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Abstract: Economically viable means of producing silicon solar cells for the conversion of solar energy into electric power are dis-
cussed. Emphasis is given to the discussion of crystal growth techniques capable of growing single-crystal silicon ribbons directly and
inexpensively from molten silicon. The capillary action shaping technique (CAST) recently developed by IBM has a good potential for
producing low cost silicon sheets suitable for solar cells. This technique has produced ribbon 100 mm wide and 0.3 mm thick. Problems
that CAST must overcome in order to supply material for low cost solar cells are discussed. Economic and technological computer-
modeled comparisons indicate that continuously grown CAST ribbons of these dimensions can meet a cost objective below $50/m” of
sheet material. The results require that it be possible to fabricate a twelve-percent-efficient solar cell from CAST ribbon 100 mm wide and
0.3 mm thick at a polycrystalline silicon cost of $10/kg.

Introduction

The widespread application of silicon solar cells to photo-
voltaic energy conversion is presently held back primarily
by cost. Today’s cost of packaged solar cells capable of
generating one peak watt of electricity is between $15 and
$20. Department of Energy (DOE) officials assert that this
cost must come down to $0.50/W for cells to compete
with conventional energy sources. The goal is to achieve
this cost figure in 1986.

In addition to this capital cost of $15 000 per peak kW
of generating capacity for a solar cell system in a central
generating station, provisions must be made for energy
storage. Storage capacity for three to six hours of the sta-
tion’s output would increase the total system cost to
$30 000 to $50 000 per peak kW. For such a system to
compete with fossil-fueled or nuclear power plants, it is
estimated that the cost must be reduced to $1000 per
peak kW (all cost goals are given in 1975 dollars).

In producing electricity from solar cells, most of the
expense is related to obtaining material of sufficient purity
for the manufacture of the cells. Solar cells are pre-
dominantly fabricated from silicon, the second most
abundant element on earth. In its purest form it is found
in quartz and quartzite. Obtaining silicon from quartzite
in the needed purity is a very expensive process, but ef-
forts are being made to shrink this expense. Research

sponsored by DOE is aimed at producing solar-grade poly-
crystalline silicon in excess of 3000 metric tons per year
(1 metric ton = 10° kg) at less than $10/kg by 1986. The
selection process involved in this research examines and
re-examines past processes for preparing silicon as well
as those currently in commercial use. In addition, over
200 chemical reactions have been considered by which

Figure 1 Die for CAST ribbon growth. (a) Top view; (b) side
view with cutaway.
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Figure 2 (a) Cross-sectional view of meniscus configuration; (b) illustration of the high melt meniscus growth in CAST ribbons.

the preparation of silicon might be possible through the
reduction of readily available compounds. Today, up-
grading the arc-furnace process for making metallurgical-
grade silicon is deemed the most probable means of
meeting DOE goals for solar-grade silicon.

The second major solar cell expense is in the fabrica-
tion of the wafers from Czochralski-grown silicon crystals
or boules, which is a wasteful and expensive process.
One-half to two-thirds of the boule is lost in saw kerfs and
polishing operations. In addition, large parts of the solar
cell manufacturing process involve batch operation.

A process for continuous growth of ribbon crystals is
envisioned to permit continuous, automated device fabri-
cation, overcoming wasteful manufacturing processes
and thus substantially reducing costs. Many attempts
have been made to provide such a solution, including the
dendritic web process [1, 2], the Stepanov technique [3]
as applied by Boatman and Goundry [4], and the edge-
defined film-fed technique [5-8] first applied to silicon by
Ciszek [9] and subsequently improved by Ciszek and
Schwuttke [10, 11].

Ribbon growth programs in the United States aim at
continuous growth of silicon ribbons at high growth rates
(75 mm/min). The ribbons should be 100 mm wide and
0.3 mm thick, with a solar cell conversion efficiency of
better than ten percent. In anticipation of this goal, we are
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involved in a research program pursuing the growth of
silicon ribbons by a capillary action shaping technique
(CAST), as described in [10, 11]. Recently, this work has
achieved ribbon widths of 50 mm for a length of over 1 m
and 93 mm for a length of 0.17 m. Ribbons of such widths
were grown with an average thickness of 0.3 mm at a
growth speed of over 30 mm/min. Although considerable
progress has been made with this technique, problems re-
main that must be solved in order to meet the DOE goal;
some of these are addressed in this paper. In addition,
details on minority carrier lifetime and solar cell perform-
ance of these silicon ribbons are presented, and an eco-
nomic outlook for their potential for meeting the DOE
goal of $0.50/W is given.

CAST crystal growth method

The crystal-growth method under investigation is a capil-
lary action shaping technique. Meniscus shaping for the
desired ribbon geometry occurs at the vertex of a wet-
table die. As ribbon growth depletes the melt meniscus,
capillary action supplies replacement material. The con-
figuration of the technique used in our initial studies was
similar to the edge-defined, film-fed growth (EFG) proc-
ess described by LaBelle [5]. This crystal-growth method
has been applied to silicon ribbons for several years [9].
As our work on silicon ribbon growth progressed, we
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found that substantial improvements in ribbon surface
quality could be achieved with a melt meniscus higher
than that attainable with the EFG technique. Thus, in our
present work we have abandoned the EFG technique in
favor of the improved capillary action shaping technique
CAST [10, 11], which makes use of the capillary die de-
sign shown in Fig. 1.

This technique 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 paralle! or con-
centric with the growing ribbon. The new die allows a
higher central melt meniscus [Figs. 2(a, b)], concomitant
improvements in surface smoothness, and freedom from
SiC surface particles that can degrade perfection.

In addition, the CAST growth system provides a novel
approach to growing wide silicon ribbons through thermal
profile control that is continuously variable, inert, and ca-
pable of heat extraction [11]. In this device, multiple in-
ert-gas jets, each with an individually controlled flow ad-
justment, are directed to various parts of the hot zone.

The CAST die shown schematically in Fig. 1 is typical
for our die design. It is about 1.9 mm thick in the mid-
region (X ), with a 1.5-mm deviation from flatness (8) that
produces a central ribbon thickness of about 0.3 mm for
an overall die thickness ¢, of 50 mm or larger. The menis-
cus height s under these conditions is about 0.7 mm.
The relative dimensions of ribbon, die, and meniscus are
given in Fig. 2(a); these dimensions are given here in mm.
Note: the ribbon thickness ¢, is different from the die
thickness 1, and the capillary slot thickness r. The high
central-melt meniscus provided by this die design results
in smoother ribbon surfaces and greater freedom from -
SiC surface particles that can degrade perfection [10].

Because of transverse variations in die thickness, die
height, and meniscus volume, dynamic control over the
temperature distribution in the growth region is desirable.
The inert-gas thermal balancing system provides the ther-
mal control necessary for growing stable ribbons as wide
as 100 mm and has made possible full-width seeding of
such ribbons.

Figure 3 shows a silicon ribbon 50 mm wide being
grown by the CAST technique, with inert-gas jet control
for thermal adjustments at each ribbon edge. The high
central-melt meniscus (black, thin crescent) promotes
smooth, reflective ribbon surfaces.

Since the gas jets are directed toward the growth re-
gion, it has been possible to use an open pulling port sys-
tem and still retain clean ribbon surfaces of a type here-
tofore obtained only in a closed, gas-tight growth system.

The system has been used to grow more than sixty sili-
con ribbons 38 and 50 mm wide and up to 1.2 m long, and
it has provided the necessary thermal balancing for good
width control. It has been particularly beneficial in main-
taining a high melt meniscus for the growth of ribbons
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Figure 3 CAST-grown 50-mm-wide silicon ribbon, where inert-
gas jets are used for thermal adjustments at each edge of the
ribbon. The high central-melt meniscus (black, thin crescent)
promotes smooth, reflective ribbon surfaces.

with low silicon carbide surface particle densities (9 X
107%/cm?). In addition, crystals grown with a high melt
meniscus display relatively large grains, several mm in
size. These also displayed excellent minority carrier life-
time distributions.

Recently a system for 100-mm ribbons has been suc-
cessfully implemented.

® Die problems

During silicon ribbon growth, particularly without ther-
mal jet control, small SiC crystallites may form in the ori-
fice of the die. Such crystallites are also found floating in
the meniscus at the top of the die. Such a particle fre-
quently becomes attached to the silicon ribbon, destroy-
ing its perfection [10].

Similar deposits are observed on the outside of a car-
bon die in contact with the molten silicon. An accumula-
tion of crystallites is shown in the orifice of a carbon die in
Fig. 4(a) and on the outside of a die in Fig. 4(b). Scanning
electron micrographs of such small crystals scraped from
the orifice and from the side of the die are shown in Fig. 5.
These crystals appear equiaxial and expose mainly (111)
and (100) surfaces. The morphology of the SiC crystals is
in agreement with growth by precipitation from a liquid
phase. Some of these crystals are found in clusters
bonded to each other within a very limited area where the
crystal orientations are identical. It is obvious that small
SiC crystals of high crystallographic quality can be grown
by this technique as a byproduct (in this case, unwanted)
of Si ribbon pulling.

CAST ribbon quality

Ribbon crystals grown by the capillary action shaping
technique display a unique defect structure. Under steady
state growth conditions, the defect structure is dominated
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(a)

Figure 4 Accumulation of SiC (a) on outside and (b) in orifice of carbon die.

Figure 5 Scanning electron micrographs of SiC crystals scraped from orifice of carbon die.

by linear boundaries parallel to the ribbon edges [12]. The
best ribbons obtained have a surface orientation close to
(011) and boundaries in the (211) growth direction [12].
Seed orientation has no influence on the steady state
growth perfection of the ribbon. The electrical effects as-
sociated with the equilibrium defect structure are of inter-
est because they influence solar cell efficiency [12]. The
electrical activity of ribbon defects can be investigated
qualitatively through use of the electron-beam-induced
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current (EBIC) signal in the scanning electron micro-
scope while the influence of defects on minority carriers
can be measured quantitatively through metal oxide semi-
conductor capacitance vs time (MOS C-r) measure-
ments.

o EBIC measurements

The EBIC technique is useful for nondestructive imaging
of electrically active defects in silicon. Electron-beam-in-
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(a)

Figure 6 (a) Optical and (b) SEM EBIC micrographs of a silicon ribbon solar cell; magnification is 20x for both, e-beam power is

30 keV.

(a}

(b)

(b)

Figure 7 Scanning electron micrographs of a silicon ribbon surface; (a) surface picture showing SiC dendrites (20 keV), and (b) EBIC
picture of same surface. Magnification is approximately 1000x for both pictures.

duced current investigations of as-grown ribbons are
made with Schottky contacts [13]. Solar cells are investi-
gated in the EBIC mode through use of diffused p-n
junctions [14].

The electrically active defect density in a ribbon crystal
can be considerably lower than its total defect density.
The total defect density is found by Sirtl etching and by
optical microscopy of the ribbon surface.

Figure 6(a) shows an optical micrograph of a ribbon so-
lar cell section. The two fingers of the Al-Ag metal grid
are visible and can be used for area identification. The
parallel lines perpendicular to the fingers are the linear
boundaries typical for ribbons grown under steady state
conditions. Note the high density of lines. Figure 6(b), the
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corresponding EBIC picture, shows the Al-Ag fingers as
dark horizontal lines. The dark vertical lines and bands in
the EBIC picture indicate a local reduction in the beam-
induced current when the beam scans over these areas.
This is caused by crystal defects that act as preferred re-
combination centers. The dark bands correlate well with
crystal sections that show etch pits (dislocations) after
Sirtl etching, while the sharp boundary lines correspond
to electrically active twin or grain boundaries. The areas
that appear white in the EBIC picture are free from elec-
trically active defects and have better lifetimes than the
areas that appear dark.

In addition to dislocations and planar boundaries, SiC
dendrites also cause minority carrier lifetime degradation

G. H. SCHWUTTKE ET AL.
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Figure 8 Magnified (250) sections of silicon ribbon having varying degrees of crystal quality and ranges of minority carrier lifetimes;
(a) high quality, 1-10 us lifetimes; (b) twinning and dislocations present, 0.01-1 us; (c) small-angle grain boundary present (note dis-
Jocation pits), <0.01 us, and (d) SiC inclusion present, lifetime not measurable because of leaky oxide.

in ribbons [see Figs. 7(a) and (b)]. The scanning electron
microscopic (SEM) surface image of dendrites covering
the ribbon surface is shown in Fig. 7(a), while the corre-
340 -~ sponding EBIC image, with p-n junction contrast, is
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given in Fig. 7(b). Such dendrites act as highly effective
recombination centers. The efficiency of solar cells is re-
duced to the one-to-three-percent range if such dendrites
are present in large numbers.
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® Minority carrier lifetime measurements

The EBIC measurements are in good qualitative agree-
ment with MOS C-¢ lifetime [15] data obtained from
such crystals. Minority carrier lifetime values of typical
defect areas are obtained by placing MOS capacitors in
these areas. The lifetime degrading property of a particu-
lar defect pattern can be measured directly in this way. A
comparison of the EBIC picture and the lifetime data is
also possible because the same MOS capacitor can be
used for EBIC display and lifetime measurements. Ex-
amples of lifetime variations and their dependency on rib-
bon perfection are shown in Figs. 8(a-d). Figure 8(a) illus-
trates a ribbon section of high quality crystal structure.
The crystal section between the twin boundaries is nearly
perfect. One section of lesser quality, containing twins, is
shown in Fig. 8(b). Note the etch pits indicating dis-
locations in the left and right crystal section. The middle
section between the twin boundaries is free of etch pits.
Other defect configurations found in steady-state-grown
ribbon sections are shown in Figs. 8(c) and (d). A small-
angle grain boundary is shown in Fig. 8(c). Note the dis-
location pits to the right and left of the boundary. A SiC
surface inclusion is shown in Fig. 8(d). The measured life-
times noted for each defect pattern represent typical data.

The lifetime of minority carriers in ribbons varies with
the position of the MOS dots relative to the edges of the
ribbon. Longer lifetimes are found for dots located in the
center of the ribbon, rows K-Q, as illustrated in Fig. 9.
This figure also summarizes lifetime measurements made
for three different crystals. The ordinate gives the minor-
ity carrier generation lifetime in microseconds; the ab-
scissa gives the position (row identification) of the MOS
dot relative to a ribbon edge. The dots A and W are close
to the left and right edges of the ribbon, respectively. The
solid line in the figure indicates the average lifetime val-
ues (obtained by plotting averaged single-lifetime values
per column against the distance from the edges) for the
different ribbon sections. The ratio of the average lifetime
for dots located in the middie of the ribbon to those for
dots located close to the edges can be as large as 200.
Perfection studies made on these ribbon sections indicate
that the lifetime degradation correlates with the crystal
structure quality, which improves toward the center of
the ribbon.

Lifetime values larger than 500 us have been measured
in defect-free sections of CAST ribbons, which indicates
that ribbons grown from carbon dies have potential for
high-efficiency solar cells.

B-SiC dendrites have been found to deposit epitaxially
on ribbon surfaces during ribbon growth. The density of
such dendrites is highest near the seed-ribbon interface,
decreasing rapidly with increasing distance from the in-
terface. These dendrites have been found, by means of
EBIC measurements, to cause serious lifetime and solar
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Figure 9 Lifetime variation across ribbon surfaces. Ribbon
sections were tested at various distances (cm) from the seed
crystal: 20, O; 36, A\; 48, B; 60, 7; averages of these lifetimes for
each row are indicated by @.

cell problems such as leaky MOS devices and low effi-
ciencies. This problem is eliminated by removing a thin
layer (10 wm) of the as-grown surface through etching in
an acidic mixture (3 HNO, : 1 HAc : 1 HF). Etching the
ribbons before processing also relieves the problem of
breakage, which is more pronounced for the as-grown rib-
bons.

Results of lifetime measurements made on as-grown
ribbons and on ribbons slightly etched before processing
are summarized in Table 1. It can be seen that, due to the
presence of B-SiC dendrites, the occurrence of leaky
MOS dots can be very high on ribbon sections cut as far
as 400 mm from the interface. Etching before processing
eliminates this problem.

Classification of CAST ribbon quality
The conversion efficiency of silicon solar cells depends on
a variety of factors and their complex interactions. Most

M
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Table 1 Influence of 8-SiC dendrites on lifetime of silicon ribbons.

Ribbon Distance MOS dot Range of Average Relative
type from seed size lifetime lifetime area con-
{cm) (mm) (8) (us) taining Sic
%)
Ribbon A
As-grown 6-12 0.5 0.011-10.5 2.26 68
As-grown 18-24 0.5 0.001-1.64 0.20 52
As-grown 30-36 0.5 0.005-6.48 1.07 31
1.5 0.081-1.13 0.34 58
As-grown 42-48 0.5 0.020-52.7 2.50 12
1.5 0.028-2.42 0.44 21
Ribbon B
As-grown Unknown 0.5 0.0003-0.096 0.034 77
Etched Unknown 0.5 0.039-44.3 6.54 0
Etched Unknown 1.5 0.011-29.0 5.93 0
Table 2 Classification of ribbon quality. Dislocations in ribbons are either randomly distributed
— ) throughout the grains or aligned in the slip directions.
Class Lifetime  Solar cell Dominant Transmission electron microscopic investigations of rib-
range efficiency® defects . ) . . .
(us) (%) bons with (011) surface orientation show these dis-
locations to have Burgers vectors a/2 (110) parallel or in-
I 1-10 3-8 Coherent twins, clined to the (011) ribbon surface. For such dislocations
Zﬁfggﬁg‘;la’lo W one finds that the product of lifetime 7 and dislocation
10%em?. density N, is approximately 0.5 s/em’. This is a factor of
1 0.01-1 3-5 Noncoherent 30 lower than that reported for grown-in dislocations in
tsﬁgﬁmrgﬁﬂﬁl: float-zone silicon of 1000 ohm-cm resistivity [16]. As-
low angle grain suming that the lifetime-measurement technique (photo-
boundaries, dis- voltaic decay) used in [16] and the MOS C- technique
locations above . o .
10v/em? [15] give comparable results for the bulk lifetime, this TN
111 <0.01 1-3 Grain boundaries, value would indicate that the electrical activity of 60° dis-
dislocations above locations in ribbons is higher than the electrical activity of
105/cm?. . isl . . Is. Thi
v Not Silicon carbide grovyn-m dislocations in float-zone crystals. is con-
measurable — dendrites on sur- clusion appears reasonable.
face. Transmission electron microscopic investigations of
Standard 10-500 8-12 None . . . . .
Czochralski electrically active and inactive boundaries were also
wafer made [17]. These investigations indicate that all inactive

2Measured at AM1 (a term for the average solar spectral radiance at the earth’s surface
on a bright sunny cloudiess day), no antireflective coating.

important is the presence or absence of nonradiative re-
combination centers. The presence of transition metals in
the silicon also has a great influence on solar cell effi-
ctencies. Finally, there is evidence that crystallographic
defects in silicon can influence solar cell efficiency.
Therefore, we have classified ribbon quality according to
the influence of dislocations and other ribbon defects on
generation lifetimes and solar cell efficiencies.
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boundaries are either first-order (coherent) twin bounda-
ries or are composed of multiple stacking faults. The elec-
trically active boundaries are found to contain varying
numbers of dislocations; the electrical activity of such
boundaries depends on the number of dislocations pres-
ent.

On the basis of electrical measurements and detailed
structural investigations [17], ribbon quality is classified
as shown in Table 2. Four different categories of crystal
quality are defined, and these are based on a correla-
tion between the lifetime ranges and the observed solar
cell efficiencies. The classification is also based on a large
volume of experimental data and represents a reasonably
accurate guideline to ribbon quality and to the resulting
influence on solar cell efficiency.
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Figure 10 Single-ribbon system sensitivity analysis: silicon
sheet cost vs time for processing-technology parameters.

The correlation between lifetime and solar cell efficien-
cy shown in Table 2 is interesting. Each lifetime range
corresponds to a specific range of solar cell efficiencies.
Note that the standard Czochralski wafer (defect-free)
has the best lifetime and also the best solar cell efficiency.
In this context we believe that ‘‘high-efficiency’’ solar
cells may require a well controlied defect state in the sili-
con material.

Economic and technological outlook

We now present the economic-technological requirements
for ribbon technology prerequisite for the DOE 1986
energy-capacity-cost goal. This $0.50 goal relates to a
sheet material cost of approximately $25/m” for silicon
0.3 mm thick, and requires a 12-13 percent solar cell con-
version efficiency. This is an ambitious requirement for
any material technology. On the basis of our findings,
we feel that the silicon CAST ribbon technology holds
great promise for achieving this goal.

First we look at certain economic considerations that
require improvements in processing technology. Such im-
provements can be achieved without technological break-
throughs. We then discuss the directions that future
CAST ribbon development must take in order to meet the
DOE goal.

® Economic outlook

Processing technology improvements in increasing ribbon
widths and growth rates and in decreasing ribbon thick-
nesses are the key elements for reducing the cost of sheet
silicon [18]. Such tasks must be pursued if sheet material
costs are to be minimized. For instance, Fig. 10 shows
that for present ribbon technology, increasing ribbon
width from 25 to 100 mm has the most pronounced effect
on reducing the cost of silicon sheet material from $678 to
$247/m®. On the other hand, the effect of reducing ribbon
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Figure 11 Single-ribbon system: silicon sheet cost vs ribbon
width.

thickness alone is relatively small. Increasing the ribbon
growth rate from the present 1.5 m/h (thirty percent of the
theoretical maximum) to 2.5 m/h (fifty percent of maxi-
mum) would have an intermediate effect (see Fig. 10).

An additional perspective for today’s technology is
provided in Fig. 11, where the cost of silicon sheet mate-
rial is plotted vs ribbon width [18]. It should be noted that
increasing the ribbon width from 25 to 50 mm reduces the
sheet material cost from $678 to $390/m”. This cost pro-
jection is based on existing technology: 25-mm ribbon
width, 1.5 m/h growth rate, $65/kg polycrystalline silicon
cost, 0.3-mm ribbon thickness, and an eight percent rib-
bon solar cell efficiency.

To approach the DOE $0.50/W goal, the following tech-
nology must be implemented: 100-mm ribbon width,
3.8 m/h growth rate, (75% of maximum), $10/kg poly-
crystalline silicon cost, 0.3-mm ribbon thickness, and
twelve percent ribbon solar cell efficiency.

Current technology already has the potential for pro-
ducing sheet material for approximately $50/m” [19]. This
is only twice the cost of the DOE goal and looks encour-
aging. It is interesting to note that the implementation of
this technology into manufacturing does not require any
scientific breakthroughs. Recently, we have successfully
demonstrated the feasibility of 100-mm-wide CAST rib-
bons. Producers of polycrystalline silicon claim that the
large market projected by DOE alone will reduce the cost
of this material to $10/kg. To date, solar cells fabricated
from IBM CAST ribbon have already achieved greater
than eleven percent efficiency [20].

o Technological outlook

A reduction of the $50/m” cost is possible through addi-
tional technological development. There is no doubt that
such programs will lead to considerable improvement of
the still “‘infant’” ribbon technology. Several options ex-
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Table 3 Correlation of electrical activity of ribbons with type

of crystal defect.

Group 1
(strongly active)

Group 11
(moderately active)

Group 111
(inactive)

Silicon carbide den-
drites and in-

Multiple overlapped
stacking faults

First order (co-
herent) twins

clusions

Grown-in dis- Stacking faults

Grain boundaries locations
Degenerated twins,

low-angle bound-

aries

Dislocation bands

ist, one being multi-ribbon growth. The simultaneous
growth of five 75-mm-wide silicon ribbons is being pur-
sued under a different DOE contract [21]. Multi-ribbon
growth is a redoubtable task, and a breakthrough in
this area would make it possible to meet the DOE ob-
jective.

A second approach is to improve the quality of the 100-
mm-wide ribbon to provide greater than twelve percent
solar cell efficiency. Our future work concentrates on this
approach. To improve the quality of future 100-mm
CAST ribbons, attempts must be made to reduce the
number of electrically active defects. (The CAST ribbon
electrical activities and their correlations with common
crystal defects are shown in Table 3.)

Ribbons that are highly efficient at photovoltaic energy
conversion can be obtained through ‘“‘controlled’” ribbon
growth where (at least) group I defects are eliminated (see
Table 3). By controlled ribbon growth we refer to control
of the seeding phase, of the surface orientation, of the
amount of carbon in solution, of silicon carbide forma-
tion, and of impurities in the ribbons, all factors that are
obviously die-dependent. The most promising die mate-
rial used so far is carbon or carbon coated with silicon
carbide.

Considerable improvement in ribbon crystal quality
could be achieved by control of the seeding process and
resultant control of the surface orientation. So far, sur-
face orientation of ribbons, even if obtained under steady
state growth conditions, is at best fortuitous. Thus, ob-
taining ribbons with controlled surface orientation is
clearly a major goal for all future work in ribbon growth!
Otherwise, there is little hope of eliminating grain bound-
aries and dislocation clusters during ribbon growth.

The reduction or total elimination of SiC particles is
also an important goal for future ribbon growth develop-
ment. Here we have made considerable progress. In this
context, clever die design leading to the high-melt-menis-
cus technique and the use of silicon-carbide-coated dies
are helpful factors.

G. H. SCHWUTTKE ET AL.

In conclusion, we feel that ribbon growth using the cap-
illary action shaping technique (CAST) remains a formi-
dable task if it must compete with the perfection level of
Czochralski, float-zone, or dendritic-web crystals. Nev-
ertheless, the CAST technique has excellent potential for
reaching the DOE goal of $0.50/W. A single future break-
through—most likely in the die material—could tip the
balance in favor of CAST or other similar techniques.

Conclusions and summary

The capillary action shaping technique {CAST) for silicon
ribbon growth has several potentially promising charac-
teristics. This technique could provide continuous lengths
of silicon ribbon 100 mm wide and 0.2-0.3 mm thick for
continuous solar cell processing, and could eliminate the
need for crystal slicing. Melt replenishment for long-rib-
bon growth should be achievable if the melt reservoir is
thermally decoupled from the solidification front. Pulling
speeds are a factor of ten or more higher than those in
Czochralski growth. If ribbon crystallography is good,
minority carrier lifetime values are comparable to those
encountered in Czochralski crystals.

The crystal structure of CAST ribbons is inferior to
that obtained with Czochralski silicon crystals. CAST
crystals are plagued by uncontrolled twinning and grain
boundaries, but good sections contain only parallel
twinning. Such sections have excellent lifetime distribu-
tions and yield solar cells with efficiencies approaching
twelve percent.

The imperfect crystal structure of some CAST ribbons
relates directly to the carbon die and is attributable in part
to carbon solubility in Si and in part to SiC formation.

By means of MOS C-r measurements, lifetime de-
grading defects in silicon ribbons have been classified into
four groups according to the particular defect structure
present and the impact of that defect on minority carrier
lifetime: silicon carbide dendrites, grain boundaries, dis-
locations, and stacking faults. (First-order twins do not
influence lifetime.)

The impact of these defects on solar cell efficiency is
established, and solar cell efficiency ranges are given for
the four different perfection states encountered in rib-
bons.

Lifetime-degrading properties of different defects are
qualitatively discussed and displayed through SEM EBIC
contrast by using Schottky contacts and solar cell p-n
junctions.

Although the maximum ribbon growth rates are consid-
erably higher than those for Czochralski crystals, the vol-
ume of material produced per unit time is much smaller in
the case of ribbons. However, since Czochralski crystals
must be sliced and subsequently polished, a large amount
of the grown crystal is lost.
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Economic and technological comparisons, computer-
modeled at our laboratory, indicate that CAST ribbon
100 mm wide and 0.3 mm thick, obtained by a continuous
growth technique, has excellent potential as a material for
low cost solar cells. A cost of $50/m” of sheet material is
already feasible; further reductions are obtainable
through technological improvements. The results are
based on the assumption that twelve-percent-efficient so-
lar cells can be fabricated from the 100-mm-wide ribbons.

The feasibility of 100-mm-wide CAST ribbon growth
has recently been demonstrated; solar cells fabricated
from CAST ribbons presently exhibit efficiencies of better
than eleven percent.
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