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ABSTRACT

A multiple growth run with three 10 'm cartridges was car-
ried out this quarter in Furnace 16, with the best throughput
rates and time percentage of simultaneous three-ribbon growth
achieved to date in this system. Growth speeds were between
3.2 and 3.6 cm/minute on all three cartridges and simultaneous
full-width growth of three ribbons was achieved 47% of the time
over the eight-hour duration of the experiment. Improvements
in instrumentation and in the main zone temperature uniformity
have been two factors that have led to more reproducible growth
conditions in the multiple ribbon furnace.

Factors influencing ribbon quality are being investigated
in Furnace 17 through the study of the effect of ambient gas
species and concentrations on material properties. Growth of
ribbon with the cold shoes characteristic of the high-speed
systems has shown that the properties of this ribbon respond to
ambient changes in much the same way as when no cold shoes are
present. The best cell efficiencies attained for 10 cm wide
ribbon grown with cold shoes are still below those obtained
without cold shoes (10-11% versus 12-13%, respectively). It has
also been shown in these experiments that meniscus CO2 and
quartz introduced in the melt (contained in graphite crucibles)
are equivalent in improving the electronic quality of the rib-
bon in these systems.

In Furnace 18, development of a system to grow 10 cm wide
ribbon in the speed range from 3-4 cm/minute without the use of
the conventional cold shces is underway.
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Work on building a new multiple furnace for growth of four
10 cm wide ribbons has been started. This furnace is to be
built in-house at MTSEC's expense and to be introduced into the

JPL program in the last quarter of 1981.

"This report was prepared as an account of work sponsored by
the United States Government. Neither the United States nor

the United States Department of Energy, nor any of their em-
ployees, nor any of their contractors, subcontractors, or their
employees, makes any warranty express or implied, or assumes
any legal liability or responsibility for the accuracy, com-
pleteness or usefulness of any information, apparatus, product
or process disclosed, or represents that its use would not in-
fringe privately owned rights."

iv



—

/= =

o m—

O

(e

—
\

IR

SECTION

II
IiL
Iv

TABLE

I1

II1

v

Vi
VII

VII1

TABLE OF CONTENTS

PAGE
ABSTRACT ....cvvvvevnnnnnnn. e eeeee et 1id
INTRODUCTION . i\itiiieinrnneneeeereeeesenneeennns 1
HIGH-SPEED GROVTH AND QUALITY STUDIES ........... 5
MULTIPLE G.OvIN AND AUTOMATIC CONTROLS .......... 19
CELL AND MATERIALS CHARACTERIZATION ............. 29
REFERENCES ..........ovvvnvinennn. feveeennneaanas 37
APPENDICES .......vvevinnnnnnenecnneennnnnns cve.. 39

LIST OF TABLES

Run and Ribbon Data for 10 cm Wide Ribbon
€3 1 o4 + . 7

IR Spectrophotometric Data for Ribbon Grown under
Different Ambient and Melt Oxygenation Condi- 12
oS e+ -

SPV Lp and Solar Cell Results for Gas Ambient Ex-
periments with 10 cm wide ribbon in Furnace 17 .. 13

Run Data for Multiple 10 cm Wide Ribbon Growth in

Furnace 16 (Model 3A) .........civviininnennnnnns 21
SPV Data for Furnace 16 ..........covevvivvnnnenn 32
Summary of Characterization Data for Multiple Run
No. 16-254 ......oiiviiiiinneenecsnneonananennnns 33
Data for Operation of Standard Cartridge from
Furnace 16 in Single-Cartridge Furnace 17 ....... 34

SPV Data for Series of Experiments in Furnace 17
to Look at Effects of Speed on Material Quality . 35



RN 2 L
PO A
-y

]

|

I. INTRODUCTION

In the past year, all essential elements have been demon-
strated in accordance with the 1986 LSA project goals to quali-
fy EFG multiple ribbon technology as a candidate for production
of low-cost substrates for terrestrial solar cell fabrication.
Solar cells of efficiencies over 13% have been prepared from
resistance furnace-grown ribbon, 10 cm wide ribbon has been
grown at speeds of 4 cm/minute, and automatic controls have
been developed and successfully used during growth of 10 cm
wide ribbon in a multiple ribbon furnace. It remains to inte-
grate all these demonstrated elements into a single multiple-
ribbon furnace for 10 cm wide ribbon that is the prototype unit
of a large-scale facility for production of EFG silicon ribbon
at the low costs necessary to achieve the LSA project goals.
The milestone toward completion of the integration task sched-
uled for 1980, referred to as the "Technical Features Demon-
stration,” has not yet been achieved, however, and so the pro-
gram is behind schedule. iievertheless, the necessary informa-
tion to accomplish this milestone has been gathered, and sug-
gests that it can be achieved by iterations on the present
equipment design; that is, there is no technical basis for be-
lieving that the obstacles are of a fundamental nature. This
view is better expressed by considering in more detail the
progress that has been made in the various areas of development
of the EFG prototype nmultiple growth units and related work.

By the end of 1979, the program had made significant pro-
gress toward a technology for production of silicon ribbon by
the EFG ctechnique that is capable of being scaled to levels re-
quired for low-cost substrates for solar cells. Growth of five
ribbons, each 5 cm wide, with continuous melt replenishment for
15 hours was demonstrated, with a total output of 150 m of rib-
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bon 4t speeds of 3.5 cm/minute and a machine duty cycle of over
90%. Growth of 10 cm wide ribbon in an upscaled version of the
basic system had been shown to be viable, and the fundamsutals
of an automatic control system evolved to a point of understand-
ing sufficient to permit construction of prototype units. Cell
efficiencies up to 11.5% (AM1) had been demonstrated for large
areas (~50 cmz) for ribbon grown in single-ribbon (cartridge)
furnaces at speeds of tha order of 2 cm/minute, and cell effi-
ciencies for ribbon grown in the more complex multiple-ribbon
furnace at speeds of up to 4 cm/minute averaged 9%.

The work in the past year accordingly focused on develop-
ment of a multiple ribbon system for 10 cm wide ribbon capable
of growing three ribbons with continuous melt replenishment and
automatic control capabilities, and on gaining furtker under-
standing of factors that influence material quality in high-
speed growth. The Technical Features Demonstration requirement
for the multiple ribbon furnace for 1980 was for a run length
of eight hours, a growth rate of 4.5 cm/minute, a machine duty
rate of 85% or better, operational automatic controls on one
ribbon, and a ribbon quality sufficient for a 10.2% cell effi-
ciency. In addition, an efficiency-related goal of the demon-
stration of a 13+% cell was required. Significant developments
related to the work toward these goals which occurred in this
past year have been:

(1) Characterization and development of the 10 cm
cartridge to gain a better understanding of the parameters that
control the die top isotherms, hence growth stability and the
maximum speed capability. Reproducible growth conditions and
greatly increased stability and control over ribbon width have
resulted, and growth at speeds of 3.5-4.0 cm/minute is routine-
ly possible with a control level sufficient to make multiple
ribbon growth feasible,

(11) A complete automatic control system for ribbon
width control has been demonstrated. It has been proven highly
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successful in routinely allowing growth of 10 cm wide ribbon
over time spans of the order of hours with minimal operator in-
tervention. This system has been now installed for use with
all three 10 cm cartridges of the multiple-ribbon furnace.

(111) Improvements of cell efficiencies to the range
of 10-11% have been demonstrated for 10 cm wide ribbon grown at
speeds of up to 4 cm/minute. All factors relevant to quality
improvements at higher speeds are not yet fully understood. How-
ever, the ambient composition influence, which has now been used
to achieve cell efficiencies over 13% in lower speed growth sys-
tems, has also been shown tc be operative in the case of higher
speed growth. Optimization of these effects and study of addi-
tional factors which may have an important influence has pro-
ceeded through the utilization of computer modeling to study in-
terface shape effects and mass transport phenomena in the me-
niscus.

(iv) Important processing effects on solar cell ef-
ficiency have been demonstrated. These show the need for the
presence of oxygen during the growth process in ribbon pulled
from melt contained in graphite crucibles, combined with special
thermal treatment sequences during the processing, in order to
maximize cell efficiencies in this ribbon. With proper atten-
tion to these factors, small (~6 cmz) cells of over 13% have
been prepared from resistance-furnace cartridge-grown ribbon.

Several factors have prevented the Technical Features Dem-
onstration, with incorporation of the above developments into
multiple 10 cm wide ribbon growth, from achieving required per-
formance levels. Simultaneous growth of three 10 cm wide rib-
bons for periods of several hours has been demonstrated, but at
speeds and duty rates well below those desired. Curreantly, so-
lar cells made from this ribbon are in the 8% range. Unexpected
irregularities in the multiple furnace main zone and interac-
tion between therm..l fields in it and the cartridge, viz., die
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top isotherms, are the main causes for reduced growth stability
that result in lower speeds and productivity. Seed ribbon
breakage has been an additional contributor to lower productiv-
ity. Work is being continued on finding tractable solutions to
remedy these situations, ar well as characterizing cartridge
configurations that have produced ribbon at the desired speeds
and with the necessary growth stability. With respect to the
quality, the design changes needed to achieve control over the
growth ambient have not been implemented because of the contin-
ued state of development 9f the multiple furnace during prepa-
ration for Technical Features Demonstrations. In summary, the
differences between the incividually demonstrated goals in
single-cartridge growth and the multiple-ribbon furnace per-
formance have well-defined origins, which are believed to be
rooted in the inadequacy of the present design of the multiple
ribbon furnace main zone configuration. The confidence that
this shortfall and related program tardiness can be resolved
simply by design iterations is consequently very high,

.
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I1. HIGH-SPEED GROWTH AND QUALITY STUDIES (J.P. Kalejs)

A. Overview

The 1981 goals for the LSA project that relate to
quality and throughput for 10 cm wide ribbon growth are being
addressed in two separate tasks in the single-cartridge fur-
naces operating under this program. Speed and quality opti-
mization work is proceeding in Furnace 17 using a cartridge
with cold shoes having growth speed capabilities of 4 cm/min-
ute and above. This is aimed at development of a system for
growth of uniform thickness ribbon at 200 um (8 mils) and 4
cm/minute. Improved means of controlling the growth inter-
face ambient composition are being tested in conjunction with

"ribbon quality evaluation for solar cell performance. Cell

efficiencies of 10-11% are now being routinely achieved, with
the goal for 1981 being to attain 12% on large area (50 cmz)
cells. Aspects of cartridge design for increased growth
speed, better ribbon flatness and thickness uniformity are
being evaluated in this system.

Cell efficiencies for ribbon grown in the high speed
(i.e., with cold shoes) systems have not yet attained the
best levels demonstrated for the ribbon grown in the low
speed (i.e., no cold shoes) systems. Experiments are under-
way in Furnace 17 to e¢xamine the extent to which this differ-
ence may be made up by further optimization of growth condi-
tions in the high speed system. The impact on material qual-
ity produced by the cold shoe itself is being investigated in
Furnace 18 (JPL No. 1) through the development of a cartridge
system for 10 cm wide ribbon capable of growth at speeds be-
tween 3 and 4 cm/minute, but without the use of the conven-
tional cold shoe design. Questions of the effect of specific
thermal profiles on ribbon quality and stress, the influence

S




of speed on qualitv, and the possibility of cold shoe introduced
impurities are all under consideration. Comparison of the mate-
rial properties in these twc systems as a function of growth
parameters (speed, ribbon thickness, ambient composition) is be-
ing planned to address these problem areas.

A series of experiments with different ambient gases has
been completed in Furnace 17 utilizing an improved gas distribu-
tion system for control of the ambient composition in the menis-
cus environment. The data show that properties of ribbon grown
with cold shoes respond to ambient changes in much the same way
as when no cold shoes are present. When quartz is added to the
melt, ribbon interstitial oxygen levels increase and cell caar-
acteristics are obtained similar to those observed with ambient
002 introduction but with no quartz in the melt. Thus, the
equivalence of ambient CO2 and quartz addition to the melt in
affecting ribbon electronic properties is established for cold
shoe systems. These experiments have been done at speeds be-
tween 2.5 and 3.5 cm/minute. No changes in ribbon properties
attributed solely to the growth speed variation in this range
are observed on the basis of available data.

Acceptable growth conditions for 10 cm wide ribbon in a
cartridge without cold shoes have been established in work in
Furnace 18. Growth speeds are in the range of 1.8-2.3 cm/min-
ute. Development is continuing to obtain uniform thickness rib-
bon and improve conditions to allow growth at above 3 cm/minute.

B. Experimental
1. Furnace 17

Experiments in Furnace 17 have continued to examine
the influence of the interface ambient and growth speed on rib-
bon properties and solar cell performance. Ribbon doping levels
have also been varied. These experiments are summarized in
Table I.
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Ribbon was grown with essentially identical gas flow con-
ditions in runs 17-143 to -145, with a main zone flow rate of
6 L/minute of argon, and die shield inlet Co2 concentrations
in the range from 1000 to 3000 ppm. In run 17-146, the initial
standard argon gas flow conditions were changed in going to a
main zone purge rate of 9 L/minute. In run 17-147, quartz was
introduced intu the bulk melt, while the combined main zone and
cartridge gas purge rates were maintained in a range from 7-10
L/minute with argon only. The melt was doped to 1 Q-cm in all
these runs, and the gruwth speed was deliberately maintained at
2.5 cm/minute throughout.

A standardized cartridge was reintroduced in runs 17-148
to -150 to compare growth with a new die shield configuration
to that with the standard shield in use in Furnace 16. Growth
conditions with the new shield were poor initially because of
die top temperature imbalances. Further experimentation showed
that changes to the face heater cross section were needed to
compensate for a different temperature distribution at the die
top arising from the new shield. Good growth conditions were
reestablished in the standard cartridge in run 17-157 after
several iterations on the face heater profile.

After run 17-159, complete rework of the main zone power
leads of Furnace 17 was carried out in conjunction with the in-
stallation of a new power supply. This increased by about 30%
the maximum power capability, which had been marginal in sup-
plying enough power for 10 cm cartridge operation.

2, Furnace 18

A new main zone power supply was also installed
in Furnace 18 in this quarter. In addition to providing an in-
creased capacity, it was designed to be more tolerant of load
imbalances on the three-phase power supply. These had increased
in severity and had been disrupting experiments because of the
high operating power levels used in the 10 cm cartridge system.

Il S (e oy ——— —— e
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Experimental work in Furnace 18 focused on the development
of a growth system for 10 cm wide ribbon that will not use the
conventional design of cold shoes. Initial work was carried
out utilizing a standard 10 cm cartridge with the cold shoes re-
moved and a modified linear cooling plate/afterheater combina-
tion. The latter was redesigned to reduce the heat flux onto
the die top from above the growth interface. Growth of fuli-
width ribbon was not possible until the main zone insulation was
modified to increase the cooling of the cartridge walls. With
this arrangement, speeds of 1.5-1.8 cm/minute were achieved.

During the development of this system, it became evident
that a considerable gradient across the die top existed in Fur-
nace 18, which did not completely prohibit growth, but produced
very nonuniform thickness ribbon. The effect of this gradient
had been minimal with the cold shoes in place because the re-
sulting greater vertical temperature gradient provided more
flexibility in finding a face and end heater combination that
would allow growth. Growth conditions were improved markedly
after rework was doze on the main zone heater power leads.

These corrections reduced current imbalances in the three-phase

heater circuit, and consequently the temperature difference over
the 25 cm span of the main zone heater from about 100°C to less

than 20°C. The resulting die top temperature difference was re-
duced from about 10°C to only a few degrees, at which point the

imbalance was within the range that could be handled by the die

top heaters.

The speed capability of the system was increased with the
installation of an extra shield between the die top shield and
the linear cooling plate/afterheater. This acts to reduce the
coupling of the afterheater and the die top temperature fields
to permit operation of the afterheater over a wide range of
power levels without intolerable disruptions of the die top iso-
therm shape. This arrangement is needed to allow study of the
effect of growth speed and post-growth cooling profile varia-

10
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tions on ribbon stress and buckle generation processes. With
the extra shield, growth speeds in the range from 1.8-2.3 cm/
minute have now been realized in this system.

C. Material Quality Considerations (with C.7. Ho, G.M.
Freedman and 3.%. Long)

In a series of experiments carried out with the high
speed 10 cm cartridge in Furnace 17, sources of oxygen in rib-
bon and its effect on ribbon properties have been studied by
using combinations of different ambient gases znd by introduc-
ing quartz into the meit contained in graphite crucibles. 1In
one group of rums, 17-134 to -139, reported in the last quar-
terly report,(l) growth speeds were in the range from 3-3.5
cm/minute; in a second set of runs made in this quarter, rums
17-143 to -147, the growth speed was deliberately maintained
at 2.5 cm/minute throughout. A number of different gases were
used: CO in 17-134, CO2 Plus O, in 17-136 and -137, and CO,
in 17-138, -139, and -143 through -146. Quartz was added to
the melt in runs 17-137, -138, and -147. As-grown ribbon has
been characterized by IR spectrophotometry and SPV measure-
ments; solar cell performance and light enhancement character-
istics have also been examined. The data are summarized in
Tables II and III.

Ambient changes were introduced using a new die shield
configuration, as described earlier.(z) Good uniformity of
the test gases across the full 10 cm wide ribbon was demon-
strated as judged by surface film appearance. Standard or
baseline ambient conditions were chosen by fixing the main
zone argon purge rate at between 6 and 10 £/minute. The rib-
bon grown at all rates'exhibited a surface film, indicating
the level of CO present even at the highest of these was not
negligible. When a test gas was introduced, the main zone
purge rate was set at 6 £/minute. When quartz was added to
the melt in the graphite crucible, the surface film intensity

11
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for the baseline argon purge rates increased somewhat showing
that CO levels were increasing as a result of the added quartz.
Presumably the 810 evaporation from the melt interacts with
graphite to contribute to the CO levels, and CO is additionally
evolved directly from the melt because of the higher oxygen
levels there.

IR-Interstitial Oxygen Concentration: The variations
observed are shown in Table II. Iaterstitial oxygen concentra-

tions from 5 to 18 x 1016 atoms/cc were observed with quartz in
the melt and a standard argon ambient. Aluminum up to 4 x 1015
atoms/cc (~4 Q-cm) was observed in both runs 17-137 and -138,
showing quartz was indeed dissolving.

Adding oxygen-bearing gases to the argon flow in the die
shield in the higher speed runs, 17-134 to -139, reproducibly
raised the interstitial oxygen level. This increase was pro-
portional to the oxygen content of the gas, b.g., CO2 plus oxy-
gen resulting in higher levels than coz alone. CO in run 17-
134 produced only trace amounts even at the highest die shield
concentration. At the same time, a flow of 6 {/minute of argon
was maintained in the main zone, so given concentrations are fur-
ther diluted as the shield gas mixes with thc¢ main zone flow
that predominantly escapes out the growth slot. With argon
only, this level of main zone flow is estimated to maintain a
CO concentration of several hundred ppm and produces a light
film on the ribbon surtface.

Interstitial oxygen levels in runs 17-143 and -146 were
lower than in the earlier run 17-139 at equivalent CO2 flow
rates. The growth speed was the only parameter deliberately
varied between these series of runs, and it was expected that
the ribbon grown at the slower speed might have the higher oxy-
gen content given a constant meniscus source. The reasons for
the lower oxygen content are not known at present.

A mixture of CO2 and 02 produced the highest interstitial
oxygen levels, with the concentration greater when quartz was
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also in the melt (run 17-137) than when none was present (run
17-136). The data also indicate that the effects of ambient
gases and the quartz in the melt are additive in increasing
ribbon interstitial oxygen levels.

SPV Diffusion Lengths: The variation of the diffusion
length with growth conditions is summarized in Table IiI. Gen-
erally, there is always an increase in the SPV values when the
CO or Co2 concentrations initially increase from the baseline
argon flow conditions when there is no quartz present in the
bulk melt. There is also a suggestion that the diffusion length
starts to decrease as the ambient concentration is increased to
higher values. This trend sets in at lower imposed ambient gas
concentrations and lower interstitial oxygen levels for CO than
for CO,: ~500 ppm and [0] ~10%® atoms/cc for €O and -1000 ppm
and above and [0] > 1 x 107 atoms/cc for CO,. For quartz in
the bulk melt, however, a diffusion langth increase with 002
concentration was not observed (runs 17-137 and -138); the dif-
fusion lengths more often varied little, and decreased with CO2
on in one case (run 17-138).

Runs 17-143 and -146 had generally lower diffusion lengths
than the earlier runs made at higher speeds. In addition, as
seen from the data in Section IVB, the SPV diffusion lengths for
all the runs at the lower growth speed of 2.5 cm/minute are gen-
erally poorer than for the series 17-134 to -139, and do not
track the ambient variations consistently.

Solar Cell Performance: All processing was done with
PBa. The results are tabulated in Table III. The demarcation
between ribbon grown with CO2 on and off when there is no quartz
in the melt is clear, and reproduces similar trends observed al-
ready in the case of slower speed growth (2 cm/minute) in car-
tridge systems without cold shoes.(l) However, the best results
(run 17-139 with CO2 only and -147 with quartz) are not as good
as the best results achieved without the cold shoes. When quartz
is present in the melt, the difference between cell properties

15
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with and without co2 disappears with the cell parameters gener-
ally maintaining values in the range expected for the coz-on
conditions.

Light enhancement measurements have already been shown to
track the cell results in that similar dark diffusion length
increases are observed with increasing illumination when CO2 is
introduced as occur with the introduction of the quartz in the
melt.(l) When the quartz is present, moreover, no additional
identifiable changes in light enhancement characteristics are
observed when CO2 is introduced.

Growth Speed Effects: The above discussion has pointed
out that the runs from 17-143 to -146, made at 2.5 cm/minute,
generally did not follow the trends in oxygen content and SPV
diffusion length established in the earlier series of runs, 17-
134 to -139. 1In addition, the solar cell results for these runs
are lower, a fact which correlates with the lower oxygen con-
tent. Given the results, it is clear that deliberately going to
a lower growth speed has not achieved any improvement in mate-
rial quality. More data will be needed to determine whether the
present results have been affected by an unknown contaminant or
whether they are indicative of a real effect due to an addition-
al factor associated with the lowering of the growth speed.

In summary, the data gathered to date show that properties
of ribbon grown with cold shoes respond to ambient'changes in
much the same way as when no cold shoes are present. The SPV
diffusion length increases, interstitial oxygen levels respond,
and solar cell light enhancement characteristics are also repro-
duced. When quartz is added to the melt, interstitial oxygen
levels increase and cell characteristics become very similar to
those observed with CO2 but no quartz in the melt. Thus, the
equivalence of CO2 and Qquartz addition to the melt in changing
ribbon electronic properties is established at least for the
growth and the processing conditions associated with the cold
shoe system and Pﬂa cell fabrication method used here.
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On the basis of the available data, it is found that mate-
rial quality was not improved in ribbom grown at lower growth
speeds. No identifiable influence of growth speed on material
properties is in evidence at this time.

The help of J. Mathias in obtaining the light enhancement
measurements, and A.A. Menna in growing the ribbon is grate-
fully acknowledged.
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II1I1. MULTIPLE GROWTH AND AUTOMATIC CONTROLS (B.H. Mackintosh)
A. Overview

This reporting period follows a quarter in which the
multiple 10 cm ribbon furnace was run for the first time with
the full complement of three cartridges under automatic (video-
based feedback) control. One additional three-ribbon rua was
made in the current quarter. Although the outcome of the mul-
tiple run was the most successful yet, it did not meet the 1980
Technical Features Demonstration (TFD) goals for throughput.
This placed in clear focus the areas requiring progress during
this year as the time approaches for a new EFG experimental
sheet growth unit to be built.

Several of the problems encountered in attempting to oper-
ate Furnace 16 at the level of throughput needed to satisfy the
1980 TFD goals were related to the poor reliability of this
aging piece of equipment. Other shortcomings of this machine
in the areas of both throughput and product quality are related
to the facts that certain portions of the equipment are not yet
sufficiently well developed, and that some aspects of operation
of the system are not completely understood.

The program plan for 1981 calls for a new multiple 10 cm
ribbcn machine to be built and demonstrated as fully operation-
al by the end of the year. Accordingly, during this reporting
period, procurement work was begun on those portions of the new
machine whose design is considered to be finalized. In parallel
with this effort, the experiments and development activities
intended to furnish information for the design of the remaining
sections of the new machine were outlined for the three existing
furnaces operated under this program. The specific problem
areas to be investigated using Furnace 16 are those which are
unique to the multi-cartridge furnace configuration, including
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the following:

e Further refinement of, and characterization of, the
performance of the optical automatic growth control system.

e Control system layout and operator interface; ex-
pandability of the system to an eventual 12-ribbon per opera-
tor production unit.

e Thermal interactions between the main furnace zone
and the growth cartridges; interactions among the cartridges.

e Means to precisely control the flow paths and com-
position of furnace gases.

e Continuous melt replenishment (improved throughput
and reliability; use of feed material in chunk or particle
form).

e Longevity of growth system components in long run
periods.

The work performed during this quarter in relation to
several of these areas is described in detail below.

B. Multiple Ribbon Run 16-254

The setup for the multiple ribbon run performed in
February differed from that of the most successful previous
multiple run, 16-250, in two important respects. Both of
these changes, namely the use of one-piece internal-capillary
dies, anc linear cooling plates with more closely spaced gui-
dance sur'faces, had been tested in single-cartridge runs, 16-
252 and -253. The throughput performance of the system in
run 16-254 is shown in Table IV along with corresponding data
for the multiple runs of the fourth quarter of 1980. While
the throughput of the overall system was better than in pre-
vious runs, the longest period of continuous operation between
freezes of any cartridge was only about 90 minutes. In other
recent runs, continuous periods of between three and five

20
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hours have been observed. Two possible explanations for the
failure of the system to display better long-term stability in
run 16-254 were that higher growth rates were maintained in
21l three cartridges than in previous runs, and that the
"tighter" guidance of the ribbon, implemented to improve its
flatness, was causing binding of the ribbon as it grew out.

A thorough investigation of factors which cause the ces-
sption of growth, and further refinement of the video-based
coantrol system, are important tasks to be carried out using
Furnace 16 in the early part of 1981. Work was done on parts
of this task during the current reporting period, as discussed
in the following sections.

C. Causes of Cessation of Growth; Control System Perform-
ance

To date, the performance of the video-based automatic
growth control system of Furnace 16 has been defined only by
the duration of continuous growth periods between freezes,
which have typically been 1.5-3 hours. There is ro known limi-
tation in the EFG process to the duration of continuous growth
except for deterioration of the die; our experience with vari-
ous EFG furnaces has included many instances of dies displaying
useful life exceeding several days.

We intend, during 1981, to characterize the performance of
the control system in more precise terms, to study the causes
of cessation of growth, and to improve the control system so
that much longer periods of unattended growth are routine. Some
preliminary work on this task was done during this quarter.
This work consisted i an effort to "clean up" th: circuitry of
the overall control s:stem, e.g., to make small circuit modifi-
cations to reduce its susceptibility to the electronic noise in
the general furnace environment, and to remedy some offset and
drift problems. The effects of these improvements will be
tested in the next quarter.
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D. Main Zone/Cartridge Temperature Relationships; Cartridge
eater Power Measurements

Until recently, the operating conditions of the car-
tridges have been defined primarily in terms of temperatures
(setpoints of the temperature control instruments and experimen-
tal temperature measurements). A decision was made during the
fourth quarter of 1980 to monitor the power inputs to the heating
elements of the cartridges, and to consider the ways in which
these mewsuremerts could be used to guide improvements in growth
performance and as a process control or disgnostic tool in & pro-
duction situation. Examples of specific possible uses to which
power measurements could be put are as follows:

(1) The total die heater (face heater plus end heater)
power required to maintain the die top at normal ribbon growth
temperature is inversely related to the heat furnished to the
lower end of the cartridge by the main zZone. Power measurements
from the cartridges of a multiple ribbon furnace thus may be ex-
pected to indicate the relative temperatures of the varicus posi-
tions in the hot zone. These power measurements should also serve
as a neans of establishing the proper setpoint for the main zone
heaters that is independent of calibreiion differences and dif-
ferences in physical placemeat of the control thermocouples,
which must be periodically replaced.

(2) The relative power levels of the left and right die
end heaters may indicate lateral gradients in the main zone tem-
perature profile across cartridge pogitions; measurement of im-
balanced end heater power levels may indicate the need toc further
refine the hot zone temperature profile.

(3) The heating power fed to the end heaters may bear a
relationship to the actual vertical temperature gradient in the
die top near the ends, so that the power measurements may be used
as a prnocess-control input, e.g., for controlling growth rate.
"“Freezes'" of ribbon growth should most frequently occur when the
gradient in the die tip and meniscus near the ribbon edge becomes

23
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zZero. Precise.measurement and control of the actual temperature
of the die tip would be ideal for process coatrol but is con-
sidered impractical; heater power is easy to measure and may
constitute a useful control input, if its relationship with
growth stability can be empirically determined.

An electronic wattmeter specially designed for cartridge
power measurements was built in December 1980, and these mea-
surements have been taken in all runs from 16-250 onward. A
primary purpose of three of the single-cartridge runs made dur-
ing the first quarter was to determine the relationship between
the main zone setpoint and the die heater power level, and be-
tween the die heater power level and the thickness uniformity of
the ribbon grown. The following statements may be made about
these measurements.

The cartridge heater power measurements made in multiple
run 16-254 under a condition of simultaneous full-width growth
of all three stations show a considerable difference among them;
they averaged 1235, 1418, and 1639 watts for cartridges 1, 2,
and 3, respectively. These measurements supplement the '"dummy
load" temperature measuremznts which were the principal means
used in the‘fourth quarter to guide improvements to the tempera-
ture uniformity of the hot zone, and show a gradual temperature
gradient from one side to the other in the furnace.

The experiments which consisted of growing full-width rib-
bon (from one cartridge) at a wide range of main zZone setpoints
showed no clear relationship between the thickness uniformity of
the ribbon and the cartridge power level. There was not a great
difference in the ease with wnich full-width growth could be
maintained as the main zone setpoint was varied in these experi-
ments over a range of 100°C and as the face heater temperature
controller varied the face heater power over the range of ap-
proximately 800 to 1600 watts to compensate. The end heater
controls and face heater setpoint could be manipulated to obtain
ribbon of acceptable thickress uniformity across the width at
all cartridge heater power levels.
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The power levels to the end heaters varied less radically,
e.g., between 80 and 115 watts each, than the face heater power
levels over the 100°C main zone setpoint range. At a median
setpoint for the main 2zone, the end heater power levels re-
quired to maintain a fixed position of the ribbon edge could be
made to vary over an equally wide range by altering the growth
rate and the position of the ribbon edge within the outermost
0.3 cm of the die.

The relationship between the operating power levels of the
cartridge heaters and long-term growth stability has not been
explored. This will be done in the course of an upcoming
series of runs intended to refine and to better characterize
the performance of the automatic growth control system.

E. Ribbon Thickness Uniformity

As mentioned in Section IIID, the thickness uniformity
of the ribbon was closely checked in the single-cartridge runs
in which the cartridge heater power levels were deliberately
nmede to vary. These measurements showed that the current die/
heater/shield/cold shoe configuration used in Furnace 16 can
consistently produce 10 cm ribbon at 3.6 cm/minute, having good
thickness uniformity (t 0.003 cm across the central 9 cm wide
span) and average thickness of 0.020 to 0.030 cm. The necessary
conditions are that the die be accurately machined, be free of
silicon spillage or other features which create isotherm distor-
tions, and that the operator take thickness measurements and use
them to set the growth rate and the height of the central menis-

cus.

F. Ambient Gas Composition Effects

One of the important experimental tasks to be performed
using Furnace 16 in the first half of 1981 will be to determine
the means for precisely controlling the gas flow and composition
around the growth menisci in a multiple ribbon furnace. The
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high outflow rates of argon and the high and widely variable
concentration of CO in this gas stream passing the meniscus
area are considered partially responsible for the inconsistent
quality of the ribbon produced by Furnace 16, which has been
lower than that produced by single-ribbon Furnace 17. As a
preliminary to the design and testing of a gas-control modifi-
cation for the cartridges of Furnace 16, the type of die used
in Furnace 17 was tested in Furnace 16 and adopted as standard.
The major role of Furnace 17 in this year's experimental pro-
gram is to develop means of improving the electronic quality of
ribbon material. When these means are transferred to the mul-
tiple furnace for testing, the results will be more easily in-
terpreted because idcntical dies are used.

G. Construction of New Multiple Ribbon Furnace, Mobil
Tyco No. 21

The machine which will constitute the Experimental
Sheet Growth Unit was defined during this quarter, and procure-
ment of its parts and equipment was begun. It is to be a fur-
nace similar in layout to Furnace 16, but having four 10 cm
growth cartridges and a central melt replenishment system. It
represents one-third of the 12-ribbon per operator production
unit for 10 cm EFG ribbons which was defined by the most recent
SAMICS study for this process. The new furnace is designated
No. 21. 1Its comstruction will be entirely funded by Mobil
Tyco. On November 1, 1981, the new furnace is scheduled to be
incorporated into the JPL program for a final development and
demonstration period.

During the first quarter, the operating experience with the
existing multiple furnace was reviewed, and a number of minor
design refinements were made to those subsystems which are to be
essentially duplicated for Furnace 21, Procurement was then be-
gun on the portions of Furnace 21 which are considered to be fi-
nalized, including the following:
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e Furnace chamber and associated hardware,

e Hot zone hardware, excluding heating elements and
insulation,

e Cartridge power supplies,
e Temperature control instruments,

e Portions of the video control systems, including
cameras and lenses, and

e Main zone power supply.

The portions of Machine 21 which are not yet finalized, and
for which design inputs will be accepted from the experimental
work of Furnaces 16, 17, and 18 until approximaiely July, are
the growth cartridges, the pullers, the automatic growth con-
trol =svstems, and the argon supply plumbing.
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IV. CELL AND MATERIALS CHARACTERIZATION

A. Cell Characterization (L.A. Ladd)

1. Overview

In order to meet the 1981 high efficiency goals
which have beea adopted for cells made from 10 ¢m wide ribbon
grown in high speed systems, we believe that a systematic in-
vestigation on the interrelationships between ribbon growth pa-
rameters, ribbon material properties and cell performance pa-
rameters will have to be made. In particular, it has already
been established that cell performance depends on the availa-
bility of oxygen to the ribbon during growth, the doping level,
the heat treatment that the ribbon undergoes (as during cell
processing), the defect level and the ribborn thickness. Our
objective is to study the interrelationships between these pa-
rameters in a sufficiently systematic manner so as to be suble
to optimize the growth parameters for ribbon from which nigh ef-
ficiency cells can be made which will meet the program goals.
Cell performance also depends upon cell processing parameters,
but an investigation of their effects is not included in the
scope of this work. Cells will be processed, however, using
our best processes as developed on related in-house programs.

2. Approach

In evaluating cell performance, we think it is im-
portant to look carefully at the individual parameters as well
as the overall efficiency. Our approach wiii be to evaluate ma-
terial parameters that separately affect the cell short circuit
current, open circuit voltage and fill factor. For purposes of
discussion, we can group the effect of material properties on
cell properties into two main categories as follows: (1) The

29
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cell short circuit current depends mainly on the minority car-
rier diffusion length, and (2) The cell open circuit voltage
and £ill factor depend mainly on the carrier concentration and
on the level and type of defects and impurities which affect
Junction quality. These two areas of investigation will be
discussed separately below. In evaluating ribbon properties
and cell performance, we are also interested to know whether
there is any fundamental difference between low speed and high
speed grown ribbon, and some experiments to examine this possi-
bility will be done. Some high temperature annealing experi-
ments specifically oriented towards gaining an understanding of
the role of oxygen in EFG ribbon will also be performed.

Our main emphasis in cell evaluation will be to determine
how to obtain cells with high short circuit currents, as this
is the principal shortfall of cells grown from carbon crucibles.
This will involve a study of how to optimize the minority car-
rier diffusion length of ribbon in the as-grown state and of how
to minimize the degradation that takes place during the type of
heat treatments used in cell processing. In order to do this,
we think that it will be important to understand the role of ox-
ygen which is incorporated in the ribbon during growth. It has
been shown that this can enhance the diffusion length of ribbon,
both before and after hzat treatment. Annealing studies to de-
termine the effect of various heat treatments on the diffusion
length and on the interstitial oxygen concentration of ribbon
grown under various gas-ambient conditions will be performed.
The effect of the growth conditions, ribbon oxygen level and an-
nealing on the light enhancement effect will also be determined.

The second area of emphasis in cell evaluation will be to
learn how to increase the cell voltage and £fill factor. This
will be done by: (1) optimizing the ribbon doping level, (2)
optimizing the ribbon oxygen level, (3) studying the effect of
impurity and defect concentrations upon the cell parameters, and
(4) looking at the effect of heat treatment on the cell parame-
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ters. All four of these factors are known to affect the voltage
and £il1l factor of cells.

B. Materials Characterization (J.F. Long)

1. Qverview

Routine characterization of 10 c¢m wide ribbon grown
in Furnaces 16 and 17 was carried out for a number of selected
runs in this quarter. The data for Furnace 16 are given in
Tables V and VI, those for Furnace 17 in Tables VII and VIII.

2. Multiple Furnace 16

A one-piece die design in use in Furnace 17 was
evaluated in runs 16-252 and -253. Comparison of the average LD
values in Table V shows that these were higher with the one-
piece die than they had been previously with a two-piece die
that was used in runs 16-248 to -250. The data for a successful
three-cartridge multiple run are given in Table IV (see Section
II1 for additional details of the run). Some differences in
ribbon properties from cartridge to cartridge are evident, but
more data of this type will be needed to identify trends.

3. Furnace 17

A number of runs were made in the single-cartridge
Furnace 17 with a standard cartridge in use in the multiple
Furnace 16. The diffusion lengths given in Table VII indicate a
marked dependence on ribbon thickness, with the best values for
the thinner ribbon within the range of 25-35 um expected for
baseline material with the System 17 cartridge. The cartridges
in these furnaces differ in two respects: the Furnace 16 car-
tridge uses a profiled cold shoe as compared to a uniform thick-
ness or non-profiled cold shoe in use in the Furnace 17 system,
and it also does not have cartridge gas but utilizes the main
zone purge gas to maintain die top ambient conditions.
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TABLE V
SPY DATA FOR FURNACE 16 - RUNS WITH

t i

Run No. P 3 ]
(Q-cm) | (mm) L:E) [J

16-2481] 1.3 |o.32] 9.7 ”
-2¢0*| 1.1 |o.35]| 7.0 '

-2501] 1.1 }|o.36|19.3 |

-2522| 1.1 |o.32]35.4

[
PO |

oy

oy

1Two-piece die, three-cartridge run.

2One-piece die, single-cartridge run.
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SUMMARY OF CHARACTERIZATION DATA
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TABLE VII
DATA FOR OPERATION OF STANDARD
“CARTRIDGE FROM FURNACE 16 IN
STNGLE-CARTRIDGE FURNACE 17.

Run No. ? T v I;

(R-cm) | (om) | p minute) | (um)

17-148 | 1.4 lo.19] 3.4-3.5 | 36.2

17-151 | 1.2 lo.27] 3.2-3.7 | 28.9

17-152 | 1.6 |o.3s| 3.7-3.8 |17.8
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TABLE VIII
SPV DATA FOR SERIES OF EXPERIMENTS IN FURNACE 17 TO

Run and ) t Gas Flow L
Sample No. | (Q-cm) | (mm) in Cartridge (um)
17-143-14A 1.7 0.461 0.5 {/minute, Ar 24.5

-1B 1.4 0.40} 0,75 L/minute, 0.24% COz/Ar 22,7
-1C 1.3 0.30] 1.14 £/minute, 0.14% OOz/Ar 31.2
17-144-1A 1.2 0.31]1 £/minute, Ar 28.9
-1B 1.3 0.29] 1.14 £/minute, 0.14% COzlAr 28.5
17-145-1C 1.5 0.32] 1.14 {/minute, 0,.14% C02/Ar 32.1
-3B 1.5 0.33] 1.14 &¢/minute, 0.14% Co,/Ar 31.8
17-146-14 1.3 0.32| 2 £/minute, Ar 18.0
-1C 1.3 0.40 ] 1.2 £{/minute, 0.14% CO,/Ar | 30.6
17-147%-1A 1.6 0.41| 2 {/minute, Ar 38.3
-1D 1.4 0.29 | 2 {/minute, Ar 44.2

- -

*Quartz in melt.

POSPRL  E
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Additional experiments with CO2 and quartz in the melt
were carried out to extend the study started in the series of
runs 17-134 to =139 to lower speed growth. coz was the ambient
gas used in runs 17-143 to =-146; run 17-147 was with quartz in
the melt and an argon ambient only. SPV results are given in
Table VIII, and additional discussion and comparison of run
data is given in Section IIC. As seen from Table VIII, response
of the SPV diffusion length to introduction of the CO2 was not
consistent for the runs 17-143 to =146 at growth speeds of 2.5
cm/second.
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APPENDICES

1. Updated Program Plan

An updated plan for the period from March 1, 1981, to
December 31, 1981, has gone into effect.

2. Man Hours and Costs

Previous cumulative man hours were 105,885 and cost
plus fixed fee was $3,862,066. Man hours for the first quarter
of 1981 are 5,806 and cost plus fixed fee is $217,191. There-
fore total cumulative man hours and cost plus fixed fee are
111,691 and $4,079,257, respectively.

3. Engineering Drawings and Sketches Generated During the
ReportIng,BerIoa

None.

4. Summary of Characterization Iata Generated During the
Reporting Period

See Sections Il and 1V,

5. Actions Items Required by JPL

None.

6. New Technology

Any new items of technology will be sejparately reported
pending possible patent action.

39

PRECEDING PAGE BLANK NOT FiLmep



uopjotdwo) pauuetd 298Q 21938 puaBaq
t —

*40°2T T ADUSTOTIId Y3TA
T2 (WO 0G~) ®BaIw a8IBT JO UOTIBIFSUOW(Q

-Urs woxJ sjuswasoxdmy uByssp Jo J3JsSUBIY
Y3y ymoad uoqqis atdyarnu jo juawdoraaraq] (9T#) VE 1dr] 2

i I

. ) *8qUaWaINSBAW T[co JBIOS uoylez
U ! pue ojydexdor(e3siid ‘TBIFJI309T2 FuyoBup| -y1I93d%xey)] & 4
*SWDYISAS SIPTIJIRI-ITIUTS WOIJ UOLY .
T -guLIOJUT JO J3JSUBIY YITA SUNI UAOPINBYUS wbum
T | _ :I;.l#l_ *(9suadxa s,0dSIH 1% PuU8 JHUSIW 38 3uop aq MU
03 JIoa TTB) 3JVUIN] MdU JO UOTIONIJBUOD| T2 SUTYSeW| € <
L | ‘(Tnyesn uaya) %. A
! ! suotgeIIsSuUomWap Ymoad uoqqix aTdrIToN m 0 “
. *STOJRUOD DTBUWOINE YITA (I
' UNJI UOTFBI}SUOWIP INOY-HZ IBPTIIv0-aTHULG m = A
"83TUn oPPTAFI8o-513| °e
I
i
}
!

“Y3aNn0aF uoqQqid oT

e

-J3Tl U 9sh J0J ToX3u0d juajque doyaaaq
*anutu/md

% 98 Y3moa2d J10J SPPTIIABD wo QT dZTwiido] LT SUTYOEW

583 A3TAT30NpOT .

- 5N

PI® 0% sasnBd adeywaaq uoqqyis pasds Lpnig m
"ESaujur] Uoqqii SAoxdwy|

e

09 wajsAs aouwpind uOqQqQId I9333q doTaAas(
“YIMO0IF uoqqQFJd I1dF3inWm Uf 9sn X0J UOF3

I

-gutojuy Ayddns 03 uoqqix IPIA WO QT JOJ
saypnys £377enb pue juajque sed anuyjuo)l (QTUA) T 1dr] 1

- .

T T

8

NNC| XVIR] 9dV] Sv] Ga4] NV T ASVLANS } # ANTHOVW ]ISV

e

18,

TE6T HOd NV'Id WVHDONd OGNV aUNLONMLS NMOMIVANE NHOM
I XIaNdddy




	1981016960.pdf
	0040A02.JPG
	0040A03.TIF
	0040A04.TIF
	0040A05.TIF
	0040A06.TIF
	0040A07.TIF
	0040A08.TIF
	0040A09.TIF
	0040A10.TIF
	0040A11.TIF
	0040A12.TIF
	0040A13.TIF
	0040A14.TIF
	0040B01.TIF
	0040B02.TIF
	0040B03.TIF
	0040B04.TIF
	0040B05.TIF
	0040B06.TIF
	0040B07.TIF
	0040B08.TIF
	0040B09.TIF
	0040B10.TIF
	0040B11.TIF
	0040B12.TIF
	0040B13.TIF
	0040B14.TIF
	0040C01.TIF
	0040C02.TIF
	0040C03.TIF
	0040C04.TIF
	0040C05.TIF
	0040C06.TIF
	0040C07.TIF
	0040C08.TIF
	0040C09.TIF
	0040C10.TIF
	0040C11.TIF
	0040C12.TIF
	0040C13.TIF
	0040C14.TIF
	0040D01.TIF




