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ABSTRACT

S5ix hundred lithium doped P/N solar cells have been fabricated

and delivered to JPL for radiation testing and analysis by other
laboratories. BStatistical analysis of the cell outputs was performed
for each lot of celils- delivered. Ten lots of cells were delivered
and each lot of sixty cells were fabricated using the zame material
and diffusion parameters so that large number statistics could be
used in evaluating radiation recovery characteristics. Significant
improvements in cell efficiencies were made during the past year
and particularly high efficiencies were oObtained with crucible grown
lithium cells. The average output rang2d . from 26.0 m¥ for the
first 1ot boiEéqO:qufQT The Ubnbby{ct-“uImb}bvamﬁntSrﬁbxé'aisb o
made in cell wniformity as shown by the narrow maximum power disbri-

butione shown for some of the lots.

In addition to fabricating the 600 cells for delivery to JPL, experi-
ments were designed to esvaluate and improve processing techniques

as well as cell outputs. ITithivm evaporations and variocus lithium
diffusion parameters were investigated. Boron diffusions were also
studied and by making é process modification the uniformity of lithium
cell output: was improved. Investigation of sintering lithium cells
showed that in some cases sintering can cause significant improve-

ments in cell oubpub.

Measurements cver a 2-1/2 year storage period show that changes in
1ithium cells do décur, although inm most cases the 15sses were less
than 2%. TIn general the crucible grown lithium cells showed improve-
ménts after storage. The float zone cells diffused at 425°C varied;
some showed improvements and others showed degradation. The float
zone cells diffused at 350°C had slightly lower characteristics
after one year of storage and recent measurements made after two
years of storage showed slight improvement. Cells which were
fabricated early in this contract period and re-measured for

stability showed no changes in the case of the crucible grown

ii
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lithium cells; however, the Mon-x and Tfloat zone cells fabricated
for Lots 3 and 4 approximately six months ago showed short circuit
current losses of 2.5-4.0 mA.
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1.0

INTRODUCTION

The goal of this contract was to investigaite process paraneters
which might influence lithium solar cell performance. This included
such areas.of study as the starting material, the lithium and boron
diffusions, and any cther processes which were included in or might

be added to the lithium cell fabrication process.

With respect to starting material, the type of crystal was of parti-
cular interest. The room temperature or low temperature recovery
of lithium cells fabricated from cruecible grown silicon had been a
recent enough discovery that very litile information had been
oObtained on these cells. The extreme%y good characteristics of

these cells made‘them an important area for study, particularly

"in the early pért of the contract period since their recovery after

radiation is slower than the recovery of lithium cslls fabricated

from float zone silicon.

In general, lithium cells have-had lower efficiencies than standard
10 ohm cm.N/P éells: Even éo, the lithium cells have compared
favorably afker raéiation to the N/P cells. It seemed guite prob-
able that if the efficiency could’be increased, .1lithium cells would
be an improvement over %he N/P cell in a r@diation environment.
Since some high efficiency 1ithiuﬁ,dells'were obtained in the past,
the problem was one of improving unifbrmity and yiélds Yy improving
processes and techniques. The main aread of study for improving
cell efficienc§ were the lithium and boron diffusions and heat

treatments after lithium diffusion.

A major part of this program was the fabrication of 600 experimental

_lithium solar ¢ells for radiation testing and analysis by JPL. These

same cells were used for statistical analyses of the short cireuit-

current and maximum power during the contract period.



2.0

2.1

2l2

TECENICAL DISCUSSTION

PROCEDURE FOR FABRTCATICN OF LITHIUM DOPED SOLAR CELLS

- Iithium doped P/N cells are fabricated using a procedure that

has been essentially standardized. The procedures used during
this program were essentially those which were being used at
the beginning of the contract and any changes and improvements
which were made will be described in more detail in the experi-
mental studies section. The following description provides a

brief .summary of the procedures used to make lithium solar cells.

N type.silicon ingots are slabbed and sliced into 0.0lf inch thick
blanks that are 1 x 2 cm in size. A shallow, 0.3 micron deep,

P-N junction is formed by the high tempersture solid state
diffusion of boron into the silicon blanks using a BC,Q,3 source.
The BC43 source is vaporized and carried to the silicon blanks,
located in & multizoned furnace, by means of a slcg.consﬁant

flow of high purity nitrogen carrier gas. Afiter boron diffusion
the cells are eiched on one side to expose the N base region.

Finely ground lithium suspended in mineral oil is then painted

‘on the N side and the cells are diffused and redistributed at a

low temperature of about L00°C. After redistribution the cells
are again back etched to clean the N surface. Ti-Ag contacts are
evaporated onto the cells and a silicon monoxide antireflection
coating is applied. The cells are then electrically tested by
messuring I-V characteristic curves in both a tungsten light
source and a soiar simulator. The electrical ocubtput is highly
dependent upon the type of starting meterial and diffusion time

and temperature.
EXPERIMENTAL STUDLES

Experimental studies were performed during this contract periocd
t0 determine the effect of process paramefers upon lithium doped
solar cell electrical and mechanical characteristics. The objec-

tive of these studies was to improve and/or develop new processing



techniques in order to obtain more economical and higher oubput
lithium doped solar cells. Experimental procedures varied
according to the parsmeters investigated. ©Some of the experi-
ments involved detailed analysis, while others consisted of a
cursory examination of a particular procedure in order o quickly
evaluate the potential of a technique. Investigations of such
parameters as starting material and resistivity, and lithium
diffusion time and temperature were not performed as‘part of an
experiment, rather, these parameters were evaluated by varying
the design of cells Tabricated for shipment to JPL. ‘The maln
experimental areas gstudied were lithium deposition techniques,
boron diffusion sources, sintering and heai treatments, etching,
510 coating, and fabrxication of special cells with an N+ regilion

at the Jjunction.

2.2.1 Lithium Deposition

The standard method being uvsed for applying lithium to the cells
involves careful painting of the cells with a mixture of lithium
in mineral ¢il. Typically the size of the lithium particles varies
and the layer cannot be duplicated exactly in thickness and
mwmiformity with this paint-on technique. Since stresses generated
in the silicon during lithium diffusion are dependent upon the
thickness of the lithium layér and lithium particle size, painting
each cell causes wvariations in the stresses and, quite possibly,
the cell cutput. Application of lithium t0 the cell surface by
evaporation would theoretically produce a far more uniform layer.
The operation would be more repeatable and would virtwally
eliminate problems of particle size. Variations in the thickness
of the lithium layer would be minimal and, therefore, the stresses
‘produced in the silicon during lithium diffusion would be reduced.
Bvaporation of lithium onto a quantity of cells would aiso be far

less tedious than painting each individuval cell.



Initial investigations of lithium evaporatipn<shOWEd that-the

cell V/I measurements were less uniform than wilh the sbandard painted
source . The cells had more series resistance and lithivm oxidized
during transferral from the vacuum to the diffusion furnace. Since
the oxidation of lithium during transferral from the wvacuum system

t0 the diffusion furnace was suspected to be the cause of the other
two problems, methods of reducing or eliminating this oxidation

were investigated. These methods involved evaporation of some

other material to cover the lithium in order to protect it from

air and moisture. Three different materials have been investigated

during the past year, namely Ay, Ag, and S5i0.

Aluminum was the first material investigated. Rapid oxidation
occurred spontaneously and instantaneously when air was let into

the vacuum system and the Li-Af layer peeled snd flaked off the
cells. By leaking the air in more slowly some evaporations were
obtained in which the Li-Ag layer did not peel and flake off.

The cells were diffused 90 minutes at 425°C. After diffusion V/I's:
were measured using the four point resistivity probe and they variéd
more than V/I's measured on cells where lithium was painted on. For
the particular diffusion parameters used the V/I's normally wvary
from .22 to .28, but when the'aluminum protective evaporation was
used V/I's ranged from .22 to 1.21. Since the V/1 range was large
and it was difficult to remove the cells from the vacuum system
without rapid oxidation occurring, aluminum was eliminated as ‘a

suitable coating material.

Another protective coating material investigated was silver. An
evaporation was set up such that cells which had a thicker layer

of Lithium had a thinner layer of silver and vice versa. The result
Was peeling on the cells with the thicker 1lithium and thinner silver.
layers, indicating a porous silver layer.- The amount of lithium was
subsequently decreased and silver increased. The resulting layers

did not peel so these cells were diffused. V/I's were measured,



but they indicated that no -significant lithium diffusion occurred.
" This could have been caused by one of two things. Either the
1ithium partielly oxidized before the cells were put into the
diffusion furnace or the lithium did not alloy to the cell surface
and therefore did not diffuse. The Li-Ag layer reacted when a
couple of cells were dropped into water after the evaporation,
g0 the lithium metal was present for diffusion. Therefore, it
appears ghat for some reason the lithium 4did not alloy. Further
investigation showed that the lithium was preferentially alloying
to the silver layer instead of the silicon. Consequently the
lithium was not reproducibly alloying and diffusing into the

silicon, meking this technique an unsatisfactory one.

Investigations of 510 cover layers on top of the lithium have

also been performed. After diffusion with this system a smooth
brown layer was present which subsequently peeled off. Hot point
probing and four point V/I measurements indicated that either no
significant lithium diffusion had occurred or some type of insu-
lating harrier was present. This may have been due to a chemical
reaction or a deposited layer from incomplete removal of SiO.
Chemically etching the cells in HF resulited in no change in the

hot polnt probe and V/I meagsurements. Measurements made after
lapping approximately 0.005 inches off the lithium diffused

surface, however, indicated that lithium had diffused into the

cell. TUse of an HF--HNO3 acid eteh also removed the insulating
barrier and made it possible to measure V/I's° These measure-

ments indicated that a lower than normal lithium concentration

had been obtained. Use of the paint-on technique for a 90 minute
diffusion at 225°C typically results in a lithium surface concen-
_tration of ~ 1017 atoms/ce; whereas, with the evaporation technique
and the same diffusion parameters, v/I’s indicate a lithium -
surface concentration of RﬂlOl6 atoms/cc. The work with the .
Li-Si0 layer was done on silicon blanks thus far,-and due to lack

of time the technique has not been used on cells. The process
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should be further evaluated with respect to cell outputb, VyI’s,
uniformity of these measurements and repeatability. The advantages
of applying lithium by evaporation are important in considering
large scale production of lithium cells. Therefore, this 510

protective layer technigue should be further investigated.

TLithium Diffusion

Variations in the electrical characteristics of lithium cells have
been one of the biggest problems. In general, these variations
were present in every Ilithium diffusion lot. For this reason
geveral lithium diffusion variables were investigated with respect
to influence, if any, upon celi output. The elimination of severe
pitting sharply réduced cell breskage, but this did not reduce the
variations in electrical characteristies. Other lithium diffusion
variables studied were cleaniiness of the parts and cell position
on the boat during diffusion. With respect to cell position during
lithivm diffusion, it was postulated that the oil vapors coming off
the cells first exposed to the carrier gas could contaminate the
cells in the next row or the lithium source could be depleted on

cells in the first row and increased on cellsg in the gecond row.

. BEither of these situations might cause cells in one row to have

different I-V characteristics than the cells in the other row.
In én attempt to see such an effec{, several Llithium diffusions
were separated according to rows and processed with identity
maintained. When I-V curves were analyzed it was found that no
correlation between output and cell position on the diffusion
boat could be made. In each row there were cells with both high

and low short eircuit currents.

During lithiwm diffusion the mineral oil in which the lithium is
%uspended vaporizes. Much of it is carried out of the quartz tube
by the carrier gas flow; however, some of it condenses on the cold
end of the tube and after several diffusions the tube end has a

heavy buildup. The ecells are inserted into the furnace at this



same end of the tube and it was postulated that the boat could carry
in a contaminant. To check this, three diffusions were made, where
after each diffusion and redistribution the tube was changed. The
average short circuit current megsured in a ftungsten Llight source
for this group of cells was 39 mA with a range from 35 to b3 mA,
Typiecally the short circuit current is about 5 mA higher. The

use of two dummy runs prior to a standard lithium diffusion
resulbed in cells with short eircuit currents ranging from 40 to

50 mA. This verified that the collection of o0il on the diffusion
tube did not affect the diffusion and that a bregk-in period for

clean tubes was beneficial.

Another area investigated for improvement of cell outﬁut anﬁ/or
processing techniques was the effect of back etching. Up to this
time back etching was done twice during the fabrication process:
first after the boron diffusion to remove the P layer, and then
after lithiuwm diffusion and redistribution to remove a portion

of the lithium diffused surface and clean the back surface. The
primary reason for this investigation was that the double etching
could be harmful and/or unnecessary. Exactly the same edge area
would not be etched the second time and it was postulated that
areas previously etched couwld thus become contaminated. This
could result in a poorer I-V characteristic curve. Use of cnly
one back etch could, therefore, improve the cell -thatracteristics.
Tests showed that lithiuwm could be satisfactorily diffused through
the boron layer. Therefore, the back etch prior to lithium
diffusion was the etch step selected for elimination., Cells which
were not back etched prior to lithium diffusion were compared to
cells which were etched (see Figure 1). Average outputs for cells
.from ten lithium diffusions done during the same time period and
using the same materigl and diffusion parameters are shown. Three
groups of cells were not etched prior to diffusion, the other
seveﬁ were. There was no definite indication that etching prior

to lithium diffusion resulted in improved output. In fact, the
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Figure 1. Average Cell Outputs from Ten Iithium Diffusions. Measured in Tungsten.
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2.2.3

highest and lowest oubput groups were obtained with the non-
etched process. Since omitting the etching showed no significant
decrease in output and gdve the advantage of fewer processing
gteps and less handling, the etching prior to lithiuvm diffusion

vas eliminated.

Antireflection Coating

The object of this study was to determine whether the dark blue
layer obtained naturdliy in boron diffusion resulted in higher or
lower output than that obtained with Si0 used as an antireflection
layer. In the standard fabrication procedure, the blue layer
obtained during boron diffusion was removed by an HF acid etch
before contact application, leaving a grey to grey-blue surface
which is later covered with a SiO antireflection coating. In

this experiment the short circuit currents of cells with a standard
510 antireflection coéting were compared to the short circuit
currents of cells which did not have the blue layer from boron
diffusion etched off. I-V curves of both groups were measured

in a 100 mWch? tungsten light source and in the Spectrosun solar
simulator at an intensity of 1L0 mW/cm?. Table I shows the average
short circuit current values obtained from the two gmups of cells;
Group A had the 5i0 coating and Group B had the blue layer from
boron diffusion. Before 5i0 coating, the average ISc of the cells
in Group A was lower than the average ISC of the cells in Group

B - 53.0 versus 55.0. However, when Group A cells were Si0

coated, the average ISc in a 100 mW/cm? tungsten light source was
59.8 mA, which was approximately 9% higher than the ISc of Group

B cells, When Group A and B cells were measured in the solary
simulator, the difference between the two groups' average Isc
decreased to about’ 6.5%; however, on an absolute scale, the
difference between the short circuit currents of Groups A and B
measured in the simulator and in tungsten was nearly the same --
5.8 mA difference in the simulator versus 4.8 mA in tungsten.

After measuring the ISc of Group B cells in the simmlator and
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finding it to be lower than the Isc of CGroup A cells, a 8i0
layer was evaporated over the blue layer of Group B cells. This
only increased the average Isc 1,3 mA, indicating that the blue
layer-Si0 layer is opbtically inferior to the antireflective layer

cbtained by S5i0 coating a cell without the blue layer.

TABLE T
Average I_ of P/N Cells

510 Layer versus Blue Layer from Boron Diffusion

Light Source Type and/or Condition I, mwh
of Antireflection Layer

Group A {8 cells)

100 mW/cm> tungsten  before Si0 coabting 53.0

100 mW/cm? tungsten after Si0 coating 59.8 -

140 mW/en® solar after 5i0 coating 71.8
simulator

GI‘OU.p B (8 cel]_s)

100 mW/cm? tungsten  blue layer from boron dif. 55,0

140 mW/cm? solar blue layer from boron 4if. 66,0
simulator

140 mW/cm? solar blue layer and Si0 67.3
simulator

Boron Diffusion

The boron diffusion was also studied in order to improve the uni-
formity and output of Lithium doped solar cells. Experiments were
perf?rmed to study the etch pattern qaused by the BC£3 diffusion
source and its effect upon cell output. Evaluation of P/N cells
without lithium showed that cell position during boron diffusion
affected the electrical output. During.boron diffusion silicon is
etched away from the slices by the chemical reaction of the BC A

. 3
gas., The amount of etching vawries, bub those silicon slices which

- 10 -



are first exposed to the gas flow are etched more than the cells
“down stream” on the diffusion boat. The cells which are etched
more have lower outputs than those with less etching, Table II
shows the ISC and I at 400 mV of 20 ohm cm float zone cells diffused
in the same boron diffusion. The measurements were made in a

100 mW’/cm2 tungsten light source. The data shows the very definite

difference in Isc depending upon cell position during boron diffusion.

TABLE IT

Electrical Characteristics of 20 ohm cm F.Z. P/N Cells

Cell Position on T .» mA I@ Loo mv
Diffusion Boat mA
Back ) 61.7 56.0
" 61.5 55.7
" 61.0 55.2
" 60.4 54k
Front 58.2 51.8
" 57.0 50.5
" 53.5 bh7,0
" 58,0 51.5

The' average Isc of thékcells at the front of the ?oat was 56.7 mA

and this average increased to 61.1 mA for the cells at the back of
the boat, One method investigated to eliminate these variations

in output involved trying to change the boron flow pattern by placing
flow deflector in front of the boat of cells. The cells were not
sifnificantly affected; therefore, either the flow pattern was

not -altered sufficiently or the alferation did not effect a
simultaneous change in the etch pattern. Diffusing fewer cells

at a time resulted in more uniform oubpub; however, the ouwtput was
lower than normal. This can be explained by the fact that the

~

etching on these cells resembled that which occurs on the front

- 11 -



cells {which have .the lower outpuﬁ) of a standard size diffusion.
biffusing fewer cells and using some dummy cells at the front of
the boat resulited in high cell output as well as good uniformity.
This technique was consequently used for the majority of the cells

fabricated during this contract.

Use of BCJ?,3 diffusion source results in high output cells; how-
ever, the number of cells per diffusion is limited and due to
the eftching action of the BC£3, it is not the opbimum source for

special cell types.

For these reasons other horon diffusion sources have been inves-
tigated. The emphasis has.been placed on finding a suitable
diffusion for the special cell with an Nt surface which had to be
overcompensated. Thus far, BN, Borofilm and BQH6 have been
investigated. The BN source did not overcompensate the N*+ surface
and form a good junction and since it offered no advantages in

cell output and handling, it was not pursued. Study of Borofilm as
a paint-on source was limited to investigation of its ablility to
overcompensate the N+ surface. Overcompensation cccurred only when
a very thick lsyer of Borofilm was applied, and then a brown residue
which could not be removed was left on the cell surface. Since the
procedure did not work well for the special cell and oiffered less
advantages than a good gas system, no further investilgation of
Borofilm was done. A diffusion furnace has been set up with
diborane, B2H6’ as a source, but at this point the diffusion
process has not yet been worked out. So far the cells diffused

in diborane have had low short circuit curvents. Extensive work
will be done on this diffusion since, when perfected, it will offer-
many advantages. It does not etch silicon during diffusion and
therefore, would be wvaluable for the special cell with the N+
region. Also, it does not stress the cells as BC£3~does. This

was shown by the lack of any bowing of large area dummy cells

which have been placed in the diffusions. In addition,‘the number

- 12 -



2.2.5

of cells/diffusion would not be limited as with BCfé diffusions.

Sintering

For standard lithium cell processing, sintering Ti-Ag contacts

has not been ubtilized since good ohmic contact is obtained without
sintering. From time to time the series resistance of some cells
was higher than normsl. This along with some initial work suggested
that higher .efficiencies might be cobtained by sintering P/N cell
conbacts. For these reasons a study of the effects of.sintering

P/N cells with and without lithium was started during this contract.

Evaluation of the effect of sinbtering on lithium cells involves
investigation and analysis of two aspects: the effect of sintering
Ti-Ag contacts on P/N cells and the effect of high temperature heat
treatment of Lithium diffusgd cells. These two things cannot be
completely separated in evaluating lithium cells; however, by also
studying P/W cells without lithium, just the effect of sintering
Ti-Ag contacts on P/N cells could be evaluated. Information from
compsrgtive studies such as this has been useful in evaluating

the effects of sintering 1ithium doped cells.

In one such experiment a group of thirty-seven 20 ohm cm P/N cells
without lithium were divided into three sub-groups: the first was
sintered three minutes, the second six minutes, and the third

twelve minutes at 600°C. In each of these groups similar changes
occurred; however, in most cases the degree of change varied with the
sintering time, ILosses occurred in maximum power, open circuit
voltage, and curve factor, whereas, increases occurred in the short
circuit current. The average increases and decreases in these

values are shown in Table III.

-~ 13 -



TABLE 1L

Average Changes in Elect}iéél Characteristics
of P/N Cells vs Sintering Time

. . AT oV AP

Sintering sec oc max

Time, min. mA mv mW ACL.F,
3 +4.0 - 23 - =1 - .015
6 +3.3 - 38 - 2.1 - .02

12 +3.8 - by - 3.0 - .02

The increases in the short circuit current did not seem 4o be

highly dependent upon the sintering time. In the cases of Voc’

Pmax’ and C.F. the sintering time did have an effect: with
increasing sintering time, greater losses occurred. The primary
cause of the decreases in PmaX and C.F. was the significant loss

in voltage in all the cells. Without the voltage loss the increase
in short cirecuit current would have resulted in an increase in the
maximum power, since the series resistance and curve factor were
not significantly affected. The voltage Yloss is indicative of the
formation of some type of barrier. In associated experimental
work being done to develop an aluminum contact on P/N 1ithium
cells, one experiment involved subjecting P/N cells without lithium
having Af grid lines and Ti-Ag back contacts $0 multiple sinterings
in order to study the efiect upon the metal conbacts. These cells
were sintered once with the Afgrid lines only, and then two more
times after application of the Ti-Ag back contacts. There were
increases in maximum power, open circuit voltage, and shorit circuit
for these cells which would indicate the ftwo sintering processes
did not adversely affect the Ti-Ag back contact even with two
sintering steps. Applying this information to the currént studies
on cells with Ti-Ag front and back contacts would indicate that

the barrier being formed is at the front contact although experience

has indicated that the barrier is usually on the bagk.
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The work on Llithium cells included investigating effects of 600°C
maltiple sinterings and the effect of sintering on low short
circuit current output (possibly stressed) lithium cells. I-V
curves were taken of a group of cells before and after three
sinterings. The resulis oObtained from a typical cell are shown
in Figure 2. After the first sintering a significant increase in
short circuit current (6%) was observed and, due to increased
series resistance, an extreme decrease in curve factor (16%)
occurred. After a second sintering the short circuit current
again increased (an additional 2%) and the curve factor improved,
although it was still lower than the original value., At this
point the maximum power, which had initially been 24.3 mW and
had subsequently dropped to 21.5 mW after the first sintering,
had increased to 24.7 mW. A third sintering resulted in another
slight inecrease in short circuit current; however, the series
resistance again increased. The results of this éxperiment

show that the short circuit current increased with each sintering
step. The initial increase of 3.6 mA was approximabely twice that
of each successive increase and was probably due not only to
lithium movement (possibly outgassing and/or migration to the
boron diffused 1ayer), but alsoto a gettering action. The latter
seems to be supported by the fact that short circuit current
inereases also occur when P/N cells without lithium are sintered.
Another factor which could be involved in the changes which occur®
with sintering is stress relief. OSome of the sintering work has
shovn such substantial increases in the short circuit current of
some cells (especially very low ISc cells) that it seems unlikely
that it can be accounted for by the same type of mechanism which
occurred in the cell shown in Figure 2. Figures 3 and 4 show a
group of cells before and after sintering which explains this
effect in more detail. In Figure 3 there are twoivery distinct
groupings of I-V curves for cells processed to the same stage by

the same techniques. One group has short circuit currents ranging

- 15 -
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from 42 to 46 mA; the otler group ranges from 53 0 58 mA. The
maximﬁm power valﬁes and open circuit voltages are similarly
grouped. These two groupings were obtained on:cells which 1ithium
diffused in the same diffusion run; however they came from two
different boron diffusion runs. The significance of this will be
discussed later; the point to be made is that the difference in

I-V characteristics canndt be correlated to the lithium diffusion.
Sintering these cells resulted in the significant changes shown

in Figure 4. As expected, the short circuit current {as well as
the open circuit voltage and maximum power) of the cells increased;
however, the low output cells showed much greater increases than the
high ocutput cells. The average short circuit current of the low
cells increased 22% after sintering while the high output cells
increased only 2%. The tptal group of cells had a short cireuit
current range of 52 to 58 mA after sintering which was a consider—-‘

able improvement over the 42 to 58 mA range-prior to sintering.

This same effect of greater improvements in low output (possibly
stressed) cells than in higher output cellé, was oObserved when
cells .fabricated for the tenth lot shipment were sintered. In a
group of L3 cells Fabricated, 35 had AMO outputs greater than

28.0 mW with the average output being 30.5 mW. The other 8 cells
had outputs ranging from 25.3 to 27.9 mW. Four of these lower
output cells and one with an output of 29.0 mWW were sinbered to
evaluate the respective improvements available. Figure 5 shows
the 1-V curves of a typical low output cell measured in a tungsten
light source before and after sinteringzs The short cirguit curxent
increased 20%, the open circuit voltage“h.5% and the maximum
power'25%. In the simulator these paraﬁeter changes corresponded
to 15% for short cireuit current, 18% for maximum power and 3%
for open circuit voltage. TFigure 6 shows the improvement made

by the initially higher output cell. This increase in output was
substantial, but not as high as that obtained with the low ocutput

cell. The short current increased 12%, the open circuit volbage,

- 19 -
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1.4% and the maximum power, 10.6%.

The following ideas are possible explanations of the various degrees
of improvement resulting from sintering lithium cells. The stresses
in the silicon caused by the boron diffusions can vary from one dif-
fusion run to another. This has been cobvious since some diffusion
runs have actually bowed cells while most do not. These variations
in the stresses in the cells probably cause the lithium to enter the
silicon lattice in a different energy state, such that the electrical
characteristics would be affected. The sintering then produces an
annealing action where the stresses are relieved and/or re-arrangement
of the atoms occurs which causes lmprovements in the electrical
characteristies. Or, the problem may originate in the lithium diffu-
sion and be related to the stresses caused by particle size, amount
of lithium, and/or variations in the alloying process. At any rate,
these changes resulting from sintering indicate that both cell ocutput
and uniformity are strongly related to heat trestmente or sintering
processes used to make lithium cells. Investigation must still be
done to determine whether or not this will be the case for all types
of lithium cells and what conditions are the optimmm ones for high
output cells. In addition feedback information on the effects of
this type heat treatment on radiation resistance will be an important

consideration.

-~ 20 _



2.0.6 STORAGE LIFE

Since 1lithium moves about in the silicon crystal lattice at room
temperature, lithium doped solar cell electrical characteristics
might be expechbed 0 change with storage at room temperature. In
order to monitor any such changes, cells which were fabricated
2-1/2 years ago under NASA Contract NASS5-10272 have been measured
periodically. The cells being monitored were febricated and initial
measurements were made between September and November 1966. At that
time the quantity of lithium cells being fabricated was much smaller
than current levels and many different diffusion times, redistribu-
tion times, and diffusion tenmperatures were heing investigated.
Since a number of these'cells were single cell samples for a parti-
cular set of diffusion parameters or had diffusion parameters

which are of no particular interest at the present time, i.e.,

5 minute diffusions and 500°C diffusions, they were not included

in this discussion although they are still being monitored.

Table IV shows the Isc, Voc’ and Pmax obtained initially around
October 1966; those obtained 14 months later in January 1968, and
those obtained after approximately 2—1/2 years in March 1969. From
October 1966 to January 1968, there was very little change in the

1 ohm cm and >100 chm em crucible grown cells diffused at 425°C.

By March 1969 increases of 1.0-2.0 mA in short circuit current,

and .5-1.0 mW in maximum power had occurred. The open circult
voltages improved about 5 mV except in two cases: one cell stayed
the same, the other lost 6 mV. The 20 ohm cm float zone cells diffuéeé -
at 425°C showed increases mostly in short circuit current in two out ‘
of three cells.  The third cell (#101) showed approximately 3 mA
loss in short circuit current, 36 mV loss in open circuit voltage
and approximately 3 mW loss in maximum power. The 100 ohm cm float
zone cells diffused at 425°C also had varied results. One cell
showed slight increases in the'short cireult current, ﬁhile the

open clrcuit voltage and the maximum power stayed about the sane.

- 23 -
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TABLE IV

LITHIUM CELE CIARACTBRISIICS AFTER STORAGE

T v
Cell sc oc . max
No. . Material Diffusion Condition 1 2 3 1 2 3 | 1.2 3
48 1 ohm em CG 90/60 ho5°0 61.5 61.9 63.1 600 600 605 [ 28.6 28.5 29.0
66 1 ohm cm CG © 90/60 hes°c 62.0 62.5 64,0 594 600 600 27.1  27.6 28.1
1 1 ohm cm CG 100/60 Lgs°C 63.8 63.3 64.8 . 603 605 608 29.4  29.2  30.0
82 >100 ohm cm CG 90/60 hL25°C 54,6 54.9 57.0 ' 556 550 550 21.5 21.h 22.0
83 >100 ohm em CG 90/60 hesec 53.2 53.8 55.9 5hi 540 54O 19.6 19.7 20.k
93 >100 ohm cm CG 90/60 kos°c 57.4% 57.8 59.0 576 578 580 © 22.3 22.3 23.0
101 20 ohm cm FZ 90/60 L25°C 55.4 51.0 52.6 : 559 532 523 23.L  20.3 20.7
155 20 ohm cm FZ 90/60 hLos°c 58.0 58.0 59.8 ' 555" 550 55k 23.2 23.2 23.9
156 20 ohm cm FZ 90/60 hos5°C 56.5 56.9 58.8 . 547 542 5hg © 22,7 22.8 24.0
85 100 ohm cm FZ 90/60 ho5°C 57.5 53.0 55.0 | 562 543 538 24,1 21.6 22.0
86 100 ohm cm FZ 90/60 ko5°C 55.2 51,0 53,4 ' 553 530 525  22.9 20.h  21.0
158 100 ohm cm FZ 90/60 Les°c 53.0 57.9 59.3 i 563 556 560 . 2k.0  21.2  2hk.0
112 20 olm cm FZ 90/60 350°C 68.8 67.5 68.3 ; 560 549 552 ' 28.0  27.3  27.7
136 20 ohm cm FZ 90/60 350°C 4.5 65.0 66.7 , 582 573 572 27.9 27.9 28.6
130. 100 ohm em FZ ° 90/60 350°C | 65.2 63.5 6h.0 1581 568 569 | 27.1 26.2 27.0
131 100 ohm cm FZ 90/60 350°C 6.3 63.0 64.0 | 572 560 560 | 26.9 26.0 26.5
139 100 ohm cm FZ 90/60 350°C 65.5 6h.b 65.5 | 585 573 575 | 28.0 26.2 27.7

(1) Initial measurements made %2 October 1966
(2) Measurements made Januvary 1968 .
(3) Measurements made March 1969



The other two cells showed decreases in all three characteristics, with
the open circuit voltage and maximum power losses being particularly
significant. The 20 and 100 ohm cm float zone cells which were diffused
at 350°C showed slight losses in output after 14 months; however, the
most recent measurements showed some improvement and the outputé‘of
these cellsr after 2-1/2 years are less than 0.5 mW lower +than the

initial outputs.

The float zone cells lithium diffused at 425°C in some cases showed
glight improvements and in others showesd significant losses. In all
the cells which had significant losses there were large decreages in
the open circuit voltage, whereas, in all the other cells there was

little change in the open circuit voltage.

Cells which were made early in this year's contract were also remeasured
in order to check for short term changes. The Mon-x and float zone
.cells fabricated for Lots 3 and 4 showed significant short circuit
‘ current loéses - 2.5-h.0 mA. The crucible grown lithium cells did

not change.

_?5_



2.3

CELLS DELILVERED TO JPL

Ten lots of sixty lithium doped cells each were shipped to JPL
during the contract. In fabricating the required sixty cells for
each lot, usually more cells were diffused, processed and tested.
This resulted in groups large enough for good selection and also
provided a large number of cells for statistical analysis. This
statistical analysis was made using all cells produced, rather
than just the sixty cells selected for shipment to JPL iﬁ order

$0 avoid biasing the analysis.

Tn fabricating the cells for the ten shipment lots, fhe lithium
diffusion time of 90 minutes and redistribution time of 60 minutes
were kept constant. Eight out of the ten lots were lithium diffused
at 425°C; the other two lots were diffused at 350°C and 450°C. For
reference purposes, Figure 7T shows typical lithium concentration
profiles for 90 minute diffusions with 60 minute redistributions

at 350°C and 425°C. The lithium distributions in most of the cells
shipped to JPL, therefore, would resemble the higher concentration
curve characteristic of the 425°C diffusion. The back half of the
cell would havé a lithium concentration around lOl7 atoms/cm3‘with
the concentration dropping to less than 1016 atoﬁs/cm3 at the
junction. Diffusing at 350°C resulits in a lithium concentration
approximately half that obtained at 425°C. Wo lithium concentration
curve was determined for diffusion at 450°C; however, the lithium
concentration would not be much higher than that obtained at hoseg
since much oubgassing would occur during redistribution at this

temperature.

Due to the time required to obtain radiation recovery data on
crucible grown lithium cells, these cells Wéré gselected by JPL for
fabrication for the first shipment. ILot 1 consisted of » 100 chm cm
crucible grown silicon, lithium diffused 90 miﬁutes and redistributed
60 minubes at 485°C. As shown in Figure 8, 50% of the cells had a -

maximum power greater than 26.0 mW, 95% of the cells were above
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£22.0 mW and 5% were above 21.0 mW. Figure 9 shows the short
circuit current distribution for this same lot of cells. The
spread in short circuit current was rather wide with 5% of the

cells sbove 68.2 mA, 50% sbove 62 mA, and 95% above 54.2 mA.

The second lot was fabricated from 20 ohm cm crucible grown

silicon and had the same diffusion parameters as Lot 1. Figure 106 ;
shows two maximum power distributions of cells fabricated for

the second shipment lot. The lower curve includes all the cells
fabricated while the upper curve has five diffusion yuns eliminated.
Thegse five diffusion runs were consecutive and the average cell
output for all five runs was conspicuously lower than the cells
from runs before and after. The cause of the lower output cells
was not determined; however, the fact that the diffusion runs

were consecutive and highly unusual would seem %o indicate that
some diffusion variable went out of control for one to two days. .
Both distributions show an improvement over the Tirst shipment
distribution. ZEven considering the lower curve the maximum

power 50% point increased from 26.0 mW for the first lot to

27.9 mW for the second lot. In the second lot 95% of the cells
were gbove 22.9 niW and with the five runs eliminated 95% were above
26.0 mW. Figure 11 shows short cirewit currenb distribubions’
with and without the five diffusion runs eliminated. The short
circuit current 50% point of the lower distribution was 63.7 mA,

5% of the cells were higher than 69.4 mA and 95% were above 56 mA.
The corresponding values for the higher distribution were 66.3 mA,
69.5 mA, and 60.3 mA.

The only differences between lots 1 and 2, besides the time pericd
of fabrication, were the resistivity of the starting material and
the boron diffusions. The boron diffusions for the second lot
used dummy cells in an attempt to reduce the etch rate and elec-
trical output variations. Both lots were doped to the same ievel

with lithium. It is unlikely that the starting material resistivity

- 29 -
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would account for the improvement in the final output, however,
it is a possibility. Tt was concluded that the primary variable
affecting output and improving the distribution of the second lot

of cells was the change in the boron diffusion process.

The third and fourth shiyments consisted of 20 ohm cm Mon-x and

100 ohm cm Tloakt zone lithium cells, respectively; a 90 minute
diffusion with 60 minutes redistribution at 425°C was used for

both shipments. As seen in Figure 12, the maximum power distri-
butions for the two shipments were very similar. Of the 117 Mon-x
cells fabricated 5% were above 26.6 uW, 95% were above 21.1 and the
maximum power 50% point was 23.6 mW; at these same points the group
of seventy 100 ohm cm float zone cells had maximumm powers of 26.0,
21.6, and 23.3 mW. With respect to the short circuit current (see
Figure 13 )}, the cells in both groups showed approximately the same |
distribution with 5% of the cells in both groups having short circuit
currents of 63.1 mA or above. Below 60 mA the distribution of Mon-x
cells was lower with 95% of the cells having short circuit currents
of 53.6 mA or above, while for the 100 ohm cm float zone cells this
95% point was at S54.7 mA. The 50% point for the Mon-x cells was
57.2 mi, gnd for the 100 ohm cm float zone cells, 58.0 mA.

The fifth and sixth shipments consisted-of 20 ohm cm float zone
and 20 ohm cm crucible grown lithium cells, respectively. A 90
minute diffusion with 60 minutes redistribution was used for both
lots; however, the float zone material was diffused at 350°C and
the crucible érown silicon, at 450°C. The Ffloat zone cells were
diffused at 350°C in order to gvaluafe the radiation recovery of
cells with lower lithium concentrations and higher efficiencies.
The L50°C 1ithium diffusion of the crucible grown silicon was
selected in order to investigate- the effect of ﬂigher 1ithivm
concentrations on the efficiency and radiation recovery of crucible
grown lithium cells. This lot of crucible grown lithium cells

provides a comparison with Lot 2 which consisted of erucible grown

...33...
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lithium cells at 425°C. Figure 14 shows the-maximum power disbrd-
bution for 119 cells which were fabricated for Lot 5. The
efficiencies on these cells were very good. Five percent of the
cells had an oubput which was greater than.11.5% AMO efficiency

or 31.2 mW; 50% of the cells were sbove 28.8 mW and 95% were above
26.4 mW. An efficiency of 11% was obtained for 24% of the cells
and 86% of the cells had efficiencies greater than 10%. The
efficiency of 50% of this group of cells was 10.5% or greater which
was much higher than for float zone cells lithium diffused at L425°C.
The short circuit distribution foxr these Lot 5 cells is shown in
Figure 15 . Five percent of the cells were above 76 md, 50% were
above T2 mA, and 95% were above 6t mA. These cells have relatively
low lithium concentrations; however, they should not be completely
eliminated for potentizl use in a radiation environment since it
may be demonstrated that these cells will be radiation resistant in
a low level radiatlon enviromment or recover satisfactorily at a

slightly elevated temperature.

Figures 16 and 17 show the maximum power and short circuit current
distributions for the 98 cells fabricated for Lot 6. These distri-
bution curves are not continuous since there are two distinet
distributions in the total population. The lower distritution shows
the characteristics of approximately the first 80 cells made. From
this group of cells one would conclude that the increased lithium
concentration obtained in a 450°C diffusion resulted in outputs .
significantly lower than those obtained in 425°C diffusions. How-
ever, toward the end of the f&brication—period, additional material
was needed, and some additional blanks from another silicon ingot
(#2)* were used. These new blanks from ingot 2 and a few of the
blanks left from the silicon ingot (#1)* used for the 80 cells
menticned above were boron diffused on the same day; although not in

the same diffusion. The lithium cells fabricated from ingot #2

¥Arbitrery numbers used only for clarity.
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are those shown in the upper distribution in both Figures 16 and 17-
These results strongly indicate the possibility of material varia-
tions; however, since blanks from the two different ingois were

not included in the same bhoron diffusioﬁ, there is a slight possi-
bility that the difference could be assoclated with the boron

diffusions.

The seventh lot was fabricated from 20 ohm cm Lopex silicon using

2 90 minute lithium diffusion and 60 minute redistribution at 425°C.
The cells showed a very wide range in open circuit wvoltage - from
550-610 mV, which was unusual for the diffusion parasmeters used.
These diffusion parameters typically result in open cireuit voltages
from 550 to 580 mV (with 580 mV being exceptionally high) for cells
fabricated from float zone silicon. Past work with Lopex silicon
has resulted in cells with open cireuit voltages from 550 to 580 mv,
indicating that reduction in the number of dislocations did not
-affect the open circuwit voltage. However, the open circuit voltage
of lithium cells is affected by oxygen content, since the use of
crucible grown silicon, which has a much higher oxygen content

than that specified for either float zone or Lopex silicon, results
in lithium cells with open circuit voltages of 580 to 610 mV. Since
Tot 7 consisted of iopex silicon 1ithiuvm cells which also had open
circuit voltages in this high range (as well as lower) it may be an
indication that the oxygen content varies significantly in Lopex
silicon. Due to the extremely high open circuit voltages, many of
the cells had outpuis as high as crucible grown lithium cells. The ~
maximm pover (see Figure 18 ) was 28.4 nW or sbove for 50% of the
cells, while 5% of the cells were above 31.5 wi and 95% of the cells
were gbove 24.7 mW. In the case. of the short circuit current, shown
in Figure 19, , 5% of the cells were sbove T2.6 mA, 50% were a,bovg:
66.7 mhA, and 95% were above 62.9 mA. ’

Lot 8 cells were Pabricated from 100 ohm cm float zone silicon with
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a special diffused phosphorus region at the junction: and a lithium
diffusion of 90 minutes with 60 minutes redistribution at 425°C.
The processing of these cells included a phosphorus diffusion as
well as the boron and lithium diffusiéns. The major problem in .
the fabrication of these cells was obtalining a good boron diffusion
on top of the phosphorus layer. In general the phosphorus diffused
surface was very rough and non-uniform in appearance after it came
out of boron diffusion. This probably indicated an uneven and
possibly discontinuous boron layer which would account for the
shunting problems encountered in the fabricated cells. The cells
were processed in several groups that were characterized by differ-
ent etch steps. The first group of cells was only etched in HF
between the phosphorus and boron diffusion thus leaving a very
high phosphorus surface concentration. This group had a high
percentage of grosg shunting. This shunting was not localized

at the edges since it could not be improved by tape, trimming, and
etching the edges. 1In addition to being etched in HF, the second
group of cells was etched 15 seconds in a hot dilute WaOH solution.
The shunting was not as serious-for this group; however, it was
still an undesirable valve. For this reason a longer NaOH etch

wes used. This resulted in a reduced phosphorus concentration;
however, the problems with the boron diffusion were eliminated.

The cells came out of boron diffusion with a smooth, unblemished
surface and none of the cells were seriously shunted. The maximum
power and short c;rcuit current distributions for these cells are.’
showm in Figures 20 and 21 . Only 62 cells were used to obtain .
these distributions since the remainder of the cells were from the
first group that were badly shunted. The maximum power 50% point
was 23.7 mW, 5% 6f the cells were sbove 27.8 mW and 95% were above
21.0 mW. The same points on the short circuit current distribution
were 60.3 mA, 66.9 mA, and 53.6 mAv, '

Lot 9 consisted of 20 ohm cm float zone cells lithium diffused
90 minutes and redistributed 60 minutes at 425°C. The output of

- b o



-§17-

MAXIMUM POWER (MW)

32 = T :
et IR winod masruaied MRS B W K ; Tt
— : e e + i
. [ o |

[N SR LN NN ORI i i ] :
IV T N A g W ; . o7 ! x'l !
- . N N i 1 ] 1 L NN 1

O It et R EREEE , i - e
e el e BEEgimin e e i ; T
Ama el Saguet St ; ; - : 4 i e

: 4 - - 4 TN
IR A i
- [ ¥ I
e e e S ]

28 ——- — - : 3 A : i
At St st AN AR SRR N " I
IRV (Y S I L ' 1 |
T - e 4 ; |

t 1 ! ] L T '
IRRT TS R . iy : v 1 1 i
PR 38 L1 j i 7 | |
SRR S ! $ 31 k) N 1] T e
26— == ; — o - : L ! P
e g = = s NS | ’ £
———— ! P Ly ] () i T
v (MM 1 T ) ] ' 1 [l
T N Y I T ;
T i LN i 4 L I ]
L 3 i [N ! [ H
E ] _ ] T : T (1
24 L] : H ! : i: 4 :
+ 1) v ]
_— ] T HEER] T N EYEL) - !
E) 1 1 ] ; 3 o i I {
7 = T T, T T T T 10 ¢ P i £
P | H t [ R WE Tl 1 by iy i |
i [T, i H + . Ay | I ! 1 |
A g f Ii 1 : 1§ T | | t T ! ] T
22 : — i+ [N ERK P i i - il “l" 3 —— I | i g
il R T el M e e S N 3' I : T
T s — H : Fink IERL i | |
e m—m tasa ] AR 1 " ¥
[ Ty T 11 T [X] ! O
' ) N VL 1 s M L
] H 1 b, ] T 1 1 I 1 3
- ! 1 [ B N 3 1 : T
! P v Lt )
20 ’ :—*H LOT 8, SPECIAL CELLS " - E g
] T o i
3 DI B IR [} T
AR ) Y13 T 1.
e — iy
e R . i :
[ R 1 | 1 | 1
0.01 0.05 o0l 02 05 1 2 5 10 20 a0 40 50 _ 60 70 a0 90 a5 o3 on 99.8 90.9
% 0OF CELLS GREATER THAN A GIVEN MAXIMUM POWER
Figure 20. Maximum Power Distribution of Lithium Cells Fabricated for the Eighth Lot (62 cells);

100 ohm cm float zone cells, lithium diffused 90 minntes and redistributed 60 minutes
at 425°C; measured in solar simulator at 140 mW/cm?.

99.99



mg-h—

SHORT CIRCUIT CURRENT (MA)

g

Ep

=

68

-]

"

66

-]

(0]
P

(o]
N

o)
o]

o
(42}

56

54

0.01

0.05.01 02 05 1 2 5 0 20 3 4 50 6 70 & 90 95 9 99 99.5 99.9
) % OF CELLS GREATER THAN A GIVEN SHORT CIRCUIT CURRENT oL
Figure 21. Short Circuit Current Distribution of Lithium Cells Fabricated for the Eighth Lot (62
cells); 100 ohm cm float zone cells, lithium diffused 90 minutes and redistributed 60
minutes at 425°C; measured in solar simulator at 140 mW/cm2.

9999 ..



these cells was not as high as that of crucible grown lithium cells;
however, the maximum power distribution was quite narrow (see Figure
20}, The output was 27.1 mW or greater for 50% of the cells, with
5¢, of the cells above 29.0 mW and 95% of the cells above 25.2 mW.

The maximum power range for 90% of the cells was only 3.8 mW. The
short cireuit current distribution, Figure 23, with a 7.3 mA spread:
for 90% of the cells, compared to 9.2 to 14.6 mA spreads for the other
lots, was also very narrow. The short circuit current was 62.9 mA

or greater for 50% of the cells, with 5% of the cells above -67.1 mA
and 95% above 59.8 mA.

The lithium cells Tor Lot 10 were fébricated from 20 chm cm Czochralski
grown silicon with a lithium diffusion of 90 minutes and a redistribu-
tien pf 60 minutes at 425°C. The efficiency of these cells was good;

- in fact, the maximum power distribution as shown in Figure 24 was

the highest of the entire ten lots. The cell output was sbove 29.0

mW for 50% of the cells, with 95% of the cells above 26.0 mW and

5% of the cells above 32.0 mW. Considering the short circuit current,
5% of the cells were above T0.5 mA, 50% ﬁere above 65.0 mA, and 95%
were above 59.6 mA.(see Figure 25). -

The same type maberial and diffusion parameters were used for both

Lots 2 and 10 and this provided an opportunity to compare cells made

at widely different time periods. Figure 26 compares the maximum..
pover distributipns of the two lots. Both distribuiions are showﬁ

for Lot 2; the lower one includes all the cells and the upper distri-
bution has the five consecutive low output diffusion runs or thirty-

two cells eliminated. The distribution for Lot 10 is slightly above the
higher distribution for Lot 2 and it correlates closely to the higher
Lot 2 distribution. In other words, Lot 10 has shown that outpuis as
high as those in the higher distribution for Lot 2 can be obtained

reproducibly.

A comperison of float zone (Lot 9) and crucible grown lithium cells
(Lot 10) both fabricated from 20 ohm em material and subjected to the
game lithium diffusion conditions is shown in Figure 27.. The distri-

bution For the float zone cells is much narrower and therefore there

..J_yT.“
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was only .8 mW difference between the maximum power for the 95%
point for both types of cells. However, the maximum power for

50% of the float zone cells was 27.1 mW or greater which was

1.9 mW lower than the 29.0 mW for the crucible grown cells. The
maximum power for the top 5% of the float zone cells was £9.0 my

or greater, whereas the top 5% of the crucible grown cells was
above 32.0 mW. This shows that although the low output float =zone
and crucible grown lithium cells are very similar in ouwtput, the
average crucible grovm lithium cell is 2 mW higher than the average

float zone lithium cell.

Outputs comparable to crucible grown 1ithium cells can be obtained
from float zone lithiumn cells if the lithium concentration is reduced.
Figure 28 shows maximum power distributions for crucible grown cells
lithium diffused at 425°C and float zone cells diffused at 350°C.

The top 5% of the crucible grown lithium cells are slightly higher
(.7 mi); however this dlfference decreases and the distributions

cross so that at the lower end of the distributions the float zone

lithium cells have slightly higher outputs.

Table V  summarizes the material, diffusion and output paramete..s

of all ten lots. The 90 minute diffusion time and ¢O minute redistri-
bution was kept constant for all ten lots. A diffusion temperature of
h25°¢ ywas used for eight lots; 350°C and 450°C were used for the other
two lots. The maximum power points listed show that the-best outputs
at the 50% yield point (essentially the mean value) Tor cells diffused
at h25°C were about 2£8.0-29.0 m{ and were obtained with Lots 2, 7,

and 10. Lots 2 and 10 were made up with crucible grown lithium cells
and Lot 7 consisted of Lopex lithium cells. An output of 28.8 mi

was also obtained with £lcoat zone lithium cells when the diffusion
temperature was lowered to 350°C. Earlier work by this laboratory

has shown that higher short circuit currents are chtalned with lower
diffusion temperatures. This was agein supported by Lot 5, which was

diffused at 350°C. The short circuit current for this lot was 71.9 mA

_514...
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TABLE V

SUMMARY OF ALL TEN LOTS

Short Circuit

Material Type Diffusion/ Maximum Power, mil —Current, ma

Shipment and Redistrib. Temp 5% of 50% of 95% of 5% of 50% of 95% of
Lot Resistivity min. °C  Cells » Cells > Cells > (ells” (Cells > Cells >

1 >100 ohm em G 90/60 k25  29.8  26.0  21.0 68.2  £2.0 5.2

2 20 ohm em CG 90/60 hos 30.6 28.5 26.0 69.5 66.3 60.3

3 20 .ohm cm Monx  90/60  kes 26.6 23.5 21.1 63.1 57.2 53.6

b 100 ohm cm FZ 90/60 Lo  26.0 23.3 21.6 63.1 58.0 5h.7

5 20 ohm cm F% 90/60 350 31.3 28.8 o6.4 6.k 71.9 Eh.2

6 20 ohm cm CG 90/60 h50 31.7 oh. i 22.3 68.6 58.5 54.0

7 20 ohm cm Lopex 90/60 k425  31.5 28.4 ol 7 T2.6 66.7 62.9

8 100 olm ecm FZ¥  90/60  kLos  27.8 23.7 21.0 66.9 60.3 53.6

9 20 ohm cm FZ 90,60 hos 29,0 27.1 25,2 67.1 62.9 59.8

10 20 ohm cm CG 90/60 hos 32.0 £9.0 26.0 70.5 65.0 59.6

*Bpecial cell with phosphorus region at the Jjunction



or above for 50% of the cells which in most cases was higher than

‘the top 5% 0of the short circuit currents in the other lots.

Figure 29 summarizes the maximum power distributions of all ten

lots on one curve. Maximum power levels are showm for the 5, 50,

and 95% pointé of the cells in each lot. The widest distributionr
spreads were obtained for Lotl and Lot 6 which were crucible grown
cells. This is not a problem inherent in crucible grown 1ithium
cells since Lot 2, which was also crucible grown cells, had one of
the narrowest distributions. In the case of Lot 1, it waz the only’
lot in which the cells were boron diffused without using Jdumay

cells., Dummy cells were used in the boron diffusions for Lot 2

cells and.this, more than the starting resistivity, would seem to

be the reason for the difference in distributions. The distyibutions
remzined relatively narrow until Lot 6. Lot 6 had a very wide distri-
bution and thls seemed to be caused by the differences in material
discussed previously. Silicon from two different ingots was used

and the cells from the secopd ingot had much higher outputs than

the cells from the first ingot. The distributions for Lots T and 8
were narrower than for Lots 1 and 6, however, they were not as narrow
as Lots E’through 5. Lot T consisted of Lopex lithium cells and, as-
previously mentioned, had an unusually wide range in open circuit
voltage which also resulied in a relatively wide maximum power range.-
The special cells fabricated for Lot 8 are quite different from the
standard lithium cell in processing and oubtput, so the relatively
wide distribution is not too surprising. Lot 9, 20 olm cm float

zone lithium cells, had the narrowest distribution of all the iots.
Lot 10 used the same diffusion and material parameters as Lot 2 and
the minimum oubtput for 95% of the eells was the same for both Lots
-- 26.0 nW. However, higher outputs were obtained for the top'SO%_pf
the cells and this resulted in a 1.4 mW increase in the maximum power

range.

The short circuit current distributions for all ten lots are summarized

!
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in Figure 30 . The short circult current varies 1.5 to 2 mA for sach
mW in maximum power and, with one exception, the short circuit current
distributions resemble the maximum power distributions. The excephbion,
Lot 5, had a wide short circult current distribution; however, due to
lower open circuit voltages for the cells which had very high short
circuit currents, the maximum power did not vary as much as the short

circuit current.

In general, the lithium cells fabricated from crucible grown silicon
had the highest outputs. Whether or not these higher output cells

will provide the best radiation resistance still remains to he
determined since the radiation testing and analyses are being done

by other laboratories. Tmprovements have been made in cell éffic-
iencies for all cell designs during the past year. It is assumed that
these Improvements have been associated with process changes and control
that have no effect on the radiation recovery process. The net result
should be lithium doped solar cells that are capable of putting out
more power after radiation exposure than was available with lithium

cells made during the previous year.
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3.0

CONCLUSIONS

It has been shown during this contract through the experimental
work and the statistical analyses 6f the cells fabricated for
shipment to JPL that the efficiency and uniformity of cell outputs
was improved. It is believed that the significant factor which

resulted in narrower distributions after Lot 1 was a result of

.a process change that involved the use of dummy slices on paxrt

of the boat during boron diffusion.

The Si0 coating was showm to be superior as an antireflection
lgyer to the natural blue layer obtained from boron diffusion.
The 510 alone was also superior to a combination of the natural

blue lgyer and Si0.

Sintering improved the output of crucible grown lithium cells
in varying degrees. Some cells with low outputs showed parti-
cularly large improvements which may have indicated that stresses

in the silicon crystal lattice were belng relieved.

The fabrication of the varlous types of cells for each lot of sixty
cells statistically demonstrated several things. Crucible grown
lithium cells can be made with higher efficiencies than float 2Zone
lithium cells if the same lithiuvm diffusion parameters are used,
The efficiency of float zone lithium cells can be raised to a
comparable level if the lithium concentration is reduced by the

use of a lower diffusion temperature,

Lithium cells with efficiencies comparable to N/P cells have been
made and, therefore, if these cells have good radiation damage
recovery, they shculd be superior to N/P cells as - radiation

regsistant solar cells.
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4.0

RECOMMENDATTONS

The emphsasis during this contract has been on improving the

uniformity and output of lithium doped solar cells. Improvements

can still be made; but at this point it has been demonstrated that
lithiuvm doped solar cells can be made with efficiencies of 10.0~11.0%
AMO efficiencies. Crucible grown 1ithiumm cells have very high effic-
iencies and they are comparable to standard N/P cells.. "With' this goal
being reached, the emphasis should now be shifted to obtaining optimum
recovery after radiation. Since any further improvements in cell
output will probably be minor and only affect the radiation resis-
tance in g minor way, obher areas more important than process
Improvements should be investigated. Such parameters as dopants,
oxygen levels, heat treatments, and ﬁ+ regions may have significant
effects upon the radiation resistance and they should be thoroughly

investigated.

Some work should also be eontinuved on improving cell outputs and
developing more economical processes. This work should include,
but not necessarily be limited to the following areas. Further
investigations of lithium application by evaporation should be

made since this technique would greatly reduce or eliminate any

stresses which may presently occur during lithium diffusion.

Intensive work should be performed on the diborane diFffusion

source since the present BCL, source has its drawbacks with respect

3 i
to the number of cells per diffusiodn, the etching action which is
undesirable for the N+ special design cell, and the stresses generated -
vhich will beome a more significant problem as the emphasis shifts

to larger area cells.

The sintering investigation should be expanded to determine whether
sintering is beneficial for-all types of lithium cells. The effect
of sintering should alsc be analyzed with respect to effects upon

radiation recovery characteristics.

- 62 -



NEW TECHNOLOGY

None.
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