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SUMMARY

This quarter has witnessed appreciable progress in achieving high effi-
clency on RTR solar cells, with an average efflclency of 9.1% on the most recent
lof. The best celi to date has a measured efficiency of 11.3%.

A new technlque for growing !imited-length ribbons continually has been
demonstrated. This “Rigld Edge" technlque can be used to recrystallize about
95% of the polyribbon feedstock. A major advantage of this method Is that only
a singte, constant length silicon ribbon is handled Throughout fhe entire process
sequence; This may be accomplished using cassettes sim{lar to those presently in
use for processing Czochralskl wafers. Thus a transition from Cz to ribbon
technology can be smoothly affected. The maximum size being considered, 3" x 24",
is half a square foot, and will generate 6 watts for 12% efficiency at 1 sun.

Stiicon dioxide has been demonstrated as an effective, practical diffusion
barrier for use during the polyribbon formation. Two different approaches for

using The siilicon dioxide are being pursued.
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1.0 CRYSTAL GROWTH USING THE PURGEABLE FURNACE

Recent modifications to the purgeable furnace have apparently succeeded
in reducing (or eliminating) contamination of +the sillcon ribbon during growth.
{See Section 5,4) The quartz jJacket was rebullt, with its flanges stoping up at
a 10° angle, to prevent reflected beams from striking I+ during growth. This
change al lowed remova! of the protective platinum shields, which may have been
the contamination source. Gas flow between the pre- and post-heaters has heen
restricted by stuffing the gap with high purity quartz wool. This has effectively
increased the outward gas flow around the melt, thus further improving ambient
control. The quartz wool has also proved beneficial iﬁ stabllizing The tempera-
ture in The heaters.

Ribbons grown from pre-etched CVD feedstock In thls furnace were fabricated
Into solar cells, Results for the best calls are quofed in Section 5.4.

The ribbons were grown at 1"/minute using the riglid edge technique. In the
rigid edge Techanue, the molten zone is not allowed to touch the ribbon edges.
Since the ribbon Is supported by the solid edges, it does not need to be heid at
both the top and the bottom, By holding ribbons from the top only, and growing
to within 1/8" from +he bottom of the ribbon, we were able to grow approximately
45 cmz/ribbon. If we had to hold the ribbon at both top and bottom, the total
regrown length would have only been ™~ 7 cm; thus the total area grown would have
been fesfr[cTed To v 17 cm2.

Grain structure of ribbons grown by this technique is remarkably similar to
that of ribbons grown from a full-width melt. Naturally, nucleation from the edge
does occur (Figure }) but the edge-influenced grain growth extends only ~ 1 mm
Into the ribbon. Across mosf.of the width ef +the ribbon, the graln structure
(Figure 25 is simjilar to the grain structure of ribbon grown for a full width

melt (Figure 3).



Figure 1: Grain structure at
the edge, rigid edge method

Figure 2: Grain structure at the
center, rigid edae method

Figure 3: Graln structure,
full width melt




We are seriously evaluating use of the "Rigid Edge" technique for achieving
high production rates with the RTR method. The CVD ribbons would be grown with
a constant limited length, The ribbon sections would be automatically loaded Into
a cassette, where they could be stored unti! they are ready for recrystallization,
The RTR process would also feed tThe constant length ribbons into a cassette., In
order for this method to be realizable, the full length of +he ribbons must be
utilized, This would not be possible with the conventional RTR method, since the
ribbons must be supported on both ends, Implying a loss of ~ 15 ¢cm at each end.
However, If the melt Is prevented from actually reaching the edge of the ribbons,
a thip unmelted sirip v 1 mm wide on.each side of the ribbon can support the
ribbon, even when i+ Is held at one end only. Thus, the "Rigid Edge" technique
al lows all the ribbon, except for a strip v | mm wide around the perimeter, to be
recrystailized. Since the grain structure of this ribbon is very simllar to that
obtalned with the conveptional RTR method, I+ Is expected that cumparable ef-
ficiencies will be malintalned.

Consider a constant length ribbon 3 inches wide and 2 feet long. {f 1 mm
along each edge is lost because of rigid edge processing, the material use ef-
ficiency Is 97%, The potentlal advantages of rigld edge growth far outweligh
t+his small loss and, considering that solar cell processing required removal of
some material along the substrate periphery,the relative loss of material, com-
pared fto current practice, should be well under 3%.

A 3" x 24" solar cell at 12% efficiency will generate 6 watts. Thirty-four
of these cells In a package s)ightly larger than 4 feet square would generate
over 200 watts. The constant length ribbon would permit designing all equipment
for the entire process sequence to handle the same size substrates. This may

be accomplished using cassettes simllar to those preéenfly In use for pfocesslng



Czochralski wafers, so a transition from Cz to ribbon technology can be smoothly
affected, Also, since the ribbon will be only 100 um thick, occasslional break-
age will oceur; standardlzation on a constant size of substrate will permit

easy recovery of an automated process, and less loss of materlal after breakage.

2,0 POLYCRYSTALLINE RIBBON DEVELOPMENT

We have had some difficulty in reproducing our recent success in growling
long polycrystaiiine silicon ribbons. The main problem appears to be a Venturl
effect at the end seals of the CYD furnace. At the entrance seal, the change
from the stainless steel block to the flberglass curtaln was counterproductive.
The Incoming HZ/SIHCI3 gases tend to suck air In through the furnace. At tha
exit, a simjlar effect Is occurring with the suction Induced by the hydrogen
burn-off at the exhaust. In our original successful deposition, this exhaust
had been almost +o+aljy blocked by 510, deposits. This forced some gases out
Into the room, and this outward gas flow effectively prevented alr from leaklng
into the reaction chamber.

Several modifications were made to the furnace entrance In attempting to
prevent alr from entering the reactlon tube. I+ was found that the O-ring
seals around the quartz tube were unrellable. When tightened sufficiently tfo
make a seal, they often broke the quartz reaction tube. When the fube did not
break, a defective seal resulted in 5i0, formation.

Figure {4) shows the present configuration of the enfrance. Process gases
are now Injected inside the quartz tube rather than through the center block.

A seal plate, with a narrow slot to admit the Mo substrates has been added. A
fiberglass curtaln on the furnace side helps to reflect the radiant energy, and

a slitted Viton curtain makes a tight seal. The O-ring seals around the quartz
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Entrance Seal, CVD Furnace

Figure 4:




have been alIminated. Instead, RTV silicone Is used to seal the metal parts to
the quartz tube. These modiflications have proved successful.

In the latest run a ribbon 140 ¢m long sheared off from a 150 ¢m x 5 cm sub-
strate. Unfortunately the shearling took place In two sections, Inslde the fur-
nace, Indlcating that a different temperature proflle may be requlred for shearling
to take place In long ribbons without periodic breaking of the ribbon. The longer

ribbon of the two pieces was 85 cm x 5 cm.

2,1 SUBSTRATE STUDIES - MULTILAYER SYSTEMS

Mul+tllayer substrate systems are conceptually a promlsing approach for re-
ducing the Mo concentration in +he silicon ribbon deposited on them by CVD., The
general approach to a multllayer substrate Is to have a diffusion barrier between
the Mo base and the polycrystallline silicon ribbon. The tws most obvious materials
for vse as a diffusion barrier are SI3N4 and Sioz, since sefrther would Introducs
a new element Into the system., Experiments yith SI3N4 layers eventually proved
to be disappointing, the silicon nitride film belng converted to MoSi, in the
presence of hydrogen and the chlorosilanes. This resuits In the remaining un-
consumed Sf3N4 separating from the MoST, layer and the sllicon ribbon thus re-
moves the S|3N4. Neutron activation analysis analyses (discussed In Section 3.0)
confirm that only the first deposition results In a much |ower molybdenum level.
Thus, for the diffusion barrier properties of The‘SIBN4 to be effectively utilized, it
would require re-coating after every deposition. S10,, however, has shown con-
Tinued promise,

In order to use the TESS technlque successfully, a MoSi, layer must be formed.,
Consequently, we have pursued two approaches. The simplest mefhod.ls +p debosif

1 micron of St, 0.1 microns of §i0, and then the CVD ribbon on the Mo subsirate.
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The ribbons sheared at the Mo3ip-St interface. They were then etched to remove
the 1 micron Si layer, and the 510,. Figure 5 Is a micrograph of a ribbon
(before etching) showing the two Si layers sandwiching the Si0z diffusion barrier,
This technique has two advantages over our present method of etching about 20
microns from the silicon ribbon surface which was In contact with the Mo sub-
strate: It reduces the etching of +ha silicon by 95% and 1+ should produce an
even higher purity Si ribbon.

The second method uses a thin (5,000 A) molybdenum layer sputtered on top
of the 1 micron-thick silicon dioxide diffusion barrier deposited on top of the
Mo substrate, The ribbons sheared in normal fashion, leaving MoSip film on the
oxlde layer. Should This technique be shown to be totally successful, a very
slgnificant Improvement in substrate recycling may be expected, since the sub-
strate Is completely protected from the silicon. A cross-sectlion is basing made
of the substrate and the ribbon. An addlitional vwirtue of the sputtered Mo adja-
cent to the depositinrg S!.surface is the high purity of the sputtered |ayer, com-
pared to metallurgical grade Mo. Sililcon ribbons prepared by these methods are

being evaiuated by neutron activation analysis.

5.0 NEUTRON ACTIVATION ANALYS S

The results of neutron activation analysis for Mo are shown In Table 1,
The best results were obtained for samples 513 and 242BR, In which Mo could pot
be detected.

Sample 513 was grown by using a2 0.1 um thick SiO2 layer as a diffusion
barrier on top of a thin Si layer deposited on the Mo substrate. This method
has two advantages over our present method. it produces a ribbon with the lowest
Mo impurity level (since the SiOp has proven to be an excellent diffusion barrier)

and it will reduce the total silicon lost by etching, since . the total thickness
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of the Si and $10 layers is n 1 um, while we typlcally remove about 20 pm with
our present method. Sample 242 |s an RTR ribbon regrown from etched CVD feed-
stock, included on this !lst for comparative purposes.

Sample 536, grown using molybdenum-oxide-molybdenum |ayers, was npot quite
as successful, Sample 513, which was grown in the semicontinuous system, shows
an Mo level v 0.1 ppma, This result is promising, since only 10 um were removed
from this sample.

Sampie 481 (which was not etched) was grown from a SiH, source. Since Ci
was eliminated from the system - thus ellminating the poss!ibility of a molybdenum
chloride autodoping mechanism - this experiment confirms that the main contamina-
+ion mechanism Is likely to be solid state diffusion,probably along the grain
boundaries of the CVD ribbon,

The samples [dentified as SNA1 - SNC2 were ribbons deposited on silicon ni-

tride coated Mo substrates. The letter In the | D . denotes a particular Mo sub-

strate, whffe the number denotes whether this ribbon was the first, second or
third grown on that substrate. These results show that although the silicon
nitride effectively reduces Mo contamination for the first deposition, it is In-
effective for subsequent depositions. Thus, in order to use the gilicon nitride
layers as a diffusion barrier, we would have to coat the substrates prior to each

deposition.

4.0 DIFFUSION LENGTH MEASUREMENTS BY SPV, OCPV

We have recent!y reported some very long diffusion fengths in RTR silicon,
including many vaiues over 200 microns after gettering. It is possible that
some of these very high values are anomalous, i.e. they do not reflect the

true quality of the material,
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TABLE |
NEUTRON ACTIVATION ANALYSIS

Sample 1.D, Mo Concentration (ppma} Sample Description

336 Q.13 Mo (substrate) -~ SiGy - Mo
(5000 R sputtered layer) -

SI ribbon. Sample eiched after

deposition,
513 | N.D. < 0.04 S1 - 510, - silicon ribbon,
- . Sample etched after deposition,
2428R N.D. < Q.15 Regrown silicon ribbon. Feed-
stock etched after deposition.
R13 0.12 Silicon ribbon grown in semi-~
continuous system, etched 30
seconds.
481 30 Silicon ribbon grown from SiH,
{not etched)}.
SMA 0.17 First Deposition.
SNAZ 8.1 Second Deposition.
SNA3 3.5 Third Deposition.
SNB 0.15 First Deposlition.
SNC1 0.3 Flrst Deposition.
SNC2 21.0 : Second Deposition,

10
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A brief experiment has shown that The measured diffusion length can be light
intensity dependent. |In a typical case, an increase in the light Intensity by a
factor of ¥ reduced the apparent diffusion length from 200 microns te 70 microns.
Further increases in light intensity did not further reduce the diffusion length.
We should emphasize that this effect was found o apply only to some samples
with very long apparent diffusion lengths. The diffusion lengths we have re-
ported in the range 5 - 100 microns are still| considered reliable,

For sillcon ribbon with varying diffusion length but homogeneous in other
material propertlies, the measured diffusion length would "average" out the good
and bad areas. Such an experiment was carried out using two cells (see Figure 6).
Curve #1 was obtained on an essentlally zero diffusion length cell, and curve #2
on a 50 micron diffusion length cell. The average value of the djffusion length
would then be glven by:

L=k (LA, + LA . A7
where L represents the average value for the two cells; L1, Ai ara ‘the diffusion
lengths and the areas, respectively of the cells (I = 1,2), A= Ay + A, 1s the
total area, and k is a constant determined by the experimental conditions (1),
Curve #3 was obtained by measuring the total response from both cells illuminated
simultaneously. Thus the diffusion length measured by curve #3 falls between the
values measured on individual cells, shown in curves #1 and #2.

In some cases, however, ﬁa+erial inhomogeneities can lead to measured values
of the diffusion length larger than the true value. A similar situation near a
grain boundary has been discussed by Mafare (2)., Internal flelds, posslibly due
to impurity distribution, grain boundaries or other defects produce an addltional
voltage with a waveleﬁgfh dependence, thus affecting the apparent value of the

diffusion length.
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2.0 SOLAR CELLS ON GETTERED SiLICON RIBBONS

Another fot of solar cells fabricated on RTR silicon grown from pre~etched
CVD feedstock has been evaluated. Two preliminary PH3 gettering steps were used
to Improve the diffusion length., These rlbbons were grown at 0.3"/minute, with-
out an anneallng furnace. The cell size was | x 2 em. The cells were defined
by a mesa pattern, resulting In passivated junction edges.

The average efficlency for this lot was 9.1%. The best cell (see Figure 7)
had an efficlency of 11.3%, with Voc = 0.533, JS = 29.4 ma/crn2 and a fl|l factor

c
of 72%. One ribbon, 967R, contalned 3 cells, all over 10%.

5.1 METALLIZATION SHADOWING

Although this lot of cells exhibited improved performance over previous
lots, we did have a problem with pinholes In the Si3N4 coating. This allowed
metal +o plate onfo the exposed n+ surface layer, reducing the actlive area.
Since the pinholes vary in size and density, it Is difficult to estimate the
degree of shadowing caused by this problem,but It may range up to 10%. For
example, the shadowing on the 11.3% cell was estimated at about 1.7%. ‘Pre-
sumab|y, based only on the increase in short circult current, that cell could

have reached an 11.5%9 efficiency.

5.2 VARIATION IN SHORT-CIRCUIT CURRENT

Conslderable scatter has been cbserved In the measured values of Jsc for
the "regrown from CVD" solar cells. The major cause for this varliation has |
not yet been determined, but ‘two factors can be ideﬁTIffed. The first is a
fluctuation in substrate resistivity (0.5 to 2 ohm~cm}. 'Thié Is due to the
fact we are using fwo different reacfofs for the polycrystalline ribbon growfh.

One has consistently been producing a lower boron doping level than the other.

13
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967A=1
967A-2
967G=-1
9675=-2
982G~1
982G-2
982H-3
982H-4
982J-1

982K=-2

TABLE |1

RTR CELLS FABRICATED ON PRE-ETCHED CVD FEEDSTOCK

Voc Jsc 2
(Volts)  (ma/cm
0.565 28,5
0.562 28,6
0.568 27.2
0.520 24,3
0.520 23.9
0,538 24,9
0.520 23,8
0.513 21.7
0.523 25,5
0.525 24.9

)

Fill Factor

62%
65%
52%
57%
Mg
53%
73%
73%
69%

69%

15

L (micrens)

57
51
27
49
38
37
24

35

Efficlencx

10.0%
10,5%
8.0%
7.2%
8.8%
7.1%
9.0%
8.1%
9.2%

9.0%



A new boron source is being connected to the lower boron-doping furnace In order
to correct ‘this problem.

The second factor which Is under Investigation Is tha wide range of dif-
fuslon lengths observed in ribbons after gettering, and the correlation (or lack
of 1+) with Jsc' Figure 8 Is a plot of JSC vs. L for ail the pre~etched CVD
cells in Table |I., The diffusion l.ngths were measured by the OCPY method on
completed cells, and Jsc Is taken at 100 mw/cmz. }f there were excellent cor-
refation, the variation In JSc from cel!l to cel!l could be biamed on the varia-
tlon In diffusion length over the ribbon., This variation could then be ascribed
to grain size, disiccation densities or growth condi+lons. The lack of correla-
tlon evident In Figure 8 makes Interpretation of the J_. variation more difficult.
The fault may lie In the way the OCPY method is used, since only a small area is

measured.

5.3 METALLIZATION SINTERING

We have speculated whether the 300°C sintering of the metalilzation used on
ribbon cells may have been responsible for the degradat!ion observed in OCPY-
measured diffusion lengths after gettering. |t has now been shown that this
300°C step does not affect +he diffusion lengths in RTR silicon. A CVD ribbon
was placed in a 300°C furnace for sleeén hours prior to metalllzation, with no
change in diffusion length. The cell listed In Table |l as 967G was fabriacted

on this ribbon; it has an above average Jsc'

5.4 -CELLS'ON RIBBONS GROWN IN THE PURGEABLE FURNACE

A recen+ Idf of solar cells has been made on ribbons grown in the purgeable
furpace. The ribboné were grown in the rigld edge made at 1"/min. The lot is

not yet fully characterized, but the best cell had an efficlency of 10.8% under

16
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AMi1 11 lumipatlion. It had a short clireult cyrrenf of 26 mA/cmz, Indlcating a
reas: bly good dlffusion length, Its Voc was ,557 volts, and I+ had a very
respectable fIl1 factor of 75%, Thls lot of ribbons was all nominally .4 f~cm,
which accounts for the higher open clrcult voltages. The actual resistivity has
not yet been measured, however. The ribbons were not subjected to any repeated
gettering steps as were the ribbons listed In Table 11, The normal one step

(2 sided) F’H3 diffusion, SI3N4 deposition, and sintered metalllzalion mesa

process was used,

5,5 LARGE AREA SOLAR CELLS

Using the purgeable furnace, CYD ribbons of 2 Inch width were grown in the
rigld edge mode. These were then processed so as to fabricate solar cells of
dimensions 2 x 4, 2 X 6, and 4 x 6 cm. All of the cells have completed meta]
pattern etching of the SI3N4 and are now beling metallized., Figure 9 Is a

2

photograph of the metal pattern being used for the 6 x 4 cm™ cell,

6.0 PRELIMINARY RESULTS OF INFRARED ABSORPT!ON MEASUREMENTS

Measurements of minority carrier diffusion lengths In RTR silicon have shown
large increases following certain ge+1efing/annealing process steps. |t is ne-
cessary To know Ff‘Thls s due to Impurity removal, reactlion, or redistribution.
Infrared absorption spectroscopy can be used to défermfne the concentration and/or
chemical structure of some Impurities. One impurity which Is easlly_deTec?ed in
“sllicon using 1.R. spectroscopy |s oxygen. The S1-0 bond is detectable as a 9.1
um absorption peak.

Oxygen can be incbrporaTed In RTR ribbon elther by being included in the

feedsfock ribbon (e.g: when Czochralski silicon is used as the feedstock) or by
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being prasent in the amblent atmosphere during growth. Most of our ribbon growths
are carried out in a chamber which is too large for total ambient control. How-
ever, we have bullt a quartrs enclosure (with ZnSe windows) which can be used for
that purposa., Thus we can study [ow oxygen content riﬁbons grown from CVD feed-
stock tn the quartz enclosure as well as ribbons grown from Czochralskl feedstock
(which have high Inlitlal oxygen concentrations) without the quartz enclosura.

The oxygen content is determined using an |.R. Fourler Transform Spectro-
meter. Typical transmission spectra are shown in Figures 10 and 11, The pre-
sence of oxygen Is indicated by the absomption structure near 9.1 um, Figure 10
iltustrates transmission spectra for ribbons grown trom varlous types of feed-
stock., Oxygen is detected in all of the samples shown. Two samples indicate
further absorption structure in the 8.5 pm region, which usually indicates the
formation of Si-0 complexes. Figure 11 illustrates the difference between é
sample grown in the well-purged quartz enclosure and conventlonally grown ribbon.
The sampie grown in the quartz enclosure exhibits no detectable oxygen., Dif-
fusion length measurements made on these samples by the SPV technique were vir-
tually ldentical (v 12 uym as-grown) fThus giving a preliminary indication that
oxygen complexes/precipitates are not detrimental to ribbon minority carrier
[lfetime, Perhaps these results [ndicate oxygen complex segregation to graln

boundaries or other defects,

7.0 PROBLEMS

We have solved the problem of quartz tube breakage in the CVD system. We

must now work on achievlhg consistent separation for large area polyribbons.
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8.0 PLANS

Fahricate a number of large area cells; attempt to achieve higher aree

growth rates, possibly by using multiple ribbons.

9.0 NEW TECHNOLOGY

The followlng New Technology Items have been developed on this program:

1,

Description - Polygan Scanner System

Inpovator - Dr. Richard Gurtler

Progress Reports - Technlcal Progress Report No. 14, October 1977,
Pages 1, 10, 11A and 11

Description - Hemispherical Reflector to Improve Effective Absorption
Coefficient of Liquid Silicon

Innovator ~ Dr. Richard Gurtler

Progress Reports -~ Technical Progress Report No. 7, Motorola Report
2256/9, Janvary 1, 1978 ~ March 31, 1978,

Pages ~ Appendix Pages 11 to 13

Description - Dendritic Growth on RTR Silicon

Innovators - Dr. A. Baghdadi, R. J. Eills, Dr. R. W. Gur?ler
Progress Reports - Technical Quarterly Report No. 6, Motorola Report
No. 2256/8, October 10, 1977 - December 31, 1977,

Pages - 14 to 23

4. Description - Controlled Dendritic Growth

Innovators: Dr. A. Baghdadi and R. J. Ellls
Progress Reports - Monthly Report No. 21, August 1978, JPL/DOE No. 954376,

Page 1
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5. Description - Coated Substrates for Silicon Deposition
Innovator - Dr. R. Legge
Progress Reports - Monthly Report No. 20, July 1978, JPL/DOE No. 95476,
Page 20 |

10.0 PROGRAM_MI LESTONES

Activities associated with the total program are shown In the.

Ml lestone Chart contained in Appendix I.
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