
utilized in early multiple-ribbon growth demonstrations in order
to provide silicon at a sufficient rate for the higher material
output made possible by the improvements discussed above.
Refinements were also made to reduce the contamination of the melt
by this unit, and a method was devised to continuously feed dopant
to the silicon. This upgraded performance of the silicon feeding
device undeilies the capability of the overall system to produce
about 90 cm®™ of ribbon per minute, on a fully continuous basis.

Of equal importance, material produced from replenished growth has
performed as well, when made into solar cells, as non-replenished
experimental ribbon grown under the same conditions,

d. Continuous Melt Replenishment: It was necessary to

e. Ribbon Quality: Progress toward improvement of
ribbon quality has proceeded along two general lines. First, a
general clean-up of the multiple-ribbon system has been carried
out to remove materials of construction with potential to
contaminate the system with harmful impurities. This phase of the
work has entailed a complete redesign of the main furnace as
indicated above and modification of other parts to substitute for
materials which are likely sources of contamination.

Also, the displaced die concept was introduced in an attempt
to influence the interface shape through manipulation of the
die-top temperature distribution across the ribbon thickness
dimension. In responding to temperature changes, the interface
shape further impacts the impurity distribution ahead of the
growth interface and the morphology of the growing ribbon. A
schematic illustrating the displaced die concept is shown in Fig,
1. In lowering, or "displacing", one die-top flat with respect to
the other, as shown, the interface shape through the ribbon
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Table I.

Summary of Solar Cell Data for Ribbons Grown in
All Cell

Multiple-Ribbo

Areas are 44.1 cm”,
ELH Light, 28°C; Cells are AR-Coated.

%aGr

owth Run 16-187.
.Data are Taken at 100 mW/cm2,

Cartridge Number JSc Voc FF n
Number of Cells (mA/cmz) (V) (%)
1 9 23.32 0.534 |1 0.696 | 8.68
2 4 22,10 0.520 ]| 0.698 ] 8.02
3 5 23.79 0.53710.714 1 9.12
4 8 23.02 0.53010.700}| 8,55
5 1 23.74 0.534 1 0.672}] 8.52
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die concept, with possible
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thickness would tend to respond to die-top asymmetry because of
imbalanced heat fluxes to the meniscus through the differing
cross-sectional areas of the die top. In practice, this heat flux
contribution is only one of several components making up the net
interface heat balance. Other components arise from heat transfer
between the meniscus, the ribbon, and their general environment,
as well as from the latent heat of crystallization, and from heat
transport by the melt.

Die displacement has been observed to produce identifiable
changes in the ribbon growth process. The most distinctive is a
difference in the meniscus heights separating the two faces of the
ribbon from the die top. This difference has further consequences
- in the manifestation of a striking asymmetry in ribbon surface
properties, The ribbon face growing from above the displaced
die-top (that with the higher meniscus) is virtually free of
silicon carbide inclusions and smooth in appearance. The other
ribbon face generally retains a normal complement of silicon
carbide. This asymmetry has been used to advantage in solar cell
fabrication by making cells using the SiC-free ribbon surface for
the junction side. All cell parameters benefit from this
approach. Further work is in progress to examine the relationship
between die displacement and material properties in the search for
an optimum displacement geometry.

£f. Multiple Growth Demonstration Run 16-187., May 21,
1979: Incorporating all these improvements into the multiple
furnace setup allowed a series of multiple ribbon growth
demonstrations during Spring 1979 which culminated in the
15 .5-hour run on May 21st which clearly surpassed the productivity
goal and essentially demonstrated that a reasonable level of
crystal quality has been reached in this particular furnace
design.

The productivity and solar cell results (the latter of which
have been confirmed by other contractors) which were achieved then
are shown again in Tables I and II. Thus, the basic validity of
the multiple ribbon growth concept as well as the particular
systems design chosen could be considered as sound.

2. Work Toward Productivity Improvement

The economic analysis results which were presented
during the 9th PIM and before had, however, already revealed that
the growth of 5 cm wide ribbon at the demonstrated speeds would
not be likely to decrease the costs enough to approcach the goals
of the sheet task of the LSA program. Thus, with the projected
costs and lifetimes of the parts as they were conceived then and
assuming that an automatic control system would not allow one
operator to handle the growth of more than ten ribbons,
projections were made which indicated that the fabrication of ten
7.5 cm wide ribbons growing at 7.5 cm/min would be necessary to
achieve the required cost reductions. In addition during 1978/79,
the cell efficiency goal, which we had until then assumed to be
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Table

IT.

Multiple-Ribbon Throughput Data for 15.5-Hour

Growth Demonstration Run 16-187, May 21, 1979
Cartridge No. 1 2 3 4 5
Total quantity (meters) 30.4 29.6 29.9 31.1 27.7
Total duration of growth
(minutes) 910 890 825 919 829
Percentage of 15.5-hour .
run period actually 97.8 95.7 88.7 98.8 89.1
growing
Number of freezes 3 5 6 3 4
Longest duration of con-
tinuous growth (minutes) 692 331 505 490 508
Average growth rate
(cm/minute) 3.34 3.33 3.62 3.38 3.34
Overall duty rate (%) 94,7
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104, was set at 13% (12% encapsulated efficiency). Thus,
simultaneous with the efforts aimed at demonstrating multiple
growth, work was started toward achieving these new throughput and
quality goals in single cartridge furnaces, with the expectation
that such results could be transferred to the multiple furnace at
an appropriate time. In addition, it became quite obvious that an
effective automatic growth control system was needed and work
toward that was also started.

Developments which occurred in these areas up to about the
end of 1979 are outlined below, )

a. Growth of 7.5 cm Wide Ribbon

Growth of 7.5 cm wide ribbon was successfully
carried out in single cartridge growth stations and the equipment
used was in most essentials simply an upscaled version of that
used for growth of 5 cm wide ribbons.,

A very serious problem of deviation from ribbon flatness
which occurred at growth speeds over 5 cm/min was, however, very
quickly discovered. It was postulated that this problem was
caused by inadequate ribbon guidance and/or thermally induced
buckling. It therefore became readily apparent that high growth
velocities might be difficult to achieve if the available
equipment designs were to be maintained. In addition, after some
research and modeling, it appeared that such a problem might also
be somewhat intractable theoretically. Hence, due to the relative
simplicity of the upscaling to 7.5 cm width and the fear that the
search for high growth speeds might unduly delay the program, the
decision was made in 1979 to upscale the width to 10 cm and
thereby reduce the required growth speed, still maintaining ribbon
throughput at tolerable levels. 1In response to this change in
plans, a cartridge for 10 cm width growth was designed and
fabricated and quickly proved to be, in all essential respects,
useful for ribbon growth,

We believe this to be a notable indication of the
practicability of the basic cartridge design as well as of the EFG
process itself, since generally in crystal growth an upscaling of
the crystal size by a factor of two to four occurs only through a
variety of laborious and empirical changes to the growth equipment
and often even requires rather basic changes to the growth method.

b. Automatic Growth Control

Although it was demonstrated during the May 1979
multiple growth run that one operator can successfullyzcontrol
five 5 cm wide ribbons at an area output rate of 90 cm“/min, we
haye always assumed that at levels of throughput around 400
cm”/minute/operator, an automatic control system would be
required.
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Up to that time, control of the growth process was
essentially manual and achieved by adjustment of the temperature
of cartridge components in the vicinity of the growth interface.

A more advanced control system developed at Mobil Tyco optically
monitors and automatically controls the interface position and
_ribbon width. This control system is designed to assist in
steady-state growth only, leaving the task of starting growth and
establishing control points to a human operator. A key element of
the system is a TV camera fitted with an anamorphic optical system
which magnifies 20 times more in the vertical than in the
horizontal direction. For purposes of electronic control of
ribbon growth, the TV screen image is processed through a
two-level quantizer and scan-segment integrators to produce
signals which can be used to control heating elements and/or
pulling speed.

The development of this system proceeded through 1979, and
there is more discussion of it in a following section,

3. Work Toward Quality Improvement

During 1978 and the beginning of 1979 the quality
goal of the multiple ribbon growth program focused on questionﬁ.
related to the uniformity of material over large areas (~50 cm™)
and within long ribbons, This approach was in keeping with the
emphasis in the program of demonstrating a capability for
preparing greater than 10% efficient solar cells from large area
sheets grown at high throughput rates as the general potential of
EFG ribbon had alreagy been demonstrated through the preparation
of small area (~4 cm”) cells of efficiencies between 11% and 14%
(AM1). Progress toward the efficiency goal for large area cells
was steady, and aided by a better understanding of the factors
contributing to material quality, as discussed in the paragraphs
above.

Random sampling of ribbon grown in the five-cartridge
demonstration and in a single-cartridge system for 7.5 cm wide
ribbon has yielded large area cells with performance levels as
given in Tables I and III. The spread in cell parameters over all
five cartridges is notably narrow (Table I), and demonstrates that
the multiple-ribbon growth station, in an operating mode
representative of a production environment, is capable of
producing large area cells of average efficiency of the order of
9% (AM1). This performance level has been maintained in the
course of scaling up the ribbon width to 7.5 cm (Table III),

The 7.5 cm wide ribbon was fabricated into 7.5 cm by 7.5 cm
solar cells using a novel double bus bar configuration in order to
achieve an optimized grid design. In subsequent testing of these
cells for suitability in panel fabrication, it was realized that
this grid geometry was not compatible with simple interconnect
schemes, A return to a single bus bar grid configuration was
therefore deemed desirable, particularly in the course of a
further scaleup of ribbon width from 7.5 cm to 10 cm., The same
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Table III.

Large Area (~7.5 X 7.5 cmz) Solar Cell

Data for Ribbon Material Grown from Run
18-103. Data are Taken at 100 mW/cmz,
ELH Light, 28°C; Cells are AR-Coated.

Run Cell Area J v FF n
Number | Number (cmz) (mAfﬁgz) (3§ (%)
18-103 | L-103-1] 56.0 22,95 0.5381 0.707 } 8.73

-2 58.5 22,56 0.53810.716 | 8.69
-3} 53.3 22.85 0.534 1 0.646 | 7.88
-4 ] 54.7 22,98 0.533) 0.728 ) 8.92
-5 54.7 24.70 0.546 { 0.737 | 9.90
-6 54.7 24,10 0.539 1 0.687 | 8.92
-7| 54.7 22.67 0.53410.730 | 8.84

Average: 23.26 0.537}10.707 | 8.84
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metallization mask is then made compatible with S c¢m by 10 cm
ribbon blanks cut either from 5 cm wide ribbon or 10 cm wide
ribbon, simply by reducing the length of ribbon cut along the
growth direction from 10 cm to 5 cm, respectively.

Figure 2 shows the progress that has been made during the
course of 1978 and 1979 in increasing the efficiency of large area
cells grown in a single-cartridge system for 5 cm and 7.5 cm wide
ribbon growth. Early improvements (April to July, 1978) in
efficiency have been associated with changes in cell processing
and a switch from a distributed capillary (multi-capillary) die to
one with a melt feed located central to the die (and ribbon).
Other noticeable breaks occurred with the introduction of the
displaced die (run 101) and after experimentation with the main
zone purge rate (run 143), a topic that will be discussed further
below. The understanding of factors which contribute to increased
quality has then been applied to improve the quality of ribbon
grown in the multiple-ribbon station.

C. An Updated Economic Analysis Using SAMICS-IPEG

Due to the change from a growth rate of 7.5 cm/min at 7.5
cm width to 10 cm wide ribbon grown around 4 cm/min, a new
economic projection seemed required in order to ascertain whether
these throughputs are still in accordance with the LSA project
goals.

It can be clearly shown from Case 1 in Tables IV and V that
this is indeed the case. Also, Case 2 in Tables IV and VI shows a
"frozen" technology, which falls back on the growth of 5 cm wide
ribbon. All the costs presented are in more or less "actual" 1980
dollars, i.e., based on equipment purchases and manufacturing
costs experienced this year.

D. Work in 1980
The most important singular goal of the program in 1980
was the full "Technical Features Demonstratlon" scheduled for July
and defined as in Table VII.

In essence then, this demonstration would meet all the
throughput parameters of a multiple furnace which are required to
be met, so that the projected cost goals can be reached. The
efficiency goal was considered to be a modest one, achieved in
principle through further refinements in the furnace constructicn
and the crystal growth procedure.

In addition, the automatic controls system was to be
developed to a point where its usefulness could be demonstrated by
operating it on one cartridge during a multiple run. The three
sections below then will trace the progress toward these sets of
goals during 1980,
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Table IV.
INPUT DATA FOR UPDATED ECONOMIC ANALYSIS

CASE 1 CASE 2
RIBBON WIDTH (INCHES) vvvveeeenceenconennnnnnas 4 2
GROWTH RATE (INCHES/MINUTE) ....vevvenenennnnns 1.7 1.5
RUN LENGTH (HOURS) tvveeveeccocncecconsocnnconns 160 116
NUMBER OF RUNS PER YEAR ...vuieevcecenonnnecnnes 48 50
NUMBER OF RIBBONS PER FURNACE ..vvveeeceoncenns 4 6
NUMBER OF FURNACES PER PRODUCTION UNIT ........ 3
NUMBER OF OPERATORS PER PRODUCTION UNIT ....... 1 1
YIELD (MASS RIBBON WAFERS * MASS POLY) .v..on.. 90 75
DUTY RATE «uvvveenceoncnnnnocancosncannosaonans 90 70
POLYSILICON ($/KEZ) ceeeeoceoeesascncnnnnnnsnees 14 80
DOPANT ($ DOPANT % $ POLY) tveevncecnaceocnnnnn 0.1 0.1
THICKNESS (INCHES) ceveevccenccoccnsssonnnosons 0.006 0.01
FURNACE LIFETIME SUBSYSTEMS ($/FURNACE) ....... 20000 30000
CARTRIDGE LIFETIME SUBSYSTEMS ($/RIBBON) ...... 5000 9000
MELT REPLENISHMENT SUBSYSTEMS ($/FURNACE) ..... 3000 6000
ELECTRO-OPTICAL CONTROLS ($/RIBBON) ........... 2000 3000
AREA FOR ONE PRODUCTION UNIT ($/FTZ) cerecsaens 600 200
LABOR PAY RATE ($/HOUR) .cuveeeerencancoancnnns 7.00 5.60
FURNACE INSULATION ($/FURNACE) vieveveovovecnns 1000 2000
INSULATION LIFETIME (RUNS) tuveveeenceoncnnonns 48 25
HEATING ELEMENTS ($/FURNACE) .¢ccteevcccocncanse 200 480
HEATING ELEMENTS LIFETIME (RUNS) teveececeecens 48 25
CRUCIBLE ($/FURNACE) .vvvevveeenccacaccoonncans 75 260
CRUCIBLE LIFETIME (RUNS) c.evecevecccocacaccnns 48 10
MELT REPLENISHMENT MATERIALS ($/FURNACE/RUN) .. 10 40
DIE (3/RIBBON) tuvececaceccasaceracsaconcansona T2 10
DIE LIFETIME (RUNS) +tvveeecosscccscnnnsonnnnons 1 1
CARTRIDGE MATERIALS ($/RIBBON/RUN) ..cvveeccos. 10 60
ARGON ($/100 FTO) teuuvvnneenneeneeneannanneans 3.20 2.35

HELIUM ($/100 FTO) tuevnrevenesaconsonnannnnnss - ~
ELECTRICITY ($/KWH) cveeeeeecenenoncencannnnnns 0.08 0.08
FURNACE ARGON FLOW RATE (FT3/HOUR/FURNACE) cene 1 10
CARTRIDGE ARGON FLOW RATE (FTs/HOUR/RIBBON) .o 0

CARTRIDGE HELIUM FLOW RATE (FTS/HOUR/RIBBON) .. — -
FURNACE POWER CONSUMPTION (kW/FURNACE) ........ 20 30
CARTRIDGE POWER CONSUMPTION (XW/RIBBON) scossse 1.5 3
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Table V.

PRICE BREAKDOWN FOR MULTIPLE RIBBON GROWTH BY EFG

EQUIPMENT

FURNACE LIFETIME SUBSYSTEMS ($/5Q M) 1.496
CARTRIDGE LIFETIME SUBSYSTEMS " 1.496
CONTROL EQUIPMENT " 0.598
MELT REPLENISHMENT SUBSYSTEMS " 0.224
TOTAL EQUIPMENT " 3.815
FLOOR SPACE ‘
AREA FOR ONE PRODUCTION UNIT " 2.962
DIRECT LABOR
DIRECT LABOR PAY RATE " 4,022
TOTAL LABOR " 4.022
MATERIALS
FURNACE INSULATION " 0.198
HEATING ELEMENTS " 0.040
CRUCIBLE " 0.015
MELT REPLENISHMENT MATERIALS " 0.095
DIE " 0.076
CARTRIDGE MATERIALS " 0.381
FURNACE ARGON " 0.035
CARTRIDGE ARGON " 0.071
CARTRIDGE HELIUM " 0.000
TOTAL MATERIAL " 0.912
UTILITIES
FURNACE POWER " 1.768
CARTRIDGE AND MR POWER " 0.663
TOTAL UTILITIES " 2.431
QUANTITY :
OUTPUT FROM ONE RUN (SQ M/RUN) 409.3638
TOTAL QUANTITY (SQ M/YR) 19649.660

PRICE1= 3.815 + 2.962 + 4,022 + 0.912 + 2.431
=-$ 14.14/75Q M

PRICE2=PRICE1+1.3(POLY COST)=PRICE1+1.3($ 6.08/5Q M)
= $ 22.04/5Q M
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Table VI.

PRICE BREAKDOWN FOR MULTIPLE RIBBON GROWTH BY EFG

EQUIPMENT :
FURNACE LIFETIME SUBSYSTEMS ($/75Q M) 6.928
CARTRIDGE LIFETIME SUBSYSTEMS " 12.471
CONTROL EQUIPMENT " 4,157
MELT REPLENISHMENT SUBSYSTEMS " 1.336
TOTAL EQUIPHMENT " 24.943
FLOOR SPACE
' AREA FOR ONE PRODUCTION UNIT " 9.144
DIRECT LABOR
DIRECT LABOR PAY RATE " 31.040
TOTAL LABOR " 31.040
MATERIALS ‘
FURNACE INSULATION " 2.357
HEATING ELEMENTS " 0.588
CRUCIBLE " 0.797
MELT REPLENISHMENT MATERIALS " 1.225
DIE " 1.838
CARTRIDGE MATERIALS " 11.029
FURNACE ARGON " 0.824
CARTRIDGE ARGON " 2.350
CARTRIDGE HELIUM " 0.000
TOTAL MATERIAL " 21.008
UTILITIES
FURNACE POWER " 8.”%1
CARTRIDGE AND MR POWER " 5.970
TOTAL UTILITIES " 14.401
QUANTITY
OUTPUT FROM ONE RUN (SQ M/RUN) 42.433
TOTAL QUANTITY (SQ M/YR) 2121.673

PRICE1=24.943 + 9.144 +31.040 +21.008 +14.401
= $100.54/5Q M

PRICE2=PRICE1+1.3(POLY COST)=PRICE1+1.3($69.44/SQ M)
= $190.81/SQ M
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Table VII.

Technical Features Demonstration - July 1980 - Goals

Ribbon Width:

Run length:

Growth rate:
Machine duty rate:

Solar cell efficiency:

‘Automatic controls:

Number of ribbons growing:

10 cm

8 hours

4.5 cm/minute

> 85%

10.2% (mean of a 10% random sample)
operational
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Also, a set of goals related to efficiency was, however,
required inasmuch as 13+% efficiency was to be demonstrated on a
small cell and efficiency-limiting mechanisms were to receive
continuing study.

1., Work Toward the 'Technical Features Demonstratio

During the first quarter of 1980, the operation of
Furnace 3A with three 10 cm growth stations was demonstrated for
the first time. Performance of the individual growth stations was
similar to that seen in single-ribbon runs made in this furnace in
the fourth quarter of 1979, i.e,, growth rates around 3.0 cm/min,
and relatively poor stability (Table VIII). These characteristics
vyielded a machine duty rate far below that demonstrated in
multiple (five 5 cm ribbon) operation of the furnace in May 1979. —
The low throughput demonstrated in these recent runs reflects both
the increased stringency of design requirements for growth of the
wider ribbon, and the smaller amount of developmental time
invested in the 10 cm cartridge than the 5 cm system had undergone
by the end of that phase of the contract.

Based on the outcome of these runs, a detailed plan was —
established for improvement of the cartridge and implementation of
automatic growth controls to allow the final multiple growth
demonstration goals to be met by the end of July 1980.

This plan included a number of measurements to characterize
the cartridges as they operate in the multiple furnace, as
detailed below, as well as simultaneous development of a cartridge —
in the single Furnace 17 and cross exchange of cartridges between
Furnace 17 and the multiple Furnace 3A.

a. Cartridge Characterization

The baseline cartridge currently in use was
subjected to a series of temperature, gas flow, and heat flow —
measurements to provide supporting data for the variety of
developmental activities it was to undergo. Some examples of
these measurements and the uses to which they may be put are:

e Temperatures of side walls, floor, face walls and die
shield. Accurate determination of these temperatures is essential
to the study of the die-top thermal environment. These
measurements also permit a more precise determination to be made
of relative locations and fits of these components at operating
temperature. Finally, knowledge of temperatures in the cartridge
help determine where reactive gases should be introduced, and help
to predict the rates of their reaction with various components.

e Relationship between temperature distribution in the die —
and heating element power, These data are useful for
determination of the gains of closed-loop control systems, and
choice of optimum heating element configuration. _
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Table VIII.

Run 16-215

Run duration (minutes): 572

Time percentage of simultaneous three-ribbon growth:

12,7

Cartridge No., 1

Cartridge No. 2| Cartridge No. 3} Total
Length of ribbon growth (m) 6.64 4,08% 10.75 21.47
Length > 10 cm wide ribbon (m) 3.89 1.14 7.01 12,04
Percentage 2 10 cm wide ribbon 58.6 27.9 65,2 56.1
Growth time total (minutes) 221 201 419
Longest growth time (minutes) 92 128 273
Number of freezes 11 5 6
Average growth rate (cm/minute) 3.00 2,03% 2,56
Percentage of run time operating 38.6 35.1 73.3

%
It appears that the very low ribbon output from this cartridge is in error, due to not re-

cording some broken segments.

Theoretical possible length of ribbon (572 minutes x 2.8 cm/minute x 3) = 48,05 m

buty rate based on total length actually grown =

Duty rate based on total length of 10 cm wide ribbon =

21.47 m -
48.05 m

12,04 m _
48,05 m

. 447
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¢ Temperature distribution in, and heat transfer to, the cold
shoe, These measurements led to the design of an optimum cold
shoe,

o Temperatures of heater feedbars. The molybdenum rods that
feed current to the four heating elements in the cartridge are the
components with the shortest life and may, in production
operation, stand out as a major consumable-cost item, Design
refinements must be considered for these bars, based on these
measurements.

e Temperature profile experienced by ribbon in the linear
cooling plates. These measurements help to clarify the causes of
ribbon breakage.

e Flow characteristics of cartridge gas passages and
orifices. Measurements of pressure drop vs. flow rate through the
various cartridge gas passages are useful for controlling the
composition and flow direction of gases in the cartridge,
especially in the possible case of the deliberate introduction of
oxygen-bearing gases to improve the ribbon's photovoltaic
performance.

b, Comparison of Cartridge Performance in Furnaces
3A and 17

The establishment of routine growth of 10 cm
ribbon in Furnace 17 provided some guidance for choice of the die
heater configuration in the cartridges used in Furnace 3A, and has
also raised questions about the effects of differences between the
two furnaces on performance of the cartridges. The principal
differences observed to data are in growth rate, thickness
({related to rate), surface f£ilm formation, and silicon carbide
particle density. The faster growth (4.0 cm/min routinely) in
Furnace 17 was of particular interest at that time, in light of
the contract goals for multiple growth at 3.5 cm/min by the end of
1979 (not achieved) and 4.5 cm/min later in 1980. Two direct
cartridge transfers were made in February 1980 between the two
furnaces. In the first of these, the cartridge normally run in
Furnace 17 was used in Furnace 3A in run 216, where it produced
ribbon at an average of 2.95 cm/min, at a very low duty rate.

The second exchange of cartridges between the two furnaces
produced more information. One of the Furnace 3A cartridges was
outfitted with three extra thermocouples and was operated in the
two furnaces on consecutive days. Furnace 3A was run with all
three cartridges in place and powered (but two without dies
installed) to simulate the thermal conditions of multiple
operation. (This has been adopted as standard practice for
developmental runs.) A range of growth rates from 2.5 to 3.5
cm/min was explored in Furnace 3A; above this upper limit, the die
ends would freeze. Growth was stable at 3.5 cm/min in Furnace 17,
but the experiment ended before the rate could be raised further,
when the afterheater thermocouple failed. This experiment
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confirmed that ribbon can be pulled at a somewhat higher rate in
Furnace 17 than 3A, using the same actual components, The three
extra thermocouples present in the cartridge indicate the reason
for this difference. Figure 3 shows the locations of these
thermocouples in the general region of the die. The temperatures
indicated during two stages of each run were as shown in Table IX.
The temperatures in these locations are different in the two
furnaces because of the different thicknesses and placement of the
hot zone insulation, with Furnace 3A being the better insulated of
the two. It is a basic principle of design of the multiple ribbon
furnace that the thermal environment of the ribbon is determined
primarily by the elements within the cartridge, and that growth
performance is relatively insensitive to thermal fields external
to the cartridge. This experiment reveals the degree to which
growth performance (e.g., maximum pull rate) is sensitive to these
external temperatures, mainly because the inner surfaces of the
cartridge walls form part of the radiative environment of the
growing ribbon. This sensitivity could be reduced by decreasing
the vertical distance between the die top and cold shoe, subject
to the constraint that the growth interface must be observed in
order to control the process.

The temperature measurements shown for the cold shoes in
Table IX are estimated to be 200 to 300 degrees higher than the
actual temperatures due to the limited depth of the thermocouple
cavity it is possible to make in these parts, and the extreme
temperature difference between the cold shoes and their
surroundings.

Part of the difference in typical growth rates of the same or
similar cartridges operated in Furnaces 3A and 17 has to do with
the tradeoff between rate and stability. Ribbon can consistently
be grown in Furnace 17 close to the limiting rate because of
full-time operator control, which is facilitated on that machine
by the anamorphic video system,

c¢. Conclusions from the Measurements and from Single

The major conclusions arising from the work just
described were that the most efficient shortcut to meet the
"technical features" goals in a productivity sense would be to
improve the efficiency of heat removal by the "cold shoes", in
particular at the ends of the ribbon.

In addition, it was felt that immediate development of the
automatic width control system would not only aid growth stability
but also that this system could be used to quantitatively study
various cold shoe/die/shield/heater combinations, and indeed these
conclusions were proven out and a highly successful cold shoe
design evolved after the automatic control system was made
operational,
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Table IX.

Temperatures of Cartridge Components:
Comparison Between Furnaces 3A and 17

Furnace No. 3A 17

Run No. 217 217 080 080
Growth Status seeding | growing | seeding | growing
Measurement Location¥

Cold Shoe (D1) 750°C 730°C 665°C 635°C
Left Side Wall (F1) 1250°C 1g25°c 1075°c | 1130°C
Right Side Wall (F2) 1300°c | 1275° | 1060°c | 1115°C

%
These locations are indicated on Figure 3.




d. Automatic Controls System

The complete automatic controls system, whose
genesis has been described above, is shown in Fig. 4. It has now
proven highly successful in allowing growth of 10 cm wide ribbon
over time spans as long as nine hours with hardly any operator
intervention. In addition, it has obviously increased growth
stability as expressed by a very low freeze frequency. The system
was totally designed and assembled in-house and installed on all
three cartridges of the multiple furnace in July 1980. We are
confident that use of this basic system will eventually allow
control of the growth of 12 ribbons by a single operator,.

e. Technical Features Demonstration

A successful demonstration of the combined
technical features as required in the contract has not yet been
accomplished. However, the past several months have produced
important elements of progress toward this final demonstration,

In particular, the automatic growth control system has been in use
now for 15 single- and multiple-cartridge runs, and appears to be
highly viable, When the thermal profile of the ribbon die is such
that growth can be initiated under human control, the automatic
system will reliably sustain the growth and maintain ribbon edge
position to within plus or minus ten-thousandths of an inch for at
least two hours, completely unattended. Of the 15 runs in which
the system has been used, only four runs have been devoted to the
study of its performance, and hence we consider the system still
to be in a preliminary state of development, with excellent
potential for improvement.

The second quarter of this year has also seen a significant
improvement in the performance of the 10 cm cartridge, operated in
the multiple ribbon furnace. The multiple growth runs we made in
February of this year showed that, after an initial six-month
development period, the 10 cm cartridge was not yet optimized for
the thermal environment of the multiple furnace. However, the
basic structure of the cartridge, and its support systems, had by
then proven reliable in operation, and we have been able since
then to focus attention on remedies for the low rate and poor
stability of growth seen in those runs,.

The particular remedy currently under development is
modification of the cold shoes to provide different rates of heat
extraction from the center and edge regions of the ribbon. Four
versions of the so-called profiled cold shoes have been tested to
date, with the one now in use appearing to consistently permit
ribbon to be grown, with good contrecl, at between 3.7 and 4.2
cm/min, This line of development, which we hope will lead to a
configuration with speed capabilities of 4.5 cm/min, and will also
be compatible with the automatic control system, was interrupted
in July so that we could set up for multiple growth demonstration
runs, :
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These runs, of which three were attempted, revealed two
significant problems, which caused the machine to fall far short
of its throughput goals. The first of these was a number of minor
component misfits and maladjustments, in the main, simply quality
control problems. Those arose from the fact that substantial
portions of the overall machine, only recently developed in
single-cartridge experiments, had to be duplicated in a short time
to similarly outfit the second and third growth stations.- The
second problem which had a severe impact on the yield of ribbon
from our attempted Technical Features Demonstration runs was the
distortion of isotherm shape at the die tops in the cartridges
occupying positions 2 and 3 in the furnace. It became guite clear
from these experiments that irregularities in the temperature
profile of the main furnace are the cause, These irregularities
had no significant effect when the 5 cm cartridges were run in
multiple mode a year ago, and were not encountered until recently
because in all developmental work the 10 cm cartridge has been
operated singly in furnace position 1. It came as no surprise
that, in all three recent multiple runs, cartridge 1 worked quite
well., It was totally unexpected that cartridges 2 and 3 would be
virtually unable to produce any full-width ribbon.

The sensitivity of the 10 cm growth cartridge to hot zone
profile irregularities illustrates the general point that,
although its design is derived directly from that of the 5 cm
cartridge, the requirements for optimization of function and
precision of its parts are considerably more stringent. The width
of the central portion of the die which is out of range of the
trimming influence of the heaters is about four times as great as
in the 5 cm cartridge. A particularly severe problem is the
elastic stress induced in the 10 cm wide ribbon by the transition
between the afterheater region, ending at 550°C, and room
temperature., Factors which cause the ribbon to be grown with
irregular thickness profiles, such as the distortions of die-top
isotherms present in the attempted Technical Features
Demonstration runs, cause these elastic stresses to be
concentrated in thin sections, and result in a great deal of
ribbon breakage in the cartridges. A partial solution to this
problem would be to extend the linear cooling section of the
cartridge upward, to end at a lower temperature. Although a
straightforward matter of redesign, this change was too radical to
have been undertaken within the tight timetable of preparation for
the Technical Features Demonstration,

The photovoltaic performance of material from the multiple 10
c¢m EFG ribbon furnace is currently unknown. It has been
historically true of all EFG ribbon growing units that the quality
of the material does not reach its potential, and cannot even be
assessed, until the design and operating procedures have been
fixed and the infrastructure has been set up to support
fully-clean operation of the system for several identical runs.
The 10 cm multiple furnace has not yet been operated under these
conditions. Among the .few solar cells which have been made from
its ribbon, the figure of 8% efficiency has been surpassed. We
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. expect that, in routine growth, the quality of material from this
furnace would level off at the same 9:+% efficiency level as has
been produced by other all-graphite EFG systems in which there is
no provision for adding oxygen to the silicon. However, recent
experiments have shown that the photovoltaic output of material
grown from cartridge systems can be raised to well over 11%
efficiency by proper manipulation of the gas ambient of the
growing ribbon, as well as the solar cell fabrication sequence.
Thus, a task that must be undertaken in the near future in this
project is to engineer the features to control the gas ambient in
the proper way into reliable, production-worthy hardware.

The following summary describes the status of the Mobil Tyco
multiple EFG ribbon machine with regard to its goals for
demonstration of combined technical features.

In slightly a year since its introduction, the 10 cm ribbon
cartridge has been developed to the point where it will reliably
produce solar cell ribbon at over 4 cm/min when operated in the
generally flat thermal profile of position 1 of the multiple
furnace, or in a single ribbon furnace,

Recent attempts to grow ribbon from cartridges in positions 2
and 3 of the present furnace have revealed that the 10 cm unit is
much more sensitive to local irregularities of temperature
distribution in the main furnace than was the 5 cm cartridge, and
hence some effort must be devoted to refining the furnace's
temperature profile,

We now have an optically-based automatic control system
which, even with relatively little optimization since it was
installed, effectively maintains growth without any operator
attention for typical periods of two to three hours. The system
appears sufficiently reliable and easy to set up to be
considerable production-worthy.

A serious problem exists with the 10 cm growth system in
ribbon breakage due to thermal stresses at the transition between
the imposed linear cooling profile, and room temperature.
However, the solution to this problem appears straightforward.

The process has not yet begun of engineering into the
multiple ribbon furnace the means for adding oxygen to the melt, a
factor which has been shown in other EFG growth systems to
contribute to the attainment of photovoltaic efficiencies of over
13%.

In fact then, in spite of the lack of a "Technical Features
Demonstration", much of the general knowledge needed to advance
the technology further has now been delineated, and further
. progress can be made by executing the necessary design changes and
testing thenm, :
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2. Ribbon Quality

This topic has always given rise to great concerns
for the simple reason that EFG ribbon commonly contains a variety
of linear and planar crystallographic defects, such as coherent
and incoherent twins, as well as significant densities of
dislocations. Furthermore, high concentrations of carbon are also
present, It is equally well recognized that EFG ribbon is formed
under conditions which make a net segregation coefficient near one
for most impurities quite likely.

In a general way then, this suggests fhat obtaining solar
cell efficiencies in the 13+% range from such material might not
be possible.

A However, as mentioned above, efficiencies of selected cells
of small area, grown from quartz crucibles in single ribbon (2.5
cm wide) machines, showed efficiencies as high as 14% on some
occasions, and very large area cells (55 cm®) from 7.5 cm wide
ribbon had also climbed toward the 10% mark by the end of 1979,

However, a clear demonstration that ribbons grown from
resistance-heated machines could also achieve efficiencies around
13% was still missing. A variety of reasons, singly and in
combination, was held to be responsible for this. This list
included suggestions that the equipment itself causes generally
higher levels of impurity in these ribbons when compared with
quartz crucible-grown ribbons, or that special crystallographic
defects are introduced during the heating-cooling-heating cycle
attendant to high-speed growth. Most of the questions raised are,
in a fundamental sense, still unanswered, but the work in 1979
already showed that gains in quality are possible by
systematically studying the growth variables.

With the start of the gas ambient experiments, though (run
143 in Fig. 2), it became clear quite quickly that one variable,
namely the oxygen content, which had been suspected for some time
to contribute to improved quality of quartz-grown ribbon, was
totally uncontrolled in the cartridge-grown ribbon which is
prepared generally from graphite crucibles., It was shown then
that by supplying the meniscus area with oxygen-containing gases,
in particular CO,, the electronic properties of the ribbon could
be significantly  improved.

Since much of this work was discussed in detail during the
last PIM and will also presently appear in the open literature,
let me mention here only some significant additional results as
they have recently been obtained from a detailed investigation of
the response of ribbons to heat treatment.

a. =xperiments

The major analytical method employed in this
investigation is an evaluation of the minority carrier diffusisn
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length in the base of finished solar cells using an infrared
photovoltage method, which also allows measurement of the
dependence of the diffusion length on photon flux, These values
are compared with diffusion length data on the starting material,
obtained by a surface-photovoltage technique using aluminum
Schottky barriers.

The ribbons (nominally 1 Q-cm boron doged, p-type material)
are processed by open tube diffusion into n'p solar cells uging a
phosphine (PH,) source at temperatures between 850 and 1050 C for
30 minutes and then furnace cooled to 600°C in five hours after
which time they are removed to room temperature.

These measurements are supplemented by standard infrared
absorption studies which allow determination of the substitutional
carbon and interstitial oxygen concentration before and after
solar cell processing, and by efficiency measurements on solar
cells diffused in the same general temperature range as mentioned
above, but under conditions which lead to optimized junction
depths.

b. Experimental Results

Table X presents averaged solar cell efficiencies
for 20 cells from each group of materials investigated.

It is clear that both the short circuit currents and open
circuit voltages are distinctly better for cells fabricated from
material grown in the presence of large oxygen concentrations (OR
material). This efficiency advantage holds for both the quartz
crucible-grown and the CO,-treated ribbon, which were grown at
times separated by nearly“two years and from equipment of totally
different construction,

The materials grown under oxygen lean (OL) conditions, also
separated in time by two years, also show great similarities in
photovoltaic behavior, and for these materials cells of clearly
lower performance are obtained.

An example of the behavior of the diffusion length as a
function of photon flux in cells from this sample is shown in Fig.
5 and the remarkable similarity between the quartz crucible-grown
and the CO,-treated material is quite apparent here, as is the
distinctly“weaker rise of the diffusion length with photon flux
for the material grown from graphite crucibles. -

Figure 6 presents the results of an experiment which was
intended to detail the influence of diffusion temperature. To
facilitate any possible complex formation, the cooling time from
the diffusion temperature to 600°C was chosen to be approximately
five hours. Also, these experiments were carried out only on
ribbon grown from resistance-heat equipment either without (OL) or
with (OR) the addition of CO, to the atmosphere surrounding the
meniscus area during growth.
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Table X.

Photovoltaic Parameters of Ribbon Solar Cells

(See Text)

Simulated AM1 Illumination, 28°C

Growth Parameter

Photovoltaic Parameter

Gas Ambient Crucible 5] v FF T
Type sC 2 ocC
(mA/cm™) | (V) (%)
C02 on/Ar purge Graphite 26,7 .560 | .74} 11,0

C02/off/Ar purge | Graphite 21.8 913} .74 8.25

Ar purge Quartz 27.9 .5089 | .72 11,2
Ar purge Graphite 23,7 .520 1 .71 8.75
CO2 on: 20 samples from two runs, 191/199
CO2 off: 11 samples from two runs, 191/199
Quartz: 1" ribbon RF heated, 1"/minute, 20 samples
Graphite: 1" ribbon RF heated, 1'"/minute, 20 samples
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Qualitatively then, the results for the 850°C diffusion
temperature are indeed very similar to the results in Fig. 5,
which were obtained from material grown at other times, clearly
indicating the generality of these phenomena. It becomes however
also clear that the initial dark diffusion lengths in the as-grown
material are quite generally reduced for all cell diffusion
temperatures. However, the presence of oxygen during growth quite
apparently not only buffers the decrease in the dark diffusion
length at the lower processing temperatures, but also engenders a
much larger increase in L_ with photon flux, the net effect being
that far better solar cells result from "oxygenated" material
processed at lower temperatures.

The infrared measurements which were undertaken hare are
somewhat limited by the fact that these ribbon samples are quite
thin (200 to 250 p) and therefore the detection limits for carbon
(Cs.) and oxygen (0,.,) are somewhat high, even when liquid nitrogen
teméeratures are uséd. However, all the ribbons investigated here
contain substitutiona}scarbon leygls very near the solid
solubility limit (~10 atoms.cm ) with no significant changes
detected after processing,

Thfsdetection_%imit for oxygen in our experiments lies around
~2 x 10 atoms.cm -, and in many cases levels over that limit can
be detected in t?g quartz-g;gwn ribbon, with occasionally very
high levels (~10 atoms.cm ~) being seen. The most general
statement that can be made, though, is that the interstitial
oxygen content in ribbons grown from quartz crucibles is often
inhomogeneously distributed as well as being quite erratic from
ribbon to ribbon.

When CO, is bled into the purge gas around the meniscus
during growtﬁ of 5 cm wide ribbon at slow speeds however, quite
reprodggible contggts of interstitial oxygen in the range of 2 to
5 x 10 atoms.cm result.

c¢. Discussion and Conclusions from These Results

In a phenomenological sense, the results obtained
are quite clear. Oxygen introduction during growth promotes
increased minority carrier diffusion length in solar cells
produced at the lower fabrication temperatures, and, as a
consequence, much better conversion efficiencies are obtained from
such oxygen-treated EFG ribbon, particularly when appropriate
thermal treatments are used during cell preparaticn.

When one compares the results of the heat treatments at
various temperatures, both for ribbons grown without the presence
of oxygen, and ribbons grown in the presence of oxygen, it also
becomes quite logical to conclude that the differences seen are
indeed due to the presence of cxygen in the ribbon. This
conclusion can, of course, be confirmed by the fact that the
ribbons which have been grown in the presence of CO, always
contain detectable concentrations of interstitial o¥%ygen,
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However, such high concentrations of 0O, are obviously not a
pre-condition for the presence of the obserded heat treatment and
injection effects, since these occur equally strongly in the
quartz crucible-grown material, even when pe interstiggal oxygen
is detected, i.e., at levels below ~2 x 10 atoms.cm ~. It
follows then that either only small shifts in O, concentrations
are involved, or that the effects are produced Dy processes not in
fact involving interstitial oxygen at all,.

It is also clear that all these findings raise a number of
perhaps important general questions about the behavior of carbon
and oxygen and their possible complexes with each other or with
various impurities in the EFG ribbon.

However, of more interest in the present context are
practical conclusions which may be reached by considering these
results. Firstly, it appears that ribbons grown from
resistance-heated machines, which have for reliability reasons
virtually always used graphite crucibles, can be supplied with
oxygen and then will, in terms of solar cell performance, behave
essentially equal to ribbons grown from quartz crucibles. One
convenient way to do this, at least at slow growth speeds, is to
supply the meniscus area with CO, and Table XI again clearly
demonstrates the resulting effec%.

However, at. present this effect is apparently not optimized
in such ribbons since 5 cm wide ribbons, grown from RF machines in
a pilot production mode using quartz crucibles, clearly show, on
average, even better results (Table XII). It is obvious therefore
that further study and optimization in this area could
significantly improve the solar cell efficiencies currently
obtained.

In particular, 10 cm wide ribbons grown at high speed (~4
cm/min) will require further exploration, as it seems clear from
present results (Fig. 7), that uniform introduction of oxygen all
along the growth front cannot be obtained using current methods.

Secondly, in a general way, the results presented here show
that the introduction of oxygen into these ribbons provides a
"chemical fix" which "inactivates" a variety of recombination
centers present, Whether the centers being affected by oxygen are
crystallographic defects, carbon related, or just generally
impurity related is not clear at this time.

E. General Conclusions and Future Qutlook
The program then is in a state at the present time where
all the essential elements which are part of the cost scenario
have been demonstrated. That is, “cells of efficiencies of 139%
have been prepared from resistance furnace-grown ribbon, single 10
cm wide ribbons have been grown at speeds of 4.3 cm/min, automatic
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Table XI.

Solar Cell Data of Run 18-199
(Repeatzof 18-191)

1000 mW/cm™; ELH Light,
28 °C; AR Coated; 14 cm

Process Ambient JSc VOc FF n
Condition (mA/cmz) ) (%)
22,2 0.523} 0.738 8.7
18.7 0.499 1 0.723 6.8
CO2 off 22.7 0.530 1 0.732 8.9
18.9 0.501]10.731 7.0
23.1 0.534 ]| 0.760 9.4
28.0 0.570] 0.721 3 11.6
PH3 28.8 0.580 )] 0.698 | 11.8
5 28.1 0.574 1 0.717 } 11,7
900°C 26.4 0.56210.695] 10.4
26.9 0.565 [ 0.730 [ 11.2
CO.. on 27.5 0.573}1 0.727 | 11.6
2 26.3 0.560} 0.730} 10.4
27.3 0.57310.714 1 11.3
26.1 0.56210.7391} 11.0
26.1 0.560}J 0.741} 10.9
25.2 0.55540.738 ] 10.4
26.2 0.563 1 0.7651 11.4

57




Table XII,

Solar Cell Results.
Part of a Recent Pilot Production Run at MTSEC.
(Five cm Wide Ribbon, Induction-Heated, Quartz Crucible.)

Date 8/27/80
Numober of Cells 123
Comments:

CELL NO. AREA(cm2) IRV(mA/cm2) VGOC(V) IF(mAY ISCT{(mA/cm2) FF FlmW/cm2)
1 49,468 0.03 0.546 1428 32.14 0.704 12.36
2 49.£9 0.07 0.549 1399 31.55 0.720 12,46
3 49.48 0.05 0.550 1440 '32.72 0.715 12.34
4 49.68 0.12 0.558 1431 32.77 0.712 13,01
S 49.48 1.91 0.536 1331 31.38 0.677 11.3°
é 49 .48 0.36 0,551 1340 31,17 0.4639 11,84
7 49.68 0.48 0.555 1394 32.37 0,691 12.42
8 49.68 0.00 0.557 13502 32.30 0.732. 13.135
? 49.68 0,08 0.548 1384 30.41 0.735 12.24

10 49,638 0.00 0.548 134346 31.47 0.675 11.43
11 49.48 0.03 0,350 1361 30.33 0.731 12.20
12 49,48 0.02 0.558 1438 32.54 0.723 13.13
12 49.48 0.08 0.551 1402 32,32 0.656 2.4C
14 49.68 0.63 0.514 1244 28.56 0.677 10.09
15 49.48 0.05 0.533 1232 29.82 0.718 11.41
16 A9.68 0.07 0,551 1832 33.06 0.741 13.50
17 49.68 0.03 0,552 1404 30.78 0.740 12.56
18 49,68 0.15 04540 1340 30.96 0.48% 11.53
19 49 .68 0.28 0.557 1074 26.27 0.651 ?.53
%' 49.68 0.08 0.557 14195 31.48 0.727 12.74
60 49,68 0,02 0,557 1493 33.046 0.724 13.34
61 49,68 0.02 0.549 1449 22.24 0,728 12,90
62 49.£8 0,02 0.552 1440 32.42 0.718 12.89
63 49,68 0.03 0,566 1475 33.00 0.737 13,77
44 49.€8 0.00 0.562 1571 33.47 0.733 14,17
&3 49.¢8 0,15 0,547 14035 32.02 0.71%9 12,89
bé6 49.68 V.13 0,352 1422 32.32 0.723 12.88
67 49.¢8 0.07 0.558S 1941 33.41 0.724 13.462
68 49.68 0.18 0,562 1442 32,34 0.725 13.18
49 49.68 0.12 0,546 1502 332,09 0.718 12.97
70 49.,8 0.12 0.5%52 1517 33.29 0.719 13.21
71 49 .48 0.74 - 0.532 1405 32.48 0,701 12.58
72 49.68 0.03 0.557 1516 33,37 0,710 13.18
73 49 .68 0.02 0.547 1394 21.59% 0.721 12.446
74 49 .68 0,02 0.547 1403 31.49 0.729 12.56
75 49.¢8 0.31 0.531 135S 31.11 0.710 11.72
76 49,68 0.17 0.532 1456 32.78 04705 12.74
77 49 .08 0.08 0,544 1342 30.47 0.719 11.30
78 49.48 0.12 0.532 1422 33,02 0.704 12.83
79 4%9.,¢8 0.03 0.537 1502 32.77 0.710 12.98
29 49,48 0,12 0.565 1450 32.61 0.714 12.15
90 49,48 0.17 0,533 = 13861 31,35 0,703 12.18
1 49.¢8 0.12 0.549 1399 31.65 0.719 12,50
92 49.48 0.12 0.569 1479 33.29 0.730 13.82
93 49.48 0.07 0.551 1358 32.02 0.706 12.446
?4 49.48 0,26 0.532 1395 31.36 0.718 12.43
95 49,68 0.10 0,532 1404 31.70 0.719 12.58
?6 49.468 0,21 0,541 1339 31,48 0.674 11,51
97 49,468 0.02 0.3565 1459 32,350 Q.736 13.50
98 49,468 0.02 0.9543 1375 31.25 0,711 12.06
99 49.68 0.08 0.551 1425 32.40 0,702 12.53
100 49.68 0.07 0,550 1419 32.02 0.710 12.50
101 49,468 0,10 0,544 1364 30.469 0.715 11.93
102 49.48 0.00 0.55 1539 33.45 0.744 13.90
103 49 .48 0.13 0.548 1399 31.71 0.718 12.48
104 49,468 0.03 0,535 1440 31.77 0.723 12.75
105 49.48 0.20 0.531 1395 - 31,74 0.709 12.41
106 49,48 0,05 0.339 1174 27.50 0.677 10,04
107 49.68 0.21 0.548 1476 32,386 0.697 12,56
108 49,48 0.18 0.546 13€7 31.57 0.713 12.2%
109 49.48 0,03 0.554 1531 33.3%9 0.727 13.446
110 49,468 0,13 0.564 1541 33,353 0.721 13.64
Mean Value 49,468 0.54 0,551 1416 31.95 G.710 12,352
Siandard Error of Mean 0.208 0.0008 0.108 0.0024 0.080

Total Fower Generated (AM1 Conditions) is 76501.9 nl.
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controls have been developed and tested, and long-term multiple
ribbon growth has occurred on several occasions during the course
of the program, with both 5 c¢m and 10 cm wide ribbon being grown.

All this has to be counted as very significant progress
toward the LSA goals, particularly against the background of doubt
about the EFG method that had been raised in many quarters,
especially so far as the probability of achieving multiple
operation in wide ribbon growth and improvement of cell
efficiencies to the 13% range were concerned., In the materials
quality area also, several exciting avenues have been opened
recently with the discovery of the gas ambient/oxygen effects,
which clearly suggest that further advances will be made.

However at the present time, the program is behind schedule,
inasmuch as the full "Technical Features Demonstration", which has
been set for July 1980, has not yet occurred. It is nevertheless
our opinion that this is a rather minor setback, which could be
easily overcome by another design iteration of the present
equipment. But that would seem to be a waste of effort, as more
progress could be achieved if such a design effort were to be
directed toward part of the equipment which would in fact be used
to achieve the ultimate goals of the program, In other words, we
suggest that information accumulated by now, in conjunction with
the general background of expertise at Mobil Tyco, will allow an
orderly schedule to be designed which has a reasonable chance to
prove the "readiness" of this technology at the end of fiscal year
1983, :

Such an effort, however, will require funding at least at the
present level until 1983, as well as a most efficient execution of
the program, which would have to include a very precise definition
of what is to be achieved at the point of "technology readiness",
in order to have any chance of success.

Thus, after more than three further years of development, we
can only repeat the conclusions of the 9th PIM, namely that there
are no fundamental technical obstacles which would suggest that
the goals of Task II of the LSA program cannot be achieved with
EFG technology.
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IV, 10 cm WIDE RIBBON -GROWTH SYSTEM DEVELOPMENT

The design and construction of a new multiple ribbon furnace
for growth of 10 cm wide ribbon was undertaken in early 1981 when
it became evident that the reconfigured Furnace 16 (JPL No. 3A4)
would not be capable of fulfilling the Technical Features
Demonstration goals set for it in 1980 without a major redesign
effort. These goals called for a multiple ribbon growth run of
eight hours, a growth rate of 4.5 cm/min, a machine duty rate of
85% or better, operational automatic controls on one ribbon, and a
ribbon quality sufficient for 10.2% cell efficiency. The
shortfall in meeting these goals was shown to be caused partly by
cartridge-related deficiencies, and partly by main zone furnace
inadequacies. The program plan for 1981 accordingly called for
optimization work on the cartridge with respect to growth
performance and ribbon quality to continue in single cartridge
furnaces during the construction phase of the new furnace. Prior
to proceeding with this course of action, a standardization of
cartridge components, and main zone configuration, insofar as was
possible, was carried out to place cartridge performance in both
multiple and single cartridge furnaces on a comparable level. The
elements of design that are to be incorporated into development of
the new multiple ribbon furnace are examined in more detail next.
Main furnace and cartridge- related topics are discussed under
separate headings,

A. Main Zone Furnace Design

The new multiple furnace allows for growth of four 10 cm
w1de ribbons, as compared to three for the original Furnace 16, A
more symmetric configuration is achieved by locating two
cartridges on either side of a central melt replenishment unit,
The new furnace is shown in the photograph in Figure 1. The
target operating growth speed has been lowered to 4 cm/min from
the previous 4.5 cm/min, and the extra cartridge provides more
than the necessary compensation for the decreased areal throughput
resulting from this speed reduction. The lower growth speed has
been shown to be attainable with the existing cooling capabilities
in the cartridge already in use, and thus limits the
experimentation necessary to improve performance to acceptable
levels only to optimization studies,

A new melt replenishment unit was incorporated into the
updated furnace design. The original design had proved to be
unreliable when pushed to the limit even for supplying silicon for
growth of three 10 ¢m wide ribbons. The new unit has the
capability to provide for growth of four ribbons, and utilizes
silicon chips rather than the specially shaped solid charge rods
used in the old unit.

Additional changes- that have been incorporated into the new

furnace design improve main zone insulation, the furnace jacket
cooling arrangement, and new power supplies to provide for more
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Fig.

1.

Multiple ribbon furnace for growth of four
10 cm wide ribbons. The final year of
construction of this furnace was funded
entirely by Mobil Corporation.



efficient operation of the main zone,

B. Cartridge Performance

The outstanding factor contributing to the productivity
shortfall in multiple ribbon growth demonstration runs in 1980 was
related to seed ribbon breakage. This breakage occurred
frequently enough to cause appreciable loss of growth time and
cartridge performance degradation due to broken silicon seed
pieces melting on the die and becoming jammed in the growth slot.
The cause of this was recognized as stress increases in seeds
being inserted into the upper regions of the cartridge growth slot
caused by an abrupt decrease in temperature at the cartridge exit,.
A new elongated or “stretched" cartridge has been designed to
change the temperature profile at the linear cooling plate
termination, as illustrated in Figure 2.

Testing and characterization of the elongated cartridge was
carried out in the single ribbon Furnace 17 during 1981, Goals
were to improve growth stability and thickness uniformity at the
target levels of 4 cm/min and 200 um, respectively, and
characterize differences in temperature fields of various
cartridge designs to aid in stress analysis studies. Among the
design variations investigated have been: (1)} profiling the
linear cooling plate to alter its cross section across the ribbon
width; (2) changing the geometry of the growth slot constriction
formed by the inside surfaces of the linear cooling plates, i.e.,
the growth slot dimensions; (3) relocating the afterheater; and
(4) increasing the length of the cooling zone of the cartridge.
Although the longer linear cooling plate design was originally
conceived to counter seed breakage, a significant reduction of the
buckle amplitude and of residual stress levels was observed
immediately in ribbon grown with this cartridge. However, several
other changes in the linear cooling plate and afterheater
configuration were made in this cartridge in addition to
lengthening the cooling zone, and consequently the cause for the
improvements were not immediately evident.

To fully characterize the cartridge temperature fields
resulting from the design changes, temperature profiling of the
linear cooling plates was undertaken. The primary purpose of
these measurements was to monitor center-to-edge temperature
differences. It has been suggested that proper manipulation of
horizontal isotherms may allow compensation for and reduction of
stresses caused by curvature of the vertical temperature profile.

Data typical of that obtained in the region of the
afterheater, i.e., the maximum temperature point of the reheat
region, are compared for several cartridge design variations in
Figure 3. The "standard" configuration denotes the normal length
linear cooling plate system of Figure 2(a), the "reduced stress"
configuration is that of Figure 2(b). Center-to-edge temperature
drops across the cartridge width are observed in all cases, with
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the greatest differences found in the linear cooling plate regions
adjacent to the cold shoes. Moreover, two important differences
are evident between the standard and elongated configurations.

The former has the largest temperature differences of 70° to 80°C,
as compared to only about 30°C for the elongated cartridge design.
In addition, the overall operating temperatures in the afterheater
of the elongated cartridge are somewhat higher than those for the
standard cartridge. Both of these factors could be expected to
contribute to differences in stress levels in ribbon, and may
account for the generally flatter, lower stress state of the
ribbon grown with the elongated cartridge. A further parameter
investigated was the growth slot dimension, or linear cooling
plate spacing. This was decreased from the standard 0.100-0.125
cm opening to 0.080-0.090 cm over the temperature region shown in
Figure 3 in both designs of cartridge. Noticeable reductions in
buckle amplitude and guidance induced perturbations from flatness
were observed with the narrower plate spacing. Without a model
for stress generating mechanisms that may be operative, or
detailed knowledge of temperature profiles in the growing ribbon,
identification of contributions to stress reduction as a result of
such design changes is not possible at this time, However, the
facility to carry out cooling profile changes without impairing
growth performance while obviously decreasing ribbon stress levels
indicates further stress reductions could be anticipated with such
an empirical approach.

C. Ribbon Quality

Aspects of cartridge design that impact on ribbon quality
have been under study in the single cartridge furnaces. Ambient
gas flow pattern and composition control at the growth interface
(meniscus) have been demonstrated there to have a first order
effect on ribbon cell performance., The gas distribution system
developed for the single cartridge was found to be inadequate by
itself to control the interface ambient in a multiple furnace
environment. Implementation of any control there poses special
problems because of the multiplicity of openings (at the cartridge
locations and the melt replenisher). A means to seal off the
ribbon exit at each cartridge location was accordingly developed,
This is illustrated in Figures 4 and 5. In the original
arrangement, all the main zone gases were purged through the
cartridge growth slot (Figure 4). This did not impede successful
implementation of a gas control system in the single cartridge
furnace. Different flow resistances generally exist at each of
the cartridge locations in the multiple ribbon furnace, however,
and thus a constant flow rate at any one location cannot be
guaranteed., In the new ambient control arrangement, additional
control of the cartridge ambient thus was sought by sealing each
ribbon exit, as illustrated in Figure 5.

The combined interface and ribbon exit gas distribution and

control systems were tested in the single ribbon furnace with
positive results. Much tighter control of growth interface region
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ambient gases was evident, and furnace operation was carried out
with greatly reduced total argon purge rates without appearance of
harmful air penetration of the furnace. Optimization of ambient
conditions was required to achieve satisfactory cell performance
with the new gas control configuration. In the course of this
work, significant increases in large area cell efficiency were
obtained. The best results with the new gas distribution system
and the elongated cartridge are compared to previous data in Table
I. For the first time, large area cell efficiencies of over 11¥%
were attained in ribbon grown at 3.5 ecm/min with cold shoes. Cell
efficiencies averaged over a number of runs were between 10 and
11%.
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Table TI. Solar Cell Data for Phosphine Processed Iarge Area (50 cmz)
Solar Cells Made fram 10 an Wide Ribbons.

100 m¥/an’, Xenon Light, 28°C, AR Coated.

0L

o Cell Parameters
Tun No. | Growth Ambient | Speed Average | Diffusion A Woc 133 n [ Mean n
: age " 0
(cnjmin) | Resistitty | Teresh | auajen™ | (v) @ | ®»
o 6.5 ]0.503 |0.608] 8.4
2.5 [0.531]0.705] 9.9
27.7 10.534 ]0.677 | 10.0
17-143 0.2% 00, 2.5 1.5 27 26,2 }0.,530 §0.699 ) 9.7| 9.6
28.6 |0.538 0.631 ] 9.7
26.2 lo.520 fo.717 ] 9.9
26.6 ]0.533]0.896 | 9.9
- 25.3 [0.527]10.667] 8.9
17-174 | Quartz in melt 3.5 1.0 35 26.7 0.5% 10.69071 9.9 9.4
56.8  [0.539 [0.735 [ 10.6
0.3% 00, 27.7 10.545]0.706 | 10.7
17-175 |, "3 pom O 3.5 1.0 36 26.1 |0.537 |o.720 J10.1 ]| 103
27.5 Jo.547}0.641] 9.7
1%, 00, %.4 [0.518 [0.696 | 0.5
17-178 | | 100 ppm O, 3.5 1.0 3 26.2 Jo.517]0.642] 8.7] 91
0.23% 00; 29.0 ]0.525[0.603| 9.2
118U 93 b o, 3.5 4.0 43 28.8 Jo.522]0.713 |10.7]| -0
59.1  ]0.547]0.7% | 11.6
Stretched 28.3 {0.530]0.629| 9.5
cartridpge with 29,7 0.54110.688 J 11.1
17=201 gas seal 3.5 4.0 36 29.3 lo.546 J0.732 |11.7] 11.1
0. 204 (D, 29.8 ]0.537|0.704 | 11.3
+ 29 pun Oz 30.5 Jo0.542}0.669 |11.1
29.8 J0.546 |0.716 | 11.7




V. CONCLUDING REMARKS

At this program's conclusion, the demonstration of the
technology readiness of the multiple ribbon furnace concept for
EFG silicon ribbon remains incomplete. However, individual
milestone achievements for ribbon growth performance in areas such
as speed, thickness, cell efficiency and stress reduction in
single ribbon furnaces indicate that the "1986 technology" goals
of the FSA program are within reach for this EFG technology.
Clearly, the rate of transfer of information crucial to the
success of the multiple ribbon furnace concept from the single to
the multiple ribbon furnace configuration has proven to be a
limiting factor. In this aspect the program has lagged behind the
rate of progress envisioned in the original plan for Mobil Tyco
participation in the U.S. National Photovoltaic Program.

The tasks carried out in support of the development of this
multiple ribbon furnace concept of EFG have produced significant
new technology developments and fundamental research in areas not
previously considered or explored for silicon ribbon production.
In the early stages of the program, new techniques and engineering
design elements were introduced to allow construction of
resistance-heated furnaces in the belief these could ultimately be
operated more efficiently than the conventional induction-heated
furnaces. Graphite crucibles were introduced, both to explore
their potential for reusability, and to eliminate system component
degradation caused by oxygen in the form of SiO released from
reaction of silicon and the conventional crucible material,
silica. The latter was a particular problem in multiple ribbon
furnaces because of their complexity and because of the desire to
establish conditions favoring long-term operation without severe
component degradation or loss, The peculiar problems associated
with processing ribbon grown from graphite crucibles and their
associated low oxygen environment were thoroughly explored. This
led to the discovery that ribbon oxygenation via reactions of the
meniscus melt and ambient gases such as CO and CO2 impacts ribbon
quality and cell efficiency. It was demonstrated®that the
meniscus ambient could be used as an alternative means to guartz
crucibles to provide the oxygen implicated in this phenomenon.
Improvements in cell performance were realized with the
introduction of displaced dies. These were shown to be capable of
influencing ribbon subsurface structure and the SiC density, both
of which were observed to appear more frequently in the normal
resistance-heated furnace operating mode, and to produce more
severe degradation of material quality and cell efficiency, than
was experienced with induction-heating. In the growth ares,
implementation of automatic controls of the ribbon width and melt
replenishment demonstrated viability of growth of many ribbecns at
a time under the control of a single operator, as required 1in the
multiple ribbon format of this mode of EFG, Details of thes2 and
other technology developments and research findings are ccvered :in
depth in the reports, publications, and patents referenced at the
and of this report and in Appendix 7.
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Shortfalls of the existing multiple ribbon furnace unit
operated to the end of 1980 often had origins not anticipated from
observation of growth in the single ribbon furnaces. A number of
factors contributing to control of SiC generation were identified
in the course of operation of the latter. One of these, the need
to control concentrations of certain reactive gases, such as CO,
in the meniscus environment, was of particular concern, and the
technology developed for single ribbon growth was not immediately
transferrable to the multiple ribbon unit. The multiplicity of
openings of the latter was mainly responsible, and new techniques
for total ambient control of the growth interface environment had
to be developed for testing in a more complex format. 1In
addition, the interaction of the main zone and cartridge
temperature fields was observed to become a more significant
parameter in the multiple ribbon furnace as ribbon width was
increased. Special techniques were developed to allow
modification of the multiple ribbon furnace main zone
configuration to reduce nonuniformities in die top isotherms
within individual cartridges which could not be compensated by the
usual control element adjustments,

The reasons for the greater diversity of conditions
encountered in multiple as compared to single ribbon furnace
operating modes that hindered technology transfer appear to be
quite complex. Foremost in consideration is an increase in the
number of factors affecting a given interface environment in the
multiple ribbon furnace., This has often made it more difficult to
identify and separate out the influence of specific operational
parameters and procedures on growth performance and on material
quality that would have accelerated the multiple ribbon furnace
development schedule. This difficulty to isolate the effects of
parameters known to be of relevance has held up the technology
readiness demonstrations perhaps more than any other single
factor,

Whatever the impact of the increase in complexity of
operating conditions may have been in retarding the multiple
ribbon furnace development, certain more fundamental elements
affect the longer term outlook for system performance potential
and also deserve consideration. The most important of these are:

(1) The unavailability of growth system configurations that
preserve the growth speed capability yet significantly reduce
stress below levels presently produced during post-growth cooling,
The manifestations of this have been noted above to be ribbon
buckling and growth perturbations that affect throughput and
ultimately reduce the yield of useful cell blanks; and to an
increase in the density of defects that impact on and perhaps
limit cell efficiency.

{2) The lack of flexibility in choice of growth conditions.

This can impact both on material quality and on throughput and
yield. The primary contributor to this situation appears to be
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the relatively high value of h , the capillary rise height, that
has resulted during system evofsgion to the design that is
implicit in the cartridge concept. The higher h , the smaller
is the range of "safe" operating conditions, or ﬁggiscus
configurations. For the case of the crucial ribbon edge, the
higher h reduces the maneuverability during growth initiation
and the §&£sequent ease of achieving predetermined, or most
favorable growth conditions (meniscus height, ribbon thickness
uniformity, and speed). This becomes more of an issue with
increasing ribbon width. Special design concepts for cartridge
components that control growth were specifically evolved to cope
with this deficiency; these included profiled end and face heaters
and cold shoes, special die designs and radiation shield
configurations, These were introduced in the growth systems for
wider ribbon in an attempt to preserve the die top isotherm
uniformity needed to establish acceptable control and long-term
stability. The success of this approach can be measured in the
demonstration of growth durations without freezes in the five- to
ten-hour range for 10 cm wide ribbon, and in the implementation of
automatic width control systems that maintain ribbon width very
precisely (+ 1 mm) over these time spans without need for any
operator intervention. Yet, these advances have not allowed
definition of growth interface conditions that consistently lead
to homogeneous ribbon of acceptable quality nor promote simplicity
and consistency in operation. Rather, the acceptable "window" for
control element settings that allow growth to be initiated
reproducibly appears to have been narrowed with increasing ribbon
width, In the final analysis, the simplest remedy for this,
lowering of h £52 leads to negation of the original concept of the
cartridge modé& gf operation, that of separation and decoupling of
the main zone and growth interface environment.

(3) Shortfall in large area cell efficiency. Cell efficiency
in cartridge systems has never approached the 12-14% range
demonstrated on the best EFG substrate available to date. At this
time, the reasons for this shortfall and for a generally observed
greater degree of inconsistency in material quality both in single
and multiple ribbon furnace-grown ribbon cannot be attributed to
specific causes, Rather, the suspicion is that the problem may be
related to a lack of flexibility in growth condition selection and
inconsistency in achieving reproducibly favorable (i.e., uniformly
high meniscus) growth interface conditions. The chief
contributing factor for this situation was discussed above in (2):
the relatively large value of h characteristic of the cartridge
mode of EFG. The manifestationegf this is a generally greater
degree of material inhomogeneity and a more frequent appearance of
high concentrations of detrimental defects than found in the best
EFG ribbon., Thus, average performance levels are consistently
depressed even though individual smaller areas of material may
have the required quali*y to produce 13% efficiency. The presence
of a2 more severe post-growth temperature profile leading to
generation of higher stresses because of the presence of the cold
shoes used to enhance sgeed capability undoubtedly is a second



factor that contributes toward exacerbating this situation.
Again, stress reduction becomes an important consideration in the
quest for improvements in cell efficiency.

In summary, it is evident that a number of questions remain
yet to be answered regarding the ultimate potential of the EFG
technology which was developed in this program. Tight scheduling
and funding decreases at critical junctures of the program are
considered to be dominant factors in causing slippage in the 1980
interim Technical Features Demonstration. That these were crucial
elements affecting the timing and success of the program was known
at its conception, and reflected its high risk nature. As noted
above, this situation was complicated by the need to develop new
technology for silicon ribbon production that deviated
significantly from equipment already in use at Mobil Tyco. This
necessitated research in fundamentals of the growth process and
material properties to overcome deficiencies not anticipated on
the basis of known EPFG system characteristics.
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APPENDICES

1. Updated Program Plan

All tasks on the program terminated on December 31, 1981,

Total cumulative man hours and cost plus fixed fee through
December 31, 1981, are 123,335 and $4,596,276, respectively.

All drawings and sketches required were submitted to JPL at
various times during the contract, when the delivery schedules
called for them.

4. Summary of Characterization Data Generated During the

All items of new technology have been reported to JPL,
7. Qther

Bibliography of publications and patents generated during the
program.
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