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ABSTRACT

Solar cells have been fabricated from unconventional silicon
materials in the second and final phase of the contract.

In the most recent period of » .¢, EFG, Web, Hem, and Con-
tinuous C2 silicon materials were fabricated into solar cells,
measured and analyzed.

Current-voltage measurements under AM1 conditions, in addition
to those under AMO0 conditions, were introduced in Phare II.
Several low-cost fabrication steps were included in that phase.

Both Hem and Continuous CZ silicon were found to be superior
to what had been provided in Phase I. Corretation between
gquality of starting materials and cell conversion efficiency
was observed for Hem-grown silicon. Correlation between
position in the crystal growth sequence and cell cuality was
observed for Continuous CZ.
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1.0 INTRODUCTION

The goal of this contract has been to conduct a silicon solar
cell process development, fabrication and analysis program. The
effort being directed toward the evaluation of the solar cell
potential of unconventional silicon sheets of interest to the
LLarge Area Silicon Sheet Task of the Low-Cost Solar Array
Project. What has been required hats been the fabrication cf a
statistically significant number of solar cells using standard
and reproducible processes and reliable testing of them using
standardized measurement eguipment and techniques. In addition,
to investigate, develop and utilize technologies appropriate and
necessary for improving the efficiency of solar cells made from
these silicon sheets using a standard process as the baseline
starting point. The goal for solar efficiency is 12% Air Mass

Zero (AM0), measured at 28°C minimum,

In this report we shall provide a review of the control program,
baseline processing, various optimization processes, the measure-
ment systems/procedures and a brief description of the uncon-
ventional silicon materials in the program. We shall then report
on results obtained since the last published report. This will
then be followed by a brief review of results in Phase I and
Phase 11 of the contract.



2.0 TECHNICAL DISCUSSION

A number of diverse silicon materials have been made into solar
cells by both conventional and optimized processing methods during
the period of this contract. In order to provide a reasonable
amount of reproducibility within each material group of cells, a
specific control program was mandated. It was believed that this
control program would minimize the occurrence of wafer contamina-
tion from extrinsic sources. Because elevated temperatures are
used and since contamination is sustained via a thermal pathway,
emphasis was given to reduction of contamination before and

during the impurity diffusion process.

2.1 CONTROL PROGRAM

Quartz diffusion tubes dedicated to the program were used through-
out the study. hfter cleaning a diffusion tube the tubes were
then used in processing control wafers into solar cells. The
finished solar cells were measured for I-V on a solar simu-
lator and if the results were satisfactory the tube was then
considered contamination-free and used for thermal diffusion of
one of the unconventional materials into solar cu.lls. 1In the
event the control cells were found not to be satisfactory, the
diffusion tube was again cleaned and the fprocess repeated until
suitable control cells were obtained. At no time were different
sheet materials run together in the same diffusion tube, and
only after the above control procedure had been satisfac*orily
completed would a tube be used for a different sheet material.

During processina of the sheet materials control cells were
included. Witlhin the diffusion tube eight control wafers were



positioned on the quartz diffusion tube such that every uncon-
ventional silicon wafer had a control wafer neighbor. Control
wafers were also positioned at the front and back of the wafer
assembly on the diffusion boat.

These same control wafers accompanied the lot throughout fabri-
cation and measurement. £,ch a procedure also allowed a means
of comparison and some indication of processing fidelity.

2.2 PROCESSING FORMAT

The unconventional silicon material was supplied by the Jet
Propulsion Laboratory. C2Z, p-type,"2Q cm silicon control wafers
were produced in Spectrolab's crystal growing and cutting
facilities. After cutting of the material into slices both the
front and back of the slices were etched sufficiently to remove
saw damace. This was not required for the material that had
been grown in sheet form. In the latter case various cleaning
methods, including acid etch, were used to remove surface stains
that might have been present. The slices, or ribbons, were then
diced to their planar wafer dimensions on a Tempre:ss saw.

After cleaning to remove both organic and metallic surface
impurities, the wafers were loaded onto a clean quartz boat and
placed within a three-inch diameter quartz diffusion tube main-
tained at the diffusion temperature (850°¢) by a Therrco furnace.
The diffusion schedule was arranged such that the wafers were
loaded and in the furnace within an hour of the wafer cleaning.

A three step diffusion procedure was used: warmup (nitrogen flow),
Pre-dep (phosphine, nitrogen, oxygen flow), and drive (oxygen and
nitrogen flow). These conditions were expected to result in a



phosphorous surface concentration in excess of 1020 cm.3 and pn

junction depth of ~.35um. Following the diffusion drive the
boat was removed from the furnece and "llowed to cool in air.

After diffusion and cool the wafers were immersed in an HF
solution to remove the thermal oxide. Sheet rho was then measured
on a four point probe to obtain an estimate of junction depth.
The fronts of the wafers were then masked and the wafers passed
through an acid shower. This was used ir order to remove the
n-diffused region on the back surface of the wafers. After
removal of the etch mask the wafers were cleaned in various
solutions, loaded in an evaporation mask and holder and placed

in the chamber of a high vacuum system. Using an electron-beam
heating source, thin layers of titanium, palladium and silver
were deposited on the wafers in a contact pattern defined by the
masks. After removal from the evaporation system and masks, the
wafers were sintered ' a hydrogen atmosphare to minimize contact
resistance. The cells were then placed in an electron-beam

evaporator where an AR film of Ta 05 was deposited.

2
In the next and final procedure the wafers were masked with an
organic film over top and bottom surfaces. In this state the
cells were 1mmersed in a solution to remove any metal or other
undesirable contaminant that could cause low shunt resistance
at the cell edaes. The cells were cleaned and made ready for
measurement.

2.3 MEASUREMENT SYSTEMS

2.3.1 Illuminated Current-Voltage

This system is shown schematically in Figure 1. The Spectrosun
Sclar Simulator is adjusted to produce an AM0 spectrum and inten-
sity. Temperature and intensity calibration for each group of
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I1-V measurements is made by adjusting water bath temperature
and simulator intensity while monitoring these parameters with
the #1037 ballcon-flown solar cell standard.

The cel. test fixture is water cooled, uses a vacuum hold-down
and has spring-loaded voltage probes and spring-)naded current
probes for cell top contact. The fixture itself makes electri-
cal contact with the bottom of the cell. A Spectrclab Model
D=-550 electronic load is used in series with the cell under
test. Both short circuit current and open circuit voltage are
measured by means of a 4% digit Dana Digital Voltmeter. The
1-V curve is generated by the electronic load and recorded on
a Hewlett-Packard X-Y Recorder.

AM]1 measurements are obtained by introduction of a constant
temperature Pyrex-water filter into the light path between the
Xenon source and the water-cooled test fixture. After inser-
tion of the filter into the system the light source is adjusted
using a standard solar cell, #1039, that has been calibrated

to Air Mass One. The filter is tilted slightly from the hori-
zontal to prevent reflection of the radiation back into the
source.

L%
L)
.

e

Spectral Responsc

This system consists essentially of a water-cooled test fixture
enclosed within a light box. A broad spectrum, high intensity
light source impinges upon a filter contained within a filter
wheel, Narrow-band radiation is traramitted through the filter
and onto the tor surface of the cell under test. The short cir-
cuit current is measured by amplifying the voltace across a low
value precision resistor and reading the amplified voltage on a
Dana 5-digit Digital Voltmeter.



The filter wheel consists of thirteen narrow band-pass filters
incremented across the spectrum from .4 to 1.05 um.

Irradiance at the cell surface for each of the thirteen filter
positions is measured using a calibrated solar cell. Based unon
the irradiance and output of cell under test the relative
response can be determined for the cell under test at each of
the thirteen wavelengths.

2.3.3 Dark Current-Voltage

Dark current, forward and reverse, is measured on a system con-
sisting of a high resolution constant current supply, a light
shielded brass test fixture, and two 5-digit Dana Digital Volt-
meters. Measurements are made point-by-point using voltage as

the independent variable.

Water resistivities are measured by means of a four point, in-
line probe and micrometer thickness gauge. The in-line probe
is also used to measure sheet resistance after diffusion.

2.4 UNCONVENTIONAL SILICON MATERIALS

2.4.1 Wacker Silso

Wacker Silso polycrystalline silicon is a product of the Wacker
Siltronic Corporation. It is produc=2d by casting mclten silicon
into rectangular blocks. Casting is controlled so as to promote
columnar grain growth such that grains grow perpendicular to the
plane of the finished cut sheet. The casting is sawed into sheets
of square form. This material was used for solar cell fabrication
in Phase 1 of the contract.



2.4.2 Ribbon-to-Ribbon (RTR) Silicon

This material is a prcduct of Motorola and is produced by a
process that deposits silicon upon strips of substrate material
by CVD. The resultant silicon strips are then laser or elec-
tron beam scannaed to promote grain growth from the extremely
small grains obtained during CVD depositio:... A phosphorous
gettering step completes the process. The strips used in this
contract were about an inch in width and 12 inches in length.
This material was used in Phase I of the contract.

2.4.3 Edoe-Defined Film Fed Growth (FTG) Silicon

This polycrystalline silicon is produced by Mobil=-Tyco. Silicon
strips are pulled through dies (SiC) from the melt with widths
in excess of two inches and lengths greater than four inches.
The finished sheet has a smooth, somewhat rippled surface.

Both rf heated and resistance heated systems have been used in
the production of the sheet material, only resistance heated
material was used in Phase II of the contract.

Web silicon is produced for the program by Westinghouse Research
and Development Center. This sheet material is manufactured by
supporting a silicon meniscus between two dendrite rails which
are slowly lifted out of the melt. The silicon solidifies as

it is lifted and this fcrms a continuous sheet of material. The
surface of the drawn filament, or ribboi., is in the 111 plane.
Thickness of “he filament is well controlled and width is deter-
mined by the spacing of the dendrite rails. Web material used
in the procrar wac generally in widths of about one inch while
thicknesses ranced from 4 mils up to 12 mils.



2.4.9 Heat Exchange Method (Hem) Silicon

This materiecl is produced by Crystal Systems, Inc. In this
method a seed crystal is placed at the bottom of an insulated
chamber. An inert gas is used as a heat exchanger for the seed
and precludes its loss when molten silicon is injected into the
chamber.

The freeze boundary of the cooling silicon proceeds out from
the seed, generally with growth of a single crystal. Direc-
tional solidification, proceeding at a very low rate (depending
upon how well heat exchange is controlled), will cause those
materials having low segregation coefficients to segregate an.
thus be moved along with the freeze boundary toward the outer
surfaces of the boule. The boule is generally formed in a rec-
tangular shape. Rectangular slices are then cut from the boule.

2.4.6 Continuous CZ Ingots

This material is produced by the Kayex Corporation. In the con-
ventional CZ method a single crystal is pulled from the melt con-
tained in a quartz crucible. The pull of one crystal completes
the operation and the crucible is treated as an expendable at a
rate orf one crucible per pulled crystal. 1In the continuous C2Z
method several crystals are pulled in sequence from a single
crucible. The melt in the crucible is replenished after each
pull. In Phase I of this contract, material from a five cry:ctal
pull run was processed into cells while in Phase II material

from a nine crystal pull was processed into solar cells.

2:4.7 Silicon on Ceramic (S0OC)

This method of producing unconventional silicon has been
developed at the Honeywell Corporate Research Center. Slotted
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ceramic substrates coated on one side are either dipped into or
skimmed over molten silicon, leaving a coating of polycrystalline
silicon on the ceramic. Although this material was received
under Phase I and Phase 11, cell fab-ication and measurement
were not completed within the time and funding limits for the
contract.

2.5 PROCESS OPTIMIZATION

Process optimization in this program is proposed in the sense

of both general and specific methods that might be expected to
enhance device performance over and above what was achieved by
the baseline process. Optimization procedures were limited,
however, by the large number of materials studied and the size
of the program. With this in mind a number of oj.timization

steps were used for each of the silicon materials in the program.

2.5.1 Texturization

This process modification has two functions. The primary one
is the reduction of surface reflections while the second is to

increase absorption in the immediate region of the junction.

Surface texturization is the result of directionally selective
etching of a wafer surface that leaves a matrix of pyramids at
the surface. (In Figure 2 we show a photograph of a typical
texturized surface.) This matrix promotes transmission of
reflected primary rays. Solar cell surfaces that have been
both texturized and coated with an antireflecting film appear
mattelike to the observer. Since the index of refraction of
silicon is high, and since the pyramids present a surface of
about 45° to the normal incidence, normal rays are refracted
away from the normal to the wafer plane. The result of this

.



refracted path for the transmitted radiation is a lconger path
of light with wafer depth and hernce enhanced absorption near
the junction.

Texturization is most effective for (100) silicon and ineffec-
tive for (111) silicon. Since dendritic web silicon is grown

with a (111) surface this optimization procedure was not used

on that material. For the polycrystalline material the effec-
tiveness of texturization varied according to the orientation

of individual grains.

2.5.2 Back Surface Field

In this procedure a P+ region is processed onto the back side

nf che wafer. This p* region serves a number of purposes. It
creates an electrostatic reflector in the lower base region

and reduces contact resistance. The electrostatic reflecting
properties should increase short circuit current and reduce

dark currents that arise by recombination at the back surface.
This should, in turn, increase open circuit voltages. In addi-
tion to the obvious requirement that the electric field generated
by the P Pt configuration be of a sufficient magnitude the dis-
tance from the junction to the P p* boundary region, vis a vis
the minority carrier diffusion length, must be within certain
limits. For a given ry to P P* distance, a threshold minority
carrier diffusion length exists to observe the effect. There-
fore, materials with short minority carrier diffusion lengths
cannot be expected to be enhanced by a back surface field. One
could, of course, speak of a threshold '3 to P pt distance for

a given LD'

2:5:.3 Junction Depth

Historically, junctions of space solar cells have followed a
course of decreasing depths. An observer could speculate that
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this has been the result of a somewhat gradual realization

that photons absorbed above the junction are wasted. Shallower
junctions have required heavier doping in the top layer

and improved contact systems because of the increased sheet
resistance that accompanies the shallow junction. Improved
diffusion methods have also accompanied the shallower junctions
providing a somewhat higher minority carrier lifetime in the top
layer. Recently, efforts at reducing surface recombination
velocities on silicon solar cells have shown some degree of

SucCcess.

Shallow junctions are of greater efficacy at AM0 because of the
relative portion of that spectrum in the blue and violet. Thotgh
it is less of a factor for cells to be employed at terrestrial
sites, it is still possible to ehhance collection efficiency of
terrestrial cells by means of shallow junctions. Shallow
junctions, however, increase the risk of junction leakage and
result in lower production yields. With these caveats in mind
shallow junctions were utilized in several optimized processing

runs.
2.5.4 Gettering

It is well known that certain types of "gettering"” can enhance
performance of silicon devices. Gettering is believed to result
because of an out-diffusion and trapping of various secondary
impurities at gettering sites. The type of secondary impurities
that combine with lattice structure defects to produce recombina-
tion centers are in most cases fast diffusers and are trapped at
regions of structural damage and strain. Various experimental
work has shown that phosphorous precipitates generate high strain,
dislocation tangles, etc. This highly damaged recion in the top
layer of the silicon device leads to very short minority carrier

e



lifetimes in volume immediate to the surface. At the same time,
however, it tends to clean up the rest of the device, especially
the junction region.

Evidence for the effect of secondary impurities on device per-
formance has been shown by, amongst others, experiments of
Goetzberger and Shockley(z). Specific evidence for mechanisms
in the junction region have been described in the SEM-EBIC
experiments of Varker and Ravi(3). Murarka(d) has identified
the phosphorous gettering action on trace impurities of cold
using neutron activation analysis. The latter work shows con-
clusive evidence that the gettered specie (gold) is trapped
within the surface region of the precipitates and not within

the phosphorous glass.
2.6 PHASE 11

A number of changes were made in the program going from Phase 1
to Phase I1. The first of these changes was I-V measurement at
AM1 as well as at AMO, for about 20% of the cells. This was
done to provide measurements more meaningful for terrestrial
application, and tc provide empirical relationships between AM0O
and AM] efficiencies for the cells fabricated in the program.

A second change was the use of processes that could be considered
low cost, as opposed to the methods of Phase I that were based
upon aerospace manufacturing processes. A third change was a
somewhat more general use of the cell areas greater than 2 cm x
2 cm. Finally, a record was made of the steps in the processing
where cell hreakage occurred. This was suggested as a means of
determining any critical breakage points in the processing for

a specific material.
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2.7 RESULTS

2.7.1 Westinghouse Web

In this section we report results for three lots of solar cells
fabricated on dendritic web-grown silicon utilizing processes
intended to enhance conversion efficiency. In the first of these
lots, Web0=-1,cells were 2 cm x 4 cm and had back surface field
processina. Results obtained from illuminated I-V at AM0 and

AM]1 are presented in Table 1.

In a second lot, Web0-2, also with BSF, cells were made in a

2 cm x 2 cm configuration. Results obtained for illuminated I-V
measured at AM0 and AM]1 are shown in Table 3. 1t is apparent
that the latter BSF were more effective in improving cell effi-
ciency than in the case of lot Web0-1. This can be attributed
to insufficient heating of the substrate during the high
temperature anneal following deposition of aluminum paste for
the BSF. The warmup of the wafers is dependent upon furnace
temperature, boat configuration and wafer size. To produce the
back surface field the wafer temperature must surpass the Al-Si
eutectic temperature over the whole of the wafer area. 1In
Ficure 3 we show those cells with BSF having the highest effi-
ciency of the cells in each dendritic web strip. Other note-
worthy differences between the two lots can be seen in the open
circuit voltages. In Web0-1l we find voc of the order of 530 mV
and 545 mV for 9 (~cm and 3 0-cm cells as compared with 555 to
585 for the 13 ([~cm web materials in lot Web0-2. Another
factor of importance in comparing these two lots is the dif-
ference in wafer thicknesses. The lesser thickness in Web0-2
cells would be expected to enhance the effect of the back
surface field. Diffusion length would of course be expected

to play a noticeable role in the effects promoted by wafer
thickness.
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A third and final web optimization lot, Web0-3, was made using

a shallow junction. Measurements for the completed cells are
given in Table 5. Cell size used in this lot was 2 cm x 4 cm.
Spectral résponse data has been plotted for a number of cells

in Figures 4 and 5. Blue response is eqguivalent for the Web

and C2 cells, but a rather extensive divergence for red response
is seen between the two materials. This suggests considerable
differences in minority carrier diffusion lengths betwcen the
two materials.

We examine this difference by calculation of the effective dif-

fusion lengths from spectral response measurements(S).

L

S/ - Y
X-1 223 um .9997
X=5 209 .9995
191-1 79 «9993
187-1 71 . 9995
171-1 7% «9995
171=3 74 .9994
2.7.2 Mobil-Tyco EFG

Lot EFG0-2 was intended as an optimization of cell characteris-
tics by means of a back surface field. Application of the back
surface field structure to the cells was by screen printing of
aluminum paste followed by a high temperature anneal for a brief
period (spike anneal). Processing of the cells in this lot met
with a continuous series of misfortune. Breakage for the cells
in the lot was widespread. Six of ten control cells and three
of about thirty-five EFG cells were unbroken. As can he seen

in the tables for this 1lot (Tables 7 and 8) breakage occurred

-1l
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at most steps of the cell processing. Although breakage has not
been found unusual for the EFG material, results in this lot
indicate a high degree of fragility. Breakage losses were also
unusually high for the control cells, however. In comparing
losses in tlis present lot with those of previous lots, one must
conclude that faulty processing must account for a large share
of the breakage. Cell data for the lot is given in the tables.
Illuminated I-V characteristics are lower than expected for both
the EFG ceils and control cells.

2.7.3 Crystal Systems Hem

Silicon wafers by the heat exchange method have been fabricated
into solar cells by methods intended to improve the solar conver-
sion efficiency over the cells fabricated by the baseline method.
Some of these methods are considered to be low cost. A base etch
was used in place of the usual conventional acid etch for removal
of saw damage and control of wafer thickness. A back surface
field has been applied to the cells for increased Voc and Isc'

Lot Hem0-2 was fabricated tc determine the effectiveness of the
back surfece field on this material from a specific Hem crystal
(342C) and also to see what, if any, enhancement could be expected
by usinac a thinner wafer thickness. The lot consisted of 9 mil
cells made using back surface field cells, 9 mil cells made by the
baseline method, and 5 mil cells made usinc back surface fields.

Results for the lot are given in Tables 9 and 10.

Comparison of Isc between baseline and back surface field pro-
cessing indicates a definite enhancement for the latter cells.
In the case of the control cells V enhancenent is also observed

oc
although this is not the case for the Hem cells. Lack of Voc
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enhancement for the Hem cells is not too surprising, however,
since resistivity was determined to be less than 1 Q2-cm.

In Figure 6 we display data for average values of the spectral
response from 6 um to 1.05 um for the 5 mil-BSF, 9 mil-BSF and

9 mil-baseline. One observes the current enhancement of the
cells having back surface fields. In Figure 7, percent enhance-
ment of 9 mil BSF cells over 9 mil baseline cells is shown
(average values). As one would expect, enhancement is greatly
increased for current g~nerated by photons absorbed deeper in
the base region of the cell (and hence the path described by
distance from absorption site to BSF + distance from BSF to
junction is less for longer ) photons, on average).

L measured from spectral response on the following baseline

cclls in Hem0=-2 is given below(S).
s/N L )
Cc=-7 200 .9987
14 100 .9998
15 80 .9992
12 70 .9995

Diffusion lenath calculations suggest variation in Hem material
within crystal sections. (Exact location of section in crystal

342C was not noted by processing personnel.)
Two lots of cells were fabricated from the Hem silicon to deter-

mine the effect of impurity gettering on this material and what
this might do insofar as efficiency optimization is concerned.

In the first of these lots, Hem0-3, the wafers were phosphorous
diffused in the usual manner. The wafers were then etched

=16~



sufficiently to remove the diffused n laycr. The pre-diffusion
clean was repeated and the wafers were again diffused, Process-
ing was continued by the baseline method and the fi: :hed cells
were measured.

In the second 1ot, Hem0~-4, the processing used in Hem0-3 was
duplicated with the exception that the diffusion drive time in
the first diffusion was extended by a factor of three.

Results for both of these lots are given in Tables 11, 12, 13 & 14.

In Figures B8, 9 and 10 we show a histogram of the crystals for

the various I-V parameters in the three lots. One may draw
several conclusions from these figures. The first of these is
that cells made from silicon material in crystal 349 had degraded
properties in the runs with the extra gettering step. The results
for cells from material in crystal 342 indicate little or no
chance. Results for cells from material in crystal 314 indicate

a definite improvement, especially evident in the Hem0-4 results.

A disturbing feature of these results is the high Voc for this
material (1.4 C-cm). One would expect a maximum of 590 for such

resistivity.

As a specific group, cells made from crystal 349 without
an added diffusion step (gettering) had the best conversion

efficiencies.

Crystals 349 and 342, with resistivities in the range of .4 to

.8 i=cm, were grown from high purity melt stock. Crystal 314,
with resistivity of 1.4 0-cm, was grown from float zone remelt
stock. One can account for the higher open circuit voltages of
the former by the lower resistivities. The reduced short circuit
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currents and efficiencies obtained for solar cells fabricateil on
crystal 314 material could result from the increased secondary
impurities one would expect to be contained in float zone remelt
stock.

d.7.4 Kayex - Continuous C2

Material for solar cell fabrication in Phase II of the contract
came from run 62 of the Kayex effort. Nine crystals were pulled
from @ sinagle crucible in run 62. The crystals were of the
order of five to six inches in diameter and were sliced to give
representative portions of the top, middle, and bottom sections
of each crystal.

Two baseline runs were made on this material. Since this was C2Z
material the primary interest here was to determine how the cells
from this material compared with conventional CZ grown material,
how cells fabricated from top, middle and bottom sections of a
crystal compared and finally how cells from one crystal compared
with cells frcm other crystals in the pull seguence.

Illuminated I-V results for the first baseline run, HamcB-1l, are
given in Table 15, A and B prefixes denote cells from slice

A and slice B. Both slices are from the top section of crystal
¢l in Kayex run 62. Dark current data are given in Table 16

and srectral response data are given in Table 17. Comparing

the Kayex CZ with the control CZ cells one observes a higher
solar conversion efficiency for the latter. In Figure 11 a com-
parison of spectral response is made between the cells with high-
est efficiency in slice A, slice B and the CZ control cells.
This group of curves implies a slightly greater minority carrier
diffusion length for the control CZ silicon.
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In the second baseline run, HamcB-2, cells were fabricated from
slices cut from five different crystals in Kayex run Number 62.
Data for illuminated 1I-V, spectral response and dark current are
presented in Tables 18, 19, and 20, respectively. A modifica-
tion in this run was the use of NaOH (30%) etchant in place of
the usual acid etch to remove saw damage and thin the wafers to
9 mils, but without surface texturizing.

In Figure 12 the distribution for convcrsion efficiency is plot-
ted for the Kayex CZ cells and for the control cells. The
distribution for both groups is similar. The Kayex cells are
identified as to the location they occupied in the crystals;

top, middle, or bottom. Distributions for efficiency are plotted
for the cells and separated by crystal source. Control cell
efficiencies are clustered about 11.5% whereas the Kayex CZ cells
are clustered about 11%., Cells from bottomsections of crystals

7 and 9 represant the lowest efficiencies for the Kayex group.
‘“‘hree of the four low efficiency cells are polycrystalline while
the cell with the lowest efficiency had arrays of deep etch pits

across its surface.

In Figure 13 spectral response data for a number of the cells
has been plotted. Cells fabricated from top sections of the
crystals group about the control cell C-1. The bottom of crystal
number 1, middle of crystal nine, bottom of crystal number 7 and
bottom of crystal number 9 have reducea spectral response, with
the bottom of number 9 occupying the position of lowest response.

Such an order is not unexpected since the secondary impurities
would be segregated out of the growing crystal and into the
ligquid silicon remaining in the crucible. The density of impuri-
ties remaining in the crucible would increase with growth causing
the concentration of impurities to be higher at the bottom end
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of the crystal. With the addition of more silicon before the
next crystal pull, the impurities would be diluted hence the top
of the next crystal should be "cleaner" thar the bottom of the
previous crystal. Going from the first crystal to the ninth
crystal one would expect a gradual increase in impurities in

the melt. An increase in the concentration of secondary impuri-
ties in the crystal would reduce the minority carrier diffusion
length and this woula be apparent in a reduced long wavelength
spectral response. In Figure 14 the percent reduction in spec-
tral response for the various crystal sections is shown, at .R
.m and at .9 .m, where the average response for cells from top
sections of the crystals serves as the benchmark value.

Althouch there is evidence of reduced diffusion length as growth
proceeds from beginning to end, the effect on conversion effi-
ciency is apparent, yet not large.

In the nex<t fabrication lot the cells were made incorporating a
back surface field. Illuminated I-V data for this run, HamcO0-l,
are given in Table 2]1. Spectral response and dark current data
are given in Tables 22 and 23, respectively. In Figure 15 open
circuit voltace and short circuit current are plotted for the
cells in this run. Baseline values, derived from runs HamcB-l
and HamcB-2, are given for comparison. There is a general enhance-
ment in both open circuit voltage and short circuil current for
both the tup and middle s ction cells with the greater enhance-
ment for the former. For the bottum cells there is some short
circuit current enhancement but none for open circuit voltage.
Cells below the baseline had shunting and/or series resistance
indications in their illuminated I-V curves.

In Figure 16 ccnversion efficiency at AM0 is plotted for run
Hamc0-1. The enhancement by the BSF is in evidence here with
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greatest percentage enhancement for cells from top sections and
least enhancement for cells from bottom sections. In the final
figure for this section, Figure 17, spectral response is pre-
sented for several cells having the best efficiency in their
respective group. From this plot one observes the degiree of
enhancement provided by the bhack surface field for a given cell
thickness and minority carrier diffusion lencth. The greater
enhancement can be easily seen for “he longer diffusicn length
material.

2.8 AIR MASS ONE I-V CHARACTLCRISTICS

As stated :n Section 2.6, I-V measurerents at AM1 were instituted
in Phase 11 of the contract for 20% of the cells. This was done
to obtain more relevance for terrestrial application and to deter-
mine an empirical relation between AM0 and AM] characteristics

for cells of this type. AMl measurements were made on the
Spectrolab solar simulator (X-25) with a Pyrex water filter in

the optical path and calibrated against a standard cell, #1039,
traceable to NASA standards. Results are presented below for
"amo/"am1+ On several occasions the efficiency ratio was found
to diverge sharply from ~1.17. Generally, this could ke traced
to measurement or calculation error.

Results for efr.iciency ratio measurements are given below.

i W
Hem 29 1:17
web 36 1.18
Kayex 24 1,28
Control C2Z 41 1.17
Composite 130 3:37

where N = number of cells
R = average value of R

R = nam1/"amo

ad
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2.9 CONCLUSIONS

Cells fabricated from Web silicon were somewhat broad in their
distribution of efficiencies. 7This would be expected sinc. *“he
web material was itself rather varied in both resistivity and
minority carrier lifetime. The back surface field was found to
be effective in enhancing the open circuit voltage, as in lot
Web0-2 where 12 O-cm web material had open circuit voltages of
580 mv. Spectral response measurements have shown the wide
differences in diffusion lenath between the CZ control material
and some of the web material used in these few lots as they have
also shown differences in the diffusion length from one web

strip to the other.

For the Hem material we have found a variation in cells fabri-
cated from different crystals. The crystals we have used
represent but a small fraction of the boule so what we have
found must be qualified by that condition. As would be expected
the "cleaner" the starting material the higher the cell effi-
ciency. Some of the Hem material was apparently equivalent to
the CZ material used for control cells. The low resistivity
material, in some instances, when fabricated into cells had open
circuit voltages greater than 600 mv and with BSF some enhance-
ment in current was observed. Gettering did not appear to offer

enhancement of the cell efficiencies.

The continuous CZ material was found to produce reasonably good
cells with some fall-off in efficiency from the top to the
bottom cf the crystals. The fall-off in diffusion length from
the first to the last crystal was obvious fromn the spectral
response curves, however its effect upon conversion efficiencies
was not so apparent. Only when back surface fields were applied
was the reduced diffusion length significant as a factor that
attenuated the effect of the back surface field.
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3.0 REVIEW O PHASE I1I

Phase 11 has followed a path very similar to Phase I. 1In essence
much of the work was a repeat with some variations. Most of the
size etching was dore uring NaOH etchant in place of the usual
acid etchant. This was a part of the low cost thrust. It had
limited significance on the outcome of the various lots.

Screen prsinted contacts were tried on ceils fabricated from EFG
material but the effect was to degrade the cell performance.

1t became obvious that screen printed contacts could be a
program in its own right since several of the materials could
not be printed without some very specific fixture® and problems.

The most significant outcome in this phase would have to be
associated with the Hem material and the continuous CZ silicon.

In the case of the former, some Hem crystals were found to provide
cells with performance on a par with CZ control cells and showed

a dependence upon the quality of silicon material being processed
by the heat exchange method. It did not, and could not, show
uniformity or the lack of uniformity in the Hem boule because

only small sections of each crystal were provided.

In the case of the continuous CZ material, considerable improve-
ment was evident in the Phase 11 material over the Phase 1
material. In Phase I, with fewer and smaller crystals pulled,
only top sections were single crystalline and only those produced
guality cells. The Phase 11 product, however, consisted of more
and larger crystals in a single run, and most parts of the
crystals had the potential for guality solar cells. Only in
bottom sections was optimization limited.
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The EFG material was not better than the resistance heated

source material in Phase I. It would have been more productive

to have had some of the material developed with controlled COx
atmospheres and reported on by Mobil-Tyco.
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4.0 SUMMARY AND CONCLUSIONS

In this section we provide a table containing maximum conversion
efficiencies for each material throughout Phase I and Phase II
of the program. Data are displayed graphically in Figure 18.

We note from this table that of the expressed Phase I contract
goal of 12% AM0O at 28°C, three of the materials reached or sur-
passed the goal, namely: dendritic web, Hem, and continuous CZ.

LIST OF CELLS HAVING HIGHEST EFFICIENCY FOR THEIR MATERIAL GROUP

% J

(AMO) s¢ , Voc

Material (28°C) mA cm (mV) FF Lot S/N Comment
TR 7.2 23.6 559 .74 RTR=-2 5 Baseline
Control* 11.6 36.3 588 o C=-7
EFG=RF 9.8 31.3 567 .75 EFG-3 46 Baseline
Control* 8.9 35.5 563 .60 Cc=-5
EFG-RH 8.4 29.0 $37 .73 EFGB=-1 D Baseline
Control* 11.9 35.8 586 s 17 6
Wacker 10.6 335 554 il w=4 4 Baseline

Silso
Control* 2.5 35.5 598 .79 2
Web 12.0 37.3 579 .75 Web=5 6 BSF
Control* 13.0 370 596 .80 H BSF
. - 349 .
He: 12.3 34.8 605 . 790 HemB~-1 S2 El Baseline
Control* 12.1 35.8 589 .778 c-3
Cont. CZ 12.6 36.8 602 .770 Hamc0-1 9T 2 BSF
Control* All Shunted

*Control cell with highest r in the same lot.

The RTR and EFG materials used in this contract are now obsolete.
Claims by both sources of these materials indicate that consider-

able 1mprovement in quality has been attained. The Wacker material
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could probably be brought to higher efficiencies than reported
here by using thiraner cells in conjunction with back surface
fields., There was a noticeable drop-off in efficiency at the
corners of the Wacker sheet due to either reduced grain size or
obligue grain boundaries.

The web material would appear to have considerable potential
for high quality cells. The ability to control the sheet thick-
ness as well as resistivity and lifetime would 1 ke this mater-
ial a formidable contender in the high efficiency cell class.

The heat exchange method has shown itself to be capable of pro-
ducing quality solar cells. This is especially true when clean
polysilicon 1s used as the starting material. How uniform the
guality is throuchout the grown crystal has not been shown.

The method also appears appropriate for growth of sclar material
from starting material that could only be classed below semi-

conductor grade polysilicon.

The continuous CZ method employed to produce some of the material
in the contract does appear to have considerable potential. The
consistent results from top to bottom and crystal to crystal

and the overall improvement ~:om Phase I material to Phase 11
material supports this outlook.
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