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ABSTRACT

The objective of this research is to fully investigate the Ribbon-to-
Ribbon (RTR) approach to silicon ribbon growth. An existing RTR apparatus is
tc be upgraded to its full capabilities and operated routinely to investigate
and optimize the effects of various growth parametcrs on growth results. A
new RTR apparatus is to be constructed to incorporate increased capapilifies
and improvements over the first apparatus and to be capable of continuous
growth. Material analyses and solar cell fabrication process optimization
are to be performed with a goal of 12% cell efficiency.

During this quarter major progress towards completion of the new laser
lab has been made with full operation expected in October. RTR #1 has been
used for routine growth of samples for analysis and fabrication into solar
cells. One lot of solar cells has been completely evaluated: ribbon solar
cell efficiencies averaged 9.23% with a highest efficiency of 11.7%. Spherical
reflectors have demonstrated significant improvements in laser-silicon coupling
efficiencies. Numerous material analyses have been performed including SPV
and OCPV diffusion length measurements, crystal morphology studies, modulus-of-.
rupture measurements, and anneal ing/gettering studies. An initial economic
analysis has been performed indicating that RTR add-on costs of a $.10/watt

might be expected in the early 1980's.
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SUMMARY

RTR #1 has been used for routine growth of numerous samples which have
been used for material analysis, fabrication of solar cells, and other specific
experiments, 1" wide samples have been grown using the spherical reflector
concept to enhance laser coupling. The reflectors have been shown to be
quite effoctive and will be important for the long-range economics of RTR
growth.

The new laser lab is nearing completion. Full operation is expected in
October with initial experimen*s with the large lasers and high frequéncy
scanners to be performed on RTR #1.

Thermal stress analysis experiments continue to demonstrate negligible
residual stresses when the |inear temperature profile furnace is used, but high
dislocation densities prevail. New thermal profile modification techniques
are being developed to attempt to better control the first few millimeters
of growth.

sectioning of ribbon samples is reported; it illustrates the shape of
the molten zone and the variation in thickness across a grown ribbon: over
99% of the ribbon width may be processed without penalty due to ribbon thick-
ness variations.

A study of dominant grains appearing from polysilicon feed stock seems
to show that their orientation is random regardless of whether curved or flat
molten zones are utilized.

Modulus of rupture measurements performed on RTR samples indicate a
worst-case strength of approximately one third that of single crystal ribbon.

Two lots of solar cells fabricated from RTR ribbons have been evaluated.

The first lot demonstrated average ribbon solar cel! efficiencies of 9.253



and control cell efficiencies of 12.66%. The second lot was evidently
processed incorrectly resulting in fair Jsc but poor fill-factors and |ow
VOC' The control cells for this group had an average efficiency of only 7.6%.
A third lot of cells will soon be evaluated.

An initial economic analysis of the long-range capabilities of the RTR
process has been performed using costing data typical of Motorola in-house
analysis, and, assuming a |inear extrapolation of the ribbon throughput as
the laser power is increased. We obtain a projected add-on cost of RIR ribbon
in the range of $0.08 - $0.13/watt for ribbon grown at 20cm/min. in the early

1980's.



1.0 MODEL | RTR APPARATUS

KT #1 i being used for various thermal environment experiments as
well a5 ftor routine sample qrowth. During this quarter a large number of
samples were produced for material analysis and for solar cell starts.
Experiments have also been performed to demonstrate the usefulness of the
hemispherical reflectore in an actual RTR growth situation. Other experiments
were performed in attempts to improve the thermal stress environment during
growth.

A few problems were encountered which sometimes altered the normal
qrowth routine. For example, during one period, only one beam scanner was
available while two scanners (the second normal scanner and a spare) were
simultaneously being repaired. This necessitated growth of samples with
single-side irradiation for that period. The l|inear temperature profile post-
heater required some repairs causing some down time. Also, a beam splitter

had to be replaced.

¥ R1BBON GROWTH RUNS

Numerous growth runs were made this quarter with a variety of growth
parameters. Except as noted above, most samples were grown with irradiation
from both sides. Both locked and ratio growth modes were utilized. In
the latter case, a 2:1 uptake:feed ratio was normal.

Feedstock for most growth runs was single crystal Czochralski material:
.5" wide, .01" thick, 3-5Qcm, p-type. Recently, a series of growth runs were
performed using, 1" wide samples. Both (110) and (100) orientation feedstock were
used. Some growth runs were also made utilizing undoped polysilicon.

Samples were allocated for solar cell fabrication, JPL samples, material
cnaracterization, or for specific experiments involving stress measurements,

utilization of hemispherical reflectors, etc. (an3
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1.2 SPHCRICAL REFLECTOR EXPERIMENTS

The effectiveness of the spherical reflectors in an actual RTR growth
situation has been investigated. For these experiments two quarterspheres
were slotted for allowance of the entering scanring laser beam and were
further altered to allow for a close fit with the furnace. Allowance for
passage of the ribbon through the quarterspheres into the furnace was also
provided.

Some difficulties were encountered in aligning the reflectors properly,
but this was expected. To alleviate the problem, a remote positioning
apparatus (previously designed for remote ribbon positioning) was adapted
for one quartersphere. This allowed remote positioning of the quartersphere
during a growth run and reasonably good heat zones could be achieved. However,
only one quartersphere positioning system was available; consequently only

single-side irradiation was used.

Results

The of fectiveness of the quartersphere was conclusively demonstrated.
It a stationary laser beam were used to create a primary molten spot, a
secondary molten spot could be achieved at a conjugate point equidistant
from the sphere center. As the spot was moved, the secondary spot would
move in an opposite direction and would be superimposed at the center of the
ribbon. Under a scanning mode, two scanning beams are created; they scan
in opposite directions and effectively double the scan speed.

I+ appears that by far the major benefift of the quartersphere is due
primarily to the return and reimaging of the nearly specularly reflecting
primary beam. Little benefit was observed in reduction of radiation losses
from the melt, but the qual ity of the reflector utilized for these exper iments

was not exceptionally good; possibly even this effect will be observed when



both quarterspheres can be utilized which are of higher quality and incorporate
mxe accurate positioning.

Some growth runs were achieved with the single quartersphere. One inch
wide samples were used. Table 1 exhibits results of one experiment which amply
demonstrates the effectiveness of the use of a single quartersphere. As the table
indicates, sample #587 (with quartershpere) could be grown 2.5 times as fast as
sample #588 (without the quartersphere) and with 15% less power. Significantly,
with single-sided irradiation, there is no question as to whether the sample
is completely melted since melt-through can easily be observed on the side

opposite the irradiation.

TABLE |
SAMPLE WIDTH THICKNESS IRRAD | AT ION POWER GROWTH RATE
#587 " 01" 30° Incidence  370W .45"/min
W/Quartersphere
#588 i .01 30° Incidence  430W .18"/min
Without
Quartersphere

Another observed benefit from the use of spherical reflectors is the
effective doubling of the scan speed. This resulted in significantly smoother
surfaces on the irradiated side when a quartersphere is used.

The ultimate benefit to be gained from the hemispherical reflectors
cannot be ascertained until quartzrspheres can be utilized on both sides of
the sample. Previous experiments with normal incidence scanning have demonstrated
improved performance when both sides are irradiated as compared to single-side
irradiation. Since the economics of ribbon growth will depend substantially
upon the size of laser utilized and the efficiency of energy utilization, these

18
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considerations are quite important. Unfortunately, the difficulty encountered
in working the reflectors into the system may preclude their routine use until

a fixed geometry qrowth chamber is achieved in a production unit.

2.0 NEW RTR LASER LAB

Facilitization delays for the new RTR lab (see Figure 1) have significantly
delayed the assembly of the new RTR apparatus, RTR#2. However, assembly is
ﬁow proceeding, albeit slowly. At present the large 002 laser, one of two Nd:YAG
lasers, the beam directing tables, and the RTR#1 and RTR#2 experimental tables
are in place. RTR#1 is being reassembled first so as to make use of the

higher power lasers at the earliest date possible.

3.0 THEORET ICAL AND EXPERIMENTAL THERMAL STRESS ANALYSIS

THEORET ICAL

“q«l
.
-

A computer code for analysis of the thermal profiles and shape of the
melt interface has been located. This program will allow material parameters
to be introduced either as data files or as an explicit equation. The initial
goals for this program will be to provide some insight info the shape of the
melt as a function of velocity and laser input parameters, and also to provide
t+he thermal profile for the after-melt region as a function of auxiliary heating/
cooling/shielding configurations. As a necessary part of this program, a
| iterature search will be made to obtain current estimates of material properties

versus temperature.
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Once the thermal analysis program is on |line, the generated thermal
profilos will be enterod into a linear clastic computer code which will
indicate the distribution and magnitude of elastic stresses generated.
Alfhoﬁgh such an analysis is clearly wrong due to the occurrence of plastic
flow and stress relief, it will nevertheless be useful as temperature profiles
are altered to indicate the effects on stresses.

As a next approximation, it may be useful to utilize some simple
procedure to allow complete stress relaxation to a yield siress at points
where stresses exceed the yield stress and then iterate to produce a

consistent result.

3.2 EXPER IMENTAL

Experimentally, the stress-birefringence technique continues to be used
for the analysis of residual stresses in ribbons. Experiments reported in
the June Quarterly showed that residual stresses still do occur if the furnace
is not optimized. Subsequently, it was found that an incorrect procedure was
being used to profile the furnace. Correction o’ this procedure has again
demonstrated that residual stresses under routine growth conditions are quite
low and insignificant in regards to handling or as a possible growth velocity
limitation.

Of more importance is crystal quality. Wright etching of samples continues
to demonstrate nigh dislocation densities. As indicated in the June, 1977
Quarterly Report, thase dislocations arise because of the stress field immediately
adjacent to the melt, i.e., betweenthe melt and the start of the |inear temperature

profile.



3.2.1 DISLOCAT ION DISTRIBUTION EXPERIMENT

An experiment was performed to determine the nature of this stress field
by measuring the dislocation p5+fern induced into single crystal samples
passed through the RTR apparatus. These samples were partially melted from
both sides so that upon freezing, seeding would occur from the unmelted central
bortion. This resul+s in single crystal samples, but yet the samples underqgo
essenfially the same thermal environment as do normal RTR samples. What is
different is that RTR samples can accommodate stress relief at grain boundaries
while single crysial samples cannot. Consequently, even higher dislocation
densities would be expected for these single crystal samples.

Figure 2 illustrates the steady-state dislocation density distribution
measured across the samples. "Growth" velocities of 1"/min, 2"/min, and
3"/min were used.

The dislocation density distribution is similar to that reported earlier
in the June, 1977, Quarterly. Higher qgrowth velocities would be expected to
offect a softening of the thermal gradient near the melt siﬁce latent heat is
being carried along with the sample; therefore higher growth velocities would
be expected to exhibit lower dislocation densities. As can be seen in Fiqgure
2, the highest dislocation densities are actually obtained at 2"/min, the 3"/min
densities are significantly lower, but not as low as the 1"/min dislocation

densities.

3:2:2 CONCLUS ION

The samples reported here exhibited negligible residual stresses but
very high dislocation densities. The geometry of the present system is not
conducive to a great improvement in the thermal profile very near the melt.

In addition, as growth velocities become higher, the relatively low thermal
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gradient being imposed by }ho linear profile furnace will become detrimental to
heat removal. Consequently, new thermal profile elements are indicated if low
dislocation densities are fo be acﬁleved.

Some new profilg modifying elements are now being designed; they will
attempt to achieve higher thermal gradients but yet achieve more |inear

temperature profiles immediately adjacent to the mel+.

4.0 RI1BBON CHARACTERIZAT ION

44 SPV_DISLOCAT ION DISTRIBUT ION

Ribbons typical of those utilized for solar cell processing were analyzed
for dislocation densities and diffusion lengths. Figure 3 i llustrates such
a sample. Point dislocation and |ine dislocation densities vary considerably.
Diffusion lengths are still typically 6 - 12um and do show some (slight)

correlation with dislocation densities.

4.2 CRYSTAL MORPHOLOGY

Fiures 4 - 6 are photos of polished sections showing the morphology of
the growing crystal. Figure 4 is a cross-section taken parallel to the growth
direction, through the molten zone. This sample (#374) was grown with a 2:1
pull/feed ratio. Note that the thickness of the molten zone, as frozen in, is
larger than that of the feed and uptake regions. This occurs primarily due to
uptake of material from the edges. This "bulge" is observable during growth
when observed with an edge viewing camera. Figures 5a, b, are cross-sections
taken across the width of sample #374, showing the edge and a center section.

Figure 5¢c is a section of the feedstock used for the growth of sample 374.
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GROWN RIBBON

FEEDSTOCK

FIGURE 4: Cross-Section of the Molten

Zone, Sample 374



(c)

FICUREE;;Cross—Section, Sample 374
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FIGURE 6: Cross—-Section, Sample 417



Figure 6 is a cross-section across the width of sample #417, which was grown
with a 1:1 pull/feed ratio. Fiqures 6a, c are opposite edges of the sample,
while 6b is a center section.

Sample 374 is 110um thick, which is probably close to the economically
optimum ribbon thickness. |t reaches a useful 50um thickness* within 70um
of the edge and is of essentially maximum thickness 1/2mm from the edge.

Thus, solar cells can be fabricated on well over 99% of the ribbon
width without penalty due to thickness variation.

Figures 7a, b, ¢ are photos taken of the cross-section of sample 417
after a 5 minute Wright etch. The |inear defect density ranges from the
low density of stacking faults or coherent twins observed in 7a to the >103/cm

density observed in 7c.

4.3 CRYSTAL ORIENTATION

The orientations of the dominant grains in a number of samples grown from
polycrysfélline feedstock were determined by Laue crystallography. The results
are listed in Table Il. Although in each case a single orientation took over
the entire crystal width, the eventual choice of orientation appears random

using either a flat or a curved molten zone.

4.4 MODULUS OF RUPTURE (FLEXURAL STRENGTH) OF RTR RIBBON

The modulus of rupture of RTR silicon was measured using a 3-point loading
technique similar to that described in ASTM F417-75T.

We measured the modulus of rupture on 4 RTR samples, as well as on 4
Czochralski samples with dlmensions identical to the RTR samples. The measurements

were made on an Instron Model #TTC.

*
Westinghouse reports an 11% cell on 50um ribbon.

14



(a)

(b)

(c)
FIGURE 7: Ribbon Cross-Sections 2 IS
After Wright Etch ORIGINAL PAGE

OF POOR QUALITY



TABLE II

ORIENTATION OF DOMINANT GRAINS

CURVED MOLTEN FLAT MOLTEN
SAMPLE ZONE SAMPLE ZONE
417 213)  [253) 462 | (1) [o1il
418 -(110)  [111] ey | o [112]
426 350 [321] uee | ~a10) [111]
w1 | ~00 [t00] 48 | (12 [210)




For the first sample (cut from RTR #501), the load was applied at right
angles to the growth direction. The other three samples were cut from RTR
#9514, and the load was applied parallel to the growth direction. The results
are qgiven in Table 111,

For comparison, values for the modulus of rupture of silicon quoted in
Runyan (1) are 2lso given in Table Ill. Since the ribbon would tend fo break
at its weakest point, the lowest value quoted (7600 psi) would indicate a

worst case strength of approximately one third that of single crystal silicon.

4.5 ANNEAL ING/GETTERING EXPERIMENTS

In order to understand the short diffusion lengths exhibited by ribbon
substrates, some experiments have been initiated on single crystal Czochralski
and float zone material. The purpose of these experiments is to determine
the offects of variou, tomperatures and gas ambients on the diffusion lenqgth
of known quality materials. Gettering cycles are also to be evaluated to
determine their effectiveness in preventing diffusion length degradation,
or recovering normal diffusion lengths after degradation. These experiments
(together with other techniques) are expected to lead to an understanding of
the short diffusion lengths obtained in RTR-like samples which do not have
obvious structural problems. Figures 8 through 11 exhibit the experiments
performed to date. In these experiments Nz and Nz-oz ambients were utilized
for 1 hour or 10 minutes (these were to simulate inert atmospheres as well
as oxidizing atmospheres which might be experienced in processing). The
gettering cycle used was phosphorous (1100°C, 12 min.). Under each operation
are SPV measured diffusion lengths from wafer sections undergoing the operation

and on a control (C) wafer section (same water) not undergoing the operation.

(1) W.R. Runyan "Silicon Semiconductors Technology", McGraw-Hill, N.Y. 1965

ORIGINAL PAGE 18
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TABLE 11l MODULUS OF RUPTURE OF RTR STLICON

Modulus of
Crystal Form (Runyan) Rupture (psi)
Single Crystal Silicon Whiskers : 200, 000
Smooth Silicon Bars 20,000 to 60,000
CZ crystals, sawed and etched 10,000 to 20,000
MODULUS OF
SAMPLE 1.D. LOAD POINTS WIDTH & THICKNESS LOAD DIRECTION RUPTURE
(PSI)
501 ;55 L 0.5" X 0.0095" Load Applied
Perpendicular 48,000
to Growth
Direction
Ccz #1 . 55 by 0.5" x 0.010" 22,000
cz '2 301" 005" x 00010" ' 21,000

. = Load Applied
514a 0.375 0.5 X 0.0125 Parallel to 7,600

Growth Direction

514b g.375" §.5" x 0.0125 19,000
5l4c 0.375" 0.5" x 0.0125" v 32,000
cz #3 9.375" 0.5" x 0.011" , 24,000
cz #4 8.37%" 0.5" x 0.011" 22,000

18
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from theso fow oxpor imonts we note the following:
No ~igniticant dogradation occurs at 450°¢c
. Degradation occurs at 800°C except when the getter layer has
not been removed (continues to getter).
. The presence of oxygen does not seem significant
. Degradation at 1300°C is severe regardless of sample type and
the atmosphere
. Degradation can occur rapidly (10 min) at 800°C
These data are too meager, and the results sufficiently scattered, to
preclude further conclusions. The use of SPV measurements to determine the
effects of processing steps seems powerful, though. Many more samples will
be processed to evéluafe the effects of:
. Furnace contamination
. Gaseous ambients (Argon, N2-H2 etc.)
. Temperature
. Passivation layers

0C) temperature cycle can be

|f a baseline, high temperature (1200 - 1300
establ ished which does not degrade |ifetime, +hen a basis for comparison with
the RTR environment will be established, and various precleaning steps, gas
ambients, furnace components, etc., may be evaluated.

Indications at present are that structure, per se, is not the limiting
factor on our ribbon. This fndicafes either fhaf precleaning steps, ambient
contamination, or inherent material properties are leading fo the low
diffusion lengths. Some experiments performed with various starting materials
of different origin, e.g., float zone, Czochralski, large grain Wacker doped
polysilicon, and doped CVD silicon, all have resulted in short diffusion
lengths. These experiments all point to contamination of the material, if
indeed the structure is not the main effect.
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4.6 IMPURITY ANALYSIS

RTR samples, control samples taken from the unmelted ends of the RTR
ribbons, and control samples obtained from sawn Czochralski crystals are being
sent to Aﬁplled Research Labs, Sunland, California for impurity anlaysis
using Secondary lon Mass Spectroscopy (SIMS). We are also sending a smaller
number of samples to the Materials Research Laboratory at the University of
I1linois. They will also perform SIMS (and possibly SSMS) analysis, and

provide a valuable cross-check for the Applied Research results.

4.7 ELECTRON MICROSCOPY

We have sent an RTR sample containing Imm diameter ribbon diodes to
the electron microscopy facility at Motorola SRDL. We expect to obtain SEM
and EBIC micrographs of the diodes, and we will attempt to correlate the EBIC

results with the diode performance as a solar cell.

5.0 SOLAR CELL DEVELOPMENT, FABRICATION, AND TESTING

Solar cells are being fabricated on RTR samples in the Motorola Solar
{norqy Department by the processing R&D/production qroup. A phosphorous
diffused junction is used together with the standard AR coating procedure
used for production cells. For the first group of cells, texture etching
has also been incorporated. The rationale for this was that even though RTR
ribbons do not have the desirable (100) surfaces, "intermediate" texture
etching would possibly occur with some increased absorption.

At present, one complete group of cells has been evaluated and a second

group partially evaluated.
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91 SOLAR CELL EVALUATION

Table IV is a complete compilation of evaluations performed on ribbon
solar cells from the first group. Indicated are efficiencies, fill factors,
type of cell [control (C) or ribbon (R)] and whether a cell was probe rejected.
For this batch, the overali probe yield was 77%, the control cell yield was
32%, and the ribbon cell yield was 70%. The major cause of probe reject was
due to poor metallization and breakage.

For this group of cells the average control cell efficiency was 12.66%

while the average ribbon cell efficiency was 9.23%. The highest ribbon

efficiency was 11.7%. All of these measurements were performed using a simulated

solar source. Our past experience is to observe slightly higher efficiencies
when measured outdoors in a true solar spectrum.

The variation in control sample efficiencies is probably the result of
heating effects during ribbon growth. Most controls were simply regions of
the feedstock which were not melted but nevertheless experienced elevated
temperatures. Sample 100-P-1, however, was not subjected to this

heating and exhibited uniformly high efficiencies.

-T2 JUNCT ION_DEPTH

The p=-n junction depth was measured on three ribbon solar cells: a
control cell, a cell with 11% efficiency and a cell with 8.5% efficiency. The
results indicate a correlation between the junction depth and inferior cell
performance. However, we do not feel these are "reportable" results, since
the measurement was made on only one sample of each kind. We will pursue

this investigation with a larger number of samples.
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DEVICE TYPE MATERIAL

357-1 C Cz
-2 C Cz
-3 C Cz
-4 R Cz
-5 R Cz
~6 R Cz
-7 R Cz

361-1 C Cz
-2 C Cz
-3 C Cz
-4 R Cz

367-1 C Cz
-2 ¢ Cz
-3 C Cz
-4 R Cz
-5 R Cz

368~-1 C Cz
-2 C Cz
-3 C Cz
-4 R Cz
-5 R Cz
-6 R Cz

372-1 c Cz
-2 C Cz
-3 C Cz
-4 R Cz
-5 R Cz
-6 R Cz
-7 R Cz

NOTATION:

TABLE IV

COMMENTS FILL FACTOR EFFICIENCY
815 I1.5%
0.74 18
0.775 9.5%
2R, 1.65 8.5%
P.R'
P.R.
P.R.
.87 13:25%
.73 14.77%
P. .
' s T8 11.1%
.78 15.6%
.76 16.5%
PR,
.59 8.5%
P.R. ;
0.76 14.6%
0.77 12.3%
0.78 o
P.R.
P.R.
2R
.74 (0.736) 14% (13.34)
PR
74 11.69%
. 68 8.68%
5 ; 9.25%
50 .7 11.7%
iRk 711 9.146%

C=Control, R=Ribbon, Cz=Czochralski, P.R.=Probe Reject

19
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TABLE IV (continued)

DEVICE TYPE MATERTAL COMMENTS FILLFACTOR EFFI1CIENCY
373-1 C Cz P.R.
-2 Cc Cz P.R.
-3 C Cz P.R.
410-1 R Wacker Doped Poly .6 9.9%
-2 R Wacker Doped Poly .60 9.7%
-3 R Wacker Doped Poly .66 10.9%
-4 c Wacker Doped Poly DD 10.8%
= C  Wacker Doped Poly Q““;*:‘;:::‘ s o 13.2%
-6 c Wacker Doped Poly . . 7 12.8%
412-1 R Wacker Doped Poly .62 9.37%
-2 R Wacker Doped Poly .64 7.7%
-3 R Wacker Doped Poly Short ——-
-4 C Wacker Doped Poly .68 }).3%
-5 C Wacker Doped Poly) Questionable Area e S 11.25%
-6 £ Wacker Doped Poly} Estimate .68 11.3%
413-1 R Wacker Doped Poly .65 8.0%
-2 R Wacker Doped Poly .63 7:45%
-3 R Wacker Doped Poly .634 9.6%
-4 € Wacker Doped Poly Questionable Area .69 10.16%
-5 (+ Wacker Doped Poly = 9. 13
-6 C Wacker Doped Poly ol 12.2%
100-P~-1 C Cz .8 13.32%
-2 C Cz 13 1. 333
-3 c Cz iy 12.9%
~4 C Cz o 77 12.9%
-5 C Cz s 17 12.9%
-6 C Cz ;16 12.9%
-7 c Cz .74 12.9%
Wacker C Wacker Doped Poly .74 11.8%
Control C Wacker Doped Poly) Questionable Area .77 . 32.022
c Wacker Doped Poly} Estimate .8 13:.153
C Wacker Doped Poly P.R —— eeeee-
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5.1,2 OPEN_CIRCUIT PHOTOVOLTAGE MEASUREMENTS

Open circuit photovoltage (OCPV) measurements made on one cell (372-5)
are shown in Figure 12 and indicate substantial variations in diffusion
lengths versus position on a single cell lcm2 in area. These results indicate
that qettering is occurring during processing since substrate diffusion
lengths of 10um were fypical prior to processing while 10 - 50um diffusion
lengths result after processing. The diffusion lengths observed in certain
regions are very respectable. OCPV diffusion lengths as high as 77um have
been measured on other samples. Of interest are the large diffusion lengths
occurring evendirectly over grain boundaries, but low diffusion lengths over
macroscopical ly smooth areas. A study which will correlate these diffusion
length spatial measurements with microscopic structure as delineated by Wright
etching is in progress. A correlation between OCPV measurements and SPV
measurements on the substrates after etch removal of the junction will also

be performed.

$.1.3 SOLAR CELL EVALUATIONS: Lot #2

The Iéfesf batch of ribbon solar cells was incorrectly processed during
the diffusion step, resulting in poor (electrical) isolation between solar
cells adjacent to one another on +he irbbon. Because of this, the devices
in this group may not be typical of ribbon cells. An attempt was made to
compensate for the lack of isolation by scribing and separating each individual
device, and measurements were féken on several cells before and after separation
for comparison. After separation, there was a slight increase in VoC (1.4%
averaged over 7 samples) and a drop in ISC (19%) except for one sample (495-7)

which showed no change. This sample was probably suitably isolated before

scribing. The drop in |SC (and increase in VOC) can be accounted for by the
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FIGURE 12 O0CPV Diffusion Lengths As
a Function of position for

sample 372-5.

EMTSA
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reduction in area after scribing., The extra postdiffusion handling test
this group was subjected to does not appear to have seriously degraded their

per formance.

There were 42 solar cells of the following types:

NUMBER OF CELLS TYPE COMMENTS
4 Normal control cells 1 with bad front contact;

average efficiency of the
other 3 was 7.6% (AM1)

1 Ribbon control cell n= 9%
7 $ on ribbon - § off
4 Ribbon cells Bad front contacts
217 Ribbon cells Averane VOC = 41 volfé
Jem = 24.mA/cm
¥ = 5,38 (AM1)

This batch of ribbon cells was characterized by high leakage current
resulting in podr fill factors and open-circuit voltages. The short-circuit
currents were typical of previously reported ribbon solar cells. The highest
efficiency cell found was 9.5% (494-7) under approximately AM1 i|lumination.

Spectral response meésuremenfs, when compared with a NASA terrestrial
standard nt+ - p cell (See Figure 13), reveal the greatest loss in JSC is in
the visible part of the spectrum. Since the visible light is absorbed in the
tirst 10 - 20 micrometers, it is clearly not the ribbon material's diffusion
length that is responsible. More likely this loss in JSC is due to an unusually
deep diffusion or possibly the presence of a damaged surface region; =.73.,
the "wrong" side of a one-side irradiated sample may have been processed,
although this is unlikely. The resulting degraded |ifetime could alsc e
responsible for the high leakage curreni: observed for these devices. |f

the damage present in the n+ region extends into the space charge region,
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then excessive recombination current (which is proportional to %) will be
present under forward bias. The simple fact that the control cells exhibited
an average efficiency of 7.6% (compared to 12,.66% for the first lot) clearly
indicates some major processing error.

The spectral recponse in the near infrared, where the penetration of the
light extends for over 100 micrometers into the substrate, indicates a sharper
drop off for a ribbon cell than for the NASA standard. This is due to the

shorter diffusion length in the ribbon material.

6.0 ECONOMIC ANALYSIS

An initial economic analysis of the RTR growth process has been performed.
This economic analysis is based upon extrapolating the capabilities of our
present 400 watt laser/crystal growth system to a number of higher power laser/
crystal growth systems. This analysis will need to be updated when we have

accumulated experience working with the higher power lasers.

6.1 ECONOMIC DATA BASE

This economic analysis is based upon the following data. These figures
are presently being used throughout Motorola for its own in-house analysis.
CAPITAL: The capital cost of equipment is depreciated over a seven-year
period. The capital cost of a factory building is depreciated over 40 years.
The interest rate on both capital and factory is assumed to be 9% per annum.

The factory floor space is assumed to be 70% for production, 30%
for support offices, warehouse, cafeterias, etc. Construction cost for
production space is $80/sq. ft. and for support gpace $30/sq. ft. Thus
each sq. ft. of production space will cost $92.95. The overhead costs on

the factory include taxes and insurance at 5%/year = $4.65/sq. ft. yr.,

"




cloctricity ot $1.%6/.q. (t. yr., wator at $0.06/5q. fi. yr. and miscael laneous
items at 30.4%/sq. ft. yr,

LABOR: The direct labor cost is estimated at $5.96/hour. This includes
the cost of utility operators, employee instruction time, set-up time,
clean-up time, coffee breaks, rest-room time, material handling and transfer
and data compilation. Also included are the employee's fringe benefits, i.e.,
vacation, retirement, insurance, F.|.C.A., cafeteria, unemployment taxes,
credit union, employee sales, and recreation activities.

The overhead on labor includes 18% for supervisors, 3.8% for engineers,
3.7% material support, 1.5% quality assurance, and 5.4% susfaining.engineering.
Thus the total labor cost is $7.95/hr.

ELECTRICITY: The cost of electricity is assumed to be $219/KW-year.

The total electrical cost is given by:
El. Cost = [0.5A + B + 0.4C] ($219/KW-year)
where (6-1)
A. = (Number of Machines) (Power Consumption) (Utility Factor)
is the cost of the electricity directly consumed by each piece

of equipment.

N . 0.46KW
R. = (exhaust in CFM) (TBEBBE?M)
is the power consumed by exhaust systems
_ A, 15 KW
C. =& " 7000 CPM

is the power consumed in air-conditioning the building.
The coefficients before A and C in equation (6-1) refiect the percentage
of the year during which these electrical ioads are being used.

GE IS
ORIGINAL PAGE 10
6.2 ADD-ON COST PROJECT ION OF POOR QUAL

In order to estimate the production capability of a high-power (2 - 3KW)

laser, a graph of power required vs. growth rate was obtained (See Figure 14).
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Assuming that the |linear relationship shown ih Figure 14 holds when we
extrapolate to higher powers, we can write:

P e WT(P° + cv)
where P = laser power required (watts)

W = ribbon width (cm)

T = ribbon thickness (cm)

Po = power required to melt a stationary ribbon (watts)

v = growth rate (cm/min)

c = coefficient obtained from the slope in Fiqure 14

Assuming hemispherical reflectors are used to essentially double the

laser coupling efficiency, C = 9.1 watts - min/cms. Thus the production

capacity per year is given by:

=2
- -3 Px10"° - 30 W T,
(6.2)
M of Si/Year

3) (5400) are due to the change in units from cmz/mln

The factors (6 x 10~
to M2/year. A Motorola production facility working three shifts/day, has 5400
operating hours/year.

Two more factors must be included: a utilization factor (U) to account

for down time due to maintenance, etc., and a quality (Q) factor since not

all the ribbon produced will necessarily be useable. So we have:
; 3 .
PoAP = NuQ (EX1L _=3OWT, 5. 107 (54000 (6.3
(9.2)T
MZ/Year

The largest single capifél item, of course, is the laser. Since the
larger size CO2 lasers are being produced only in |imited numbers, their
price now is relatively high. However, we obtained an informal estimate of
$75,000/ea for 3KW CO2 lasers based on ordering ten systems for delivery in
1980. This is the laser cost used in this study. From, Table V, we can

see that, for example at 20cm/min. growth rate, with 10cm wide ribbon, a dozen
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lasers would produce 56,000 leyear, which is roughly a 6 megawatt production
capability. Since the LKDA estimate of the 1982 market is 25 - 50 megawatts,
this is a conservative estimate for the size of a singlnifacfory. If the
1986 ERDA 500 megawatt capability is used, then the C02 lasers would be ordered
in much greafer_numbers,'and their price would be drastically reduced.

Table V tabulates the parameters assumed for an RTR production facility. Use

of table V in conjunction with equations 6.1 and 6.3 allow calculation of the

RTR add-on costs for various rates and ribbon widths. The results
of these calculations are shown in Table VI. The laser power required,
column 3, is calculated from eq. 6.1 for a given ribbon width, thickness, and
growth rates (since the laser is assumed to be operating at ~90% of full power,
the laser power values listed in column 3 are 10% higher than the powers
calculated strictly from eq. 5.1). The utility factor was assumed to be 0.8,
and the quality factor =0.9. The results shown in Table V  do not assume
the use of a pre-heater on the preformed silicon ribbon. I|f a pre-heater
can be used to raise the temperature of the incoming ribbon to ~1200 - I400°C,
then the required laser power would be strongly reduced, and the overall cost
would be lowered significantly.

We anticipate a maximum growth rate in the range of 10 - 20 cm/min.
Note that, at constant growth rate, the cost is significantly reduced as a
function of sample width. The add-on cost is projected to range from 22¢/watt
for 10cm/min, 6cm wide ribbon to 7¢/watt for 25cm/min, 12cm wide ribbon.

We emphasize that these cost projections are really premature. When we
have established a firm data base by working with the 1.5kw 002 laser, we will

repeat these calculations with a much higher confidence level.
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TABLE V

ASSUMPTION USED TO CALCULATE PROJECT RTR ADD-ON COST

*
Total Area/Growth Station: 500 sq. ft. plus

Laser Cost:

$25/watt output power

Labor: One operator per 6 machines

Growth Apparatus:

Consumable |tems:

Power Consumption:

Table w/enclosure 7K
Transport Mechanism 5K
Motors 3K
TV Cameras and Monitors 1K
Optical Components 2K
(Capital)

Scanning System 6K
Automatic Control System 5K
Ho: 3scfH

N,:25scfH

2

Optical Components 2K

(annual replacement cost)

The lasers efficiency was assumed to be 4%. The auxiliary
heaters, motors and other equipment were scaled to the
laser power consumption, i.e., the total power consumption
is 170% of the laser power consumption.

. :
A slightly higher area was used for lasers larger than 2000 watts.
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7.0 PROBLEMS

Problems experienced to date have been the many delays in completion
of the facilities for the new laboratory. These delays, together with excessive
time for fabrication and acquisition of components for the new system, have
seriously delayed the RTR #2 development.

Problems have also occurred on RTR #1. The |inear profiie furnace was
}down for some time due to loss of a few heater elements, and this resulted in some
lost time. The beam scanning systems have also required factory repairs, due

possibly to overheating. For some time, only one beam scanner was available.

8.0 PLANS

Completion of the new laser lab will occur early in this next quarter.
RTR #1 will be operated with the new lasers and high speed scanners as soon
as possible. The 002 and Nd:YAG lasers will be compared to determine which
system will be retained.

Material and device analysis will continue on an increased scale to
improve our understanding of material quality and fo optimize device performance.
Increased emphasis on impurity and structural analysis will be used in attempts

to eliminate tactors which presently |imit material quality.

9.0 NEW TECHNOLOGY

No new technology items were uncovered during the report period.

10.0 PROGRAM PLAN/MILESTONES

Activities associated with the total ;. cqrem are shown in the Program

Plan/Mi lestone charts contained in Appendix |.
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Model 2 RTR

WORK BREAXDOWN SCHEDULE NO. 2

Apparatus

MOTOROLA PROJECT NO.

2320
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Model 2 RTR Apparatus

WORK BREAKDOWN SCHEDULE NO. 2

(conT.) '

MOTOROLA PROJECT NO. 2320
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Thermal Stress Analysis

DESCRIPTION APR

WORK BREAKDOWM SCHEDULE NO. 3

MOTOROLA PROJECT NO. 2321
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Ribbon Characterization

e e

WORK BREAKDOWN SCHEDULE NO. 4

MOTOROLA PROJECT NO. 2322
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WORK BREAKDOWN SCHEDULE NO. 5
Solar Cell Dev. Fab and Testing

MOTOROLA PROJECT NO. 2323
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WORKX BREAKDOWN SCHEDULE RC. 6

Econonic Analiysis MCTOROLA PROJECT NO. 2324
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Program Management and Docunent

WORK BREAKDOWM SCHEDULE No. 7

ation

MOTOROLA PROJECT No, 2325
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APPENDIX II

Engineering Drawings
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