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SUMMARY
i

Further progress in growth rate has bee made, reaching an area throughput
rate of 38 cm2/min. This growth rate was achieved, using CVD feedstock, both
with a 7.6 cm wide ribbon grown at 5 cm/min and a 5 cm.wide ribbon grown at
7.6 cm/min. The 5 cm wide ribbon exhibited a dendritic structure; although
the ribbon showed a tendency tc buckle in the non-dendritic region, it. was
perfectly flat once the dendrites were firmly established.. The 7.6 cm wide
ribbon was non-dendritic, and had severe buckling. We have also demonstrated
multiple ribbon growth (three 2.5 cm wide ribbons grown at 2.5 cm/min) and
agrowth using the continuous system,

A new design for an improved furnace for RTR growth has been completed.
The main design emphasis was to reduce complexity of the furnace, improve ease
of maintenance, and extend the useful |ife of the furnace. We are also
investigating the use of high purity AIZOB’ BeO, and Si3N4 for the furnace
support plates. Si_N, also appears to be a promising alternative to quartz

374

for the ribbon shroud.

The semi-continuous polysilicon CVD ribbon reactor has been designed and
is bcing assembled and tested. A single ribbon ~ 2" x 28" was grown on a
stationary Mo belt in this furnace.

A study of the microstructure of dendrites growing in RTR ribbon has
shown that they contain a small, usually even, number of parallel twins. The
dendrites themselves do not have a measurable effect on the ribbon's photo-
response. We have shown that a prevalent defect structure in silicon ribbon
consists of stacking faults (rather than grown-in ftwin boundaries). These

stacking faults are generated in the bulk of the ribbon after solidification.



Electrical activity of defects in RTR ribbon has been studied byA
fabricating an array of photodiodes on the ribbon, and using an SEM in the
electron beam induced current (EBIC) mode. We have concluded that, although
graiﬁ boundaries serve as effective recombination centers, they do not occur
frequently enough to greatly reduce the generation current in a.structure as.
Iarge-aé a solar cell. Disiocation densities must exceed 106/cm2 in order
to strongly reduce The.phoforesponse of a solar cell.

We have fabricated our first solar cell on RTR ribbon grown from CVD
feedstock. The overall efficiency was 6.7%, with lSC = 24 mA/cm2, VOC = 0.53
volts, fill factor = 0.53. Total cell area was 2.5 cmz.

The Mo impurity level was measured in a few CVD samples by Neutron Activation
analysis. This analysis indicated a Mo Ievellof 5 - 10 ppm in the buik of
the silicon ribbqn.

The YAG laser was used for RTR growth. [ts sensitivity to modulé alignment

and positioning made. it too difficult to operate continuously, so further work

will proceed using the CO, lasers.
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1.0 GROWTH USING YAG LASERS

‘ Figure 1 Is a comparison of the power requirements of the 002 and YAG
lasers. The ratio of the slopes shows a factor of -~ 5.6 in favor of the YAG
lasers. From the point of view of energy utilization, the two systems are
equivalent: the higher coupling efficiency of the YAG system is roughly
counterbalanced by the overall higher efficiency of the C02 laser (~ 10%)
compared to YAG lasers (1 - 2%).

The cost of a muiti-kilowatt 002 laser is projected at $30/watt in moderate
(10 systems/year) quantities. The YAG lasers are roughly twice as expensive
. $60/watt. So for a given throughput, the YAG system would actually need
jess cabifal investment. However, the maitenance cost of the YAG system
would be much higher (> $1/hour-module) so that the overall cost-effectiveness
of YAG lasers would not be necessarily attractive.

The most important factor at this time, however, is reliability. The
YAG systems at present use 3 modules to deliver a total of ~ 375/watts system.
The alignment and positioning of these modules are critical to overall power
oufbuf. This sensitivity, aggravated by the need for frequent lamp replacement,
made it atmost impossible to operate the YAG systems at their maximum rated
©opower.

Our conclusion is that although the YAG lasers have a potential advantage
in Termé of capital investment, their lack of reiiability (in high power systems)

eliminates them from consideration at this time. |f a single module, high

power (> 500 watts) YAG laser with demonstrable reliability is developed, it
would become a candidate laser for the RTR process. Until then, the CO2 laser

is a proven, cost-effective source of radiation for RTR siiicon ribbon growth.
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FIGURE 1: COMPARISON OF POWER REQUIREMENTS USING CO LASERS AND YAG
LASERS (WHITHOUT PRE-HEATERS).



2.0 CRYSTAL GROWTH

Addition of a pre-heater (See Section 3.0) to the crystal growth station
has enabled us to demonstrate some important milestones in ribbon growth.

Using 250 micron thick CVD feedstock we have grown 5 cm wide ribbon at
growth rates up to 7.6 cm/min. Close examination of a 5 cm-wide ribbon grown
at 7.6 cm/min showed that, although it had a tendency to buckle in the non-
dendritic region, the buckling was eliminated in the dendritic region. Figure
2A is a photo of this sample. Note thatf, compared to dendritic ribbons grown
from 2.5 cm-wide feedstock, the dendrites on the 5 cm wide ribbon are somewhat
more regular. This indicates a relatively flat solid-liquid interface across
the ribbon width.

We have succeeded in RTR ribbon growth from 7.6 cm wide CVD feedstock
(See Figure 2B). The growth rate was 5 cm/min and the total length grown was
15 cm. This ribbon was grown in the ratio (2:1) mode; thus, since the feed-
stock thickness was ~ 8 mils, the grown ribbon thickness ~ 4-5 mils. Hence,
an area rate of growth of 38 cmz/min has been achieved using both 5 cm-wide
and 7.6 cm-wide CVD feedstock.

The practicability of multiple ribbon growth was demonstrated by growing
three 2.5 cm-wide ribbons at 2.5 cm/min. The growth was routine; it did not
present any additional difficulties compared to growth of a single 2.5 cm
wide ribbon.

The new crystal growth station, RTR #2 is now operational. Ribbon growth
using the continuous roller system was carried out with 2.5 cm wide feedstock.
The length of the re-crystallized ribbon was 7 cm, and the growth rate was
2.5 em/min. This brief experiment did not uncover any significant problems

with the operation of the continuous ribbon system.




Figure 2A. Dendritic Ribbon




FIGURE 2b: RTR RIBBON




5.0 FURNACE DEVELOPMENT

S PRE-HEATER - POST-HEATER COMBINATION AND BUCKLING EFFECTS

As discussed in Section 4.6 of the 7th Technical Quarterly Report, the
type of temperature profile now being utilized for wide ribbon growth is
indicated in Figure 3. To achieve this profile, a pre-heater (with pre-
heater controller) was built along similar designs as the present post-heater.
The pre-heater was attached piggyback style to the existing post-heater.
Provision was made ta allow variable separation between the pre-and post
heater assemblies in order to control the plateau temperature level and to
ensure unobstructed access of the laser beams to the melt region.

The use of this type of temperature profile was dicated by increased
fracture and buckling problems as the sample widlh became larger. In
discussing buckling problems as applied to RTR growth, it is necessary to
differentiate two observed buckling effects. The first (and perhaps more
unique to RTR growth) is a long wavelength buckling which is manifestced in
a difficulty to maintain an unmelfed ribbon in a flat condition. Upon
insertion into the growth furnace, large radius-of-curvature buckling can
result which makes growth difficult or impossible because of interference
with furnace walls, etc. The second type of buckling is the periodic,
shorter wavelength variety observed in grown i1ibbons and is the fype reported
by other ribbon growth researcliers.

Results of the use of this heater combination have been positive; wide
ribbon growth has been achieved with reduced buckling ftendencies and reduced
fracture probabilities. Long wavelength buckling does still occur,
however, and this appears to be primarily due to the nonlinear temperature

profiles at the cool ends of the pre- and post-heaters; the profiles within
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the furnace together with the occurrence of a plastic region at the noniinear
peak temperature region should not lend to buckling, but the nonlinear entrance
- and exit regions can cause buckling. Observations tend fo confirm this
expjanafion: upon.iniTial inseffion of a ribbon, buckling occurs almost
immediately after entering the operating furnace. After the ribbon has
been completely established within the fumace, the amount of bUEkling has been
observed t6 decrease.

Theoretically, the critical stress for buckling is strongly dependent
not only on the dimensions of the sample, but also on the location of any
physical constraints in relation to the stressed region. In particular, if
we can impose on +he ribbon a constraint to be flat close to the stressed
region, buckling should be strongly inhibited. Consequently, guide structures
are being designed 1o attach to the pre- and post-heaters which will physically
constrain the ribbons to be flat at the entrance and exit of the heater assembly.
Once the ribbon is inside the furnace, no buckling stresses should be present
and, as a result, il is hoped that this long wavelength buckling problem will

be greatly alleviated.

3.2 MEW _DES IGNS

Design has been coumpleted on a new furnace for routine RTR growth. While
the design is similar to that of our previous furnace, numerous changes have
been made to "standardize" the parts, improve ease of mainfenahce; and o
extend the useful |ife of the furnace. Some of the major features of the new
furnace are:
Symmetrical and interchangeable pre-heater and post-heater sections.
Use of a simpler heating element support concept emplioying an inexpensive

slotted support plate with numerous replaceable refractory plates
' 8



(which suppérf the heating elements) mounted in the slots.

Provision for the rapid replacement of any of the four heater sections.
Remote and separate control of the position of the pre-heater and post-
heater sections.

Since much of our down-time in the past can be aTTribuTed to furnace or
furnace controller failures and lack of back-up units, we are constructing
several extra furnaces and furnace controllers.

Figure 4 is a cross section of the furnace illustrating the heater element
support plates, the heater elements, and the refractory (quartz) shroud which
protects the ribbon from possible heater element evaporation. Because of
high temperatures in the vicinity of the melt and the numerous temperature
cycles, we have had a severe problem of thermal fatigue in the ribbon shroud
and support plates. The ribbon shroud is presently fabricated from quartz while
the support elements have been made from high-alumina-content ceramics. The
quartz has rapidly devitrified (due to the numerous Temperafure cyc\es invoived
in an R&D environment) and the alumina has not been able to handle the thermal
stresses —-- resulting in fraéfure.

To combat these problems, we are investigating alternative refractories..
For the individual support plates, high purity AlZOS’ Si3N4 and Be)d will be
investigated. In yet a new design, the support plates are independent and
held in a sIoTTed4m%bec they are roughly at a uniform temperature lengthwise.
Free expansion along the length should prevent fracture of these parts. For the
ribbon shroud, Si3N4 appears to be a reasonable alternative to quartz, although

quartz will continue to find use due to its relative ease of fabrication.
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4.0 STRESS ANALYSIS

Ribbon buckling, high dislocation densities, and residual stresses are
all results of the thermal stresses acting on the ribbon during growth.

Residual stresses may be eliminated through use of a post-heater with a linear
temperature profile if the post-heater parameters are correctly chosen. However,
as repeatedly mentioned, adequate stress relief demands a linear profile with

a relatively small gradient. High growth rates, however, demand a steep
gradient. This dichotomy of requirements has been met by those working in the
field by the acceptance of a two-zone post-solidification temperature profile:

a transition zone between the molten region and the post-heater which has a

high thermai gradient, and the post-heater zone itself which has a shallow
gradient. Inevitably, however, this combination leads to large aiT induced
stresses in the transition region, and ribbon buckling is a consequence..

Also, relief of these stresses through plastic flow results in the generation of
stacking faults and high dislocation densities.

Because of the need for a better understanding of the distribution and
magnitude of thermal stresses as a function of the numerous therma! profile
parameters, a program for the numerical solution of the two dimenstional plane
stress equations has been developed. Thls program solves the biharmonic
equation, reference (1)

v = -aEVOT ()
where ¢ is the Airy stress function, a is the thermal expansion coefficient and
E“is Young's modulus. T may beAa_funcfion of X and Y. The solution is obtained
through utilization of the finite difference approximation of (1) in an
arbitrary rectangular net and use of a Liebman relaxation process. Assumed
geometry for the solution is indicated in Figure 5. A semi-infinite strip of

widlh 2C is assumed; further assumptions are that the temperature distribution

11



FIGURE 5: GEOMETRY USED IN STRESS ANALYSIS
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(and therefore the stresses) is symmetrical about y = ) and -that. all edges

are traction free. The stresses are given by

_ a2
Iyx ~ ay¢
2.
oxy = axy¢
2
= 3
Tyy T Ox?

where n implies the normal direction. To generaTé a boundary conditon for

X = L, where L is the maximum dimension computed, ¢(L,y) is chosen to equal

the exact solution for a region far from the ends of a rectangular strip under
the influence of a gently varying temperature distribution of parabblic
dependence (or less) in X. Only ‘temperature distributions alléWing this
assump+ion are utilized. Hohever, the importance of this boundary condition is
not serious since a given region will, in general, influence only a region of
approximately 22C from itself. Consequently, if X = L is at least 2C units
from the region of interest, little impact will result from the nature of the
solution at X = L.

Convergence of the relaxation process is presently relatively slow but
comparison of the results after the maxImum residue has been reduced to 1 part
in 104 with an exact solution indicates accuracies within 10 - 20% for a
relatively coarse net. However high accuracy is not an essential requirémenfl
at present since distributions énd trends are of more interest.

Finally, it should be kept in mind that these solutions can only be a
guide to trends since the éffecfs.of piasficify are not accounted for.
Neverfheleés; if a thermal profile could Be conceived which will allow projected
stresses based on this elastic model to become small, it can safely be assumed

that significantly reduced buckling and‘generafions of dislocationswill result.
13



Discussion of Applications

At this time 1+ is not useful %o illustrate numerous graphical displiays of
stress distributions since our studies are not complete enough to present these
in an illuminating manner. However, from preliminary work it is easy to
verify the profound effects of the sample width on resulting stresses. The
previously-mentioned influence zone of * 2C from a strong temperature non-
linearity becomes disturbingly -large when 2C is 5 - 10 cm. Thus, a growth
velocity-imposed thermal gradient requiremen+ of perhaps 1000°C/cm and the ideal
of a stress-free growth environment are totally Incompalible since a scvoro
temperature non-|inearity must occur wi+hih ~ 1.5 ¢ém from the melt (i.e., the
constant temperature gradient must terminate).

In addition, the effects of placing strong non-linearities of temperature
near the molten zone are also apparent. As the non-linearity approaches the
molten zone, the longitudinal stresses (oxx) are damped while the lateral
stresses (oyy) become very large in lhe immediate vicinity of the malten
region.

Through these investigations we hopé to identify the mds+ favorable
approach to stress reduction compatible with high growth rates. I+ can
already be seen that an optimum ribbon width may be defined (assuming
achievement of an ideal profile) which would provide substantial improvemenis
in crystal quality due to stress reduction. Use of multiple ribbon growth would
then allow The desired throughput to be achieved. Unfortunately This‘op+imum
width }s relatively small, of the order of 1 cm, requiring growth of numerous
ribbons. Furthermore, as long as crystal impurity appears to be the dominating
factor in reductions of solar cell efficiency, such considerations are

primarily of longer term interest.



5.0 CVD RIBBON FEEDSTOCK

Production of 1z" x 9" x .010" polysilicon ribbéﬁ is currently being
sustained full time on 2 R.F. epi reactors for one shiff. Yielded out that
translates into about 6 ribbons a day.

Arrangements are being made to expand the productivity by a factor of 2 by
incorporating a second shift operation.

Development of the semi-continuous polysilicon ribbon reactor continues.
Tests were performed on the newly designed end seals to determine whether
or not they would contain the atmospheric integrity within the reactor. The
tests included filling the chamber with anhydrous HC| and testing for external
leaks with NH4OH vapors. The other ftest was an examination for 5102 formation
when Si was deposited in an ambient of H2. Results from both tests indicate
that atmospheric integrity within the chamber will be satisfactory fto carry
out ribbon growth.

We have also modified the end seals to accommodate a thicker (up to 0.020"
molybdenum belt. The feed mechanism is now compieted, and is ready for semi-
continuous operation. We have installed a tachometer on the belt drive motor
so that the belt speed may be observed continuously.

The first attempt at growth in the semi-continuous deposition chamber was
very encouraging. This growth was carried out on a stationary belt. A single
ribon, 28" long was recovered intact (See Figure 6). Ribbon thickness ranged
from 1 to 10 mils, the width from 14" to 2". This growth was carried out
using SiHCI3 in an H, ambient at 1150°C on a 0.005" Moly belt. Since the
ribbon exhibited wide variations in thickness, width and curvature (See

Figure 6) we did not attempt to re-crystallize it in the RTR apparatus.

=
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FIGURE 6:

CVD RIBBON



6.0 DENDRITE STRUCTURE

Figure 2a is a photo of a ribbon grown in the dendritic regime. This
5 cm wide sample was grown at 7.6 cm/min. Note that before the dendritic
regime was firmly established, the ribbon showed a tendency to buckle. The
buckling virtually disappears in the dendritic ribbon. Figure 7 is a schematic
of this sample, showing the position of selected Laue measurements.

The orientations of several grains were determined using a Laue camera.
Grain "A" (See Figure 7) is ~3 mm wide, with a face F ~ (112) and a growth
direction G ~ [513] and the expansion direction E ~ [131]. Grain "B" is 5 mm
wide, with F ~ (311), G ~ [233] and E ~ [011]. Grain "C" is 4 mm wide with
F ~ (223), G ~ [131] and E ~ [101]. 1In each case the growth direction of the
dendrite itself was close to [112]. Thus in the dendritic regime the grain

orientations are determined primarily by the dendritic growth requirements.

The direction in which a dendrite grows is determined by the shape of the solid-

liquid interface.

Figure 8 is an SEM view of the top surface of a dendrite. The ribbon was
"texture etched" to reveal the differing orientations of the crystal grains.
This dendrite contains a pair of twin planes, roughly ten microns apart. Note
That the crystal orientations on both sides of the twin pair are identical.
Figure 9a is an optical micrograph of a dendrite cross-section, showing a
series of twin planes. This sample was etched 3 minutes in Wright etch to
reveal its defect structure. Figure 9b is an SEM picture of the same dendrite.
In this case the twin planes are ~ 6 um apart. As a general rule, Laue photos
show only a single orientation for each dendrite. Thus the dendrites usually
contain an even number of parallel twins. |In some cases (Orientation "B",
Figure 7) the twin spacing was far enough apart (~ a fraction of a millimeter)

to be revealed in the x-ray pattern.
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Figure 7 . Dendritic Ribbons. The Iines brepresen‘r
the dendrites. The crystallographic
orientation was measured at points A,B,C.
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Figure 8 . Dendrite Surface
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Figure 9a. Dendrite Cross-Section
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7.0 STACKING FAULTS

Figures 10, 11, 12 are micrographs showing defect structure in an RTR
ribbon. In each case, the sample was etched for 3 minutes in Wright etch to
delineate the defects. Figure 10 is an optical micrograph of the surface of
the ribbon. This structure of dense planar defects has generally been
referred to as a twin boundary structure (2). This micrograph clearly
demonstrates that the predominant defect structure in silicon ribbons consists
of stacking faults. The stacking faults usually end at a grain boundary,
or the edge of the ribbon. |In this case, however, the stacking fault is bounded
by a pair of edge dislocations.

Figures 11 and 12 are SEM micrographs of sections of RTR ribbons taken
from an area which contains a relatively high planar defect density. The section
shown in Figure 11 was cut at right angles to the growth while the section shown
in Figure 12 was cut parallel to the growth direction (and therefore parallel
to the planar defects). Figure 12 clearly shows that these defects are stacking
faults generated in the bulk of the ribbon after solidification. This is an
important point because it indicates that the defect density might be reduced,
if necessary, by controlling the temperature profile in the ribbon immediately

after solidification.
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Figure 10. Stacking Fault - Surfacc
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Figure 11. Stacking Faults - Cross-Section
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8.0 ELECTRICAL ACTIVITY OF DEFECTS

In order to specifically study the electrical activity of defects and
morphologies, an array on nt - p photodiodes was fabricated on a few RTR
silicon ribbons. Each diode was a 1 mm x 1 mm square with a small section cut
from a corner to define the diode orientation. The ftotal diode area was
=199 X 10-2 cmz. The short circuit current and open circuit voltage were
measured on each of the diodes. These numbers can be used as a rough figure
of merit in evaluating the relative quality of the diodes. For comparisun’
a rectangular section of a Czochralski wafer was processed along with the RTR
samples. On the Cz sample, | ~ 150 - 160 pA and V.. ~ 0.50 volts. On the

SC oC
ribbon diodes lSC ranged from 75 - 130 pA, and V.. from 0.42 - 0.47 vol+ts.

oC

SEM micrographs were then taken of a=selected number of diodes using the
DC Electron Beam Induced Current (EBIC) method. After the EBIC micrographs
were obtained, selected diodes were further etched for 3 minutes in Wright
etch, and optical micrographs were taken of each diode. Two diodes which
were very instructive are shown in Figures 13 - 17,

Figures 15 and 14 are EBIC and optical micrographs, respeclively, of diode
12, 4 on ribbon #651. Diode 12, 4 was a relatively good performer with ISC =
122 pA and VOC = 0.47 volts. Close inspection of Figure 14 will reveal that
a major portion of this diode's area was covered by a dendrite. Yet the
dendrite does not appear at all in the EBIC micrograph, Figure 13. Some of
the planar defects, however, are electrically active. Yet even they are nol
completely "dead" areas, and do produce some response. The linear density of

these planar defects is roughly 120/cm. In this density range, they

clearly would not have a devastating effect on the diode's photoresponse.

26




Figure 13. EBIC Micrograph - diode 12,4
on Ribbon 651
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Figure 14. Optical Micrograph - diode 12,4 on
Ribbon b5l
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By contrast, diode 4,4 on ribbon #651 is a poor performer, ISC = 77 uA and
VOC = 0.43 volts. The grain boundary (See Figure 15-at the upper left corner of
the diode) is clearly a very effective recombination center. Yet the greatest
part of the diode is apparently free from grain boundaries, twin planes or
stacking faults. Figure 16, however, shows that the apparently clear area in
diode 4,4 actually contains a very high density band of &islocafions. Note that
even the general pattern of the dislocations is reproduced in the EBIC micro-
graph. Figure 17 is a micrograph of a part (upper left) of diode 4,4, taken
at a higher magnificatdon. The dislocation density measured in the densest
part of the dislocation band was 4 x 106/cm2. For comparison, the dislocation
density measured on diode 12,4 was ~ 5 x 105/cm2. Note that the area left
of the grain boundary on Figure 17, which has excellent response in the EBIC
micrograph shown in Figure 15 is relatively free of dislocations, although it
does contain some non-electrically active planar defects.

These results are in fairly good agreement with our previous study on the
effect of dislocation density on diffusion length (3). |In that study we
succeeded in correlating diffusion length with dislocation density at numerous
points on an RTR ribbon. Away from grain boundaries, the dislocation density
had to approach 106/cm2 in order lo reduce the diffusion length below 20 um.

We can therefore conclude:

1. Grain boundaries are often very effective recombination centers.
However, their effect is |limited to a very narrow area close fo the
boundary. Since grain boundaries typically occur with spacings
of a few millimeters, they should not severely affect the generation
current in solar cells. However, further processing might reveal
other deleterious effects, e.g., a shunt resistance, which would

degrade the cell.
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Figure 154 EBIC Micrograph - diode 4,4 on
Ribbon 651
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Figure 16.  Optical Micrograph - diode 4,4 on
Ribbon 651
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Figure

157

Optical Micrograph - diode 4,4 on
Ribbon 651
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2.

The ribbons are fairly tolerant of dislocations.. They are a major
source of poor performance only when they occur in bands with
densities exceeding 106/cm2. The typical dislocation density in
RTR ribbon is 2 - 5 x 105/cm2.

Planar defects at density ~ 102/cm have only a small effect on the

generation current.
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9.0 SOLAR CELL EVALUATION

The relocation and re-installation of our solar cell processing facilities
was completed during this quarter. We can again process ribbon samples, and
currently have four |ots underway. We have switched from a mesa to a planar
structure, using 813N4 for masking. Also, we are attempting to include a
back-surface field to enhance the open circuit voltage. Table 1 presents the
new sequence being followed. No new cells are currently being made with the
mesa structure.

We are able to report results of our first solar cell made on regrown CVD
feedstock. The efficiency under simulated AM! illumination was 6.7%, with

Vv = s9nV = 24 mA/cmz, and fill factor = 53%. The cell area was 2.5 cmz.

ocC SC
A photograph of the cell (Figure 18) reveals two characteristics of this

device. First, the metallization pattern is incomplete in three important areas.
These breaks in the narrow fingers were caused by incomplete masking during the
photoresist procedure. |his flaw in processing is occasionally seen on ribbon
cells, and is caused by insufficient collimation of our present photoresist
exposure lamp. |t is aggravated (in this case) by the extremely uneven surface

as a result of the numerous dendrites.

This brings up the second characteristic of this cell, namely that it has
several small dendrites running through it. The largest can be seen right at
the center and crossing the main contact bus.

The incomplete metallization pattern is partially responsible for the poor
fill factor that is observed. Figure 19 shows the illuminated |-V characteristics
for the CVD cell. The series resistance for this device (measured by comparing
dark and illuminated curves) was approximately 1 ohm, 5 - 10 times larger than

normal. Using this value, the |-V curve for negligible series resistance can

be calculated and is plotted as a dashed line. Note that there is a sliaht
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TABLE 1

RIBBON SOLAR CELLS - PLANAR PROCESS

STEP

O OV 0O 4 O U1 B N -

b Ve R
N -

35

PROCESS
HF to clear
5:1:4 etch, Remove 2-4 uM
Std. clean, SisN, 7008
Protect front, strip back
BCI3 pre-dep, 10008 (glass)
Protect back, planar pattern front
Planar etch (HF)
PH3 di ffusion
Strip ~ 5008 of oxide
AR coat (850R SisN,)
Pattern front, strip back

Metall ize
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FIGURE 18: CVD SOLAR CELL
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increase in JSC and a more substantial increase in the fill factor, from 53%
to 57%. Of course, a fill factor of 57% is still unacceptably low, and the
cause can be seen in a semilograthmic plot of the dark current-voltage character-
istics (Figure 20). At voltages below about .5 volts, there is an excessive
amount of leakage current. The cause of this excess current is not known at
present, but it is encouraging to see a better-than-average value of VOC in
spite of the high dark current.

The short circuit current ot 24 mA/cm7rEquiV65 that the substrate materiol
possess a minority carrier diffusion length in excess of 35 1M, (and possibly
as high as 100 yM) indicating that regrown CVD material can be gettered.

Finally, we have successfully processed a full length ribbon (9") without
breakage. This ribbon (See Figure 21) is heavily dendritic and was grown
from single crystal feedstock. Because of the roughness of the surface and our
relative inexperience'wifh this type of material, some of the contact patterns did
not open up properly fér metallization. Nevertheless, as is shown in Figure
21, a complete finger pattern can be opened up on dendritic material. Note
atso the small piece which has been chipped off; this breakage occurred only
in the non-dendritic region and stopped at the édge of the dendrites, graphic

proof of the increase in strength provided by dendritic ribbon.
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FiGURE 21: PROCESSED DENDRITIC RIBBON




10.0 NEUTRON ACTIVATION ANALYSIS

Table 2 shows the results of Neutron Activation.-Analysis on some CVD and
RTR samples. These analyses were carried out bineneraI Activation Analysis,
Inc., San Diego, California. We have previousiy (4) reported an impurity profile -
obtained using SIMS (Secondary lon Mass Spectroscopy) analysis. The surface
concentration of molvbdenum determined by SIMS was 5 ppm, and it dropped off to
the detection limit (< 0.5 ppm) within a depth of 1 um from the éurface.

The Neutron Activation results reported here imply roughly an order of magnitude
higher Mo contamination than the SIMS analysis.

These results show that we are getting a relatively high level of Mo'iﬁ#o
the RTR samples. The Mo is probably not concentrated exciusively at the back
surface, but is spread through the bulk of the silicon. Note, however, that
some of the differences seen in Table 2 may be due to sample-to-sample variations
rather than to the specific sampie history.

These results are rather puzzling in light of the Westinghouse (5)
results: Mo at a concentration of even < 10]2 ppm seriously degrades the
performance of Si photovoitaic cells. Yet, in Section 9.0 we reported on a
CVD cell, presumably conTainTng 5 - 10 ppm of Mo, which was a fairly good
performar, particularly with VOC (0.53V) and lSC (24 mA/cmZ). The VOC is
actual ly higher than the typical values we have been measuring on cells
fabricated on RTR ribbons grown from single crystal feedstock. The ISC is
lower by 15% - 20%, -- which is the degradation Westinghouse observed for a
lo]z/cm3 Mo concentration. Thus, it is possible that Mo as an impurity in
RTR r?bbon behaves differently than Mo in a Cz single crystal. Possibly the
Mo is being accumulated at certain defects, perhaps in the form of an oxide.
Further investigation on solar cells fabricated on CVD feedstock RTR silicon

should help resolve this question.
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TABLE 2

NEUTRON ACTIVATION ANALYSIS

SAMPLE DESCRIPTION Mo W

# (ppm) (ppm)

1 RTR ribbon, grown from single N.D. N.D.
crystal feedstock <.088 <0.0016

2 CVD ribbon (as dcposited) 6.66 .0093

3 RTR ribbon, grown from CVD 12.5 .025
feedstock

4 CVD ribhon (2 mils etched from 5.60 .00661
surface which was in contact
with Mo substrate)

5 Plasma deposited ribbon (as 3.37 N.D.
deposited) <0.0011

N.D. Not Detected. The upper limits are based on three standard

deviations from counting statistics.
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11.0 PROBLEMS

Neutron activation analysis on CVD ribbon has shown a high (5 - 10 ppm)
level of Mo impurity. However a solar cell fabricated on RTR ribbon grown
from this feedstock indicates that this impurity level is not necessarily a

serious problem,

12.0 PLANS

1. CVD Feedstock - Continue producing 14" x 9" feedstock. Start growth

of semicontinuous silicon ribbon; start night shift.

2. Crystal Growth - In addition to routine growth of 13" wide ribbon from

CVD feedstock, we will work on faster growth of wider (2" - 3") ribbons.

3. Sitress Analysis - We will implement the computer program to calculate

the thermal stress distribution as a function of various temperature
profiles.
4. Solar Cells ~ Evaluate solar cells built on CVD feedstock. We will

also consider the effects of the new planar/Si3N4 process sequence.

13.0 NEW TECHNOLOGY
: (

The following New Technology item has been developed on this program:

l. Description - Polygon Scanner System
Innovator - Dr. Richard Gurtler
Progress Reports - Technical Progress Report No. 14 October 1977
Pages - Pages |, 10, IIA, and Il

2. Description: Hemispherical Reflector to Improve Effective
Absorption Coefficient of Liquid Silicon

Innovator: Dr. Richard Gurtler
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Progress Reports: Technical Quarteriy Report No. 7,
Motorota Report 255619, 1 January 1978 - 31 March 1978,

Pages - Appendix Pages |1-13

4.0 MILESTONE CHART

Activities assoclated with tho fotal program aro shown in the

Mi lestone chart contained In the Appendix.
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