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PREFTACE

The purpose of this conference was to provide a forum for an in-depth
review and discussion of the results of investigations being carried out by var-
1ous organizaitons under NASA/JPL sponsorship as part of the Solar Cell Re-
search and Development Program Participating orgamzations included cell
manufacturers and univers:ty and mdustrial research laboratories Because
of the relevance of this program to activities outside JPL, members of the
aerospace mdustry mnvolved wn the space effort were invited to attend the con-
ference in addifion to representatives of NASA, JPL and JPL contractor
organizations It 1s gratifying that 1n these times of severely curtailed travel
budgets a significant cross-section of the aerospace community participated
in the conference, as attested by the list of attendees

To accommodate all of the parficipants and provide ample time for infor-
mal discussions and interactions, as well as for formal presentations the
conference was extended to two days A significant portion of the conference
was devoted to an open forum during which technical, as well as broader philo-
sophical issues, were explored

The conference coc-chairmen wish to thank all those who pariicipated 1n
the conference, and 1n particular NASA Headquarters and JPL personnel for
their support of this program

P Berman and J Weingart
Co-Chairmen
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SUMMARY OF PROCEEDINGS

P Berman and J Wewngart

The P/N junction diffusion technique strongly
affects the number of dislocations and the amount
of stress in li-doped cells Improvements in daf-
fusion technigues have resulted in lower disloca-
tions and stresses Additional work is indicated
to further improve the cell efficiencies

The use of evaporated hithium as a diffusion
source has resulted in cells with efficiencies equal
to those of cells fabricated with the standard
paint-on Li source techmique The yield distribu-
tion of the evaporated L1 cells, however, 1s not as
high Since the evaporation technique 1s more
amenable to high volume production and should, if
properly controlled, give more reproducible re-
sults than the paint-on techmique, further investi-
gations are warranted

The use of low-temperature long-fime lithiam
diffusion schedules has yrelded very high efficiency
cells that exhibit recovered powers which are more

than 20% higher than state-of-the-art N/P cells, as

measured in a solar simulator after exposure to

3 X 1015 1.MeV electrons/cmZ This improve-
ment in radiation resistance 15 in excess of that
achieved when N/P solar cells replaced P/N cells
Turthermore, all indications are that there 1s an
even greater advantage when irradiation 1s by pro-
tons and neutrons (whereas the advantage of N/P
over P/N non-Ii cells becomes smaller for these
heavier particles)

The results of measurements of carrier re-
moval diffusion length, and other such physical
properties are often very strongly affected by the
amount of Ii-doping The behavior of hightly La-
doped S1 can be significantly different than that of
heavily Li-doped Si, possibly due to a masking
effect or competing mechamisms Therefore,
great care must be exercised 1n extrapolating the
results of cne level of Li-doping to those of dif-
ferent levels of La-doping

Some phenomena associated with Light La dop-
ing of float-zone Si1, which have not been observed
in heavily Li-doped float-zone material are as
follows

(1) A rminimum 1n carrier removal rate as a
function of reciprocal bombardment tem-
perature for 1 MeV electron radiation

{2} A spread of energy level over a wide
range observed in measurements of car-
rier density as a2 function of reciprocal
temperature after 1 MeV electron irradi-
ation

JPL Techmcal Memorandum 33-467

(3) A slow change in carrier density and
mobility at room temperature after I MeV
electron irradiation

{4) No room temperature lncrease in donor
concentration after irradiation by 1 MeV
electrons

{5) Recovery time can be slower than that of
heavily Li-doped crucible Si after elec-
tron 1rradiation

Some correlations between lightly and heavily
Li-doped float-zones S1 are as follows

(1) Formafion of a defect center with an
energy level 0 17 eV helow the conduction
band and of a center with a deeper-lying
level

(Z) The deeper level concentration increases
with increasing Li concentration while the
0 17 eV level remains constant, indicat-
ing that the deeper level 1s associated
with Li while the 0 17 eV level 1s not

(3) Damage constant irnmediately after 30
MeV electron irradiation of hghtly ELi-
doped samples approximates that of non-
Ia-doped Si but increases with increasing
L1 concentration 1ndicating that in:tial
defects which contain L1 are very effective
recombination centers

(4) Damage constant immediately after neu-
tron irradiation appears to be independent
of Ia concentration, indicating that La
does not increase the effectiveness of re-
combination centers associated with clus-
ter defects

All analyses of annealing properties indicate
an activation energy consistent with that of diffu-
sion of lithium 1n both oxygen-rich (crucible) and
oxygen-lean (float zone) 51 This 1s true for both
solar cells and bulk silicon, and for irradiation by
electrons and neutrons This is one of the strong-
est points of agreement among all investigators
During storage at room temperature and above,
1:thium appears to associlate with all radiation-
induced defects and significantly reduce their
effectiveness as recombination centers The ex-
perimental work associated with identifying the
nature, behavior, and role in the damage produc-
tion and annealing mechanisms 1s summarized 1n
Table 1
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PROGRESS REPORT ON LITHIUM-DIFFUSED
SILICON SCLAR CELLS

P A Iles
Centralab Semiconductor Division

Globe~TUnion Inc

I INTRODUCTION

Thas talk outlines the progress made 1n the
performance and understanding of lithum cells in
the past year The possibality of their use 1n
some space missions 1s examined

II SURVEY OF 1969 TALK_

A year ago the work could be summarized as
follows

(1) Cell performance had mmproved, with in-
creased control within the groups of cells
shipped

{2) Detailed measurements had led to a
better understanding of the lithium dis-
trabutions within the cells as a result of
the different lithium diffusion schedules
used

(3) Uniform lithmum concentrations had
proved difficult to achieve hecause of the
fall-off in Iaithmum level near the two
major cell surfaces

(4} Tests had shown that the Iithmem con-
centration near the PN junction could be
reduced

{5) Cruecible grown silicon was used more,
because of 1ts greater imitial output and
its postirradiation stabality The slower
recovery rate was considered adequate
for missions where the particle fluence

JPL Techmeal Memorandum 33-467
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was not high partficularly for missions
where cell temperatures were high
(above 50°C), providing faster recovery

{6) Following a given lithium schedule, cells
made from non-CG silicon had given con-
sistently lower Ig. and Ve, and they
tended to redegrade Some good cells
had been made from Lopex silicon

III SURVEY OF WORK TO DATE
A Boron Diffusion Methods

The lower Ig.and Vo values found for non-CG
silicon were partly the result of the method used
to diffuse boron into the cells The use of sources
other than boron trichloride gave better perfor-
mance for non-CG silicon, although overall, the
consistency was not as good as that obtained from
BCly; The BCl3 method used to date had some
advantages, providing cells of good cutput, espe-
cially for CG silicon 1in relatively large mumbers
The gas etching 1n the process allowed a wide
range of surface fimish to be used, and the
compound formed at the surface gettered harmful
mmpurities The surface layer remaining had low
reflectivity erther alone or when combined with
silicon monoxide or other coatings The dis-
advantages were that gas etching complicated the
formation of structures needing an N+ or oxygen
layer near the PN junction Also, the surface
compound was thermally mismatched to silicon
and on cooling caused severe stresses in the
silicon, leading to high dislocation densifies or
to warping of thin slices



B Other Boron Methods

The use of boron tribromide overcame most
of the disadvantages of BCly Howevex, the con-
sistency of cell output from nominally sumalar
runs 1s not yet satisfactory

The older BC13 method was evaluated in
more detail to see whether its disadvantages .
could be reduced The usual procedure is.to pre-,
heat the silicon at around 1050°C for 10vman in
inert gas flow, to introduce BClz for 10 mmn
(*'tack-on") and then to stop BCl3 flow and -
diffuse boron for 10 rmin from the surface com-
pounds formed This surface compound was
found to build up linearly with tack-on time at
around 1 5 mg/min Measurements showed that
sufficient boron was available 1f the tack-on time
was reduced drastically Thus, by reducing the
thickness of the compound layer, stresses were
reduced, and also Igc and Vge for non-CG silicon
increased, while CG silicon maintained 1ts good
output Because this modified BCl3 process in-
volved only one parameter change, it was useful
to have continuity wrth the older method to allow
better under standing of the detailed effects of
boron diffusion on lithium cell properties, before
and after irradiation Figure 1 shows the in-
crease of etch-pit density as the BCl3 tack-on
time was mmcreased

C Cell Properties Afier Different Boron Methods

Figure 2 shows lgc, 1450, and Vocl for three
forms of silicon for various boron daffusion con-
ditions after a redistribution lithium schedule
In general, V. behavior is more consistent, 1 ¢ ,
small variation with boron conditions for CG
gilicon, and decreased for non-CG silicon at
longer BClj tack-on times The Izc values de-
pend also on the diffused layer properties and on
coating variations

Figure 3 shows the same variations, this
time following a drive-in lithium schedule The
differences are more pronounced and more
consistent

JPL shipment C-9 was intended to compare
directly the effects of long tack-on tume BClg
versus BBr3 wusing float-zone (FZ) silicon and
redistributed Lithum

Figure 4 shows the cumulative yield for C-9,
but did not show the differences seen 1n other
tests The reason was partly becaunse the BCL
dad not decrease the FZ silicon I-V parameters
as much as usual

JPL shipment C-10 used three forms of
silicon growth (CG, Lopex, and FZ), two BCl3
tack-on times (2 and 8 min), and a drive-in
lithium diffusion Figure 5 shows the I-V vari-
ations i1n the groups The sequence repeats that
found 1n smaller tests The 2-man tack-on
samples gave fairly good cells for all groups
Figure 6 15 a log-log plot of capacitance-reverse
bias voltage for C-10 for the same Iithmum sched-
ule The slopes of these curves are lower in the
sequence CG-Lopex-FZ, and show much more
lithium near the PN junction for non-CG silicon

The capacitance values did not show marked ox
consistent dependence on the BCls tack-on time

Other ingots have also given cells of good
performance with reduced BClj3 tack-on tmmes
Figure 7 shows typical yield curves The FZ in-
gots show wider variations for a given hithoum
diffusion, the CG ingots are more consistent
Figure 8 1s a log-log plot of C-V for the ingots
shown in Fig 7 Here the sequence of slope
and capacitance follows that shown in Fig 6 for
the drive-in Iithwum diffusion, for the redistri-
bution cycle, the CG capacitance is not changed
rauch, but FZ sihicon showed severe depletion of
lLithmam near the PN junction

I Conclusions on Boron Methods

Tests will confinue to evaluate the best non-
BClz methods, expecially BBry Further tests
usmg modified BClz will also be conducted the
goal being the consistency of good output cells for
all forms of silicon and the ease of scaling-up for
pilot production quantities

IV LITHIUM STUDIES

This year's work has used two sources
Irthium-aluminum hydride m ether painted-on,
and lithium metal evaporated in vacuum  Both
methods have given good results, however, to
date, evaporaiion has not been as consistent,
especially for lngher temperature lithmm cycles
However, work will continue on both sources
because evaporation appears more suited to
quanfity production

A Lithmum Diffusion Schedules

Earher, the trend was towards redistribution
cycles to lower the lithmum concentration and
gradient In the present work, more attention
was concentrated on single drive-in cycles using
lower diffusion temperatures and longer times
This method should result in lower concentration
gradients, but detailed measurement of the 1rthium
distributions after such cycles showed the con-
centrafions and gradients were not as expected

One test used two forms of silicon (CG and
Lopex) and five lithiumn schedules, 1 e , 425°C
for 9¢ man, 400°C foxr 90 nmun, 375°C for 180man
350°C for 300 min, and 325°C for 480 min
These cycles had comparable {Dt} products, the
last three cycles being very closely matched

Figure 9 shows how Ige and V¢ varied for
the two silicon forms As the diffusion temper-
ature was decreased, I, imncreased for both
forms, whereas Voc stayed fairly steady for CG
silicon and decreased for Lopex silicon TFig-
ure 10 shows the C-V plots, showing steady in-
crease in slope and decrease 1n capacitance for
both forms of silicon The Lopex silicon gave a
wider range of variation for both these
parameters

Next, probe measurements were made on
typical samples Figure 11 shows the donor con-
centration profiles for the five schedules for CG
silicon The back surface concentration of lithiam

,-lAll I-V values quoted are for 2 cme cells, at 28°C under AMO 140 rnT/‘I,/c:m2 test conditions

4
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falls stead:ily with temperature, as does the con-
centration near the front surface The same
pattern 1s seen 1n Fig 12 for Lopex silicon

Here, however, the back surface concentrafions
and the concentration in the bulk of the cells are
rmuch lower than those 1n CG silicon for com-
parable lithium diffusion conditions The donor
concentrations near the PN junction were explored
i more detail by capacitance methods Fag-
ures 13 and 14 show the results for the two forms
of s1licon The CG silicon has lower concen-
tration (<1015 cm‘3) at the junction, and larger
gradients near the junction For both forms of
silicon, the concentration at the junction de-
creased as temperature decreased Qualitatrvely,
the measured concentrations account for the
measured Igc values, but it appears that, con-
trary to earlier results, Iy may be determaned
more by the lithmum concentration verynear to the
PN junction {say within 5p1) rather than by the
concentration in the bulk near the junction (say in
the first 50p) The fall-off in back surface con-
centration for Lopex at lower temperatures to
below 1015 em=¥ explamns the lower Vo Observed
as a vesult of the formation of an opposing
Schottky barrier

These tests led to the specification of cells
for JPL shepment C-11 Four groups of 60 cells
are in preparation with the following parameters

(1) CG silicon, reduced BCIl3 tack-on time,
Lithiam 325°C for 480 man

(2) CG silicon reduced BCIl3 tack-on tume,
Iithium 375°C for 180 mun

{3) CG silicon, BBr3, Lithmm 325°C for
480 min

(4) Lopex silicon, reduced BCl3 tack-on
time, Lithwm 325°C for 480 mun

Figure 15 shows the yield for the three BCly
groups of cells 1in shipment C-11  The Iithwmm
level 15 low, and thus the cells have high ouiput
Lopex silicon 1s seen to give cells of hagh per-
formance with these reduced boron and lithium
cycles

¥ OTHER TOPICS

Front surface introduction of lithium led to
shelf instability for cells and was not pursued
further

The oxygen layer cells described last year
showed some promise in reducing the post-
1irradiation wnstability, especially for Lopex
silicon The behavior of the FZ silicon with the
oxygen layer was iniriguing because it recovered
as slowly as CG silicon This suggests that it
1s the movernent of lithium very close to the PN
junction that controls the recovery More work
15 scheduled on oxygen layer cells

Vi SUMMARY

Lathium cells have maintamed their promase
Their output has been mcreased, partly because
of improved precessing methods, partly because
CG silicon has been used more, and because the
specified Ihithium concentrations have been lower
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By controllmg the amount of lithmem, cells can be
made with a wide (and predictable) range of pre-
irradiation power extending up to levels compara-
ble to the best current N/P cells The CG cells
have slower recovery rates, although they may
still be adequate for some missions Lopex
silicon has given cells of good output these should
be considered when fast recovery rates are needed
The redegradation problems found for Lopex
silicon earlier may be reduced at the lower lithrum
levels, and more work on oxygen layer cells is
warranted It is possible that Lopex silicon may
require slightly different hithiam diffusion sched-
ules, however F¥igs 11 through 14 show that
cycles such ag 375°C for 180 mmin give similar
distributions near the PN junction for CG and
Lopex silicon

Work already done on thin cells showed that
even more reduced lithmum cycles may be suffi-
cient The 8-mil cells diffused at 325°C for
480 min gave maximum powers 1n the range
27 5-29 5 mW

The methods currently available can give
Lithmam cells with most of the range of properties
available on N/P cells Thus, cells can be made
as thin as 4 m:ls and as large as 2 X 8 cm with
mtegral covers and with all degrees of solder
coverage The cell appearance 1s comparable to
N/P cells, and the cell surface has the same
chance of being coated with the optumum anti-
reflecting films The same range of cell con-
tacts {T1-Ag, T1-Pd-Ag, Al, etc ) can be used
Lathmom-doped cells are still superior to N/P
cells when heavy particles are the cause of cell
damage Lithium cells have been considered for
synchronous orbits, but are worth considering
also for some planctary missions They have
performed well under Jupiter conditions, and
although no recovery 1s expected at the low tem-
peratures, the degradation differences with N/P
cells may be less than for 1-AU condafions
Lathmum cells may also be useful for near-sun
massions, swnce the particle radiation 15 mamnly
protons from solar flares (favorable for lithmum
cells) and the increased temperatures will help
recovery and allow the use of CG silicon

VII PROBLEM AREAS

(1) There 1s shil a need to understand betier
the silicon properties that control cell
performance However, 1t should be
remembered that millions of good N/P
cells have been produced without any
better understanding of these silicon
properties

(2) Several methods of boron and lithimum
diffusion are capable of giving good cells,
the best methods must be determined
There 1s still the need to analyse the
effects of laithium on cell behavior so as
to find how best to specify where the
hthium 1s needed most

{3) The contact adhesion needs 1mprovement,
especially for the front surface contacts
Careful control 1s needed of both the
boron diffusion and the surface treatment
of the silicon before contact application
The back surface contact adhesion has



(4)

(5}

(6

(m

been reduced somewhat by the lack of a
sintering cycle, bLut adequate adhesion
should still be possible

More flight evaluation tests are needed,
especially in mechamecal and environ-
mental areas For these tests, the
range of cell designs can be restricted
to a relatively few variables

Real-time tests showed that the recovery
under realistic dose rates did not match
the degradation Thus, to predict real-
trme behavior, care must be exercised
1n extrapolating accelerated recovery
rates after pulsed 1rradiation

Shorter feedback times are needed to
allow a steady delivery of larger num-
bers of cells One possibility 1s to take
5% of the cell shipments, to irradiate
them with & fixed fluence, and to monitor
recovery under conditions suited to the
form of silicon used This would not
give a comprehensive evaluation but
would i1ndicate whether the shipments
showed promise

Caution must be exercised in extrapolat-
ing tungsten measurements (which are
useful to emphasize radiation losses) to
predict AMO output Already, good
Lithmm cells have Ig. ratios (AMO to
tungsten 100 mW/em?) around 1 15
(compared to 1 20 for older cells) and
our experience shows that, as the bulk
response of cells 1s further increased,

this ratio will fall to 1 10 f short wave-
length response stays high
VIII CONCLUSIONS
Lathwum cell work 1s still worth pursuing
despite the fact that, 1n recent months the tar-
get cells (N/P) have been improved considerably,
and, ingeneral, silicon solar cell outputs have
been increased As predicted in earlier years
the pressure and the understanding generated 1n
the hithium cell program have been partly res-
ponsible for N/P cell improvements

Figure 16 surveys the best cutput measured
for various silicon cells It is clear that re-
coverable Iithium cells are well placed to justify
continued study

The breadth of the JPL program allows ac-
cess to a wide range of sophisticated fechniques
and experts to help explain lithium cell behavior
This concentrated effort can help explain the pre-
irradiation properties and the defect interactions
during and after irradiation  Jt i1s possible that
the Iithium cell might be one of the best under-
stood devices developed for practical purposes
In turn, the incentive provided by the practical
end-product offers a challenge to the study of
basic properties and may accelerate the under-
standing of these properties
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DEVELOPMENT OF IMPROVED PROCESSES AND EFFICIENCIES I'OR
LITHIUM-DOPED SOLAR CELLS

P Payne and E L Ralph
Heliotek Davision of Textron Inc
Sylmar, Calf

I INTRODUCTION

This paper surmmarizes the Ia-doped solar
cell research and development carried out over
the past mine months under JPL Contract No
952547 The work performed can be separated
into two basic areas (1) experimental work aimed
at the irnprovement of cell processes and effi-
ciencies, and (2) the fabrication and statistical
analyses of a quantity of various lithturm solar
cell types

The essential processes used in the fabri-
cation of Li-doped solar cells include boron dif-
fusion using a BCly source, Lithwum diffusion, re-
distribution of the hithrum, evaporation of the
T1Ag contacts, and 810 antireflectron coating
Some of these procedures were altered foxr dif-
ferent groups of cells 1 ¢ , BBrj has been uf1-
lized as the boron source, both lithmum evaporation
and lithium paint-on techmiques have been used,
and for particular lithwum diffusions the lithmum
redistribution was eliminated however, when any
of these changes were made, 1t 1s noted in the
discussion

II EXPERIMENTAL STUDIES

The pramary areas of investigation were
Irthium diffusion techniques boron diffusion
source contact evaluation, and storage stability
studies BCl3 1s the dopant source used for
standard boron daffusions at Heliotek High out-
put cells are obtained with this process, however,
certain characteristics of thus diffusion are un-
desirable The stresses wintroduced info the
silicon with this diffusion are not usually a
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problem with small 1 X 2 cm blanks, but as the
cell size 15 1ncreased or the cell thickness de-
creased, the stresses result in a larger per-
centage of bowed cells

In add:ition, silicon is etched during this dif-
fusion This 1s a drawback 1n fabricating special
cell types such as a cell with a stable NT region
at the junction The purpose of the NT region 1s
to maintain the majority carrier concentration
and, consequently, good junction characteristics
as the lithium 1s depleted by the reaction with
radiation defect sites The Nt region 1s obtained
with a phosphorus diffusion and then the cell 1s
processed according to standard lithmm cell fabri-
cation techniques Use of BCljy as the boron dif-
fusion source with its variable etch rate makes 1t
mmpossible to fabricate this spec:al cell with a
confrolled width of the phosphorus region The
variable etch rate and introduction stresses were
the prmary reasons for investigating other
sources

Previous work had included investigation of
B2H4, BN, and Borofilm, but they were not in-
cluded in present confract work

The BBr3 has been successfully used by other
manufacturers, it was the source which was 1n-
vestigated during the performance of this contract
This diffusion 1s usually performed in an oxadazing
atmosphere with the BBr; reacting with O2 to pro-
duce B203, which deposits on the slice as a glass
layer It reacts with silicon to form elemental
boron, which then diffuses 1nto the latiice The
N2 15 used as the carrier gas Diffusions were
performed varying the BBrg, Op, and Nj flow,

11



diffusion trme, and temperature Some sets of
parameters gave better results than others, but
in the best cases, the Igc was 10 to 20 mA low
Since none of the diffusions with O3 gave high
enough short-circuit currents the BBrz was used
without O3 1n a daffusion process smmilar to the
BCl3 to ensure that the low I . were not caused by
impurities in the BBry The resulting short-
circuit currents were high and in the expected
range In addition, it was discovered that al-
though the BBrg etches the cell surface andaheavy
boron layer forms, the stressing {a problem wath
the BC13) 15 absent with the BBr3 Large

{2 X 2 crn and 2 X 6 cm) area cell blanks were
diffused, there was no evidence of bowing even

in the large 2 X 6 cm blanks When the 2 X 6 cm
blank thickness was reduced to 0 006 in , there
still was no noticeable bowing Figure 1 shows
1-V curves for a 1-2-cm crucible-grown cell
measured in both tungsten and smmulator light
sources using BBr3 without Oz The tungsten out-
put 18 as good as that obtained with BClz-diffused

cells The simulator output i1s low due to low
Is¢ The ratio of the symulator Ig¢ to tungsten
Igc 15 1 1, this 1s normally around 1 18 if the

diffusion 1s optirmumn

The same was the case for 20-Q-cm crucible-
grown 2X 2 cm and 2 X 6 cm cells  The tungsten
output was 1n the expected range but the swmu-
lator output was low The AMO short-circuit
current for an area equivalent toa 1X 2 cm cell
was about 6-mA low 64 mA instead of the 70 mA
which 15 normally obtained with BClz diffused
cells

Large area {(2X 2 cm and 2 X 6 cm) Irthum
cells have also been fabricated using the BBr3
diffusion The Iz {based upon 1 X 2 cm) ranged
from 6 17 to 64 5 mA The curve factor on
many of these cells was low due to rounded knees,
however, one of the better cells had a power out-
put of 58 0 mW which 1s equivalent to the effi-
ciency of 10 9% for a 2 X 2 cm cell (see Fig 2)

Use of BBrj wrthout oxygen does not provide
for diffusion of the special cell described at the
beginming of this discussion, but 1t does elimin-
ate the problem of stresses encountered with the
BC13 diffusion on large area and thin cells

Humdity and pull tests were performed to
evaluate the TiAg contacts presently used on
lithium cells The T1PdAg and Al contact sys-
tems on hithum cells were also included in this
contact evaluation The TiAg contacts showed
the least hurmidity resistance They were sub-
jected to 95% relative humdity at 65°C and, peri-
odically I-V curves were measured and tape
tests performed After approximately 100 h
exposure, an average of 35% of the front contact
peeled and some edge peeling occurred at the
back contact After 200 h the front contacts on
all cells peeled completely and an average of 15%
of the back contact peeled After 288 h exposure
only one cell out of ten with T1PdAg contacts
showed any degradation Approximately 20% of
the bar peeled Two out of ten of the Al-contacted
cells exhibited peeling after 268 h  30% of the bar
on one cell and 80% on another Althrough the
TiPdAg and Al contacts do degrade with humadaty
their performance 1s superior to the Ti1Ag contact
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The electrical measurements {performed in
100 mW/em?2 tungsten hght source) showed that
the most sigmficant loss factor was at maximum
power due to an increase 1n series resistance
and the subsequent rounding out of the knee No
electrical degradafion was measurable after 48 h,
however, the maximum power degradation after
approximately 100 and 200 h was 4 and 5% re-
spectively The cells with Al contacts exhibited
the followmng degradation after 244 h 0-3 3% for
the I at 450 mV, 0-2 5% for the I ., and less
than 1% for the V. The degradation of the
Iithmem cells with Ti1PPdAg contacts was about the
same after 288 h

The Ti1PdAg-contacted P/N cells without
lithium generally showed less than 1% electrical
degradation over the same period of humadity ex-
posure This seems to indicate that the lithium 1s
moving arcund in the bulk of the cell or that it s
reacting with the contact, eirther of which could
change the output

Pull tests {1 e wire-soldered or ultra-
sonically welded to the comtact and pulled per-
pendicular to the cell surface until failure) were
performed to determine the mechamical strength
of the contacts In all cases where silicon frac-
tures or divots did not occur pull strengths 1n
excess of 500 g were obtained for TiAg and
T1PdAg contacts The Al contacts had equivalent
strengths Because of silicon fractures there
was an unusually large percentage of failures at
less than 500 g pull This seems to be an indi-
cation of the stresses present in P/N hithmm
cells, since this does not typieally occur with
conventional N/P cells These stresses are pre-
sumed fto be primarily due to the boron diffusion
since the P/N cells with no lithwm that were pull-
tested also failed with silicon fractures at less
than 500 g

It has been suggested that the percentage of
the back surface which 1s covered with lathium
should have an effect upon the radiation recovery
characteristics of lathmum cells Cells fabricated
by Helictek have generally been painted with
lLithaum so that the lithwum source 1s always within
0 010 o 0 020 1in of the cell edge This un-
daffused region around the perimeter of the cell,
although small, could result in residual radiation
damage ILathmuum would not be present in this
region to anneal damage sites and the junction
edge effects might degrade the characteristic
curve An expermment was designed to evaluate
the effect of varying the area of this region and
the sipmficance of this residual damage ILathwum
was painted on the cells as follows the first
group had 100% lithmum coverage, the second
approxmmately 85% and the third, approxymately
50% The undiffused regions did not affect V/I
{a measure of the shce resistivity) Also no
clear correlation could be drawn between lithium
coverage and electrical output The cells from
this experiment were submaitted to JPL for rada-
ation testing These radiation tests should indi-
cate whether complete hithrum coverage of the
back cell surface ts 1mportant  Evaporating
Iithium as an alternative to painting on a lithium
maneral o1l suspension has been investigated
Evaporating Iithium 1s desirable because (1) it
1s less tedious than the paint-on techmque (2} 1t
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1s adaptable to a production line, and (3) there 1s
no problem with the umformaty of the lithum layer
on different paxts of the same cell and from cell
to cell

Large dzameter (0 125 1n ) lithmum wire was
used as the source This was handled far more
easily than the lxthwum pellets which have previ-
ously been used 1n 1nvestigations of hithmum evap-
oration Oxidation of lithium while opening the
vacuum system was another problem area which
had been encountered previcusly This problem
has been reduced by using helum rather than air
to open the vacuum system after the hithmm evap-
oratwon The cells have been exposed to awr dur-
ing transfer from the vacuum system to the
daffusion furnace, but with apparently liitle oxi-
dation since cells have been obtained with the
same V/I and Iaithium concentration profiles as
cells with the pamted-on lithum mineral oil
source Many of the cells with evaperated Iithum
have outputs as high as cells with the painted-on
Iithium, however comparison of the cumulative
frequency distributions for cells with painted-on
versus evaporated Itthium layers showed that
there was more fall-off in cell output and con-
sequently a larger percentage of lower output
cells with the evaporated lathwum Figure 3 shows
the maximum power distribution as a function of
lithium application for lots 3 and 4 At a cumu-
lative frequency of 90%, there :s a difference 1n
output of about 1 mW for both lots

The movement of lithium in the silicon lattice
at room temperature could cause electrical in-
stabllity in long-term storage To evaluate thus,
cells fabricated in 1966 have been periodically
measured After 3 1/2 years of storage at room
temperature the following changes have occurred

{1) Three of the float-zone cells which ex-
hibited approximately 10% power loss
one year ago have now degraded approxi-
mately 13%

(2) These three float-zone cells had un-
usually large V5. decreases

{(3) Not all float-zone cells degraded 1n the
above manner Some of the other float-
zone cells degraded slightly in the past
yvear, but they are still higher than they
were wthially

{4} The 100-Q-cm float-zone cells diffused
at 350°C, which one year ago showed a
maximuin of 1 84% Igc degradation and
1 49% Pynax degradation, now exhibit
2 0-3 7% total I5c loss and 3 6-4 5%
total loss 1in Pmax

{5) The crucible-grown lithium cells have de-
graded slightly in the past year but their
outputs are still higher than the imtial
outputs measured on October 1966

IiI CELLS DELIVERED TO JPL

Five lots of 60 Lai-doped solar cells have heen
shipped to JPL for radiation tests in other labora-
tories For each lot more than 60 cells were
processed and tested so that a good selection
could be made Statistical analyses of the electri-
cal ouiput of each lot were performed
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Lot 2 consisted of 60 cells fabricated from
100-Q-cm Lopex silicon They were Li-diffused
90 mn and redistributed 120 min at 425°C
Eighty-seven cells are mcluded m the maxmimum
power digtribution shown mn Fig 4 The median
output was 25 4 mW 5% of the cells had ocutputs
=28 4 mW and 95% had outputs 222 8 mW  These
cells showed the same variations in open-circut
voltage previously observed with Lopex silicon
Some of the cells with lugh outputs had not only
high short-cireuit currents but also open-circuit
voltages of 570-580 mV  Some of the lower out-
put cells had open-circuit voltages as low as
540 mV ‘The cause 1s sti1ll uncertain, it could be
dependent to some degree on oxygen concentration
which, some anvestigators have indicated wvaries
considerably 1n Lopex sitlicon At any rate Lopex
silicon seerns (o be the least predictable with
respect to the lithmam cells fabricated from 1t
Eight-hour Iithmm diffusions at 325°C have been
investigated during thas contract and lots 1 3 and
4 have been processed using these diffusion
parameters Cells with this type of diffusion have
been known to exhibit very high output The out-
put of lot 1, 20-2-cm float-zone cells 1s shown
in Fig 5 The median output of this group of
cells 1s 25 5 mW which 1s about 3 5% lower than
the average output of 20-2-cm float-zone cells
diffused 90 min and redistributed 60 man at 425°C
This 15 not the high output which was expected

The output of lot 3 1s shown 1n Fig 6 These
cells were fabricated from 20-Q-cm crucible-
grown silicon and the high outputs expected from
an 8-h diffusion at 325°C were observed The
maxynum power distribution includes cnly the
60 cells shipped to JPL since a number of the
cells had poor I-V curve shapes due to contact
shunting problems Some of the cells with poor
curve shape exhibited a carrier removal effect
1n that they did not have exceptionally high dark
reverse currents at 0 7V, but dad pass high cur-
rent at low voltages The maxunumn power dis-
tribution 1s narrow and high The median output
15 30 mW with 10% of the cells having outputs
232 mW and 90% having outputs 227 mW For
lot 4, 20-2-cm float-zone cells with an 8-h dif-
fusion at 325°C were agamn fabricated The out-
put of this lot was no higher than for lot 1 Fig-
ure 7 compares this lot of float-zone cells to the
crucible-grown cells fabricated for Iot 3 The
median output of the crucible-grown hithmum cells
was 6 mW higher than the median output of the
float-zone cells This corresponded to an aver-
age efficiency of 9% for the float-zone cells and
11% for the crucible-grown lithrum cells It 1s
typical for crucible-grown lithmum cells to have
higher outputs than float-zone Iithium cells, but,
usually the difference 1s 2-3 mW or half an effi-
ciency group The low output of the float-zone
cells could be a boron diffusion Lithwum diffusion
or material problem

The cructble-grown lithium cells diffused
8 h at 325°C which had such high initial outputs,
also had exceptionally high recovered outputs
after being 1rradiated with 1 MeV electrons to an
mtegrated flux of 3 X 1015¢/em2  Figure 8 shows
a cell wath an mnitial output of 32 6 mW and a re-
covered output after wrradiation of 21 9mW The
cell shown in F1g 9 had a lower inttial output
29 4 mW Tbut it recovered to 23 5 mW Fig-
ure 10 compales these two cells to a 10-02-cm
N/P cell irradiated to the samec level The output



of the lithmum cells 158 11 to 20% higher than the
output of the N/P cell This increased efficiency
and radiation resistance means that the La-doped
cells would withstand about three times the rada-
ation fluence for the same power ocutput degrada-
tion when compared to the 10-2-cm N/P solar cell

In summary, the output of crucible-grown
cells Ii-diffused 8 h at 325°C (lot 3) have ex-
hibited the highest efficiency for the amount of
Iithum present of any cells fabricated to date

i4

Efficiencies as high have only been observed for
cells with low lathtum concentrations The aver-
age output of lot 3 was 6% higher than the average
output of the best lot of crucible-grown cells fabri-
cated during the previous contract
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USE OF LITHIUM TO RADIATION-HARDEN SOLAR CELI.;Sl

J R Carter, Jr , and R G Downing
TRW Systems Group

Redondo Beach, Calif

I INTRODUCTION

Work to mmprove the radiation hardness of La-
diffused solar cells has been divided into two mamn
efforts The first arez involves basic studies of
the underlymng physical and chemical phenomenon
of Izthium behavior mn irradiated silicon The sec-
ond area 1s a direct attempt to improve the state
of the art by systematic fabrication of Li-doped
solar cells and their evaluation in a2 radiation en-
vironment The work at TRW Systems has in-
volved basic studies and the evaluation of cells
fabricated by other contractors

Hall coefficient measurements have been uii-
lLized to study the changes that occur mn Li-doped
silicon durmg irradiation and after recovery By
this technique, 1t has been possible to identify the
major defects produced during the 1rradiation of
this material, and to monitor the changes which
occur after irradiation All irradiations discussed
herein were done with 1-MeV clectrons Extensive
capacitance measurements on Li-diffused solar
cells have allowed saxmilar studies of the changes
in donor concentration which confirm and support
the Hall measurements

The evaluation program consisted of ime-
dependent measurements of Liz-doped float-zone
(FZ) silicon solar cells irradiated at 3 X 1014 and
3 X 1015 e /om? with 1-MeV electrons for measure-
ments during storage at room temperature The
evaluation of Li~doped quartz-crucible solar cells
was by storage at storage temperature of 60, 80,

90278

and 100°C after i1rradiation to 3 X 1015 e/cnnZ
with 1-MeV electrons ILathium concentrations
near the junction were determined by capacitance
and related to observed behavior

II LITHIUM REACTIONS IN IRRADIATED
SILICON

The principal theoretical problem remaming
i connection with the study of radiation damage
i Li-doped silicon is the confirmation of a phys-
1cal model for the production and annealing of
damage 1 this material There have been four
approaches to this problem to date Since two
types of silicon (FZ and quartz crucible} have been
used 1n these studies, all of the results cannot be
compared The results can be summarized as
follows

(1) Vavilov, et al , suggested that in quartz-
crucible silicon damage results from
AN center formation and annealing re-
sults from pairing of "A" centers with
Irthium donors

{2) The RCA group has proposed the damage
recombination centers of La-V™ 1 FZ and
La-O-V™ 1n quartz-crucible silicon The
annealing occurs by pairing of Iithium
donors with the respective damage center

(3} The TRW group expermments support the
concept of 1L1-V formation during 1rradi-
ation with annealing by reaction of one or

MThis work was performed for the Jet Propulsion Laboratory, Califorma Institute of Technology, as

sponsored by the National Aeronautics and Space Administration under Contract No

JPL Technical Memorandum 33-467

NAS 7-100

19



more lithium donors with the recombina-
tron centers

(4} Stannard of NRL has irradiated Li-doped
FZ silicon at lower temperatures and al-
lowed 1t to recover at room temperature
The results indicated that the irradiation
resulted in the production of an unidenti-
fied deep acceptor A similar loss of
lithium donors occurred at the same time
During the room temperature anneal, the
deep acceptors were removed A loss of
laithium also occurred during the anneal-
ing The lithium loss during annealing
was roughly twice the deep acceptor loss

In general, most mvest1gat1ons support a view
that lIathzum donors react with displacement prod-
ucts to form the domainant recombination center
Annealing 1s caused by the reaction of one or more
lithium donors with the recombination center
Such a model explains most of the observations
that have been reported for lithium solar cells
The only major effect, which remains unexplained
by this model, 1s the redegradation observed 1n
heavily doped cells It must be emphasized that
these conclusions are reached by indirect means
and are mn need of confirmation OQOur own work
has involved very heavily Li-doped samples which
are not typical of doping levels in solar cells For
this reason, we are extending our, observations fo
include silicon with less than 10*? L1 atoms/cm

II1 HALL COEFFICIENT MEASUREMENTS

Lithium was diffused into wafers of 50-Q-~cm
N -type quartz-crucible s:liceon to make several
Hall specimens The lithjum concentrations were
about 7 X 1014 atoms/em This doping level 1s
comparable with that found in Li-doped solar cells
Thus, 1t was hoped that the results would be typa-
cal of behavior in Li-doped solar cells

Our inifial results in the 1rrad1at1on of this
material are shown in Fig 1 T <f ample was
irradiated with a fluence of 1 X 1 10 efcm? of
1-MeV electrons Figure l 1s a plot of reciprocal
Hall coefficient versus reciprocal temperature for
sample Q-2A This reciprocal Hall coefficient
can be interpreted as conduction carrier concen-
tration The data prior to irradiation indicated a
constant electron concentration throughout the
temperature range mvestigated Irradiation pro-
duced a small change in the room temperature
electron concentration The low temperature
electron concentration was greatly lowered 1n 2
manner that indicates the irradiation produced a
large concentration of acceptor defects wath a
deep-lying level The manner i1n which the Hall
coeffrcient of the irradiated specimen changes wath
temperature indicates that the Fermi level has be-
come pinned to the energy level of the radiation-
produced defect The defect energy level calcu-
lated from the slope shown mm Fig 1150 19 &V
below the bottom of the conduction band This value
1s not properly corrected for the temperature var-
1ation of the densiaty of states in the conduction
band To properly account for the density of
states, the quantity log 1/T3/2 Ryy must be plotted
against 1/T This has the effect of lowering the
apparent energy level a small amount Although
this analysis has not been completed it 1s appar-
ent that the true energy level will lie very close
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to the known posihion of the S1-A center (0 17 V)
These data strongly suggest that one of the mamn
difectseproduced during room-temperature irra~
diation of Lai-doped quartz-crucible silicon 1s the
Si1-A center A second sample (Q-2C) was irradi-
ated with an electron fluence of 1 X 1015 e/em
The data for this sample are shown in F1g 2 It
can be seen that there 15 evadence of a deep level
after irradiation and annealing reduces the concen-
tration of deep level defects and conduction elec-
trons To assist m the analysis of the data, these
data were normalized to the results prior to arra-
diation Thus the temperature variation of the
Hall factor 1s removed from the data These re-
sults are shown in Fig 3 Several observations
can be made from these data The concentration
of the deep-level defects produced by irradiation
1s about 2 x 1014 ¢m- The 1ndicated defect pro-
duction rate would be 0 2 cm~! The Si-A center
has an energy level at 0 17 eV below conduction
band If a degeneracy factor of 1/2 1s assumed,
the two-thirds 1onization point will be reached at
a temperature of 195°K (1000/T°K = 5 15} Add:-
tional calculations show the Fermi level of sample
(Q-2C) at 195°K after irradiation to be at 0 17 eV
below the bottom of the conduction band There
also appears to be some evidence of other ex-
tremely shallow energy level defects, because the
carrier concentration i1s agamn declinmng at 120°K
After an anneal of 150 h at 100°C, the concentra-
tion of A centers was reduced to 7 X 1013 em-
During the same period, the concentration of car-
rier elecirons or lithium donors was reduced by

3 3 X104 cm=3 The loss m A centers was

14 %1014 ecm~!  These results indicate that
roughly two lithium donors are consumed 1n the
anneal of one S1-A center This behavior 1s very
similar to that reported by Vavilov (Ref 1) The
defect production in this case 1s much greater
than that reported by Vavilov for A centers

Since the Si-A center 1s known to be an effec-
tive recombination center, the previous results
form the basis for the model of irradiation damage
and recovery in Li-doped quartz-crucible silicon
solar cells The behavior in cells may follow the
following model

Irradiation

V +0 —~0O -V (un-ionized A center}

Recovery
0-v+Lit+ e —~11-v-0 (inactive defect)
or
O-V+ 2L1+ 2e” —~L1, - V -0 (mnactive defect)

The apparent consumption of two lithium donors
per annealing A center may be misleading The
data point out the possibality of other defects with
more shallow-lymng energy levels 1Itas entirely
possible that some lithium donors are consumed
in the annealing of such defects

Our previous Hall coefficient measurements
on Li-doped float zone silicon have been concen-
trated on heavily doped specimens These heavy
doping levels are not typical of those found in solar
cells To extend the previous work, FZ specimens
were prepared with lithium concentrations in the
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range of 1014 ¢o 1015/cm3  The FZ silicon used
for this work was originally 1000-Q-cm N-type
silicon This purity level restricts the possible
defect interactions with impurities to those with
lathium and possibly oxygen Sample E-4 15 an
example of such a specimen The Hall coefficient
data relating to the irradiation and recovery of
this sample 1s shown 1n Fig 4 Since the recipro-
cal Hall coefficient 1s closely related to the con-
duction band carr:ier concentration the results in
Fig 4 can be mnterpreted as changes in carrier
concentration The resulis of the irradiation sim-
ilar samples of quartz-crucible silicon show a
very small carrier concentration change at room
temperature after irradiation Those results sup-
port the production of Si-A centers (oxygen-
vacancy pairs) during irradiation of the Lai-doped
quartz-crucible silicon Two significant points
can be observed regardming the postirradiation re-
sults of sample E~4 First, the carrier removal
at room temperature 1s approxmately 0 1 cm™
The second pomnt 1s the large inflection 1n the Hall
coefficient at temperatures at which the Ferma
level 1s near 0 17 eV below the bottom of the con-
duction band Although alternate explanations can
be proposed, the sumplest model would be the for-
mation of two types of defects during the irradia-
tion one defect being the Si1-A with 1onization
energy of 0 17 eV and the other being a defect of
undetermined structure wath an iomization greater
than 0 3 eV from the conduction band The second
defect 1s probably a lithium-vacancy pair The
mtroduction rate of the 51-A center i1n thas sample
appears to be approwimately 0 2 cm” The value
15 1n excellent agreement with that found m similar
quartz-crucible silicon It should be noted that
this sample contains only 3 7 X 10-% lithrum
donors/cm Since the residual oxygen concenfra-
tion m float-zone silicon 1s believed to be m the
range of 1015/cm® oxygen 1s probably the domi-
nant impurity in a FZ specimen such as E-4 In
this regard 1t 1s not unusual that the S1-A center
should be produced during 1irradiation After arra-
diation, the sample was stored at room tempera-
ture to study recovery changes After 310 h at
26°C, the carrier concentration was greatly re-
duced during storage At this time, the decline

of the reciprocal Hall coefficient at temperatures
below room temperature indicates that many shal-
lower level defects {zx e Si-A centers) remain n
the sample After 1500 h, the conduction electron
concentration has been reduced to only a few per-
cent of that present immediately after the irradia-
fion It appears that the time-dependent decrease
i carrier concentration is directly related to the
reaction of lithium donor i1on cores and their at-
tendant electrons with radiation defects

A sirmlar specimen, F-2, with a somewhat
higher Lithium concentration, was studied in the
same manner The results of this study are shown
in Figs 5 and 6 In this sample, the concentra-
tion of lithium donors was 1 5 X 1015 /cm’ Thas
1s roughly four times the amount present in sam-
ple E-4 The FZ silicon used m samples E-4 and
F-2 was purchased from the Wacker Chemacal
Corp , Los Angeles Figure 5 shows the recipro-
cal Hall coefficient versus reciprocal temperature
plot for sample E-Z before irradiation, after irra-
diation, and 800 h after irradiation To facilitate
the interpretation of these data, they were normal-
i1zed to the pre-irradiation results and reploited on
a lmmear scale in Fig 6 The features of the

FPIL Techmcal Memorandum 33-467

change produced by irradiation of this sample are
very simalar to those shown mn Fag 4 for sample
E-4 The presence of both the S1-A center and
the defect with a deeper level are 1mplied after the
irradiation The mtroduction rate for S1-A centers
1n sample F -2 1s approximately 0 2 cmn™ This 1s
similar to that found 1n sample E-4 It 1s also
similar to that found previously in & quartz-
crucible sample {Q~2C) with sumilar lithium con-
centrations A significant difference between the
results m sample F-2 and those mn sample E-4 1s
that the introduction rate of defect with deeper en-
ergy 1s about 0 2 cm~! 1 the former and 0 1

cm™ ! in the latter case It would appear that in-
creased lithium concentrations cause higher con-
centrations of the defect formed during 1rradiation
Because of mass action principles, this mereased
introduction rate 1z direct evidence that Lithium 1s
invelved 1n the structure of the defect under con-
sideration After 800 h at room temperature, the
results 1n Fig 6 indicate greafly reduced carrier
concentration The data also indicate a very much
reduced concentration of defects with energy levels
less than 0 32 eV {1 e , S1-A centers)

IV CARRIER REMOVAL STUDRIES IN CELLS

Parallel studies of capacitance and electrical
output were made on a quartz-crucible solar cell,
A¥ 4921 The concentration of lithium donors at
the junction (Va = 0) and the short-circuit current
were studied during irradiation and recovery at
100°C These data are agamn shown mn Fag 7 In
general, the results are very similar to those of
FZ cells 1n that a large decrease of lithnum con-
centration occurs simultaneously with a recovery
of the degraded short-circuit current The pownt
of interest 1s that during the i1rradiation of
3 x 1015 e/cm?, only 2 X 1013 carrier electrons/
cm? are removed This 1s an order of magnitude
lower than that observed in FZ cells Since the
lithium lost during recovery 1s comparable inboth
FZ and quartz-crucible siliconr, 1t can be assumed
that similar numbers of radiation-induced recom-
bination centers were present in both types of
cells Even 1if the damage cenfers are un-ionized,
the small quantity of carriers removed during ir-
radiation would not mdicate a lithium loss adequate
to allow a lithium atom 1in the structure of each
damage center Tls result tends to support the
need for an entirely different damage center 1in the
case of quartz-crucible cells

A more extensive analysis of the above sam-
ple was recently completed By use of capacitance
measurements, the donor concentration was deter-
maned at depths up to 5 1nto the N-type region
These data are shown in Fig 8 The figure shows
that the small "loss of donors" during irradiation
15 a general condition which extends deep into the
N -type region The change which occurs during
the 500-h recovery period, appears to vary greatly
with distance into the cell To permait a closer
analysis the data were converted into removal
rates (dn/do) and plotted as a function of distance
into the N -type region The removal rates during
irradiation and recovery are both shown in Fig 9
as a function of distance It is readily apparent
from these data that the low apparent removal rate
(0 006 cm™*} during irradiation extends deep 1nto
the N -type region The removal rate during re-
covery rises very rapidly with distance A differ-
ent view of these data 1s shown 1n Faig 10, where
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two removal rates are plotted as functions of the
lithium donor concentration at a pomt 1n the cell
where the particular removal rate was determained
Two facts are apparent the removal rate during
irradiation 1s not a function of lithwum concentra-
tion and the removal rate during recovery 1s a
very strong function of the lrthium concentration

Since the resull of the capacitance measure-
ments of removal rates during irradiation of Li-
doped quartz-crucible cells strongly indicates that
81-A centers are formed, 1t would be mteresting
to examine similar measurements made on conven-
tional P on N solar cells The silicon A center 1s
believed to be the major recombination center m
the conventional P /N solar cell (quartz-crucible
silicon) In Fig 11 the donor concentrafions,
determined by capacitance measurements, are
shown for a non-lithium solar cell {CEG 112) as a
function of distance into the N-type base region
The measured carrier removal rate 15 constant
throughout the distance investigated with a value
of 0 013 cm™!  Under the conditions in this cell
S1-A centers would be about 9% 1onized The ac-
tual introduction rate of A centers would be 0 15
cm” This value 15 quate close to the value of
0 2 cm™4, which 1s calculated from similar mea-
surements on Li-doped quartz-crucible solar
cells This result tends to support the previous
conclusions that oxygen-vacancy pamr (Si1-A cen-
ters) play a prominent role in the degradation
process of all P/N silicon solar cells

Up to thas tzme the full potential of the capac-
itance measurement has not been utilized 1n the
examination of irradiated solar cells In this sec-
tion the changes in carrier concentration during
and after i1rradiation are analyzed for three Li-
doped FZ solar cells of widely varying lithium
concentrations The current-voltage plot for cell
C3-18 15 shown for several stages of irradiation
and recovery in Fig 12 In Fig 13, the donor
concentration as a function of distance into the
N-type region 1s shown for the same cell in the
same stages of irradiation and recovery illustrated
m Fig 12 It appears that the donor removal dur-
g irrad:iation 1s a strong function of distance mnto
the N -type region In addition, the amount of do-
nors removed during recovery for 200 h 1s much
larger than that removed during 1rradiation After
400 h, the lithium donor concentration deep in the
cell has risen somewhat, apparently from diffu-
sion of Iithium into this region The increase mn
lithium concentration 1s probably the cause of the
slight redegradation in short-circuit currentwhich
occurs between 200 and 400 h after irradiation
The data relating to donor concentration changes
are replotted in Fi1g 14 for various depths in the
N-type region as a function of electron fluence
The data 1n T'1g 14 indicate that the removal rate
appears lmmear with ¢lectron fluence The removal
rate however, increases rapidly with distance
mnto the N-type region The removal rate at the
original edge <if the space charge region (1 44 1s
only 0 04 em”™ Measurements made with barrier
width at 3 7 p indicate a rermoval rate of 0 206
cm~! A five-fold mnerease 1n removal rate has
occurred 1n a distance of only 2 3 i from the origi-
nal unbiased space charge region

Cell C3-18 1s typrcal of a low Laithium cell
The mitial lithium concentration at the junction
was 3 8 X 1014 atoms/em® A similar study will
now be discussed for a cell with a somewhat higher
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lithium concentration The solar cell current-
voltage characteristic of cell AF 14-4903 15 shown
in Fig 15 for several stages of irrad:iation and
recovery Figure 16 presents the resulis of the
capacitance analys:is during stages shown in Fig
15 1In general the donor concentration changes
in cell AF 14-4903 are very sumalar to those dis-
cussed for cell C3-18 After 312 h of recovery,
the donor concentration 1s approaching that of the
origmal phosphorus conceniration (2 x 1014
atoms/cm?) of the silicon To further analyze the
data in Fig 16 the donor concentrations for spe-
cific widths of the space charge region {distance
into the N-type region) 1s replotted in Fig 17 as
a function of electron fluence In cell AF 14-4903
the removal rates found durmng irradiation are
somewhat higher than those found in cell C3-18

A rapid increase mn removal rate 15 also noted
with increases i barrier width

An additional cell (T4-10) with a much higher
lithium concentration was studied in the same
manner The current-voltage relationships are
shown for before and after arradiation and after
recovery i Fig 18 The lithium concentrations
as a function of barrier width for cell T4-10 are
shown m Fig 19 In this cell, the lithium concen-
trations are large enough at all depths to allow
recovery without making major changes in the lith-
ium concentration It can be noted that the lithium
loss during rradiation is exceeded by that during
recovery by 50 to 100% These data are of impor-
tance mn formulating a physical model for the proc-
ess The removal rates during the irradiation of
cell T4-10 at various distances into the N-type
region are shown in Fig 20 Similar data are
also shown for cells AF 14-4903 and C3-18 Faig-
ure 20 provides a graphic example of the extreme
variation of removal rate {during irrad:iation) with
depth that 18 possible within this type of solar cell
These variations may in part, be responsible for
the wide differences in removal rate reported by
different investigators The exact reason for this
pattern of removal rate 1s not clear The trend
can be roughly described as a tendency for the re-
moval rate to go to zero at the position of zero
barrier width and rise rapidly from this value in
some manner direcily related to the lithium donor
concentration To further clarify this relation-
ship the removal rate data were replotted versus
the lithium concentration at the point mn the cell at
which the rate was determined The data 1in Fag
21 show that certain lithtum concentrations will
not result in a specific removal rate Of particu-
lar mterest in Fig 21 1s that removal rate data
for cell AF 14-4903 and T4-10 do show near linear
behavior i1n respect to Lithium concentration The
fact that the individual curves are considerably
displaced indicates the presence of some other
strong factor in the determination of the removal
rate It 1s possible that distance from the space
charge region edge and Lithium concentration both
act to determine the removal rate during irradia-
tion of La-doped FZ silicon cells It 1s reasonable
to expect the lithium concentration to affect the
removal rate during irradiation Simple mass ac-
tion principles suggest that areas with higher con-
centrations of lithium deonors should capture more
displacement-produced vacancies before annihila-
tion than simalar areas of lower lithium concentra-
tron It 15 more difficult to postulate an indepen-
dent effect which would cause the apparent defect
production rate to be so low adjacent to the space
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charge region and 1ncrease so rapidly with distance
from the barrier

These results tend to support a previously
proposed model of the damage and recovery proc-
esses The model 15 as follows

Irradiation v+ L1+ + 2e” — La-V"

Recovery Li-V™ + L1+ - 1a1-V-1a

or

Li-V™ 4257 467 = La, -V

The data which support this model are as follows

(1) Laithium 15 apparently consumed during
irradiation

(2) Lathium is apparently consumed during
recovery

(3} The lithium consumed during recovery 1s
roughly equal to, or greater than, that
consumed 1n 1rradiation

V DEFECT STRUCTURES IN CELLS

In our preivious wnvestigation, the possibility
of using the frequency dependence of solar cell ca-
pacitance 1n the study of radiation defects was ex-
plored This technique has recently been used to
study Lithium solar cells The results of thas ex-
perimentation appear to be very significant and
should provide an excellent means of study in the
fature In this measurement, the region of the
sclar cell space charge region 1s caused to widen
and contract under a high-frequency voltage When
deep-lymg energy levels are present under cer-
tain conditions of frequency and temperature, these
defects are not able to change their charge state
rapidly enough by thermal emission and caplure as
the space charge region passes through their posi-
tion This difficully provides a relavation effect
which canbe studied to determine the energy levels
of defects present This behavior 1s 1llustrated in
Fig 22 1In this work, Lia-doped guartz-crucible
silicon solar cells were studied m the umirradiated
and irradiated conditions by capaciiance measure-
ments at temperatures from 27 to -190°C and f{re-
quencies of 5 to 400 kHz In the case of a typical
lii-doped solar cell, the donor concentration at the
edge of the space charge 1s related to the capaci-
tance in the following expression

All of the factors in thas expression are constant
before and after irradiation except S, which 1s re-
lated to exponent of the k = VCT relationship of
the cell 1In this case, the S factor was observed
to be unchanged by irradiation For this reason
changes m donor concentration caused by irradia-
tion can be studied by examining the changes in the
square of the ratio of capacitance after irradiation
to that observed before 1rradiation This param-
eter 1s plotted on the ordinate of F1g 22 Exami-
natzon of the data indicates that at higher temper-
atures, no frequency dependence 1s observed As
the sample temperature 15 reduced, a divergence
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in the data for various frequencies 1s observed
The lower-frequency (5-hHz) capacitance values
diwverge first as the sample temperature 1s de-
creased, followed by those of higher frequency at
still lower temperatures At -190°C (1000/T =
12}, the capacitance variation with frequency agam
converges The behavior in general 1s indicative
of deep-lying traps produced by the electron irra-
diation The point at which the transifion from
maximum to minimum donor population 1s half
complete 1s marked for each frequency used This
point 18 defined as the cutoff frequency at that par-
ticular temperature It can be assumed that the
reciprocal of the cutoff freguency 1s proportional
to the relaxafion tame of the electronic capture
process dominating the process as follows

1
T = k—
£(:

The relaxation time of such processes can be
determined from statistical considerations In a
case which can be described as a net loss of do-
nors, the expression would be

T = 1/C N_exp [-AE/kT]

where
Nc = the effective density of state
Cn = capture constant for electrons

To facilitate the analysis, it has been assumed
that the reciprocal of the cutoff frequency 1s equal
to the relaxation fime To determine the energy
level of the centers involved in the relaxation (AE),
an activation energy plot 1s presented in Fig 23
To construct a2 plot in which the slope will directly
reflect the value of AE, the relaxation time divided
by the density of states is plotted versus the recip-
rocal temperature The data indicate the value of
AE to be 0 17 eV Since this value 1s also 1denti-
fied with the 1onization energy of the Si1-A center,
these measurements add more support to previ-
ously discussed evidence mdicating that the pri-
mary defect produced during irradiation of Li-
doped quartz-crucible silicon solar cells 15 the
oxygen-vacancy pair or S1-A center Certain fac-
tors such as span degeneracy, temperature depen-
dence of capture cross section, and width of the
space charge region have been neglected 1n this
analysis It 15 believed that consideration of such
factors would not significantly alter the conclusions

VI LITHIUM COUNTERDOPING OF P-TYPE
SILICON

The benefits of rad:iation hardening by lithium
doping have been so far coniined to N-type silicon
This 1s an unfortunate circumstance, as N-type
silicon 15 mherently more prone to displacement
radiation damage than P-type silicon Lathium
dopinghas made N-type silicon competitive with and,
in some cases, superior to P-type silicon with re-
gard to radiation hardness A much more desir-
able situation would be to further mcrease the ra-
diation hardness of P-type by lithium or any other
type of doping In an effort to determine 1f any
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such advantage does exisi, we have fabricated
P-type silicon which 1s counterdoped by the diffu-
sion of lithium The results of electrical mea-~
surements made on a few P-type lithium counter-
doped samples are summarized m Table 1 Two
of these samples were made with guartz-crucible
silicon and the other from FZ silicon In all
cases, the resistivaty after lithium diffusion 1s
much higher than the original resistivity of the
crystal Thas 1s evidence that many of the boron
donors originally present mn the crystals have been
compensated by the presence of the lithium donors
This compensation was also confirmed by Hall co-
efficient measurements The boron and Iithum
concentrations shown in Table 1 were determined
in this manner The Hall mobility of each speci-
men after the lithium daiffusion is also shown It
can be noted that the mobilities shown are rela-
tively low for samples of the resistivities exhibited
after hithium diffusion This 15 because mobility
reflects the total concentration of scattering cen-
ters (1 e , both boron and lithaum 10n cores} The
mobalities shown are more typical of the orzginal
crystal, since the possible scattering center popu-
lation has been increased although the net carrier
concentration mn the valence band has been de-
creased For this reason, a lithium compensation
diffusion of a P-type crystal will raise the Hall co-
efficient and decrease the Hall mobility A large
decreas¢ i mobility may not be detected because
of pairing of the lithium and boron atoms The
significant point 1s that P-type silicon can be Li~
counterdoped to achieve resistivities of mnterest to
the device designer and lithium concentrations
which could be of importance in radiation
hardemng

In an effort to obtain some indication as to
possible hardening mechanisms, the P-type Lui-
doped silicon samples discussed 1n Table 1 were
irradiated with 1-MeV elecktrons In this work,
only the Hall coefficients and resistivity were mon-
itored Thus, any radiation-mnduced reactions
which affect majority carrier behavior can he de-
tected Although this does not measure the minor-
ity carrier lifetime, similar measurements 1n
N -type reflect the reaction of lithium with the
radiation-generated defect complexes In Faig 24,
the hole concentration of sample L1-P-Q3C-1-1 1s
plotted versus eleciron fluence After an irradia-
tion of 3 X 1016 ¢/cm3 the sample was stored at
100°C The slightly elevated temperature was
used because of the known reduction of effective
diffusion constant of lithium in quartz-crucible
gilaicon As shown in Fig 24, the hole concentra-~
tion was significantly mcreased during the storage
at 100°C Since defects in P-type silicon do not
normally anneal at this temperature 1t appears
that lithium may have reacted with some of the de-~
fects generated during the 1rradiation fo annihilate
them In this P-type of sample a decrease in
lithium donors causes the hole concentration to
increase because of the lowered compensation
These resulis are by no means conclusive, but do
mndicate that further work is warranted

The data shown in Fig 25 relate to a simular
sample which was Li-counterdoped to a much
higher resistivity (La-P-QC-~10-4} In the sample,
the removal rate during irradiation was 0 03 em™1t,
which 1s samilar to that of ordinary boron-doped
silicon In this sample, the hole concentration
also mncreased during storage at 100°C  The
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mitial increase was larger than that of the preva-
ous sample, however, after 40 h at 100°C, the
hole concentration decreased to less than that ob-
served after the irradiation The nature of this
change 1s not clear at this time

The data 1n F1g 26 represent the only study
to date on P -type Li-counterdoped FZ silicon
(Table 1) This material 1s of interest, in this
case, because of the lower oxygen concentration
This lower oxygen concentration may allow any
lathium reactions occurring to be observed 1n a
shorter period of time at room temperature In
Fig 26, the hole concentratons before and after
irradiation are plotted on the ordmate of the graph
The hole concentrations at various fimes after
completion of the rrradiation are shown in the fip-
ure Itis apparent that, after the decrease of
hole concentration caused by irradiation, a large
time-dependent mncrease i hole concentration
occurs The hole concentration reaches a max-
murn of 40 h after irradiation and then declines
somewhat from the maximum The magnitude of
the hole increase observed with taime 15 much
greater than that of the decrease which occurred
during irradiation If 1s dufficult to grve a full ex-
planation of these effects on the basis of this lam-
ited work It does appear that, 1n some way, ir-
radiation of this material initiates a time-dependent
reaciion, probably involving lithium donors, which
results in a very significant increase i the hole
concentration Because of equilibrium considera-
tions mvolving boron, this loss of donors cannot
be explained as a simple precipatation of lithium
In view of the known behavior of annthilation of
recombination centers in N-type, the behavior ob-
served in P-type Li-compensated silicon strongly
suggests that similar reactions between lithium
and recombination centers may also occur mn
P-type silicon If this 1s the case, the develop-
ment of Lii-doped N on P solar cells with a highly
superior radiation resistance may be within prac-
tical achievement Further work in this area ap-
pears to be warranted

VI LARGE SUBSTITUTIONAL DOPANTS IN
SILICON

We have previously evaluated silicon doped
with larger substitutional atoms m regard to a
possible radiation-hardening mechamism In pre-
vious work, a single crystal silicon -- 13% ger-
manium alloy -~ was grown by the quartz-crucible
techmique Thas alloy crystal was doped withboron
in the usual manner to produce an -2 -em P-type
crystal This material was fabricated into solar
cells and evaluated for radiation resistance The
cells produced from this alloy were satisfactory
with regard to photo output, but proved to be more
prone to radiation damage than conventional N on
P cells The basis for this work was as follows
The vacancies produced by the energetic particies
are surrounded by a tensile strain field Subst:r-
tutional atoms larger than silicon atoms are sur-
rounded by a compressive strain field If
radiation-produced vacancies could be {rapped by
large substitutional atoms, due to the lowermng of
their collective strain enerpgy, the vacancies would
be prevented from forming complexes which are
recombination centers This logic 15 1n error in
the case of bismuth since a vacancy trapped next |
to a2 bismuth atom 1s simply a S1-E center (1 e ,

a possible recombination center) In the case of
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germanium, the stramn field 1s lurmited because
that atom 16 only 3% larger than silicon

Our current effort mvolved two silicon crys-
tals doped with larger substitutional atoms Both
crystals were grown from quartz-crucibles One
crystal was N-type silicon doped with bismuth to
a resistivity of 0 5 Q-cm  The other crystal was
a P -type silicon — 0 5% tin alloy doped with boron
to 20 Q2-cm

The two groups of cells® were evaluated by
monitoring the short-circumit current with a one
sun equivalent of tungsten illumination, during a
1 MeV electron irradiahhon The results of this
work are presented m Fig 27 The behavior of
typrcal P/N and N/P solar cells are also shown as
dashed lines mn Fig 27 The short-circuit cur-
rents of the bismuth cells (2, 5} are slightly higher
during irradiafion than that of a comparable P/N
cell This difference does not appear to be of any
practical significance In the case of the salicon-
tin alloy cells (A4, B2), they appear to degrade
under electron fluence well before the comparable
N/P cells which are commonly uscd today Therc-
fore, 1t must be concluded that liftle or no practi-
cal hardening advantage can be achieved by addi-
tion of large substitutional atoms to the salicon
lattice In fact, the addition of the larpe neutral
substitutional atoms to P -type silicon appears to
promote the formation of more or more effective
recombination centers No further work is planned
in this area

Vi LITHIUM SOLAR CELL EVALUATION

In this phase of the program, Lai-doped solar
cells manufacturered by Centralab, Heliotek, and
Texas Instruments have been irradiated with elec-
trons, and their recovery characteristics have
been studied Several different processing exper-
1ments were represented in these cells, including
an oxygen layer adjacent to the junction, Lithwum-
diffused through both front and back surfaces,
phosphorus n' layer near the junction, and cells
processed from whole slices The groups evalu-
ated are listed, along with their mater:ial and
processing variables, i1n Table 1

All of the cells recerwved a radiation exposure
of 3 X 1015 e/cm? at 1 MeV  Tungsten I-V char-
acteristics and capacitance versus voltage mea-
surements were then obftained as a funchion of time
at exther room temperature or 100°C The gen-
eral radiation damage and recovery characteristics
of each group of cells are summarized i Table 2
The recovered levels given i the table are the
peak of the recovery curve and do not take mto ac-
count any redegradation that may have occurred
The one-half recovery time 1s the time necessary
for the short-circmt current to reach a pomnt rmad-
way between the damaged level and the peak recov-
ery level In general, it can be observed that the
higher lithium concentrations result in lower mni-
1zl characteristics, higher recovered levels, and
rmore rapid annealing rates, while with lower lith-
1um concentrations, higher mmitial levels and
slower recovery rates exist

In Table 3, the peak recovery levels are com-
pared graphically with cach other and with the
equivalent damage level for contemporary 10-Q-
cm N /P solar cells The spread of the data and
the half-recovery time are also shown It should
be noted that most cell groups tested here are not
only inferior m recovered level to the best groups
tested previcusly, but are also no improvement
over contemporary N/P cells

A  Centralab Cells

In Centralab groups C8A through C8D the
rmportant feature 1s an oxygen-rich layer approx-
mmately 1 mil thick formed by diffusion mn an ox1-
dizing atmosphere prior to formation of the P
layer It was hoped that this oxygen layer would
prevent redegradation of the recovered level with-
out affecting the bulk-dependent rapid recovery in
FZ and Lopex material However, in both the FZ
cells (CBA and C8B) and the Lopex cells {C8C and
C8D), the oxygen layer slowed the recovery rafes
by more than two orders of magnitude at room
temperature This 1s reasonable since the capac-
itance data in Tablc 1 indicate lithrum concentra-
tions of an order of magnitude less in the oxygen
layer cells than in the non-oxygen layer cells for
both mater:als

To find out if recovered levels were stabilized,
it was necessary to accelerate the recovery proc-
ess for half of the cells by annealing them. at
100°C No noticeable stability improvement was
seen for the FZ cells, however, in the Lopex case,
much less (2% versus 25%) redegradation was ob-
served in the oxygen layer cells as compared to
the non-oxygen layer cells after 1000 h

Centralab groups C8E through C8H had lithrum
diffused through the P* layer on the front of the
cells as well as through the back The reasons
for this experiment are to prevent excess hithium
concentrations and severe lithium gradients The
initial outputs of the FZ cells (C8E and C8F} were
so poor, about 30 mA for C8E, that they were not
included 1n the testing program The crucible-
grown cells (C8G and C8H) had fairly good mmitial
outputs, were 1rradiated, and were annealed at
100°C  Lithium concentrations in the front-back
diffused cells were 3 to 10 times hagher than m the
back-only cells and, as expected, they annealed
faster However, the front-back diffused cells
did not recover as far as expected with peak short-
circuit currents of only 30 mA compared to 33 and
38 for the back-only cells

B Texas Instruments Cells

The Texas Instruments solar cell groups (T9
and T10) were processed from whole shces to
eliminate potential edge eifects due fo non-uniform
lithium concentrations In addition, the lithium
daffusion was designed to produce half the lithium
concentration of Texas Instruments standard lath-
1am cells in the T9 group and twice the standard
concentration in the T10 group. The capacitance
measurements confirm this plan, indicating a
factor of 4 1in hithiurn concentration between the

2%We are mdebted to Peter iles of Centralab Semiconductor Division who fabricated several wafers of

these two crystals into solar cells for evaluation
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two groups Recovered levels for both groups are
disappoinfing, however, since ne1ther cell group
reached 35 mA, whilelast year’s T6 group reached
40 mA As expected, the annealing rate of the
T10 group 1s faster than that of the T9 cells how-
ever, this rapid recovery 1s associated with a sig-
nificant redegradation about 35% after 700 h It
1s concluded that the reducing of edge effects does
not amprove recovery performance

C Heliotek Cells

Hehotek solar cell group (H8) has a phospho-
rus Nt layer diffused near the junction prior to the
boron Pt diffusion Except for this additional
phosphorus layer, these cells were 1dentical to the
H4 group tested in 1969 The HE cells have recov-
ered a few milhiamperes farther (37 versus 33}
than the H4 cells, but at a factor of 4 more slowly
The H7 cells tested in 1969 and several other
Heliotek groups are superior in recovered level,
with the best between 40 and 45 mA and recovery
rates sumilar to those for the H8 cells (Fag-
ure 28)

The recovery characteristics of the most re-
cent groups of cells, H3A {325/480), H9 (425/90/
60}, and H10 {(425/90/60), were determined as a
function of time and temperature after i1rradiation
with 1-MeV electrons and were compared with the
best of previous cell groups A brief summary of
the comparison 1s presented herein for the crucible
and FZ base material The best prior groups of
crucible cells annealed at 100°C are shown i Fig
29 Although the H14 group was not constructed
specifically for this program, 1t represents one of
Heliotek's better crucible groups and 1s included
here for comparison purposes The two new
groups, HI0 and H3A, exhibited recovery levels
of 38-40 and 40-41 mA respectively with half-
annealing taimes of 1 h at 100°C In addition the
H3A group exhibited higher imitial outputs than any
prior group of Li-doped cells tested to date that
possessed annealable characteristics Asindicated,
the recovered short-circuit current levels are
shightly lower for the latter groups compared fo
the best prior data which were represented by the
T2 and T7 groups, however, the H3A group exhib-
ited less curve factor degradation and, to date,
less redegradation effects than the prior groups,
which would mdicate overall superiority in terms
of preservation of maximum power output Itfis
of interest to note that the longer-time, lower-
diffusion temperature groups are contmuing to ex-
hibat characteristics competfitive with, or better
than, the best of the shorter-time, higher-diffusion
temperature groups (see Tables 2 and 3 and Fags
28 and 29)

A similar comparison can be made for the
recovery characteristics at room temperature of
FZ Li-doped cells As in the previous compari-
son, all of the groups of cells were not directly
associated with this particular contract but are
included as bemg representaiive of the state of the
art The best groups are shown in Fag 29 The
new groups now under study are H9 (425/90/60)
with maximum recovered level of 38 mA i half-
annealing tuime of 5 h  Although we have not yet
tested any recent long-taime, low-temperature dif-
fused FZ lithmum cells there appears to be a
measurable difference, although slight 1in the su-
periority of the 120-min redistribution over the
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60-min redistribution The new groups of cells
have not to date exhibited any detrimental curve
factor decay or redegradation {Tables 2 and 3 and
Figs 28 and 29)

Several trends seem evident in the above sum-
mary of cells fabricated over the past two years
First, it appears that the 325°C, 480-mm diffusion
consistently produces cells whach are equal to the
best produced with the higher-temperature, longer-
time diffusion, whereas the average response over
all the cells produced wath the latter diffusion
schedule 15 considerably poorer and widely vari-
ant Other variables, such as mnitial resistivity,
pamt on versus evaporated source, inclusion of
an N7 layer, and variation of parent dopant do not
seem to have measurable or significant effects on
overall cell performance Fainally, annealing
rates of the more recent cells appear to be consis-
tent with previous data as shown i Fig 30 for the
H3A and H10 crucible cell groups The activation
energies for annealing appear to be consistent wath
the 1 10 eV slope anticaipated for oxygen-rich cru-
cible material

D  Solar Simulator Measurements

The majority of the I-V curves in the evalua-
tzon program have been obtained using tungsten
illumination because of 1ts convenience, reliability,
and amplaficatzon of radiation-induced degrada-
tion In addition, most of the annealing data has
been taken at the short-circmt current pomnt Al-
though most cell groups exhibit stable I-V charac~
teristics allowing qualitative linear comparisons
for anticipated responses, under solar simulation
the quantitative magnitude of the annealing perfor-
mances 15 difficult to extrapolate for the hhithium
cell For these reasons, solar simulator mea-
surements have been performed on a selected num-
ber of cell groups which are representative of the
most superior Li-doped P/N cells evaluated to
date The pre-irradiation, post-irradiation, and
after-annealing maximum power poinis have been
plotted 1n Fig 31 The annealing rate curves
shown are the same as those observed under ftung-
sten illumination and are assumed to have been the
same under solar simulation As shown in Fig 31,
the pre-irradiation initial efficiencies are compet-
itive with contemporary N/P solar cells and the
annealed ouiputs are in every case superior_to the
contemporary N/P cell after 3 X 1015 e/cm
There 1s, however, a wide divergence in annealing
rates whach 1s probably due to differences i oxy-
gen concentration among the various groups Itis
of interest to note that, of the three groups pre-
sented, two of them were fabricated utilizing the
slower 325°C, 480-min diffusion schedule These
data confirm that significant progress has been
made in the last several years in the generation of
a technology to manufacture high-efficiency stable
La-doped P/N cells which exhibit superior rad:a-
tion resistance after annealing relative to the con-
temporary 10-Q-cm N/P cell

IX SUMMARY

It 15 apparent from Hall and capacitance mea-
surements that the silicon A center (oxygen-
vacancy pair} s the major defect formed during
irradiation of a Li-diffused quariz-crucible solar
cell In the case of the irradiation of Li-diffused
FZ solar cells, the silicon A center 1s also
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formed however a second defect with a deeper-
lying energy level {(probably a lithwum-vacancy

pair) 15 also formed DBoth defects are annihilated
by reactions with lithium donors during recovery

It 1s possible to fabricate excellent Li-diffused
solar cells from either FZ or quartz-crucible sili-
con When Li-diffused solar cells are fabricated
with an optimum diffusion schedule, they are su-
perior in radiation resistance to contemporary.
N/P cells after electron irradiations of 3 X 1015
efem Such irradiated and recovered lithinm
cells will produce 10 to 20% more power than a
similarly irradiated contemporary N/P solar cell
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Imitial efforts at lithium counter-doping of P-type
silicon suggest the feasibilaty of lathium hardening
of N/P solar cells
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- Table I Summary of P-type La-counterdoped samples
Oraginal crystal Boron In-diffused crystal Lithium Hall
Sample concentratlgn, conceniratign, | mobality,
Type Res;;if:::;ﬂy, atoms/em Type Ress._zi-sctgﬁy, atoms/fecm em”/V -5
L1-P-QC-1-1 01 8 x 1017 P 13 4 x 1017 175
L1-P-QC-10-4 18 g x 1013 26 7 5 x 1013 290
11-P-FZ-10-3 | P 15 1 x 1016 8 0 8 x 1016 300
Table 2 Lithium solar cell manufacturing parameters
Base material Lithium introduction
Cell
srene Mitenal Dopant Resistavaty, 1;:3;1;;1?:, tia}tl‘:)fr:t ‘;332;:31]?:;, Remarks
ype {I-cm °C/min/mm cm-
C8A |Fz P 100 400/120 3 x 1014 Oxygen layer
csp |Fz 100 400/120 4 x 1013 Without oxygen layer
C8C | Lopex 90 400/120 6 x 101 Oxygen layer
G8D | Lopex 90 400/120 4 x 1017 Without oxygen layer
C8E | Fz 100 400/10 >1 x 1016 Li-dxffused front and back
C8F |Fz P 100 400/120 4 x 1013 Li-diffused back only
C8G | Crucible | As 30 400/10 1 x 1013 Li-diffused front and back
C8H | Crucible | As 30 400/120 <10t and 3 X 1014 La-daffused back only
HS8 ¥z P 100 425/90/60 6 x 1044 Phosphorus layer
H9 FZ P 20 425 /90/60 1 2t 10 5 X 1014
H10 [Crucble| P 20 425/90/60 |2 2t0 6 3 x10M%
H3A | Crucible P 20 325 /480 Oto 41X 1014
T9 Lopex P >50 325/480 9 x 1014 Processed from whole slices
T10 | Lopex P >50 400/135 4 X 1015 Processed from whole slices
28
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Table 3 Lithium solar cell recovery characteristics after 3 X 1015 e/em?, 1 Mev
Inatzal Damaged Recovered Time to 1/2
Cell N , Cm—3 Annealing ° level, level, level, recovery poant,
group L1 temperature, °C I mA i mA I oA
sc’ sc’ sc’
csa 2 x10l4 25 50 21 Not yet peaked
4 X1014 100 47 18 36 <1
15
C8B 4 X10 25 42 16 33 4
14
cscC 5 x 10 25 51 20 Not yet peaked
14
7 x10 100 50 18 35 <0 3
15
Cc8D 4 xX10 25 50 18 33 12
15
C8G 1 X10 100 52 16 30 <0 3
14 14
GC8H <10"" and 3 X 10 100 60 and 48 | 25 and 17 38 and 33 Tand 0 5
14
HS8 6 x10 25 37 22 36 12 -
14
H9 9 x10 25 45 22 38 5
14
H10 4 X 10 100 54-58 22-24 38-40 1
14
4 x 10 60 49-55 22 38-40 30
H3A 3 x 10 100 52-64 21-27 40-41 2
14
3 X10 60 53-61 22-27 38-42 70
2 x 104 25 59 23-25 -- --
14
T9 9 %10 25 53 15 33 20
15
T10 4 xX10 25 47 18 30 <1
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STUDY TO DETERMINE AND IMPROVE DESIGN FOR LITHIUM-DOPED SOLAR CELLS

G J Brucker, T J Faith, andJ P Corra
RCA Corporation
Astro-Elecironics Division
Princeten, N J

I INTRODUCTION

The contract effort reported heremn represents
an experumental investigation of the physical prop-~
erties of lithium contamming P on N solar cells and
bulk silicon samples, and of the processes which
occur 1 these devices and samples before and
after irradiation The program objechives are to
develop and reduce to practice analytical tech-
nigues to characterize the radiation resistance of
Li-doped solar cells and its dependence on the
matertals and processes used to fabricate them
The approach to the objectives was based on the
irradzation and measurement of the electrrcal
properfies of bulk-silicon samples and governtnent-
furnished {GFE) solar cells Experiments on bulk
samples include Hall and resistivity measurements
taken as a function of (1) bombardment tempera-
ture, (2) resistuvaity, (3) fluence, (4) oxygen con-
centration, and {5) annealing time at termpcratures
from 300 to 373°K  Diffusion length measurements
on solar cells were made as a function of the same
parameters as for bulk samples In addifion, ca-
pacitance, I-V, and diffusion constant measure-
ments were made on selected cells Stabality
studies employing I-V measurements under 140
mW of tungsten light were conducted on solar cells
which were irradiated and observed for long peri-
ods under storage at room femperature

The discussion will deal with the more impor-
tant results obtained in the electrical studies on
bulk silicon, solar cells, the correlation of solar
cell and bulk silicon results, a defect model sug-
gested by our experimental results, and finally
their mmplication on the optimum design of lythium
solar cells
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II HALL AND RESISTIVITY MEASUREMENTS
ON BULK SILIGON

A Objectives

The objectives of the Hall and resistivity
measurements on bulk-silicon samples diffused
with lithium are to determane (1) the dependence
of carrier-removal on lithium concentration, oxy-
gen concentration, and electron fluences at low-
and high-bombardment temperatures, and (2) the
dependence of annealing at temperatures from 300
to 373°K on the same parameters as for carrier
removal To achieve these objectives, Hall and
resishivity measurements were made on Hall bars
fabricated from quartz-crueible {QC) grown and
float-zone (FZ) refined silicon Measurements of
carrier -removal rates as a funchion of bombard-
ment temperatures and carrier-density and mobail~
1ty chenges as a function of annealing tume and
temperature were made on Hall samples irradiated
by 1-MeV electrons

B Carrier-Removal Rates

One of the objectives of the study 15 to deter-
rmine the dependence of carrier-removal rate in
irradiated silicon on bombardment temperature
and lithium concentration To achieve this objec-
tive, several Hall bars fabricated from 1500- and
5000-Q-cm FZ refined silicon were diffused with
11th1urré to concentrations from 2 X 1014 to2 x 1016
Li/cm” and 1rradiated at bormbardment tempera-
tures from 79 to 200°K  The rates of carrier
removal were determined after each bombardment
These rates, measured after annealing to a tem-
perature of 200°K versus the reciprocal of the
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bombardment temperature, are shown in F1g 1
Lathium concentrations of the samples used 1n the
measurements are shown as a parameter These
four concentrabions cover approxmately the range
of laithium concentrations which have been measured
at the junctions of solar cells furnished to date by
JPL There are fwo imaportant points to note 1n
Fig 1 1 e , thé shift of the cirves along the tem-
perature axis toWards lower tempera’.‘tﬁres as the
laithhum density decreased, and the progressively
lower carrier-removal rates measured on the
samples of decreasing lithium concentration in the
high-temperature region (=120 to 200°K) These
concentrations correspond to resistivities of 0 3,

1 5, 10, and 20 Q-cm  This shift of the tempera-
ture dependence portion of the curves 1s 1 agree-
ment with the prediction of the interstitial-vacancy-
close-pair model (Refs 1 and 2) of radiation
damage m silicon It should be noted in Fig 1
that the saturated value of carrier-removal rate
(0 1 em=1) measured on samples of FZ silicon-
doped to a lithium concentration of 2 to 5 X 10
Ll/cm3 1s the same as the value reported (Ref 2)
for samples of QC s:r.hcon—do%ed to a lithium con-
centration of 2 X 1016 ILn/em The dependence
of this saturated value of carrier-removal rate on
resistivity 1s weak smce 1t decreased by a factor
of 2 5 for an increase of resistivaty by a factor of
approxamately 30

The temperature-dependence of the carrier-
removal rate measured on the five Hall bar sam-
ples which were fabricated from two different
sources of matially high resistivity (1500 and 5000
Q-cm, hereafter referred to as "J" and "H" FZ
silicon) was unusual, 1 e , the carrier-removal
rate decreased to a mmimum and then increased
again as the bombardment temperature ranged
through 95°K These data pomnts were not shown
mn Fig 1 and, therefore, these curves were re-
plotted in Fi1g 2 to illustrate this unusual behav-
1or All five samples showed this effect there-
fore, the experimental evidence strongly supports
the validity of thas manimum in the temperature-
dependence curve of carrier-removal rate

Obvicusly a defect level located at an energy
corresponding to the position of the Ferma level
at a bombardment temperature of 95°K would af-
fect the measurements If this defect 15 being
mtroduced by the bombardment then it was ex-
pected that an unirradiated sample initially bom-
barded at Ty = 95°K would not exhibit the mainy-
mum value of carrier-removal rate (0 04 cm- 1)
To test this theory, one of the three samples of J
silicon was bombarded initially at a temperature
of 95°K, whereas the other two were bombarded
starting at TB = 200 and B5°K, respectively The
bombardment temperature of the latter two sam-
ples was slowly decreased to 78°K and increased
to 200°K  As evpected, the first sample bom-
barded at 95°K indicated a carrier-removal rate
of 0 092 em™!, which 1s approximately twice the
value measured on the two J samples and the two
H samples It appears that a defect level was
responsible for this mimimum in the curves of
Fig 2 Further evidence will be given mn later
sections to support this hypothesas

C Carrier Density Versus Temperature

The carrier density was measured as a func-
tion of temperature at various tames during the
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bombardment of the samples Figure 3 shows the
results obtained on one of the J samples All
thre® J samples exhibited a simalar carrier-
density dependence on measuring temperature
Curve I was obtained from measuremsents on the
sample before bombardment, curve II was obtained
following the completion of bombardments, and
curve III was obtained following the completion of
the high-temperature annealing cycles (T = 300
and 373°K} Curve II shows that the irradiation
has mntroduced a defect level or system of levels
covering a wide temperature range The temper-
ature at whach half of the traps are filled 1s

Ty1/2 = 146°K, as shownin Fig 3 The energy
level corresponding to this temperature was calcu-
latedtobe E = E, - 0 14 &V  This effective de-
fect level appears to be responsible for the mini-
mum carrier-removal rate shown in Fig 2 ata
bombardment temperature of 95°K  Curve III
mdicates that interaction of lithium wath this un-
known defect and other possible lithium centers
takes place during the high-temperature annealing
cycles Both the trap density and the carrier den-
sity measured at low and high temperatures de-
creased The lithium density decreased by a
factor of 1 8, whereas the carrier density mea-
sured at low temperature (78°K) decreased by a
factor of 1 1

Figure 4 1s particularly mteresting since 1t
shows the results of carrier density versus tem-
perature measurements taken on the sample of
unirradiated J silicon which was matially bom-
barded at Ty = 95°K and subsequently bombarded
at lower and higher temperatures As previously
stated, the An/A¢ measured at Tp_ = 95°K was
0 092 cm™" rather than 0 04 cm-!, indicatingthe
absence of this unknown defect level at the begin-
ning of the bombardment TIigure 4 shows that
curve II, taken immediately after bombardment
at Tg = 95°K, does not indicate the presence of
any defect level, but the level does appear in the
measurements {curve III) made after the other
bombardments were completed Thus, these re-
sults support the carrier-removal measurements
Curve IV taken after annealing, shows that the
defect level 1s reduced m density and modified mn
energy, but 1s not completely removed m agree-
ment with the results of Fig 3 The measure-
ments taken on the third J sample were m com-~
plete agreement with those shown m Figs 3 and 4

D  Annealing

1 Dependence on resistivity One of the
important properties of irradiated Li-doped sila-
con 15 the annealing of the damage at Ty = 297°K,
and the dependence of annealing properties on the
lithium concentration Figures 5, 6, and 7 show
the dependence on lithium density of the annealing
properties 1n i1rradiated FZ silicon The unan-
nealed fraction f; (Ref 3) of the carrier density
1s plotted as a function of annealing fime at room
temnperature {Tp = 297°K) m F1ig 5 Measure-
ments of carrier density were made at a reference
temperature of Ty, = 80°K  In contrast to the be-
havior of the three other samples, H9-1 did not
mdicate any increase in the carrier density as a
function of annealing tame, but rather a slight de-
crease at Tp = 297°K  The behavior of the lith-
mum concentration during the annealing cycle can
be inferred from the behavior of the carrier den-
sity measured at a temperature of 297°K  These
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measurements are shown i F1g 6 where the un-
annealed carrier density f, versus annealing time
1s presented for the same four samples In con-
trast to the behavior of the other samples shown
in Frg 6, which were heawnily doped waith lithium,
the carrier density of sample H9-1 decreased con-
tinuously as a function of annealing time Thus,

a loss of lathium as a function of time was observed
on H9-1 instead of a gam in lithium concentration
as observed on the other samples of lower
resistivaty

Hall and resistivity measurements made dur-
ing the annealing cycles enable changes to be
determuned 1o the mobilaty which indicate the pres-
ence or absence of charge-scattermg centers in-
troduced by the electron bombardment The re-
sults obtamned on the four samples are shown in
Fig 7 where the unannealed fraction of reciprocal
mobility versus annealing time at an annealing
temperature of 297°K 1s shown Obviously the
behavior of the mobility measured on H9-1 1s daf-
ferent than the behavior of the lower resistivity
samples

Initially, at the start of the annealing cycle,
the mobality decreased and then mmcreased ab a
very slow rate for approximately 17 h of annealing
at 297°K  The mobilaty increased to its pre-
irradiation value after a total annealing fime of
150 h The mobility did not change sigmficantly
when the sample was annealed at a temperature of
373°K for 20 min It should be noted that the mo-
bility measured on sample H9-1 was completely
dominated by lattice scatfering before bombard-
ment The room temperature value of mobality
before irradiation was 1600 ecm®/V -s and the value
measured at 80°K was 15, 000 cm%/V-s These
values of mobility are those for a sample of sili-
con which 1s very lightly doped with impurities and
with no sigmificant contribution to the total mobil-
ity from charged scatiering processes

2 Hiagh-resistivity FZ silicon After com-
pletion of 2ll irradiations, i1sothermal annealing
of selected samples was carried out at annealing
temperatures of 300 and 373°K  Figure 8 shows
the results obtained after annealing a J sample at
room temperature {300°K) for a total of 75 man,
and at 100°GC for 60 min The unannealed fraction
of carrier density and the reciprocal of mobility
are plotled versus the annealing time The fime
scale of the data taken during the 100°C annealing
cycle was multiplied by a factor of 150 so as to
normalize these data to the results obtamed dur-
ing the 300°K annealmng cycle An activation en-
ergy of 0 66 eV was used to determaine this multa-
plication factor The two annealing temperatures
are indicated mn Fig 8 where dotted lines connect
the last data powmnt at T, = 300°K to the fairst data
pomt at Ty = 373°K he unannealed fractions
mncrease slowly with time for Tp = 300°K, but
decrease by large amounts for Ty = 373°K It
appears that the higher annealing temperature n-
itially mncreases the supply of free lithium and
subsequent recovery of mobility occurs However,
the carrier density measured at both high and low
temperature decreased with fime after the 1mtial
(t = 0) mmcrease The three samples of J silicon
and the two samples of H silicon displayed the
same annealing properties

3 fC Compared to ¥Z Silicon A sample of
low-resistivity (0 3 Q-cm) QC silicon was
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bombarded and annealed at temperatures of 300
and 373°K The unannealed fractions versus an-
nealing time are plotted 1n Fig 9 together with
the results obtained at T, = 300°K on H9-1, whach
15 2 sample of high-resistivity (10 Q-cm) FZ sila-
con The time scale of the QC data taken during
the 373°K anneal was multiplied by a factor of
2000 The dotted lines indicate the start of the
annealing cycle at 373°K  The similarity m the
speed of response and m the behavior of carrier
dens:ity and mobility in the two samples should be
compared to the annealing properties of low-
resistivaty FZ samples shown m Figs 5, 6, and
7 High-resistrvity FZ silicon appears to behave
like low-resistivity QC silicon during annealing
cycles It should be noted that the oxygen concen-
tration in the FZ samples 1s <1014 cm-3, which
1s now comparable to the lithium concentration m
the J or H samples

A QC Hall bar which was 1irradiated approxz-
mately 1-1/2 years ago {(Ref 2) was still mm work-
mg condition, this sample was recenfly measured
The resulis of this measurement are shown 1n
Fig 10 where the unannealed fractions versus
time are plotied There 1s an i1nifial recovery in
carrier-density measured at Ty = 78°K, but
after longer annealing times, the carrier density
decreased The carrier-density measured at
Tpg = 300°K, or the assumed lithium density, con-
tinuously decreased over the 540 days of the mea-
surements However, the mobility continuously
recovered for the entire trme, and zat the last mea-
surement (540 days) 1t has approximately recov-
ered to its pre-irradiation value

E Daiscussion of Results

1 Carrier removal rategs The dependence
on resistivity {lithium concentration} of the
carrier-removal rate versus temperature charac-
teristic was confirmed by the results obtained on
samples of four resistivities In addition, the
Hgaturation'" level of carrier-removal rate {1 e ,
the rate measured at approximately 125 to 200°K)
decreased as the lithaum concentration decreased
This trend 1s 1n agreement with the experimental
observations of other authors on phesphorus-doped
silicon (Ref 4) The following mathematical
model can explain this The probability of forma-
tion of vacancy-impurity defects 1s a function of
impurity concentration Thus, the total probabil-
ity, P, of defect formation can be written as the
product of P, and P, where P, 1s the probability
of formang a vacancy-impurity defect and P 1s
the probabality that the close-pair (vacancy-
interstitial} dissociates so as to provide a free
vacancy The probability P_ depends on the im-
purity concentration and con]’crols the saturated
value of carrier-removal rate at the high-
temperature lirmit where P, = 1, and thus, P,
sets the absolute upper limit of , the carrier-
removal rate Then these values of n are the ab-
solute rates which control the miroduction of
carrier-removal defects in lithium-containing sil-
icon without modzification of these values by lithium
ions in rmotion

The minimum 1n the carrier-removal curve
of Fig 2 1s a surprising result There 15 suffi-
cient experimental evidence (four samples) to sup-
port the validity of the measurement In addition,
the carrier density versus temperature curves m-
dicate the resistance of a defect level of system
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of levels close to the bombardment temperature
where the minimum occurred Finally, supporting
evidence was obtained in the experiment where one
of the umirradiated J samples was 1mtially bom-
barded at Tg = 95°K and did not exhib:t this mim-
mum An/Aé but the value of 0 092 em~ !, which
1s more hike the expected value Obviously, the
existence of this unknown defect level has a strong
influence on the rate of carrier-removal which oc-
curred when the bombardment temperature located
the Fermai level close to the defect energy level

If the defect 1s an acceptor then, at best, the
Ferm: level could alter the net carrier density by
the magnitude of the defect density All the ac-
ceptors are filled and emptied of electrons by the
passage of the Fermm level through the acceptor
level The defect density was not great enough to
change the effective carrier density by more than
a factor of 2 The value of An/Ad 15 unaffected
by a change in carrier density of this amount,
therefore, it 1s not clear why An/A ¢ decreased so
much Further study of high-resistivity samples
18 necessary to resolve this question

2 Carrier density versus temperature
The results shown in Figs 3 and 4 clearly indicate
that a defect level was introduced during bombard-
ment The spread of the effective energy level
over such a wide temperature range makes the
calculation of the level position uncertain There
may be more than one energy level within the tem-
perature range of 100 fo 190°K due to this unknown
defect A discrete energy level would be efiective
only i1f the Ferm level was within 2 kT of its po-
sition This corresponds to the defect level being
from 88 to 12% filled Assuming that the level 1s
discrete, the position of the energy level was cal-
culated usmng the following equation

Nec

Ep = kT, an 1
where
ET = the position of the defect energy
level below the conduction band
TI/Z = the temperature at whaich half of the

traps are filled

N'I‘ = the trap density

ND = the donor density
k = Boltzman constant

N _ = the dens:ty of available states in the
c
conduction band

The energy level Ep was calculated to be 0 14 eV
with T1/2 = 146°K™ The expression Eg = 2 kT 1s
equal to 0 163 ox 0 117 eV  The Ferm: level 1s
located approximately at these energies for T =
170 and 124°K These himts indicate an effective
temperature spread of 46°K, whereas the experi-
mental results indicate a spread of 90°K  Thas
caleculation suggests that there 15 more than one
level A more complete expression was also used
to fit curve II and to cobtain a velue of Ex  Egua-
tion {2) 1s the relationship that was used
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2
n” +n (Np - N, + N exp E, - EC/kT)

- NN

DN &P E'I' - EC/kT = 0 (2)

All the quantities 1n Eq (2) were defined before,
except for n, the carrier density, and E., the en-
ergy of the conduction band A fit to curve II of
Fig 3 over a range of T = 100 to 190°K was ob-
tained for E1 = 0 115 eV, Np = 5 8 X 1013, and
Np = 1 08 X 1014 cm-3  This value of By 1s
closer to the value suggested by the results shown
in Fig 2 Since the minimum in the carrier-
removal curve occurred at 95°K, 1t can be con-
cluded that the Fermm level must be close to the
effective defect energy level The Fermi level
was calculated to be at =0 085 eV & 2 kT where
2KT = 0 016 ¢V  Thus, this calculation indicates
the level 15 located near Ep = 0 1 eV Whether
or not hithium 1s involved in the formation of this
defect cannot be deduced from the present experi-
ments The defect could involve Iathium, a va-
cancy, and/or oxygen, since the hithrum concen-
tration 1s comparable to the oxygen concentration
(<1014 cm~3) 1n these high-resistivity samples
This defect level could have been present in the
low-resistivity (0 3 2-cm) samples previously re-
ported (Ref 2) bhut could have been undetected
because of the greater density of ather hithrum-
containing defects {e g , 1LaV) Since this un-
known defect formed during low-temperature bom-
bardments (78 to 90°K) as well as agh temperature
(90 to 250°K), 1t must be formed by the trapping of
mobile vacancies at impurity sites The vacancy
15 mobile at approxmmately 80°K, whereas the mn-
terstitial 1s not mobile unt1l T = 140°K, and all
impurities are frozen in the lattice for tempera-
tures in this range Stannard {Ref 5) reported
finding a defect level at Ep = 0 13 eV 1n irradiated
¥FZ silicon doped with hithium to a concentration of
1 x 1014 La/em3 after room termperature anneal-
ing However his experiment indicated that the
defect was a donor In ocur previous work (Ref 2)
a defect level located at approximately 0 (08 eV
was observed in the measurements made on QC
samples after room temperature annealing All of
these levels may be due to the same defect The
A center located at 0 186 ¢V 1s the only well-
wdentified center that comes close to the energy of
this unknown defect, but 1t 1s st1ll outside the ex-
perimental error of the energy determination

3 Annealing resulis The carrier-density
changes observed in sample H9-1 (6 X 10t
L1afem3) during the annealing cycle at Ty = 297°K
were not similar to those changes observed in the
mote heavily-doped samples There was no re-
covery of the carrier density as measured at low
temperature, and the Ihithiuwmn concentration con-
tinually decreased during the annealing cycle
This behavior continued until the annealing tem-
perature was increased to 373°K, then the appar-
ent acceptor density decreased and the free lithium
concentration increased In contrast to this be-
havior, the mobility recovered as the apparent
acceptor density mncreased shightly However,
this slhight increase 1s within the experimental
error It should be noted that the Ferm: level at
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room temperature in this high-vesistivity sample
(H9-1) 15 located deep in the forbidden gap and,
therefore, the number of 1onized donors is larger
at low temperature (80°K) than in the low-
resistivity samples Approximately 96% of the
lithium donors are iomized at Tpy = 80°K compared
to 50% in previous samples Thus, the sensitivity
of the measurements to the introduction or anneal-
ing of acceptors 1s reduced The complete recov-
ery of the mobility indicated that neutralization of
charged scattering centers had taken place without
the necessity of increasing the anneahng tempera-
ture to 373°K

Comparison of low-resistivity (0 3 Q-cm) QC
silicon to high-resistivaty {10 to 20 Q-cm) FZ sihi-
con shows that both types of silicon have simzlar
annealing properties Mobility increases slowly
at roorn temperature and faster at a temperature
of 373"K, whereas the carrier density measured
at low and high temperature decreased Dissocia-
tion of defects during room temperature annealing
with an increase i1n carrier densﬂ:y measured at
room temperature did not occur in the high-
resistivity samples This effect has always been
observed in i1rradiated and annealed F'Z samples
which varied in hithium concentration from 3 X 1015
to 2 X 1016 ¢m-3

II SOLAR CELL EXPERIMENTS

A Cbjectives

The objective of these experiments i1s to obtain
information on sclar cells paralleling that obtained
in the bulk sample measurements 1 e , (1) de-
pendence of lifetame damage constant, K., on bom-
bardment temperature, (2) dependence of cell re-
covery rates and redegradation rates on annealing
temperature in the temperature range from 280 to
380°K, and (3) energy levels of defects introduced
during i1rradiation and possible changes in these
during recovery and redegradation

The solar cell expermments utilize the beam
from a 1-MeV Vande Graaff generator The cells
are mounted on a cold-finger apparatus built dur-
ing the performance of JPL contract No 952249
(Ref 3) The cold finger accommodates two de-
vices and operates in the temperature range from
=77 to 400°K through use of a Iriquid nitrogen con-
tainer and ohmic heaters in thermal contact with
the finger

The beam from the Vande Graaff was used for
daffusion length measurements {Ref &) as well as
for ceil irradiation Minority-carrier lifetime,

T was obtained from the measured diffusion
length, L, through the relation L = vD+, where D
1s the minority-carrier (hole) diffusion constant,
and through use of the mobility data of Morin and
Maita (Ref 7) and the Einstein relation Periodic
measurements of diffusion length during electron
irradiation enabled the calculation of hfetime dam-
age constant, K., using the equation

= 1
Tt K, 4 (3)

bb

Al

lprademark of Texas Instruments
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where

T the hfetime prior to irradiation

bb

§ = the electron fluence

Measurements were repeated for a set of bom-
bardment temperatures to obtain the bombardment-
temperature dependence of K After 1irradiation,
diffusion length measurements versus cell tem-
perature for temperatures ranging from 80 to ap-
proximately 380°K yielded curves of lifetime-
temperature (T vs Ty} from which defect energy
levels were obtained using Hall-Shockley-Read
analysis (Refs 8 and 9)

A series of anneals performed at tempera-
tures ranging from 280 to 380°K determined acti-
vation energies for the recovery process in the
lithivm- containing cell In some cases, annealing
was continued beyond peak recovery to investigate
stability and redegradation

The solar cells used 1n these experiments
were furnished by JPL and manufactured by Cen-
tralabs (C-cells), Heliotek (H-cells) and Texas
Instruments (T-cells) These cells are from the
same lots as those used in the stability tests pre-
viously discussed For the cold-finger exper:-
ments, the cells were cleaved into small rectan-
gles approximately 0 13 X 0 36 1in to accommo-
date the size Irmitations of the cold finger All
cold-finger cells were given pre-irradiation
reverse-bias capacitance measurements from
which the donor density profile mn the base region
near the junction was determined (Ref 10) Mea-
surements on a large number of hithium cells
showed the profile to be a reasonable approxima-
tion to a linear graded junction For the cells
tested, the hthium density gradient, dNy,/dw,
ranged from approximately 1018 to 1020 ¢m-4

B Iafefime Damage Constant, K

Results of carrier-removal experiments were
presented in Section II Measurement of life-time
damage constant over the same set of parameters
was carried out on solar cells to compare the
mode of formation of recombination defects 1n
solar cells with that of carrier removal defects 1n
bulk samples The results of these measurements
are shown 1n Fig 11 where the measurement tem-
perature, T4 15 200°K  Since the density near
the junction increases approximately hinearly with
distance from the junction the cells are charac-
terized 1in Fig 11 by the density gradient dNy,/dw
The cell diffusion length at Tyy = 200°K was ap-
proxirnately 20 pm during the measurements,
therefore, an approximate estimate for the average
density in the current collection volume would be
that which 1s appreximately 10 pm from the junc-
tion or approximately 10-3 dNL/dw fecm=3) ~ The
figure shows both high-oxygen content {QC) and
low-oxygen content {FZ and Lopex!) cells The
QC cells have saturated values of K1 well below
(a factor of approximately 3) the FZ and L cells, 1n
agreement with the carrier removal results on
bulk samples The exponential decrease 1n K at
low temperatures and saturation at high
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temperatures 1s also 1n agreement with the
carrier-removal results The relative insensiti-
vily of the saturated value of K to lithium density
gradient 1s also evident In low-oxygen content
silicon, the value of K changes by approximately
2 for a gradient change of approximately 20 The
change 1n high- oxygen content silicon 15 ml (within
error) for cells differing in dNp,/dw by a factor of
approxtmately 30 The cquivalent change in car-
rier removal rate for FZ cells as seen in Fag 1,
was a factor of approximately 3 over a density
factor of approxmmately 60

C Cell Recovery

Successive anneals at different annealing tem-
peratures, Ty, were performed on several high-
oxygen and low-oxygen content cells During the
anneal, the quantity fz’ = 5t (Ref 11), where
S = 4mroNy Dy, was plotted versus annealing time,
where f3° 1s reciprocal fraction of damage remain-
ing S 15 the recovery slope, r, 15 the capture ra-
dius for hithium by the defect, Ng, 15 the lithium
density, and Dy, 1s the hithium diffusion constant
The only quantity in S which 1s strongly
temperature-dependent 15 Dy, Thus, Dy, can be
calculated by finding S and mnserting values for r,
and N1, TFigure 12 shows an example of the ex-
perumental recovery curves The sem:-log plot of
f* versus time 1s a good approximation to a
straight line thus, the equation fz! = e5t, which
represents a process with first order kinetics,
describes the recovery process The recovery
slopes 1n this case are 5 1 X 10-4 s-1 for cell
C6GC - 17 (1) and 4 5 x 10-% 5-1 for cell C6C - 18
(1) In Fi1g 13, plots of S versus tnverse anneal-
ing fermperature are given for QC cells with two
different values of dNy /dw The solid hnes drawn
through the experimental points represent an acti-
vation energy of 1 07 eV which 15 the activation
energy reported by Pell {(Ref 12) for the diffusion
of lithium 1n QC silicon The values of Di, calcu-
lated from the data assuming v, = 10 A and Ny, =
10-3 dNy /dw are compared with those found by
Pell, they agree well with Pell's values for sihcon
containing an oxygen concentration of approxi-
mately 5 X 1017 cm~3  The good agreement he-
tween the recovery data and that for Dj, confirms
that lathium diffusion to defect sites 1s responsible
for recovery in Iithium containing OC cells

The recovery curves for three groups of low-
oxygen content cells are gaven in Fig 14 The
solid lines represent the 0 66~eV activation energy
obtained by Pell (Ref 13) for hithium diffusjon mn
low-oxygen content silicon Withr, = 10 A and
Ni, = 10-3 dNy /dw the values calculated from
the data for Dj, agree with Pell's within a factor
of approximately 2 It 15 noteworthy that the ratios
of the values of S at a given value of Ty are (within
a factor of 2) equal to the ratios of the Iithium den-
sity gradients, dNy,/dw measured in the cells
This indicates that the quantity dNj /dw 15 a rea-
sonable index of recovery speed This will be
further established in the photovoltaic recovery
results presented in Section IV Another point
worthy of note involves the T7 cells When these
cells were receiwved, they were classified as QC
cells however, the photovoltaic recovery of these
cells which was very fast at room temperature
(see Section IV), 1indicated that they were low-
oxygen content cells For this reason, the TV
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cells were put on the cold finger to obtain the acti-
vation energy for recovery The result, E, =
0 66 eV 1s taken as a confirmation that these are

low-oxygen content cells

Recovery characteristics at 373°K were mea-
sured on the cold finger for two QC, Sb-doped,
lithium-containing cells  The Sb-doped cells had
shown unusually slow photovoltaic recovery at
room temperature (see Section IV) Figure 15
gives the results of the 373°K anneal for cells
C6A-18{2) and C6A-19(2) Minority carrier life-
time, T, 1s plotted versus annealing time Both
cells had equal density gradients, dNp/dw =
2 % 1018 em=-4, however, C6A-19(2) had a much
heavier Sb background doping level, 1 7 X 1015
cm-3, than C6A-18(2), 4 x 1014 cm-3 ¥Fipurel5
shows that C6A-18(2), with lighter background
doping, recovers much faster than C6A-19(2)
This gives rise to speculation concerning the
possibility of Sb acting as an agent to reduce the
effective Inthium diffuszon constant This would
be surprising since Sb and Li both carry poesitive
charge in S1 and, thus, should repell each othex
Obvicusly, the data presented here are insufficient
to draw any conclusions However, an agent for
controlling hthium diffusion constant does hold in-
teresting possibilities, therefore, the roll of Sb
should be further studied

D Lathrum Diffusion Constant

To further investigate the relationship be-
tween cell recovery and Iithium diffusion, a capa-
citive drift technique was devised for measuring
the lithium diffusion constant in the cell near the
junction (Refc 3 and 14) With this technique,
measurements of the hithium diffusion constant 1n
a QC cell from lot C6C (cell C6C-20) have been
made This particular cell has a density of ap-
proximately 3 X 1014 Li/cm3 at the junction edge
and a gradient of approryimately 2 X 10 18 cm-~4
with a background phosphorus density of approxi-
mately 1 7 X 1014 ¢cm-3  The diffusion constant
for this cell was measured between 38 and 87°C
with the results shown in Fig 16 Also shown as
dashed lines in Fig 16 are the results drawn from
Pell's work {Ref 12) for QC silicon The circles
represent the diffasion constant measured at a dis-
tance, W, of value I 68 pm from the junction while
the crosses are those values for 2 5 pm into the
base The hthium diffusion constant 158 shown to
increase with junciion depth in this crucible cell
This behavior 1s similar to that reported pre-
viously (Refs 3 and 14) for FZ cells, and is prob-
ably due to the decrease of defects which 1immobai-
Iize with distance from the P-N juncfion in both
silicon types The activation energy, ¥,, obtained
experimentally in Fig 16, 1s approximately 1 03
eV, 1n good agreement with the 1 07 eV obtained
by Pell However, the diffusion constant mea-
sured 1n this cell 15 about one order of mapnitude
lower than expected from Pell's work in silicon
contalning an oxygen concentration of about 1018
atomsfcm3 If high-oxygen content were the rea-
son for this very low-diffusion constant, an oxygen
content 1n this cell of the order of 10 atoms/cm3
would be required, a somewhat unlikely condition
It 15 more hkely that some additional defect or
impurity may be prohibiting hithium from diffusing
More 1nformation 1s required fo resolve this
question
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E Defect Levels
Recombination levels can be found by obtain-
ing hietime-temperature (v vs Tyy) plots and ap-

plying Hall-Shockly-Read analysis (Refs 8 and 9)
For N-type material, the equations are (Ref 15)

T/Tpo = {1+ nlfno) (4)

or
'r'/-rp0 = (1 +Yp1/n0) (5)

where

ng and Pg = the thermal equilibrium electron

and hole concentrations

T, = the rmnority-carrier (hole) hfe-
P time when the Ferm: level 15 near
the conduction band

Y = the ratio of the hole capture
cross-section to the electron
capture cross-section

n; and p, = the fictitious electron and hole
concentrations that would exast af
the Fermai level was located at
the recomb:ination level Et

Thus

ny

Nc exp [B(Et - EC)/]{'I']
Py = NV exp [e(Ev - Et}/kT]

where Mg, = N, = 4 82 X 1015T3/2, Egn and Ey
are the energy levels at the edge of the conduction
and valence hand, respectively Eqguation (4) ap-
plies 1f the recombination level 15 1n the upper half
of the band gap, Eq (5) applies 1f the levelis 1n
the lower half The value of ng to be used in these
equations 1s the donor dens:ity obtained from C-V
measurements The large density gradients in
lrthium cells provide an uncertainty since no single
value of ng 18 applicable over the current collection
volume 1n the short-circuit current measurements
(1 e over a diffusion length) However the un-
certainty AE, introduced by the variation in n

can be approximated by the shift in Fermi leve
associated with this variation, 1 ¢

n
AL 1y 22 (6)
01

AEF= e

where np| and npy are the lower and upper hmits
of ng Assurming the linear grade approximation
apphes out to one diffusion length, ngp/ng] wiil
range from about 3to 5 gmving an error due to non-
umform density of approximately 2T/e ox 0 03V

Lafetime versus temperature measurements
were made on QC Sb-doped cell C6A-19{3), and
control? (ron-lithium) cell C6A-B (3) after the
cells were 1irradiated to fluence increments of
1 x 1015 e/cm?2 at 90°K bombardment temperature
and 2 X 1015 efem? at 100°K  The results of
these measurements are shown in Fig 17, in which
In (v/7,0) 15 plotted against inverse temperature
1000/'IPM The slope of this curve at high /1y,
gives the activation energy, E;, of the predom-
inant defect Figure 17 shows the curves for the
Iithium cell and the non-lithium cell to be virtually
1dentical above Tftpe = 10 The achivation energy
15 calculated to be 8 21 eV a value that 1s close to
the 0 18 eV found for the A center {oxygen-
vacancy), which 1s shown for reference mn Fig 17
Similar measurements were made on hithium con-
taiming QC cells from lots C5 (dNp fdw = 5 X 1019
cm-4) and C6C (AN[,/dw = 1 8 X 1018 cem-4),
both having phosphorus as the initial dopant
Curves for both the C5 cells and the C6C cells 1n-
dicate the presence of a level, or a number of
closely spaced levels (the latter suggested by
changes in the slope of the curves) in the vicimty
of 0 13 eV immmediately after irradiation After
recovery, only small changes in the defect activa-
tion occur although the value of the hifetime, T, 18
increased This result 1s 1n agreement with those
obtained 1n QC bulk samples (Ref 2} and in hightly
Ii-doped FZ silicon (Section II, Figs 3 and 4)

Recently, T versus T)f measurements were
mitiated on low-oxygen-content Lopex cells from
lot T9 (ANpL/dw = 5 x 101% ¢in-4) The results
of these measurements have not been fully mnter-
preted and, therefore must be considered as pre-
Iiminary However, some interesting trends were
observed Immediately after a series of low-
temperature irradiations, a level at approximately
0 12 eV was observed The hfetime, T, at 250°K
during this measurement was 10-7 8§  Alter a
partial anneal, T{250°K) = 4 X 107 s, the level
had shifted to approximately 0 09 eV  After a
further partial anneal, T(250°K)} = 6 5 X 10-7 s,
a further shift to approximately 0 06 eV had oc-
curred Such shifts, if they are confirmed would
suggest a basic difference 1n lithium-defect 1inter-
actions between high- and Iow-oxygen content
hthium-containing silicon This has already been
suggested by the differences in long-term carrier
annealing bhetween low- and high-oxygen content
bulk samples

F Redegradation

Cells from lot T9 had shown considerable
(~10%) redegradation of photovoltaic characteristic
aiter recovery from irradiation Therefore, they
were chosen for redegradation studies on the cold
finger Anneals at various temperatures were
carried out beyond the point of maximum recovery
The redegradation characteristic was thus ob-
served as a function of annealing temperature
The results of the experiment are shown in F1g 18
i which nermalized hifetrme 1s plotted versus an-
nealing time for annealing temperatures of 357,
345 and 322°K  Plotted on the same coordi-
nates 1s an annealing curve of normalized carrier
density for a FZ Hall-bar sample at an annealing
temperature of 300°K Each of the curves risestoe

281x control cells from lot CHA were generously furmshed by Peter Iles of Centralab
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a peak (recovers)and thenredegrade The recovery
and redegradation rates increase with increasing
annealing temperature, and all four redegradation
curves show similar shape The last fact mndicates
that there may be an effective activation energy

for redegradation which 1s close to that for Itthium
diffusion 1n silicon The significance of this i1s not
yet fully understood

IV  LONG-TERM PERFORMANCE OF JPL-
FURNISHED CELLS

A total of seven cell shipments were received
from JPL including (1) Centralab {C) lots 1, 2, 4,
5, 6 and 8§, (2) Heliotek (H) lots 1, 2, 4, 5, 6, 7,
8, and 3a and (3) Texas Instruments (T) lots 2 3
4, 5,6 7,8, 9, and 10 The cells were manu-
factured from.a wide variety of sihcon stock with
varying hthiam introduction conditions Several
competitive 10-Q-cm N/P commercial solar cells
were supplied for comparative purposes Tests
performed on the cells included measurements of
photovoltaic I-V characteristic under 140 mW/cm?
tungsten 1llumination, P/N junction characteristics
in the dark, reverse-bias capacitance character-
tstics  and minority-carrier diffusion length in the
base region Tungsten I-V characteristics were
measured with a power density of 140 mW fem?2
incrdent on the cell surface Cell temperature
was maintained at 28°C by water and forced-aix
cooling These measurements have long-term
reproducibility of approximately 2%

The cells were irradiated at room tempera-
ture by 1-MeV electrons at a rate of approxirmately
3 x 1013 efem2/min to one of the following
fluences 1 x lol4 3 x 1014, 5 x 1014 or
3 X 1015 e/em?  Commercial N/P cells were
sumultaneously irradiated and, wherever possible,
a group of at least three Irthium cells from a given
lot was 1rradiated to a given fluence After 1rra-
diation, the cells were stored at room temperature
and periodic measurements of photovoltaic I-V
characteristic were made to mnvesiigate recovery
dynamics, stability and possible redegradation
From shipment 3 onward several cells from each
lot were left unirradiated to test for shelf-Ilife
stability and for subsequent use in cold-finger
experiments

?ecause of their high-oxygen content, ~1018
cm”~~ crucible-grown cells have much slower dy-
namics than the lower oxygen content FZ and Lopex
cells Therefore, the two types of cells will he
discussed separately

A QC Cells

The crucible cell groups are histed an Table 1
which 1s divided into three parts according to
fluence 1In each part of Table 1 the cells are
listed in order of increasing speed of recovery,
the group showing slowest recovery being first
The performance of each hithium <ell group 15
compared with ten $2-cm N/P cells irradiated dur-
ing the experiments to the same fluence In the
cases of groups T2(2), T7(1), T2(3), and T7(2),
short-circuit currents are given instead of powers
since these picture frame cells were pariially
shorted by the light table contact block, thus in-
validating power measurements
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The comparison between the 8th and 10th
columns 1n Table 1 1s noteworthy The numbers
in column 8, which represent the immediate post-
irradiation powers of the N/P cells, are ~10% be-
low the latest readings in column 10 Thus, very
significant recovery of power has occurred 1n the
N/P cells stored at roorn temperature This
puzzling, but very significant recovery at room
temperature, suggests further study of the recov-
ery dynamics of such cells

Of the five hithium cell groups irradiated to
I % 1014 e/cm?2, three cells, CI{1), T2(1), and
H2(l), have recovered to powers greater than, or
comparable to, those of the N/P cells Group
C2(l), a slowly recovering Sb-doped proup, 1s
still recovering Only the H1{1) cells with low
imitial power (21 7 mW) have completed their re-
covery cycle at a power sagnificantly below that of
the N/P cells

Fourteen hithium cell groups, 1rradiated to
fluences of 3 to 5 X 1014 eJecm2, are listed 1n
Table I{B) The recovery times become longer
with increasing fluences due to the greater loss of
lithium during irradiation Consequently, none of
the cell groups with density gradients below 1019
cm-4, except T2{2), have recovered to the N/P
power levels Actually, the first four groups
listed have not yet recovered at all Of the cells
which have recovered, groups HZ2(2), T2(2), T7(1},
Hé6(1), and C5(1) are competitive with the N/P
cells  Group T8(1) and cell C8G-7 are not yet
competitive, but are still recovering The HI1(2)
cells {znifial power of 17 7 mW) are not competitive
and recovery has been completed

Eleven cell groups irradiated to 3 X 1015
e/em?Z are histed in Table 1{(C}  The first five
groups with low density gradient {1018 cm- %) have
yet to show any signs of recovery Four groups,
H2(3), C5(2), T2(3), and T7(2}, have recovered to
power levels competitive with the N/P cells
Three of these four groups had high imtial density
gradients (>10!9 ¢m-4), however, T2(3) recovered
well despite the low density gradient

The recovery curves for the crucible-grown
cells are S-shaped when plotted versus log time
after irradiation An example 1s shown 1n F1g 19,
which gives plots of short-circuit current (I/IO),
open-circult voltage {V/V,), and maximum power
{(P/P,), normahized to their pre-1rradiation values
versus time after 1irradiation for cell group C5(1)
Figure 19 also shows the recovery of N/P cells
which occurred at room temperature during this
time period

In general, the speed of cell recovery varied
directly with the hithium density gradient in the
cells TFigure 20 gives a logarithmic plot of time-
to-half-recovery, 8, of short-circuit current
versus hthium density gradient All of the cell
groups from Table 1 (A} and {B), except the Sb-
doped groups, are included All of the cell groups,
except the T2 and T7 cells, fall along a straight
Iine with unity slope 1indicating a linear relation-
ship between recovery time and inverse density
gradient The aﬁfropnate relation for cells 1rra-
drated to 3 X 1014 e/em? 15 6dNy /AW =
6 5+2 5 X 1020 days/cm* The T2 and T7 cells,
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however, recover at a rate approximately three
orders of magnitude faster than the other cells
Recent tests on T7 cells {Section III) give strong
evidence that these cells are actually low-oxygen
content cells, 1 e , Lopex or float zone Similar
tests remain to be made on T2 cells, however

theiwr speed of recovery also suggests a low-oxygen
content

The crucible cells show remarkable post-
recovery stability All have been free from redeg-
radation throughout the duration of the tests As-
suming these cells remain stable over the long
haul, they deserve further consideration in view
of their comparable performance to N/P cells un-
der electron irradiation, and previously observed
(Ref 16) superior performance under fast heavy-
particle irradiation

B FZ and Lopex Cells

Table 2 presents the performance and stability
of low-oxygen-content FZ and Lopex cells As the
8th and 10th columns i1n Table 2 indicate, redeg-
radation 15 suffered by most groups of low-oxygen
content cells In these columns the current, volt-
age, and power redegradations do not always ap-
pear to correlate, e g , tn T3(3) cells the current
has redegraded by 6%, whereas the power redeg-
radation 1s only 1% This 15 because the open-
circuit voltage recovery 1s occurring at the same
time as the short-circuit current redegradation,
thus reducing, and in some cases eliminating,
power redegradation In general, the recovery-
redegradation cycle 1n voltage 12 on a longer time
scale than that of current The redegradation
columns i1n Table 2 also indicate that there 1s no
obvious correlation between pércent redegradation
in I or V and hthium density A parameter n
Table 2 that correlates reasonably well with Iith-
1um dopang level 1s the time after bombardment at
which redegradation starts In general, the faster
the redegradation sets mn, the higher the hithium
density, although there are exceptions fo this rule,
e g, T6(l), whichin splte of aliugh-densny gra-
dient, dNy,/dW = 3 X 1ol9 , shows msigni-
ficant (2%) redegradation A part1al correlation
15 also observed with fluence in that the time after
irradiation at onset of redegradation 1s somewhat
shorter after the lower fluences than after the
higher fluences This 1s probably because, during
Light 1rradiations, less lithium 1s fied up 1n de-
fects thus leaving more free lithium after wrra-
diation Cells from lot T6 (Lopex) are interesting
in that they have remained essentially stable since
recovery from irradiation  The output of group
T6(1) (F = 3 X 1014 e/cm?) 200 days after 1rra-
diation matches that of the N/P controls, ~21 mW
The only redegradation suffered by these cells
was a 2% drop i1n current, which is within the ex-
perimental error of the long-term rmeasurements
The Té cells have the high-density gradient pre-
viously mentioned and would, therefore, normally
be expected to redegrade, however, unhke many of
the other high-density lots they were Li-doped
with a long-, low-temperature diffusion (8 h at
325°C) It 1s therefore possible that the T6 cells
owe their good properties to this diffusion schedule,
which should be tested further Only one other
low-oxygen content cell group, H7({l), (Lopex,
dNp,/dW = 2 X 1019 cm=4) 15 at present competa-
tive with 1ts N/P control groups, approximately
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! densities have been tested

200 days after irradiation to 3 X 1014 e/cmZ, both
groups yleld 21 mW  This 1s the case despite ap-
proximately 6% current redepgradation in the H7(1)
cells spanmng 1n fime from approximately 1 to

60 days after irradiation The H7(1) cells have
been stable over the last 140 days

Even though attempts to categorize instability
in ¥Z and Lopex cells 1n terms of their measured
physical parameters have not been fully successful,
it 15 possible to list the modes of redegradation
{or pre-irradiation degradation) observed and, 1n
some cases, ascribe them to a measured physical
change 1n the cells The observed modes of (re)
degradation are

{1} Redegradation i1n short-circuit current
This 15 usually associated with radiation-
induced defects, however, 1n a few in-
stances (C4 cells and cells C5 - 41 to
50), shelf degradation with no wrradia-
tion was observed

(2) Open-circuit voltage loss This occurred
in both irradiated and unirradiated C1
cells with high initial density gradient
It was due to a measured loss mn carriers
near the junction

(3) A depgradation and redegradation involving
loss in open-circuit voltage and curve
power factor This was previously (Ref
16) shown to be caused by gross hithizm
motion tn the junction region

C Summarx

Tathium-containing crucible-grown cells which
have 1nitial powers competitive with commercial
10-2-cm N/P cells for a wide range of Laithium
Only a small fraction
of the Iithium-containing cells made from FZ and
Lopex silicon have been competifive tn 1nitial
output

Recovery of crucible cells in general 1s a slow
process at room temperature, taking from several
months to over a year, depending on the Iithium
density The recovery curve 1s S-shaped with the
greatest recovery slope occurring approxirmately
1 to 10 months after irradiation Float-zone cells
without exception recover rapidly at room temper-
ature, with characteristic recovery times rang-
ing from several hours to several days, the re-
covery time varying inversely with the lithium
density Only cells with essentially no lithiam in
the region near the junction after irradiation fail
to experience recovery

Over test periods ranging up to 15 months,
crucible cells have been stable Most FZ cells
tested show significant redegradation The redeg-
radation starts later and 15 somewhat less severe
in lightly In-doped cells Redegradation occurs
in open-circuit voltage as well as short-circuit
current although the voltage redegradation usually
occurs later Heavily irradiated cells with Iight
Lithium doping have less tendeney to redegrade,
however, they do have the tendency to develop
series resistance
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Crucible-grown cells then are the better
cells at room temperature and should afford inter-
esting possibilities at elevated temperatures
From the groups of FZ and Lopex cells tested 1t
15 evident that applications for these cells would be
Limited to short-term use, or for use at tempera-
tures below room temperature

V CONCLUSIONS

A Hall Bar Experiment

A defect located at approximately E. - 0 12
eV 1s produced by eleciron bombardment of
11th1um-c0nta.1n1n§ FZ silicon of high resistivity
{2 X 1014 Lifem3)  This defect may also be pro-
duced 1n low-resistivity stlicon, but at a reduced
rate so that 1t 1s undetectable This pariicular de-
fect level would not influence the electrical char-
acteristics of solar cells operating at room tem-
perature However, 1if the lithium conceatration
was very high, the Ferrm level could be located at
an energy of 0 12 eV at room temperature, and
then this defect would affect solar cell operating
characteristics

There 1s no evidence of any dissociation of
11V damage centers during the annealing cycle at
TA = 300°K of the high-resisfavaty {10 to 20 2 -cmn)
FZ samples The damage centers responsible for
carrier-removal i high-resistivity FZ silicon are
stable, 1 ¢ , dissociation of damage centers does
not occur This property 1s in agreement with the
results obtained on QC samples (Ref 2) In add:-
tion, the annealing processes and the carrier-
removal rates measured at high temperatures (100
to 200°K) on high-resistaivity FZ samples suggest
that this type of silicon behaves hke QC silicon
It appears that the concentration of oxygen relative
to the concentration of lithium determines the an-
nealing properties and the carrier-removal rates
measured at high temperatures The Hall bar ex-
periments suggest, in agreement with the conclu-
sions of stability studies on solar cells, that the
lithrum concentration can be high (2 x 1016 La/
em?) 1n QC sibicon without producing unstable de-
fect centers and anncaled-defect centers 1In con-
trast the concentration of lithium must be limnited
to a value less than approimately 10 Lifem3 to
achieve stability This lower concentration of lith-
mum also produces lower carrier-removal rates in
Hall samples made from this type of silicon

B  Suggested Damage Model

The experimental results presented herem
suggest that the previously reported (Ref 3) radia-
tion damage and annealing model be modified to
explain these results It1s suggested that the
dominant damage center in low-resistivaty FZ sili-
con {1015 to 1016 La/cm3) 15 the Ll center which
1s described by Eq (7)

Lt v o= v [LI center] (7

One of the observed {(Ref 2) annealing mechanisms
1s the dissociation of the Ll center thus Lg (3)
15 written with a double arrow indicating that an
equilibrium exists between the formation of the
defect center and the dissoc:iation of this center
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In addition to the dissociative mechanism of anneal-
ing, there is the mechanism of neutrahzation by
which hthium complexes with the Ll center This
process 1s described by Eq (8)

Lav™ + Lt o= L1,V (8)

Equation {8) 1s written with a double arrow so as

to indicate that the annealed Ll center 15 unstable
and the reaction can proceed 1n the reverse direc-
tion The redegradation 15 caused by this reverse
process {Figs 5 6, and 7) The dom:nant damage
center 1n low-resistivity (b X 10 4 1a/em3) FZ
silicon appears fo be the L2 center which 1s given
by Eq (9)

Lo + V7 = maov [LZ cenf:er] 9)

The annealing of the L2 center takes place hy
means of the mechanism of neutralization de-
scribed by Eq (10)

LoV 4+ Lt — L1,0V (10)

In QC silicon the dominant center appears to be
the A center for samples with hithium concentra-
tions from 1015 to 2 x 1016 1Li/em3 The forma-
tiwon of the A center 1s described by Eq (11)

O+vV- —ov” [A cent;er] (11)

For the samples with higher lithium concentrations
or samples bombarded by higher fluences, the pro-
duction of the Ikl and LZ centers will contribute to
the total damage It 1s necessary to postulate that
Iithium confinues to complex with annealed defect
centers during the postirradiation period of anneal-
ing, since our results showed that the mobility re-
covered as a funchion of annealing time, but the
carrier density continued to decrease at the same
time {see Fig 10) Therefore, a possible mech-
anism 1s given by Eq (12)

L1+ + OV~ [A center] — e + LlOV[annealed center]

r1t 1 ov (12
n n

where the subscript n indicates that more than one
lithium 1on can complex with the annealed A center
This mechamsm will also apply to the neutraliza-
tion of the L2 center as given by Eq (13)

120V~ [LZ center] + Lt —e

+ La,OVjannealed center] + Ll: — LanV {13}

2
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It 15 further conjectured that the energy level ob-
served at an E; - 0 12 eV 1n experiments on high-
resistivity Hall bars of FZ silicon 1s the L2 cen-
ter It appears to have a low probability of
formation except when the Lithium concentration 1s
low and comparable to the oxygen concentration

C Soclar Cell Exper:ments

Measurements of lifetime damage constant,
K. 1tn both cructble-grown and Lopex solar cells
containing Iithium have established that the bom-
bardment temperature, Tg, dependence of KT 15
similar to the bombardment temperature depen-
dence of carrier removal rate measured previously
in Hall-bar bulk samples The value of K, was
shown to saturate at high temperatures and to de-
crease exponentially at lower temperatures, in
agreement with a defect model proposed by Stein
(Ref 1)} The damage constant 1s greater in low-
oxygen content cells than in high-oxygen content
cells, andis only slightly dependent on the cell
density gradient, dN/gw = factor change of ap-
proximately 2 occurs for a density gradient change
of approximately 25 m low-oxygen content cells
while no observable change occurs in high-oxygen
content cells Activation energy for lifetime re-
covery was measured by maling successive 150-
thermal anneals In the crucible cells, the activa-
tion energy for hifetime recovery was approximately
1 1 eV which 1s the activation energy for hithium
diffusion 1n crucible silicon, i1n the Lopex cells the
actrvation energy for hifetime recovery was ap-
proximately 0 65 eV, which 1s the activation energy
for Iithiom in low-oxygen content silicon This
proves that, as predicted in the original model of
Wysock:, hthium diffusion to defect sites 1s re-
sponsible for hifetime recovery in sihicon of hoth
low- and high-oxygen content The rates of cell
recovery vary approximately linearly {at a given
annealing temperature) with the hhithium density
gradient A measurement of lithium diffusion con-
stant using a drift-capacitance technique yielded
an activation energy for diffusion of 1 03 eV 1n a
high-oxygen content cell This :ndependent mea-
surement 1nvolving no irradiation, lends further
weight to the cell recovery results and the hithium
diffusion mechanism they point to

Defect energy levels obtained from hifetime
versus temperature measurements for anfimony-
doped and phosphorus-doped hthium-containing,
crucible- grown cells and for antimony-doped non-
Irthiwm, crucible-grown cells mndicate that, as
expected, the oxygen vacancy {A center) 1s the
predominant defect causing hfetime degradation in
these cells In some cases, however, the mea-
surements indicate defect activation energies of
approximately 0 13 eV, well below the 0 18 eV
found for the A center There 1s also the indica-
tron of several closely spaced levels, as was also
indicated 1n bulk sample measurements

High-temperature anneals carried out on
Lopex cells resulted in a temperature-dependent
redegradation rate which fitted in well with room
temperature photovoltaic redegradation observed
on similar cells and with room temperature car-
rier loss observed in FZ bulk samples The study
so far thus provides an encouraging degree of
consistency between lifefime, bulk sample, and
photovoltaic measurements at all temperatures
tested

JPIL, Techmcal Memorandom 33-467

b Solar Cell Performance and Stability

Lithium-containing crucible-grown solar cells
which have initial powers competitive with com-
mercial 10-Q-cm N/P cells for a wide range of
lithium densities have been tested Only a small
fraction of the hithium-containing cells made from
FZ and Lopex silicon have been competitive 1n 1n1-
tial output with the QC cells

Float-zone cells (without exception) recover
rapidly at room temperature with characteristic
recovery times ranging from several hours to sev-
eral days the recovery time varying inversely
with the hithium density  Only cells with no mea-
surable amounts of hthium in the region near the
junction after irradiation fail to experience re-
covery Recovery of crucible cells 1in general,

15 a slow process at room temperature, taking
from several months to more than a year depend-
ing on the lithium density The recovery curve 1s
S-shaped with the greatest recovery slope occur-
ring approximately 1 to 10 months after
irradiation

Over test periods ranging up to 15 months
crucible cells have been stable Most FZ and
Lopex cells tested have shown significant redeg-
radation The redegradation in Lightly Li-doped
cells starts later and 1s somewhat less severe
Redegradation occurs in open-circuil voltage as
well as short-circuit current, although the voltage
redegradation usually occurs later Heavily ir-
radiated cells with light Iithium doping have less
tendency to redegrade however they do have the
tendency to develop series resistance Consistent
correlation between the various modes of redeg-
radation, extent of redegradation, and the mea-
sured physical parameters of the cells has not yet
been obtained for FZ and Lopex cells

Crucible-grown cells, then, are operationally
the better cells at room ftemperature and should
afford interesting possibihities of stabihty at ele-
vated temperatures From the groups of FZ and
Lopex cells tested, 1t 1s evident that applications
for most of these cells would be Irmited to short-
term use after 1rradiation or to use at tempera-
tures below room temperature A possible ex-
ception to this 1s suggested by a lot of Lopex cells
{(T6) which underwent a long low-temperature lith-
wm diffusion cycle (8hat 325°C) Lot T6 cells
had relatively good imtral power and (so far, at
200 days) stable post-recovery behayior, in spife
of a high-density gradient (-3 X 1019 em-4) which
usually foreshadows redegradation The perfor-
mance of the T6 cells suggests a further study of
cells using this daffusian cycle
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Table 1 TProperties and performance of crucible-grown lithium cells
and comparisons with commercial 10-Q-cm N/P cells

Cell power,® mW
Cell group I\Z:c;ugf Dopant dljgl:iw, Initial After 1rrad Latest reading Ei‘}?ﬁ’b
11 cell N/P | 1 cell N/P { L1 cell N/P
{A} Low fluence, 1 X 104 e/cmz
¢z (1) 5 Sb 1 %108 303 | 281 179 [ 213 208 | 233 | 442
ci (1) 7 As |1 x10'8| 303 281 | 186 |[213| 242 | 233 | 442
H2 (1) 5 P 1 x10%?] 26 0 281 | 170 {213 231 | 233 | 44z
H1 (1) 8 As 2 x10%%| 21 7 281 157 | 213| 202 | 233 442
T2 (1) 6 P 1 x10'8| 26 8 281 165 213 234 | 233 | 442
(B) Intermediate fluence, 3 to 5 X 101"L e/c:m2
cz (2) 2 Sb 1 x108) 303 | 277 | 148 [177]| 149 |189] 376
CéA (1) 3 Sb 1 x10'%| 28 2 282 | 151 |19s) 153 | 209 194
C6B (1) 3 sb |1 x10"®] 293 | 282 157 | 1985 161 |209] 194
C6C (1) 3 P 1 x 108 281 282 | 160 195 163 |209 | 104
C5 (5) 3 P 1 x108| 309 282 | 166 195 177 {209 | 194
I (2) 2 As |1 x10'®) 318 | 284 138 66| 162 {189 376
T8 (1) 3 P 1 <1087 261 282 | 126 | 195} 187 | 209 194
HZ (2) 2 P 1 %108 243 | 277 135 | 172 200 | 189 ] 376
H6 (1) 3 P 1 x 100 24 7 282 120 |195] 207 [ 209} 194
HI (2) 2 As |2z x10'?] 17 4 2841 108 |166]| 158 | 189 ] 376
C8G-7 1 - 27 6 282 | 115 | 195 180 | 2009 98
cs (1) 3 P 5 x 1017 25 ¢ 282 | 130 |195] 207 |209 | 104
T2 (2) 2 P 1 x 108 (69 3) | (69 6)| (36 6) (49 3){t(58 9) | (52 8)| 376
T7 (1) 3 P 5 1027 | (70 8) Lo 1y| (35 3) [(54 0y (56 2) |57 33| 104
(C} High fluence, 3 X 105 e/cm?®
G2 (3) 2 S5b 1 x 1018 30 1 28 4 10 7 13 9 10 9 15 6 411
C6A (2) 3 Sb 1 x10'8| 28 9 28 3 97 | 142 98 | 156 194
Q6B (2) 3 Sb 1 x10'8] 28 ¢ 2831 101 |[142] 101 |156 | 194
Cé6C (2) 3 P 1 x10*®| 28 3 283 107 |12 107 | 156 194
C5 (6) 3 = 1x108| 284 | 283 110 |142] 109 |156 | 194
T8 (2) 3 p 1 x10'%] 26 1 28 3 85 |142| 94 [156]| 194
H6 (2) 3 P 1 x10'9| 209 28 3 95 |12 116 {156/ 194
H2 (3) 3 P 1 %109 25 2 24| 99 |139| 150 | 156 | 411
cs (2) 3 P 5 x 1047 25 1 28 3 82 |1a2] 148 | 156 194
T2 (3) 2 P 1 x 108 68 8) [ (69 1| 31 8) [(a0 4)| (a9 6) |(aa 7)| 411
T7 (2) 3 p 5 x10°7 | (70 5) | (70 1| (25 3) |42 2)| (50 6) |(a5 4)| 104

ANumbers 1n parentheses are short-circurt currents (mA)
TAB = time after bombardment at latest reading
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Table 2 Stab:lity and performance of lopex and FZ grown hthium cells recewed from JPL

Cell power, mW % Redegradation St
N AN art of
Cell group DO, D/_'r:}lW iAB redegradatzon,
Ccm cIm Po PAB PL ays I P v ays
(A) Low fluence, 1 X l['J14 elcmz
G4 (9) 2x10 | 1x1w08 |21 1166|201 313 | 3 4 1 70
ca (17) 3 x10% | 1x10® [ 196|160 185/ 313 3 5 2 >70
c4 (5) 2x10% {2x1w0? 177153160 313 | 5 8 3 20
caq12) | 2x10'® |2 x10'? | 150136} 131 313 5 5 5 30
G4 (1) 3x10% |5 x10!9 | 158|142 140 313 2 8 5 10
T3 (1) 3x100% |1 x10%0 | 231|173 211 24 3 3 1 3
(B} Intermediate fluence, 3 or 5 X 1014 e/cmz
H5 (1) 3 x10 |ax10t® 282|123 135] 110 0 0 0 }
G4 (10) 2x10 1 x108 203121 176] 313 2 1 0 30
G5 (7) 2x10% {1 x1w0® | 216109172 110 0 0 0 .
£G4 (18) 3x10t* {1 x108 208 127191 313 4 2 0 70
C4 (6) 2x10% 2 x10" [ 1750121156 313 5 6 2 60
Ca (14) 2x10® {z2x109 153 126] 139 313 3 5 4 60
ST6 (1) 1 x10% |3 x10'? 2681212101 110 2 0 0 60
o5 (3) 3x10% |4 x10% | 175133159 10 | - - - PBD
c4 (2) 3x10” [ sx10'? [ 1581221381 313 | « 6 4 30
T3 (2) 3 x 108 |1 x10%0 | 23 1 (I, only) 313 8 - - 15
T4 (1) 5 x101% |1 x10%% [ 229|153 181 | 110 | 7 3
T5 (1) 6 x10% | 3x109° 25201141824/ 110 [ 10 8 0 3
(C) High fluence, 3 X 1015 e/cm2
H5 (2) 3 x10M |2 x10%% | 25 1 | (Serres re- | 110 | - - . -
cal) | 2x10' |1 x10'8 | 19 1| sistamce) | 454 | | - - -
C5 (8) 2xtot |1 x10'8 | 208 w110 |- - - .
C4 (19) sxw® |1 x108 200 87123/ 313 0 0 0 -
C4 (7) 2x10t® |z2x1w0¥ {177 | s1f1a3| 313 | 6 0 0 60
C4 (15) 2x10t® | 2x10Y | 151 | 95132 313 5 2 1 50 -
C5 (4) 2x10® 2 %10 158 | 97136 110 | - - - PBD
Gt (3) 3x10% |5 x109 53| 90 127 313 | 4 | 2 1 50
T3 (3) 3x10%7 11 x10%0 | 244 | 82139 | 313 6 1 0 20
T4 (2) 5 x100% [2x10°0 223 79129 | 110 | s 3 0 10
T5 (2) 6 x10° 3 x10®0 | 234 | 75122 110 7 6 X 5
Notes
Py = mmtial power
Pap = power affer irradiation
P, = latest power reading
TAB = time after bombardment as of latest reading
FBD = pre-bombardment degradation
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HALL EFFECT STUDIES OF IRRADIATED 31{L1)
AT CRYOQOGENIC TEMPERATURESL

John Stannard
U 8 Naval Research Laboratory |
Washmmgton D C

I INTRODUCTION

This work proposes to follow the events that
occur during electron damage and reoom temper-
ature recovery in float-zoned {(FZ)} silicon doped
with laithwum  Cryogemc Hall measurements allow
the overall concentration of radiation-induced
deep acceptors to be momitored along with the
overall concentration of shallow donors In addi-
tion, the activation energy and concentration of
levels lying between 0 06 and 0 20 eV below the
conduction band may be separately measured pro-
vided that the spectrum 1s not too complex

II MATERIAILS

During the past period, preparation and
characterization of Li-doped silicon have been
mmproved, measurement accuracy and analysis
have been improved five-fold, one 1irradiation
experiment has been completed and another has
been completed through 17 h of annealing at room
temperature Three problems associated with
preparation of Li-doped material were treated
{1) the effect of inhomogeneity on Hall measure-
ments (2) methods of obtaining material display-
ing the proper activation energy for lithium, and
(3) a good method of contreolling Itfhwum
concentration

In this study, lithmum has been introduced by
diffuszon from a suspension of lithwam inocil A
tack-on treatment of 5 min at 425°C followed by a
60-min redistribution at the same temperature

have been employed The final lithium concentra-
tion can be controlled by the number of lithmum
atoms present in the surface layers of the sample
at the start of redistribution Etching 1n CP-4 al-
lows removal of a thickness controllable to within
#10-4 1n , thereby reducing the overall hithmm
content Figure !l shows the resulis of a four-
point probe study of samples prepared with these
technigues The lithium concentration measured
after redistribution 1s shown to decrease uni-
formly as the thickness etched away before redis-
tribution 1s made larger The use of starting
material with a resistrvnity greater than 100 82-cm
would have allowed this figure to be extended to
even lower values of the lithiam conceniration

A set of s1x samples was made to indicate the
batch reproducibility of this method Most of the
scatter seen here 1s due to variations in the
amount of lithium applied to each slice before the
tack-on treatment The final Iithmum concentra-
tion was not dependent upon the mitial thickness
of the silicon wafer

Lithwm diffusion from an o1l suspension 1s
known to produce an inhemogenous lithum con-
centration with a minmimum at the surface TFaig-
ure 2 shows the degree of this inhomogeneity and
1ts effect on Hall measurements along with the de-
gree to which this has been reduced for this work
Curve I exhibite four-point probe data taken by
Heliotek (Ref 1) Graphical mtegration of this,
and other Heliotek data, indicates that a 1-h re-
distribution at 425°C causes the total amount of
active lithrum contained »n a sample to decrease

1Work accomplished under NASA Contract WO-8050, NAS 7-100
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to 30% of its m:tial value The magnitude of thas
decrease 15 independent of the amount of hitham
introduced by the particular tack-on treatnmmnt
used Curve II indicates the lithium concentration
expected for the sample of Curve I, had there been
no redistribution loss Outgassing, surface pre-
cipitation and distributed precipitation could all
contribute to this less Curve III 15 a four-point
probe profile of a sample prepared in such a way
as to minirmize inhomogeneity Lathwum was
applied to both surfaces of the wafer and followed
by a tack-on Df 5 min at 425°C ”After etchlng to
reduce the hthmm content 1t was rédistributed
for 1h at 425°C" This profile shows the sample
was homogenous to within about 50% The irra-
dzation study to be described was pexformed on
material thus prepared except for an additional

0 00Z2-in etch after redistribution to remove
possible surface precip:tates

~

The effect of ithomogeneity on Hall measure-
ments 1s indicated by results obtained from the
sample of Curve IV This curve indicates the
carrier concentration as determined by resistivity
measurements on a Hall bridge, while the squares
mdicate carrier concentration as obtained from
the Hall 2ffect It 1s apparent that the Hall effect
1s strongly influenced by the high-resistivity por-
tion of the sample near the surface due to the
larger Hall voltage generated there The second
square 1s even lower than the first and anticapates
a decrease 1n lithmum concentration on the right
that 1s not shown Such inhomogeneity can affect
more than just the apparent lithmm concentration
The sample of Curve IV had been redistributed
with a lapped surface and showed a low tempera-
ture activation energy of 0 0374 eV, which 1s the
energy of the 120 complex Surface damage
apparently caused complete precipatation of free
Litham 1n the region near the surface, thereby
leaving the 110 complex as the shallowest active
donor present This would cause the low-
temperature resistvity in this region to exceed
that of the Li-doped bulk by orders of magminde
As a result, the electrical properties of the sam-
ple were domainated by the high-resistivity sur-
face region Redistribution with CP-4 eiched
surfaces avords this condition In the past some
samples have shown activation energies as low
23 0 026 ¢V  This was apparently due to con-
tamination of the lathmum suspension Two sam-
ples produced and measured after changing to a
new suspension have shown energies of ¢ 0331
and 0 0332 eV Thermal and optical values of
0 033 (Ref 2)and 0 03281 eV (Ref 3) respec-
tively are reported for more heavily doped mate-
rial and would be expecied to be smaller than our
value because of impurity overlap effects

II1 ANALYSIS

Before considering irradiation experiments,
1t must be said that both Hall constant and resis-
trvity have been measured as a function of temper-
ature, thereby giving the temperature-dependence
of the carrier concentration and mobilaity A
program for the calculation of Fall momlity 1n
silicon from first principles has not yet been
written, therefore, carrier mobility will not be
treated here Figure 3 shows the dependence of
carrier concentration on temperature along with
a diagram of the forbidden gap of silicon The
states shown in the diagram would give rise
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to this carrier concentration From the location
of the plateau at 100°K and the location of the
linear “freeze out" region, the overall donor con-
centration can be calculated along with the number
of deep acceptors The slope of the linear region
gwves directly the energy separation between the
Irthum donor and the bottom of the conduction
band Analysis of the high-temperature structure
can give the concentration and energy of a level
lying more than 0 06 and less than 0 2 eV below
the conduction band edge The difference between
the plateaus at 300°K and at 100°K gaives the con-
centration of such a level The position of the
transition between the two plateaus gives the activ-
ation energy In the case of unirradiated ILa-
doped silicon, the data between 50 and 100°K
allow the lithium and phosphorus concentrations
to be determined separately with moderate suc-
cess, even though their energy separation 1s only
0 011 eV Models including excited states how-
ever, gave poorer fits to the data for both
phosphorus- and Li-doped material

For each sample, a least-squares fit to the
data was obtained for temperatures below 100°K
If a level of intermediate depth was present, these
results were then used to aid in obtaining a sepa-
rate fit to data above 100°K Table 1 presents
the results of this fitting process for an unirradi-
ated phosphorus-doped sample and an unirradiated
sample containing both pheosphorus and lithium
The farst two columns show the results of fits
using four adjustable parameters The last col-
umn used a five-parameter model to allow sepa-
rate determanation of the lithum and phosphorus
concentrations The mdicated errors are 95%
confidence limats, and the bottom row 15 the mean
error between calculated and measured values of
the carrier concentration In the first column,
the measured value of the phosphorus ground-
state degeneracy 1s quite close to the theoretical
value of 0 50 The measured value of the acti-
vation energy agrees closely with the reported
optical 1onization energy of 0 0453 eV (Refs 3
and 4) Egqually reliable values of the parameters
are obtained for the Li-doped sample The mea-
sured activation energy of 0 0332 eV is slaghtly
larger than the reported optical value 0 03281 eV
as expected The five-parameter model, which
most accurately represents this sample gives a
degeneracy factor close to the expected value of
0 1 The close correspondence between calcu-
lated and theoretical values of the degeneracy
factor for both Iathrum and phosphorus lends con-
siderable support to the confidence that the values
of the other parameters truly reflect the proper-
ties of the sample Large errors shown for the
donor concentrafions would have been mmuch less
had more data been taken between 50 and 100°K |
Since irradiation causes a noticeable wor sening of
the fits obtainable, only the four-parameter model
was used in irradiation studies The measured
donor concentration is then taken as equal to the
sum of the concentrations of the individual donors
A similar interpretation 1s given the measured
acceptor concentration
IV IRRADIATION CXPERIMENTS
To separate the events associated with dam-
age from those associated with annealing, 1rradi-
ations were performed at low temperatures where
Iithmim 1s immmobile Two experiments will be
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described here The first was designed to discover
whether lithium was associated with the level of
intermediate depth reported in 1969 The second
experiment involves irradiation at 240°K and sub-
sequent room temgerature annealing of silicon
doped with 5 x 1014 hthium/cm

An earlier experiment showed that a level of
intermediate depth was present following 80°K
bombardment and extensive room temperature
annealing of silicon lightly doped with lithmum
In the present experiment, a sample from the
same phosphorus-doped starting mater:al was
measured before and after an 80°K irradiation by
5 % 1013 1-MeV electrons/cm The sample was
then studied using i1sochronal annealing up to a
temperature of 200°K  Then the temperaiture
dependence of the ¢ariier concentration was re-
measured above B0°K  ¥Figure 4 shows an inter-
mediate level to be present in irradiated and
annealed phosphorus-doped material as well as
wrradiated and annealed Li-doped material The
curves shown are machine-fits obtained using
three adjustable parameters While a level 1s
present in the sample containing no hithum, its
energy 1s definitely less than that me asured in the
1i-doped sample Very sumilar, but more com-
plete evidence obtained from the next experiment
indicates that the association of mobile lithwum
with the 0 12-eV level causes a shaft 1n 1ts acti-
vation energy

The 1dentity of this 0 12-eV level in silicon 1s
not clear Its energy is close to the 0 13-eV value
reported by H Stein for a level formed following
80°K 1rradiation and 250°K annealing of pulled
10-@-c¢m silicon (Ref 5) Unfortunately that
experiment also indicated the 0 13-eV level was
not formed 1n FZ silicon This situation is fur-
ther confounded by the fact that the present experi-
ment indicates a removal rate 1n FZ silicon
roughly equal to the removal rate reported by
Stein for pulled silicon

In the last experiment two wafers were cut
from a boule of 14-Q-cm FZ silicon Lathmum was
diffused into one wafer to a resistivity of 6 Q-em
using the techniques described 1in SectionII A
full set of Hall measurements was made and each
sample was wradiated at 240°K by a fluence of
1 7x10 1.MeV electrons/cm?Z The samples
were remeasured without warming above 240°K
Subsequent measurements were made after 2 h
and after 17 h of annealing at room temperature
At present, this experunent has not been com-
pleted Irradiation was performed at 240°K
where the 0 12-eV level might not form and vet
the Iithium 1on would st1ll be 1mmobile As the
results will show, the 0 12-eV level was strll
formed even at 240°K  Figure 5 shows the room
temperature annealing of carrier concentration
commonly observed in irradiated La~doped silicon
As expected the control sample shows no measur-
able annealing of the carrier concentration In-
dexes on the horizontal axis indicate the anneal-
ing times at which full measurements were made

Before considermng results obtained after
room temperature annealing we wtll consider
the measurements made before and mmmediately
after irradiation E centers are formed when an
electrically active donor interacts with a vacancy
and the complex becomes a deep acceptor In
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this experiment, such an event would cause the
measured donor concentration to decrease by one
and the acceptor concentration to increase by one
As a result changes in electrically active donor
concentration indicate directly the formation of E
centers It should be siressed that the measured
value of overall acceptor concentration includes
the E center concentration If the 0 12-eV level
is an acceptor, il also 1s included Other experi-
mental evidence indicates that it 15 an acceptor
Figure 6 shows the carrier removal rates asso-
crated with E centers overall acceptors and the
0 12-eV level as a result of the irradiation of
these two samples No thermal annealing has
occurred Carrier removal rate shown on the
vertical axis equals the formation rate times the
number of electromic charges a defect assumes

i the material hewng consiadered For example,
the carrier removal rate and formation rate of the
E center are equal since the E center 15 a single
acceptor The left side of Figure 6 15 in agree-~
ment with present concepts of damage 1n FZ
phosphorus-doped silicon Irradiation at room
temperature of phosphorus-doped silicon produces
about equal numbers of E centers, di-vacancies
and A centers as the prumary damage centers
(Ref 5) It is perhaps a little surprising that no
A centers were observed in these samples How-
ever no high-temperature structure with an acti-
vation energy near 0 17 eV was observed Thas
mdicated that the A center concentration was al-
ways considerably less than 5 X 1012/cm3 ¥ the
removal rate of the 0 12 eV center which pre-
sumably would be replaced by a deeper level in a
300°K irradiation is added to the rates shown for
the two other categories, an overall carrier re-
moval rate of 0 6 cm=1 15 obtained The com-
pares well with a reported value of approuimately
0 8 em-1

The details of the electron damage are quite
different 1n the case of the other slice of silicon
which was doped with 4 X 1014 hihrem /em
While the removal rates for the 0 12-eV level are
comparable in the two samples, the lithwm sam-
ple shows very little E center formation and a
very large acceptor formation rate There are
two possible explanations for the fact that the con-
centration of electrically active laithmm and phos-
phorus does not decrease as a result of the 1rra-
diation One could presume that, while vacancies
still interact with and remove donors, there is
another center introduced by the lithmum diffusion
which interacts with vacancies to form an equal
number of new donors The requirement of
approximate equality between these two rates
weakens the plausibility of this argument

Another, perhaps more believable explanation
would be as follows Daffusion of lathum into the
sample introduces some initially undetectable
center, 1 e , a neutral one, which acts as a very
efficient sink, removing vacancies from the crys-
tal before they have a chance to encounter a donor
The large magnitude of the acceptor generation
would seem {o support this explanation

Let us presume that there 1s a competaition
for vacancies between donors and say, disloca-
tions mn the phosphorus-doped sample Let us
also assume interaction with a dislocation des-
troys the vacancy entirely In the Li-doped sam-
ple the assumed very efficient sink for vacancies
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would not only prevent vacancies from interacfing
with E centers, it would also trap vacanciles nor-
mally destroyed at a dislocation If 1t 15 pre-
sumed that these neutral cenfers form an acceptor
upon trapping a vacancy, an abnormally large
formation rate for acceptors would be expected

While the details of this explanation may be
ne more than speculative, it dees seem that some
neutral center involving Iithmm 1s present and
affecting the way damage 1s occurring in this sam-
ple Such neutral centers might form during re-
distribution and could account for part of the lith-
wm lost during redisiributzion No evidence of a
level due to the acceptors was found, therefore,
the level must be more than 0 2 eV below the con-
duction band

Photoconductivity at 6 5°K was measured to
14 1n these samples before and after irradiation
The photoconductive response was about what
would be expected for a shallow mmpurity in silicon
Structure supermmposed upon the impurity re-
sponse did not correlate well with lattice absorp-
tion bands Irradiation caused only a slight
change, and that occurred only in the control sam-
ple The change seemed to indicate an irradiation-
mduced level somewhere between 0 25 and 0 1 eV
from a band edge

After 17 h of annealing at room temperature,
a statistically srgmficant portion of the acceptors
had not annealed As a result no estimate can
be given of the number of lithium ions required to
neutralize each acceptor Preliminary measure-
ments made at 76 h indicate such changes are
occurring

Signmificant annealing of the 0 12 eV level has
occurred and 1s shown in Fig 7 The measured
activation energy for this level in each sample 1s
shown in the top half of the figure, and the mea-
sured concentration in the lower half In the
phosphorus-doped sample, the activation energy
of this level does not change with annealing An-
nealing does cause an 1nitial mcrease in the con-
cenftration, however after 2 h, this too becomes
constant In the Li-doped sample however an-
nealing at 300°K mitially causes the 0 12-eV level
to shift deeper into the gap After the inrtial shaft
the activation energy remamns fairly constant
This 1s consistent with the observations of the pre-
vious experiment While this 1s going on, the con-
centration of this level in the ILa-doped sample 15
steadily decreasing with tune It would seem that
the shift must be due to the presence of lithmum

It should be emphasized that the shift in the
level occurs rapidly and goes to completion in a
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time during which few of the centers are rendered
electrically mactive This would imply that
neutralization occurs in two stages It 1s possible
that one or more Iithium ions are atiracted to the
center relatively quickly to form some sort of
stable configuratien The final neutralization 1s
perhaps rate-limited by effects associated with
the microscopic nature of the defect

Vv CONCLUSIONS

There 15 no established connection between
radiation-induced degradation in solar cells and
the concentrations of defect centers as measured
here However, the results obtained agree quali-
tatively with solar cell experience in both the
damage and recovery phases

In the damage process, the La-doped sample
showed greater damage than its phosphorus-doped
control Whale there was an apparent reduction in
E center formation due to hithium, there was also
a mmuch larger production of deep acceptors Addi-
tional samples must be measured before any firm
conclusions can be reached on the basis of re-
moval rates

During room temperature annealing, definite
evidence of the effectiveness of lithium in remov-
g electrically active centers was obtained When
hithium was allowed to become mobile, a damage-
mduced center at Eqc 0 12 eV was observed first
to move deeper info the gap and then decrease mn
concentration as annealing proceeded Significant
decreases 1n the deep acceptor concentration have
occurred only after 70 h
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Table 1

unirradiated Si{F) and Si{11, P}

Parameters obtained by fitting various models to data taken from

Parameter

S1 (P)
4 parameters

S (La)
4 parameters

S1{la P)
5 parameters

Phosphorus concentration,
x1014 cm-3

Lathium concentration,
x1014 cm-3

Donor ground- state deg
radiation factor

Acceptor concentration,
x101é cm=3

Donor aclivation energy,
eV

Standard deviation, %

3 26 =0 07

0 55 0 04

79=0 8

0 0452 =0 0002

13

6 8 0 2

0 063 20 005

5 4 20 6

0 0332 =0 0002

14

22220

5 02 0

0 10 =0 04

5 520 6

0 0332 =0 0002

13
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INTRODUCTION AND ANNEALING OF DAMAGE IN
LITHIUM-DIFFUSED SILICON1

J A Naber, B C Passenheim, and H FHoriye
Gulf General Atomac, Inc
San Dhego, Calif

I INTRODUCTION

The development of a radiation-hardened
solar cell 15 of considerable interest for space ap-
plications The advent of the Li-diffused silicon
solar cell has been one of the highlights 1n this de-
velopment FHowever, before its hardness features
can be maxarmized, 1t 15 necessary to understand
the nature of the mntroduchion and annealing of
damage 1n Li-diffused silicon Furthermore, 1f
computer codes are to be used to predict solar-
cell operation on extended and varied space mis-
sions the effects of temperature, injection level
ttme, fluence, and type of irradiating particle
must be known as they pertain to bulk material

The nature of our wnvestigations 1s to study the
effects of space radiation on the electrical prop-
erties of Li-diffused bulk silicon In particular,
neutron activation analysis, minority carrier lhife-
time, electrical conductivity Hall effect, electron
spin resonance, and infrared absorption are used
to monitor electron- and neutron-produced
damage

The results described heremn are a continua-
tion of the work previously reported {Refs 1 and
2)

II SAMPLE PREPARATION

The samples used for the experiments were
N-type silicon diffused wath Iithram by two

techniques (1) hithiurn-o1l paint-on, and (2)
Lithium-tin bath diffusion The Iithiumn-oil paint-on
technique was used to obtain hithium concentrations
rangmng from 5 X 1014 to 2 x 1017 cm-3, for the
hthium-tin bath diffusion, the co%centratlons
ranged from 5 X 1014 to 5 x 1016 ¢m-3  Resis-
tivity measurements indicated uniform distribution
of the lithium in the samples

III EXPERIMENTAL RESULTS AND
DISCUSSION

A Minority-Carrier Laifetime

Minority-carrier Iifetime measurements have
been studied for several reasons First changes
1n mnority-carrier hfefimes due to radiation-
induced defects can be observed at very low fluence
levels {approximately 1012 e/cm2) making these
measurements some of the most sensitive mea-
surements available Second, the temperature
dependence of minority-carrier lhifetime estab-
lishes the density and energy levels of recombina-
tion centers Third, the solar-cell output can be
directly related to the minority-carrier lifetime

The manority-carrier lifetime was measured
by both the photoconductivity-decay and steady-
state photoconductivity techniques The samples
vsed for lifetime measurements were 104 Q-cm
float-zone (FZ) grown, N-type silicon before daif-
fusion, after lithium diffusion by the lithium-o1l
pamnt-on and lhithium-tin-bath techniques, they had

I7This work was performed for the Jet Propulsion Laboratory, California Institute of Technology, spon-
sored by the National Aeronautics and Space Administration under Contract No NAS 7-100
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resistivities of 11 and 0 4 Q-cmn and carrier con-
centrations of 4 5 x 1014 em-3 and 1 5 x 1016
em~ 3, respectively
he)
1 Tharty-MeV elecirdn irradiations—
degradation and annealing

The introduction rate of recombination centers
due to 30-MeV electrons at 300°K was studied for
both highly La-diffused (¢ 4 S2-cm) and llghtly 1a-
diffused {11 Q-cm) silicon The de.gradat!.on tate
(¥) 15 defined by LT

+

1 1

= = =+ Kb
T TC
where

To = lhifetime prior to irradiation

the lifetime after a fluence ¢

-
1

Figure 1 shows the hifetime degradation at 300°K
as a function of electron fluence and annealing for
highly La-diffused silicon The degradation con-
stant 15 1 8 £0 3 x 10~7 em?/e-s for fluences up
to 1013 e/cm The degradation constant at 300°K
for the 112ghtly La-diffused stlicon 1s 50x2 0Dx
10-8 /e-s foxr fluences up to 10 12 ¢fem?

(Fig 2) The degradation rate for non-la-
diffused silicon of the same resistivities 13 6 = 2%
10-8 ¢cm2/e~s These data indicate that the deg-
radation rate depends on the rmitial laithium
concentration

The recombination centers produced in
electron-irradiated Li-daffused silicon either con-
tain hthium or are affected mn 1ts production by
hithium  The former 1s consistent with the defect
models for recombination centers proposed pre-
viously (Refs 1 and 3)

For the 1sochronal annealing experiments,
the unannealed fraction of the annealable damage
15 defined by

o (1)
C f
where
N, = the density of recombination centers
T

after 1sochronal anneal at temperature
T

NO = the density of recombination centers

immediately after 1rradiation and before
start of isochronal anneal

N = the density of recombination centers
when 1sochronal annealing 1s complete

Since recombination center density 1s mnversely
proportional to carrier hfetime, the unannealed
fraction can be expressedsin terms of rmnority

carrier lifetime by
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The expression for unannealed fraction of
total damage 15 obtained by replacing Ny and 7¢
by Np and TR, where N and Ty are the number
of defects and the corresponding lifetime before
irradiation

A similar expression for the unannealed frac-
tion of the annealable or total defects exists for
1sothermal annealing except that temperature (T)
1s replaced by fime (t)

In the highly Ia-diffused material Fig 1
shows that, for {luences of 1013 e/cm? and anneal-
wmg at 370°K for 30 mmin (Ref 1), the damage com-
pletely recovered However, for fluences of
4 x 1014 efem2, only 80% of the damage recovered
with the same annealing schedule In the hghtlg
La-diffused material and fluences of 1012 e/em
the annealing was only 85% complete, and at
fluences of 1014 e/cm2, there were no signs of
annealing The greater the lithium-concentration-
to-defect-density ratio the more complete the
annealing

The time constant for the first-order anncal-
ing {Refs 1 and 2) also depends on hthium con-
centration in FZ grown material The greater the
free lithium concentration, the faster the anneal-
ing Figure 3 gives a comparison of the time con-
stants of annealing for La-diffused FZ and quartz-
crucible (QC) grown materials The activation
energy for these annecals 15 0 75 = 1 eV with fre-
quency factors ranging from 108 to 1010 s-

These results indicate that hithium 1s active
1n the annealing of recombination centers produced
by electron 1rradiation This 1s consistent with
our previous analysis in which we attributed the
annealing to the migration of free Iithium to the
recombination center {(Ref 1)

2 Fission neutron irradiations — degradation

and anne a.hng

Neutron 1rradiation of Li-diffused silicon 1s
of mterest because of the nature of defects pro-
duced by neutrons Neutrons are known to pro-
duce mainly clustered defects and the introduc-
tion of these defects 1s independent of the
impurities present in the silicon Annealing ex-—
periments on neutron-irradiated N-type silicon
containing ordinary oxygen concentrations and
arsenic and phosphorus concentratrons below
6 X 1014 have indicated insignificant impurity de-
pendence (Refi 4)

The samples used for these irradiations were
Ia-diffused by the hthium-tin bath techmique to
resistivities of 4 2-cm The neutron irradiations
were performed at Gulf General Atomic's APFA
facithity at a flux of 6 2 X 107 neutrons (>I10 keV
f1sslon)/crn2—s At 300°K  the degradatwn con-
stant was 6 4 20 4 X 10-% ¢m</n-s and indepen-
dent of fluence up to 2 x 101l n/em2 This de-
gradation constant 15 the same as that observed in
non- La-diffused silicon {Ref 5) which 1s
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consistent with the lack of inpurity dependence for
neutron damage

The 1sothermal annealing (Fig 4) of the neu-
tron damage 15 evidence of a first-order annealing
process The temperature-dependence of the 1so-
thermal annealing data indicated an activation
energy of 0 66 £ 0 03 eV agnd an effective frequency
factor of (0 40 2} X 107 51 Since the nature
of the annealing 15 first order, an analysis of the
i1sochronal annealing data (5-min 1sochronal
anneals) shown in Fi1g 5 yields an activation en-
ergy of 0 69 £ 0 02 eV and an effective frequency
factor of 1 520 8 X 107 o~ A comparison of
the 1sothermal and 1sochaonal anpealing kinetic
constants 1s satisfactory

Four observations may be made about these
data Tirst the degradation constant of this La-
diffused N-type FZ silicon irradiated at 300°K 1s
independent of the fluence to 2 X 10** n/em
This value of the degradation constant 1s nearly
the same as that for silicon that contains no lith-
1um, which 18 consistent wtth the lack of impurity
dependence for neutron (clustered) damage and 1s
to be contrasted with this laboratory's observation
that the degradation constant for electron irradi-
ated N-type silicon depends on hthium concenftra-
tion Second, more than 90% of the neutron dam-
age was annealed at temperatures between 300 and
380°K From Stein's data {(Ref 5), one would ex-
pect less than 10% recovery for non- Li-diffused
N-type silicon subjected to the same annealing
schedule _ Thyrd, the effective {requency factor
of v ~ 107 s-1 for this annealing indicates a pro-
cess 1nvolving long-range migration {Ref 6] Fi-
nally, the activation energiles determined from
i1sothermal and isochronal anneals agree and are
very close to E = {0 66 £0 55) eV for the energy
of lithium diffusion in silicon (Refs 7 through 9)
This strongly suggests that the anneal depends on
the diffuston of hithtum to the neutron-produced
recombination cenfers

B Electron Spin Resonance and Infrared

Absorption

1 Historical background

Electron spin resonance {ESR) has been 1m-
portant 1n the sfudy of radiation effects 1n silicon,
since 1t 1s one of the few techniques (Ref 10) that
provide mformation about the detailed nature of
the defects At Gulf General Atomic, ESR has
been used to investigate the production, annealing
and properfies of various damage centers nclud-
ing the S1-Bl S1-G6, S1-G7, and S1-G8 centers
{Ref 1) Recently, the ESR technique has been
used to study the effect of hithium 1n radiation
damage A thorough investigation of the effect of
lithium on the B-1 {oxygen-vacancy) center was
previously reported (Ref 1} This study was of
particular value since many investigators feel
that the B-1 center 1s the predominant recombina-
tion center 1n sihcon 1rradiated wath 1-MeV elec-
trons The results of this study provided invalua-
ble insight into the interaction of lithiukm wath
radiation-produced entities including 1mpurity-
related defects

During the preser\ﬂ: study, the ESR techmique

was used to gain more fundamental information on
the role of lithium in displacement damage
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processes The first investigation performed was
an 1nvestigation of the effects of lithium on the
production and annealing of the di-vacancy (51-G7)
Second, an investigation of the effects of hthium
on the production and annealing of the vacancy-
phosphorus (Se-G8) center was performed

2 Experimental resulis

A superheterodyne specirometer was used for
the ESR measurements Measurements were
made at 20°K

a BS1-G7 center The nature of the di-
vacancy (S1-G7) and its energy levels are de-
scribed 1n Ref 10

Lithium-diffused I'’Z grown samples with
room-temperature carrier concentratrons from
1016 to 1017 ¢m-2 were 1rradiated with 30-MeV
electrons ‘The irradiations were performed at
room- znd hiquid-nitrogen temperatures Over
an 1ncremental fluence range from 1 X 1016 e/cm?e
toz 0 x 1017 efcm it was nol possible to detect
the presence of di-vacancies using ESR (Ref 11)
However, for non-Ila-diffused N-type silicon of the
same carrier concentrabions and [laence ranges
the di-vacancy int: oduction rate s 0 1 di-
vacancies/e-cm

The reasons for this mability to cbhserve di-
vacancies 1n Li-diffused silicon may be because
(1) the mtroduction rate of di-vacancies 1s lower
or {2) the di-vacancies produced were m the wrong
charge state

To help clarify this situation, mfrared absorp-
tion measurements were performed on the same
Li-diffused samples used for the ESR measure-
ments However, the samples had been stored at
room temperzture fo1 periods during which anneal-
ing, because of laithium diftusion, may have tahen
place The mntroduction rate as determined by
infrared absorption, was less than 0 025 di-
vacancies/e-cm  This 1s at least a factor of 4
less than in non- Li~-diffused silicon The 1esults
of these measurements can be interpreted to mean
that (1) the introduction rate of di-vacancies 1s
lower, or (2) di-vacancies are annealed because
of the migration of lithium

The above experiments show that the overall
effect of Iithium 15 to decrease the number of di-
vacancles present after irradiation

b Sf_éjlugnm Samples of FZ sihicon with
11 x10 phosphorus /em3 were Li-diffused to
carrier concentrations of 3 & X 1016 em~-3 The
samples were irradiated with 30-MeV electrons at
7B°K to fluence levels of about 1017 efem?2 All
51-G8 (phosphorus vacancy) centers produced by
the irradiation are in the paramagnetic charge
state A careful search for the S1-G8 center re-
vealed nothing Its introduction rate 1s therefore
below 0 005 ecm~1 The introduction rate for
51-G8 centers at 78°K in non- La-diffused sihicon
18 about 0 1 cin™ Introduction rate in La-
diffused silicon 15 at least 20 times lower than 1n
non- Lai-diffused silicon

The absence of the S1-G8 center for 30-MeV

electron wrradiations at 77°K leads to the conclu-
sion that the presence of lithium 1s efiective mn
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decreasing the number of this center Since lith-
wm diffuses very slowly at 77°K, the decrease in
the mtroduction rate of the S1-G8 center 1s not due
to i1ts annealing by lithium The reasons for the
lower introduction rate may be that

(1) The vacancies produced by irradiation are
preferentially attracted to the hithium in-
stead of the phosphorus because the
cross sections of the laithium are larger
than those of the phosphorus for the
vacancies

(2) The phosphorus is paired with the lith-
um and, therefore, 1s not free to com-
bine with the vacancies to produce S1-G8
centers

The arguments for the decreased introduction
rates of the 81-G8 centers are the same as those
for Si-Bl centers {Ref 1) However, 1n the S51-Bl
center studies, oxygen was present in the samples
instead of phosphorus

IV SUMMARY

The introduction and annealing of recombina-
tion centers in 30-MeV electron-irradiated, Li-
diffused silicon depend on the presence of hithium
The greater the lithium concentration, the greater
the ntroduction rate of recombination centers
The annealing properties of the recombination cen-
ters depend on the amount of lithium The larger
the free lithium concentration the faster the an-
nealing rate and the more complete the annealing

These resulés are consistent with the damage
and annealing model in which the major recom-
bination center contains hthium {vacancy-lithium
or vacancy-hithium-oxygen complex) or 15 affected
1n 1ts production by lathium  The annealing of the
recombination center 1s due to the diffusion of free
lithium to 1t

The neutron-irradiation data for Li-diffused
silicon 1s consistent with the recombination center
being clustered in nature, and annealing of the
clusters depends on the diffusion of hithium to it

The decreased introduction rate of 51-G7
51-G8 and $51-B1l centers in electron-irradiated
La-diffused silicon 1s attributed to the presence of
Iithiumm The reasons for these decreased intro-
duction rates are either the large hithium capture
cross section for the vacancy or the hthium-
impurity palring

The studies of the S1-G7, 51-G8 and S1-B1
centers help support the model that all damage
centers in electron-i1rradiated, Lai-diffused silicon
contain hithium or are affected in their production
by lithium  Furthermore, the annealing of all
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damage centers in both electron- and neutron-
wirradiated Li-diffused silicon 1s due to the diffu-
sion of lithium to these centers
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RADIATION EFFECTS IN BULK LITHIUM-~ AND
ALUMINUM-DOPED SILICON

QO L Curtis, Jr , and R I DBass
Northrop Corporate Laboratories
Hawthorne, Cahf

I INTRCDUGTION

The work presented herein ancludes the ochser-
vation of the effects of radiation on the electrical
properties (primarily carrier lifetime) of bulk
sitlicon which has been doped with Itthmum or alu-
minum Even though the practical interest of this
conference 1s centered around radiation effects in
solar cells, 1t 1s important that the processes
assoclated with radiation-mduced defects be under-
stood  Studies of bulk material are the logical
way to study at least part of these processes, and
to separate the effects that are intrinsic to silicon
from those that are associated with the presence
of a junction For example 1n the case of a
mobile impurity such as laithwam the impurity
distribution near the junction may be extremely
nonhomogeneocus It 1s unlikely that the behavior
with this nonhomogeneous distribution will be
undexrstood until an adequate understanding of the
homogeneous case 1s obtained

A pgreat deal of data has been accumulated on
the rad:iation vulnerability of Li-doped solar celils
Great promaise has been shown for the potential
use of these devices 1n a space radiation environ-
ment However, the obvious dependences of the
observed behavior on the material from which the
solar cells has been fabricated, and what appears
to be inconsistencies among cells thought to be
wdentical, point to the requirement for a better
understanding of the basic processes of defect
creation and subsequent annihilation

Ancther material of great interest, and the
one upon which the most effort has been expended,

JPL Technical Memozrandum 33-467

1s Al-doped S1  In early studies of the effects of
dopant npuriftes on neutron degradation of S1
(Refs 1 and 2} 1t appeared possible that Al-
doped material was substantially more radiation-
resistant than that doped with boron or gallium
Subsequent studres (Ref 3) appeared to support
this result Further interest in this phenomenon
was promoted by personal communication with
various members of the technical commumty who
expressed the belief that they, too had seen
specific instances m which Al-deped material
seemed particularly invulnerable fo radiation On
the other hand, there was concern that these re-
sults were not reproducible We were particu-
larly concerned about the validity of our data be-
cause of the poor quality of the materials we had
used At the tumne of the expermments the only
Al-doped crystals available were grown by the
Czocharlski technique These materials contained
large concentrafions of both trapping and recom-
bination centers DBecause of the poor quality of
the starting material, 1t was necessary to anneal
the samples befere performing experiments In
the process, we observed something that had been
discovered earlier {Ref 4), that the equilibrium
carrier concentration was unstable to anneal in
the region of 400°C and above This did not par-
ticularly concern us, and it gave a means of ob-
taimng a range of resistivities from a single ingot

To refine the experiment, some high-quality
float-zone (FZ) material was obtained later
Since the lifetime was long and trapping effects
small, the experimental difficulties of earlier
expermments were avoided However, the experi-
mental results were disappomting The Al-doped
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material was just as sensitive to radiation as was
B-doped silicon The data to be presented here
concermng Al-doped material deal prumarily with
an effort o reconcile the experimental data and
learn under what condifions, if any Al-doped
material 15 relatively mvulnerable to radiation

The type of space radiafion most important
to the users of solar cells 1s usually electrons
with energles on the order of 1 MeV Tor the
purposes of this study, we have chosen instead to
use Co 60 gamma radiation Besides the obvious
advantage of expermmental suimplicity such radi-
ation introduces damage hofhogeneously into large
bulk samples so that the effects of'non-
homogeneous damage distributions are avolded
The physical nature of the defects introduced must
be very similar to that obtained with electron
irradiation since the damage mechamsm occurs
through the interaction of Compton electrons pro-
duced by the gamma rays with the silicon lattice
Those electrons having energies below the thres-
hold for displacement are unymportant, and the
remainder of the spectrum 1s reasonably srmalar
to that of interest

II EXPERIMENTAL TECHNIQUES

Relatively large samples were used in this
study to mimimaze possible surface effects and
thus ensure that bulk properties were being 1n-
vestigated Most of the samples were approxi-
mately 7 mm thick, 7 mm wide, and 30 mm long,
but some samples approxmmately one-half as thick
were also used The samples were prepared
from 25 different single crystals purchased from
commercial sources

The Li-doped samples were prepared n our
laboratory by diffusing this unpurity into sample
blanks made from a P-doped Lopex crystal hav-
mg an matial resistivity of approxmmately
160 22-cm  These diffusions were performed in
vacuurmn at temperatures from 400 to 450°C  The
source of lithwum was a 4 2 molar solution of
La-Al hydride 1n ether which was applied to the
samples using a pawmnt-on techmque Since hithwum
is a donor 1mpurity the resulting samples were
at2ll N-type but had resistivities in the range
from-~I to 25 -cm

Minority carrier hifetimes were determined
by the photoconductrvity decay techmique following
carrier injection by a 50-ns pulse of 150-kV
X-rays To obtain exponential decays 1n even the
best of these materials, it was necessary to per-
form the measurements at injection levels of
approximately 10-4 or less

The 1rradiations were performed in the
Nerthrop Co 60 gamma facility employing fluences
0of 1 1X 1016 gammas/em? As many as 22
samples were irradiated simultaneously for effi-
cilency and to ensure that they receive i1dentical
doses During the relatively long exposure
(~50 h) and subsequent storage period before post-
irradiation measurements were performed, the
samples were kept 1n dry 1ce {-78°C) to mimimaize
annealing
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III RESULTS

A Lafetzme Degradation Studies

Table 1 lists the imitial and post-irradiation
Lifetimes and the calculated lifetime damage con-
stants of 38 samples investigated TFor our pur-
poses, we define the damage constant, ¥ through
the relationship

1 1,

®|-e-

whezre

To and T¢ = the imfial and post-irradration
hifetimes at 30°C, respectively,

$ = the gamma fluence

The damage constant thus corresponds to the flu-
ence required to reduce the lifetune of an mmfially
perfect sample {T =) to 1 ps and 1s proportional
to the radiation resistance or "hardness' of the
matertal It should be noted, however, that the
constant thus defined 1s reciprocal of that com-
monly used in some hifefime degradation studies
and which 1s proportional to the damage rate

The sample designation employed in Table 1
dencies the crystal manufacturer, growth methed,
dopant, and the initaal room temperature resis-
fivily Manufacturers D, G, and T are the Dow
Corming Corp , General Electric Co , and Texas
Instruments, Inc  respecfively Additional Al-
doped crystals were obtained from the Allegheny
Electronic Chemaicals Co and Electronic Space
Products, Inc Samples from these crystals were
not suitable for lifetime degradaton studies and
consequently are not listed in Table 1 However,
these materials were used for annealing studies
to be described later and will be denoted by the
appropriate manufacturer symbol A or E

Growth techniques &, L V, and F represent
the Czochralsk: (pulled) Lopex, vacuum-~FZ, and
FZ (argon atmosphere) methods, respectively

For comparafive purposes samples that were
prepared from the same crystal are grouped to-
gether 1n Table 1, Czochralski-grown crystals
contaming both aluminum and boron exhibited
moderate to severe trapping effects which pro-
duced non-exponential photoconductivity decays
and made accurate hifetime determinations ex-
tremely dafficult However, due to the current
world-wide shortage of bulk silacon crystals and
a lengthy strike at the General Electric facilities,
1t was not possible to obtain more suitable
materials

The various General Electric crystals were
grown using research apparatus having himated
capacities and were consequently smaller than
those obtained from usual commercial sources
A total of 14 such crystals wase obtained hut some,
particularly pulled crystals containing aluminum
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were unsuitable because they contained large
resistivity gradients The gradients were pre-
sumably due to the extremely small segregation
coefficient of aluminum in silicon {0 002) and
were especially evident in the shorter crystals
(It 15 often possible to offset the effects of large
resistivaty gradients by using only portions of
large crystals however, this practice was not
possible with the General Electric crystals)

Table 1 shows that the damage constants of
samples prepared from the same crystal are very
similar, but the values vary from crystal to crys-
tal without any clear dependence upon the pre-
irradiation characteristics Ewvidently, the ob-
served differences in the damage constants of Al-
doped sampiles from different crystals, but similar
in other respects, may be due to subtle differ-
erences in the growth processes Such differences
may result in different defect species, concen-
trations, and/or distribufions in this material
{(Refs 4 and 5)

With the exception of the four GFAIl samples
which were prepared from the same ~10-f-cm
crystal, 2ll of the Al-doped samples listed appear
to be more sens:tive to radiation than the com-
parable B-doped samples This behavior s sur-
prising because it coniradicts the results of ear-
lier studies of neutron-irradiated Al-doped
silicon (Refs 1 and 2) However, more recent
studies 1n which some of these same materials
have been irradiated with neutrons show that they
are also more sensifive to neutrons than are
comparable B-doped materials (Ref 6)

Samples TLP 126 and TLP 130 {in Table 1}
were mcluded to compare the effects of the lithium
diffusion on the properties of this material As
indicated 1n the table, sample TLP 126 was an-
nealed for 12 h at 400°C before it was measured
This treatment was performed to determane
whether any effects observed in La-diffused sam-
ples were due to the heat treatment employed 1n
the diffusion alone The fact that the damage con-
stants exhibited by these two samples are identical
within experimental error indicates that this
treatment did not affect the radiation sensativity
of this material

The Li-doped samples listed in Table 1 ex-
hibit a relatively large fange of initial resis-
tivities, lifetimes, and damage constants Com-
pared to the starting material, the ILi-doped
material tends to have an even higher wmitral life-
time, 1n spite of its lower resistivaity Evidently
the introduction of lithmum drastically lowers the
concentration (or effectiveness) of recombination
centers Although there 1s some scatter, the
variation of damage constant with carrier con-
centration 1s close to that evpected from theory,
being roughly constant at hagher concentrations
and mcreasing with decreasing number of car-
riers Higher resistivity samples were obtained
by employving shorter diffusion and/or distribution
cycles and heating at 400°C  Figure 1 shows the
potential profile of sample TLP(L1) 12 1 which
‘was heated for 24 h at 400°C following an 8-min
diffusion at this temperature The hinear pro-
file indicates that the dopant concentration i1s un:-
form over the entire length of the sample In
contrast, Fig 2 shows the potential profiles of a
short test sample after two relatavely long
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distribution heat treatments at 425°C The sam-
ple was previously diffused for 30 man at this
temperature and the non-linez: profiles indicate
that 1t was not possible to distribute the resulting
high concentration of hithium uniformly through
the sample No sample that had been diffused
longer than ~20 min at a temperature above 400°C
exhibited a linear potential profile regardless of
the subsequent distribution treatment Such sam-
ples were consequently not used in any studies of
radiation effects

The Li-doped samples are very radiation-
resistant compared to the higher-resistivity start-
g material Compared to P-doped samples of
similar resistivity, the improvement 1s about an
order of magnitude or greater

B Isochronal Annealing Studies

Figure 3 shows the temperature-dependence
of the Infetime of TLP(L1) 12 1 before irradiation
and after i1sochronal anneals (30 man) at the in-
dicated temperatures Anneals were performed
at several additional temperatures, however, the
data have been omitted for the sake of clarity
Since the radiation-induced lifetime T4 and pre-
irradiation lifetime T, are expected to add recip-
rocally, or

11,1
-

'T'o T¢

1t 1s often useful to plot the "induced reciprocal
Lifetime" as a function of temperature when the
slopes of the 1mitial and post-irradiation curves
differ (Note that the T¢ used here refers to the
actuzl lifetime after mrradiation and after annecal-
ing at various temperatures while T 1s the mea-
sured value } The data of Fig 3 have thus been
replotied in Fig 4 No slope value was assigned
to the higher-temperature portion because of the
limated data at these temperatures Figure 5
shows the recovery of the reciprocal lifetime of
this sample measured at 30°C following a one-
half hour anneal at each of the indicated temper-
atures Since the Iifetmme 15 expected to vary
mnversely with the recombination center concen-
tration, the curve represents the fraction of
radiation-induced centers remaimng after each

anneal The fraction not annealed, f, 1s defined
as
L1
f= T 7o
Y
T¢ - To
where

Ty and T = the 1mtial and post-irradiaiion
hietimes at 30°C, respectively

Ty = the ifetime at this temperature

following the anneal at temper-
ature T

The absence of any sigmficant recovery after
the anneal at 72°C and the large reverse annealing
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stage at B4°C evident in Fag 5, are surprising
in view of reported self-healing of Li-decped solar
cells at room temperature following 1-MeV elec-
tron irradiation (Ref 8) It is interesting to note
that the approximately seven-fold decrease in life-
time damage aftcr the anncal at 84°C was accom-
panied by a five-fold mncrease in the amount of
trapping indicating the creation of both recom-
bination and trapping centers

C Heat Treatment of Unirradiated Al-doped
Silicon

Eleven Al-doped crucible-grown samples
which had imitial lifetimes shorter then ~10 ps and
which exhibited excessive trapping were annealed
for 8 h at 460°C to determune the effect of thas
treatment on the electrical properfies and sub-
sequent radiation respense of this material In
an earlier experiument, two simailar samples were
converted to high-resistivity N-type after heating
for 24 h at this temperature HMNowever, the use
of a shorter annealing period was expected to pro-
duce more moderate changes 1n the later samples
Four of the heat-treated samples were obtained
from four different General Elactric crystals
which had very short hhifetimes Before they were
annealed, the recombination behavior of these
samples was dominated by a very slow trapping
center with an effeciive lifetime of approximately
1 s at room temperature The Iifetime of one of
the samples was measured as a function of tem-
perature and the results are shown in Fig 6 It
should be observed that from approximately 40 to
100°C (2 7 £1000/T £ 3 2) the apparent lifetime
of the sample decreased by more than three orders
of magnitude This behavior and the apparent
decrease in lifetime with increasing temperature
confirm that the photecconductivaity decays were
assoclated with trapping time constants rather
than recombination processes

This rendered the mnitial lifetimes of most of
the eleven samples uncertain The sample re-
sisfivily was also monitored to determine the
effects of the 8-h anneal The resistivities and
Iafetumes at room temperature before and after
the anneal are shown in Table 2 The 1mtial re-
sistivity values were determined from potential
profiles which were performed on each sample
before the anneal The post-irradiation values
were calculated from the measured resistance at
room temperature Consequently, the small
resistivity changes indicated for some samples
may be due to differences in the measurement
techniques

An examination of Table 2 shows that the re-
sistivity of most of the samples increased as a
result of the anmeal However, the amount of in-
crease varies widely and does not appear to be
related to the initial value Since scldered con-
tacts were used on the samples, 1t was necessary
to remove them before the anneal and to replace
them afterward The quality of the replaced con-
tacts was determined by measuring the sample
resistance 1n reverse directrons at both room and
dry ice temperaiures With the exception of
samples GCAl 5 8 and GCAl 9 1, none of the
samples rectified after the anneal Additional
measurements on these samples revealed that the
rectification ocecurred at a junctron in the material
which was not observed before the anneal and did
not involve the contacts
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IV DISCUSSION

Evidently we have been quite successful in
obtaimng bulk samples of Li-doped material which
are uniform have low resistance contacts, and
are large enough to mainumize surface eiffects
Observation of radiation-induced defects 1n this
material should be truly representative of the real
defect nature without complication by device
effects Comparison of the data of Fig 4 wath
those of Downing {(Ref 9) mdicates a sarmlarity at
the temperatures for which the data overlap
However, our higher temperature data cannot be
explained on the simple basis used by Downing
It 1s clear that a much deeper energy level 15 res-
ponsible for recombination These lmmated data
do not provide an accurate estimate of a position
but several worthwhile conclusions can be drawn
First, since the lifetmmes associated with two
levels add reciprocally, the observed slopes can-
not be attributed to activation energies of two
energy levels In such a case, the steeper slope
would occur at the lower temperature We, there-
fore, conclude that the apparent activation energy
at lower temperatures 1s from 0 06 (Ref 9} to
0 09 eV, corresponding to a variation of hole
capture probability with temperature Af higher
temperatures, the dominant term 1s either
pllcnnN or njfcpnN  If the latter 1s the case,
the energy level position can be determuined from
the intersection of the two lmnes through the high-
and low-temperature portions of the curve At
that point n] = n  This occurs at 1000/T =
2 52°K-1, yielding an energy level position at
Eq - Ex = 0 40 eV Since the capture probability
temperature variation observed at lower temper-
atures and the temperature dependence of the
density-of-states function would affect the higher
temperature slope, the observed slope should be
~0 53 eV  This value 1s similar to that observed
On the other hand, if the term containing p; dom-
inates, the level would be near the center of the
gap Further mmvestigatron will be required to
provide more definitive information Specifically,
other samples should be observed to see if the
behavior 1s similar, and lifetime versus excess
density measurements should be performed

Evidently, the factors yielding the apparent
radiation registance of Al-doped material are not
understood Indeed, the absence of defimitive
experuments tends to promote skepticism as to
whether such an effect truly exists It still ap-
pears likely that, 1f one begins with Al-doped
mater:al contaiming the proper amount of aluma-
num and other mmpurity atoms so that the net ion-
1zed acceptior concentration 1s sensitive to the
heat treatment at ~400°C, and if the corres;lvond-
ing carrier concentration is reduced by ~1015
carriers cm~~ or more, then that material 1s less
vulnerable to radiation than normal materzal with
the same final resistivity Although we have
data mn support of this viewpount, it has not been
conclusively established, primarily because of
difficulties in obtaiming suitable material and be-
cause of measurement difficulties assoclated with
the high~trap concentration which appears in all
materials having the mentioned instability Two
approaches have been considered to solve this
problem The first :s to obtain better
Czochralski-grown material and repeat the ex-
periments This does not seem feasible at pre-
sent because of the reticence of suppliers to ex-
pend significant efforts in thas direction The
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other approach 1s to use a bulk mcasurement
which determmmes diffusion length rather than
photoconductivity decay We are presently devel-
opmg such a technique using a scanning electron
microscope
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Table 1 Lifetime degradation of silicon irradiated with
1 1 %1016 Cob0 gammas/em2 (6 8 X 106 R)

Sample To, T, Damage constant, K
designationd ps ps {¥/cm-2 ps) x 1017
GCB 8 4 16 2 9 8 2 74
GCB 8 2 18 1 79 1 51
DCB 11 6 11 0 79 3 14
TLB 4 3 433 31 0 3 67
TL..B 4 3 411 32 5 3 88
TLB 9 4 433 45 4 5 58
TLB 8§ 9 433 46 2 5 69
DVB 9 4 193 32 5 4 30
DVE 9 1 153 317 4 40
GCAlL 6 3 17 3 T2 1 36
GCAlL 15 2 27 1 11 0 2 04
TLA>L 4 4 462 12 3 1 39
TLAL 4 4 483 11 5 1 30
TLAL 6 1 115 8 4 0 99
TLAl 6 4 115 8 2 0 97
TLAL1 S 9 153 10 8 1 28
TLALS O 164 12 6 1 50
GFAl 4 2 60 6 8 2 1 05
GFAL 6 3 164 91 1 06
GFAl 6 3 274 79 0 90
GFA18 4 77 9 g 4 103
GFrAl8 7 77 9 9 4 1 17
GFAL 9 4 310 12 2 1 40
GFAL 10 O 382 11 9 1 35
GFAl9 9 164 25 2 3 28
GFAl 10 © 170 26 4 3 44
GFA110 1 167 25 1 3 25
GFAl 10 2 173 25 1 3 23
TLP 1262 96 7 27 30
TLP 130 136 28 0 31
TLP(L1) 1 0 144 6 5 0 74
TLP(Ia) 1 2 164 36 0 41
TLP(L1) 2 1 82 2 45 0 53
TLP(I1) 3 9 222 47 0 52
TLP(L1) 4 6 231 538 0 65
TLP(Ia} 5 1 188 5 4 0 61
TLP{Ia} 6 2 162 709 0 92
TLP{Ia) 12 1 289 21 4 2 54

2Annealed 12 h at 400°C before irradiation
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Table 2

Effect of heating for 8 h at 460°C on the lifetune and

resistivity of Al-doped silicon

Resistivity, f2-cm Lifetime ps®
Sample Crystal
designation No
Initizl Final Initial Final
GCAl4 0 CZ 88 4 0 333 (T) 65 (T)
GCAl14 O CZ 82 4 0 20 (T) 15 (T)
GCAl5 8 CZ 87 58 ~75 (T) (R)
GCAal 9 1 CZ 84 g1 ~94 {T} (R)
ACA1 1 8 6170-1 18 30 <10 (T)
ACAlI 1 8 6170-1 18 19 <10 (T)
ACAL13 7 6170-3 37 8 6 14 3 (T) 11 (T)
ACAl 4 9 6170-3 4 9 53 <10 16
ACA15 O 6170-3 50 4 9 8 7{T) 8 1{T)
ECAl1l 5 202 15 42 <10 (T)
ECal 1 7 202 17 177 <1 0 {T)
21afetime value uncertain due to rectification (R) or trapping (T)
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Fig 1 Potential profile of sample TLP (L1) 12 1
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REAL-TIME IRRADIATION OF LITHIUM.DOFED SOLAR CELLS

R L Statler
Nawval Research Laboratory,
Washington, D C

I INTRODUCTION

Lathium diffused mnto P/N silicon solar cells
as an added dopant 15 known to give the cell the
property of seli-recovery from radiation damage
The amount of the recovery, and the raprdity of
this process, depend largely on the concentra-
tions of certain impurities in the silicon, the kind
of radiation, the radiation dose, and the ambient
temperature of the cell following 1rradiation
Alrmost all radiation experiments with Li-doped
solar cells have been performed with particle
accelerators that generate radration fluxes which
are several magnitudes greater than space racia-
tion flux Since no experimental evidence indi-
cates whether the recovery of the Li-doped solar
cell 15 dependent on the rate of radiation damage,
it 15 important to study the damage and recovery
processes at low-flux rates as well

II EXPERIMENTAL

To evaluate radiation damage 1n solar cells
that are exposed to radiation with an intensity
comparable to space radiation fluxes, the Naval
Research Laboratory (NRL) Co 60 gamma pool
source was utilized The intensily of the radia-
tion at the point where the experiment 1s located
was 4 8 x 103 R/h at the start of the experiment
in September 1969 The strength of the source
decreases about 1% per month because of the
natural radicachive decay of Co 60 The damage
caused by the ~1 2 MeV Co 60 gamma ray 1s
praduced by an electron in the silicon which 1s
highly energized by a gamma photon 1n a Compton
scattering process This energetic electron
creates lattice displacements in the silicon, with
the subsequent formation of defects and centers
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similar to those that occur in electron-irradiated
silicon A first approximatron for equivalency of
damage 1n solar cells from Co 60 gammas, as
compared with electrons, can be made by deter-
mining the number of gamma photons that will
produce the same number of lattice displacements
as a 1-MeV electron If values (Ref 1) are used
for the total number of displaced St atoms per umt
of incadent flux of 10-2 for 1-MeV gamma photons
and 4 6 MeV for 1-MeV electrons, the eqmivalent
electron dose corresponding to 1 rad {S1) which s
2 22 x 107 photons/cm? 1s then 4 35 x 106
cleetrons/cm?2 This equvalency factor 1s appli-
cable only when the gamma environment 1s one of
electromc equlibrium for the 1rradiated sample
In the case of this particular experiment, where
the cells are mounted on 1/8-1n -thick brass
plates, this condition essentially exists

The solar cells are of five types There are
four groups of Heliotek Li-doped P/N cells and a
group of Centralab 10-Q-cm N/P flight-quality
cells Table 1 shows the experimental matrix for
this study The Li-doped cells were obtained
through JPL, and the N/P cells were obtained
directly from Centralab

Three stainless steel cylindrical cans about
31n i diameter and 9 1/2 1n long are used for
the irradiation and envaironment chambers for the
cells The solar cells are held against brass
plates by spring clips at the main busg bar Each
cell 15 loaded with a 10-Q resistor, with electrical
contact being made through the spring clips and
brass plate

Illumination 1s provided by five automobile-
type lamps 1n each can  The cans are first
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evacuated and then back-filled with 1 ps1 of argon
for the environmental exposure

The cell temperatures are maintained by
controlling the temperature of the brass plate by
means of electrical strip heaters and water-
carrying itubing soldered to the hack of the plates
One can 1s held at 30°C, and two cans at 60°C
with a varation of £1°C  The cells are removed
from thé cans for measurement of their I-V
curves ulder 1lluriuination from & Spectrosun
X.25L solar simulator at 140 mW/cm? a1r mass
zero conditions

III RESULTS

The status of the experimental results at the
end of the seventh month of testing will be dis-
cussed During this fime, the solar cells were
removed from the source and measured five
times From three to five solar cells of each
group were exposed to each set of experimental
parameters, so as to allow a sahisfactory statisti-
cal evaluation of the results In almeost all cases,
this proved to be a sufficient number of samples
so that the standard deviation of each set of data
was less then £0 02 The data outside this lirmt
occurred m the H.5 and H-9 groups In the case
of the H-5 cells, the low Lai diffusion temperature
resulted tn cells which, by capacitance measure-
ment, mdicated little or no 1a at the junction It
1s not surprising that the radiation data on these
cells exhibited greater scatter than most other
groups However, the umrradiated 60°C control
cells in this group had self_consistent behavior
In the case of the H-9 cells, the contacts on four
of the five irradiated 60°C cells failed at progres-
sive 1ntervals over the 7-month period, so that
only data for one cell at 60°C irradiation are
given - Table 2 presents the results of the photo-
voltaic measurements comprising the imihal short-
circult current, maximum power, and efficiency
for each group of cells Then, the relative max-
rourn power (also the same value for efficiency) 1s
listed for the case of 60 and 30°C 1rradiation, and
60°C control cells These data were obtained
following a gamma dose of 2 3 X 107 R, equiva-
lent to 1 03 x 1014 electrons/cm3

The absolute values of maximum power are
plotted 1n Fig 1 for the pretest measurements and
for the post-irradiation measurements aftexr 7
months Figure 1 shows that none of the La_doped
cells have an output power as great as the
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conventional N/P 10-9Q-cm solar cell in thas
environment, suggesting that nothing 1s gained by
diffusing L1 into P/N cells fabricated at these
particular diffusion schedules and temperatures
The experiment will continue for at least an addi-
tional 6 months Figure ]l also reveals that the
temperature of the cells during rrradiation does
influence the amount of observed damage, since
all groups of cells irradiated at 60°C are slightly
more damaged than those at 30°C  There 15 also
a certain amount of power degradation among the
two groups of N/P cells and H-9 cells which are
held at 60°C without irradiation The reason for
this has not been deterrmned In the case of the
N/P cells, this effect may be connected with
contact degradation, rather than a change 1n the
properties of the silicon or P-N junction The
cause for this deterioration in the Ia float-zone
(FZ) cell could be related to the increased diffu-
sivity of La with increased temperature, affecting
eithexr the internal properizes of the cell or the
contacts

IV CONCLUSIONS

The low flux Co 60 irradiation of illuminated
solar cells at various temperatures has proven
to be a valid, useful, and interesting experiment
for comparison of both In-doped and conventronal
solar cells The real-fime dose rates and solar
simulator measurements provide a more reahshic
evaluation for the performance of solar cells in
environments which more nearly approximate the
conditions of their utilization

No advantage has been observed for the four
particular types of Li-doped solar cells over the
standard N/P solar cell for the temperature
region of 30 to 60°C, with a2 bombarding eleciron
fluence up to 1 x 1014 el/em

On the other hand, this experiment has dis-
closed a temperature-dependence of radiation
damage and the suggestion of some type of
thermally induced damage tn N/P cells and lngh
Ia concentration FZ cells
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Table I Co 60 experiment sample matrix

Number 1rradiated controls
In diffusion
Cell group Type parameters
30°C 60°C 60°C
1llumnated 1llumanated 1lluminated
H-2 In P/N 90 mmn 425°C- 5 5 3
crucible 60 nmmin 425°C
H-6 In P/N 90 nn 450°C- 5 5 3
crucible 60 man 450°C
H-5 L. P/N 90 man 350°C- 5 5 3
FZ 60 man 350°C
H-9 In P/N 90 man 425°C- 5 5 3
PZ 60 nn 425°C-
Centralab N/P N A 5 5 3
crucible
NOTES

All Iz-doped cells were made by Heliotek

All cells are illuminated with tungsten light and are individually loaded with a 10-Q resistor
developing a load voltage of 0 21 to 0 24V

Table 2 Fhotovoltaic parameters of experimental cells

Relative Pma.x after 2 3 X 1071'3'
Cell group Type Isc, Pmax, Efflc:f:ency, Control Irradiated
ma mwW

60°C 60°C 30°C
H-2 Lol1 GG | 64 5 27 8 %9 101002 | 083062 )| 0900
H-6 H1 1aCG | 60 0 24 7 88 101001 | 092£002[ 0 92x0
H-5 Lol.FZ | 70 0 27 4 9 8 099+002 | 083007 | 08 %0
H-9 HiLaFZ | 610 | 251 9 0 0932001 | (0 86)° 0 950
N/P 10 ft-cm 71 5 29 2 10 4 098001 [ 08 +001 | 0900

14

aEqu:Lvalent tol 03 X 10°° 1 MeV el/cmz

bOnly one cell remaimng at this dose
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OBSERVATION OF STRUCTURAL DAMAGE IN LITHIUM-DOPED SILICON
SOLAR CELLS PRODUCED BY NEUTRON IRRADIATION

G A Sargentand & QGhosh
University of Kentucky
Lexington, Ky

ABSTRACT

Undoped and Li-doped silicon solar cells, of doping level 1015, 1016,
1017 nthum atoms/em3 were irradiated with neutrons produced by a Cockroft-
Walton generator to doses of 1010, 1011, 1012, and 1013 neutrons/cm?2 The
cells were thinned by chemacal polishing, etched and cbsexrved by surface re-
plication and thin film transmission electron microscopy In the unirradiated
and Ia-doped samples, there was some evidence that lithum was present in
the form of finely dispersed precipitates Damage to the cells produced by
irradiation could be observed as etch pits in the form of shallow craters at the
surface and as circular regions within the bulk of the sample by surface rephi-
cation and transmission electron-microscopy The apparent size and distri-
bution of the observed defects were 1n accord with the theories of defect clus-
ters proposed by Gossick (Ref 1) and Crawford and Cleland (Ref 2) The
density of defects produced by irradiation imnecreased with increasing rrradiation
dose, however, the size of the defects seemed to decrease with the presence

of lathium

I INTRODUCTION

When solar cells are exposed to the environ-
ment of space, they suffer severe degeneration
due to defects caused by bombardment with a wide
variety of nuclear particles

The work described herem was undertaken to
investigate the form of the structural damage pro-
duced 1n La-doped P/N silicon solar cells by neu-
tron irradiation From a detailed knowledge of
the structural damage produced by irradiation 1t
15 hoped to design treatmenis whereby the degen-
erative processes caused by the 1rradiation dam-
age could be either reversed or prevented In
this investigation, surface replication and thin-
film electron microscopy of the bulk material
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arc being used as the experimental techniques to
attempt to observe the structural damage

The existence of regions of highly localized
damaged 1n semiconductors after irradiation by
fast parficles {neutrons) was first predicted by
Gossick (Ref 1) and Crawford and Cleland
(Ref 2) Their theoretical model for the dis-
ordered regions predicts for example that N-type
germanium, 1o the regions of highly localized
damage becomes P-type, P- or N-type silicon
becomes inirinsic Surrounding this region a
space change region (junction) 1s created whose
dunens:ions depend upon the carrier concentration
of the umirradiated materzal Such regions would
be surrounded by potential wells of sufficient depth
and width as to noticeably influence the bulk
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elecirical properties of the material Subse-

quently, eyperumenlal measurements of eleciricales

properties by Closser {Ref 3) and Stein {Ref 4)
have provided additional direct evadence of the
existence of these regions In the above expera-
ments, the decrease in electrical conductivity of
silicon was used as a measure of the carrier re-
moval as a result of neutron irradiation and the
carrier concentration was obtained from Hall co-
efficient measurements Further elecirical siun-
dies of N-type silicon by Stein (Ref 5) have shown
that neutron irradiation at 76°K produces light-
sensitive defects at a rate that 1s independent of
the concentration of crystal impurities There-
fore, it was concluded that the defects were
vacancy-liberating clusters The neutron-induced
defects could thus be regarded as repions of high
resistivity which were surrounded by space-
charge regions Such cluster-space-change re-
gions could be regarded as insulators m a con-
ducting medrmum  The light sensitivaty of the
wrradiated silicon 1s believed to result from ma-
nority carrier trapping within the cluster-space-
change region which effectively reduces the in-
sulating volume

More recently Stein (Ref 6} has shown that
the behavior of defects produced in P-type silicon
by neuiron wirradiation at 76°K was independent of
the method of crystal growth and found that there
was an llumination dependence simailar to that
previously observed in irradiated N-type silicon
He again attributed this effect to the presence of
defect clusters He also found that annealing the
samples produced several diffuse recovery stages
between 150 and 550°K, with the largest stage be-
tween 150 and 240°K

To date wvery little work has been carried
out to determine the exact structural nature of the
regions of lattice disorder created by irradiaiion
damage Fujita and Gonser {Ref 7} have at-
tempted to determune the size of the damaged re-
gions m irradiated germanium using an X-ray
diffraction techmaque, but were relatively unsuc-
cessful More recently, however, several at-
tempts have been made to observe more directly
the damaged regions in neutron-irradiated ger-
manmm and silicon using electron microscopy

The first direct observation of defect clusters
was made by Parsons Balluffi, and Koehler
(Ref 8) 1n thin-germanium films using trans-
mission electron microscopy The number of
regions which they observed was in good agree-
ment with their theoreiical estumates from electri-
cal property measurements and a mean diameter
of 53A was measured for the defect Hemment
and Gunnersen (Ref 9) have attempted to perform
simailar transmaission electron microscopy experi-
ments on a N-type stlicon samples which were
irradiated with fast neutrons at doses ranging
from 5 X 1016 to 1019 neutrons/cm2 however,
they failed to detect the presence of any defects
However, Pankratzs Sprague, and Rudee (Ref 10)
were successful in observing defect clusters in
neutron-irradiated silicon by electron microscopy
They found that the mean defect image size was
dependent on the impurity content and on the an-
nealing tyeatment, ranging from a maXunum of
abgut 40A. 1n the as-irradiated material to about
22A 1mn the annealed material The defect density
was also proporiional to neutron dose
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An alternative method for observing defects
in‘germanlum and silicon semiconductors, which
was tried unsuccessfully by Chang (Ref 11) and
Moggle and Steigler {(Ref 12) and later perfected
by Bertolottr and his co-workers (Refs 13 through
15), consists of irradiating the material with fast
mono-energetic neutrons, etching with suitable
chemicals, and then constructing a replica of the
surface for observation in the electron
microscope

Bertolott: and his co-workers found that, upon
etching the surface of irradiated silicon samples,
craters were produced, the dimensions of which
were comparable with the dumensions of the space-
change regions predicted by Gossick (Ref 1) and
Crawford and Cleland (Ref 2)

The work undertaken under the present con-
tract was designed to extend these earlier experi-
mental observations and, specifically to attempt
to determine the structural nature and distribution
of the damaged regions

II EXPERIMENTAL TECHNIQUE
A Material

The expermmental work described herein was
carried out on commercial Li-doped solar cells
supplied by Heliotek, a division of Texiron Inc
The starting material was float-zone {FZ) refined,
single crystal of phosphorus-doped N-type silicon
Slices were then cut from the wngot to give a (110}
crystal slice Boron was then diffused mto the
slice to give a junction depth of 0 5 p  Lathium
was then diffused in, to produce four types of cell
according to the following schedule

(1} Type 1--0 X 10° lathwum atoms/cm3, no
lithram diffusion

(2) Type 2--1 X 1015 lithwum atoms/cm3,
diffysion for 5 min and redistributed
120 mun at 350°C

(3} Type 3--1 X 1016 lithrum atoms/cm3,
diffused 5 min and redistributed 60 rnin
at 425°C

(4) Type 4--1 X 1017 1athium atomsfcm3,
diffused 90 min and redistributed 60 man
at 425°C

B Neutron Irradiation

Samples of the un-doped and Li-doped solar
cells were irradiated with neutrons produced by a
Cockroft- Walton generator to doses of approx-
mately 1010 101§, 1012 and 1013 neutrons/em?
The neuirons were produced by bombarding a
tritrum target with deuterwm gas molecules
This source of neutrons is highly monoe-energetic,
having an energy of approximately 14 7 MeV All
the samples were 1rradiated smmultaneously at
room temperature, the dose being controlled by
varying the distance of the sample from the tar-
get The relative dose was measured by placing
a thin copper foil of known weight hehind each cell
and momtoring the decay of the Cu 62 isotope,
which has a half-Iife of 9 ¢ man

JPL: Technical Memorandum 33-467



After 1rradiation the samples were sectioned
with a diamond saw for examsination by surface
replication and transmaission electron microscopy

C Specimen Preparation for Surface Replication

The surface of the solar cells was prepared
for replication by (1) mechanical grinding and
polishing and (2) etching, using the CP4A etchant
{15 cc acetic acid, 25 cc nitrac acid, and 15 ce
hydrofluoric acid) A replica was then made of
the etched surface by evaporating onte it a thin
layer of carbon The carbon replica was removed
by means of a Mylar tape which was subsequently
dissolved mn acetone The replica was then obser-
ved by transmassion in the electron microscope
at an accelerating voltage of 75 kV

D Specimen Preparation for Thin-Film Electron

Microscopy

8mall samples approximately 1 mm2 were
cut from the solar cells and then chemically thin-
ned in a solutron consisting of 9 parts nitric acad
and ! part hydrofluoric acid After thinmng, the
sample was placed 1n a plastic holder which had a
small hole 1n 1t, and the chemaical polishing pro-
cedure was resurned until a small dimple was pro-
duced in the surface of the sample The outer
edges of the sample were then painted with enamel
and the chemaical polishing was continued The
upper suriace of the specimen was observed
through a microscope A hght source was used
to 1lluminate the back side of the specimen and
polishing was continued until yellow-colored light
could be observed through the specimen At this
yellow stage, the specumen was approximately
5000A thick Addational polishing beyond thas
stage resulted in complete perforation, and the
thinned down section was rapidly rounded off leav-
ing the section too thick to observe by transmission
electron microscopy After thinming, the speci-
men was washed using a sequence of cleaning
agents {distilled water, acetone, distilled water,
and methanol)

Initaally, some difficulty was experienced 1n
observing the samples by transmaission electron
microscopy due apparently to the burldup of =
charge on the surface of the sample as soon as the
electron beam hit it It was found, however, that
if the specunen was sandwiched between two cop-
per grids, then the charge could be adequately
grounded, and a much improved mage was
produced

I EXPERIMENTAL RESULTS

A thin-film electron transmission picture of
the ar-recerved solar cell material unirradiated
and without Iithium doping 18 shown in Fig 1
The figure only shows fairly broad diffraction
contour lines A selected area diffraction pattern
taken of this field 1s shown in Frg 2 (a) This dif-
fraction pattern can be indexed as diamond cubic
with a [1T0] zone axis  An interpretatrton of this
diffraction pattern 1s shown in Fi1g 2 [b})

Figure 3 shows an electron transmission pic-
ture obtained from a thin foil of umirradiated solar
cell doped to 1017 lithwum atoms/em3 The struc-
tare here appears to contain many srnall defects
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which are distributed fairly homogeneously
throughout the whole field

A gelected area difiraction pattern taken from
an area such as this 1s shown in Fig 4{a) A
number of wealer diffraction spots can be ob-
served which cannot be indexed as belonging to the
stlicon diamond-cubic structure They can, how-
ever, be indexed as belongmg to the body-centered-
cubic crystal structure From a comparison of
the radmus ratios of the selected area diffraction
spots, and by assuming a value for the latiice
parameter of silicon, it 15 found that the lattice
parameter of the body-gentered-cubic structure
1s approximately 3 45 A, which agrees well with
that for laithmum It 1s possible, therefore, that
fine precipitate structure, whach can be observed
in all of the Li-doped cells, 1s due to evuess
Iaithium

An interpretation of the duffraction patiern
obtained from the La-doped sample i1s shown in
Fig 4(b) It can be seen that (110) planes of the
precipitate particles are almosi parallel (within
about 5°) to the (110) planes of the silicon matrix

The effective macroscopic cross section for
the electron daffraction was approximately 5p
From such a diffraction pattern it is impossible
to measure the density of the precipitates which
are gwing rise fo the addational diffraction spots

Figure 5 shows a replica obtained from the
etched surface of a sample which contamed no
lithmum, but which was irradiated wath 1013
neutronsfem2 The area shows a finely etched
background structure, on the top of which craters
can be observed The grater dumensions were of
the order of 2000-3500 A in diameter, and the
density of these defects wn the field was approvi-
mately 8 X 107/cm2

Figure 6 shows a transmission picture ob-
tained from. an undoped cell which was irradiated
to a dose of 1012 neutrons/eme In this field of
view, spherical regions approxumately 2500-

4000 A in diameter can be observed with an aver-
age density of 3 X 107 defects/em2, together with
mumerous trrangular-shaped images It rs thought
that the triangular-shaped images may be pro-
duced by etch pits in the surfaces of the thin foil
or, alternatively, they may be due to diffraction
fringes at stacking faults mn the silicon matrix
Figure 7 shows an enlargement of one of the spher-
ical regions MNo additional detail 18 revealed, al-
though the triangular-shaped images are all ori-
ented in the same darection, which suggested that
they bear some relation to the crysial structure m
the matrix

Figure 8 shows a transmissionpicture obtained
from a sample which was doped wu:h 1016 Lithum
atoms/cm3 and 1irradiated with 1010 neutrons/cm
Many small circular defects can he observed
which have a mean diameter of a.pproxnnately
2500-4000 A and a density of about 2 0 X 107/cm?2

Fipure 9 shows a replica taken from the sur-
face of a specimen doped wath 1017 laithum atoms/
em3 and 1rradiated wath 1013 neutrons/cm?2
Many small craters can be cbhserved on top of the
fine background structure and there appears to be
some form of precipitation The average
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diameter of the circular defects in this case 1s
about 600- 1000 A with an average density of about
1 5 x109/cm?

IV DISCUSSION AND CONCLUSIONS

The chemical etching method appears useful
to see the damage regions that are produced dur-
ing high-energy neutron irradiation of silicon
solar cells It 1s clear that such efched struc-
tures are due to the irradiation damage because
they are fairly umformly distributed throughout
the crystal volume and because such structures
cannot be seen 1n the unirradiated material

The size of the defects seen by etching appear
to be 1n agreement with the size of the defects pre-
dicted by the model of Gossick (Ref 1) and
Crawford and Cleland {Ref 2) This model was
originally applied fo nentron-irradiated N-type
germamum  The defects 1 this case were des-
cribed as disordered regions in the form of P-type
i1slands with a potential barrier around them at
the interface with the matrix This assumes that
the disorder regions are crystalline in nature,
however, one would expect that a discontinuity 1n

the structure could be shown by etching, because of

the different etching rates in the damaged region
and 1n the space-change region which are different
from etching rates in the bulk material As
pointed out by Bertolott:1 {Ref 16}, 1t seems sur-
prising that a junction would be produced 1n sili-
con, since one would expect that its asymptotic
behavior under energetic :rradiation should bhe
intrinsic  On the other hand, a barrier could also
be produced between a heavily damaged zone that
becomes compensated mirinsic and the N-type
undisturbed zone The barrier height in the case
of an N-1 junction, should be shallow and, m fact
the contours which are observed in the surface re-
plication technique are less well-defined than
those observed m the case of germanmum (Ref 13)

It 15 not possible from the present results to
determmne accurately the density of damage re~
gions present at a given wrradiation level primar-
1ly because the etched structure 1s very variable
in its appearance, however, 1t does seem that the
density of defects mereases with 1ncreasing
irradiation

From the selected area electron diffraction
studies of the La-doped samples, 1t would seem
that at all deping levels exarmined some excess
lithrurmn exists in the form of very fine precipitates

In the Li-doped and irradiated material
crater-type defects can be revealed by etching a
surface replication, however, in this case, the
defect regions appear to be associated with the
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lithmm precipitates This 1s particularly evident
at the highest doping level and dose where the
formation of some kind of precipitation network
occurs
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Fig. 1. Transmission electron micrograph from
an undoped unirradiated sample (X 9000)

Fig., 2(a). Electron diffraction pattern taken
from an area shown in Fig. 1

(#) (M13)

—_ Zone Axis [ﬁO]

(- ) Double Diffraction

(113)

Fig. 2(b). Interpretation of diffraction pattern
shown in Fig. 2(a)
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Fig. 3, Transmission photograph of unirradiated
sample doped with 1017 lithium atoms/
em3 (X 12,500)

Fig. 4(a). Electron diffraction pattern taken
from an area shown in Fig. 3

( - ) Double Diffraction
(hki) Silicon
(220) (hkiy™ Precipitate

Zone Axis [ITO]

(311)

Fig. 4(b). Interpretation of diffraction pattern
shown in Fig. 4(a)
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Fig. 5. Surface replica of undoped sample
irradiated with 1013 neutrons/cm

(X 18,500)

3 g

Transmission photograph of undoped
sample irradiated with 1012 neutrons/
cm? (X 40, 000)

Fig. 6. Transmission photograph of undoped

sample irradiated with 10!

cm2 (X 18,500)
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2 neutrOns/

Fig.

Transmission Ehotograph of sample

doped with 1016 lithium atoms/cm3
and irradiated with 1010 neutrons/
cm?2 (X 5000)
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Fig. 9. Surface replica from sample doped with
1017 lithium atoms/cm3 and irradiated
with 1013 neutrons/em2 (X 40,000)
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OPTICAL PROPERTIES OF SILICON AND THE EFFECT
OF IRRADIATION ON THEM

K Vedam
Materials Research Laboratory,
The Pennsylvania State University,
University Park, Pa

ABSTRACT

A new ellipsometric method for the determination of both the real and
tmaginary parts of the complex refractive index (n2 - 1k2) of silicon will be

described
values of silicon for A5461A are np =

Measurements oncleaved samples of silicon reveal that the true
4 l4g+0 02andky = 0 034 =0 01}

Similar measurements on chemically polished samples yielded the values as
nz = 4 05 andkp = 0 028, inagreementwith the values reported in the litera-
ture These results are also corroborated by electron microprobe studies on

these same specimens

Optical absorption coefficient of intrinsic silicon has

been determined at a number of discrete wavelengths in the spectral range

400-1000 nm at room temperature

to Iiqmud mitrogen and liquid helium temperatures

These measurements were also extended

Resulis of these measure-

ments, in conjunction with our earhier measurements on the refractive index
of silicon provide for the first fime rehable data on the optical constants of
intrinsic sihcon, and thus form the basis [or comparison wath sumilar prop-
erties of doped and Li-diffused silicon Irradiation of silicon with 6-~MeV pro-
tons to fluences of 1010 particles/cm?2 does not produce any noticeable change
in 1ts optical properties, as determined by techniques involving reflectivity,
within the limits of experimental error

I INTRODUCTION

Precise knowledge of the effect of 1rradiation
on the optical properties of the various silicon
solar cell component materials 1s of extreme 1m-
portance for the development of efficient, long-
lasting silicon solaxr cells However before such
measurements on actual Ia-doped sihicon and sili-
con devices are undertaken, 1t was felt desirable
to carry out a systematic study of these properties
on pure wntrinsic silicon Similarly, the influence
of the oxide film, which 1s always present on the
surface of silicon, either by deliberate oxidation
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oxr by self-contamination, should also be
wnvestigated

During the course of these studies a new
ellipsometric method was developed so that the
true values of both the real and imaginary compo-
nents of the optical dielectric constant of silicon
could be determined directly (Ref 1), without
making any assumptions about the nature of the
surface filzn It may be mentioned that these re-
sults were also independently confirmed (Ref 2)
by electron microprobe studies on the same
51-510; system A brief description of this
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ellipsometric method 1s given below in Section II
along with the results obtained on freshly cleaved
samples of sthicoen Smmilar measurements on
chemically polished samples yield values which
differ by some 2% from those obtained on cleaved
samples, but are in very good agreement with the
values generally used in the hiterature Sections
Il and IV describe respectively the results obh-
tained on optical absorption coefficient of mntrinsic
silicon and the effect of irradiation with 6-MeV
protons on the opfical properties of silicon

11 OPTICAL CONSTANTS OF SILICON

Z

+ The pgteni?ialltles of ellipsometry for the de-
termination of the optical constidnts of an optically
absorbing material such as sihconhave beenknown
for a long time The exact theoretical expressions
involved in ellipsometry were derived by Drude
(Ref 3) nearly 80 years ago, but they could not be
used until recently because the equations involved
are rather complex and could not be solved 1n a
closed form Hence numercus approximations
have been tried, however, as Saxena (Ref 4)has
shown, all these approximations are either of
doubtful validity or valid in very narrow ranges of
film thickness With the advent of modern com-
puters, it 1s now possible (Refs I, 5, and 6) to
make use of the exact equations, and recourse to
the various approalmations 1s no longer necessary

Further, uniil now, the optical constants
(nz2-1kz) of any absorbing material could be deter-
mined by ellipsometry only if the values of the re-
fractive index n] and the thickness d] of the film
on the surface were known, even though the thick-
ness of the film may have been as small as
10-50 A (Reis 7 and 8) Since there 1s a surface
film present on all surfaces exposed to the normal
atmosphere the direct determaination of the opti-
cal constants of the substrate from the measured
ellipticity parameters A and ¢, without any as-
surnption about the nature of the surface film, has
in the past been rather unsuccessful FHence, at-
tempts were usually made to apply suitable cor-
rections and extrapolations to the measured values
to obtain the optical constants of the substrate
T'urther, the refractive index nj of the thin sur-
face film 15 usually either not known precisely or
the validity of using the refractive index of the
bulk material foxr thin films 1s questionable
(Ref 9}

Perhaps a greater degree of uncertainty 1s
mtroduced when an a priori choice has to be made
on the exact crystalline phase of the film material
to arrive at an assumed value of n; For example
in the case of very thin 5102 1l on silicon, a
choice has to be made on the exact polymorphic
phase of 510, 1 ¢ whether if 15 of vitreous silica
form or of e-quartz, or cristoballite, etc

Of course, all these difficulties encountered
because of the presence of the film can be com-
pletely caircumvented by carrying out measure-
ments on truly "clean' surfaces in ultrahigh vac-
uurn of the order 107 Y mmHg In this case it is
possible to preserve the clean surface, obtained
either by cleaving or after special treatment for
several hours waithout essential contamination
(Ref 10) This method 15 far from being used 1n
practice, since other difficulties complicate the
mecasurement such as, for example the problem
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of cleavage of the sample in a vacuum or the treat-
ment of the surface leading to the removal of the
surface film or the damaged surface layer An-
off err magor difficulty 1s the presence of the glass
or silica windows 1n the high-vacuum system and
their unavoidable strain bi-refringence in the op-
tical path

The newly developed ellipsometric method
can be used for the umique determination of all the
four optical parameters n3, kz, nj, and dj char-
acterizing the system {absorbing substrate +
nonabsorbing surface film) without making any
assumptions about the nature of the substrate or
the f1lm  This method utilizes the fact that the
normal i1ncidence reflectance of such a system, as
computed from the pseudo-optical constants {fip-
1k2) derived from ellipsometric measurements
data (A and d), remains essentially constant at the
true value for a small but finite range of film
thicknesses This 1s demonstrated in Table 1 and
Fi1g 1 for the case of silicon It may be recalled
that these pseudo-optical constants are evaluated
from the values of A and ¢, making use of the
exact equations which are valhd for '"clean™ sur-
faces 1 e , for the case d; = 0

Thus, by carrying out ellipsometric measure-
ments on a freshly prepared sample as a function
of taime, a plet can be obtained of the variation of
the normal incidence reflectance versus time (and
hence versus film thickness in some arbitrary
scale) By extrapolating this graph to zero time
or film thickness, it 1s easy to obtain a value of
normal incidence reflectance that will be close to
the true value The exact value itself 15 obtained
by a computer searching process to yield miui-
mum disagreement between the various experi-
mental ellipsometric parameters obtained on the
same sample but with a number of different film
thicknesses or with those obtained on the sample
but with two or more different ambient
atmospheres

Once the true value of the normal incidence
reflectance R of the substrate material 1s known,
nz and k3 can have only certain mutually related
values, given by the relation

= [(n2 - no)z + kgl

i {{n, + no)z + k%]

where ng 15 the refractive index of the ambient
medium In other words, once the time value of
R 15 known, the number of unknown parameters 1s
{thus reduced from four (n2 kz, nj, and dj}to
three

The next step 15 to scan with the help of a
computer from all possible combinations of the
various values of (I} n} {within the range of rea-
sonable values) (2) d; {which 1n optical path re-
tardation terms would be periodic and, hence,
necessary to compute within only one cycle) and
{2) np (hence k3 as well, since they are mutually
related by Eq 1} to finally obtain the one unmque
combination of the values of nj, dj, and n; which
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vields, on computation with the Drude's exact equa-
tions the elhpticity values A and i, which are 1n
agreement with the experimentally observed

values

This technigue has been successfully applied
at the Materials Research Laboraiory Lo the case
of silicon single crystals The final optical pa-
rameters obtained on cleaved samples of sithcon for
A546]1 A arenz = 4 149 £0 02 and kp =
0 034 £0 01, as compared io the best reported
values w1 the literature (Ref 7), nz = 4 050 and
k7 = 0 028 <These latter values it should be
mentioned, were oblained for the chemmcally pol-
ished samples and our own measurements on such
chemcally polished samples with the new tech-
nique yielded values n2 = 4 05z and kp = 0 0Zg
This 1ndicates that optical studies on chemically
polished samples cannot give values which are
truly representative of the intrinsic material It
should be pointed cut in this connection that
Fainshtemn and Fistul (Ref 11)have shown that
chermcally polished samples usually have some
trapped etchant materials on the surface

These ellipsometric studies of S510; film on
silicon were also corroborated (Ref 2)waith
studies on these same films by the electron micro-
probe technique By this procedure it was possi-
ble to characterize the surface filin as 5102 and
not silicon monoxide, S1C Further, a perfect Iin-
ear relation was obtained between the intensity of
the oxygen Ko radiation and the S10p film thick-
ness as determined by ellipsometry using the newly
deterrmined values of the optical constants of sali-
con, thereby indicating the reliability as well as
the accuracy of the ellipsometric measurements

When the film thickness 1s very small (say
less than 50 A), the valwdity or jusiification of
using the same value of the refractive 1ndex as
that of the bulk $10; 15 questicnable An answer
to this problem 1s provided by the variation of the
ellipticity parameters A and |, as a function of
thickness, in the early stages of formation of the
film

In F1g 2, successive values of the exper:-
mentally determined values of A and § on a typical
freshly cleaved sample of silicon are indicated by
triangles marked 1 through 8 This observed
positive slope can be explained only if the 5107
film 1s considered optically absorbing Thas will
become evident from Fig 3 where computed
values of A and | are plotted as a function of film
thickness for different values of the optical con-
stants of the film and substrate Such a positive
slope of A~y curve was also noticed by Meyer and
Bootsma (Ref 12}, but these authors could not
arrive at a satisfactory explanation of this behav-
1or since they were using the erroneocus values of
the optical constants of the substrate silicon

Thus, [rom Figs 2 and 3, it can be concluded
that very thin films (K50 A) of S107 on S1 do exhabit
pronounced optical absorption 1n the visible region
of the spectrum— 1n fact, the absorption coeffi-
cient of the S510; film can even be larger than that
of silicon 1itself by almost an o1der of magnitude
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II1 STUDICS ON OPTICAL ABSORPTION
COEFFICIENT OF SILICON

With the ellipsometric method previcusly de-
scribed, the real part ny of the complex refractive
index of silicon could be determned with great
preciston by measurements on freshly cleaved
samples However, the same studies showed that
the corresponding results on the imaginary part of
the refractive index, k2 are far from satisfactory
For example 1if the value of nj 1s altered from
4 1401 to 4 1402, then the value of kz must also
be altered from 0 020 to ¢ 009 to satisfy a crite-
rion of constancy of the reflectavity R In othex
words, 1n a weakly absorbing material like sila-
con, 1t 1s advisable to use the ellipsometiric
method only for determning the value of np to
determine the value of kp, 1t 15 better to use the
conventional direct method of optical absorption
technique

A Iiterature search revealed that the opfical
absorption of silicon has been studied by Dash and
Newman (Ref 13) Braunstein, et al ({Ref 14),
and Runyan (Ref 15) However there is consid-
erable disparity between the results gbtained by
these workers as will become evident later
Since the principles and the technique involved 1n
the direct measurement of optical absorption co-
efficients are well known, they will not be de-
scribed in detail here Partrcular care and atten-
tion were devoted to avord or minirmze the errors
due to nonumiformity of thickness scratches, pin-
holes, and other flaws in the specumen, noise in
the optical and the detcctor electronic systems
etec  Sigmiicant improvement 1n the signal-to-
noise ratio was zlso obtained by (1) the use ofa
phase-sensitive lock-in amplifier system and
(2} by using two Bausch and Lomb grating mono-
chromators in tandem to suppress the background
level due to scattering After applying the various
corrections for reflections at the various intexr-
faces, the final resulis obtamned are plotted mn
Fig 4

The room temperature data agree very well
with those of Dash and Newman (Ref 13) The
values obtained by Runyan (Ref 15} are shghtly
lower than ours At hiquid nmitrogen temperature
(90°K) the agreement with the results of Dash and
Newman {Ref 13)1s good in the region 400-500
nm for larger wavelength, our values are ugher
Also, we did not observe the weak dip 1n K close
to 2 4 eV (510 nm) at Iiguid nitrogen temperature
as reported by Dash and Newman In the Litera-
ture, this structure has not been observed by other
workers az well, e g , the reflectance measure-
ment at different angles of incidence {(Ref 16} and
high- sensativity electroreflectance (Ref 17) The
data of Braunstein et al (Ref 14), at room tem-
perature are very close to ours and at hiquid nitro-
gen temperature between the data of Dash and
MNewman (Ref 13) and ours These results (Refl
14) also do not show the dip close to the 2 4 eV,
but since their last measurement 1s at 2 5 eV, this
argument cannot have much weight

Further, the measurement at liguid helium
temperature (about 9°K) does not show any
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anomalous behavior of K at 2 4 eV The relative
shift of K curves with temperature 15 the same as
the shift of the indirect energy gap (at 1 1 eV) as
reported by McFarlane, et al (Ref 18), within
the experimental errox at 700 nm

IV STUDIES ON RADIATION DAMAGE

The effect of rrradiation of 6-MeV protons on
the optical properties of intrinsic silicon was
studied by two different metheds (1) elhipsometry
to measure any changes 1n the real and imaginary
components of the refractive mdex of silicon and
(2) direct measurement of the change 1n reflectivaty
of silicon by a sensitive modulation technique The
results obtained on both these studies are given
below

A Elhpsometric Studies

Fwe samples of intrinsic 51 were cleaved
along the (111} plane by the Gobeli~ Allen technique
(Ref 19} to give optically plane areas of several
square millrmeters each FEach sample was then
thermally oxidized for a different length of time at
950°C to yield a range of 510, surface film thick-
nesses from 34 to 3840 A

The ellipsometric parameters A and § of each
sample were measured prior to the msertion of
the sample into a custom-fitted holder for proton
irradiation The cllipsometric parameters were
agaln measured after exposure to 6-MeV protons
at a fluence of 1010 particles/cm2 This max-
mum specifited fluence and energy were chosen for
this series to first determine the mavimum effect
on the optical constants During irradiation, par-
ticular care was taken to prevent excessive heat-
ing of the specimen by 1rradiating them at low
dosage rate as well as to have the specimen holder
cooled by running water during 1irradiation The
results of this series of measurements are pre-
sented in Table 2 The ellipsometric parameters
A and  are determined by the index of refraction
and thickness of the surface film and by the opti-
cal constants of the substrate material WNo change
in A and ¢ was cbserved which could have been
caused by a change 1n the optical constants of the
substrate The only observable change was due to
a change 1n 5102 film thickness the magnitude of
which 1s dependent on the degree of heating during
irradiation

Therefore, 1t can be concluded that 6~ MeV
protons of fluence 1016 particles/cm2 are not sui-
ficient to cause a change in the substrate optical
constants as determined by reflection-type optical
measurements

B Reflectivity Measurements

For the measurement of small changes of re-
flectivity R caused by radiation damage, a siumple
experiment based on modulation technique was de-
signed A sample of S1 of circular cross section
was first mechanically and later chemically pol-
1shed by the standard procedure Later during
irradiation, two diagonally opposite quadrants of
the sample were mashed off with absorbers For
the measurement of the change in R, the sample
was mounted 1n a rotating holder (w = 26 Hz) and
a narrow pencll of light reflected from 2 quadrant
of the sample was detected by a photomultiplier
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coupled appropriately to a lock-m amphfier The
experimental arrangement was similar to that used
for the measurement of absorption The ac signal
was proportional to the difference in the reflec-
tance of irradiated and unirradiated parts of the
sample The limiting sensitivily of the method
was determined by the mechanical vibrations which
caused moving of the laght spot on the inhomogen-
eous photocathode, this spuriocus signal was about
0 1% The energy of protons was 6 MeV, fluence
1016 proton/emZ  The measurement of reflec-
tance 1n the energy interval 1-5 eV gave only neg-
ative results — the change 1n reflectivity was
smaller than 10-3, which 1s the hizmt of this
method and experimental arrangement

VvV  CONCLUSIONS

Reliable valucs of both the real and imaginary
parts of the complex refractive index of mtrinsic
silicon have now been obtained Irradiation with
6-MeV protons to fluences of 1016 particles/em
does not produce any noticeable changes 1in the
optical properties of silicon within the Iirmits of
experimental error, as can be detected by tech-
niques based on reflection

These studies form the basis for comparison
with similar studies that should be carried out on
highly doped silicon of the type used in silicon
solar cell fabrication Again, the effect of lith-
wam diffusion, which 1s known to affect the re-
fleckivity of the material, should be investigated
along simmlar hnes Effect of irradiation with
electrons on the optical properties of silicon and
doped silicon, though not carried out 1n the pres-
ent work for want of irradiation facilities, should
be studied Only then will we be able to under-
stand the origin of the degradation properties of
silicon solar cells on irradiation and possibly
develop ways and means to overcome them
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Table 1 81— 510, systema

d; A 5, ° a, ° g, ° 7, X, R
00 00 179 04 11 763 4 0500 0 0280 0 36479
1 00 0 07 178 73 11 764 4 0498 0 0370 0 36479
2 00 0 15 178 42 i1 765 4 0496 0 461 0 36479
5 00 0 37 177 49 11 769 4 0488 0 0731 0 36478
10 00 0 74 175 94 11 781 4 0465 0 1182 0 36478
15 00 111 174 40 11 798 4 0431 0 1632 0 36478
20 00 1 47 172 86 11 821 4 0387 0 2080 0 36478
25 00 1 84 171 32 11 850 4 0332 0 2526 0 36478
35 00 2 58 168 28 i1 923 4 0192 0 3413 0 36477
50 00 3 68 163 79 12 073 3 9905 0 4721 0 36477
75 00 5 53 156 57 12 424 3 9235 0 6823 0 36478
100 00 7 37 149 76 12 889 3 8347 0 8795 0 36480
125 00 9 21 143 43 13 453 3 7274 1 0611 0 36485
150 00 11 05 137 58 14 099 3 6050 1 2250 0 36494
200 00 14 73 127 30 15 580 3 3292 1 4965 0 36531
250 00 18 42 118 69 17 226 3 0336 1 6946 0 36607
300 00 22 10 111 47 18 961 2 7385 1 8280 0 36747
400 00 29 46 100 17 22 516 2 1951 1 9517 0 37362
500 00 36 83 91 99 26 063 1 7366 1 9653 0 38806
1000 00 73 66 85 12 52 853 0 7023 2 1052 0 61673

2Calculated values of A and & for various thicknesses of film of refractive index 1 460 on a sub-
strate of refractive indexny = 4 050 andky = 0 028 The value n3, k2, and R computed from
these A and ¢ are also given
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Table 2 Ellipsometric parameters before and after 1rradiation

Before irradiation After irradiation
Changes observed as
result of wradiation

Sample No
A’ a qj, o A ] q_" [}

RD-1 165 39 12 24 161 02 12 32 Film thickness, increased
from 53 to 62 A, no ob-
servable change in the op-
tical constants

RD.2 169 12 11 86 168 47 11 96 Film thickness increased
from 34 to 36 A, no change
1n the optical constants
was observed

RD-4 272 54 57 96 274 16 54 79 Film thickness 1ncr°ea.sed
from 3840 to 3865 A,

again no observable change
in the S1 substrate optical
constants

RD-5 113 78 18 23 107 &5 19 84 Film thickness igcreased
from 278 to 323 A, no ob-
servable change 1n the
substrate opfical constants

RD-6 88 00 28 48 87 00 29 13 5105 film increased in
thickness from 566 to
585 A, no change ob-
served in substrate op-
tical constants

38

R(%)

37

S

36 L _L
(7] 5 ] L 20 25

—25

Fig 1 51-5103 system--variation of the pseudo-optical constants n,, and kp
of silicon and normal 1ncidence reflectivity R as a function of § (and
hence the film thickness dj) The imtial parameters assumed are
ny = 4 050, ky = 0 028, nj = 1 460, ¢ = 70°, and A = 5461 &
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EFFECTS OF SUB-THRESHCID HIGH-ENERGY ELECTRONS ON THE
PROPERTIES OF SILICON PHOTOVOLTAIC CELLS

E E Crismanand J J Lofersk:
Division of Engineering, Brown University,
Providence, RI

ABSTRACT

The possible effects on the electronic properties of Li-doped S: photo-
voltaic cells of irradiation by electrons whose energy 1s below that required
to displace 51 atoms are considered Such electron irradiation can produce

changes in surface recombination velocity s

They can also displace Li atoms

because the atomic weights of L1 atoms are 6 and 7, while those of 51 are 28

and 29
are described

Experimental procedures for observing the surface and bulk effects
The results of the experiments designed to deterrmne whether
bulk effects are associated with L1 atom displacements are presented

It 1s

concluded that 1a atom displacement effects have been observed and that the

displacement leads to a reductron in bulk hifetime

It 15 suggested that the

electron irradiation 1s dislodging Ia from complexes in which ELa had neutral-
1zed a defect existing 1n S1 as a natural result of events imnvolved in the fabri-

cation of Li-doped 51 solar cells

I INTRODUCTION

The purpose of this investigation was to study
the effects of sub-threshold energy electrons on
the properties of silicon photovoltaic cells, espe-
cially silicon ceclls doped with lithiam  Sub-
thresheld electrons are defined as electrons whose
energles are below the rmimmum or threshold
energy Egh reguired to produce ¢bscrvable changes
in the electronic properties of photovoltaic cells
by displacement of the host lattice (S1) atoms It
1s commonly assumed that E¢p 1n S1 15 145 keV

The changes in electrome properties produced
1n silicon photovoltaic cells by irradiation with
electrons whose energres exceed Eyp are always
deleterious They lead to a reduction of power
output capability of photovoltaic cells As 1s well
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known, these changes can be directly related to
the displacement of 51 atoms and the subsequent
formation of complexes invelving the vacancy and
traces of impurity atoms present in the Sicrystal

II SURFACE EXFECTS AND SUB-THRESHCLD
ENERGY ELECTRONS

In addition to displacing Si atoms, electrons
with energy 1n excess of Efy can also produce
changes 1n the state of the surface which, in turn,
can lead to changes 1n the surface recombination
velocity, s, and properties related to s  Similar
changes can be produced by sub-threshold elec-
trons and, therefore, the surface effects can be
studied independently of the bulk effects by con-
centrating on the effects of sub-threshold energy
electrons on the electronic properties of S1 cells
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The changes produced in surface recombina-
tion velocity can be transient or permanent By =~
transient changes we mean that a new value of s
15 maintained only during the trme of irradiation
By permanent effects we mean changes in s
which persist for long periods {days or weeks)
after trradiation

A change 1n s can be attributed to changes in
the populations of fast or slow states in the sur-
face region of the Si cell {see F1g 1} Slow
states are asscciated with the atoms adserbed on
the outer surface of the oxide layer on the S1 sur-
face or wrth atoms, or trapped charges, within
this oxide layer The slow, states determne the
value of the surface potential ¢z The value of ég
establishes the position of the Fermu level at the
surface which, in turn detcrmines the occupancy
of the fast states The fast states are physically
located at the interface between the silicon and
1its oxtde These fast states are analogous to bulk
recombination centers and are characterized by
a mnority carrier capture cross section and by
the energy difference between the fast state energy
and the edge of the conduction band

Eleciron irradiation can change s in a num-
ber of ways It can change the surface potential
by changing the nature or number of atoms ad-
sorbed on the oxide surface The electron-
irradiation-produced 1omzation could lead to
changes in the density of charges trapped 1n the
oxide layer Electron irradiation can also cause
displacements in the oxide layer and this would
alter the population of ovide trapping centers
Such changes in ¢ could be either transient or
permanent

Electron 1irradiation can produce permanent
changes in the surface recombination velocity s
by changing the population of fast states at the
Si1-oxide interface This could result from dis-
placements and/or rearrangements of atoms at
the oxide-silicon interface

One of the purposes of this 1investigation was
to exploxre the nature of electron radiation-induced
changes 1n surface recombination properties for
silicon sclar cells contaiming Iithium and for
Lithium-~free cells

BULK EFrFECTS OF SUB-THRESHOLD
ENERGY ELECTRONS

III

It can be shown that 1if an atom 1s bound to
its site in the lattice with a minimum energy T,
then an electron experiencing an elastic collision
with such an atom can displace 1t, provided the
electron's energy exceeds a threshold value Egp
given by the relation

(1)

where
m = the electron mass
M = the mass of the displaced atom
¢ = the velocity of hight
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The threshold energy for displacement of Si1s
I%5 keV (Ref 1)

If a L1 atom were bound to a site in the lat-
tice with the same Tm as 81 (~13 eV}, then substi-
tution 1n Eq (1) leads to the conclusion that it
could be displaced by an electron with energy
Etp = ~30keV The La atom may be bound more
weakly than a S1 atom at a lattice site and, there-
fore, 1t would be displaced by electrons of even
lower energy

It should, however, be quite difficult to ob-
serve chanpges in bulk properties caused by dis-
placement of 1 1ons because the concentration of
L1 15 small compared to the concentration of host
lattice 81 atoms In Ia-doped solar cell, the 1a
concentration in the base 1s such that there 15 one
L1 1on for 105 to 107 S1 atoms The techmque
employed to measure changes in solar cell prop-
erties would have to be extremely sensitive if the
effects of L1 displacements are to be observed

If effects associated with La displacement
could be observed, they would elucidate the self-
annealing mechanism of radiation damage in Li-
doped stlicon

IV EXPERIMENTAL PROCEDURES
A Surface Effects

In earlier work at Brown Unwversity (Ref 2),
a method for studying surface effects of electron
irradiation was developed and used to study the
effects of electron irradiation on silicon surfaces
The basic 1dea underlying the experiment 1s that
the short-circuit current Igc of an 1lluminated
photovoltaic cell 15 a function of the surface re-
combination velocity s For the particular case
when the cell 15 1lluminated by very strongly
absorbed light, 1 e , when of >>1 where @ 1s the
optical abgorption constant and £ 15 the distance
between the surface on which the light 1s mncident
and the junction, and when the minority carrier
diffusion length I 15 much greater than f, it can
be shown (Ref 2) that

= As + 3B (2)

L
1
sc

where hoth A and B are constants for a given
cell Inthese previously described experiments,
very substantial changes occurred in the values
of s of 51 photovoltaic cells Figure 3 shows
how the normalized value of Ig¢ (for i1llummnation
with light for which ef >>1) changes with fluence
in the case of an N/P cell while Fi1g 4 shows
similar data for a P/N cell Based on such data
it has been estimated that the changes 1n s re-
quired to explain data such as those shown 1n
Figs 3 and 4 would result in a change of as much
as 10% 1n Igc 1f 1llumination were AMO sunlight
It should be noted that the surface effect causes
an increase in Igc of an N/P cell

The experiments, such as those which
vielded the results shown in Figs 3 and 4, were
performed with the cell 1in a vacuum produced by
the o1l diffusion pumps and nitrogen traps of the
Van de Graaff accelerator which served as the
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electron source These experiments left open the
possibility that the effects shown mm Figs 3 and 4
resulted from the interaction of the electrons
residual organic vapors from the vacuum system
and the silicon surface Elimnation of this possi-
bility requires that the experiments be repeated

in an organmc vapoer-free high vacuum

With this goal in mind, an organic vapor-free
high-vacuum chamber was designed and con-
structed for pumping by sorption and 1on pumps
The chamber is fitted with a 0 00015-1n -thick N1
fo1l window that will admat electrons to the 1rradi-
ations chamber and with a quartz window to allow
1llumination of the cell in the high-vacuum cham-
ber The samples are mounted on the cold finger
of 2 hquid mitrogen container so that the experi-
ments can be conducted at low temperatures The
system has been vacuum-tested, 1t attained a
vacuum better than 10~° torr on first pumpdown

B Bulk Effects

The short-circuit current produced by the
absorption of penetrating 1omzing radiation 1s a
very strong function of the minority carrier dif-
fusion length 1n the bulk material In our experi-
ments the electrons bombarding the specimen
served as such iomizing radiation If the beam
energy (and, therefore, the range of the electrons)
1s kept constant, the short-circuit current Ig¢
will be proportional to the electron beam current
IB If a way to measure the ratio Ig./Ip very
accurately were devised, then even 1f I, were to
change {as can happen in any Van de Graaf ma-
chine) 1t becomes possible to follow very small
changes in the diffusion length L. and Iz, Thas
goal was achieved by devising a circut that allows
the measurement of parts 1n a thonsand changes
in the ratio Ig./In  This system was used for all
subsequent bulk effect experiments

In these experiments, the samples were
standard Li-doped silicon photovoltaic cells (H1-31
through H1-40) manufactured by Heliotek and sup-
plied by JPL  The cells were made from crucible-
grown silicon, had mnitial resistivity greater than
2002 -~ cm, were diffused 90 mun at 425°C, were
redistributed for 60 min at 425°C and were made
with a pami-on La source

The experiments were performed on samples
mounted on a cold finger attached to a liguid mitro-
gen reservolr Because the experiments were
performed at this low temperature, the displaced
L: atoms could not diffuse around the Si lattice
and, therefore, no self-annealing could occur nor
could the 1. return to the site from which 1t had
been ejected

The cells were Cd-soldered to Alp0O3 wafers
which, 1n turn, were cemented with GE cement
to the copper cold finger The cell was i1solated
from the ground of the irradiation chamber A
precision resistor of a few ochms resistance was
connected across the cell, the drop across thas
resistor was then proportional to Iz, One side
of the sample was grounded through a resistor in
series with an Elcor d¢ amplifier and integrator
which provided an accurate measure of the total
fluence delivered to the sample

The electron beam of Van de Graaf was
scattered by electrostatic deflection plates so that
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the beam would cover an area at least as large as
a cell {1 X 2 ¢m)

The experiments proceeded as follows The
samples were exposed to electrons of a given
energy until some pre-set fluence was attamned
Changes 1n the Ig/Ip ratio were recorded through-
out the irradiation period The values of Ig. and
Ip were also monatored

The results of 1rradiations of three samples
are presented in Table 1 Sample Cl210B 15 an
ordinary P/N solar cell, 1t does not contain Iz
This cell and one other ordinary P/N cell were
studied to establish the sensitivity of the mea-
surement system and to prowvide a basis for com-
parison with Li-doped cells The ordmnary P/N
cells were also supplied by Heliotek they were
made from 51 wafers whose imtial resistivity was
1Q -em

The following comments can be made regard-
g Table 1

(1) No changes have been ohserved in the
Isc/Ip ratio of ordinary P/N cells for
electron beam energies less than 150 keV
Slight changes have been observed in Ia-
doped S1 cells at 10C and 125 keV

(2) For a given fluence at a specified energy,
the fractional change 1n the I5./IB ratio
of the ILi-doped cells was always larger
than the fractional change in this ratic of
an ordinary S1 cell

From these data, 1t 1s hypothesized that the
difference 1n behavior of Li-doped and Li-free
S1 irradiated by electrons whose energies are 1n
the vicimity of the radiation damage, threshold
energy results {rom the displacement of L1 atoms
Furthermore, it appears that the displacement of
L1 causes a reduction in I . and, therefore, 1n
minority carrier diffusion length I, A possible
explanation for this behavior 1s that the displaced
L1 was part of a complex which had been neutral-
tzed by Li  These complexes could be oxygen-
vacancypalrs or phosphorus-vacancy pairs The
vacancies are present 1n the St as a natural result
of the crystal growth process and also of the past
annealing history of the specimen  Lathmum in-
troduced into the S1 lattice would neutralize such
a complex for the same reason that it neutralizes
the complexes produced by hiph-energy particle
rrradiation Accordmg to this hypothesis, sub-
thresheld bulk effects 1nvolving 11 atom displace-
ments would depend strongly on the past thermal
history of the cell and on its trace impurity
content

VvV  SUMMARY AND CONCILUSIONS

Radiation-induced changes in four P/N cells,
three of which had a Li-doped base, were com-
pared at enerpgies in the vicimty of the radiation
damage threshold The ILa-doped cells expeii-
enced larger degradations per incident photon
than the ordinary cell at all energies involved 1n
this experiment (from 100 to 225 keV)

Electrons of 100 and 125 keV energyproduced
observable changes of this ratio in Li-doped cells,
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whereas no change was observed at these ener-
gres 1n ordinary S1 cells

An organic vapor-free, high-vacuum i1rradia-
tion chamber has been designed, constructed, and
tested The chamber 1s fitted with a thin metal
window through which 100-keV electrons can enter
the charber and with a guartz window whichallows
sample 1llumination under high-vacoum conditions
during irradiation This chamber was pumped
with sorption and 10n pumps and has attained a
vacuurm of 10-8 torr
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Table 1 Effects of electron irradiation on Isc/IB ratio for

Ii-doped and Ia-free silicon solar cells

Ratio IS c/ IB

Sample No Beam energy, Fl%ence 16 Fiif;;:al
Ep(keV) el/cm x 10 Initial inal, a
x10-4 x10-4
Clzl0B 150 10 0 2 62 2 60 0 76
{No Ia) 1758 20 3 01 2 97 1 32
200 10 2 97 2 92 1 68
225 05 2 92 2 33 20 20
F1-37 150 10 3 31 3 28 0 9¢
{L1-doped) 150 10 ¢ 3 54 3 42 3 38
175 10 3 32 3 24 2 40
200 07 271 2 42 10 70
225 02 2 09 1 89 9 60
H1-34 125 9 0 5 53 5 46 126
{Li-doped) 100 10 0 5 81 5 78 0 52
100 10 0 5 15 5 15 0 00
1502 i0 0 4 96 4 90 120
1252 70 5 01 4 98 0 59
125% 10 0 4 99 4 93 120
1502 i0 ¢ 4 99 4 78 4 20
1252 8 0 5 02 4 87 2 98

Note These are successive runs in order of exposure to electrons
were both kept cold at Iiquud-Np temperature for all irradiations shown in the table No
annealing was allowed to occur

%Showed 1mitial improvement, then degraded Initial values are nearest maxmum

Samples HI1-34 and C1210B
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STUDY OF RADIATION EFFECTS IN LITHIUM-DOPED SI USING
INFRARED SPECTROSCOPY (I - 50 g} AND
PHOTOCONDUCTIVITY (I - 10 p}

T Mortkaand J C Corells,
Rensselaer Polytechmce Institute, Troy, N ¥

ABSTRACT

In this study, radiation defects were introduced by electrons of energy 1 5
and 5 MeV with some of the results obtained using 45-MeV electrons During
irradiation, the sample temperature was kept at £ 320°K  Infrared (IR} spec-
troscopy and photoconductivity (PC) measurements served as the probes to
study the defects which had long-time stability since the measursments were
made many hours after cessation of the irradiation The samples were cut
from ingots that were either oxygen-lean [floating zone (FZ) § 1016 oxygen/
cm?] or oxygen rich [crucible grown (CG) 2 1017 oxygen/em3] The starting
material was phosphorus-doped to resistivities, 210 Q-crn The lithaurmn was
diffused 1nto varying concentrations in the 102 cm™3 to 1017 e¢m-3 range
The PC measurements reveal the presence of a localized energy level at
E. 0 62 ¢V which acts as an electron trap and 1s produced by radiation 1n all
samples irrespective of oxygen content Lack of time has precluded detailed
experiments on the dependence of the 0 62-eVlevelonelectronenergy, fluence,
and 11 impurity concentration Other levels which give rise to extrinsic PC
due to defects are produced with predominant concentraiion and importance
attributed to those levels greater than=0 20 eV below the conduction band edge
The PC spectrum does not exhibit the presence of energy levels at E;-0 54 eV
and Ec-0 39 eV, whichwehave previcusly (Ref 1) shown to be identified with
the di-vacancy defectin &1 Additionally, sirong effects of L1 impurity atoms
were observed on the 1 8-p di-vacancy associated defect absorption band in
which less of the 1 8-p band 1s produced as the ILa concentration 1s increased
Detailed measurements of this effect have been reported recently {(Ref 2)
Thus, one obvious conclusion of this work 1s that both the PC and IR measure-
ments show that the L1 atoms act as efficient sinks for vacancies and di-
vacancies by becomng attached to these defects and producing new complexes
An absorption band at 99 p, found only 1n oxygen-rich Li.doped 51, was also
found in both 1rradiated and umrradiated material and changed with heat treat-
ment after a 48-MeV electron irradiation to a fluence of 1018 e/cm2 Recent
results and improvements made to the experimental methods will be discussed
herein
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i INTRODUCTION

The program under discusslon was a survey
of electron radiation damage 1n Li-doped silicon
in which the following parameters were varied

The energy of the bombarding electrons
(1 5, 5, and 45 MeV}

(1}

The total electron fluence (1014, 1015,

1016 electrons/cm?)

(2)

(3) The Ihithium concentration (1 015, 1016,
1017 La/cm3) -

- I o ] I

v o ! 4 &

ant . ¥
The type of silicon startnig material
{both FZ and CG, wath phosphorus doping
to both 1 Q-cm and 10 £-cm)

The probes used were IR spectroscopy and IR
PC

. H EXPERIMENTAIL METHODS

The hitlhum was diffused by the paint-on tech-
mique and the lithium concentration was momitored
by four point-probe resistivity measurements
Contacts for PC were put on with a miniature
soldering iron

For the IR spectroscopy, three machines
were used, a Perkin-Elmer Model 21 and a Spex
grating monochromator for the 1 to 2 5-p region,
and a Perkin-Elmer Model 621 for the 2 5- to
50-p region For the PC measurements, a mod:-
fied Perlkin-Elmer Model 12 and the apparatus
shown mn F1g 1 were used

Several serious problems were encountered
The low total fluences specified did not damage
the samples sufficiently to produce good PC
signal-to-noise ratios with standard shielding
techmiques This necessitated construction of the
solid shielding showni1n Fig 1 The sohd shield-
mg was successful in decreasing the noise level

Another major problem was rectification
after 1rradiation of contacts that were ohmac prior
to irradiation Insufficient doping of the gold
contact material was probably responsible for thas
problem, the problem was rectified by using a
contact method developed by Dr Brucker and
Mr ILaebowitz at RCA

Another major problem encountered was
mechanical difficulty with the fiduciary marker on
the monochromator This made alignment of the
sample response spectrum with the source spec-
trum difficult in some cases and impossible 1n
others This defect has also been corrected

In addition to correcting the above defects,
we have recently made our opfrcal system purge-
able, thereby elimminating regions of steep slope
(water bands) where point-to-point alignment of
sarnple and source spectra 1s extremely crifical
This has a sigmficant effect on the magnitude of
uncertainty in 2 measurement
III RESULTS

The IR resulis will be discussed first Fig-
ure 2 shows the presence of twonew La-associated
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bands at1 4 and 1 7y as well as the dirminution of
the 1 8-p di-vacancy band The 1 B8-p band can
be @learly seen in the sample without Iithium

This 1indicates formation of the 1 4. and 1 7-p
bands at the expense of the } 8-p band

Figure 3 shows the effects of 15-min 1s0-
chronal anneals at different temperatures First,
the A-center band does not appear untl after the
100°C anneal Secendly, the 9 9-p band 15 com-~
pletely annealed after the 130°C anneal The
drastic effect of radiation upon this band 1s shown
n Fig 4

Figure 4 shows that the annealing behavior of
the 9 9-p band 15 totally fluence- and energy-
dependent

Figures 5, &, and 7 indicate the type of re-
sults obtained before the previously mentioned
corrections were made The following figures all
show PC results

Figure 5 shows a sample spectrum which was
not normahized with respect to source intensity
However, knowledge of source spectrum shape
allowed the i1dentiftcation of two levels, one at
0 61 eV and one at 0 45 eV The spectrum ends
near 4 p because, at thas point, the signal-to-
nowse rahio equaled 1  The presence of signal out
to this wavelength indicates a shallow level

Figure 6 shows a normalized spectrum with
a structure (peak) found previously in P-type
silicon A shallow level 1s indicated by the
esxastence of signal past 6

Figure 7 indicates a 0 61-eV level and a
shallow level

Figures 8 and 9 show the results obtained
after correcting the experimental difficulties
These samples were given a total fluence suffi-
cient to raise their 78°K resistance to approxi-
mately 107 Q

Figure 8 shows many more levels than were
indicated previously There 1s only a hint of a
level at 0 61 eV and a level in the neighborhood of
0 2 eV 15 indicated

Figure 9 shows many levels and, again, there
15 an indication of a level around 0 2 eV

IV SUMMARY

Figure 10 summarizes the PC results JPL-
11 and JPL-69 are the two samples for which
experimental problems were solved The figure
shows correlation with the IR bands at 1 4p
(0 89 eVyand 1l Tpr {0 73 eV}, as well as the
absence of the 1 8-p (0 42 eV) di-vacancy band 1n
JPL.11 However, JPL-69 had less L1, and the
presence of a 0 42-eV level 1n this sample does
not contradict the infrared findings The 0 6l-eV
level occurs very frequently and it 1s intended to
run a non-irradiated sample to see if this band 1s
radiation-produced

No systematic varmation of radiation damage
with variation of experimental parameters was
found This was probably due to the mobility of
11 at the sample storage temperature and to the
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delay between 1rradiation and measurement Lack
of time prevented annealing studies

V CONCLUSIONS

There 15 a very drastic effect of radiation
energy and total fluence upon the annealing behav-
1or of the 9 9-p band and the strength of the 1 8-p.
di-vacancy band varies inversely with the hithium
concentration, with 1 4- and 1 7-p bands replac-
ing the 1 8-p band

In the future 1t 1s iniended to do annealing
studies of JPL-11 and JPL-69 as well as run an

JPL Technical Memorandum 33-467

umrradiated sample to check the origin of the

levels that have been found In addition, some

78°K 1rradiation 1s planned with subsequent
annealing studies
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KINETICS IN SOLAR CELL DAMAGE

A Sosin
University of Utah

I INTRODUCTION

The degradation of minority carrier lifetime
in Li-doped solar cells 1rradiated in a space en~
vironmment 1s an 1mportant problem in aerospace
technology It 1s also an interesting physics and
materials problem to account for the manner of
degradation, recovery, and redegradation

A complete understandmg of these problems,
with the technological goal of optimizing solar
cell performance, requires investigation and
appreciation at three levels The first level 1s
the microscopic level m which, typically, the
physical properties of irradiated La-doped silicon
are momtored This includes, among others,
such measurements as carrier concentration or
spin resonance, with varying parameters lithium
concentration, oxygen concentiration, temperature,
fluence, etc At the other end of the line lies the
macroscopic level — device investigations in which
solar cells are used, rather than model materials
Here, lifetime and diode characteristics are the
major measurements, once again with some vari-
ation in the parameters listed above and, hope-
fully, with attentionto dicde fabrication procedures

Liocated between these extreme levels and
overlappmg both 15 the area of kinetics —the
modeling and analysis of information requiredto
weld observations at both the microscopic and
macroscopic levels into a coherent ynity QOur
work has 1ts mam thrust here

I DISCUSSION

Attention to kinetics by wmdividual investiga-
tors has been mereasing, but the earliest work
in this area was performed by P H Fang and
colleagues Probably the most notable example
18 the cbservation of solar cells irradiated b
1-MeV clectrons at a2 commeon rate {3 X 1012 clec-
trons cm-2 s-}) to varying fluences 5 X 1013 to
1 % 1016 glectrons em-2  Short-cirewit current,
1, was measured at room temperature in these
cells The time of 1rradiation was small or

neghgl'blea compared to the annealing times Fang
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analyzed these data in two ways First he ana-
lyzed the initial rates of recovery which were
apparently exponential

1, %1, = exp (-t/+) (1)
where
1, = the matial short circuit before
irradiation
1, = the current at a tirne t during the anneal

The measure of annealing speed lzes anT  Fang
found T to mmcrease with fluence by an order 1n
magnitude between 1 X 1014 and 3 X 1015 elec-
trons/cm™ If Eq (1) were a valid form to de-
scribe the entire recovery, its origin would
probably be 1n first-order kinetics and cne would
expect 7 to be independent of fluence, a pre-
exponential factor mght depend slightly on fluence,
reflecting a varying number of jumps for procass
completion

Fang plotted these data in a more general
manner, f versus fnt Here, the ordinate 1s the
fraction of annealed defects defined as

-2 -2
'a "'

f=T5 7 (2)
1Q - 10

This defmition follows 1f the usual assumptions
are rnade that the minority carrier lifetime 1s
proportional to the defect concentration, that the
defect diffusion coefficient, diffusion length, and
Lifetime are given by

L =Dt (3)
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and that the short-circuit current 1s proportional
to I. The term 1p 1s the short-circuit current
following irradiation The conclusions from the
more restricted approach are borne out in this”
latter method, too — the heavier the fluence, the
later the recovery, even when measured on a
normahized plot

Fang attempted to collect most common
modes of recovery, treated on the basis of chemi-
cal rate theory, together with the expression

f=(1+ an,t)'l (4)

Here ng1s the concentration of defects [ollowing
irradiation and M 1s a positive constant The
latter is the case only for second-order reactions
Equation (4) 15 either invalid for other situations
or A must be considered to be dependent on defect
concentration, a course which limaits the useful-
ness of such an expression However Fang
found that such a dependence indeed obtains The
dependence 1s started by a relafion of the form

Hf = 0 5) = 74 5 exp(2 86 X 10°°81/3)  (5)

A somewhat different equation was found to apply
for the case of £ = 0 1 — the pre-exponental
changed from 74 5to 5 06 X 10-2 and the number
in the exponent changed from 2 86 to 2 73

In still another analysis, Fang introduced the
concept of an acfivation energy which depends on
defect concentration These concepts were sug-
gested by Fang with the realization that they may
have mainly empirical value, the physical mean-
ing 15 difficult to comprehend since the defect
concentrations 1nvolved i1n such experiments are
so shallow that one would expect no sensible con-
centration dependences to enter

But the data of Fang et al , are so striking
that we were asked to investigate the basis of
these data and related kinetic data from a more
physical basis In our work, we sought kinetic
models that would be based on assumptions that
seemed more realistic and would yvield results
which could be compared directly with experiment
it has not been our intention, however to over-
simplify the situation In fact we have been
directed to the possibility that models based
purely on chemical rate equations, with no regard
for spatial dependences, may be seriously flawed
from the beginnming

Since this work did not include any experi-
mental effort we were forced to use the available
data obtained by other investigators The result
of Fang and colleagues appeared to be the most
appropriate for our purpose, at least until re-
cently Accordingly we sought to accommeodate
these findings 1n a reaction rate model which
appeared to be more physically real even though
the formulation might involve a more complex
imitial point of departure (e g , a set of coupled
differential equations} At the same time, we
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hoped to avoid the need to resort to highly com-
plex, overly general treatments

Our attempts have not been successful, 1 e ,
we have not found a model which would account
for Fang's observations, particularly the sub-
stantial decrease 1n annealing speed with mncreas-

,ng fluence

We have, therefore concluded that 1t 1s
necessary to put aside the data of Fang and col-
leagues 1n deference to more recent observations
In doing so, we are 1implicitly adopting a pesttion
that we wtll be able to explain Fang's data even-

| tually, starting at a dafferent origin, or that some

inconsistency 1n these data will be discovered or
reported in the future

The importance of a feasible model cannot be
overemphasized We have assembled analytical-
computer capabilities which we can bring to bear
tn chemical rate or diffusional problems which
would permit a full exploration 1n an optimal
manner By optimal, we mean that analysis
could be placed at the disposal of all NASA inves-
tigators with access to computer processing
Examples, which show the substantial capabili-
ties of the use of these techniques in a parallel
problem 1n metals, were shown in our oral
presentation

In our opimion the central problem to the un-
raveling of kinetics 1n solar cells lies in the
assembly of a body of experimental data derived
in studies directed specifically to this problem
Studies of damage and annealing i1n appropriately
doped silicon are needed first A range of
parameters — dopant concentration, defect con-
centration or fluence temperature of irradiation
and anneal, etc —are needed The use of
~l-MeV electrons for bombardment ts probably
best, a range of electron energles might be use-
ful Those properties which can be measured
sensitively and essentially continuously, such as
Hall coefficient and conductivity, are best for
kinetics studies {but the information from ESR,
for example, 1s most mmstructive for broad

guidance)

A parallel efiort 1n solar cell configuration
1s, of course, 1n order These cells should
be characterized as well as possible Short-
circuit current 1s genmerally an excellent mom-
tor for kinetic studies, although the dependence
on 1mjection level and the effects of strain felds
and fabrication variables lend a degree of uncer-
tainty  Collateral capacitance studies are
recommended

IIT CONCLUSION

It 1s proposed that a substantial effort in
kinetics —directed particularly to kmetics —should
be 1mtiated Without such an effort, the solution
of kinetics may be impossible or, certainly, diffi-
cult Without an understanding of kinefics, a firm
understanding of radiation effects in ILi-diffused
solar cells will probably not be achieved
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DESCRIPTION OF LOW-RATE SPECTRAL
ELECTRON IRRADIATION PROGRAM

D L Reynard
Philco-Ford Corporation,
Western Development Laboratories,
Palo Alto, Calif

I INTRCDUCTION

Silicon solar cells diffused with lithium have
the unique property of spontaneously recovering
from radiation-induced damage This recovery
phenomenon 15 primarily dependent upon tempera-
ture and the amount of lithium available within the
bulk material (Ref 1) Furthermore the rate of
recovery 15 independent of the damage rate (Ref
2} Irradiation experiments (Refs 3 and 4) with
Iithium cells have typically involved the use of a
Van de Graaff accelerator (at flux rates as much
as five orders of magmtude higher than those ex-
pected 1n space} and a post-irradiation period of
observation of the annealing phenomena The re-
sults of such experiments are subject to much in-
terpretation and skepticism because the attendant
Lithium atom availability 1s not the same as 1t
would be with a slower damage introduction rate
Because of these limmatations, 1t 1s desirable to
conduct an experlmental program to irradiate lith-
ium cells at the same rate as 15 expected 1n a
typical space environment so that a direct obser-
vation of net damage can be obtained

Several years ago, 1t was cbserved that Sr 90
possessed spectral characteristics which closely
approximated the trapped electron spectrum in
earth orbital situations (Ref 5) Furthermore,
the electron flux rate ermtted by S 90 was such
that small armnounts of the 1sotope could be con-
veniently used {o 1rradiate a fairly large sample
area at typical earth orbit average rates Early
experiments (Ref 5) used Sr 90 to evaluate the
thermal/optical properties of spacegraft thermal
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control materials optical surfaces, and conven-
tional solar cell/cover composites Therefore,
Sr 90 appeared atiracfive for the i1xrradiation of
Irthium solar cells at real-time rates so that
time-dependent uncertainties were eliminated
Also, Sr 90 praoduces a realhstic spectrum of elec-
trons which could concelvably yield results differ-
ent from those obtained with a monoenergetic {ac-
celerator) source of electrons

The NASA's Goddard Space Flight Center
sponsored two programs {1967 and 1968) for the
Sr 90 arradiation of hithium solar cells These
programs (Refs 6 and 7), performed by Fhilco-
Ford and Lockheed- Georgia, provided the first
real-time degradation data for Iithium cells as
well as the first direct comparison of different
Iithium cell types While many qualitative con-
clusions (Ref 8) were reached as a result of these
programs, the data produced were less than de-
sirable for several reasons Sample character-
1stics (manufacturing processes, materials, etc )
were not adequately defined or recorded For the
most part, only one sample of each cell type was
1irradiated at each temperature Diffusion pump
vacuum systems were used with the attendant un-
certainty of contamination effects Solar cell
characteristics measurements were made pri-
marily with tungsten hght sources employing
questionable calibration techmiques

II OBJECTIVES AND REQUIREMENTS

The program described herein has the gen-
eral objective of updating hnowledge of lithium cell
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degradation characteristics with a substantial

improvement of experimental technique over those

of previous efforts Specifically the objectives

of the program are .

{1) Evaluate Iithium cells which represent
the most recent state of development of
such célls v 5t

(2) Expose approximately 100 of these cells
to a 6-month period of Sr 90 iwrradiation
in a combined vacuum-temperature-
1llumination environment

(3) The irradiation 1s to represent a typical
earth orbital average flux rate and elec-
tron spectrum

(4) A mgh-quality solar simulator 1s to be
used for all cell measurements

{(5) An 1on pump vacuum system will be used
for the environmental chamber

{6) The equivalence of I-MeV accelerator
data to real-time data will be studied

(7} Cell temperatures will be -50, 20, 50
and 80°C These represent a typical
range of operating temperatures {+20 to
+80°C} and a temperature where lithium
atomn mobility 1s extremely low (-50°C)

(8) All cells {with the exception of one group)
will be 1lluminated during the exposure
and loaded to a point near the mazximum
power point One group will be kept
shaded during the i1rradiation and will be
left in the open-circurt condition

III ISOTOPE CHARACTERISTICS AND SCURCE
CONTAINER

Strontium 90 was selected for simulation of
the trapped electron environment because the
smoothed composite spectrum of Sr 90 and 1ts
daughter Y 90, closely approwumates the spec-
trum of the trapped electron belt to approximately
2 MeV Thus Sr 90 serves as a close approx-
mation to the natural enviromment at those altitu-
des where the electron species are dominant 1n
terms of producing solar cell damage This tends
to be valid for most orbital altitudes with the ex-
ception of those {rom approxumately 1500 to 3000
nm where the trapped high-energy proton belt 1s
more effective in producing cell damage than are
trapped electrons The radioisotope spectrum is
shown 1n comparison with the 18, 000-nm trapped
electron spectrum in Fig 1 Curves for other
orbital altitudes have an equivalent degree of
similarity

The curve in the right portion of Fig 1 shows
the anticipated range of electron flux rates as a
function of orbital altitude Measured data are
shown for a period of relative solar quiet (1964)
and calculated data for a period of relatively high
solar activity (1968} The increase mn electron
flux rate in the 6000~ to 12, 000«nm range during
the 1968 period 15 due to a compression of the
trapped electron belt at these altitudes because of
the influence of higher solar activity on the fringes
of the earth's magnetosphere
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The 1sotope source used for this experiment
produces a gpectrum which 1s equivalent to 10
electrons/cm2/day 1n terms of 1-MeV electron
damage to conventional N/P solar cells Ths
level of activity was chosen because 1t represents
an upper bound on typical earth orbit damage
rates 'This rate results in a loss of approx-
mately 20% of maximnum power in 1 year, which
1s shightly higher than rates observed in synch-
ronous orbit fhight data (Ref 9)

The source geometry was selected as an op-
timum shape consistent with ease of packaging and
desired spectral characteristics The itsotope rod
and canister are shown in Fig 2 The camster
serves as a shielded container to house the 1so-
tope rod during storage and transportation The
canister 1s mated to the chamber for irradiation
purposes and the rod 1s then inserted mtoX.e
chamber after the lead-filled door 1s opened

Flux measurements using dosimetry tech-
niques will be performed at the conclusion of the
6-month run for the purpose of determining the
actual uniformity

IV CHAMBER DESIGN

To meet the desired objectives and require-
ments the environmental chamber was configured
as shown in Fig 3 It was determained that, with
a concentrated radioisotope source, a spherical
samé)le arrangement was desirable to minmimaze
1/R*® effects Monoenergetic electron uniformaty
(sclar cell equivalent) over the sample area 1s
calculated to be within 2%

Of greater concern was the 1llumnation of the
solar cells with the solar simulator output It
was decided that taking of measurements at some
angle of mcidence fixed throughout the experiment
was an acceptable compromise to normal 1llumina-
tion measurements Thus, the sample blocks
have incidence angles as high as 27° from the nor-
mal Each sample block represents a given tem-
perature condifion, and all cells on that block are
mounted on a plane surface Comparative data
can, therefore, be obtained with no corrections
Absolute data are obtained using a simple cosine
correction back to the normal incidence condition

The 1rradiation of the sclar cells 1s conducted
in an evacuated chamber The selected chamber
design 15 a stainless steel cylinder with a diam-
eter of 14 1n and a length of 22 1n  The solar
cells are attached to a plate providing closure to
one end of the cylinder A flanged window pro-
vides closure at the other end The vacuum-
pumping system 1s located beneath the chamber
and 1s attached to the lower side of the horizontally
oriented cylinder Two access ports are also
located 1n the side of the cylinder, one being used
for the insertion of the 1sotope and the othex being
a spare Figure 4 shows the irradiation chamber
and vacuum system enclosure

The window permitting 1]lumination of the
solar cells 15 Corming 7940 fused silica (optical
grade) and 1s 15 1n 1n diameter and lI-in thick
The plane surfaces of the window were specified
to be parallel within 1 min of angle to minimize
distortion of the solar simulator illumination The
window 15 mounted 1n a flange allowing a
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13 5-in -diam clear opening A Viton O-ring
between the window and the chamber provides the
vacuum seal The high-purity fused silica was
specified 50 that color center formation and the
resulting decrease in transmission are minumized
Cornmng 7940 15 a proven material currently being
used for most solar cell cover glass applications

The solar cells are located at the end of the
cylinder opposite from the window  There are six
groups of cells, one group at each of the following
test conditrons -50 20 (dark) 20 (two groups)
50 and 80°C The 20, 50 =and 80°C groups are
mounted on temperature control blocks using a
water-cooled heat sink The -50°C block 15 at-
tached to a hquid mtrogen (LN3) cooled heat sink
The surface of each block 1s at an angle such that
the central cell on the block 1s normal to a line
from the 1sotope center and 8 in from the isotope
center The cells are consequently located at
angles as high as 27 deg from normal to the 1llu-
mination This 1s well within the range of demon-
strated cosine dependence (Ref 10) The water-
cooled heat sink and the LNz2-cooled heat sink are
attached to the door of the chamber The door
seals the chamber using a Viton O-ring

The cells were mounted to aluminum plates
which in turn, were attached to the temperature
control blecks Dow Corning Sylgard 184, typ:-
cally used as a cover glass adhesive, was selected
to adhere the cells to the plate To ensure ade-
quate heat transfer the adhesive was filled with
zinc oxide to increase thermal conductance Fig-
ure 5 shows the installed cells {through the win-
dow) as well as the residuzl gas analyzer probe
extending from the side of the chamber

A shade 1s attached to one of the 20°C blocks
to prevent cell illumination other than when per-
formance 1s being measured The shade 1s made
of an aluminum frame hinged to the block The
frame 15 covered with l-mil aluminized Mylar
which permits the electron spectrum to pass
through essentially unaltered The shade can be
opened or closed by actuating a rod through a push-
pull feedthrough located on the chamber door

V  AUXILIARY EQUIPMENT

The vacuum system 15 located directly be-
neath the 1irradiation chamber and connected to at
through a 6-1in opening A Varian 140-1/s 1on
pump provides primary purnping with a noimal
operating pressure of 10-0 torr, or lower The
1on pump was selected because of 1ts long-term
operating rehabality and inherent cleanhness
This pumping method ehiminates the possible pres-
ence of contarminants usually associated with o1l
diffusion pumps Any possible glow discharge in
the chamber due to the pump has been eliminated
by proper system design and through the use of a
neutral grid placed at the throat of the pump
Roughing 15 provided by two adsorption pumps and
an aspirator

Two 1llurmnation systems are being used for
this program One 1s a high-quality solar simu-
lator and the other a general-purpose, quartz-
1odide 1llurminator The Spectrolab X-25 Mark 1I
solar simulator with ¢lose spectral fiitering to
match air mass zexo solar characteristics 15 used
for all electrical performance measurements
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When cell measurements are not being made, the
cells are loaded near the maximum power pomnt
and will be 1lluminated at one-sun equivalent in-
tensity with the quartz-iodide source This source
consists of a Colortran I 000-W lamp with a para-
bolic reflector With this approach to illumina-
tion, the solar simulator will not be subjected to
long-term operation The guartz-i1odide system
has proved in other experimental programs to
have long-term stability and rehability at a mini-
mum cost

Calibration and standardization of the solar
simulator 1s required for the correlation of I-V
data over the long duration of the test To facih-
tate standardization, a [ixture has been designed
and fabricated which 1incorporates solar cells to
measure the primary characteristics of the hght
bearm  The intensity uniformity and spectral
content of the simulator beam are checked before
every data cycle

Each cell mounting plate 15 combined with a
heater and thermal resistance block The thermal
resistance block was designed such that, under
one-sun 1llumination, the desired sample tempera-
ture will be maintained with a mimmum of addi-
tional heat from the heater The assembly 1s
mounted to a heat sink cooled by water for the
20, 50, and 80°C blocks and a heat sink cooled by
LNz for the -50°C block Cartridge-type heaters
are used {200 W 3/8 in 1in diameter) they are in-
serted in the center of each sample block

The solar cell performance 1s determined by
measuring the I-V curve of each cell using the
data acquisition system This system consists of
(1) four wire cell leads, (2) automatic cell switch-
ing system, (3) Spectrolab D-550 electromc load
unit, (4) Moseley X-Y recorder, and (5) precision
voltmeter and ammeter This apparatus coupled
with high-quality solar sumulation and well-defined
standardization procedures, results in data with an
optimum degree of accuracy and repeatability

VI RADIATION FACILITY

The Philco-Ford Radiation Facihity was es-
tablished to allow safe advanced research in-
volving radioisotopes and to allow safe storage of
all radioactive sources The Radiation Facility
contains the 11radiation chamber with the vacunum
system and the 1llurmination systems  All ancil-
lary electronic equipment used for performance
measurernents and environmental control 1s loca-
ted 1n an adjacent room  The principal items of
equipment 1n the Radiation Facility are arranged
as shown in F1g 6 The solar simulator 1s posi-
tioned on a platform attached with hinear bearings
to cylindrical rails accurately positioned 1n the
floor When data are to be tahen the solar simu-
lator 1s aligned with the calihration panel and
standardized, then immediately re-positioned 1n
front of the chamber window for data acquisition
The control electronics wvacuum system power
supply, and data acquisition system are located 1n
the room adjacent to the Radiation Facihity All
wires pass through the wall behind the chamber
allowing test personnel to perform all measure-
ments 1n a radiation-free area



Vil SAMPLE COMPARISONS AND MATRIX

Prior to contract award, it was assumed that
the program should evaluate types of lithium cells
that would be most immediately suitable for space-
craft use Thus only cells developed by the two
commerclal solar cell suppliers, Centralab and
Heliotek, were considered Both companies were
briefed on the intent of this program and were
asked to recommend hthwum cell types (from those
they had developed) which should be included 1n
such an evaluation Based partly upon these rec-
ommendations and partly upon other expressed
desires a table of the basic comparisons to be
performed in the program was established and 1s
presented 1n Table 1 The trade-offs considered
in formulating these comparisons were (1) num-
ber of cells per type, (2) number of cell types,

(3) number of temperatures, and (4) available
sample area within the chamber

A direct comparison of litthium and N/P cells
15 made primarily at +20°C  Additional compara-
tive data will be obtamned at -50 and +80°C  The
comparison between hithium cells made from cru-
cible-grown silicon and those made from float zone
refined silicon 1s fundamental to the program and
1s, therefore made at all four sample
temperatures

At the time that the sample matrix was estab-
Lished 1t was thought that appreciable differences
1in embrittlement characteristics would be vbserved
in cells with junctions formed from a B Bry dif-
fusion as compared to B Cly It was subsequently
discovered that hittle or no observable difference
could be detected 1n the two types of celll There-
fore, the two types of boron diffusion represented
in this experiment are variations of the basic B
Cl13 process normally used for P/N cell manufac-
ture The difference between the two types is 1n
terms of boron "tack-on' time

Ancther comparison involves bare versus
covered Iithium cells It was thought that surface
characteristics maght prove to be of importance in
Lithium cell performance degradation 2 A direct
comparison has thus been provided to permit an
cbservation of any gross differences due to
covering

The effect of depletion layer width upon obser-
vable damage in lithium cells was considered
potentially important in early studies of Iithium
cell characteristics It was felt that radiation
damage {(as measured in terms of power degrada-
tion) would be different 1f a cell were biased than
1f 1t were not brased To date no observahle dif-
ference has been noted in at least one early study
{Ref 6) This program has an objective of again
attempting to demonstrate the effect (:f any) of
biasing on sclar cell damage

It should be of interest to note any apparent
difference between lIithium cells made by each of
the two commercial solar cell manufacturers It 1s
possible that differences in the manufacturing
process could conceivably contribute to a different
net rate of damage For this reason, comparable

liles, » , personal conversation, July 1969
2de Wys, E G , personal conversation Dec 1968
3Fang, P personal conversation Dec 1967
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cells from both suppliers are included in this
experument

Degradation data will be obtained for cells
from the same batches being irradiated in the
chamber (with the low rate Sr 90 irradiation),
using a 1-MeV electron Van de Graaff accelerator
It w1ll thus be possible to observe the relationship
between damage caused by the two sources An
analysis of 1-MeV equivalence will be performed
in an atfempt to demonstirate the value of 1-MeV
electron i1rradiations of hithium cells

The selected sample matrix 1s presented 1n
Tahble 2 While 1t was impossible to completely
f11l the matrix due to chamber lim:tations a sub-
stantial amount of comparative data for a large
number of cell types will be obtained over a variety
of test conditions In the final sample configura-
tion, 128 cells will be 1rradiated in the chamber
and 36 with the 1-MeV accelerator These num-
bers are significantly higher than requred by the
original contract matrix Current 10-Q-cm N/P
cells from both manufacturers are included, as
are 1964 N/P cells from a batch used 1n earlier
irradiation programs It will thus be possible to
relate the results of this experiment with those of
earher defimitive efforts
VIII PROGRAM STATUS AND PLAN
At the tume of this presentation, the experi-
mental part of the program was about to be ini~
tiated All solar cell samples have been received
and evaluated All experimental equipment has
been assernbled and successfully checked out The
6-month 1rradiation will be 1nitiated after review
of the imitial cell evaluation and test data with
JPL

The degradation characteristics of the cells
are being determined by sequentially acquiring
accurate I-V measurements The cells were
measured as received undexr one-sun i1llurmination
at 28°C Three cells of each group were also
measured at 20, 30, and 40°C to determane their
temperature coefficients The cells will be again
measured after installation in the irradiation
chamber and before the 1sotope 1s installed The
chamber measurements made at vacuum and tem-
perature test conditions are, therefore, used as
the baseline measurements Prior to test imbia-
tion and three times during the exposure, mea-
surements of the reverse i1llurminated characteris-
tics and dark forward/reverse characteristics
wi1ll be made

Extra cell samples are being used as test con-
trols to determine the effect, 1f any, of maintain-
ing the solar cells at 80°C for 6 months These
cells will be measured periodically and stored in
the vacuum oven the remainder of the frme Those
samples, to be used for the 1-MeV electron irra-
diation, are being stored at room temperature 1n
vacuum until the tests are performed

The 1-MeV electron irradiation will be per-

formed 1n September 1970 Cells for this irradia-
tion will be evaluated prior to the irradiation to

JP1. Techmcal Memorandum 33-467



determine whether any shelf life degradation has
cccurred since their receipt The cells will be
irradiated in air to a fluence level approximating
that expected for the chamber samples after ex-
posure for 6 months After irradiation the cells
will be immediately placed i a container cooled
with dry ice and returned to Philco-Ford for
post-irradiation data acquisition Cell character-
1stics will be obtained at room temperature Re-
peated room temperature measurements will he
made to determine the anneahng characteristics
of the cells
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Table 1 Sample comparisons

Comparison Tempféature
Bare Lithiem cells Bare N/P cells +20
Crucible Iithiurm cells Float-zone lithium cells -50, +20
425-90-60 425 — 90— 120 +50, +80
450-20-0 350— 90— 60

2 boron diffusions

Boron diffusion No | Boron diffusion No 2 -50, +20,
{(float zone) (float zone) +80
Bare lithium cells Integral covered Iithium cells +20
(425-90-60) (425 ~ 90 — 60)
Illuminated and loaded Dark and unloaded +20
hthium cells - lathium cells
Heliotek lithium cells Centt alab Ihithium cells -50, +20
Crucible Crucible +80
Float zone Float zone
Low rate spectral source H1gh—1‘ate monoene etic source +20
~1012 elfcm?/day ~2 % 1017 el/fecm? ﬁiay
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Table 2

Sample matrix

Diffusion

Radioisotope /vacuum

I-MeV
accelerator

Type characteristics Manufacturer Illuminated and loaded Dark and unloaded
~50G°C | +20°C [ +50°C | +80°C |+20°C |+20°C +20°C
425-.90-60 Heliotek 4 4 4 4 4 4
Lathium P/N
425-90-60 Centralab 4 4 4 4
425-20-0 Centralab 4 4 4 4
Crucible
425-90-60 Heliotek 4 4
1-mil cover
425-90-120 Heliotek 4 4 4 4 4 4
Lathium P/N
350-90-60 Heliotek 4 4 4 4
Boron No 1 Centralab 4 4 4 4
425-90-120
Float Zone
Boron No 2 Centralab 4 4 4 4
425-90-120
Current Centralab 4 4 4 4
10-©2-cm N/P
Current Heliotek 4 4
1964 Hoffman 4
Electronics,
E1 Monte,
Calif
JPL Technical Memorandum 33-467 121
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Fig. 5. Solar cell samples installed in chamber
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N71-26241

A REAL-TIME STUDY OF THE EFFECT OF ELECTRON RADIATION ON
LITHIUM P/N SOLAR CELLS

R R Dayton
Lockheed-Georgia Co ,
Lochheed Research Laboratory,
Marietta, Ga

ABSTRACT

This paper describes work being performed at the Lockheed-Georgla

Nuclear Laboratory under JPL Contract 95286

The primary objective is to

perform a real-time study to determine the effects of electron radiation on

lLithwum P/N solar cells

A total of 144 solar cells divided among four tem-

peratures {-50, 30 60, and 80°C} are to be exposed to the Sr 90 beta spec-
trum 1 vacuum  The flux will be approximately 1012 electrons/cm?2/day

The duration of the test w:ill be 100 days

a description of the test facilities

This paper 1s primarily devoted to

The environmental chamber 1s made of
stainless steel and may be divided mnto three sections

The main body of the

chamber contains the test solar cells and a large fused silica window through

whaich the light will be projected

To the right of the main body 1s the source

handling and storage area and on the left 15 the vacuum pumping station Data
15 collected m-situ by an automatic data collection systemn  The potential
drop across a series of calibrated resistors as measured by a digital volt-

meter 1s used to derwve the I-V characteristic

The mmaxunum power and

maximum power point are computer-calculated The beta source to solar cell
geometry required to deliver the desired flux was determined by comparative

analysis
I INTRODUCTION

Lockheed 18 performing a real-time study to
determine the effects of electron radiation on
Lithmm P/N solar cells The majority of thas
paper will be concerned waith the facilatres to be
utilized in the performance of the test No test
data will be presented at thas time because the
test 1s Jjust getling under way Since this is a
long-term test, the facilities and techmques in-
volved in the performance of the test become very
mmportant
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The beta spectrum 1s shown

II DISCUSSION

Figure 1 shows the experiment design matrix
The test will be performed in vacuum with a pres-
sure of less than 10-0 torr  All data will be taken
in-sifu and at approxumately the fluences mndicated
It 1s anticipated that data will be taken between 12
and 15 tirnes during the test The data will be
computer-processed mmmediately after collection
and, 1f anything unusual 15 observed, then the data
collection schedule may be revised to collect more
mformatmx% The exposure rate will be approxi-
mately 101 electrons/cm?2/day
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Data will be collected by an automatic data
acquisition system  The heart of the data acquisi-
tion system 1s a dagital voltmeter The potential
drop across a series of 15 calibrated resastors
spanning the sclar cell characteristic curve g~
measured Potential leads are connected to each
golar cell to minimize the measurement error
The digital voltmeter drives a flewowriter which
provides a printed and punched paper tape pre-
sentation of the data .The paper tape 1s then
transferred to cards and fed into the computer
The computer will first calculate the current that
corresponds to each of the measured voltage
pomts A least-squares fit of the data to the solar
cell equation will then be performed The max:-
mum power value and the maxumum power point
will also be determined The computer will out-
put the current and voltage data for each load
pownt, the maximum power value and 1ts associated
pair of data points, and the solar cell equation
fitting parameters Ig. Iy+ Rg, and n

The chamber may be divided into three sepa-
rate sections In the center is the main body of the
champer This portion contains the test speci-
mens, a vacuum gage, and the window through
which the lLight source will be projected On the
right 1s the source-handling and storage area and
on the left 15 the vacuum pumping station At
those times during the test when 1t 1s necessary
to enter the room, Sr 90 source can be stored
within this lead-shielded area to minimize the radi-
ation hazard in the room  The lead shield 1s cast
in sections so that it 1s easily removable The
pushrods extend through the lead shield and are
magnetically coupled to the source plague which 1s
mounted on guides inside the chamber Two
separate source tubes are used to minimize the
chamber volume

One side of the chamber 1s the vacuum pump-
mg station This pumping station consists of two
vacion pumps and three vacsorb pumps The
smaller vacion pump has a capacity of 25 1/s A
titaniurmn sublimation pump 18 an integral part of
the smaller vacion pumnp This titanium pump
has a capacity of approximately 550 1/s The larger
vacion pump has a capacity of 110 I/s and 1s of the
straight-through type (1 e , there are flanged out-
lets on each side of the pump) The vacsorb
pumps are connected to the main vacuum chamber
through this pump The vacsorb pumps are in-
dividually valved into the cross section and the
cross section may be valved off from the main part
of the system once the rough down 1s accom-
plished Pressure control of the system 1s accom-
phished by cycling the vacion pumps on and off
The pressure 1s sensed by the cold cathode gage
and, once a lower lumit 1s setf, the gage will cause
the 10on pump or pumps to be turned on as required

A Corning Gode 7940 fused silica window 15
mounted on cne end of the chamber This window
15 14 3/4 1n 1n diameter and l-in thick Fused
silica was selected because of 1ts high radiation
resistance A window of some lesser quality than
this may darken with time and exposure to the
radiation and cause changes in the transmaission
characteristics Changes in transmission char-
acteristics could eas:ily be mastaken for changes
m the solar cell output The fused silica window

15 sealed to the vacuum chamber by a Viton
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O-zing This i1s the only polymeric seal in the
entire vacuum chamber All other seals are of
the crushable metal type

The solar cells are mounted on 2 Wheeler
flange at the opposite end of the test chamber
The major heat sinks are massive copper bars
vacuum-oven brazed into a 1/4-in ~thick stainless
steel plate The temperature of these copper bars
ts controlled and monitored Twenty-eight solar
cells will be controlled at 80°C 54 solar cells at
60°C, 44 cells at 30°C, and the 18 solar cells at
-50°C Tive-watt power resistors are uniformly
mounted along the air side of each of the 80 60
and 30°C sinths The -50°C sink 15 used as the
evaporator of a two-stage mechanical refrigeration
systemm The major path for heat flow 1s from the
80°C sink toward the -50°C sink where any heat re-
moval required 15 accomplished The temperature
control system for the 30 60, and 80°C sinks 1s
relatively simple For example, eleven 5-W resis-
tors are thermally attached to the back of the 60°C
heat sink bar There are three significant sources
of heat input to this bar and one output The three
inpuis are (1) from the light source, (2) from the
80°C sink and (3) from the power resistors The
one output 1s the heat transfer to the 30°C sink
Radiation losses are neghigaible The temperature
of the sink 1s controlled by the on-off action of
the power resistors The power resistors are
connected 1n parallel with one side connected
through a paiwr of microswitches mounted on an
expanded range L&N recorder to a Variac The
L&N recorder 1s driven by thermocouples mounted
on the air side of the 60°C sink Cam action within
the recorder then turns the power on or off as
required The frequency or period of operation of
the temperature- imiting microswitches can be
adjusted by either decreasing or increasing the
voltage setting of the Variac Control of the -50°C
sink 15 considerably more complicated and will not
be discussed here

The minor heat sink assemblies and solar cell
mounting pads are simply 1/8-1n -thick copper
T sectrons The top of the T 1s just large enough
to accommodate two solar cells The pre-tinned
solar cells are positioned on top of these pre-
tinned T sections and heat applied The re-flow
solder process was performed in an wmert atmo-
sphere and a total heat tame cycle of appro%i-
mately 2 min was required These T sections
are then securely bolted to the major heat sink
assemblies and the power lead attached

As indicated previously, some of the solar
cells will be irradiated while in the dark The
shield that allows this to be accomplished 1s
5-mil aluminum fo1l stretched between a stainless
steel framework The shield 1s magnefically
operated from ocutside the chamber

A viewport has also been provided on this test
item flange The solar cell 13 mounted to thas
viewpert and provides an additional means for
checking the hght source

i Sr 90 - Y 90 SOURCE
The source/solar cell geometry required to

deliver the desired flux {1012 e/cm/day) has
been determined The source 1s composed of two
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groups of five stainless steel tubes oriented in
such a manner as to deliver a flat flux distribution
to the plane of the solar cells Each 0 010-1n
wall stainless steel fube has an active length of

20 1n  and contains 10 curies of Sr activity

An expermmental procedure was used to de-
velop the source/solar cell geometry This pro-
cedure yielded the electron flux and energy spec-
trumm  Ten source tubes identical to those that
will be used in the radiation test, but containing
much less activity, were used Each of these
tubes contains 13 microcuries of Sr 90 An
anthracene detector and multichannel analyzer
{MCA) were used to make flux and spectral mea-
surements on these diluted source tubes System
calhibration was performed using a weak Cc 60
source

The primary method of energy deposition in
the scintillation detector under consideration is
by single Compton scatter The Compton process
15 the domunant method of interaction beiween
gamma rays and orgamc scintillators in the energy
range 20 keV — 30 MeV  The total energy of the
incormng photon may be deposited in the scintal-
lator only after multiple Compton scatters ter-
manating in photoelectric absorption The dumen-
si1ons of the anthracene detector (1 5-in diameter
X 1-in thick) are too small to allow for the
multiple scatter process, therefore the response
of the detector to the Co 60 source 15 quite simi-
lar to the response to the Sr 90 source

An expression for the degraded photon arising
from a GCompton collision is

E
L 1
E, =

By
1+—L (1-cos ¢)
mc
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where Ej and E represent the energy of the in-
cident and scattered photons respectively Setting
¢ equal to 180° and subtracting E; from E| yields
the familiar expression for the kinetic energy of
the Compton electron

0 51
l+—2E

In the case of Co 60, where there are two primary
photons, the value for E, 15 based on the average
photon energy {1 25 MeV) Setting T equal to

1 25 MeV, we find E, equals 0 21 MeV and B¢
equals 1 04 MeV , Tl;xe pezak of the Compton dis-
tribution collected by the 512 channel MCA wa1ll

be at 1 04 MeV The spectrum 1s shown in

Fig 2 Spectral and flux measurements of the

S8r 90 — Y 90 source were made after the cali-
bration procedures were completed Figure 3
shows the beta spectrum  The electron flux
emztted by the diluted source tubes was determined
by a szmple arithmetic summation of the counts
under the curve The fiux obtained from the fuil
sirength source tubes was determined by 2 linear
extrapolation The extrapolation technique has
been used 1n previous tests incorporating the Sr
source The exirapolated results agreed within
1% with vacuum Farraday Cup measurements

Spectral measurements were made with the
source and detector in a mimmum scatter geom-
etry, and then the source and delector were placed
inside a heavy-walled aluminum tube to simulate
the scatter geometry of the acinal test No sig-
nificant spectral change was observed
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