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EFG RIBBON GROWTH
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The review vill cover two projects ent‘tled "Continuous Silicon Solar
- Cells" (Harvard-Tyco) and "Scale-Up of Program on Continuous Silicon Solar
Celis."

Past activities in the theoretical aspects of EFG ribbon growth have dealt
with capillary effects, die effects, thermal effects and crystal shape efiects.
This program was concluded in March and the final report is near completion.
Effort since the last r2view meeting has been devoted to the examination . |
the shape of the meniscus at the ribbon edges. It has been determined that the
height of the meriscus at the ribbon edges was undercsiimated in the earlier
thecory. Present theoretical findings along with analogue experiments indicate
that the side meniscus lifts the edge meniscus effectively increasing the menic-
cus height at the edges. This finding has important consequences in the stable
growth of high quality ribbons. Other factors considered include the effects of
crystal orientation on ribbon shape or morphology.

The experimental aspects of growth have dealt with continuous ribbon
growth and factors contributing to ribbon quality. Continuous ribbons of up to
80 ft (1 in. wide, 8 to 10 mils thick) in length have been grown. With the use
of top or die heaters in resistance heated crystal growth systems, the control
of vertical temperature gradients as well as the height of the meniscus above
the die is possible. By employing a high meniscus mode of operation of the
system a few crystals of very high quality with respect to defect densities (dis-

locations, twins and SiC particles) have been grown., The crystals also maintain

a constant orientation over long lengths.
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The quality aspects of ribbon crystals have been under continuous
investigation with new insights into the characteristics of linear boundaries
and SiC particles being developed.

A summary of the states of EFG ribbons was presented inthe IEEE
11th Annual Photovoltaic Specialists Conference.
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THEORETICAL CONSIDERATIONS

1. CAPILLARY EFFECTS

2, DIE EFFECTS

3, THERMAL EFFECTS

4, CRYSTAL SHAPE EFFECTS
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EQUIPMELT AN PROCESS DEVEIOPMENT

1. RF HEATED SYSTEM - PROBLEMS RELATING TO CONTINUOUS
GROWTH.

2. RESISTAHCE HEATED SYSTEMS - PROBLEMS RELATING TO CON-
TINUOUS GROMTH AND CRYSTALLINITY CONSIDERATIONS.

1. SCALE UP OF CRUCIBLE AND ASSOCIATED COMPONENTS.
2. DIE DESIGN FOR MENISCUS CONTROL AND MENISCUS DIMENSIONS.
3. RIBBON GUIDANCE AND COLLECTION OR SPOOLING APPARATUS.

111
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1.

3,

5.

THEORETICAL UNDERSTAHDING OF MEZWISCUS SHAPE AND STABILITY
AT RIBBOM EDGES,

THEQRETICAL RELATIONSHIPS BETMEEH CRYSTAL ORIEHTATION AND
RIBBON DIME.SIONS HAVE BEEN DETERMINED.

FACTORS RELATING TO THERMAL EFFECTS AND CRYSTAL SHAPE CON-
TROL HAVE BEEN ANALYZED.

CONTINUOUS RIBBON GROWTH HAS BEEW ACHIEVED WITH THE MAXIMUM
LENGTH TO DATE BEING 80 FT (1 IM. WIDE, 8-10 MILS THICK),

THE STRUCTURAL CHARACTERISTICS OF RIBEOHS AND STRUCTURE -
PROPERTY RELATIONSHIPS HAVE BLEH STUDIED,

A FEW HIGH QUALITY RIBBONS WHICH PROPAGATE AND MAINTAIN SEED

ORIENTATIONS HAVE BEEM GROWN. THIS GRONTH HAS BEEH ACHIEVED
WITH THE HIGH MENISCUS MODE OF OPERATION OF THE SYSTEM,
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STATUS _SUMMARY

A. BASIS ESTABLISHED FOR EXPERIMENTAL DEVELOPMENT OF
FAST, WIDE RIBBON.
B. CONDITIONS ESTABLISHED FOR CONTINUOUS UNATTENDED GROWTH.

c. EFFECT OF GROWTH PARAMETERS ON QUALITY UNDERSTOOD TO
PERMIT SYSTEMATIC QUALITY IMPROVEMENT

- A+ 8+ C-

LOW COST HIGH QUALITY SHEET PRODUCTION
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EFG SILICON RIBBON SOLAR CELLS

K. V. Ravi, H. B. Serreze, H. . . Bates, A, D. Morrison
D. N, Jewett and J. C. T. Ho

Mobil Tyco Solar Energy Corporation
Waltham, Massachusetts 02154

SUMMARY

The growth and characteristics of edge-defined, film.fed grown (EFG) silicon
ribbons are discussed. Factors involved in the growth of continuous lengths of 1 in.
wide ribbons are examined. The structural and electrical characteristics of the
ribbons have been studied and the results are presented. Solar cells have been fabri-
cated using the ribbon crystals and typical AMO efficiencies of 6 to 10% have been
realized.

INTRODUCTION

Among the principal factors that affect economically and technically the
attainment of large scale silicon photovoltaic systems is crystal growth. The cost
factors associated with the conventional Czochralski growth technique are such that
alternative procedures for obtaining single crystal silicon in ribbon form by direct
solidification from the melt are desirable. One such technique is the edge-defined,
film-fed growth (EFG) process whose features have been discussed elsewhere (1,2).
Initial results of ribbon growth experiments relating to silicon were reported in
previous meetings of this conference (3, 4) and elsewhere (4a). It is the intent here
to present an update of this technology. A discussion of the growth aspects of silicon
ribbon is followed by a description of the structural characteristics of the state-of-
the-art ribbon. Structure property relationships have been studied with specific
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emphasis on .he effects of linear defect boundaries on photo~generated signals in the
material. Data on ribbon solar cells is presented in the concluding section of this
paper.

RIBBON GROWTH

The most prominent characteristic of the EFG technique is the ability to grow
ribbons of a given uimension with good shape coatrol. In order to artain this dimen-
sional centrol, a die is inserted between the bulk of the melt and the growing interfacc.
This produces several advantages, but also certain cngineering constraints which
must be considered in the growth of silicon ribbons by EFG.

Briefly, the advantages of the EFG process are: the isolation of the grc wth:
interface from the bulk of the melt; the production of an interface which stays at a
constant location relative to the isotherms in the system - in- cad of fluctuating up
and down with the melt - the development of a fluid flow system which ensures that
the composition of the ribbon will be that of the melt feeding the ribbon; and, of
ceurse, direct shaping of the crystal. The basic requirement is the existence of a
die matexial which is wet by, but which does not significantly react with molten sili-
con.

The die material currently being used is graphit=. Graphite presents a number
of problems which have to be overcome in its use as a die for EFG. The most
apparent problem is the forma ion of silicon carbide in the form of a layer and in par-
ticulate form within and on top of the die during ribbon growth. The particles, about
0.05 to 0.1 mm in the largest dimension, create a rough surface on the die. They
often protrude from the bottom of the meniscus, appearing cold and black in contrast
to the meniscus of molten silicon. These cold prec: ~itates cause projections of the
growth interface towards the cold region. These projections cause a rough solid-
liquid interface thereby leading to instability and, possibly, structural defects.

Although graphite reacts with molten silicon, the reaction rates have been
observed to be slow enough for the suc._essful development of ribbon growth tech-
nology. Up to 65 fcet of ribbon has been grown from a single die. Examination of
the dies following the sustained growth of long lengths of ribbon has not revealed the
presence of significantly more SiC on top of the die as compared to carbide forma-
tion on dies through which smal. lengths of ribbon ( < 10 ft) have been grown. Typi-
cal examples of dies from which short and long ribbons have been grown are shown
in Fig. 1. Further, die erosion or distortion effects were not observed in any of the

dies used for long growth runs.
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The die, which provides the advantages of shaping, isolation from the mclt,
ctc. also imposes certain requirements in terms of design of the die and of the ther-
mal environment surrounding the die. In addition, certain operaring or process
constraints exist which have to be considered in order to achieve successful growth.
for example, the amount o melt which is in proximity to the growing ribbon is quite
small in comparison to Czochralski growth. Therefore, loss of very small amounts
" heat can provide enough of a temperature decrease to cause solidification of the
ribbon at the die top.

Silicon has approximately twice the thermal conductivity of graphite. As a
result, more heat flux per cross sectional area travels up the column of liquid sili-
con than up the graphite die. In addition, the outside ani top edges of the die tend to
be cold with respect to the molten silicon, since in typical rf heated systems, the
outer sloping face of the die is free to radiate hcat away, and the only source of heat
to that portion of the die is the dic holder or lower structures. In this case the inter-
face will tend to curve downward towards the die ednes; if the temperature of the
liquid near the die top approaches the melting point, thcre will be a tendency for the
nterface to advance towards the die edges.

There are other areas where a detailed consideration of the thermal environ-
ment at the top of the die is crucial. For instance in spreading a small seed into a
full width ribbon there are several different thermal stages which are observed.
Before seeding takes place, the temperature along the top of the die is nearly uniform
and is just above the melting point. Upon seeding there is additional heat loss up the
seed by means of conduction which tends to decrease the temperature at the top of
the die and caus~- ‘b= silicon to freeze. Heat is added at this time in order to remelt
the silicon, or "cally the melt temperature is raised before seeding to allow
for this heat I~ . the seed has been melted and the meniscus has bheen estab-
lished, growth ma, *- .in. However, at this point the silicon at either side of the
seed is much hotte: than the silicon directly under the seed. Therefore, the ribbon
will tend to taper instead of sp>=ading. In order to overcome this tapering, growth
speed is increased rapidly until the heat of solidification at the narrow seed is
generated rapidly enough to compensate for extra heat lost up the seed. At this point
the silicon under the growing seed may be hotter than the silicon on either side of
the seed, and the ribbon will then spread in response to the temperature gradient.
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One difficulty with this approach is that the growth rate mus - raised very
rapidly to a high level and this may entail dropping the heat input to the top of the die
to such an extent that the rest of the si:icon freezes and the growth is aborted. Full
width seeding with a growth system w*i_t. is essentially isothermal along the die top
has been developed to avoid this situaticn. The edges of the die and ribbon radiate
enough extra heat away to allow the ribbon to stay at full width.

In developing this technology. three meniscus shapes (Fig. 2) have been used
as simple guides to the thermal environment during ribbon growth. The first shape,
(Fig. 2A) concave with respect to the ribbon (meniscus closer to the die at the center),
is attained when the ends of the ribbon are hot with respect to the center of the die.
Growing with this meniscus shape causes the ribbon to taper. Attempts to spread the
ribbon by decreasing the temperature lead to freezing of the ribbon to the center of
the die.

The opposite thermal condition (Fig. 2B), the ends of the ribbon cold with
respect to the center, leads to a meniscus convex with respect to the ribbon (menis-
cus closer to the die at the ends). In this case the ribbon will spread rapidly, but
it is difficult to prevent the edges of the ribbon from freezing to the die.

Finally, a meniscus curved up on one end and down on the other results from
one end being hotter than the other. A ribbon grown in this environment tends to taper
on one side and spread on the opposite (Fig. 2C). This phenomenon is also caused by
having the die, susceptor, heat shields, or other components slightly out of balance.
Tightening of component specifications and special care in assembly of the growth set
up are the major ways to avoid this problem. The vertical gradient variations are
also crucially important. These gradients determine allowable growth speeds, sen-
sitivity of meniscus height to changing growth speeds, etc.

Silicon ribbons have been grown from three different types of furnaces and
with three types of pulling mechanisms, The initial experimental work was done
with high frequency induction systems. These are characterized by simple growth
set up design, good visibility and rapid power adjustment capability. The disadvan-
tages include higher power consumption, rf interference in control devices, and the
presence of a single power zone, The motor generator induction furnace has the
advantages of the rf system but uses less power and produces less electronic inter-
ference. It still is characterized by one hot zone, Fig. 3 shows a typical example of

an rf heated growth station.
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The resistance furnaces which have been more recently developed have inde-
pendent top heating zones which permit the attainment of continuously variable
thermal gradients within the die. In addition, the combination of reliabilitv, low
power consumption (a factor of 3 less than rf hcating), low clectrunic interfercnce,
and design flexibility make this approach more .esirable. lts drawbacks arc a<so-
ciated with the more complicated, larger system enclosur: = and the added require-
mants imposed on heating element design. Fig. 4 shows an example of a resistancc
heated system.

Two types of vertical pulling mechanism have been used. The hydraulic piston
system first used provides a very smooth stroke, but it is quite bulky, not casily
controllable and difficult to monitor. The second type uses a motor driven ball scrcw
assembly which, with siaitable mechanical damping, provides easily controlled and
monitored pulling. Finally, two different continuous belt puller designs have bcen
used to grow continuous ribbon. The advantages of electric control and monitoring
are still present, and of course there is arn unlimited pull stroke. The major problems
are providing adequate mechanical guid» . the ribbon, avoiding ribbon "wander”
within the belts of the pullers, and in the _.1ng of seed holders which can move
through the belts with a minimum of distucpar ‘e in the transition from seed holder
to ribbon. All of these systems have been used to successfully grow linch wide
ribbons. As mentioned above, ribbons of lengths up to 685 feet have been grown
employing continuous belt pullers. The ribbons have been sufficiently strain free to
permit reeling on to ~ 3 ft diameter reels, Fig. 5 shows the reeling mechanism o

a growth station,

RIBBON CHARACTERISTICS

The two most significant ribbon characteristics in addition to dimensional
control are the chemical purity and crvstallographic structure.

Chemical Purity

Because of the intimate contact between the liquid and the die during the
growth process it is necessary not only that the die materiai itself not introduce
significant numbers of electrically active impurities, but also that impurities in
(and on) the die be minimized. Carbon is electrically inactive in silicon; however,
the total impurity content of tvpical high purity commercial graphites can be of the

order of 100 to 600 ppm. Transition metals are generally present as major fracticns
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of the total, as are aluminum and silicon, Fabrication and handling of graphite dies
can also, of course, introduce a broad spectrum of impurities. Since nothing is known
about the kinetics of impurity transfer from the bulk of the die to the melt, it is
safest to assume that all impurity atoms present in the die will be immediately intro-
duced into the melt, and thus to strive to lower the impurity leveis in the graphite
as far as possible. As an example, it is found that the typical graphite die material
being used (DFP-2 grade having been subjected to a high temperature purification
treatment by the manufacturer) contains approximately 5 ppm of iron. This trans-
lates into approximately 6 x l()16
~0.5 cm thick graphite die.

A typical melt used with this size die contains about 10 cm3 of silicon, Com-
plete transfer of the Fe to the melt would then produce a level of 4 x lo15 3
of Fe in the silicon. If in fact only 10% of the total finds its way into the melt, the
resulting 4 x 1014

atoms of iron in a 2.5 cm wide by 3.05 cm long,

artoms/cm

atoms/cm3 of Fe is still a fairly high concentration for a deep
level impurity. Given these considerations, the course of effort followed to achieve

suitable low impurity levels in graphite dies is discussed below.

Vacuum Firing

The first approach to cleaning graphite dies was vacuum outgassing. This
process evelved from a fairly mild 1500°C, 10”2

removed the more volatile contaminants introduced during fabrication, giving typical
5

torr treatment which probably only
ribbon resistivities of 0.5 Q -cm, to a 1900°C, 10 ° torr, one hour treatment, which,
when applied to dies made from DFP-2 (i.e., pre-purified) graphite allowed fairly
consistent growth of ribbon of 1 to 2Q -cm, p-type resistivity. Solar cells produced
from these ribbons typically performed at about 1/2 to 2/3 the level of control cells
made from commercial Czochralski silicon. Spectral response data, showing
reduced red-response for the EFG-ribbon cells relative to the Czochralski cells,
were taken to indicate the presence of lifetime killing impurities which presumably

were not being removed by the vacuum-firing treatment.

Hydrogen Chloride Firing

The use of high temperature treatments in chlorine or fluorine-containing
atmospheres for the production of nucleat -gr:de and spectrographic graphites is
fairly well-known (5). The treatment works by diffusion of impurity atoms irom
within the bulk of the graphite grains to their surfaces, there to react with the
halogen atoms formiag volatile halides which are carried away in the gas phase.
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Consequently, a procedure for the post fabrication purification of the dies has
been established involving the heating of the dies at temperatures of ~ 1300°C in an
atmosphere of argon and anhydrous HCl with a 5% HCI content by volume. The puri-
fication times are typically 5 hours. As a result of this process significant improve-
ments in purity have been observed as evidenced by electrical measurements and
solar cell data from ribbons grown from purified dies.

Crystallographic Structure

Typical ribbon crystals currently being grown by the EFG process are
characterized by a large density of crystallographic defects. A detailed analysis
of defect types and densities in many ribbons has been made and the following is
a brief discussion of these characteristics. By far the most predominant defect
types observed are twins and dislocations with occasional low angle grain boundarics.
In addition, silicon carbide (SiC) particles are observed as inclusions distributed
randomly across the length and the width of the ribbon. Typical characteristics of
current ribbons can be described as follows.

Twins

Twin boundaries of varying densities and orientations are observed. Both
growth twins and aeformaticn twins are formed, typical examples of which are in
Fig. 6. Deformation twins are sometimes characterized by the presence of dislo-
cations in their vicinity and appear as fine narrcv bands, whereas growth twins
are typically wide and generally free of dislocations. At least three modes of twin
nucleation appear to be operative in the crystals. (a) Twins have been observed
to nucleate at SiC particles embedded in the ribbon; a typical example is shown in
Fig. 7. (b) twin nucleation at the seed-crystal interface is a common occurrence
with both deformation twins and growth twins forming at the interface; examples of
this are shown in Fig. 8. (c) growth instabilities represented by local changes in
ribbon dimensions have also been observed to generate twins as shown in Fig. 9.

Dislocatigr_l_s_

Most of the dislocations observed appear to be deformation induced. This is
evident from the observation that the dislocations are aligned along close packed
planes to form slip bands. A typical case is shown in Fig.10. Dislocation-twin
interacticns are frequently observed with local dislocation pile-ups (Fig. 11). Dis-
location gereration around SiC particles is also observed.
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SiC Particles

The inclusion of SiC particles in ribbon crystais can occur as a result of
three possible mechanisms; (a) precipitation of dissolved carbon in the solid in the
form of SiC subsequent to solidification, (b) precipitation of SiC at the solid-liquid
interface as a result of carbon rejection from the solidifying crystal into the menis-
cus, and (c) the pick-up of SiC particles by the interface from the top of the die with
subsequent incorporation into the solid.

Although a definitive determination of the relative importance of these pro-
cesses has not yet been obtained, initial studies indicate that by far the most
frequently occurring process is the pick-up of SiC particles by the solid-liquid
interface from the die and the attendant inclusion of the particles in the ribbon.
Typical particle densities are in 1-2 particles/cm2 range.

The influence of seed orientation on the morphology of linear boundaries
(twins and arrayed dislocations) is observed to be quite marked. For example,
ribbons with a (110) < 112> orientation are found to have predominantly linear
boundaries parallel to the ribbon edges.

A nmumber of avenues are available for obtaining ribbon quality improvements.
One approach is discussed here which involves the control of the vertical temperature
gradient within the die to minimize the dissolution and reprecipitation of carbon in
the form of SiC. A reduction in the vertical temperature gradient is achieved by the
use of an independent top or die heater in a resistance heated crystal growth apparatus
(Fig. 4). By suitably controlling the temperature at the die top the temperature
difference between the silicon in the crucible and the silicon at the top of the die
(the meniscus) can be kept at the minimum. By this means short lengths of ribbon
have been grown with significantly reduced defect densities as compared with ribbons
grown under conditions of large vertical temperature gradients within the die.

Table 1 shows the average defect densities observed in the ribbon, It is
apparent that densities of both linear boundaries (twins and slip bands) and disloca-
tions are lower in crystals grown from resistance heated systems employing die
heaters to appropriately control temperature gradients.

Table II lists the average electrical properties of ribbon crystals with data
on typical Czochralski crystals of similar resistivity for comparison. A charac-
teristic that is immediately apparent is the relatively large range in properties
observed in the ribbon crystals. This fact in addition to the largely linear morphology
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Table 1. Average Defect Densities of EFG Silicon Ribbons
(20 in. after growth initiation)

Resistance
RF Furnace Furnace
Parallel Boundaries/cm 7.5 x 10° 3.9 x 10
Disloc:ations/cm2 1.2 % 106 3 x 105

(Data represents average values from 20 specimens grown in an rf heated apparatus
and 10 specimens from a resistance furnace).

Table II. Average Electrical Properties of EFG Silicon Ribbon: Boron
Doped - 1.1R-cm.

Typical
Czochralski
Average Range Values
Resistivity: 1.8Q-cm 0.4-5.2 1.8
Mobility: 215 cm®/Vesec 60 - 320 350
Photoconductivity Decay Time: 8 usec 0.2 - 37 15
Absorption Coeflicient at 1.8 pm: 16 cm-l 0.1- 65 0.05 - 0.5

(Based on 33 samples from 14 ribbons grown from one rf system).
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of defects observed in the ribbon, indicates that a full understanding of local defect-

property relationships is required to obtain a complete characterization of the crystals.

STRUCTURE PROPERTY RELATIONSHIPS

The conversion efficiencies of silicon solar cells are dependent, among
other things, upon the presence or absence of non-radiative recombination centers
and upon defect-impurity factors that reduce the minority carrier lifetime in the
bulk of the crystal. The presence of large densities of crystallographic defects and
transition metals in cibbon crystals undoubtedly adversely affecrs solar cell proper-
ties. In order to determine the specific effects of defects on electrical characteristics,
a relatively detailed examination of structure-property relationships is needed. A
variety of procedures has been adopted to evaluate the specific electrical effects of
particular defects. Among the most dominant defects, as previously discussed, are
linear boundaries represented by twin and slip bands. These linear boundaries have
been observed to exhibit highly anisctropic properties. The local electrical charac-
teristics of the ribbons were determined by measuring the local photovoltage and
photocurrent generated by a laser beam incident on a ribbon solar cell. By scanning
the laser beam across the width of the ribbon and recording the photogenerated signal,
it was possible to evaluate both the distribution of properties across the width, as
well as the effects of local linear defect boundaries. Fig. 12 shows three typical
traces of the short circuit current response produced in a ribbon solar cell by a
scanned laser beam at three different regions of a long ribbon. Two effects are
notable in these plots. The current response at the edges of the ribbon is markedly
reduced in comparison with the response at regions removed in ~omparison with the
response at regions removed from the edges, and localized small scale variations
in the signal are evident across the entire ribbon width. The localized reduction in
photocurrent has been directly relared to the presence of lincar boundaries. The
optical micrograph in Fig. 12 indicates a set of parallel boundaries which cause the
particular reduction in short circuit current shown by the arrows on the plots. A
one-tc-one correlation between the presence of linear boundaries and a local reduc-
tion in photogenerated signals has been observed.

When the defect morphology is more complicated, as in the case of inter-
secting boundaries, the effects on electrical characteristics are further exacerbated.
This is demonstrated in Fig. 13 where the short circuit current generated at a region
containing multiple intersecting boundaries is much lower than that generated in
regions either free of boundaries or containing non-intersecting parallel boundaries.
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This distinction in the propertics of intersecting and non-intersec ting boundaries
has also been observed in the breakdown characteristics of mesa diodes fabricated
in ribbon crystals (6) as well as in solar cell properties (7).

An indication of the range of light generated current response in a ribbon as
a result of the presence of linear boundaries can be obtained by comparing the
theoretically expected spectral response of a solar cell for different minority carrier
diffusion lengths in the base material with the experimentaily determined skort cir-
cuit response at the wavelength of the laser beam (He-Ne laser with a wavelength of
633 nm). Fig. 14 shows a plot of the theoretically determined spectral response for
different values of diffusion length. (See Appendix for a discussion of the theoretical
basis used to obtain the plots in Fig. 14). The range of values for the collection
efficiency (Q) at 633 nm obtained from the laser measurements is superimposed over
the theoretical plots. Q values were calculated from Eq. 1 in the Appendix by taking
the peak of short circuit photocurrent response due to the laser beam excitation
(A = 633 nm. No (incident photon flux density) = 4.8 x 1017 photons/cm2 sec) as
the maximun and the valley response as the minimum in the range. It is observed
that the peak response corresponding to defect-free regions indicates that the diffu-
sion length for minority carriers is ~30 ¢ whereas the diffusion length at the linear
boundaries is ~5 p. A reduction in the minority carrier diffusion length of a factor
of six results at the defect boundaries. This range, of course, is for a specific rib-
bon and could vary as a function of the particular processes, such as die purification
techniques employed during ribbon growth,

The change in the diffusion length at the boundaries indicates either a reduction
in the mobility or lifetime. This can be the result of the direct effect of the defect
boundaries as a consequence of the strain associated with the boundaries or as a
result of the presence of dangiing bonds associated v ith dislocations. However,

a detailed analysis of the I-V characteristics ot ribbons containing linear boundaries
suggests that an association of impurities with the boundaries is a more likely reason
for the unusual electrical behavior (8). A more precise indication of the localized
conduction behavior of linear boundaries was obtained by a scanning electron micro-
scope operated in the electron beam induced current (EBIC) mode (9). This technique
permits the investigation of the electrical effects of localized defect-impurity com-
plexes in semiconductors (10, 11). The cvu~rent generated in a diffused nt p junction
(a solar cell) by a scanning electron beam is amplified and displayed on a CRT. By
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operating the instrument in 1 single line scan mode the local interaction between the
beam generated carriers and the linear defects can be observed, Fig. 15 shows a
sccondary clectron image of a set of linear boundaries. The waveform shows the
EBIC signal obtained when the beam is scanned across the linear boundaries by
employing a single line scan, The instrument was operated at 30 kV with 2 beam
current of 200 B A and spot size of ~ 1500 1§ . When the beam crosses a linear
boundary a local reduction in the EBIC signal is observed. The waveform represeats
the net flow of charge carriers at the space charge region of the p n junction in the
region containing the linear boundaries. Tne abrupt change in the EBIC signal indi-
cates that the boundaries function as local regions of low minority carrier lifetime

in the ribbons. Further discussion of this phenomenon will be presented elsewhere (8).

RIBBON SOLAR CELLS

Solar cells have been fabricated from randomly sampled ribbon blanks, thus
ensuring that all qualities of ribbon have been included. Typical junction depths sought
were ~0.5 pm with phosphorous diffusion being performed in an oxidizing ambient.
Cells up to 1 in. X 4 in. in size have been fabricated (Fig. 16) using Al - Ag contacts
formed by evaporation through a mask. The data presented in this paper is from
1cm X2 cm solar cells.

As expected, the particular characteristics of ribbon crystals introduce cer-
tain unique problems in solar cell fabricatior and performance. The effects of
parallel and intersecting houndaries on solar cell properties have been reported
elsewhere (7). The effects of non-random properties across the ribbon width dis-
cussed in the previous section are also reflected in solar cell performance. By
selecting 1 cm X 2 cm specimens from both the central regions and the edges of
1 in. wide ribbons the influence of the edges on cell performance could be determined.
Table 111 shows a comparative analysis of the properties of cells from the two regions.
Significant degradation of cell characteristics from the edges of the ribbon supports
the data presented in the previous section.

Spectral response measurements on ribbon solar cells indicated certain
unique characteristics in terms of the short wavelength response of the cells.

Ribbon cells were typically observed to function better toward the blue end of the
spectrum as compared to Czochralski cells made under identical conditions.
Figure 17 shows this result. The effects of die purification (vacuum heat treatment
and halogen treatment as discussed in the ibbon Characteristirs section) are also
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Table 111, Solar Cell Data for Specimens Selected from Ribbon Edges and
Ribbon Center

Mean Values
' |

Vv / Reverse
Type of | No. of | "oc ]sc/A 2 Pmax’ Az Fill | L.eakage
Cell Cells | (mV) | (mA/cm®) | (mW/cm®) ! Factor (LA)
Center 7 529 18.7 7.0 0.71 620
Edge 7 316 17.8 5.8 0.62 2.1 mA

indicated. The reduced response of the ribbor cells in the red end of the spectrum
is as expected. (The HCI die purification treatment shows the expected improvement
in red response). The bue response however, is okserved to be betrer for ribbon
solar cells as compared to Czochraiski cells. Typically, blue response can be im-
provea by shallower junction depths (12). Consequently the junction dapths for a
large number of ribbon and control Czochralski specimens were mecasured and a
difference of ~50% was observed in the depths with the ribbon specimens having
shallower junctions when diffused under identical conditions. The mechanism
involved in this phenomenon is being investigated and will be reported shortly (13).
Figure 18 shows typical I-V characteristics of current state-of-the-art ribbon
solar cells. Typical efficiencies of 6 to 10% und~+ approximate AM? conditions have
been realized, which compare very favorably with conventional Czochralski solar

cells,

CONCLUSIONS

One inch wide ribbons '~8 to 10 mils thick have been grown continuously to
various lengths up to 6% ft, The carbon dies used show nro observable distortion or
erosion indicating that continuous ribbon growth can be achieved with carbon dies.

Purification procedures adopted have demonstrated that impurities in the
carbon dies can be reduced to improve the purity of the ribbons,

An initial study of defect distributions and structure property relatioships
has shown that defect impurity association appears to cause the major problem in
ribbon crystals. Improvements in electrical characteristics can be achieved by
suitable reductions in both impurity content and defect densities. The use of resis-
tance heated ribhon growth systems with controllable thermal environments has

reduced defect densities markedly.
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Solar cell efficiencies attainable with appropriate device process technology
in ribbon crystals are around 6 to 10% under AM0 illumination conditions. These
efficiencies have been attained with a current state-of-the-art material which
includes relatively high densitius of twins and dislocations in addition to transition
metal impurities. Improvements in ribbon characteristics can be achieved by more
refined thermal .lesign of growth systems, improved purity, and a reduction in and
centrol of defect densities and distribution,
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APPENDIX

The collection efficiency Q (r) of a photovoltaic cell can be expressed as:

Q) e )
= 7T ()
q abs r)
where
J 8.c (A) = Short circuit density of the cell, (amp/cm? )
N abs () = Photon flux density being absorbed in the cell, (photon/cm2 sec).
= No(1-R) (1-e” a(r)2)
and 9
No = Incident photon flux density, (photon/cm® sec).
R = Reflectivity of the cell surface.
a(r) = Absoxl'ption coefficient as a function of photon wavelength ),
(cm-1),
2 = ‘Thickness of the cell, (cm),

By programming the expression for Q (o) formulated by Dale and Smith (14)
in such a form that the input parameters depend on (for an N+/P junction): the
minority carrier diffusion length Ln in the p-type base material, junction depth Xj,
su~“>~e layer carrier mobility p#_, and lifetime 7 p’ surface impurity concentration
to - -.2 impurity concentration ratio Ns/NB, cell thickness £, and surface re->mbi-
nation velocity Vs, .he value of Q (a) the total collection efficiency can be calcu-
lated (15). The conversion of Q () to Q (1) Is accomplished by using the absorption
data of Dash and Newman (16).
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- GRAPHITE DIE

Fig. 1. ’I’ypiml examples of dies from which short (< 10 ft) and long { > 40 ft)
ribbons have been grown (a and b respectively).
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Fig. 2. Schematic sketches of meniscus shapes. See text for discussion.

Fig. 8. Typical example of an 1f heated ribbon growth apparatus.




Fig. 4. Resictance heated ribbon growth apparatus.

Fig. 5. Approximately 3 ft diameter reeling mechanism mounted on a continuous
belt puller. The ribbon crystal can be observed emerging from the belt
puller and on the reel.
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Fig. 6. Typical examples of growth twins (a) and deformation twins (b). Growth
twins are typically wid~ and generally not assoclated with dislocation.
Deformation twins often occur as closely spaced lnear boundaries fre-
quently in association with dislocations,
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Fig. 1. Twin nucleation from SiC particles embedded in the ribbon.

Fig. 8. Twin nucleation at the seed crystal interface.
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Fig. 9. Twin nucleation due to growth instabilities Fig. 10. Deformation induced dislocations aligned
as represented by changes in ribbon dimen- along close packed planes, Dislocation
sions. Arrows indicate regions of the ribbon pile-ups are also observable in the micro-

which have changed dimension locally and graph.
nucleated defects

Fig, 11. Dislocation pile-ups against twin boundaries.
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Fig. 12, Short circult current response plotted as a function of cistance across the
ribbon width, The three plots were obtained from three regions along the
ribbon length, Micrograph shows twin boundaries which caused the parti-
cular current indicated by the arrows on the plots,
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Fig. 13. The effect of intersecting boundaries on laser beam induced short circuit
current. Arrow indicates the region on the plot corresponding to the region
in the ribbor. containing intersecting boundaries,
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Fig, 14. Theoretically determined spectral response for different values of diffusion
lengths in the base region. The laser scan data 1s superimposed over the
theoretical plots. Data used to obtain the plots were: X =0.25 pm;

Ng/Ng = 109 up = 10 cm2/Vesec; rp=10"'0 gec; £ = I‘ﬁ mils; Vg =108 cm/
sec,
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Fig, 16. Typical examples of 1 in. x 4 in, ribbon solar cells.

CZOCHRALSKI

/- MGl FIRED
{UNDOPED])
{18 CELLS)

VACUUM FIRED
{UNDOPED)
{15 CELLS)

RELATIVE QUANTUM EFFICIENCY

o e s e“'_“iaoa

WAVELENGTH (am}

Fig. 17. Comparison of spoctral response measurements made on Czochralski and
ribbon solar cells. See text for discussion.
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RIBBON
70 CZOCHRALSKI
60+
RIBBON CZOCHRAL SKI
50- _— e —
lge 60.4ma 66.6 ma
= a0 Voc 0.580 v 0597 v
E imp 55.5mo 62ma
-
Z 301 Vinp 0.465 v 0.495 v
g EF 0737 0.772
=]
O 504 Pmax/A 10.80~w/cm? 1279mw/cm?
n 9.39% .12%
104
INPUT RADIATION ~ 115mw/cm2
~AMo SPECTRAL DISTRIBUTION
v e

0O O 02 03 04 05 06
VOLTAGE (v)

Fig. 18. Typical I-V characteristics of current state-of-the-art ribbon solar cells.
This data was obtained from ribbons disp.aying typical defect structures
listed in Table I. An I-V curve from a control Czochralski cell is also
shown, The cells have been AR coated.
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SILICON RIBBON GROWTH USING A
CAPILLARY ACTION SHAPING TECHNIQUE

G. H. Schwuttke/T. F. Ciszek/A. Kran
International Pusiness Machines Corp.
East Fishkill Laboratories
Hopewell Junction, New York 12533
JPL SUBCONTRACT 954144
National Solar Photovoltaic Program Review Meeting
July 22-25, 1975
ABSTRACT
A review of work performed since the inception date

(May &, 1975) is presented, along with an outline of

the project concept and work plan (Figs. 1-3).

The crystal growth method involves Meniscus shaping at

the vertex of a wettable die. As ribbon growth depletes
the melt meniscus, capillary action supplies replacement
material (Fig. 4). Because of the die/melt proximity,

a durable, nonreactive die is desirable. A number of
materials (Fig. 5) have been collected for die evaluaticn
and are being machined. Crystal growth to date has been
done with graphite and silicon carbide dies. Graphite
dies lead to particle inclusions in th= ribbon surface.

We have positively i1dentified th- particles as beta silicoan
carbide (Fig. 6). Siliccun carvide particles and carbon
cause defect nucleation in otherwise defect free ribbons
(Fig. 7). We have grown a number of 12 mm wide x 0.5 mm
thick x 1 m long ribbons to thoroughly characterize the
state-of-the-art multi-crystalline ribbons, and are in the
process of scale-up to 25 mm w1 'ths while studying process

changes for improved ribbon structure.
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Two projects which were begun before the inceucion date
were completed during the past two months. An expression
for maximum potential ribbon growth rates was derived an
the rcsults are shown graphically in Figs. 8-9. Current
rates for 0.05 cm thick ribbons (about 2 cm/min.) are
approximately 30% of the maximum value. The sccond com-
pleted projecct involved the growth of silicon tubes 6 mm
in wall thickness, and over 1 m in length by the capillary
action shaping tecknique (Fig. 10-12). Tube structure was
similar to that of ribbons. Planar defects and some large
angle grain boundaries were present, with the largest grains

extending over one quarter of th- tube circumference.

In conjunction with and support of the technology development
effort, an economic evaluation and computt -aided simulation
of materials?‘processes and resources is being performed for
the purpose gf clarifying the complex interactions between

economic and physical variables. Objectives are listed in

Fig. 13.

To date, a methodology for enalyzing a given processing step
has been defined and ribbon pulling was chosen as the initial
modeling effort. The assigned parameters of the mathematical
model are shown in Figure 14, and Figure 15 lists the para-
meters which are subsequently calculated. The data fluw
model is shown in Figure 16. An example of the computer
generated input/output formats is presented in Figures 17 and

18. Figures 19 through 23 address the remaining review items.
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SILICOM RIBBOM GROWTH USING A CAPILLARY
ACTICH SHPMPING TG TOUE

6. H. SCHHUTTKE. PPOGRAI! MAiAGEP

914-807-3140

JPL CONTRACT NUMREP. 05414k

(SUBCONTRACT UMDEP. NASA COMVRACT NAS7-100)

(TASK ORDER &0, Rp-152°
EFFECTIVE DATE OF CONTRACT: 5/8/75
CONTRACT EXPIRATION DATE: 12/31/7€
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OBJECTIVES

1. TECHROLOGICAL ASSESSVENRT OF RIBBCH GRONTH OF
SILICCH USING A CAPILLARY ACTICH SHAPIMG TECHEIAUE.

2. ECORCFIC EVALUATIOK OF RIBBON SILICOM GROWE BY A
CAPILLARY ACTICH SHAPILE TECHMIPUE AS LOW CaST
SILICGE,

SYNOPSIS OF PROGRat OF STUDY. PRIMCIPAL INVESTIGATORS

1. CRYSTAL GROWTH OF SILiCOi. RIBRONS (T. F. CISZEK)
2. CHARACTERIZATION CF SILICOM RIBBCNS (G. H. SCHWUTTKF)

3. ECONOMIC EVALUATIONS AND COMPUTER AIDED SIFULATION
OF RIBBON GPOWTH (£. KRAN)
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STATEMERT OF WORK

EVALUATION OF DIE MATERIALS AND DESIGNS

DETERMIKATICN AWD OPTIiiIZATION OF BASIC
GROWTH PROCESSES

STUDY PROCESS EFFECTS Oi RIBBON PROPERTIES

STUDY REQUIREMENTS FOR MULTIPLE AND
CONTINUOUS GROWTH

EVALUATION OF CHARACTERIZATION PROCESSES

ECONOMIC ANALYSIS COF RIBBON AND CZOCHRALSKI
TECHNIQUES
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DIE FATERIALS UMDER INVESTIGATION

ZIRCORIUM BORIDE (HOT PRESSED
TITAKIUM BORIDE (HOT PRESSEL)
BORON CARBIDE (HOT PRESSED)
ALUMINUM BORIDE

SILICON NITRIDE

SILICON CARBIDE (RECRYSTALLIZED)
VITRIONS CARBON
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IDENTIFICATION OF YELLOWISH-GREEN INCLUSION

CRYSTAL ASTM CARD #1-1119 Beta SiC
d Io d I/I]_
2.51 S 2.51 100
2. M 2.17 20
1 >4 M 1.54 63
1.315 M 1.31 50
1.27 w 1.26 5
1.09
1.00 W 1.00 18
0.975 W 0.97 6
0.89 W 0.89 13
0.84 W 0.84 10
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GROWTH RATE (METERS/HR)

0.02 CM THICK RIBBON

0.05 CM THICK RIBBON

0.1 CM THICK RIBBON

CYLINDRICAL CRYSTAL

H ! J | {

o

4 6 8 10 12 14

CRYSTAL DIAMETER OR RIBBON WiDTH (CM)

16.
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OBJECTIVE OF COMPUTER AIDED MODELING

TO UNDERSTAND THE RESPECTIVE IFPORTANCE OF
PARAMETERS AND THEIR ASSIGNED VALUES

TO AID IN SENSITIVITY STUBIES

TO ASSESS THE IMPACT OF TECHMOLOGY IMPROVEMERTS
ON THE ECONOMIC OUTLOOK FOR PHOTOVOLTAICS

TO GAIN INSIGHT ON ASSUMPTIONS AKL TECHNOLOGY
PROJECTIONS
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MATHEMATICAL MODEL

1. ASSIGNED PARAMETERS

CC = CRUCIBLE COST, $
CH = ENERGY TO OPERATE EQUIPMENT, KW
CP = POWER COST, $/KWH

DS = SILICON DENSITY, 2.33 /cm’

EC = CONVERSION EFFICIENCY, %

ED = ENERGY DENSITY, PEAK AT AMI, 7
EP = EQUIPMENT PRICE, $

HW = WORK WEEK, HOURS

FC = FACTOR, %

IN = INTERST, %

LP = POLY SILICON COST, $/KG

LR = PEMELTED MATERIAL, %

LY = POLY YIELD TO RIBBON, ¢

MA = MACHINE AVAILABILITY, %

NU = NUMBER OF YEARS

PE = ANNUAL SALARY OF ENGINEER, $
PS = ANNUAL SALARY OF SUPERVISOR, $
PT = ANNUAL SALARY OF TECHNICIAN, $
RG = RIBBON GROWTH RATE, M/HR

RS = RIBBONS GROMN SIMULTANEOUSLY
RT = RIBBON THICKMESS, MM

RW = RIBBON WIDTH, CM

RY = RIBBON GROWTH YIELD, 7

165



2. CALCULATED PARAMETERS

AG = AREA GROWTH RATE, MZ/HR

CR = CAPITAL RECOVERY FACTOR

DC = DIRECT COST, $/M2

EC = CAPITAL EQUIPHENT COST, $/M2

GA = GENERAL 8 ADMINISTR'TIVE COST, $/M2
LC = POLY SILICON CO~ /M2

NC = ENEGY COST AT MATERIAL LEVEL, $/KW
NH = WORKING HOURS PER YEAR

PC = PERSONAL CO%:, $/MZ

PR = PROFIT, $/M2

OH = OVERHEAD, $/MZ

$S = SERVICES & SUPPLIES, $/M2

TG = COST OF TOTAL OPERATIONS, $/M2

YF = YIELD FACTOR
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PLANNED ACTIVITY TO DATE (3 MONTHS)

DESIGN A COMPUTER-AIDEL MODEL TO ESTABLISH
A RELATIONSHIP BETWEEN THE COMPLEX INTEPACTIONS

OF ECONOMIC AND PHYSICAL VARIABLES.
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PLANKED ACTIVITY FOR NEXT 6 MCNTHS

® USE MODEL TO PERFORM ENGINEERING/ECONOMIC ANALYSIS
® DEFINE SIMILAR IODEL FOR CHRALSKI GROWTH

® PERFORM COMPARISOM STUDIES

SUMMARY OF KEY RESULTS

RIBBON GROWTH MODEL ' - ""FN DEFINED
AND DEBUGGED, LITTLF o1 DATE,

MAJOR PROBLEMS

NONE

PLANNED RENEWAL REQUESTS

T0O EARLY TO FORHMULATE PLANS.
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