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ABSTRACT

During this reporting period, 5 cm wide ribbons, some with no
measurable residual stress, have been grown at speeds up to 5 cm/min.
The relationship between residual stress and system vertical temperature
gradient was further defined. The problems associated with the purity
of the ribbons are being investigated. The influence of light on the
recombination characteristics of defects in the ribbons has been investi-
gated.

"This report contains information prepared by Mobil Tyco Solar Energy
Corporation under JPL subcontract. 1Its content is not necessarily en-
dorsed by the Jet Propulsion Laboratory, California Institute of
Technology, National Aeronautics and Space Administration or the U.S..
Energy Research and Development Administration, Division of Solar

" Energy."
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I. INTRODUCTION

The objectives of this program‘are to produce at high speeds, thin,
wide sheets of silicon of the quality needed to fabricate 10% efficient
solar cells. This is part of a total Mobil Tyco Solar Energy Corporation
objective to produce silicon ribbon for solar cells at a cost which will
allow their wide scale use for generation of electrical power. The
edge-defined, film-fed growth process was developed for the commercial
production of continuous shaped single crystals of sapphire from the melt
and was applied to growth of silicon ribbon for solar cells partly under
NSF Grant GI37067X via Harvard University, JPL Contract 953365, and under
NSF Grant GI43873. The basic feasibility of the application of EFG to
the growth of silicon ribbon has been proven and the theoretical base
for extending the technique to the efficient production of sheet silicon
has been established.

The two major tasks in this program to produce large area silicon
sheet by EFG are: the growth of thin ribbon at high speeds in existing
apparatus and the design and construction-of a system for the growth of
wide ribbons., These two tasks will be combined toward the end of the
program to achieve the ultimate program goal. Concurrent with the
development of the growth process. and ribbon growth apparatus will be
material and solar cell characterization programs and theoretical studies
of various aspects of EFG silicon sheet growth including melt replenish-
ment, the effect of heff and aspects of heat flow in the EFG silicon
growth system.

Process development and product characterization efforts continued
on schedule during the reporting period and are described in the follow-

ing technical discussion,
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IT. TECHNICAL DISCUSSION

A. Ribbon Growth Process

The growth system, JPL No. 1, and its detailed components have been

(1)

submitted to JPL in June, 19760(2) After eleven growth runs, that pro-

described previously. A preliminary standard operating procedure was
cedure is still valid. Various stages in the growth process are illus-
trated in Figs. 1 - 4. Figure 1 shows the die holder/thermal trimmer
cartridge suspended from the seed holder shaft and being lowered into the
top of the furnace. Water, gas, and power leads are attached, and the
furnace is at temperature. Once equilibrium is attained and the die is
filled, a one inch wide EFG silicon seed is dipped and growth is initi-
ated. 1In Fig. 2, the seed is seen leaving at the top of the picture. A
necked region occurs where the operator established end to end thermal
balancing and reached growth speed; below, a slowly widening ribbon is
seen exiting the cartridge., Once stable ribbon and thermal geometries
are achieved (Fig. 3) the operation requires little supervision. In

Fig. 4, a full-length ribbon is seen cooling above the growth chamber
(the puller stroke is 5 feet). Pieces of ribbon 18-8 are shown in Fig. 5,

B. Results

Eleven ribbon growth runs (Table I) were made during this reporting
period on JPL No. 1. These were the first growth efforts on this system.
The furnace chamber'and main power supply performed very well., First
run shortcomings included cartridge to cartridge-power-supply mismatches
and cartridge component distortion., This last problem is caused by
permeation of SiO into the graphite cartridge parts and subsequent re-
action forming silicon carbide. Additional shortcomings were that the
hole in the top shield pack was too small for free cartridge access, and
that the die extended further into the crucible than expected as a
result of thermal expansion of the power studs below and of the cartridge



Fig. 1. The die holder/thermal trimmer cartridge suspended
from the seed holder shaft. Gas, water, power, and
thermocouple lines are connected.



Fig. 2. Growth has begun. The seed is at the top of the
picture and a widening ribbon is seen exiting the
top of the cartridge.



Fig. 3. 5 cm wide ribbon growth,



Fig. 4. A 5 cm wide ribbon cools above the growth station,
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Table I.

Growth Run Data - JPL No.

1

DESIRED  GROW TR WD LINGTH
RIBRON NO.  DATE DOPANT  @.cm en/min _(em) («m) PURPOSE COMMINTS

18-1-1 09/23/70 Boron 1 3.8 Sed First growth on Ribbon shattered, after-
JPL No, 1, heater not working.

18-1-2 3.8 1.9 - 2.5 91 He nceded for low stress

growth.

8-2-1 09/26/76 Bor 1 <,6 i

! /20 OLIR, ? To grov § cm wide. Dic was too long and stuck

18-2-2 3.2 Up to 3.8 into quartz crucible below.

18-3-1 10/05/76  Boron 1 <2.5 To grow S cm wide., Use of He drains heat from
. afterheater. Thickness

18-3-2 3.2 2.5 3 - 8 mils.

18-3-3 3.8 4.6 No apparent frozen-in

stress.

18-4 10/18/76 Boron 1 To grow S cm wide, SCR controller failed.

S cm/min.

18-4-1 10/21/76 Boron 1 4.3 <2,5 bR )

18-4-2 4.3 3.4 101 All Al703 system components

removed. On the occasion

18-4-3 4.3 4 114 of every freeze, an oxide-

SiC coating was deposited

18-4-4 4,3 4.45 127 on the ribbon opposite the

cooling gas ports. Die

18-4-5 5.1 3.5 53 was too long, again.

18-4-6 4.3 4 101

18-5-1 10/29/76  Boron 1 3.8 1.9 - 3.8 89 To grow 5 cm wide,

5 cm/min, End heaters not control-
ling. 13 - 16 mils

18-5-2 3.8 2.1 - 2.8 96 thickness.

18-5-3 3.8 1.9 - 2,5 81

18-6 11/18/76  Boron 10 5 <2.5 8.8 To characterize Die splayed, became mis-
10 Q-cm™! doped aligned terminating growth.
ribbon, felt overheated.

18-7 11/24/76  Boron 10 2.5 ~ 3.1 3.75 ~90 To profile tem- Mclt overheated. SiO
peratures, to im- vacuum cleaner plugged up
prove on 18-6, early in run.

18-8-1 12/03/76  Boron 10 2 2.5 -5 79 To grow 5 cm wide 3 to JPL, % to seeds.
at 5 cm/min.

-2 2 2.5 -5 132 Stock.

-3 3.8 <5

-4 2 -5,5 2.5 -5 71 For evaluation.

-5 2-5 2.5-5 89 Solar cell evaluation.
6.3% efficient 1" x 4" cell
obtained.

18-9 12/07/76 0 Cartridge shorted.

18-10-1 12/10/76 Boron b | 2.5 3.8 58 Same as 18-8. Cartridge shorted but was
repaired.

=2 2.5 4.4 46

P 2.5 4.9 48

=4 2.5 5 94

=5 2,3 5 46

-6 2.5 5 64

= 2,5 5 56

18-11-1 12/14/76 Boron 1 4¢3 2.5 76 Wacker crackle.,

-2 4.3 2.5 s1

-3 4.3 3.1 41

-4 4.3 5 79

-5 4.3 5 132

—6“ 4.3 5 91 Very high gas flows.




above. Despite the fact that the capillary at the bottom of the die was
partially plugged by silica from the crucible, approximately 91 cm of
~3.25 cm wide ribbon was grown on the first growth attempt. Power sup-
plies for the cartridge heaters were modified and a second run was made.
Ribbon up to 3.25 cm wide was grown at speeds up to 3.25 cm per minute.

"

Both of these were "learning runs' developing operator familiarity with
the system, and trouble shooting. They were designated growth attempts
18-1 and 18-2, To keep the die from sticking into the bottom of the
silica crucible, the height of the cartridge was increased for growth Run
No. 18-3, Ribbon up to 4.6 cm in width was grown at speeds of about 3.25
cm per minute, The ribbon split longitudinally because of mishandling
rather than as a result of frozen-in stress.

Run 18-4 was attempted on two separate occasions. The first effort
failed due to electronics malfunctions. The entire main power supply
SCR controller was replaced by the manufacturer and the ribbon growth
run was finally made. More than five meters of ribbon up to 4.45 cm
wide was grown at speeds up to 5 cm per minute., Nearly all was stress-
free (Table II). (Samples with stress ripples or buckles were measured
to have a residual stress of about 11,000 psi). The die in this run was
again too long, but growth was achieved despite the fact that the bottom
of the die was jammed into the soft silica crucible, Films containing
oxides and SiC occurred on the ribbon. Ribbon growth effort 18-5 yield-
ed 2.7 meters of material up to 3.8 cm wide grown at rates up to 3.8 cm
per minute. This material was grown from an alumina free but not totally
baked out system. Difficulty achieving full-width growth was common to
the above runs. Run Nos. 18-6 and 18-7 were efforts to achieve 5 cm
ribbon growth width, to grow for characterization from 10 Q-.cm melts, and
to begin to profile the temperatures in the cartridge. Neither ribbon
growth run was successful., The first failed when the die splayed open
beneath the cartridge floor and both heat and liquid flows became un-
predictable and uncontrollable. No useful length of ribbon was grown.
Although splaying of the die halves has been common in other growth
systems, this is the only time it has occurred since JPL No., 1 has been
in service. A vacuum system intended to reduce the SiO vapors above the
melt was put into operation after a melt was achieved. Between % and %
of the total purge gas flow (~30 scfh) was drawn from the plenum above
the melt. No substantial SiO precipitates were found in the piping to
the pump and no apparent reduction of the usual SiO deposits on the
cartridge and heat shields was observed. The vertical thermal gradient
above the die was measured, shown in Fig, 6. The second growth effort,

10
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Run No. 18-7, also did not achieve its purpose. No ribbon wider than
~3.75 cm was grown. This was apparently because the melting point iso-
therm was 'bumpy'; e.g., cold at the ends of the die, and hottest at
points ~7 mm from each end of the die. It is not possible to spread a
narrow ribbon to full width under these circumstances, It was observed
on shut down that the crucible walls had slumped appreciably and that
the whole crucible was greatly devitrified, indicating that the melt was
greatly overheated; a condition which would explain the poor growth
results, Large deposits of SiO were observed to form on the heat shields
throughout the run. It clogged the moly tubes from the vacuum system,
Growth Run 18-8 yielded >3 meters of ribbon, the greater part of
which was 5 cm wide. The charge was 10 Q-cm doped Wacker crackle sili-
con, Although the die top was the same as in all previous runs, the
bottom was one-piece, slotted along the edges for capillaries. The
ribbon grew easily; spreading and edge stability were controlled by the
end heaters alone. Growth rates up to 5.5 cm/min were achieved. The
vertical thermal profile of the system is shown in Fig. 7. Characteriza-
tion of the electronic properties of this material is reported elsewhere
in this report. Because of electrical shorts in the cartridge, Run 18-9
was prematurely terminated; no material was grown. In Run 18-10, >3.3
meters of ribbon up to 5 cm wide was grown from 1 Q.cm doped Wacker
crackle material without difficulty. Growth rates were ~2.5 cm/min.
Run 18-11 was similar to the previous run except that pull rates were
~4.3 cm/min, Ribbon No. 18-11-6 was grown with a very high cartridge gas
flow. The only obvious effect during growth was that it was difficult
to maintain edge stability.

C. Residual Stress Versus Vertical Temperature Profile

1. Theory

The previous annual report(l) has described in detail the
theory of thermal stresses in ribbon crystals grown by the EFG technique.
A new design strategy, involving a cooling/afterheating block configura-
tion, which minimizes the residual stress in the ribbon and, at the same
time, allows the desired fast growth rates was also described. As
previously reported, initial in-house experiments, using a cartridge
design developed on an MTSEC in-house program,(B) have resulted in es-
sentially stress-free ribbons grown at rates in excess of 5 cm/min and
with widths up to 5 em. In this section, we report on some theoretical
calculations which indicate the extent to which the various design
variables in the cooling/afterheating block influence the thermal profile

13
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in the ribbon, and hence the growth rates and residual stresses which
are to be expected. In the next section, we present the results of ex-
periments on fast, stress-free ribbon growth.

A schematic of the cooling/afterheating block configuration is
shown in Fig. 8(a). The thermal environment of the ribbon consists of
five distinct regions, as indicated in the figure; this is representa-
tive of the experimental arrangement described later in this section.
The temperatures in the shielding and radiation regions (TS and Tp,
respectively) correspond to the effective temperatures in the regions
beneath the growth interface and in the low angle viewing region beneath
the cold block. The cooling/afterheating block is at a distance Yo
above the growth interface, while the distance from the ribbon is Xg
(the block spacing is ZXB + t, where t is the ribbon thickness; t = 10
mils was used in the calculations described below), The wvariables YC
and YI denote, respectively, the heights of the cooling and insulation
zones, The actively powered afterheater region is designed to give a
linear gradient Gy along the block; the power is adjusted to give a
maximum temperature TMAX’ as shown in Fig. 8(a). The cooling region is
assumed to be at a constant temperature TC; the temperature of the in-
sulation region is assumed to be TI = %(TC + TMAX)'

The details of the computer model used to calculate the steady-
state temperature profile in the ribbon were described in the previous
reporto(l) Briefly, the model considers conductive and convective heat
transport in the ribbon, and radiative and convective cooling at the
ribbon surface. Heat flow in the ribbon is assumed to be one-dimension-
al, i.e., the vertical temperature profile is calculated. The radiative
heat flux is determined from the temperatures, emissivities and angle
factors of the surfaces which comprise the thermal environment of the
ribbon, The convective cooling (or heating) at the ribbon surface in-
volves a heat exchange through the gas ambient between the ribbon and
the block at each point; a value of Nu = 6 has been assumed for the
Nusselt number for convective heat transfer.

The vertical temperature profile which is expected to lead to the
desired fast growth rates and minimal residual stresses in the ribbon is
shown schematically by the broken line in Fig. 8(b). As described
previously,(l) the vertical temperature profile, ideally, should consist
of three zones. The first zone (from the melting point to ~1200°C)
should consist of an initially large temperature gradient and a very
rapid decrease of the gradient away from the growth interface. The

15




Gradient = GH

Heating region Tmax\i\
L

Insulation T

—_ | -

Cooling region TC
Y

Radiation TR
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Distance from s-1 interface -

Fig. 8. (a) Schematic of cooling/afterheating block configuration
showing variables used in analysis. (b) Schematics of ideal
and actual (calculated) vertical temperature profiles in

ribbon.
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second zone should be a region of constant temperature gradient from
~1200°C to ~600°C, while the third zone should consist of a further de-
crease in gradient that is needed to reach zero gradient at room temper-
ature,

The feasibility of the above concept for the vertical temperature
profile in the ribbon was studied extensively for the cooling/after-
heating block configuration in Fig. 8(a). The computer calculations
were used on a MTSEC in-house program(3) in the design and development
of the 2 in. cartridge chamber with built-in cooling/afterheating blocks.
This cartridge was transferred to the current JPL program, and has been
used in the 2 in. wide ribbon growth runs during this quarterly period,
as described elsewhere in this report. The results of the calculations
are summarized in Tables III and IV for argon and helium gas ambients,
respectively. Case a in Table III represents the 'standard" values, for
the case of argon, with respect to which variations in the various para-
meters were considered (case A in Table IV is the standard for a helium
ambient) . Because of the considerable cooling in the initial portion of
the ribbon (which is a result of the particular choices TS = 1200°C,

TR = 700°C, YB = 40 mils, TC = 200°C and YC = 50 mils), the resulting
profile typically consists of a minimum in temperature (TLOW) followed
by a maximum in the afterheating region (see solid line in Fig. 8(b)).
The sharp positive and negative curvatures in the temperature profile
are likely to be undesirable both for obtaining a low density of plastic
strain induced imperfections and for a low value of the residual elastic
stress in the ribbon. Values of TLOW’ the amount of reheating in the
ribbon (AT), and the second derivative in the profile at TLow are given
in the tables. Within the linear gradient zone of the afterheater, the
temperature profile in the ribbon soon attains that in the afterheater
block.

The quantity V

max
which may be expected for each given set ¢f conditions. These values

in the tables represents the maximum growth rate

were determined from stationary (i.e., zero growth rate) temperature

(L

ribbon leads to actual (calculated) maximum rates which are about 10 to

profiles; the effect of convective heat transport in the growing
20% lower than the L - values given in the table. It is readily seen
in the tables that an increase in ribbon growth rate may be achieved

either by increasing the value of Y., or by decreasing the values of any

C!
one or more of the parameters TM’ TR’ TS’ TC’ XB and YB'

The sensitivity of the growth velocity to variations in each of the
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cooling/afterheating block parameters is examined further in Table V.
Assuming that the growth velocity varies linearly with all the variables,
we show in this table the change which would be required in any of the
parameters in order to obtain a 10% increase in growth velocity. It is
seen that the growth velocity is relatively independent of the tempera-
tures in the shielding and radiation region, but that it is quite sensi-
tive to the temperature and extent of the cooling zone, and to the posi-
tion of the block with respect to the growth interface and the ribbon.
The height, Yg, of the block above the growth interface also has a
large influence on the temperature profile. For example, decreasing YB
from 40 to 20 mils (cases a and r in Table III) not only increases the
growth velocity, but it also decreases the extent of the overshoot (i.e.,
AT) in the temperature profile, The sensitivities of the growth veloci-
ty and of the profile to the block parameters depend, of course, on the
particular set of values of the parameters. For higher values of the
temperatures TS’ TR and TC’ the geometrical variables X,, YB and YC are
expected to have a greater influence on the ribbon profile and on the
growth velocity.

The conclusion we reached from these calculations is that a rela-
tively simple block configuration (in terms of the temperatures and
distances involved) should enable us to obtain the desired temperature
profile in the ribbon for fast, stress-free growth. From the Vmax
values in the tables, we see that the program goal of 3 in./min should
be attainable using an argon ambient, or a mixed argon-helium ambient.

As indicated, we have assumed in the calculations that the Nusselt number
for the convective heat exchange between the ribbon and the block is
equal to 6. In the limiting case where Nu = 1, the effective cooling of
the ribbon would be less; for the conditions in case a in Table III, we
obtain Vmax = 2,26 in./min (with TLOW = 1156°C and AT = 10°C).

2. Experimental Results

Experimental work to evaluate the effects of the vertical
temperature profile on growth rate and residual stress in ribbons has
been carried out on both growth stations (JPL No. 1 and JPL No. 2)
during this quarterly period. The runs on JPL No. 1 used the cartridge
design with the built-in cooling/afterheating regions, as described
elsewhere in this report. In many of these runs, the ribbons that were
grown were full-width (i.e., 5 cm wide), and growth rates in excess of
5 cm/min were attained (see Table I). The residual stress in the ribbons
was low enough (see Table II) that the ribbons could be readily cut into
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Table V. Variations in Cooling/Afterheating
Block Parameters for 107% Increase
in Growth Velocity*

Gas Ambient
Variable Argon Helium

TM decrease by 148°c¢ 306°C

YC increase by 36 mils =

TR decrease by 1025°C -

TS decrease by 627°C -

TC decrease by 353°¢ 182°%

Xp decrease by 9 mils 6.5 mils
YB decrease by 47 mils 10.6 mils

*Standard conditions are cases a and A in
Tables III and IV, respectively; the

growth velocity is assumed to vary linearly
with all the variables,
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solar cell blanks, Typical temperature profiles measured in the car-
tridge setup were shown in a preceding section (e.g., Fig. 7).

In the experiments on JPL No. 2, a specially designed graphite cold
block/afterheater combination was used (see Fig, 9 and Figs. 27 - 38).
The graphite cold block is a modified version of that used in previous
fast growth experiments on this program (e.g., Fig. 2 of Ref. 4). 1In
those experiments, growth rates of >5 cm/min were reached, but the rib-
bons were excessively stressed. In the setup of Fig. 9, the extent of
the cooling region (YC in the notation of the previous section) could be
readily varied by changing the cooling block; in the experiments report-
ed below, we used a block with YC = 0.635 cm and a spacing (i.e., 2XB +
t) of 0.457 ecm. The entire assembly in Fig. 9 can be translated verti-
cally to attain a desired height (i.e., YB) above the growth interface.
The temperature profile in the afterheater region is controlled by the
location and size of the heater rods, by the power dissipated in the
rods, and by the dimensions of the thermal gradient plate. In two of
the current experiments, a 0.33 cm diameter graphite heating rod was
used at location No. 1 in Fig. 9; in a third experiment, an additiomnal
heating rod (0.224 cm diameter) was used at location No. 2. The dimen-
sions of the graphite thermal gradient plates were 20.1 cm x 4.19 cm x
0.127 cm; the spacing of the plates was 0.152 cm., Two thermocouples were
inserted in the graphite cold block to monitor the block temperature;
these were located ~0.08 cm and ~0.16 cm, respectively, from the cooling
surface of the block. The vertical temperature profile in the after-
heater region was determined by traversing a thermocouple through the
afterheater,

Three growth runs (Nos. 14-203, 14-204 and 14-205; see Table VI)
were made during this period using this cold block/afterheater assembly.
In Run No. 14-203, six short ribbons, ~1.5 cm wide, were grown at speeds
from ~3.8 em/min to ~6.8 cm/min. The growth was purposely interrupted
when efforts to increase the ribbon width failed, and a new, full-width
seeding was attempted. All of the ribbons had considerable residual
stress as evidenced by the splitting of the ribbons after scribing. The
stresses were much lower, however, than those obtained using the graphite
cooling blocks alone in some past experiments on this machine.

Figure 10 shows examples of the vertical profile in the cooling/
afterheater unit in Run No. 14-203, The distance is measured from the
lower tip of the graphite cooling blocks; the distance of the cold block
from the die, and the various heater settings are noted in the figure.
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Fig. 9. Heat sink/afterheater assembly for JPL No. 2.
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Although the power to the afterheater is the same for both curves, the
cold-block temperature and the entire vertical profile are seen to be
affected by the heat fluxes from the die, and the face and end heaters.
The early portions of the curves, up to the maximum, do not represent
the true temperature profile; in this region, the thermocouple is exposed
to various hot (e.g., die, face heater) and cold radiative surfaces. The
cold-block temperatures recorded by the thermocouple in the block are
given in the figure; the actual profile in the ribbon needs to be calcu-
lated from theory, as in the preceding section, for these measured en-
vironmental conditions. A

The probable reason for the residual stress in the ribbons from
Run No. 14-203 is apparent from Fig. 10; the profile in the afterheater
(hence in the ribbon) was not linear, as required, in the region from
~1200°C to ~600°C. The non-linearity of the afterheater profile was to
be expected, as the graphite thermal gradient plate has a large radiating
surface to conducting cross-section ratio. Also, no allowance has been
made in the design for the variation of thermal conductivity of the
graphite with temperature,

Run No. 14-204 used the same cold block/afterheater setup as in
Run No., 14-203 but with a radiused die; it was felt that the latter would
permit spreading (hence full-width) growth which was not possible with
the flat die used in 14-203. 1Indeed, nearly full-width growth at rates
between 5 cm/min and 7.5 cm/min was achieved; the ribbons were excessive-
ly buckled and had a fairly large residual stress, as determined by
scribing and splitting. The buckling was partially caused by misalign-
ment between the puller and the block assembly, and partially by stress
induced deformation during growth. The latter was evident from the facts
that: (i) interface vibration, which usually results from misalignment,
was not seen during growth; (ii) the onset of buckling occurred only
when the ribbon width was 21.5 cm (i.e., when the thermal stress was suf-
ficiently large); and (iii) the buckled shape appears to be similar to
the stress-induced buckles observed previously (e.g., Fig. 7(a) of
Ref. 1) with the ribbon being ''longer" in a central longitudinal section
than along the edges. The residual stresses in the current buckled rib-
bons were much lower, however, than those grown using the cooling blocks
alone,(a) or those grown in a cold radiative environment.(l)

In Run No., 14-205, a second heating element was inserted into the
afterheater; this caused a more gradual decrease in the vertical temper-
ature profile, Figures 11 and 12 show typical measured profiles in
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Runs 14-204 and 14-205, respectively. The power in the afterheater is
adjusted to give ~1250°C at the hottest point in the afterheater in
14-204 and ~1150°C in 14-205; the figures also show the theoretically
calculated profiles in the ribbon.

Several long, nearly full-width ribbons were grown in Run No. 14-205
at rates between 5 cm/min and 6.8 cm/min; the ribbons were excessively
buckled when the width was 21.5 cm. Examination of the buckled shape
following growth showed that the buckles were definitely a result of
stress-induced deformation during growth. In spite of the buckled
shape, however, there was no residual stress in the ribbons as evidenced
by scribing and splitting.

The following conclusions can be drawn from these experiments on
the effects of the vertical temperature profile on growth rate and resi-
dual stress:

(a) As expected, a growth rate of ~7.5 cm/min can be readily
achieved with a simple device which provides radiative/convective cooling
in the vicinity of the growth interface. In the present experiments,
cooling occurred mainly by radiation because of the large spacing between
the cooling blocks. The experimental growth rates are consistent with
the theoretically predicted maximum rates from profiles such as in Figs.
11 and 12.

(b) It now appears that it will not be necessary for the after-
heater to be exactly linear, as long as the temperature decrease to below
~600°C is fairly gradual. Thus, the afterheater profile in 14-204 drops
off too rapidly, whereas that in 14-205 is acceptable. (The actual,
i.e., calculated, profile in the ribbon follows the thermocouple trace in
14-204, but the "bump'" caused by the second heating element in 14-205 is
somewhat smoothed out - see Figs. 11 and 12), In both cases, the ribbon
is reheated to ~1100°C at the hottest point, where all the stress is
likely to be relieved. However, cooling the ribbon as in 14-204 caused
further plastic flow and residual stress in the ribbon at room tempera-
ture; the more gradual cooling 14-205 leaves the ribbon relatively
stress free,

(¢) The source of the buckles is of obvious concern, even though
some of the buckled ribbon (e.g., in 14-205) was free of residual stress.
As seen in the calculated profiles in Figs. 11 and 12, the ribbon is
cooled to ~900°C as it passes through the radiation and cooling regions
(cf. Fig. 8) before its temperature is raised to ~1100°C again. In the

region where the curvature of the profile is reversed (i.e., d2T/dz2 <0),
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the thermal stresses also act in a reversed manner. Thus, a center
longitudinal section is under compression while the outer edges are in

(1)

as a result of plastic flow caused by thermal stress in the initial
2

tension. Since the ribbon is already longer in the central section,

cool-down region (where dzT/dz >0), the ribbon buckles in the reverse-
stress region., Reheating to ~1100°C can relieve the residual stress,
but it cannot relieve the permanent buckles in the ribbon.

(d) The above considerations suggest that a cooling/reheating
profile in the ribbon, as in Figs., 11 and 12, should be avoided. This
may be achieved by a narrower cooling zone such that the ribbon tempera-
ture does not decrease below 1100°C. Alternatively, the afterheater may
be operated at a lower temperature (at its hottest point) to decrease
(or eliminate) the reheating in the ribbon. The former technique may
involve a trade-off with the attainable growth rate, the latter with
increased residual stress in the ribbon. Another possible solution may
be to decrease the rate of reheating (i.e., the reverse curvature in the
prefile) by moving the afterheater further away from the die.

Experimental work along the above lines will continue during the
next and subsequent quarters, Theoretical work will be carried out to
find the optimum combination of the various parameters in the cooling/
afterheater unit of the cartridge to give the desired growth rate and
temperature profile. The optimization will be carried out near the
measured values of the parameters rather than the assumed values used in
earlier calculations (cf, Tables III to V). For example, typical cold-
block temperatures (i.e., TC) in the cartridge have been observed to be
~700°C to ~900°C; this probably accounts for the fact that helium gas
had to be used in the experiments on JPL No., 1 to attain growth rates

>5 cm/min.

D. System and Ribbon Purity

The molybdenum used for station parts is not very clean (Table VII).
To thoroughly clean the surfaces of new molybdenum components, a sulfuric
acid bath treatment and vacuum bakeout will be used before they are
introduced into the growth system. Both tungsten and molybdenum are
readily oxidized by CO and CO2 as well as by O2 and H,0. Oxidation of
molybdenum station components occurs during every run (Fig. 13). Most
of the molybdenum oxide on hot zone components is removed by reduction
and transport in a 95% Ar 5% H, atmosphere just prior to shutdown.

In the interest of purity the system has been purged of alumina
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Table VII.

ELEMENT

Molybdenum
Carbon
Oxygen
Hydrogen
Nitrogen
Iron
Nickel
Copper
Lead

Zinc
Silver
Aluminum
Silicon
Sodium
Potassium
Calcium
Barium
Phosphorous
Manganese
Magnesium
Cobalt

GUARANTEED

ANALYSIS

29
30
50
20
10
70
10
20
10
10
10
20
30
30
20
20
20
30

5
10
10

.93%

PPM
PPM
PPM
PPM
PPM
PPM
PPM
PPM
PPM
PPM
PPM
PPM
PPM
PPM
PPM
PPM
PPM
PPM
PPM
PPM

Max.
Max.
Max.
Max.
Max.
Max,
Max.
Max,
Max.
Max.
Max.
Max.
Max.
Max,
Max.
Max.
Max,
Max.
Max,
Max.

31

TYPICAL

Molybdenum Analysis - Supplied
by the Manufacturer

ANALYSIS

929

15
30
10
5
50
2

8
<5
3
<5
8
<30
10
5

6
<20
10
2
<5
3

96%
PPM
PPM
PPM
PPM
PPM
PPM
PPM
PPM
PPM
PPM
PPM
PPM
PPM
PPM
PPM
PPM
PPM
PPM
PPM
PPM




Fig. 13. Top heat shield pack showing oxidation,
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components. For the first few runs alumina was used to space the main
heater power studs from the bottom of the heat shield package, to space
some of the elements of the die holder cartridge, and as thermocouple
protection tubing. In every case, the alumina components have been re-
placed with quartz in an effort to reduce aluminum migration to the melt
or growing ribbon.

A high temperature halogen purification process for graphite compo-
nents was established under a previous contract, but the capacity of the
bakeout syétem has been limited. An expanded bakeout system capable of
cleaning large graphite parts including the main heating elements (Fig.
14) and crucible holder from the growth system JPL No. 1 is now in opera-
tion. All graphite parts will now be purified prior to use in growth
processes.

Finally, handling procedures are being improved. More care is being
taken in the storage of components and during the assembly of components.
It is hoped that the introduction of the above processing procedures will
result in silicon ribbon containing fewer impurities and, therefore,
providing far more efficient solar cells,

Beyond measurements of dimension and stress, the initial character-
ization of each ribbon grown in JPL No. 1 includes IR transmission scans.
For ribbons of the same resistivity, substantial absorption of infrared
between about 7 and 25 or 30 microns is taken as an indication of the
existence of electrically detrimental impurities (hence, free carriers).
The IR scan also serves as an indicator of the character of any surface
film on the newly grown ribbon. Oxygen and silicon carbide peaks are
observed at 9 and 12% microns, respectively. Samples with absorption
peaks are usually etched and scanned again to determine whether the
oxygen and carbide are in fact on the surface or in the bulk, Typical
scans of ribbons from the JPL No. 1 furnace are seen in Fig. 15.

IR transmission scans of ribbons 18-6 and 18-7 were made. The
trace of ribbon 18-6 is shown in Fig. 16 and is the same as that of 18-7.
This flat trace is typical of material doped to 10 Q@:cm and can be com-
pared to traces of 1 Q-cm earlier material.

The absence of oxide or SiC peaks is significant, It indicates the
absence of the surface films typical of "rf" grown EFG silicon ribbon.

Spots of surface film are observed to form on the ribbon whenever
it is held stationary for any substantial amount of time in front of the
helium inlets in the cartridge (Fig. 17(c)). It was feared that some im-
purities in the cooling gas were reacting with the ribbon surface; the
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Fig. 14. Main zone heating element.
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extended time allowed enough reaction to take place to be noticeable.
However, IR scans before and after etching showed the films to be oxide
and SiC. As mentioned previously, there is always a substantial amount
of Si0O vapor in the system., Fig. 18 shows SiO vapor swirling up past
the die and out under the cartridge floor just after the cartridge was
lifted free of the hot zone. This heavy smoke is visible in every run
just before the die is dipped and just after it is pulled free. Fig. 19
shows the die suspended over the top shield opening at the end of a run.
Note the oxide deposits hanging between the shield package and the die.
(The side-slotted die is cracked by the expanding silicon on cool down).
This material is occasionally seen to fall into the melt early in a run.
Deposits are seen on the outside of the cartridge in Fig. 20 and between
shield layers in Fig. 21.

A sample of the heavy cream colored deposit was taken from the top
shield pack after Run 18-5, For this run, all system components except
graphite heating element and crucible holder had been thoroughly cleaned;
e.g., washed, etched, or baked out. The sample was analyzed in a bismuth
oxide buffer by emission spectrography against standards also in bismuth
oxide for calibration. The results (Table VIII) indicate very high iron
and aluminum concentrations; it is possible that the oxide deposits may
be the prime source of active impurities carried into the melt. Samples
of these deposits from an all-baked-out system are now being analyzed.

A simple gas flushing system intended to remove the oxides and suboxides
as they formed was ineffective. Alternatives are described under Plans
later in this report.

The electronic properties of the ribbons depend upon purity and im-
purity distribution., Resistivity, mobility and carrier concentrations
for various ribbons are given in Table IX,

E. Structure and Related Electronic Properties

It has been previously reported, based on EBIC data and examination
of small area mesa diodes, that SiC particles, intersecting boundaries
and low angle grain boundaries are detrimental to solar cell performance
because of localized recombination effects in the vicinity of these
defectse(l)

In order to ascertain the relative contributions of the space charge
region and the bulk of a solar cell to the recombination contrast observ-
ed in the EBIC mode, Schottky barrier devices were examined in this mode
of operation and by varying the depth of penetration of the incident
electron beam by changing the electron accelerating voltage. In Fig. 22
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top heat
shields

Fig. 18. Si0O vapor swirls up out of the hot zone to the left
and right of the cooling die (view from the door
port during the shutdown process).
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Heavy oxide deposits are seen suspended between the
elevated die and the molybdenum heat shield pack.
Some oxide fell into the melt when the die was
further withdrawn. (The molten silicon expanded on
freezing causing the crack seen in the edge of the
side-slotted graphite die).
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Fig. 20. A die-holding cartridge after a run. - Frozen silicon
is seen on the die and condensed oxides around the
viewports,
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Table VIII. Emission Spectrographic Analysis¥*
of SiO Deposits in the Molybdenum
Heat Shields of JPL No., 1 (Run 18-5)

Fe 100 - 1000 ppm
Mo 30 - 300 ppm
Al 10 - 100 ppm
Ni 3 - 30 ppm
CaCr 1 - 10 ppm
Mg .3 - 3 ppm

Cu .1 - 1 ppm

*This data is from a system in which the graphite
crucible holder and the heating element were not
subjected to a high temperature halogen treat-
ment., Consequently, these graphite components
could be source of the Fe, Cu, etc., in the 'SiO'
deposit.
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Table IX.

Electronic Characterization

opa— MgBILITY CARRTER CO?gENTRATION
SAMPLE NO, (QRecm) (cm”™/V-sec.) (cm ™)
18-3 0.67 185 B x 1
16
18-4-4 1.10 226 2.51 x 10
16
18-4-5 1.03 199 3,06 x 10
18-4-6 1,08 176 3,30 x 101°
18-4-6 0.89 238 2.97 x 1016
18-5-1 0.84 217 3.45 x 100
18-5-2 (C) 0.72 193 4.51 x 1016
18-5-3 (C) 0.72 239 3.62 x 10°
18-6 5.01 244.1 5.11 x 1019
18-4-2 #1 1.0 230 2.9 x 101°
18-4-2 #2 0.8 268 2.8 x 10%°
18-8-4 #1 1.4 187 2.3 x 1018
18-8-4 #11 1.4 199 2.3 x 1016
L4




Penetration Depth (um)

1 1 L 1 1

Fig.

22,

10 15 20 23 30

Accelerating Voltage (KEV)

Electron beam penetration depth as a
function of accelerating voltage.
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we plot the maximum electron beam penetration depth as a function of ac-
celerating voltage. The calculations are based on Everhart and Hoff's(s)
data, and represent, to a good approximation, the depth to which elec-
tron-hole pairs are generated in the bulk of the semiconductor, Fig. 23
shows EBIC images obtained on a Schottky barrier device at accelerating
voltages of 30, 25, 20, 15 and 10 KEV. These correspond to beam pene-
tration depths of approximately 6.6, 4.8, 3.2, 2.0, and 1.0 microns
respectively. Notice that the degree of recombination at the boundaries
decreasing as the accelerating voltage decreases. In fact, the recombi-

nation contrast at boundaries and at dislocations is extremely low at

10 KEV, i,e., at a penetration depth of 1,0 um.
c
The Schottky barrier was fabricated by evaporating 500 A of aluminum
on 1 Q-cm ribbon samples. Assuming a junction built-in voltage of 0.4 V

6

and a base carrier concentration of lO1 atoms/cm3, the space charge

region width is found to be approximately 0.23 um at zero-bias condi-

(6)

the space-charge region. Increasing beam penetration results in progres-

tions., Thus, even at 10 KEV, the electron beam completely encloses
sively more of the base region being enclosed in the beam. The increase
in contrast at greater depths of penetration thus should be arising from
defects present in the bulk of the base material. The width of a feature
in the EBIC images will depend on the inclination of the defect with
respect to the specimen surface. A defect which is normal to the sample
surface (and hence, parallel to the electron beam) will not exhibit a
change in width as the beam penetration changes (assuming a homogeneously
decorated defect through the bulk). Since beam penetration is propor-
tional to (E)l"75
width of the recombination zone at a defect against (§)

, where & is the accelerating voltage, a plot of the
1.75 should yield
a straight line. Such a plot is shown in Fig. 24 for two linear bound-
aries observed in Fig. 23. It is quite evident from the plot that in
EFG silicon, where crystallographic defects extend through the thickness
of the ribbon, space charge recombination-generation effects contribute
minimally to the total observed recombination, and that the predominant
recombination effects are associated with the local space charge regions
associated with the electrically active defects,

F. Intensity Effects on Recombination at Defects

Measurement of diffusion lengths in solar cells is made routinely
under essentially 'dark' conditions., However, a solar cell operates
under 1 sun condition, corresponding to a photon flux of approximately

1016 photons/cmz/sec° Under 'illuminated' conditions, the device is
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at a defect as a function of acceler-
ating voltage.

48




operating in a forward bias mode. Such forward biasing will lead to:

(a) A decrease in the space charge region width, resulting in a
smaller fraction of the defect being enclosed in the space-charge region.

(b) Trap saturation in the material, resulting in lower recombina-
tion.

In order to simulate the 'illumination'conditions seen by a solar
cell under normal operation, EBIC data was gathered on a section of a
solar cell in the 'dark' condition and under illumination by incorporat-
ing a tungsten light bulb in the specimen chamber of the SEM. The for-
ward biasing obtained by optical illumination was 0.11 V. Fig. 25(a)
shows an EBIC image obtained in the 'dark' and Fig. 25(b) shows the EBIC
image of the same area under illumination. In Fig. 25(c) we show an
EBIC image wherein the left-hand portion was taken in the 'dark', while
the right-hand half of the picture was taken under illumination, Notice
the distinct decrease in recombination contrast on forward biasing during
illumination,

(6)

The width of the space charge region can be written as:

\/ZKSEO
ZD “Vgq NA (Vb + Vext)

where KS = dielectric constant
EO = permittivity of free space
q = electron charge
NA = base concentration
Vb = barrier height, and
VeXt = applied external bias.

Thus, the external bias changes Zp by a very small fraction, and for a
forward bias of 0.11 V, the change in space-charge width is calculated to
be only 0.04 um. The changes in recombination contrast, therefore,
cannot be entirely attributed to a decrease in the volume of defect being
enclosed in the space-charge region.

Saturation of the available traps, therefore, seems to be a plausi-
ble explanation of the phenomenon observed in the material. The above
contention seems to be borne out by observations of changes in diffusion
length, estimated from spectral response measurements, as a function of
incident photon intensity.(7) Figure 26 shows a plot of diffusion length
measured as a function of photon flux, with the flux varying from 0 to

16

approximately 10 photons/cmz/sec at 1 sun intensity. The nature of the

traps can be further investigated by employing radiation with wavelengths
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corresponding to the bandgap in silicon, and such investigations are

underway at the present time,
G. Problems
None,
H, Plans

Having established that 5 cm wide ribbon can be grown at rates up
to 5 cm/minute with no residual stress, it is planned to intensify the
effort in the quality aspects of ribbon growth.,

Some of the machine related parameters that are considered to affect
ribbon quality include the following:

(a) The influence of contaminated SiO deposits which can fall into
the crucible; as shown elsewhere in this report preliminary chemical
analysis of "Si0" deposits on the molybdenum insulation in the furnace
indicates that these deposits contain significant quantities of iron,
molybdenum and other metallic elements. These deposits can be detached
from the various interior surfaces of the furnace and fall into the sili-
con melt,

(b) Since the furnace is relatively open during the course of
introduction of the cartridge into the chamber there exists the pos-
sibility that atmospheric contaminants can enter the chamber and contami-
nate the melt even though a high rate of argon flow is maintained
throughout the process.

(c) A third possibility relates to the configuration and components
of the cartridge. The cartridge is a relatively complicated piece of
apparatus containing a variety of graphite, molybdenum, and stainless
steel components with a number of close fitting parts arranged in a small
volume., As a consequence three aspects of the cartridge need to be ex-
amined for their possible influence on melt and crystal contamination.
(i) Contaminants from the components of the cartridge can enter the melt
or the ribbon; the graphite parts of the cartridge are all subjected to
high temperature halogen treatments and as a consequence should be suf-
ficiently free of impurities. The stainless steel and molybdenum parts
may introduce impurities if they attain sufficiently high temperatures.
It is yet to be determined whether this is an important effect. (ii)
Since the cartridge is not ''pumped out" and purged with argon prior to
its introduction into the chamber, trapped air and atmospheric contami-
nants can be introduced into the growth chamber. This effect is probably
magnified as a result of the complex nature of the cartridge. (iii) The
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possibility exists for SiO buildup within the cartridge as a result of
the tightly packed interior of the cartridge. Local accumulation of SiO
deposits among the components of the cartridge can result in spalling or
detachment of the SiO and the resulting contamination of the melt if the
Si0 is also contaminated.

In order to investigate the possible influence of the above mention-
ed variables as well as other parameters, the following experiments are
planned during the next and subsequent quarters.

(a) 1In order to prevent possible melt contamination by contaminated
Si0 it is planned to exercise greater care during the introduction of the
cartridge into the furnace chamber., A crucible cover will be designed
and evaluated to determine if particulate contamination can be eliminat-
ed.

(b) By employing a solid polysilicon charge with a notch provided
in it to accommodate the die, it is planned to assemble the furnace with
the cartridge in place prior to heat up. This is expected to keep at-
mospheric contamination out of the system throughout the process.

(c) Further studies of the gas flow conditions in the system will
be conducted with a view towards determining the kinetics and dynamics
of ""Si0" deposition in order to determine whether '"SiQO" formation and
deposition can be influenced.

(d) The influence and the nature of contamination will be examined
by employing previously characterized ribbon seeds for growth in order
to assess whether contamination is a liquid phase or a solid state
phenomenon,

(e) An alternative to the cartridge will be designed and built in
order to simplify the system. The new configuration will exclude many
of the complex aspects of the cartridge such as die heater, ribbon
coolers and the afterheater.

(f) It is planned to conduct a significantly increased amount of
chemical analysis of various materials including the silicon charge re-
maining in the crucible following a growth run, the various deposits
that form on the internal surfaces and components of the growth chamber,
and an analysis of the grown ribbon. The intention is to attempt to
identify the particular contaminants and their sources.
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APPENDICES

1. An Updated Program Plan

Table X.

2. Man Hours and Costs

Previous man hours were 5852 and cost plus fixed fee was
$180,911. Man hours for October plus November were 1596 and cost plus
fee was $50,446. Man hours and cost for December are estimated to be
588 and $22,297 respectively. Therefore, fourth quarter man hours are
estimated to be 2184 and cost plus fee to be $73,243, Total cumulative
man hours and cost plus fixed fee are estimated to be 8036 and $254,154
respectively.

3. Engineering Drawings and Sketches Generated during the Reporting
Period

Figures 27 - 38.

4, Summary of Characterization Data Generated during the Reporting
Period

Ribbons have been grown with measured stresses between 0 and
>11 K psi, Ribbons grown from JPL No. 1 do not have characteristic sur-
face films. Oxide deposits throughout the growth system contain electri-
cally active species and may be the source of melt impurities. Samples
typically have low mobilities 185-268 cmz/V-sec and LD too low to measure.
Using EBIC, it has been observed that recombination effects around in-
clusions decrease under illumination. This effect is being studied.

5. Action Items Required by JPL

None.

6. New Technology

During this reporting period, none. Cumulative new technology:
heat sinks (Figs. 52 and 53(3)) to promote rapid growth were disclosed
(L)

as new technology.
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APPENDIX 7

Deliveries of five samples were shipped to JPL for stress and
properties characterization., They were:

electronic

Ribbon 18-7
(11/24/76)

Grown on JPL No. 1.

Doped to 10 Q:cm p-type.
Length submitted 15'".
Stress not measured.

IR absorption -~ negligible.
All system parts baked out.

Ribbon 18-8-1
(12/03/76)

Grown on JPL No, 1,

Wacker crackle feed material.
~.9"/min pull speed.

All system parts baked out.
Solar cells to be fabricated.
2" wide easily attained.

Ribbon 14-204-1
(11/19/76)

Grown on JPL No. 2.

System not pure,

No dopant.

Growth speed 2.0" - 2.4"/min.
Buckling every 0.9",

Residual stress fairly large.

Ribbon 14-205-2

Grown on JPL No. 2.

System not pure.

Growth rate 2,0" - 2.3"/min,
Doped to 1 Q-cm p-type.
Buckling every 1.1'".

No residual stress,

Ribbon 18-4-4
(10/21/76)

Grown on JPL No. 1.

Doped to 1.0 Q-cm p-type.

Dow Corning ingot feed material.
Electronic characterization*,

Resistivity: 1.1 Q-cm.
Mobility: 226 cmz/V-sec.
Carrier concentration: 2.51 x 1016 cm’3.

Growth rate 1.7'"/min.
Length submitted 17'".
Stress not measured,
DL: too small to measure.

Main heating element and crucible holder not baked out.

Solar cell data to follow.
Crucible holder and main heater not baked out.

*Monthly Progress Report covering period October 1, 1976 - October 31, 1976,
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Updated Program Plan

Table X,

MIL.LESTONES*

1977

1976

1975

<—3" Wide'0.004" Thick Ribbons

Mar.| Apr.

< Achieve 3"/min Growth Rate
«~Optimize Oricntation

Feb.

<— Achleve 3" Wide Ribbon

<—Melt Replenishment Paper Study

<— Achieve 2"/min Growth Rate

<— Achieve 2" Wide Ribbon

Aug.|Sept. | Oct. | Nov. | Dec. |Jan.

Mach. No. 1 Completed, Standard Operating

Procedure for Mach. No, 1
<— Design Review of Mach, No. 1

Feb. Mar. |Apr. [May- |June {Julv

Jan.

Standard Operating Procedure for Mach.

l = No. 2, Mach. No. 2 Modified.
<«— Design Review of Mach, No, 2

Nov. |Dec.

- ==
. o E ®
2 & S o
o = a o
g & S 5
£ B =
g N fe :§
9w & =
/\20 [ ~
g an a © E
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2 3§ 323 ¢ & %
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<l o © 225 £ 8
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-~ SEEpEEm o
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s LL935 8 J 5
<m$>>q.4m
e AR A838E ¢ &
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G = N <+l O e
5l 5]
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2. Sceding ard orientation experiment
3. Improve machine purity (optional)
erial ard Solar Cell Characterization

4. Thermal geometry control
5. Study meniscus effect

6. Combine 1 through 5 above
7. Optimize thin ribbon growth.

>

Mat
Theoretical Thin and Wide Ribbon Study

*Financlal and Technical Reports
of this contract,

Solar Ceclls and Samplcs wiil be deilvered as per the Dellvery Schedule
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