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RESEARCH PROGRAM PLAN
 

OBJECTIVES
 

I. 	 Technological assessment of ribbon growth of silicon by
 

a capillary action shaping technique.
 

2. 	 Economic evaluation of ribbon silicon grown by a capil

lary action shaping technique as low-cost silicon.
 

SYNOPSIS OF PROGRAM OF STUDY
 

1. 	 Crystal growth of silicon ribbons.
 

2. 	 Characterization of silicon ribbons.
 

3. 	 Economic evaluations and computer-aided simulation of
 

ribbon growth.
 

iv
 



EIGHTH QUARTER HIGHLIGHTS
 

o 	 bt'r 25 meters of 50 mm wide ribbdn was grown during
 

the quarter;
 

o 	 Aidii heights wtr measured to lie in the range
 

646-6.8 mm for th25 mm thick ribbons.
 

o 	 A single 50'mm Siddoated graphite die has been used to
 

grow 17 ribbons (13 meters) of which 7 were completely
 

free of SiC durfdce particles.
 

o 	 Ribbon stress levels wete measured to lie in the range
 

.
2-7 x 108 dynbs/cm2
 

o 	 A 100-mnV-wide ribbon growth furnace has been designed.
 

o 	 Electrically active d~fects in CAST ribbons were
 

identified at silicon carbide indlusions, high and low
 

angle grain bodndaties high order twinS boundaties,
 

'% multiple st&Wtin4 faultk dislocation bahds and
 

dislocations.
 

The electrical activity of grown-in dislocations due to
 

their low dehsity is only moderate. Grown-in
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dislocations are generated by thermal gradients
 

associated with the growth technique. Their density
 

.
varies from 3 x 103 to 5 x 105 per cm2


0 	 Dislocation bands with densities larger than 106
 

dislocations/cm2 are strongly active. They consist of
 

two groups of dislocations. One group is inclined
 

towards the ribbon surface, while the other is almost
 

parallel to ribbon surface in the growth direction.
 

Both groups of dislocations have the same type of
 

Burgers vectors, a/2 [011] and a/2 [101]. Dislocation
 

networks are formed through the interaction of the two
 

dislocations which leads to the formation of 90 degree
 

dislocations.
 

o 	 Grain boundaries are strongly active. Their formation
 

results mainly from foreign inclusion such as silicon
 

carbide or from the non-accommodation of crystal
 

lattice planes. Such non-accommodation of crystal
 

lattices occurs when two crystals of different
 

preferred orientation, such as [011] and [211]
 

orientations, join. The boundaries contain
 

dislocations and/or ledges which are spaced
 

approximately 0.1 pm apart.
 

o 	 First order (coherent) twins and stacking faults are
 

vi
 



nonactive. Their electrical activity increases as they
 

degenerate into multiple overlapping faults and
 

low-angle boundaries. The low-angle boundaries contain
 

a high density of dislocations. The dislocation
 

spacing ranges from 0.1 to 0.4 pm with an average of
 

0.2 pm. Degenerated twins act as dislocation sources.
 

o 	 Float-zone technology is potentially less expensive
 

than Czochralski technology and, consequently, should
 

be rapidly developed and automated to the level of
 

today's Czochralski technology.
 

O 	 Float-zone technology - can potentially outproduce 

Czochralski technology by a factor of 3. 
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NINTH QUARTER ACTIVITY PLAN
 

o 	 Install and Test 100 mm growth system.
 

o 	 Refine meniscus height measurement and determine
 

process dependencies.
 

o 	 Complete evaluation of SiC-coated graphite die.
 

o 	 Evaluate die materials furnished by JPL.
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CRYSTAL GROWTH
 

by
 

T. F. Ciszek
 

1.0 INTRODUCTION
 

The crystal-growth method under investigation is a capillary
 

action shaping technique. Meniscus shaping for the desired
 

ribbon geometry occurs at the vertex of a wettable die. As
 

ribbon growth depletes the melt meniscus, capillary action
 

supplies replacement material. The configuration of the
 

technique used in our initial studies is shown in Fig. 1 and
 

is similar to the edge-defined, film-fed growth (EFG)
 

process described by LaBelle (') . -The crystal-growth method
 

has been applied to silicon ribbons for several
 

years(2 ,3'4 ) . As our work on silicon ribbon growth has
 

progressed, we have found that substantial improvements in
 

ribbon surface quality could be achieved with a higher melt
 

meniscus than that attainable with the EFG technique. Thus,
 

in our later work we have abandoned the EFG technique in 

favor of the improved capillary action shaping technique 

which employs the capillary die design shown in Fig. 2. 
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Crucible 

Fig. 1. 	A schematic diagram of the capillary action
 
shaping technique for silicon ribbon growth.
 

It represents a departure from the die types used for
 

edge-defined, film-fed growth, in that the bounding edges of
 

the die top are not parallel or concentric with the growing
 

ribbon. The new dies allow a higher central melt meniscus
 

(Fig. 3) with concomitant improvements in surface smoothness
 

and freedom from SiC surface particles, which can degrade
 

perfection.
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Fig. 2. 	Die for improved capillary action shaping technique
 
ribbon growth.
 

Fig. 3. 	Cross section through die and ribbon: (a) central die
 
top before seeding, (b) near edge of die during growth,

and (c) near central region of die top during growth.
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Certain problems still await solution before the technique
 

becomes viable for large-scale economical photovoltaic
 

applications. High-density graphite fulfills the durability
 

and wettability requirements of a die(2) and -has been usedf
 

to date, for most silicon ribbon growth it is not, however,
 

completely non-reactive. Good crystallographic perfection
 

has been achieved on small ribbon seqments(2 '3 ), but the 

structure of large ribbons is marred by planar, line, and 

point defects. 

Our objective in this work is to Attain a plear
 

technological assessment of silicon ribbon growth by the
 

capillary action shaping technique and to enhance the
 

applicability of the technique to photovoltaic power devicg
 

material.
 

In this report, our progress in 50-mm-wide ribbon growth is
 

presented. Twenty-five meters of ribbon were grop 4uring
 

the quarter, more than half of which wap shppd with a
 

single SiC-coated graphite die, Menispus geometry has bepn
 

detailed. Meniscus heights 9f 0.6-0.8 mm are jtypical for
 

0.2 to 0.4 mm thick ribbons grown by the CAST method. Seven
 

ribbons completely free of SiC surface partigles and eleven
 

ribbons with a particle density of < 3 x :19-3/cm 2 were
 

grown. Stress levels of the 50 mm ribbons were found to e
 

.
in the range of 2-7 x 108 dynes/cm2 A 100-mm-wide ribbon
 

growth system has been designed,
 



2.0 GROWTH EXPERIMENTS 

2.1 General Description
 

Forty-nine growth runs were made since the last reporting 

period, resulting in 36 silicon ribbons. The total length
 

was 28.8 meters, of which 24.8 meters was 50 mm wide ribbon 

and 4 meters was 38 nm wide ribbon. Minimum thicknesses 

ranged from 0.09 to 0.82 umt, and maximum thicknesses ranged 

from 0.17 to 1.10 mm. The fastest growth rate attained to 

date was for ribbon 70411. The thickness was 0.15 mm at a 

4-cm/min growth rate. The ribbon growth runs made since the 

last reporting period are summarized in Appendix I; the 

dimensional characteristics of the ribbons are given in 

Appendix II. Several 50 nm wide ribbons are shown in
 

rig. 4. 

Two die materials were found to be suitable for CAST growth.
 

One is Ultracarbon UT-44 graphite (runs 70407-70412). The
 

other is an impervious SiC-coated die using Ultracarbon 

UT-86 graphite as a substrate. A considerable number of
 

runs were made to evaluate long term performance of one die 

made from this material (runs 70413-70604). Other process 

parameters addressed during this period were meniscus 

height, dopant distribution, and ribbon stresses. 

Crystal Growth 5 



Fig. 4. Several 50 mm-wide CAST ribbons approximately
 
1 meter in length.
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2.2 Evaluation of an SiC-coated Graphite Die
 

The primary objective of growth runs 70413 through 70604 was
 

to monitor the performance of a single SiC-coated graphite
 

die. The graphite grade was Ultracarbon UT-86, and the
 

impervious SiC coating was applied by chemical vapor
 

deposition. The die has been used for 24 growth attempts in
 

14 melt-down cycles and has produced 17 ribbons of total
 

length 13.1 meters. The SiC particle density for individual
 

consecutive ribbons and also the accumulative density (total
 

SiC particles/total area grown) are summarized in Fig. 5.
 

The accumulative SiC particle density was 1.3 x 10- 3/cm2
 

2
after 2 x 103cm of ribbon had been pulled and rose to 9 x
 

2
10-3/cm 2 after 4.5 x 103cm of ribbon had been grown from
 

the die. After 6.5 x 103cm 2 of growth, the accumulative
 

particle density was 1.6 x 10-2/cm2 . The rise in
 

accumulative particle density is largely due to two ribbons
 

which had abnormally high densities of 7.1 x 10- 2/cm2 and
 

1.3 x 10- 1/cm2 . One of these (70601) occurred during a run
 

in which the graphite heat shields were replaced.
 

Discounting the two high density ribbons, the accumulative
 

SiC particle density was 3.7 x 10-3/cm2 . Another way of
 

expressing this result is that, on the average, one particle
 

occurred after each 0.54 meter of growth.
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Fig. 5. 	Silicon carbide particle densities for 17 ribbons
 
grown from a single SiC-coated graphite die.
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Another example is shown in Fig. 9, where during the first
 

day of operation (Monday) the equipment remains idle for 4.3
 

hours, or 26.6% of the workday. In a more flexible pro

duction environment, 3.4 hours of overtime (2.5 + 5.2 - 4.3)
 

would have resulted in a second crystal for the day. This
 

problem does not happen to occur with the FZ case 
(Figs. 8,
 

10, and 12), since the conditions (technology parameters)
 

are such that two crystal starts per day can be readily
 

scheduled.
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A statistical break-down of the die's performance is given
 

in Table I.
 

TABLE I. 	Statistical Break-down of SiC Particle Pick-up with
 
SiC-coated Die.
 

Range of total No.of ribbons Area of ribbons Percentage 
SiC particle with particles with particles of Total 
Count in the range in the range area grown 

0-60 17 6575 100 
0-30 16 6120 93 
0-10 15 5740 87 
0- 2 13 4535 69 
0 7 2570 39 

SiC particle densities of < 3 x 10-2 /cm2 are not unusual in
 

the CAST growth configuration with graphite dies, and upon
 

occasion a ribbon is grown with no particles -- particularly
 

when a very high melt meniscus is maintained. However, the
 

large number of ribbons with zero or < 2 particles seen with
 

the SiC-coated die has not been encountered before with
 

graphite dies. The difference in particle pick-up between
 

graphite and SiC-coated graphite dies is not thought to be
 

related to a difference in solubility. The dissolution(5)
 

and solid contamination (2) characteristics of SiC and C in
 

silicon have been shown to be similar. The difference may
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be due to the nature of the nucleation sites for
 

crystallization of excess 
SiC from the carbon-saturated
 

liquid silicon at the SiC die top. If the SiC die material
 

promotes better adherence of SiC grown from solution than
 

does graphite, then less free particulate SiC would be
 

available in the meniscus region for incorporation in the
 

growing ribbon. 
This concept has neither been verified nor
 

disproved, as yet.
 

2.3 Meniscus Height Measurements
 

A technique was established for meniscus height measurement.
 

The meniscus is photographed at a known viewing angle, e,
 

relative to the horizontal plane. For example, the meniscus
 

of Fig. 6 was photographed at an angle of 52-1/20. The 

distance from the seed to the solid-liquid interface at the 

time of the photograph is noted. Then, after growth, the 

ribbon thickness, trt at the location photographed is
 

measured. The die-top thickness, td, is measured prior to
 

the growth run. The apparent meniscus height, m, is
 

obtained from a densitometer scan of the photographic
 

negative (Fig. 7) using a Joyce, Loebl and Co. Ltd.
 

double-beam recording microdensitometer model MK III CS.
 

Once m, 9, tr, and td are known, the meniscus height, Nx,
 

can be obtained graphically as shown in Fig. 8. In this
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Fig. 6. Meniscus photograph of ribbon 70410:
 

width,50 mm; speed, 19 mm/min.
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Fig. 7. Densitometer scan of meniscus region on photoqranhic 
negative. The anparent meniscus height m is obtained 
after dividing the scan distance across the -rniscus
 
by the magnification of the negative ! (usually
 
about 0.4).
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analysis, it is assumed that the ribbon grows at the
 

geometrical center of the die-top as shown in Fig. 8. While
 

a number of menisci have been photographed, analysis has
 

been completed on only a few. One series of measurements
 

was made with a 50-mm-wide die having a 2.01 mm central
 

thickness td, a 0.41 mm slot dimension ts, a 0.84 mm edge
 

thickness, and a 1.73 mm deviation from flatness of the die
 

top (6 in Fig. 2). The meniscus height hm was found to
 

increase from .53 mm to 0.75 mm as the central ribbon
 

thickness decreased from .42 to .23 mm.
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Fig" 8. Meniscus configuration in CAST ribbons.
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At hm = 0.75 mm, the ribbon is considered to be growing in
 

the high meniscus mode of the capillary action shaping
 

technique. The meniscus cross-sections for the two values
 

of hm are shown in Fig. 9. This Figure, along with Fig. 10,
 

which is drawn from the data of reference 6, gives a
 

comprehensive view of the growth geometry for the high melt
 

meniscus mode of the Capillary Action Shaping Technique.
 

For comparison, in the EFG growth technique the meniscus
 

height is 9.,06 mils (0.23 mm) for a 9.5 mil (0.24 mm) thick
 

ribbon (7)( 
. The factor of 3 increase in meniscus heights is
 

a key advantage in obtaining smooth, low SiC particle
 

density ribbons by the CAST method.
 

2.4 Dopant Distribution in 50 mm Ribbons
 

In our 6th Quarterly Progress report, a study of spreading
 

resistance on silicon ribbons grown from various die
 

configurations was made (8) . It was shown that open-channel
 

dies (2-piece design) produce the most uniform transverse
 

ribbon dopant distribution in 38 mm wide ribbons although a
 

band of higher dopant concentration still tended to be
 

present (Fig. 8 of ref. 8). We have done similar
 

measurements on a 50 mm ribbon grown from a 2-piece die and
 

still find an enhanced dopant region in the near-central
 

area of the ribbon (Fig. 11). The transverse measurements
 

were made on a lapped, 4.670 bevel surface extending across
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M __ 

E DIET 

Fig. 9. Meniscus cross section for two values of ribbon
 
thickness, using a 2 mm central die, top thickness.
 
At 0.75 mm meniscus height, the ribbon is considered
 
to be growing in the high meniscus mode.
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2mm 

Fig. 10. Top sectional view, drawn to scale, of the die top
 
and the silicon ribbon during capillary action
 
shaping technique growth in the high melt meniscus
 
mode.
 



the width of the ribbon. The variation of spreading
 

resistance with depth into the ribbon was checked by making
 

measurements down the bevel both near a high resistivity
 

region (point A of Fig-. 11) and a low resistivity region
 

(point B). In both cases, excellent uniformity was observed
 

in the thickness dimension (Figures 12 and 13).,
 

2.5 Ribbon Stresses
 

Since breakage of ribbons during sawing has been a problem,
 

a few runs were made with thermal modifiers near the ribbon
 

edges to see if residual stress levels could be lowered
 

(runs 70506-70510). Stress levels were determined by
 

splitting the ribbons at the tail-ends and measuring the
 

split width, s, as a function of distance, L, from the tip
 

of the wedge-shaped crack or split opening. This was also
 

done for several thin older ribbons not grown with thermal
 

modifiers. Stresses were calculated in two ways. One
 

method, suggested by M. Leipold (9) , is to use the expression
 

a = WYs, (1) 

2
 
4L 


where a is the stress in dynes/cm2 , W is the ribbon width,
 

and Y is Young's modulus [1.9 x 1012 dynes/cm2 for (111)
 

silicon]. Generally, maximal values of L were used. The
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second method was to find the seven coefficients for a
 

sixth-order polynomial least-squares fit for s vs L. The
 

first and second derivatives ds/dL and d2s/dL2 were then
 

evaluated, and the stress was calculated, as an average,
 

over all values of L of the expression
 

a 	 WY d2 s/dL2 (2) 

4 [1 + (ds/dL)2 ] 3/2 

as proposed by Hurley and Pollock (1 0) . The second method is
 

very sensitive to the accuracy of the s-vs-L measurements
 

and to the shape of the least-squares-fit curve and gives
 

generally larger and less consistent values. The results
 

obtained are given in Table II.
 

TABLE II. Stress Values in Silicon Ribbons
 

2
W Y s WY d2s/dL Minimum Growth
 
Ribbon -- _' 4 Li + (ds/dL)RI] 3 7 Thickness Speed
 
No. (dynes/cm2) (dynes/cm2 ) W (cm) (mm) (mm/mi
 

x 108 5 x 108
70308 2.7 4.95 .14 23
 
70417 3.7 x 108 6 x 108 4.95 .09 20
 
70508 4.8 x 108 --- 4.4 .95 16
 
70509 3.5 x 108 7 x 108 4.7 .50 16
 

I 

The ribbons grown with the thermal modifier (70508 and
 

70509) could not be brought tb full width (hence they are
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thicker because of the CAST growth geometry). Their stress
 

levels were no lower than those of the normally grown
 

ribbons. All stress levels measured were moderate and of
 

comparable magnitude to those seen in 25- and 38-mm growth.
 

Even though measured stress levels in 50-mm-wide ribbons are
 

only moderate, considerable breakage occurs when they are
 

sawed into sections. A technique developed by F. Newman
 

has reduced the saw breakage. The ribbon is intimately
 

waxed to a lava substrate which has previously been waxed
 

(with a higher-temperature wax) to an aluminum support bar.
 

The bar can be mounted in a vise on a Micro-Mech diamond
 

sawing machine. A 7.6-cm-diameter x 0.19-mm-thick blade is
 

used at 450 RPM and at a lateral travel rate of 3 cm/min.
 

The key to reducing breakage appears to lie in not cutting
 

through the entire ribbon thickness in a single pass.
 

Rather, the cut is made in several passes with a 0.25-mm
 

increase in depth per pass.
 

3.0 100-mm System Design
 

Design of a 100-mm growth system has been completed, and all
 

parts have been submitted for fabrication. An assembly
 

drawing is shown in Fig. 14.
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The chamber is designed to fit the hydraulic puller
 

currently being used for 50-mm growth and will utilize the
 

same vacuum system. The design consists of a clear uncooled
 

quartz chamber fitted with cooled metal endplates. RP
 

heating with an exterior coil will be used although
 

provisions are made for an interior smaller coil if
 

necessary. The hot-zone and pulling port will accommodate a
 

100-mm maximum width. Numerous inert-gas, electrical, and
 

sensor feed-throughs are provided for versatility.
 

The sizing'of the hot-zone components is as follows:
 

ITEM Max O.D.(mm) Min I.D. (rm) 

Crucible 113 108
 

Susceptor 138 115
 

Insulation 170 145
 

Furnace Shell 193 181
 

The crucible capacity is 500 grams.
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Appendix I; Ribbon Growth Experiments Performed During the Current
 
Reporting Period 

.Die 


Run idth Die Experimental
 
No. (rum) Material Variables Results
 

70302 50 DFP-2 	 Repeat of 70301 con- None
 
ditions.
 

70303 50 DFP-2 	 Installed new quartz Froze, unable to
 
insulator tube. Ad- maintain full-width
 
justed right argon growth.
 
flow balancing tube.
 

70304 50 DFP-2 Repeat. Silicon splashed on 
I die and ruined it. 

70305 38 DFP-3-2 	Standard growth con- 114-cm ribbon.
 
ditions, to produce
 
ribbons for cutting
 
experiments.
 

70306 50 DFP-3-2 	Photographic record- Good ribbon. Meniscus
 
ing of meniscus heights under eval
heights, at speeds of uation. Susceptor
 
1.5-3.2 cm/min. New broke on cool-down.
 
die. Photos not sharp.
 

70307 50 DFP-3-2 	As above, except con- 92-cm-long ribbon.
 
stant pull speeds of Meniscus heights
 
1.9 cm/min, while under evaluation.
 
varying temperature Photos not sharp.
 
and argon flows.
 

70308 50 DFP-3-2 	Meniscus heights photo- Five photos made.
 
graphed at constant Ribbon is 120 cm long,
 
temperature, but yary- 0.14-0.19 mm thick in
 
ing argon flows and central region.
 
pull speed. Also to Stress calculated to
 
measure ribbon stress, be 3 x 108 dynes/cm2
 

by measuring split
 
widths. Photos not
 
sharp...
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Die 
Run Width Die Experimental 
No. (mm) Material Variables Results 

7030c 38 DFP-3-2 

70310 38 DFP-3-2 

70311 50 DFP-3-2 

70312 50 DFP-3-2 

70313 50 Ultra-
carbon 
UT-44 

70314 38 DFP-3-2 

70401 50 DFP-3-2 

70402 50 DFP-3-2 

70403 50 DFP-3-2 

Standard cohditiohs, 

to grow ribbon for 

cutting experiments, 


Also increased argon
 
flow from furnace bot
tom to avoid fogging
 
of quartz furnace tube.
 

Standard conditions, 

to grow ribbons for 

cutting experiments.
 

New die 2PA-502. 


2P501 die (new). 

Photograph of me-

niscus directly (no 

water filter), 


New die. New graphite 

material. Design 

2PA501. 


Standard process to 

grow ribbon for cut-

ting experiments.
 

Evaluate thicker die 

top (1.3-mm edges, 

2-mm center). 20-mm/ 

min growth speed. 


Repeat. 


Repeat. 


90 cm x .55 mm thick
 
ribbon grown. No
 
change in fogging.
 

114 cm x .4 mm x 38
 
mm.wide ribbon.
 

None. Die not seated
 
in holder. Flooded.
 

Photos of meniscus
 
much sharper without
 
water filter. Good
 
looking ribbon.
 

Two short pieces of
 
ribbon grown, but
 
froze out. Die
 
ruined.
 

78-cm-long ribbon
 
grown.
 

27-cm ribbon. Very
 
rough. 0.95 mm thick
 
at edges/.66 mm thick
 
in center.
 

110-cm-long ribbon
 
grown, 0.39 mm thick
 
in center.
 

All growth attempts
 
with this die have
 
been easy to start.
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Die
 
Run Width Die Experimental
 
No. (in) Material Variables 


7040L 50 DFP-3-2 Repeat. Die was 
splayed from previous 
run. Argon flow di-
rected at front of 
furnace tube to avoid 
oxide build-up. 

7040 50 DFP-3-2 Repeat. Splayed die 
closed again at growth 
temperature. Will 
pull crucible nearly 
empty for reuse. 

70406 50 DFP-3-2 Reused crucible from 
previous run. Photo-
graph meniscus with 
this 1.3-mm to 
2-mm-thick die. 

70407 50 UT-44 Evaluate new die ma-
terial and design. 
Die is 0.82 mm thick 
at edges and 1.99 mm 
thick in middle, 
Top has 1.7-mm devi-
ation from flatness. 

70408 50 UT-44 	 Repeat. 


70409 50 UT-44 	 Repeat, photograph 

meniscus at 20-mm/min 

growth speed. 


70410 50 UT-44 	 Repeat, more meniscus 

photographs. 


Results
 

Easy to start.
 
111-cm-long ribbon
 
grown. Quartz tube
 
stayed clear through
 
run.
 

Crucible OK for reuse.
 

Five photos made.
 
Will be analyzed.
 
64-cm-long ribbon
 
grown.
 

Meniscus photographed.
 
Nice looking ribbon 35
 
cm long x 50.1 mm wide
 
x .55 mm thick at
 
edges (.28 mm in
 
middle).
 

Temperature lowered
 
too far. Ribbon froze.
 

80 cm x 50 mm x .50
 
mm thick ribbon. 3
 
photos made.
 

Five photos made. 110
 
cm x 50 mm x .4 mm
 
thick ribbon.
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ie
 
Run idth Die Experimental
 
No. (mm) Material Variables Results
 

70411 50 UT-44 	 Repeat, to explore Attained speed of 40
 
faster pull speeds. 	 mm/min for a distance
 

of 11 cm. Then froze.
 
Dendritic surface
 
morphology developed
 
at fast speeds. Over
all length is 1Q4 cm.
 
Thickness,ranged from
 
.30 to .15 mm (the
 
latter at 40 mm/min).
 

70412 50 UT-44 	 Repeat, but at slow No dendritic features.
 
speed (18 mm/min) to Ribbon is thicker
 
see if dendritic sur- (.48 mm) at slow
 
face morphology speed.
 
recurred.
 

70413 50 SiC/ Evaluate SiC-coated Very smooth reflective
 
Graphite graphite die. 20-mm/ ribbon. Zero SiC parti

min growth speed. cle density. 82 cm x
 
50 mm ribbon. .85 mm
 
thick at edges/.35 mm
 
thick in center.
 

70414 50 SiC/ 	 Repeat at 26 mm/min. Thinner ribbon (.65
 
Graphite 	 edge/.27 center) 23 cm
 

long. Again zero SiC
 
density but ribbon
 
has some morpholog
ical features in a
 
thin central strip.
 

70415 50 SiC! Repeat. Temperature lowered
 
Graphite too far. Ribbon froze.
 

70416 50 SiC/ Repeat, 20-mm/min 62-cm-long ribbon.
 
Graphite speed. Thicker (.6-.70 in
 

center). Two SiC
 
particles on surface
 
(density .006/cm2 ).
 
Same rough features
 
present as in run
 
70414.
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Run idth Die Experimental
 
No. (mm) Material Variables 


70417 50 SiC/ Repeat, 20-mm/min 

,raphite speed photograph 


70418 50 	 SiC/ 

Graphite 


70501 50 	 SiC/ 

Graphite 


70502 50 	 SiC/ 

Graphite 


70503 50 	 SiC/ 

Graphite 


70504 50 	 SiC/ 

Graphite 


70505 50 	 SiC/ 

Graphite 


70506 50 	 SiC/ 

Graphite 


meniscus. 


Repeat of above. 


Die material 

performance test. 

18 mm/min growth
 
speed.
 

Repeat. 


Repeat. New thick 

susceptor.
 

Repeat. Added argon 

flow directed at 

backside of ribbon. 

20-25 mm/min growth 

speed. 


Repeat, but no argon 

flow to ribbon back-

side. 16 mm/min. 

growth speed. 


Repeat. Heat shields 

placed at edges of 

ribbon. New
 
susceptor.
 

Results
 

Very smooth, thin
 
(.09-.15 mm in
 
central region)
 
ribbon. Zero SiC
 
particle density.
 
Similar appearance
 
to run 70413.
 

79-cm-long, smooth
 
thin ribbon (.11-.18
 
mm in central region).

One particle (.003/cm2 )
 
on entire surface.
 

60cm x 5cm x .32 to .70mm
 
ribbon. Zero SiC density.
 

Ribbon pulled out upon
 
reaching full width. Seed
 
broke.
 

None. Could not seed.
 

82cm x 5cm x 0.30 to 0.68mm
 
ribbon. Zero SiC particles.
 
Backside of ribbon clean,
 
but now front side has oxide
 
power coating. Seed was
 
loose and ribbon shifted
 
laterally several times.
 

76cm x 5cm x 0.37 to 1.00mm
 
thick ribbon. 0.071 SiC
 
particles per cm2 . Susceptor
 
broke during unloading.
 

Froze upon reaching full
 
width.
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Die 
Run Width Die 

No. (mM) Material 


70507 50 	 SiC/ 

Graphite 


70508 50 	 SiC/ 

Graphite 


70509 50 	 SiC/ 

Graphite 


70510 50 	 SiC/ 

Graphite 


70511 50 	 SiC/ 

Graphite 


70512 50 	 SiC/ 

Graphite
 

70513 50 	 SiC/ 

Graphite 


70514 50 	 SiC/ 

Graphite 


Experimental
 
Variables 


Repeat. 19 mm/min. 

growth speed. 

Meniscus photos made.
 
1.2cm x 2cm heat
 
shields placed on
 
susceptor rim near
 
ribbon edges.
 

Repeat, 16 	mm/min. 

speed. 


Repeat. 


Repeat. 


Repeat. Heat 

shields at edges 

removed. 25 mm/min
 
speed.
 

Repeat. 


Repeat. 18 mm/min. 

speed. 


Repeat. 


Results
 

61cm x 5cm 	x .25 to .55mm
 
ribbon. Zero SiC density
 

31cm x 4.4cm x .95 to 1.2
 
ribbon. 0.013 SiC partic
 
cm2 . Stress level 4.8 x 1
 
dynes/cm2,
 

72cm x 4.7cm x .50 to 1.0
 
ribbon. Difficult to rea.
 
full width 	with shields.
 
SiC density 0.002/cm 2 .
 

Froze at 19cm length. .0.
 
Sic particles/cm2 . Width
 
4.3cm 2 .
 

120cm x 5cm x .16 to .62mr
 
ribbon. Zero SiC density.
 

Froze during seeding.
 

120cm x 5cm x .30 to .88nm
 
ribbon. .015 SiC particle
 
cm2 . Right side pulled out
 
during seeding.
 

Could not achieve proper
 
seeding conditions.
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Die
 
Run Width Die 

No. (mm) Material 


70601 50 	 SiC/ 

Graphite 


70602 50 	 SiC/ 

Graphite 


70603 50 	 SiC/ 

Graphite 


70604 50 	 SiC/ 


Experimental
 
Variables 


Replaced upper and 

lower shields. 

They had warped. 

Growth speed 16mm/min,
 

Repeat (continuing 

long-term evaluation 

of die first used 

in run 70413). 20 to
 
30mm/min growth speed.
 

Repeat @ 17mm/min 

growth speed. 

Took meniscus photos. 


Repeat (continuation) 


Results
 

91cm x 5cm x .40 to .68mm
 
ribbon. 0.13 SiC parti
cles /cm 2 . Rough surface.
 

121cm x 5cm x 0.18 to 0.63mm
 
ribbon. 0.005 SiC parti

.
cles /cM 2
 

130cm x 5cm x 0.15 to
 
0.79mm thick ribbon.
 
0.002 SiC particles/cm2 .
 

Could not seed.
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Appendix II. Dimensional Characteristics of Silicon Ribbons
 
Grown Since Last Reporting Period
 

Seed Usable Thickness, (mm) 
Ribbon Orientation Length Width (mm) Seed Tail 
Run No. Axis Surf (cm) Max Min Max Min Max Min 

70305 110 100 114 37.4 37.1 .70 .36 .60 .28 
70306 110 100 108 49.7 49.4 .73 .38 .64 .20 
70307 110 100 92 49.5 49.2 .55 .36 .60 .35 
70308 110 100 120 49.5 49.2 .50 .19 .48 .14 
70309 110 100 90 37.6 37.1 .75 .55 .60 .52 
70310 110 100 114 38.1 37.9 .62 .42 .92 .33 
70312 110 100 85 49.2 48.8 .78 .25 1.08 .40 
70314 110 100 78 37.6 36.5 .82 .60 .56 .45 
70401 110 100 27 49.1 48.2 .85 .75 1.02 .58 
70402 110 100 110 50.2 49.1 .65 .45 1.00 .33 
70403 110 100 18 48.7 47.2 .90 .82 .95 .72 
70404 110 100 111 49.7 48.6 .60 .70 .64 .38 
70405 110 100 51 49.0 48.5 .95 .82 .90 .70 
70406 110 100 64 49.3 48.7 .92 .73 .42 .32 
70407 110 100 35 50.5 50.1 .50 .28 .60 .28 
70409 110 100 80 50.4 47.4 .52 .40 .70 .50 
70410 110 100 110 50.5 49.7 .61 .40 .52 .42 
70411 110 100 104 50.5 49.7 .21 .15 .17 .15 
70412 110 100 50 49.8 49.6 .65 .45 .52 .48 
70413 110 100 82 50.1 48.6 .80 .37 .92 .32 
70414 110 100 23 49.3 47.6 .65 .35 .64 .27 
70416 110 100 62 49.4 46.9 .92 .75 .92 .57 
70417 110 100 86 49.5 49.4 .36 .15 .60 .09 
70418 110 100 79 49.4 47.0 .56 .11 .42 .18 
70501 110 100 60 49.6 49.2 .52 .35 .70 .32 
70504 110 100 82 49.4 45.4 .68 .31 .65 .30 
70505 110 100 76 49.9 46.7 .84 .43 1.00 .37 
70507 110 100 61 49.5 47.4 .55 .42 .37 .25 
70508 110 100 31 44.6 43.9 1.10 .95 1.20 .95 
70509 110 100 72 47.7 47.0 .96 .72 1.04 .50 
70510 110 100 19 42.8 42.1 .70 .50 .95 .72 
70511 110 100 120 49.9 49.4 .60 .25 .62 .16 
70513 110 100 120 49.8 49.2 .88 .42 .84 -30 
70601 110 100 91 50.5 50.3 .60 .40 .68 .42 
70602 110 100 121 50.1 49.8 .63 .40 .60 .18 
70603 110 100 130 50.1 49.6 .60 .22 .79 .15 
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STRUCTURAL AND ELECTRICAL CHARACTERIZATION OF SILICON
 
RIBBONS
 

by 

K. Yang and G. H. Schwuttke
 

1. INTRODUCTION
 

Silicon ribbons grown by the capillary action shaping
 

technique have a unique defect structure. Typical for
 

ribbons grown under steady state conditions are various
 

amounts of linear and planar defects. Such defects
 

influence solar cell efficiency to different degrees
 

Previously it was shown that the total defect density in a
 

ribbon section is not representative of its solar cell
 

efficiency(1). Thus, it was concluded that the electrical
 

activity of crystal defects in CAST ribbons can vary
 

significantly (l) .
 

This report describes a study primarily concerned with the
 

identification of electrically active crystal defects in
 

CAST ribbons. First, the electrically active defects are
 

identified through EBIC contrast in the scanning electron
 

microscope (1'2 ) . Subsequently, the crystallographic
 

structure of a specific defect is analyzed through
 

37 



transmission electron microscopy. 	Finally, its influence on
 

minority carrier lifetime is determined through MOS C-t
 

measurements.
 

2. MEASUREMENTS
 

Based on electrical measurements 	and preliminary structural
 

investigations, ribbon quality can be classified into four
 

categories. This classification is 	shown in Table I.
 

TABLE I. Classification of Ribbon 	Quality
 

Lifetime Solar Cell
 
Range Efficiency*
 

Class (psec) (M) 	 Dominant Defects
 

I 1 to 10 5 to 8 	 First order (coherent)
 
twins, stacking faults,
 
dislocations below
 

2
104 /cm .
 

II 0.01 to 1 3 to 5 	 Higher order twins,
 
multiple stacking
 
fadlhs, low-angle grain
 
bodhdarie , dislocations
 
above 104 /cm2 .
 

lII < 0.01 1 to 3 	 Grain boundaries, dis
locations above 106/cm2 .
 

IV 	 Not -- Siliconcabide dendrites 
Measurable on surface. 

STANDARD 10-500 8 to 12 None
 
Cz
 

*Measured without anti-reflection 	coating
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Accordingly, the different ribbon quality groups are related
 

to certain lifetime and solar cell efficiency ranges.
 

Although this classification, was originally conceived
 

phenomelogically, experience has shown that it presents a
 

good guideline to solar cell efficiency obtainable from
 

ribbon sections of certain perfection. The following 

investigations have produced results in support of this 

original classification. 

2.1 EXPERIMENTAL
 

Examples of ribbon sections representing the different 

quality groups listed in Table I are shown in Fig. 1. MOS 

capacitors were fabricated on such ribbon sections, 24 na x 

60 mm, or 50 mm x 60 a iW: size. Normally, 36 capacitors 

of 1.5 mm diameter were placed on a section. In some cases, 

high density masks with 400 capacitors were used. The two 

masks are shown in Fig. 2. Subsequently, generation 

lifetime of each capacitor was measured using the MOS C-t 

technique. After the lifetime measurements, the EBIC image 

of the MOS capacitor was obtained in the SEM, as described 

in reference 2. Thus, the subsurface defect structure in 

the silicon was displayed and qualitative information about 

the electrical activity of the crystal defects under the MOS 

dot was obtained. After the SEM investigation, the Al MOS 
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a. Perfect crystal b. Dislocations in boundary and in left crystal section 
1.5 psecLifetime: 825 ±sec Lifetime: 

d. Dislocations and low-angle boundary 
c. Dislocations and active boundaries 

Lifetime: 0.02 psec
Lifetime: 0.145 pisec 

Defect pattern and lifetime distribution.
Fig. 1. 
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oEI POORIQUALIY 

Fig. 2. (a) Low density and (b) high
 
density MOS capacitor mask as
 
used for the evaluation of
 
lifetime for silicon ribbons.
 
Dot size for both (a) and
 
(b) is 1.5 mmn.
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0 dots and the SiO2 were stripped of the ribbon surface and 


some MOS areas were Sirtl etched to reveal the crystal
 

defects under the MOS dot in the optical microscope. A
 

comparison of EBIC picture and optical picture allowed one
 

to differentiate between the electrically active and the
 

non-active defects. However, most of the MOS capacitors
 

were punched out after stripping Al and SiO2 as 2 mm disks
 

(not Sirti etched) and processed for TEM investigations.
 

Before TEM investigations, the corresponding EBIC image of
 

the MOS capacitor was studied. Details were obtained about
 

the defect state in the silicon under the MOS dot as well as
 

information was obtained about the electrical activity of
 

the defects in the silicon under the MOS dot. Subsequently,
 

the defects were analyzed in the TEM. A good correlation 
 0 
between defect state, type of defect, its influence on 

generation lifetime, and its electrical activity was thus 

possible. 

2.2 RESULTS
 

2.2.1 DEFECTS IN CLASS I RIBBONS
 

The most obvious defects encountered under steady state
 

growth conditions are linear boundaries which are visible in
 

the ribbon surface even prior to etching. These boundaries
 

0 
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tend to grow parallel to the ribbon edges. While the
 

majority of these boundaries are twins or stacking faults,
 

some of them are multiple stacking faults or low angle grain
 

boundaries. The electrical activity 
of these boundaries
 

depends on their crystallographic nature and 
can vary
 

significantly. This is illustrated in Figs. 3. The EBIC
 

picture of 
Fig. 3a shows that most of the linear, parallel
 

boundaries displayed in the optical micrograph of Fig. 3b
 

are electrically 
 nonactive except those at positions
 

indicated by F and L. The 
activity is moderate for
 

boundaries at F but is strong for boundaries at position L.
 

Figure 3c is an optical micrograph of area A indicated in
 

Fig. 3b at higher magnification and shows that the nonactive
 

boundaries are free of dislocation etch pits. TEM
 

micrographs of this type of boundary are shown in Figs. 4a
 

and 4b 
 for ribbons of [011] and [211] surface orientation,
 

respectively. These two 
surface orientations, especially
 

the [0111 are preferred orientations under steady state
 

growth conditions. Twinning occurs in the (111) plane
 

perpendicular to the [011] 
surface but inclined to the [211]
 

surface. Using TEM image characteristics associated with
 

twin boundaries and stacking faults the boundaries in Figs.
 

4a and 4b are 
analyzed as first order (coherent) twin
 

boundaries and stacking faults (3 )
. Dislocations in or
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a
 

.400 A 	 L1 4F 
F 

L FI 
 F2 

b 

Fig. 3. 	 (a) EBIC micrograph showing
 
that most of the linear,
 
parallel boundaries dis
placed in the optical
 
micrograph of (b) are
 
electrically nonactive
 
except for those at the
 
position indicated by
 
F and L.
 



C 

Fig. 3. (c)Area A of Fig. 3b at higher 
magnification. The nonactive 
boundaries are free of dis
location etch pits. Pits
 
are observed along F1 and F2.
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a 	 b 

Fig. 4. 	 TEM micrographs showing that the nonactive boundaries
 
are either coherent twin boundaries or stacking faults.
 
(a) (011) and (b) (211) surface orientation.
 

0 	 0
 



between these nonactive boundaries, if any, are of very low
 

density. There is only very weak electrical activity
 

connected with such crystal areas.
 

Electrical activity of dislocations depends on type,
 

distribution, and density. It can vary from weak to strong.
 

First, we discuss homogeneously distributed dislocations.
 

An example is seen in the EBIC image shown in Fig. 5a. The
 

corresponding optical micrograph obtained after Sirtl
 

etching is given in Figure 5b. A small area out of Fig. 5b
 

is shown magnified in Fig. 5c.
 

The electrical activity of dislocations can be described by
 

the product of minority carrier lifetime (T) and dislocation
 

density (ND). For the 60 degree dislocations in ribbons, we
 

find experimentally that ND x T a 0.5 sec-cm-2 .
 

This would indicate that a dislocation density of 5 x
 

105/cm2 results in a lifetime of 1 psec. Thus dislocation
 

densities of up to 105/cm2 are of relatively low electrical
 

activity and acceptable in ribbon section.
 

The crystallographic nature of such dislocations was
 

investigated. TEM studies show that for ribbons of [011]
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a
 

400 
b 

Fig. 5. (a) EBIC micrograph showing
 
the electrical activity of
 
dislocations. (b) The
 
corresponding optical micro
graph obtained after Sirtl
 
etching.
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Fig. 5. 	 (c) A small area of 5 (b) at
 
higher magnification showing

dislocation etch pits. The
 
dislocation density, ND* is
 
about 1 x 105 per cm2.
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0 surface orientation, the dislocations are of the 60 degree 


type with Burgers vector either parallel or inclined to the
 

ribbon surface.
 

The dislocations are generated by stresses produced through
 

the relatively large thermal gradients associated with the
 

CAST growth technique. The density of dislocations (ND)
 

thermal stress effects can be estimated
resulting from 


according to: ND - (a/a)6AT where a - 5 x 10" 6/OC, is the
 

expansion coefficient of Si, a - 5.42 x 10" 8 cm, is the
 

lattice constant of Si, and 8 A T is the deviation from the
 

average thermal gradient A T at the interface. The 

deviation from the average thermal gradient at the growth 

front is estimated to be approximately 1000C. This yields a 

dislocation density of approximately 104/cm2 , in good 

agreement with the density observed in the ribbons. 

Quite frequently a second type of dislocation arrangement
 

occurs in CAST ribbons. Typical for this arrangement are
 

dislocations piled up against twin boundaries in the slip
 

directions. Such dislocation pile-ups lead to interesting
 

interactions between twin boundaries and dislocations. As a
 

result of this interaction, twin boundaries deteriorate and
 

become electrically active.
 

A TEM micrograph of suca a boundary section is shown in
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Fig. 6 for a ribbon of [211] surface orientation. Figure 6
 

shows that the slip dislocations pile-up against the linear
 

boundary. In this area, the boundary degenerates into
 

multiple overlapping faults. The structure of this boundary
 

is remarkably different from the structure of nonactive
 

twins and faults shown in Figs. 3a, 4a and 4b. The
 

degeneration of this boundary is at least partially due to
 

the interaction with the slip dislocations. A mechanism for
 

a possible reaction has been proposed by Friedel(41: 

a/2[lTO] + a/b[T121 * a/31T1I -* a/b[211] + a/6[011] 

This mechanism suggests that a slip dislocation with Burgers 

vector a/2[1T10] in the (11T) slip plane reacts with a twin 

dislocationb = (a/6)[T12] in the [1TI] twin plane to form a 

Frank dislocation a/3 [11T]. The Frank dislocation 

disassociates into a Shockley and a stair-rod dislocation.
 

In Fig. 6, the straight dislocations (marked S) in the [011]
 

direction is most likely a stair-rod dislocation. It should
 

be noted that the slip dislocations located approximately in
 

the [011] or [1011 directions are 60 degree dislocations;
 

such dislocations are electrically active due 
to their
 

dangling bond structure. Quite often different types of
 

linear boundaries of moderate activity are also observed.
 

An example is shown in Figs. 7. Upon Sirtl etching, such
 

boundaries show a high density of dislocation etch pits.
 

This can be seen in Fig. 7a. 
Note that the dislocation
 

density between such boundaries in a grain is very low. A
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Fig. 6. TEM micrograph showing dis
location piling-up against
 
a twin boundary in the slip
 
direction.
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a b 

Fig. 7. (a) Optical micrograph showing that after Sirtl etching,linear boundaries of moderate activity reveal a high

density of etch pits. (b) TEM micrograph showing that

the boundaries in (a) consist of segments of stacking
faults bounded by partial dislocations.
 



0 TEM micrograph showing these boundaries is given in Fig. 7b 


for a ribbon of [211] surface orientation. Fig. 7b
 

indicates that the boundaries consist of segments of
 

stacking faults bounded 
by partial dislocations. The
 

bounding partials 
arrange in a <110> direction. It is
 

evident that the etch pits observed after Sirtl etching
 

result from the emergence of these partials at the ribbon
 

surface.
 

It also can be seen that the fringe contrast associated with
 

these faults changes in two neighboring segments. The
 

change in fault contrast is due to the change in fault
 

nature. 
 It changes from intrinsic to extrinsic or vice
 

versa. An 
example is givcn in the bright-field and in the
 

dark-field images of Figs. 
7c and 7d, respectively.
 

According to established constrast criteria (3 )
, the fault
 

nature 
is intrinsic for segment I and extrinsic for segment
 

I:. These types of stacking faults have been observed in
 

deformed nickel by Murr (5) . He considers a single intrinsic
 

stacking 
fault as a one-layer twin with the twin boundaries
 

characterized by intermixed regions of 
(h.c.p.) structure.
 

An extrinsic stacking fault, 
 (two overlapping instrinsic
 

faults) is therefore a two-layer twin with contacting h.c.p.
 

regions. In effect, N-stacking faults on every (111) plane
 

form an N-layer twin.
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Fig. 7. (C) The bright-field and (d) the dark-field images
 
showing that two neighboring segments of a fault aredifferent in nature. Segment I is extrinsic and 

a' segment II intrinsic. 



Therefore, the faults shown in Fig. 7b can be considered as
 

multiple layers of overlapping twins. The intrinsic
 

segments are one-layer twins, and the extrinsic segments are
 

two-layer twins. The fringe contrast arising from a
 

three-layer twin is relatively weak.
 

2.2.2 DEFECTS IN CLASS II RIBBONS
 

Ac ribbon quality degrades, dislocation bands and
 

degenerated linear boundaries are the dominant defects in
 

silicon ribbons. Such defects are strongly electrically
 

active and are shown in Figs. 8a and 8b. It can be seen
 

that boundaries at position L are much more active than the
 

boundaries at position F. Fig. 8c is a high magnification
 

of area A indicated in Fig. 8a, and shows differences in the
 

etching characteristics of boundaries at positions L and F.
 

While boundary F is revealed as a sharp line, conical etch
 

pits are seen along the boundary L. Linear boundaries of
 

such etching behavior are low-angle grain boundaries. This
 

is supported by the following observation: Conical pits are
 

also observed along such boundaries whenever they are etched
 

from the backside as it is done for TEM specimen
 

preparation. The etch pits are similar to the one observed
 

along low-angle tilt boundaries in germanium (6).
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Fig. 8. (a) EBIC micrograph showing that
 
dislocation bands and degenerated

linear boundaries are strongly

electrically active. (b) The
 
corresponding optical micrograph

of (a).
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Fig. 8. (c) Area A of Fig. 8 at highest mag
nification. Note differences in the
 
etching characteristics of boundaries
 
1,and F. 
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The TEM micrograph of a low-angle grain boundary L for a
 

ribbon of [011] surface orientation is shown in Fig. 9. The
 

boundary L as well as the twin planes T are in the (I1)
 

plane perpendicular to ribbon surface. The specimen was
 

tilted into the {T21} zone to display the dislocation
 

structure in the boundary. Figure 9 shows that the boundary
 

consists of parallel dislocation arrays in the <110>
 

directions. The spacing between these dislocations ranges
 

from 0.1 to 0.4 Um with an average spacing of 0.2 Um. Most
 

of the dislocations are out of contrast for the (11T]
 

reflection in the {T21} zone and also for the [131]
 

reflection in the {013} zone. Thus the Burgers vector, b,
 

of these dislocations is a/2 [101].
 

The misorientation B between the grains A and B associated
 

with the boundary can be measured directly from the
 

diffraction pattern of a selected area (SAD). This is done
 

in the microscope by adjusting the surface normal of grain
 

B, the [011] axis, almost parallel to the main beam as shown
 

in Fig. 9. The misorientation between grains A and B is
 

measured as the shift of the [011] axis with respect to the
 

main beam. The SAD of grain A shows that the shift is
 

approximately two [1111 spacings in the [ITi] direction.
 

From -the Bragg equation, one [1111 spacing corresponds to
 

0.46 degrees for 200 Kev electrons. The misorientation is
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TEM micrograph showing dislocations 
associated with a 


Fig. 9. 

low-angle grain boundary. The misorientation between
 
grain A and B as measured from the shift of the [011] 

axis (0) with respect to the main beam (X) is about 0.920.
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therefore approximately 0.92 degrees. Thus, the boundary is
 

a low angle tilt boundary with the rotation axis in the
 

C21T] direction. This direction is the growth direction.
 

The misorientation, is only 0.22 degrees if calculated from
 

the dislocation 
spacing D (taken as 0.2 pm). However, it 

should be noted that in some cases, the shift of the surface 

normal is in the [0T11 direction rather than in the [iTi] 
direction. Thus, the boundary is not of the pure tilt type
 

but is a mixture of a tilt and a twist boundary.
 

Although areas of low dislocation densities have a
 

negligible influence on the minority carrier lifetime high
 

dislocation 
densities as present in dislocation clusters or
 

bands (Fig. 8c) represent areas of strong electrical
 

activity. Again, a Burgers 
vector analysis of the
 

dislocations in such clusters was made. 
For the sample area
 

shown in Fig. 8c, different TEM micrographs were recorded
 

using different operating reflections (g) in the <011> and
 

<112> zones. Examples of these micrographs are given in
 

Fig. 10a through 10e. The results are summarized in Table
 

II.
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Fig. 10. 
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TEM micrographs for the determination of Burgers vectors of 
band dislocations. (a) 022, (b) 111, (c) 400 (d) 131 and 
(e) 311 reflection. 0P 0 



TABLE I. Burgers Vector Analysis of Dislocation
 
Bands
 

g Burgers 
Disloca- for Dislocation Vector Dislocation 
tion No. Invisibility b Direction 

1 11T, 13T a/2 [101] [110] 

2 400, TT a/2 [o1T] (110] 

3 11T, 13T a/2 [101] 

4 400, 3TT a/2 (OlT] 

5 400, T a/2 [01T]
 

Accordingly, the dislocations have Burgers vectors of the
 

a/2 <110> type, either parallel or inclined to the (011)
 

ribbon surface.
 

There are two groups of dislocations distinctly different in
 

their line directions. One group, dislocations #1, 2 and 3,
 

in Table II is inclined to the surface and the other,
 

dislocation #5 in Table II is nearly parallel to the surface
 

in the [211] growth direction. Both groups have similar
 

Burgers vectors. Stereomicrographs reveal that the inclined
 

dislocations tend to stay in a <110> direction whenever they
 

are in the neighborhood of a linear boundary. Their
 

orientation becomes ill-defined when they move away from the
 

boundary. An example of such inclined dislocations present
 

in a relatively small grain of several microns in size and
 

bounded by two linear boundaries is shown in Fig. 11.
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The long dislocations with line directions directed into the
 

growth direction are observed at a relatively large distance
 

from a linear boundary. Fig. 12a shows such long
 

dislocations. The Burgers vectors of these dislocations is
 

either a/2 [01T] or a/2 [101], and is the same as found for
 

the inclined dislocations (Fig. 11). The formation of these
 

dislocations is observed independent of surface orientation.
 

Another example of long dislocations for the [211] surface
 

orientation, is shown in Fig. 12b. This type of long
 

dislocation directed along the growth direction has also
 

been observed in silicon web-dendrite crystals(7 ) In
 

dendrites, their occurrence is stress induced and is the
 

result of liquid entrapment in the dendrite-fillet region.
 

The similarity of such dislocations in web-dendrite and in
 

CAST ribbons is shown in the x-ray topographs of Figs. 13a
 

and 13b. Both have the same Burgers vector.
 

In most cases, the dislocations assume an intermediate
 

structure between these two groups of dislocations. A
 

stable configuration is formed through interaction of
 

dislocations with different Burgers vectors. Such 

configurations are shown in Fig. 14a and 14b. Quite often, 

triple nodes are observed which form according to the 

reaction: (a/2) [011] + (a/2) [101] * (a/2) [110]. This 

reaction results in a reduction of half the dislocation
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Fig. 11. 	 TEM micrographs showing arrays of inclined
 
dislocations in a grain bounded by two
 
linear boundaries.
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OPvFig. 12. TEM micrographs showing dislocations lying nearly
parallel to the ribbon surface and running in the
 
ribbon growth direction in ribbons of (a) (011)

and (b) (211) surface orientation.
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Fig. 13. 	 X-ray topographs showing that
 
dislocations tend to align in
 
the growth direction in (a)
 
web-dendritic crystals and in
 
(b) CAST ribbons.
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Fig. 14. TEM micrographs showing two examples, (a) and

(b)-, of stable dislocation configurations
 

formed through interaction of dislocations
 
with different Burgers vectors.
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energy. The resultant segments, with Burgers vector b = a/2
 

[110], are in the IT101 direction. Thus, they are 90 degree
 

dislocations with the unfavorable (001) slip plane. The
 

movement of dislocations of type #5 in Table II is retarded
 

through this reaction.
 

The misorientation of the grains across the boundaries and
 

the detailed structure of such boundaries as shown in Figs.
 

8 through 11 were also investigated. The misorientation 

ranges in general from 0.5 to I degree off the uiTij 
direction. A typical structure of such a boundary as viewed 

from a [211] projection is shown in Figs. 15a and 15b.
 

These boundaries consist of multiple overlapping layers of
 

stacking faults or twins. Note that quite often they act as
 

dislocation sources. While one end of a dislocation is
 

emitted from a boundary, Fig. 15a, the other end is still
 

pinned at the boundary. This suggests that the emission of a
 

dislocation may result from the defaulting or from the
 

detwinning of such a boundary. The formation of dislocation
 

loops and dislocation lines as a result of such defaulting
 

processes can also be clearly seen in Fig. 15b. Figure 15c
 

shows that one dislocation loop and two dislocation segments
 

are about to be emitted from a linear boundary.
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(a) (b) (c) 

Fig. 15. TEM micrographs showing that (a) a dislocation segment,
 
(b) dislocation segments and loops and (c) one loop and
 
two segments as indicated by arrows are about to be
 
emitted from a linear boundary.
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2.2.3 DEFECTS IN CLASS III RIBBONS
 

As ribbon quality continues to degrade, grain boundaries as
 

well as other active defects become more predominant. Grain
 

boundaries show strong electrical activity as shown in Figs.
 

16a,b and 17ab. Figs. 16c and 17c show also that a high
 

etch-pit density is typical for dislocation bands. However,
 

close to the grain boundaries the dislocation density is
 

relatively low. The structure of the grain boundaries
 

obtained after chemical etching (Fig. 16c) appears similar
 

to that of the low-angle grain boundaries, shown in Fig. 8c
 

at positions L. As shown later by TEM analysis grain
 

boundaries contain a high density of closely spaced
 

dislocations. The strong electrical activity of grain
 

boundaries arises from such dislocations. Grain boundary
 

dislocations in silicon ribbons are not revealed by chemical
 

etching.
 

The electrical activity of various crystal defects ranging
 

from nonactive parallel twins to strongly active dislocation
 

bands and grain boundaries is again illustrated in Figs.
 

17a,b.
 

Grain boundaries are the result of non-accommodation of
 

two crystal lattices at the intersection of two crystal
 

grains. Under steady-state growth conditions, silicon
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Fig. 16. (a) EBIC micrograph showing
 
that grain boundaries and dis
location bands are strongly
 
electrically active. (b) The
 
corresponding optical micro
graph of (a).
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Fig. 16. (c) Area A marked, in Fig. 16b at higher
 
magnification. Note a high density of
 
dislocation etch pits.
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Fig. 17. (a) EBIC micrograph showing
 
electrical activity of grain
 
boundaries at position "L".
 
(b) Optical micrograph corres

74 ponding to (a).
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Fig. 17. (c) Area A in Fig. 17b at higher
 
magnification shows high etch-pit
 
density in dislocation bands. Note
 
relatively low density close to
 
grain boundaries. Note etch pits
 

(V in boundaries at positions L. 
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ribbons assume a preferred surface orientation of [011] or
 

[211]. These orientations tend to minimize surface energy.
 

In addition, the occurrence of [211] surface orientation can
 

also result from the twinning of [011] ribbons. Quite
 

often, grain boundaries form when ribbon crystals of such
 

preferred orientations meet. Two types of boundaries are
 

thus obtained. One appears to be a zigzag boundary with a
 

high density of dislocations piled up against the boundary.
 

The optical micrograph of this type is shown in Fig. 18a.
 

TEM micrographs of such boundaries are shown in Figs. 18bc.
 

In the TEM micrographs a dislocation pile-up is evident on
 

both sides of the boundary. The boundary itself contains
 

closely-spaced dislocations. The spacing between the
 

dislocations is approximately 0.1 to 0.2 Um. The formation
 

of such boundaries gives rise to a surface step. As a
 

result, TEM 
specimens prepared from such boundaries show a
 

change in thickness across the boundary. The change in
 

thickness is evident in Figs. 18b,c., because it changes the
 

transmittance of the electron beam. The thicker crystal
 

section appears dark in the micrograph.
 

Another type of grain boundary is formed at the intersection 

of <011> and <211> grains and is shown in Fig. 19a. This 

boundary is straight and the grains on both sides contain 

parallel faults. The fault density in the [011] grain is 

higher than it is in the [T21] grain. The linear faults in
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Fig. 18. 	 (a) Optical micrograph showing a
 
zigzag boundary with a high density
 
of dislocations piled up against
 
the boundary. Dislocations left
 
of boundary not revealed by
 
etching.
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Fig. 18. (b) and (c) are TEM micrographs showing dislocation pileup on
 
both sides of a grain boundary. Due to a change in thickness
 
across the boundary, (b) and (c) were taken with different
 

0exposure times.
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the [011] grain are in the (iT1) plane perpendicular to the
 

surface and run in the [211] direction (Figs. 19a,b). The
 

faults in the [T21] grain are in the inclined (111) plane
 

and are in the [123] direction. The grain boundary is in
 

the [3221 direction of the [0111 grain or in the [345]
 

direction of the (121) grain. Thus the boundary direction
 

makes an angle of 10.7 degrees or 8.05 degrees with the
 

fault direction of the two grains, respectively. Figure 19a
 

shows that this angle is about 9 degrees in both grains.
 

From such data, it is deduced that the grain boundary is in
 

the (2T2) plane of the 1121] grain. This indicates that
 

both grains have a common (122) boundary plane with a 

misorientation between the (2T2) plane and the (712) plane. 

This boundary plane makes an angle of 76.3 degrees with the 

(011) surface or 74.2 degrees with the (T21) surface. This
 

indicates that both grains must tilt around the boundary
 

direction by 2.1 degrees, such that the boundary plane can
 

satisfy the crystallographic conditions described. Figure
 

19b recorded with the g-vector [202] shows that the boundary
 

contains many "ledges". Ledges are defined at the end of 

the next paragraph. It is interesting to note that the 

faults typical for each grain do not intersect the grain 

boundary. Apparently, there is a repulsive force active
 

preventing such an interaction.
 

A "ledge" structure is okserved in nearly all straight
 

portions of a grain boundary independent of the
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Fig. 19. (a) Optical micrograph showing a grain boundary formed at
 
the intersection of the [011] and the [T21] grains. (b) TEM
 
micrograph showing that the boundary contains many ledges.
 
The ledges in the boundary and the fault were revealed by
 
tilting the {011} grain to the {T211 zone.
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crystallographic plane it occupies. Figures 20a,b show that
 

the ledge contrast arises from the (11T) grain boundary of a 

(211) grain. The micrographs in Figs. 20a,b were taken with 

g-vectors [Till and [2701. With the [270] reflection, 

obtained by tilting the specimen towards the [111] zone 

axis, the ledge contrast disappears and dislocation contrast 

can be recognized. It is evident that not all "ledges" are
 

dislocations. A similar ledge structure has been observed
 

in grain boundaries of stainless steel (8 } . Murr, etal,(8)
 

interpreted such grain boundary ledges as result of
a 


adjustment or of shuffling of the crystal planes forming the 

boundary. Shuffling of crystal planes is necessary to give
 

rise to coincident lattice sites or boundary positions re

sulting into a lower energy configuration.
 

Grain boundaries formed by two grains--one of low index 

orientation and the other of high-index orientation are also
 

frequently observed. Such grain boundaries contain many
 

dislocations. Figure 21 shows such a boundary formed by 

grains A, B, and C. As determined from Kikuchi patterns, 

the surface orientations of the grains marked A, B, C, are 

[0111, [737], and [7731, respectively. The dislocation 

spacing in the boundary varies from 0.1 to 0.2 lim. As the 

spacing decreases, the dislocations progress from curved 

lines to straight, parallel lines. These straight 

dislocations finally pile up at the intersections formed by 
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Fig. 20. 	 TEM micrograph showing that the ledges lying in the (111)
 
plane of a (211) grain are (a) in contrast with g = T11,
 
and (b) out of contrast with g = 220 by tilting the grain
 
toward the (111) zone.
 



the grain boundary G and boundaries S2 , and T. This 
indicates that such intersections act as a barrier for the
 

movement of these dislocations. The parallel boundaries, SI
 
and $2 , are stacking faults, boundary T is a twin boundary 
as determined from the contrast of the outer fringes. 
It
 
should 
be noted that the dislocation contrast appears to be
 
dark when 
grain C is the strongly diffracting grain, (Fig.
 

21a). The contrast reverses for opposite g vector. 
This
 
contrast reversal is not observed when grain A acts as the 
strongly diffracting grain. According 
to McDonald and
 

Ardell (9) , such a contrast reversal occurs only in the grain
 
boundary which lies in 
the lower surface of the strongly
 
diffracting grain. Therefore, the boundary G lies in the
 

lower surface of grain C or the upper surface of grain A. 

The strong activity of grain boundaries is tied to the low 
density of coincidence lattice sites available in such
 

boundaries. 
 In order to lower the boundary energy, lattice 
bonds at the boundaries must rearrange themselves. This 
leads to bond distortion and, as a result gives rise to a
 
high density of dislocations or ledges. These dislocations
 

and/or 
ledges act as strong recombination centers and cause
 

the strong electrical activity of the fault.
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C(2(273) 

A(011) : 
B(237) T 

Fig. 21. 	 TEM micrograph showing a grain boundary (g) formed
 
by the (011) grain (A) and the (173) grain (C).

The boundary contains a high density of dislocations.
 
S, and S2 are stacking faults. T is twin boundary.
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2.2. 4 DEFECTS IN CLASS IV RIBBONS 

Silicon Carbide Dendrites and Inclusions 

Silicon carbide inclusions lead to the formation of various 

kinds of grain boundaries. These boundaries can be twin 

boundaries, low-angle and/or high-angle grain boundaries. 

An example of a SiC inclusion and its result on ribbon 

perfection is shown in Fig. 22a. In these figures, the 

inclusion is indicated at position I. As determined from 

the Kikuchi patterns shown in Figs. 22b,c, the surface 

orientation for grain A, is (2111. For grain B it is [2551. 

The boundary, BAS, in the [01T] direction, is a twin boundary 

with the (111) twin plane inclined 19.5 degrees to the 

surface of both grains. The surface orientation of grains C 

and D is about 1 degree off the [2111 orientation of grain 

A. Thus, the boundaries, BAC and BCD trepresent a low-angle 

grain boundary. The boundaries, BBC and BBD are high-angle 
grain boundaries. Such boundaries are not in fixed position 

relative to the lattice but tend to rotate during the growth 

of the ribbon. The rotation is accomplished by the 

generation of ledges and dislocations in the boundary plane. 

3.0 DISCUSSION and CONCLUSIONS
 

The investigations presented leave no doubt that lifetime of
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Fig. 22. (a) TEM micrographs showing that the inclusion
 
of a SiC particle leads to the formation of various
 
kinds of grain boundaries.
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Fig. 22. (b) Electron diffraction pattern of grain A and
 

~(c) of grain B.
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minority carriers and thus efficiency of solar cells is
 

influenced to various degrees by crystal defects. This
 

decrease in lifetime is essentially due to dislocations
 

which can be present in densities larger than 106/cm2 either
 

in dislocation clusters or in low and large angle grain
 

boundaries. The lifetime problem is obviously compounded
 

through chemical impurities which may be present
 

preferentially along the dislocations. In this context it
 

is of interest to know how carbon influences lifetime in
 

silicon. To the best of our knowledge no information is
 

available on this subject. However, it is known that carbon
 

is incorporated substitutionally into silicon and thus leads
 

to lattice constriction. An immediate result of this
 

lattice constriction is "twinning" to relieve lattice 
 0 
strain. Twinning occurs profusely in CAST ribbons grown
 

with carbon dies and presently we know of no way to
 

eliminate it.
 

The electrical activity of the various defects observed in
 

CAST ribbons is summarized in Table III. Accordingly, we
 

differentiate between three groups of defects. In group I
 

the defects are strongly active, in group II they are
 

moderately active and the defects in group III are
 

practically electrically non-active.
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TABLE III. 	 Electrical Activity of Crystal Defects
 
in Ribbons
 

Group I Group II Group III
 
Strongly Active Moderately Active Nonactive
 

Silicon carbide Multiple over- First order
 
dendrites and lapping stacking (coherent)
 
inclusions faults Twins
 

Grain boundaries 	 Grown-in Stacking
 
dislocations Faults
 

Degenerated Twins,
 
low-angle
 
boundaries
 

Dislocation bands
 

If CAST ribbons are ever going to be a major contender in
 

the race of low cost silicon for high efficiency
 

photovoltaic energy conversion one must learn how to achieve
 

"controlled" ribbon 	growth leadinq to the elimination 
of at
 

least group I defects. By controlled ribbon growth we
 

mean:
 

1. Control of the 	seeding phase
 

2. Control of the 	surface orientation
 

3. Control of carbon in solution
 

4. Control of silicon carbide formation
 

5. Control of impurities in ribbons
 

Characterization 8 



The subjects listed under 1 through 5 are obviously die
 

dependent. Unfortunately, the most promising die material
 

used so far is carbon or carbon coated with silicon carbide.
 

Considerable progress in ribbon perfection could be made
 

through achieving control of seeding and thus control of
 

surface orientation. So far, surface orientation of
 

ribbons, even if obtained under steady state growth
 

conditions, is at best fortuitous.
 

To obtain ribbon of controlled surface orientation must be a
 

major goal of all future work in ribbon growth. Otherwise,
 

we see little hope to eliminate grain boundaries and
 

dislocation clusters during ribbon growth.
 

The reduction or total elimination of SiC particles is also
 

an important goal of future ribbon growth development. Here
 

we have made considerable progress. In this context clever
 

die design leading to the high melt meniscus technique and
 

the use of silicon carbide coated dies are helpful factors.
 

In conclusion we feel that ribbon growth through capillary
 

action shaping remains a -redoubtable task if it has to
 

compete with the perfection level of Czochralski, Float
 

Zone, or even web-dendrite crystals. Nevertheless, the
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technique has an excellent potential, and "one" future
 

breakthrough--most likely in the die material--could tip the
 

balance in favor of CAST or similar techniques.
 

4.0 SUMMARY
 

Electrically active defects in CAST ribbons are identified
 

as silicon carbide inclusions, high and low angle grain
 

boundaries and high order twin boundaries, multiple stacking
 

faults, dislocation bands and dislocations.
 

The electrical activity of grown-in dislocations due to
 

their low density is only moderate. Grown-in dislocations
 

are generated by thermal gradients associated with the
 

growth technique. Their density varies from 3 x 103 to 5 x
 

105 per cm2 .
 

Dislocation bands with densities larger than 106
 

dislocation/cm2 are strongly active. They consist of two
 

groups of dislocations. One group is inclined towards the
 

ribbon surface, while the other is almost parallel to ribbon
 

surface in the growth direction. Both groups of
 

dislocations have the same type of Burgers vectors, a/2
 

[011] and/or a/2 [101]. Dislocation networks are formed
 

through the interaction of the two dislocations which leads
 

to the formation of 90 degree dislocations.
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Grain boundaries are strongly active. Their formation
 

results mainly from foreign inclusions such as silicon
 

carbide or from . non-accommodation of crystal lattice
 

planes during twinning. Such non-accommodation of crystal
 

lattices occurs when two crystals of different preferred
 

orientation, such as [011] and [2111 orientations, join.
 

The boundaries contain dislocations and/or ledges which are
 

spaced approximately 0.1 pm apart.
 

First order (coherent) twins and stacking faults are
 

nonactive. Their electrical activity increases as they
 

degenerate into multiple overlapping faults and low-angle
 

boundaries. The low-angle boundaries contain a high density
 

of dislocations. The dislocation spacing ranges from 0.1 to
 

0.4 pm with an average of 0.2 Pm. Degenerated twins act as
 

dislocation sources.
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SIMULATED COMPARISON BETWEEN CZOCHRALSKI AND FLOAT-ZONE
 

MATERIAL THROUGHPUT
 

by
 

A. Kran, T. F. Ciszek and G. H. Schwuttke
 

1.0 INTRODUCTION
 

There is little doubt that the ERDA programs on low-cost
 

silicon solar cells and similar programs in other parts of
 

the world are already impacting our present technologies to
 

produce polysilicon and single crystal silicon. Presently,
 

it is still an open question whether directly produced films
 

or ribbons will be able to compete with conventional bulk
 

material obtained from the large diameter Czochralski
 

crystal.
 

In this context it is interesting to note that Float Zone
 

material is never mentioned as a contender for low cost bulk
 

material. Nevertheless, FZ crystals are already available
 

up to 5 inches in diameter. The balance between advantages
 

and drawbacks of the two basic growth methods (CZ and FZ) is
 

mainly application, not economics, dependent. For solar
 

cells, FZ material has the potential to yield solar cells of
 

better efficiency as compared to those fabricated from CZ
 

crystals.
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Therefore, it is important to compare the capabilities of
 

these two basic growth techniques for converting
-

polycrystalline silicon into ingots of single-crystal
 

material. A computer program simulates the potential weekly
 

throughput of ingots. Processing parameters used are
 

identical except for the values of the following parameters,
 

which are peculiar to the crystal-growth technique: growth
 

rate, crystal length, equipment setup and cool-down time,
 

and the time required to melt the polycrystalline material.
 

2.0 EXAMPLES OF OUTPUT FROM COMPUTER PROGRAM 

The following provides an example of the method used by the
 

computer program for calculating crystal ingot throughput,
 

and should be reviewed in conjunction with Table I.
 

For simplicity's sake, assume a 24-hour-a-day, seven-day
 

work-week operation, a maximum crystal length of 100 cm, and
 

a growth rate of 10 cm/hr. Hence we can grow one crystal
 

every te' hours. Further assuming a setup time for each
 

run of two hours and a crucible heat-up time of one hour,
 

the first crystal will be grown Monday after 13 hours of
 

operation. Three hours later we are ready to start the next
 

run, whichi will be completed after the first two hours on
 

Tuesday. Accordingly, we had two crystal starts on Monday,
 

with a workday consisting of four hours of setup time, 2
 

hours of crucible heat-up time, and 18 hours of crystal
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TABLE I. Algorithm for Analyzing Crystal Production
 

Number of Crystals Pulled per Week and Time Distribution
 

Mon. Tue. Wed. Thu. Fri. Sat. Sun. Total 

Workday, Hours: 24.00 24.00 24.00 24.00 24.00 24.00 24.00 168.00 

No. of Crystal 2.00 2.00 2.00 2.00 2.00 1.00 1.00 12.00 
starts 
Last XTL, % of Max. 0.90 0.90 

Daily setup time, 4.00 4.00 4.00 4.00 4.00 
 3.00 3.00 26.00
 
hrs
 

Crucible heatup, 2-.00 2.00 2.00 2.00 2.00 
 1.00 1.00 13.00
 
hrs
 

Crystal pulling, 18.00 18.00 18.00 18.00 18.00 20.00 
 19.00 129.00
 
hrs
 

Rem Unprod time,
 
hrs
 

Total Time, 24.00 2.00 24.00 24.00 24.00 
 24.00 24.00 168.00
 
Hours
 



pulling time, a-total of 24 hours. There is no wasted time
 

in this case, since there is no termination of effort at the
 

end of the workday, as there would be in a 16-hour work-day,
 

for example.
 

On Tuesday, we also have two crystal starts, but we will not
 

complete the second start until after four hours into
 

Wednesday. On Wednesday we have a similar situation, but
 

now require six hours of Thursday to complete Wednesday's
 

second start. An additional two hour time shift, from six
 

to eight hours, occurs on Thursday, and then completes the
 

cycle by Friday. In other words, we complete setup and
 

complete that run before the only start of the day occurs.
 

One hour remains of Saturday to complete half of the setup
 

for Sunday. During Sunday we make one complete run, and
 

then have enough time for setup, heatup, and complete
 

growing of 90% of the next crystal, giving us 1.9 crystals
 

grown during that day.
 

2.1 Discussion of Material Processing Parameters
 

The study, through computer simulation, compares weekly
 

throughput of 10-, 12-, and 15-cm-diameter Czochralski (CZO)
 

and float-zone (FZ) ingots. Six cases (three each) are
 

presented for two modes of factory operation: seven days,
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24 hours per day and five days, 16 hours per day. For CZO
 

technology, projections from previous reports (e.g.,
 

Quarterly Technical Progress Report Number 7, p. 43) are
 

-used. Future FZ technology is more difficult to predict
 

because industry-wide manufacturing experience, as compared
 

to CZO, is presently limited. A number of data points,
 

however, are available. For instance, we know that several
 

years back, 5.5 cm diameter FZ material was grown at 24
 

cm/hr, or 43% of theoretical makimum growth rate. SZ wafers
 

up to 10 cm diameter are available today. 15 cm diameter
 

capability exists at Wacker.
 

Accordingly, we have prepared three FZ technology
 

projections (Table, II), and chosen to use the most
 

optimistic (last column) as the basis for this analysis. We
 

project that technology can -be developed to achieve a 24
 

cm/hr growth rate for 15 cm diameter crystals, the same as
 

is practical for smaller diameter ingots. We recognize that
 

this may require new ideas in equiment development so that
 

problems, specifically created by rapid FZ growth, may be
 

overcome. For instance, techniques must be found to more
 

effectively remove the heat of fusion from the molten zone.
 

Increasing crystal diameter to 12 and then 15 cm, while
 

holding actual growth rate constant at 24 cm/hr is an
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TABLE II. Czochralski & Float Zone Technology Projection Matrix 

Crystal 
Dia.,cm 

Czochralski 

Actual Theor. 
Gr.Rt. Gr.Rt. 
cm/hr % of Max 

S 
T 
A 
T 
U 
S 

Projection 1 
Actual Theor. 
Gr.Rt. Gr.Rt 
cm/hr % of Max 

-

S 
T 
A 
T 
U 
S 

Float-Zone 

Projection 2 
ActualTheor. 
Gr.Rt. Gr.Rt. 
cm/hr % of Max 

,__-
Proiection 

S Actual Theor. 
T Gr.Rt. Gr.Rt. 
A cm/hr % of Max 
T 
U 
S 

S 
S 
T 
A 
T 
U 
S 

5.0 
10.0 
12.0 
15.0 

10.00 
9.83 
14.30 
12.80 

19 
25 
40 
40 

A 24.00 
A 9.83 
C 14.30 
0* 12.801 

43 
25 
40 
40 

A 24.00 
A 15.73 
C 16.15 
0* 16.05 

43 
40 
45 
50 

A 
C 
C 
0 

24.0 
24.0 
24.0 
24.0 

43 
61 
67 
75 

A 
0 
0 
0 

LEGEND: 

0 

A - Achieved 
C - Conservative Projection 
0 - Optimistic Projection 
* - Activity & Capability 

Exists at Wacker 

(D 



optimistic assumption, since it forecasts a 75% advance
 

towards achieving the calculated maximum growth rate (from 43%
 

for 5.5 cm diameter to 75% of maximum growth rate for 15 cm
 

diameter crystals). However, it does not appear that much
 

different from CZO, considering that CZO technology is
 

commonly expected to increase from 25% to 40% of maximum
 

growth rate, which represents a jump of 60%. The parameters
 

discussed so far are listed in Table II.
 

Even though FZ ingots are inherently not easier to support
 

than CZO ingots during the crystallization cycle, they are
 

generally considerably longer. This fact is expected to
 

remain true for the projected 12-15 cm diameter crystals.
 

Accordingly, a crystal length of 75 cm for CZO and 150 cm
 

for FZ was used throughout the study. Wacker has actually
 

produced such long FZ crystal of up to 100 mm diameter.
 

Machine-availability time to grow crystal is reduced, in
 

addition to random machine failure, by the time required to
 

set up the crystal grower for the next run. This includes
 

time to cool down the current run and such routine tasks as
 

cleanin the puller and installing the next charge. The
 

time required to perform these functiohs is estimated at 2
 

hours for CZO and 1 jour for FZ. Melting the polysilicon
 

takes about 2.5 hours for CZO and 0.5 hour for FZ, because
 

the latter technique, as the name implies, requires the
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melting of only a narrow zone at a time. The other
 

parameters are listed at the beginning of each of the 12
 

figures discussed next.
 

3.0 	RESULTS OF STUDY
 

The results of this study are grouped into 12 figures as
 

follows;
 

Seven-Day Week, 24-Hour-per-Day Operation
 

Fig. 	I. Czochralski Technology - 10-cm diameter
 

o 	 List of Variables
 

o 	 Crystal Pulling Results
 

o 	 Number of Crystals Pulled and Time
 

Distribution
 

o 	 Number of Crystals Pulled and Percentage
 

Time Distribution
 

Fig. 	2. Float-Zone Technology - 10-cm diameter 

0 	 (same as above)
 

Fig. 3. Czochralski Technology - 12-cm diameter 

(same as above) 
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Fig. 4. Float-Zone Technology - 12-cm diameter
 

(same as above)
 

Fig. 5. Czochralski Technology - 15-cm diameter
 

(same as above)
 

Fig. 6. Float-Zone Technology - 15-cm diameter
 

(same as above)
 

Five-Day Week, 16-Hour-per-Day Operation
 

Figs. 7-12 (same as above)
 

In general, factory working hours are established by
 

management on a one-, two-, or three-shift basis with
 

specified start-stop times. Production scheduling is built
 

around these hours. For this study, two modes of operation
 

were chosen: seven-day around-the-clock and five-days, 16
 

hours per day. No special consideration was given to such
 

items as compatibility between working hours and machine
 

cycle time, resulting (by accident) in excessive machine
 

idle time for CZO during the second mode of operation. This
 

can be seen, for example, in Fig. 7. Specified
 

processing parameters are such that only one crystal start
 

per day is possible, and a number of hours remain at the end
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------------------------------------------------------------

CZCMOM.EL EL0fl1LQUC 
tRYSTAL DIAMETER (D).CM : 10 
SEED AND TAIL CONES, ANGLE WITH CIL* DEGREES (AL) 30 
GROWTH RATE (V2),Cn/HRI 9.83 
MAXIMUM CRYSTAL LENGTH. INCLUDING CONES (L), CH: 75
 
LAST CRYSTAL MUST EE 50 PERCENT OF MAX LENGTH TO BE STARTED
 
NO. OF HOURS WORKED EACH DAY OF THE WEEK (ND) t 24
 
NO. OF,DAYS WORKED PERWEEK (DAYS) : 7 
UNSCHEDULED DOUNTZME, PCT OF WORKDAY' 0 
AUG SET-UP TIME (SU), HOURSi 2 
AUG CRUCIBLE HEAT-UP TIME (fU). HOURS' 2.5 

CtSE !ULLZNG 
J 

IX'LENGTNI 75 CM GROUTH RATES 9.83 CM'HR • CZO TECHNIQUE DIA, CM 10
 
MEEKLY VOLUME. CU-CM 1 68368 
WEEKLY AUG UOL.CU-CM N S 6.78 
WEEKLY WEIGHT, KGi 166.a2
 

110, MUE. UZI?& TU. Eff. SdE. suN. ZOZOL 
N .ul l.R S - 24.0 24.0 24.0 24.0 24;0 24.0 24.0 168.0 
NF CRYSTAL STARTS 2.0 2.0 2.0 2.0 2.0 2.0 1.8 13.0 
TOTAL LENGTH. METERS 1.5 1.5 1.5 1.5 '1.5 1.5 1.3 10.3 
VOLUME, CUBIC-CM 9967 9967 9967 9967 9967 9967 8565 68368
 
CUBIC-CM GROWN/MIN 6.9 6.9 6.9 6.9 6.9 6.9 5.9 

11U&.T N 9_,ThU. Ealxi. el &df. ZQrSL
 
oaWoe, UO.S 2 24.0 24.0 24.0 24.0 24.0 24.0 24.0 168.0
 

WOOF CRYSTAL STARTS 2.0 2.0 2.0 2.0 2.0 2.0 1.0 13.0
 
LAST XTL.PRTN OF MAX 0.8 0.8
 

DAILY SETUP TrME.HRS 4.0 4.0 4.0 4.0 4.0 4.0 4.0 25.0
 
CRUCIBLE HEAT-UP,hRS 5.0 5.0 5.0 5.0 5.0 5.0 5.0 35.0
 
CRYSTAL PULLING, HRS 15.0 15.0 15.0 15.0 15.0 15.0 15.0 105.0
 
REM UNPROD TIME, MRS
 

TOTAL TIME, HOURS 24.0 24.0 24.0 24.0 24.0 24.0 24.0 165.0
 

Mfl~tocl~rasUAlug, QU~aAfDIU&ec LA WArilit arel 

Mdak. * lQue$ 24.0 24.0 24.0 24.0 24.0 24.0 24.0 t68.O 

NO OF CRYSTAL STARTS 2.0 2.0 2.0 2.0 2.0 2.0 1.0 13.0 
LAST XTL.PCT OF MAX 0.8 0.8 

DAILY SETUP TIME.PCT 16.7 16.7 16.7 16.7 16.7 16.7 16.7 16.7
 
CRUCIBLE HEAT-UP.PCT 20.8 20.8 20.0 20.8 20.8 20.a 20.8 20.8
 
CRYSTAL PULLING. PCT 62.5 62.5 62.5 62.5 62.5 62.5 62.5 62.5
 
REM UNPROD TIME. PCT
 

TOTAL TIME, PERCENT 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
 

Fig. 1. Czochralski technology: 10-cm-diameter,
 

3-shift operation. Computer Analysis 103 
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---------------------------------------------------------------------

ELQ&a ZQ&1 11cutLqui 
CRYSTAL DIAMETER (D),CH : 10 
SEED AND TAIL CONES, ANGLE 14TH CIL, DEGREES (AL) 30
 
GROWTH RATE (U2),CM/HR: 24
 
MAXIMUH CRYSTAL LENGTH, INCLUDING CONES (L), CHt 150
 
LAST CRYSTAL MUST BE 50 PERCENT OF MAX LENGTH TO BE STARTED
 
NO. OF HOURS WORKED EACH DAY OF THE WEEK (1D) 24
 
HO. OF DAYS WORKED PER WEEK (DAYS) : 7
 
UNSCHEDULED DOWNTIME, PCT OF WORKDAY: 0
 
AUG SET-UP TIME (SU), HOURS: 1
 
AUG CRUCIBLE HEAT-UP TIME (dU), HOURSt 0.5
 

MAX LENGTHS 150 CH GROWTH RATE: 24 CM/HR • FZ TECHNIQUE' DIP, Cn 10

MEEKLY UOLUME. CU-CM t 234517
 
MEEKLY AUG UOLCU-CM/HIN : 23.27
 
MEEKLY MEIGHT, KG: 572.22
 

J L/.2 24.0 24.0 24.0 24.0 24.0 24.0 24.0 168.0 
NO OF CRY AL STARTS 3,0 4.0 3.0 3.0 3.0 3.0 2.6 21.6
TOTAL LENGTH, METERS 4.5 6.0 4.5 4.5 4.5 4.5 3.9 32.4
 
VOLUME, CUBIC-CM 32622 43496 32622 32622 32622 32622 27910234517
 
CUBIC-CM GROMN'MIN 22.7 30.2 22.7 22.7 22.? 22.7 19.4
 

1Ud8EEs erj50 LOUMAteULL4LeuEE 


sQUAe, aaUeS 24.0 24.0 24.0 24.0 24.0 24.0 24.0 168.0
 
NO OF CRYSTAL STARTS 3.0 4.0 3.0 3.0 3.0 3.0 2.0 21.0 
LAST XTL,PRTN OF 1AX 0,6 0.6 

DAILY SETUP TIHE,HRS 3.8 3.3 3.0 3.0 3.0 3.0 3.0 22.0
 
CRUCIBLE HEAT-UPHRS 1.5 2.0 1.5 1.5 1.5 1.5 i.5 11.0

CRYSTAL PULLING. HRS 18.a 13.0 19.5 19.5 19.5 19.5 19.5 135.0
 
REM UNPROD TIME, HRS
 

TOTAL TIME, HOURS 24.0 24.0 24.0 24.0 24.0 24.0 24.0 168.0
 

UQ6KOSe. dQIS 2 24.0 24.0 24.0 24.0 24.0 24.0 24.0 165.0 

NO OF CRYSTAL STARTS 3.0 4.0 3.0 3.0 3.0 3.0 2.0 21.0
 
LAST XTL.PCT OF MAX 0.6 0.6
 

DAILY SETUP TIHE,PCT 15.6 13.S 12.5 12.5 12.5 12.5 12.5 13.1

CRUCIBLE HEAT-UP.PCT 6.3 8.3 6.3 6.3 6.3 6.3 6.3 6.5
 
CRYSTAL PULLING, PCT 70.1 78.1 81.2 81.2 81.2 01.2 81.2 80.4
 
REM UNPROD TIME, PCT
 

TOTAL TIME. PERCENT 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
 

Fig. 2. Float-zone technology: 10-cm-diameter,
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CRYSTAL DIAfETER (Dh.CH : 12 
SEED AND TAL CONES, ANGLE I41TH CIL. DEGREES (AL) 30
 
GROWTH RATE (U2),CNlHR2 14.3
 
MAXIMUM CRYSTAL LENGTH, INCLUDING CONES (L), Ct 75 
LAST CRYSTAL MUST BE 50 PERCENT OF MAX LENGTH TO BE STARTED 
NO. OF HOURS MORKED EACH DAY OF THE MEEK CUD) : 24 
NO. OF DAYS M4ORKED PER MEEK (DAYS) 2 7 
UNSCHEDULED DOUNTIHE, PCT OF HORKDAYI 0 
AUG SET-UP TItlE (.U), HOURS: 2
 
AVG CRUCIBLE HEAT-UP TInE ( W), HOURS2 2.5
 

CeUSre& LUL4LING 
MX LENGTH: 75 Cf GROUTH RATE: 14.3 CM/NR - CZO TECHNIQUE- DIA, CMI 12 
MEEKLY VOLUME, CU-CM I 117558 
MEEKLY AUG UOLCU-Ct'flIN I 11.66 
MEEKLY EIGHT, KGt 286.64 

dQU. WE. 1112. VhU. EEL. Sdt. SUO, 1Qre6 
24.0 24.0 24.0 24.0 24.0 24.0 24.0 168.0
 

O O RYSTAL STARTS 3.0 2.0 2.0 3.0 2.0 3.0 2.0 17.0 
TOTAL LENGTH, METERS 2.3 1.5 1.5 2.3 1.5 2.3 1.5 12.8
 
VOLUrME, CUBIC-CM 20746 13830 13630 20746 13830 20746 13a30117556
 
CUBIC-CM GROUJ/fIN 14.4 9.6 9.6 14.4 9.6 14.4 9.6
 

UNAI ruL. 1119& MU. E&L. gal. SOXN.tat 
kQRk.CX, dQUeS 1 24.0 24.0 24.0 24.0 24.0 24.0 24.0 168.0
 

NO OF CRYSTAL STARTS 3.0 2.0 2.0 3.0 2.0 3.0 2.0 17.0 
LAST XTLPRTN OF MAX 

DAILY SETUP TZIE,HRS 6.0 4.0 6.0 4.0 6.0 4.0 4.0 34.0
 
CRUCIBLE HEAT-UPHRS 7.5 5.0 6.8 5.7 6.1 6.4 5.0 42.5
 
CRYSTAL PULLING. HRS 10.5 15.0 11.2 14.3 11.9 13.6 12.7 a9.2
 
REM UNPROD TIME,. MRS 2.3 2.3
 

TOTAL TIME. HOURS 24.0 24.0 24.0 24.0 24.0 24.0 24.0 168.0
 

WUe rug. Miu mu. VIA. 5s21. SUN, rcrei. 
mfKuDA, W05 a 24.0 24.0 24.0 24.0 24.0 24.0 24.0 168.0 

NO OF CRYSTAL STARTS 3.0 2.0 2.0 3.0 2.0 3.0 2.0 17.0
 
LAST XTLPCT OF MAX
 

DAILY SETUP TZIPE.PCT 25.0 16.7 25.0 16.7 25.0 16.7 16.7 20.2
 
CRUCIBLE HEAT-UP.PCT 31.3 20.a 28.3 23.8 25.3 26.8 20.8 25.3
 
CRYSTAL PULLING. PCT 43.8 62.5 46.7 59.5 49.7 56.5 52.8 53.1
 
REMiUNPROD TIME,. PCT 9.7 1.4
 

TOTAL TIME, PERCENT 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
 

Fig. 3. Czochralski technology: 12-cm-diameter,
 

3-shift operation.
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feLQ Z01E EECNLUE
 
CRYSTAL DIAMETER (D),CM 1 12
 
SEED AND TAIL CONES, ANGLE M1TH C/L, DEGREES (AL) 30
 
GROUTH RATE (U2).CM-HR* 24
 
MAXIMUM CRYSTAL LENGTH, INCLUDING CONES (L), CM 1$0 
LAST CRYSTAL MUST BE 50 PERCENT OF MAX LENGTH TO BE STARTED 
NO. OF HOURS ORKED EACH DAY OF THE WEEK (UD) : 24 
NO. OF DAYS WORKED PER WEEK (DAYS) 2 7 
UNSCHEDULED DOWNTIME, PCT OF WORKDAY: 0 
AVG SET-UP TIME ( U), HOURS: 1 
AUG CRUCZBLE HEAT-UP TIME (U), HOURS$ 0.5 

CSr& eULLlIGa
 
?MX LENGTH: 150 CM GROMTH RATE: 24 CM/HR • FZ TECHNZUES DZA, CM 12 
MEEKLY VOLUME. CU-CM 1 331959 
MEEKLY AUG UOL.CU-CMMZN 2 32.93 
MEEKLY WEIGHT, KG: 009.95
 

UQ, a EWE .U ZdU.a .St ~l Qe 

24.0 24.0 24.0 24.0 24.0 24.0 24.0 168.0

SARTS 3.0 4.0 3.0 3.0 3.0 3.0 2.6 21.6 

TOTAL LENGTH, METERS 4.5 6.0 4.5 4.5 4.5 4.5 3.9 32.4
 
VOLUME, CUBZC-CM 46192 61590 46192 46192 46192 46192 39407331959
 

110, tUE. A2, NIu. EIZA SeS04sui rare,. 
uoRa r.UQURs 24.0 24.0 24.0 24.0 24.0 24.0 24.0 168.0
 

NO OF CRYSTAL STARTS 3.0 4.0 3.0 3.0 3.0 3.0 2.0 21.0
 
LAST XTL.PRTN OF MAX 0.6 0.6 

DAILY SETUP TIME.HRS 3.8 3.3 3.0 3.0 3.0 3.0 3.0 22.0
 
CRUCIBLE HEAT-UPHRS 1.5 2.0 1.5 1.5 1.5 1.5 1.5 11.0
 
CRYSTAL PULLING, HRS 18.8 18.8 19.5 19.5 19.5 19.5 19.5 135.0
 
REM UNPROD TIME, HRS
 

TOTAL TIME, HOURS 24.0 24.0 24.0 24.0 24.0 24.0 24.0 168.0
 

11011A UWEU ThU. MAt H014 U61. M& 
MQ8R k. UQU65 2 24.0 24.0 24.0 24.0 24.0 24.0 24.0 165.0 

NO OF CRYSTAL STARTS 3.0 4.0 3.0 3.0 3.0 3.0 2.0 21.0
 
LAST XTL.PCT OF HAX 0.6 0.6
 

DAILY SETUP TZEPCT 15.6 13.5 12.5 12.5 12.5 12.5 12.5 13.1
 
CRUCIBLE HEAT-UP.PCT 6.3 8.3 6.3 6.3 6.3 6.3 6.3 6.5
 
CRYSTAL PULLING. PCT 78.1 78.1 a1.2 01.2 81.2 a1.2 81.2 80.4
 
REM UNPROD TIME, PCT
 

TOTAL TIME. PERCENT 100.0 100.C 100.0 100.0 100.0 100.0 100.0 100.0
 

Fig. 4. Float-zone technology: 12-cm-diameter,

1062._..eh;p4- nnn- _ 



acZe9%a~rueua 
CRYSTAL DZAHETER (D).CN 1 15 
SEED AND TAIL CONES, ANGLE 141TH C'L, DEGREES (AL) 30 
GROWTH RATE (U2).CM/HRZ 12.8 
PAXIhZU CRYSTAL LENGTH, INCLUDING CONES (L),. CHI 75 
LAST CRYSTAL MUST BE 50 PERCENT OF HfAX LENGTH TO BE STARTED 
NO. OF HOURS WORKED EACH DAY OF THE MEEK (9D) 1 24 
NO. OF DAYS WORKED PER M4EEK (DAYS) 1 7
 
UNSCHEDULED DOWNTInfE, PCT OF WORKDAY: 0
 
AVG SET-UP TZHE (SU), HOURSt 2 
AVG CRUCIBLE HEAT-UP TZIE (U), HOURS: 2.5
 

cersrea. 8UU.lE 
MAX LENGTH: 75 CH GROUTH RATE' 12.8 CH/HR • CZO TECHNZQUE. DZA, Cl 15
 
MEEKLY VOLUME. CU-Ct : 163085
 
MEEKLY AUG VOLCU-CfIHZN t 16.18
 
MEEKLY WEIGHT, KG: 397.93
 

UN&5 ZU~a UEC. VIU. EEL, SeL. 54 1. EQlLL 
24.0 24.0 24.0 24.0 24.0 24.0 24.0 165.0
 

NO R Y ALSTARTS 2.0 3.0 2.0 2.0 3.0 2.0 2.0 16.0
 
TOTAL LENGTH. HETERS 1.5 2.3 1.5 1.5 2.3 1.5 1.5 12.0 

20386 305768 20386 20306 30578 20386 20366163085
VOLUME, CUBZC-CM 

CUBTC-CM GROUNfIHN 14.2 21.2 14.2 14.2 21.2 14.2 14.2
 

W01.tE. VhU. 56r. lUll. IQrLHED. ERZ. 
YmOOO NUR1 24.0 24.0 24.0 24.0 24.0 24.0 24.0 168.0
 

NO OF CRYSTAL STARTS 2.0 3.0 2.0 2.0 3.0 2.0 2.0 16.0
 
LAST XTL.PRTN OF MAX 

DAILY SETUP TZtfEHRS 6.0 4.0 4.0 6.0 4.0 4.0 4.0 32.0
 
CRUCIBLE HEAT-UPHRS 6.3 6.2 5.0 5.8 6.7 5.0 5.0 40.0
 
CRYSTAL PULLING, HRS 11.7 13.8 15.0 12.2 13.3 15.0 12.7 93.7
 
REM UNPROD TIME, HRS 2.3 2.3
 

TOTAL TIME, HOURS 24.0 24.0 24.0 24.0 24.0 24.0 24.0 168.0
 

NU4 l,U. E.Th. LZ.SL lJll. MLQ 
VQ6 Yet*WUQS 2 24.0 24.0 24.0 24.0 24.0 24.0 24.0 168.0 

NO OF CRYSTAL STARTS 2.0 3.0 2.0 2.0 3.0 2.0 2.0 16.0 
LAST XT' PCT OF MAX 

DAILY SETUP TZIMEPCT 25.0 16.7 16.7 25.0 16.7 16.7 16.7 19.0
 
CRUCIBLE HEAT-UPPCT 26.2 25.9 20.8 24.0 28.1 20.8 20.5 23.0
 
CRYSTAL PULLING. PCT 48.8 57.4 62.5 51.0 56.3 62.5 53.1 55.8
 
REM UNPROD TIME, PCT 9.4 1.3
 

TOTAL TIME, PERCENT 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
 

Fig. 5. Czochralski technology: 15-cm-diameter,
 

3-shift operation.
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----------------------------------------------------------------

E1L061 ZQoE EECLUI
 
CRYSTAL DIAMETER (D),CM 1 15
 

DEGREES (AL) 	30
SEEP AND TAIL CONES- ANGLE MTH C/IL, 

GROWTH RATE (V2.Cl/HR% 24
 
MlAXIMUMI CRYSTAL LENGTH. INCLUDING CONES (L), CH: 150
 
LAST CRYSTAL 	MUST BE 50 PERCENT OF MAX LENGTH TO BE STARTED
 
NiO. OF HOURS 	WORKED EACH DAY OF THE REEK (WD) 1 24 
NO. OF DAYS NORKED PER WEEK (DAYS) 1 

7
 
UNSCHEDULED DOUNTIME, PCT OF MORKDAYt 

0
 

AUG SET-UP TIME SU), HOURS: 1 
AUG CRUCIBLE 	HEAT-UP TIME (8U), HOURS$ 

0.6 

flAX LENGTHS 150 CCM GROTH RATE' 24 CM/HR 
• FZ TECHNIOUE. DIA. CtM 15 

MEEKLY VOLUME, CU-CM t 505210 
MEEKLY AUG UOL.CU-C/MI.N s 50.12 
MEEKLY WEZGHT, KGs 1232.73
 

fIQ& ruft &fl± 1W,1 Eel, Sal* u.. IQIam 

24.0 16B.0
24.0 24.0
24.0 24.0
"A F RYTA STARTS 3.0 24.0 3.0 3.0 21.6T 24.0 4.0 3.0 3.0 2.6
UOU1 HOeS 2 
TOTAL LENGTH, METERS 4.5 6.0 4.5 4.5 4.5 4.5 3.9 32.4 

70339 93706 	70339 70339 70339 70339 5973650S216
VOLUME, CUBZC-CM 

CUBZC-CM CROIJIHVZN 48.6 65.1 48.8 48.8 46.8 48.8 41.5 

UQI k, ems 2 24.0 24.0 24.0 24.0 24.0 24.0 24.0 168.0 

3.0 2.0 21.0
NO OF CRYSTAL STARTS 3.0 4.0 3.0 3.0 $,0 
LAST XTL.PRTN OF HAM 	 06 0' 

3.0 3.0 22.0DAILY SETUP 	 TrtnEa4RS 3.6 3.3 3.0 3,0 3.01.5 1.5 1.5 22.0
CRUCIBLE HEAT-UP.HAS 1.5 2.0 1.3 .6 
CRYSTAL PULLING. HRs 18.8 8.0 19.5 19.6 1g.$ 19.5 19.5 15.0 
REr UNPROD TIME, HRS 

TOTAL TIME, HOURS 24.0 24.0 24.0 24.0 24.0 24.0 24.0 166.0
 

1w0ALull tJ1uI. E6L. Wet Efuth rQeL 
24.0 24.0 	 24.0 24.0 168.0soaoar. flaSua 24.0 24.0 24.0 


4.0 3.0 	 3.0 3.0 3.0 2.0 21.0NO OF CRYSTAL STARTS 3.0 0.6 0.6LAST XTL.PCT 	 OF MAX 

DAILY SETUP 	TIMEPCT 15.6 13.5 12.5 12.5 12.5 12.5 12.5 13.1
 
CRUCIBLE HEAT-UPPCT 6.3 8.3 64 6.3 6.3 6.3 6 3 6.5 
CRYSTAL PULLING. PCT 78.1 78.1 81.2 81.2 81.2 81.2 81.2 60.4
 
REM UNPROD TIME. PCT
 

TOTAL TIMlE, PERCENT 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 

Fig. 6. 	Float-zone technology: 15-cm-diameter,
 
3-shift operation.
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--------------------------------------------------------

CRYSTAL DIAMIETER (D),CN s 10
 
SEED AND TAIL CONES. ANGLE WITH CIL, DEGREES (AL) 30
 
GROWTH RATE (V2),CH/HRI 9.3
 
MIAXIMtUM CRYSTAL LENGTH, INCLUDING CONES (L), CH:?75
 
LAST CRYSTAL MUST BE 50 PERCENT OF MAX LENGTH TO BE STARTED
 
NO. OF HOURS WORKED EACH DAY OF THE WEEK (ID) * 16
 
NO. OF DAYS WORKED PER WEEK (DAYS) : 5 
UNSCHEDULED DOWNTIME, PCT OF WORKDAYS 0 
AUG SET-UP TItlE (SU), HOURS? 2 
AVG CRUCIBLE HEAT-UP TIME (bU), HOURS? 2.5
 

C6UIIQ euLLL11a
 
PAX LENGTH: 75 Cfl GROWTH RATE' 9.83 CH/HR CZO TECHNIQUE. DIA, C?? 10
 
WEEKLY UOLUME, CU-CI? : 24918 
WEEKLY AVG UOLCU-CI/tlZN 1 5.19
 
WEEKLY WEIGHT. KG: 60.80 

U t 16.0 16.0 16.0 16.0 16.0 80.0NO R 4FL STARTS 1.0 1.0 1.0 1.0 1.0 5.0 
TOTAL LENGTH, IETERS 0.8 0.8 0.8 0.8 0.8 3.8
VOLUMIE, CUBIC-C 4904 4984 4984 4904 4984 24918
 
CUBIC-Cl GROW4N/HZN 5.2 5.2 5.2 5.2 5.2
 

dQbf. MuIA YEo. zdu EEL. sat. suht. Me/ 
/dsotie QUaS 16.0 16.0 16.0 16.0 16.0 80.0
 
NO OF CRYSTAL STARTS 1.0 1.0 1.0 1.0 1.0 5.0 
LAST XTL,PRTN OF MAX 

DAILY SETUP TINE,HRS 4.0 2.0 2.0 2.0 10.0 
CRUCIBLE HEAT-UP,HRS 2.5 2.5 2.5 2.5 2.5 12.5 
CRYSTAL PULLING, HRS 7.6 7.6 7.6 7.6 7.6 38.1 
REM UNPROD TINE, HRS 1.9 3.9 3.9 3.9 5.9 19.4
 

TOTAL TIME, HOURS 16.0 16.0 16.0 16.0 16.0 80.0
 

uoati. rut. uto. wu. &,sa.aA. rr 
Ramer. dOLIs, : 16.0 16.0 16.0 16.0 16.0 60.0 
NO OF CRYSTAL STARTS 1.0 1.0 1.0 1.0 1.0 5.0 
LAST XTLPCT OF MAX 

DAILY SETUP TIME,PCT 25.0 12.5 12.5 12.5 12.5
 
CRUCIBLE HEAT-UP,PCT 15.6 15.6 15.6 15.6 15.6 15.6
 
CRYSTAL PULLING, PCT 47.7 47.7 47.7 47.7 47.7 47.7
 
REM UNPROD TIME, PCT 11.7 24.2 24.2 24.2 36.7 24.2
 

TOTAL TIME, PERCENT 100.0 100.0 100.0 100.0 100.0 100.0
 

Fig. 7. Czochralski technology: 10-cm-diameter,
 

2-shift operation.
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--------------------------------------------------------------------

&401Z01N1 ICCNNZGUI 
CRYSTAL DIAM'ETER (D),C 1 10 
SEED AND TAIL CONES. ANGLE WITH CIL, DEGREES (AL) 30 
GROWTH RATE (U2),C/HR2 24 
MAXIMfUM CRYSTAL LENGTH, INCLUDING CONES (L), C1f1 150 
LAST CRYSTAL UtST BE 50 PERCENT OF MAX LENGTH TO BE STARTED
 
NO. OF HOURSIJORKED-EACH DAY OF THE WEEK (IdD) t 16 
NO. OF DAYS WORKED PER MEEK (DAYS) : 5 
UNSCHEDULED DOUNTZIE, PCT OF WORKDAYS 0 
AVG SET-UP TIMlE (,U). HOORS: I 
AVG CRUCIBLE HEAT-UP TIME OJU). HOURS: 0.5 

MM LENGTH' 150 C GROWTH RATES 24 CHNR • FZ TECHNIQUE. DZA, CM 10 
MEEKLY VOLUIE, CU-CM : 108741 
MEEKLY AUG VOL.CU-Cf/fIZN 2 22t65 
MEEKLY MEIGHT. KG: 25.33
 

dON. riL 510± mhu, m. ter. suu. taL 
16.0 16.0 16.0 16.0 16.0 80.0 

RrRYSAUSTARTS 2.0 2.0 2.0 2.0 2.0 10.0 
TOTAL LENGTH METERS 3.0 3.0 3.0 3.0 3.0 15.0 
VOLUME, CUEIC-CII 21748 2174a 21740 21740 21748 105741
 
CUBIC-CM GROWN/hIN 22.7 22.7 22.7 22.7 22.7 

WEitU 10. IhU. LEI&. Sar. SUd. 101% 
SOaRAtD Mt 16.0 16.0 16.0 16.0 16.0 80.0 

NO OF CRYSTAL STARTS 2.0 2.0 2.0 2.0 2.0 10.0 
LAST XTLPRTN OF HRX 

DAILY SETUP TIlMEHRS 2.5 2.5 2.0 2.0 1.0 10.0
 
CRUCIBLE HEAT-UPHRS 1.0 1.0 1.0 1.0 1.0 5.0
 
CRYSTAL PULLING, HRS 12.5 12.5 12.5 12.5 12.5 62.5
REI UNPROD TINE, HRS 0.5 0.5 1.5 2.5 

TOTAL TIME, HOURS 16.0 16.0 16.0 16.0 16.0 00.0
 

dON.i 1UE. Mdf2 ThU. LZ1 USe. SUN. tareL 
t ny 2 16.0 16.0 16.0 16.0 16.0 80.0 

NO OF CRYSTAL STARTS 2.0 2.0 2.0 2.0 2.0 10.0 
LAST XTLPCT OF lAX 

DAILY SETUP TIfEPCT 15.6 15.6 12.5 12.5 6.3 12.5
 
CRUCIBLE HEAT-UP,PCT 6.3 6.3 6.3 6.3 6.3 6.3
 
CRYSTAL PULLING. PCT 70.1 78.1 78.1 78.1 70.1 70.1 
REM UNPROD TIME, PCT 3.1 3.1 9.4 3.1
 

TOTAL TIME, PERCENT 100.0 100.0 100.0 100.0 100.0 100.0
 

Fig. 8. Float-zone technology: 10-cm-diameter,
 

110 2-shift operation. 



--------------------------------------------------------------

aC20OeLSKz ric11zeuc 
CRYSTAL DIAMETER (D).CH : 12 
SEED AND TAIL CONES, ANGLE WITH CIL, DEGREES (AL) 30
 
GROITH RATE (U2),CH/HR 14.3
 
MVAXIMULJMI CRYSTAL LENGTH, INCLUDING CONES (L), CMt 75 
LAST CRYSTAL MUST BE 50 PERCENT OF MAX LENGTH TO BE STARTED
 
NO. OF HOURS WORKED EACH DAY OF THE MEEK (UD) 3 16
 
NO. OF DAYS WORKED PER MEEK (DAYS) 3 5 
UNSCHEDULED DOWN1TInE, PCT OF WORKDAY: 0 
AUG SET-UP TItlE (Cfu), HOURSt 2 

(WU), HOURS: 2.5
AUG CRUCIBLE HEAT-UP TItlE 


ctrsiza EUuLua 
HAN LENGTH: 75 Cl GROWTH RATE$ 14.3 Cn/HR - CZO TECHNIQUE- DIA, CHI 12 
MEEKLY VOLUME, CU-CO 1 43588 
MEEKLY AVG UOL.CU-Cf/hIN t 9.0a 
MEEKLY MEZGHT. KG: 106.36 

Aa rWE. 40A MU. ile914. ot 
a 16.0 16.0 16.0 16.0 16.0 a0.0 

yW STARTS 1.0 1.7 1.0 1.7 1.0 6.4 
0.8 1.3 0.0 1.3 0.8 4.8
TOTAL LENGTH. METERS 


VOLUME, CUBIC-CMI 6915 11421 6915 11421 6915 4358
 
CUBIC-CH GROWN/IZN 7.2 11.9 7.2 11.9 7.2
 

&1 lk, 2 ;16.0 16.0 16.0 16.0 16.0 50.0 

NO OF CRYSTAL STARTS 1.0 1.0 1.0 1.0 1.0 5.0 
LAST XTL.PRTN OF MAX 0.7 0.7 1.4
 

DAILY SETUP TIfE.HRS 4.0 2.0 4.0 2.0 2.0 14.0
 
CRUCIBLE HEAT-UP.HRS 2.5 5.0 2.5 5.0 2.5 17.5
 
CRYSTAL PULLING. MRS 5.2 9.0 5.2 9.0 5.2 33.7
 
REM UNPROD TIME, HRS 4.3 4.3 6.3 14.8
 

TOTAL TIME, HOURS 16.0 16.0 16.0 16.0 16.0 50.0 

AtUC WaUMsusNd~a W14 U API Z81 121L 

UaiJDM, iues 2 16.0 16.0 16.0 16.0 16.0 80.0 

NO OF CRYSTAL STARTS 1.0 1.0 1.0 1.0 1.0 5.0
 
LAST XTL,PCT OF MfAX 0.7 0.7 1.4
 

DAILY SETUP TIE,PCT 25.0 12.5 25.0 12.5 12.5 17.5
 
CRUCIBLE HEAT-UP.PCT 15.6 31.3 15.6 31.3 15.6 21.9
 
CRYSTAL PULLING, PCT 32.8 56.3 32.8 56.3 32.8 42.2
 
RE UNPROD TItlE, PCT 26.6 26.6 39.1 18.5
 

100.0
TOTAL TIME, PERCENT 100.0 100.0 100.0 100.0 100.0 


Fig. 9. Czochralski technology: 12-cm-diameter,
 

2-shift operation.
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.&aar ZOtiE EECIQUE 
CRYSTAL DIAMETER (D),CMf 12
 
SEED AND TAIL CONES, ANGLE 141TH C/L, DEGREES (AL) 30
 
GROWTH RATE -(V2)CI/HR: 24
 
MAXfIUM CRYSTAL LENGTH. INCLUDING CONES (L), CHI: 150 
LAST CRYSTAL 	MUST BE 50 PERCENT OF MAX LENGTH TO BE STARTED 
NO. OF HOURS 	MORKED EACH DAY OF THE MEEK (D) s 16
 
NO. OF DAYS 	IWORKED PER WEEK (DAYS) t 5
 
UNSCHEDULED DOMNTIflE, PCT OF MORKDAY 0
 
AUG SET-UP TIME (SU), HOURS: 1
 
AVG CRUCIBLE 	HEAT-UP TIMlE (dU), HOURS: 0.5
 

C~RM euuLzMa 
MAX LENGTH: 150 Cf GROWTH RATE: 24 CMl/HR - F2 TECHNIQUE* DIA, CH 12 
MEEKLY VOLUME, CU-CN I 153975 
MEEKLY AVG VOL,CU-Cl/fIN : 32.08
 
MEEKLY WEIGHT. KG? 375.70
 

119d. rg. U2, , EML. s .A . rr. 
1O5± 16.0 	 16.0 16.0 16.0 60.0
 

2.0 2.0 2.0 	 10.0
NO O Y ?$AL STARTS 2.0 2.0 
3.0 3.0 3.0 	 15.0
TOTAL LENGTH, METERS 3.0 3.0 


30795 30795 30795 30795 30795 153975
VOLUE, CUBIC-CI 

CUBZC-Cl GROUN/IIN 32.1 32.1 32.1 32.1 32.1
 

W M., , : 16.0 16.0 16.0 16.0 16.0 	 80.0 

NO OF CRYSTAL STARTS 2.0 2.0 2.0 2.0 2.0 	 10.0
 
LAST XTLPRTN OF M0AX 

DAILY SETUP 	TIfE.HRS 2.5 2.5 2.0 2.0 1.0 10.0
 
CRUCIBLE HEAT-UPHRS 1.0 1.0 1.0 1.0 1.0 5.0
 
CRYSTAL PULLING, HRS 12.5 12.5 12.5 12.5 12.5 62.5
 
REI UNPROD TIME, HRS 0.5 0.5 1.5 2.5
 

TOTAL TIME, HOURS 16.0 16.0 16.0 16.0 16.0 	 80.0
 

tied, ruE. 6d0. 11., fez, Sal t.UN.1010. 
/QSU.Y eOURs 3 16.0 16.0 16.0 16.0 16.0 80.0 

NO OF CRYSTAL STARTS 2.0 2.0 2.0 2.0 2.0 10.0 
LAST XTL,PCT OF MAX 

DAILY SETUP 	TIZE.PCT 15.6 15.6 12.5 12.5 6.3 12.8
 
CRUCIBLE HEAT-UP,PCT 6.3 6.3 6.3 6.3 6.3 6.3
 
CRYSTAL PULLING, PCT 78.1 78.1 78.1 78.1 78.1 76.1
 
REM UNPROD TIME, PCT 3.1 3.1 9.4 3.1
 

TOTAL TIME, PERCENT 100.0 100.0 100.0 100.0 100.0 


Fig. 10. 	Float-zone technology: 12-cm-diameter,
 

2-shift operation.
 

100.0 

112 



CZQC8ILS&L1 	tEcudlQUE
 
CRYSTAL DIAMETER (D).CM 1 15 
SEED AND TAIL CONES, ANGLE SJ1TH CIL, DEGREES (AL) 30
 
GRONTH RATE 	(V2),CM/HRI 12.8
 
MAXZIUM CRYSTAL LENGTH. INCLUDING CONES (L), Cn 75
 
LAST CRYSTAL MUST BE 50 PERCENT OF MAX LENGTH TO BE STARTED
 
NO. OF HOURS MORKED EACH DAY OF THE WEEK (CID): 16 
NO. OF DAYS MORKED PER MEEK (DAYS) 1 5 
UNSCHEDULED 	DOUJNTZME, PCT OF UORKDAYI 0
 
AUG SET-UP TZ.lE (SU), HOURS: 2
 
AVG CRUCIBLE HEAT-up TIME (bU),,HOURSI 2.5
 

ceRISza ewaaa 
MA LENGTH: ?5 CM GROUTH RATE: 12.8 Cn/HIR CZO TECHNIQUE" DiA, C 15 
MEEKLY VOLUME, CU-CM 3 59050 
MEEKLY AVG VOL.CU-C/flIN0l 12.30, 
MEEKLY MEZGHT, KGI 144;00
 

• I 	 *6.1
 

UVWPNYWAU!'4ARTS 1.:0 1.g l1.0 1.g 1. 80.0 
TOTAL LENGTH, METERS 0.8 1.2 0.8 1.2 0.8 4.6 
VOLUME. CUBIC-CM 10193 14236 10193 14236 10193 59050
 
CUBIC-C GROWN/MIN 10.6 14.0 10.6 14.8 10.6
 

UQUA EU. QU. IdU. Ma. Sal. SUN, 10101 
gafine, OUS : 16.0 16.0 16.0 16.0 16.0 80.0 

NO OF CRYSTAL STARTS 1.0 1.0 1.0- 1.0 1.0 	 5.0
 
LAST XTL.PRTN OF MAX 0.5 0.5 	 1.1
 

DAILY SETUP 	TIMEMRS 4.0 2.0 4.0 2.0 2.0 14.0
 
CRUCIBLE HEAT-UPHRS 2.5 5.0 2.5 5.0 2.5 17.5
 
CRYSTAL PULLING, HRS 5.9 9.0 5.9 9.0 5.9 35.6
 
REM UNPROD TIME, HRS 3.6 3.6 5.6 12.9
 

TOTAL TInE, HOURS 16.0 16.0 16.0 16.0 16.0 80.0
 

gaRne. HOURsS 16.0 16.0 16.0 16.0 16.0 80.0
 

NO OF CRYSTAL STARTS 1.0 1.0 1.0 1.0 1.0 5.0
 
LAST XTLPCT OF MAX 0.5 0.5 1.1
 

DAILY SETUP TIMEPCT 25.0 12.5 25.0 12.5 12.5 17.5
 
CRUCIBLE HEAT-UP.PCT 15.6 31.3 15.6 31.3 15.6 21.9
 
CRYSTAL PULLING. PCT 36.6 56.3 36.6 56.3 36.6 44.5
 
REM UPPROD TIME, PCT -22.0 22.8 35.3 16.2
 

TOTAL TIME. PERCENT' 100.0 100.0 100.0 100.0 100.0 100.0
 

Fig. 11. 	Czochralski technology: 15-cm-diameter,
 

2-shift operation.
 

Computer Analysis 113 



415 We eIAS 2LCulau uZQQ&B t 
CRYSTAL. DIPMETER (D),C 2 15 
SEED AND TAIL CONES, ANGLE WITH C'L, DEGREES (AL) 30 
GROWTH RATE (U2),CMHRZ 24
 
?IAKIMP CRYSTAL LENGTH, INCLUDING CONES (L), CM: 150
 
LAST CRYSTAL MUST HE 50 PERCENT OF IAX LENGTH TO BE STARTED
 
NO. OF HOURS WORKED EACH DAY OF THE WEEK (ID) s 16 
NO. OF DAYS WORKED PER W4EEK (DAYS) 2 5 
UNSCHEDULED DOWNTIME, PCT OF WORKDAY: 0
 
A"G SET-UP TIME (SU), HOURS: 1 
AUG CRUCIBLE HEAT-LIP TIME (UU), HOURS: 0.5
 

IAX LENGTH: 150 CM GROWTH RATE: 24 CM/HR • FZ TECHNIQUE' D.A, C11 15 
WEEKLY VOLUIE, CU-CM S 234464 
MEEKLY AUG UOLCU-Cf/flIN I 48.a5 
MEEKLY WEIGHT, KG: 572.09
 

doul uis. MED. tttU maI sat. sub. ra 
16.0 16.0 16.0 16.0 16.0 80.0 
2.0 2.0 2.0 2.0 §.0 10.0
 

TOTAL LENGTH. METERS 3.0 3.0 3.0 3.0 .0 15.0 
VOLUME. CUBIC-CM 46a93 46093 46093 46893 46093 234464 
CUBZC-CM GROUN/MIN 40.8 4a.8 4.8 48.0 40.0 

wISces A L UCAt.SuLA1uLmelaSet U&rzQ a 

himrf, m : 16.0 16.0 16.0 16.0 16.0 0.0 

NO OF CRYSTAL STARTS 2.0 2.0 2.0 2.0 2.0 10.0 
LAST XTL.PRTH OF MAX 

DAILY SETUP TZE,.HRS 2.5 2.8 2.0 2.0 1.0 10.0
 
CRUCIBLE HEAT-UPHRS 1.0 1.0 1.0 1.0 1.0 5.0
 
CRYSTAL PULLING, MRS 12.5 12.5 12.5 12.5 12.5 62.5
 
REM UNPROD TIME, HRS 0.5 0.5 1.5 2.8
 

TOTAL TIME. HOURS 16.0 16.0 16.0 16.0 16.0 80.0
 

MQ&Kar, dQuR 2 16.0 16.0 16.0 16.0 16.0 80.0 

NO OF CRYSTAL STARTS 2.0 2.0 2.0 2.0 2.0 
 10.0
 
LAST XTLPCT OF MAX
 

DAILY SETUP TZME,PCT 15.6 15.6 ,2.5 12.5 6.3 12.5 
CRUCIBLE HEAT-UP,PCT 6.3 6.3 6.3 6.3 6.3 6.3
 
CRYSTAL PULLING, PCT 78.1 78.1 78.1 70.1 7a.1, 78.1
 
REM UNPROD TIME. PCT 3.1 3.1 9.4 3.1
 

TOTAL TIHE. PERCENT 100.0 100.0 100.0 100.0 100.0 100-0 

Fig. 12. Float-zone technology: 15-cm-diameter,
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of each day where the machine remains idle. It has been set
 

up for the next run, but insufficient time remains to heat
 

up the polysilicon and pull a reasonably long (specified at
 

50% of normal length) crystal.
 

Another example is shown in Fig. 8, where during the first
 

day of operation (Monday) the equipment remains idle for 4.3
 

hours, or 26.6% of the workday. In a more flexible pro

duction environment, 3.4 hours of overtime (2.5 + 5.2 - 4.3)
 

would have resulted in a second crystal for the day. This
 

problem does not happen to occur with the FZ case (Figs. 10,
 

11, and 12), since the conditions (technology parameters) 

are such that two crystal starts per day can be readily 

scheduled. 

The foregoing points to the fact that cost-effective bulk
 

(CZO,FZ) crystal growth for photovoltaic applications should
 

be a 24-hour round-the-clock operation, similar in concept
 

to a steel mill. If, for some reason, this is not possible,
 

then working hours of equipment operators should be
 

scheduled around the crystal-growing cycle and not around
 

arbitrary shift hours.
 

Today, FZ crystallization from polysilicon into
 

single-crystal material is not consistently achieved with
 

one pass through the crystal, increasing processing time and
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cost. Granted, float zoning is a more difficult crystal
 

growing technique than CZO, requiring greater operator
 

skill. This condition, however, should not become a
 

detractor from FZ technology and could be overcome through
 

better operator training and automation.
 

The cost of polysilicon rods, suitable for FZ growth, is
 

currently about twice the cost of polysilicon for CZO
 

growth. Even though the former require somewhat more
 

operator attention during the manufacturing cycle and the
 

product (polyrod) must be free of cracks, there appears to
 

be no compelling reason why the cost of polysilicon material
 

in any bulk form should not be essentially the same,
 

assuming an equal demand for it in the marketplace.
 

Float-zone single-crystal material throughput, as one would
 

expect from a review of the processing parameters, is
 

considerably higher than CZO throughput. This difference is
 

due to the variation in crystallization, or growth, rates,
 

as shown in Table II. It is also due to the fact that
 

longer crystals are grown with FZ than with CZO and,
 

finally, to the variation in machine-setup and polysilicon
 

melt-down times. This is shown graphically in Figs. 13 and
 

14, where weekly material volume (cm3) vs crystal diameter
 

(cm) is plotted for the two modes of operation. As can be
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Fig. 13. Czochralski versus float-zone material 
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seen from Fig. 13, FZ, in this projection, outproduces CZO
 

by a factor of 3 for all three crystal diameters chosen.
 

For the five-day, 16-hour-per-day operatlox (Fig. 14), this
 

difference is even greater because of the long CZO machine
 

idle time discussed earlier. Since the curves for the other
 

two projections of Table II would fall below the pictured FZ
 

curve, this curve might be viewed as bdr current estimate of
 

future FZ technology potential.
 

In sum, we believe that FZ technology is pot~ntially less
 

expensive than CZO, and a relatiVely sm&ll investment in
 

technology development and equipment should solve
 

technology-related throughput-limiting problems.
 

Here is our scoreboard:
 

FZ CZO
 

Productivity 3 1
 

Equipment Cost 1 1
 

Raw Material (Future) Cost 1 1
 

Crucible Cost 0 1
 

We conclude that the potential advantages of FZ technology
 

have been underestimated, and that tapid Action should be
 

taken to develop FZ to the level of CZO.
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4.0 	CONCLUSIONS
 

o 	 Float-zone technology is potentially less expensive
 

than Czochralski 'technology and, consequently, should
 

be rapidly developed and automated to the level of
 

today's Czochralski technology.
 

o 	 Float-zone technology can potentially outproduce
 

Czochralski technology by a factor of 3.
 

o 	 Cost-effective bulk (CZO, FZ) crystal growth for
 

photovoltaic devices demands a 24-hour-per-day factory
 

operation. If this is not possible, careful
 

scheduling of technician and equipment is required to

avoid excessively idle equipment.
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