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. ABSTRACT

The results of accelerated stress testing of four différent
'fypes of silicon terrestriél solar cells. are discussed. The accelerated
stress tests used included bias-temperature tests, bias—temperature-
humidity tests, thermal’cycle and thermal sﬁopk tests;'and power cycle
tests. CharaCFeriéatibd of the cells was,pérfqrmed before stress testing.
and at éeriddié:down;times, usigg electrical meaéurement, visual
inépection, and metal adherence pull tests. Electrical paraheters
measured included short-circuit Cu;rent, I;., open cir;dit voltage,

\Y

oc» and output power, voltage, and current at the maximum power

'point, Py, Vg, and Iﬁ:respeétively. Incorporated in the report are

the distributions'of'ghe prestress electrical data for all Cell'typésﬂ
Data was also ébtained_on cell series gnd shQnt Eesistahce; Significént
differences in the response.tb the various stress>teété was observed
betwéen cell types. On the basis of the experience gained in fhis
résearch.work, avsuggested Reliabiiigy Qualification Test Schedule waé

developed.
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SUMMARY

At the end of the first year of the.accelerated,reliability testing‘
program of silicon solar poststress electrical parameter data showed
significant degradation for some cell types and some stress tests, while
other combinations of cell types and stress tests resulted in virtually no
. degradation. For example:.

1. Bias-temperature stress testlng ‘showed significant degradation,
consistent in tlme; for one cell type and somewhat less signi-
ficant degradation for two other cell types. However, for this
samelstress the'remaining cell type showed absolutely no
deéradation at all.

2. Substantial differences in electrical parameter degradation
rate between cell types.was also observed for bias—temperatnre—
humidity stress testing. |

- 3. Sensitivity to thermal cycie and thermal shock:stress varied‘

w1dely between cell types.

4, Power cycle, uniformly showed no effect on cell electrlcal
parameters. Cells subJected to this stress test also shomed
no metal adherence strength degradatinn, while all of the other
stress tests resulted in degraded metal adherence forssome or ali
of the cell types.

‘Analysis'of electrical parameters and viSually'observable effects
resulted in some understanding of the mechanisms responsible for the
results observed. however, the degree of this understanding‘is small.
This fact, and-the difficulty in extrapolating the results’obtained in the
course of the research to nse'conditions desnite the large volume of data
obtained, point up the need'for further work in this area.
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Need for further work is especially evident in the éreas of physical
analféis of stressed cells, further stress testing using longer timés and
morelVéfied degrees éf stress,'and iﬁ the critical area of agtual field
.dégfédatioﬁ modes and fatés;

Finally, a Reliabilit&‘Qualificaeion Test Schedule was drawn up based
on s:ress~testing results for the fouf cell types investigated, and'baéed 4
on a physics of failure foundation. Of necessity, this test schedule is N

tentative at this point.
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This reﬁqrt describes the first year activi:ies of a combinéd
technical developmeﬁt study and reliability test program on silicon
terrestrial solar cells being performed by Clemson‘Uniyefsity as part of
‘DOE's Low Cost Solar Array (LSA) Project under contract to the Jet |
PropuLsibn‘Laboratory. The reliability test program being'performed by
Clemson University was sgarted in December 1977 an& represented the fi;st
known.systematic attempt by independent investigators fo definé‘the basic
reliébility attributes of tergestrial solar cells. Goals of:the program
were to accumulate baseline reliability data and, develop test
methodologies for use in solar cell evaluations. The test program was
designed to include several diffgrent cell types, sizés énd‘configurations
- allAunencApsulgted and;refrésentative of comﬁercial,'spate-of-thef;rt
cells'QSed in JPL/LSA Block II énd ITI solgr.cgll module procurements;

Quantification of reiiability was nog é prime ijectiQe. Instead,
this progfam was designed to be a precﬁrsot to'future reliabilit& tes;ing
" of soiar cells - by first obtaining a better undérstanding of failure
mechanisms, failure‘modes and accelerated stress festing techniqués.

Experience in the field-use applicatioﬁsAof photovoltaic quule§ and
array subsystems will be the ultimate verification of reliabil;ty. How-'
ever, for a number of reasons, it" is reésénable to attempt té assess
reliability of the solar cell as a module coﬁponent'froﬁAacce}erated fesﬁ
data. With non-accelerated testing the times required are often too
gréat to obtain a statistically significant number qf failures.and also
technology‘may, in the meéntime, have completely chgnged;'or the number of
devices requ;red to test be§ome prohibitively large. Theréfore, one prime
objécgive was to develop methodology and to recommend an accelefated
stress test scheQulé that could be used in the future reliability testing

of terrestrial solar cells.




It was anticipated, before the program was started, that the most
likély failure modes would be those involving the metalization system. A
solar cell is after all merély a large diode and should be fairly immune
to nany types of the mofé esoteric failure modes which plague the more
'sophisticoted integrated circuits, such as channel formation, surface
staﬁé phenomenon, and oxide step effects. Consequentl&, a preliminary -

‘ acceler;ted stress schedule wés formulated, based on portions of the:
military reliability.specifications for semicon&uctor devices (MIL-M-38510
and'ﬁIL-STD~883) which were ossociated"with the metal-semiconductor

- contact and'interconnection system. '

Four state-of-thonart, commerciallj'nvnilable cell types involving
different metalization syétems were obtained from four different
manufacturers. The cell types wefe~identifigd as'A,B, C, and E
(originally a fifth manufacturer, D, was to have beon'incLoded).
Approximately 500 cells §f ench type were incluoed in the test program.

| The‘pfimary test schedule was first'applied'to small quéntities of
the four diffe;eno solnr cell types in an effort to dotermine appropriate
stress levels and observe any unexpected effects. It was anﬁicipatéd that
the results of acceierated stress would be seen as either a gradual
degradation of a céll's electrical characteristics, notably its maximum
power output, or és a cgtastrophio failure due to loss of eleotrical
connection (open circuit).

It wés expéoted that these two types of failure characteristics, -
gradualeegrndntion and cafastrophié; might be manifestations of the same
ef%éct, i.é;, the metal-semiconductor contaot becoming poorer electrically
Aroonlting'in increased series résistanceland'a gradual decline in oower
output,'nnd at the same time béconing poorer.mechénically giving rise to

eventual catastrophic separation. Metalization pull tésts, which act in




reality as accelerated mechanical tests, were therefore institute& as an
additional measurement procedure. - The true significance of tﬁese pull

. tests appeared when they were used in conjunction with othe; accelerated
stresses. Tﬁis type of testing may eventually answer a question such as:
Is the adhgrence~of the cell metalization éignificantly weakened bf the
application of stresses such as~temperaturé-humidity-bias?'

‘Based on physics of failure reasoning and likely use-condition
stresses, the schedule of accelefated stress test that was synthesized for
use.ip ghe}ihvestigation»inclqded bias-temperature tests, bias-— »
temperatﬁre-h&midity tests, thermal cyclevand tﬁermal shock tests, and a
power cycle (intérmittent life) test. Fixturing was. developed for large—
quaﬁti;y solar cell stress testing. A procedure for visual inspection of
cells was developed. An electrical'ﬁeasﬁremént facility capablé of - ;3
accurate, repeatable measurements of (+ 1%) of Véc, Igc, and Pp,
and slightly less agcurate measurements of Iy» Vms Rg, and ng
was established.

The program utilizea theAconventional reliability me;hodology
illustraged in Figure l.1.1. The cells wére intiaily electfically
measured, visually inspected, and the metalizatidn adherence deterﬁined.
Quantities of cells were then subjected.to various stresses for various
lengths of timés-and remeasured. Thisbsequence of measure-stress—-measure
was repeated many times for each stress test. The measurement |
repeatability insured that electrical degradation due to stregs as small
as + 2% could be detected.

A system was established for hanégément and analysis of the large
volume of electrical paraméter dafa generate& in- the work. All elec;ricél
data, a total of 24,445 parameter values including both prestress and

poststress da;a,'currently is sfored on disk and is available for further
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analysis. A procedure for determining the metal adherencc strength of
terrestrlal solar cells was developed and applled to both stress tested
cells and control populatiuusf

By submitting small quantities of cells to somewhat arbltrarily
selected preliminary stress levels and times,. knowledge,cbnld be gained by
. which to define more statistically significant, large scale tests. The |
small quantity "quick look" tests were called Phase I tests, while the
“large qnantity tests were designated.as Phase II tests. Figure 1.1.2
illustrates the relationship between the two test plens. In most cases-
the initial "gneeses"'eoncerning stress ‘levels and times were found to be
reasonable and could be nsed directly in Phase II. In snme instances,
however, such as the thermal cvcle and BTH tests, it was determined that
the Phase I plan was overly conservative ‘and the Phase II schedule was
mOdified‘accordingly. ' -

In additionito selecting appropriate stress.ievels and times the two
phase approack alloyed measurement methods -and handling techniqnes to be
deveioped and refined. Thus there were no significant errors introduced
in.ebtaining the iarge quantity of Phase II data.

Phase I test data wes thus only used to determine the Phase II
schedule. The accelerated test data referred to in the remainder of the
teport is therefore, only Phase II data involving thevfollowing sttesses:

Bias-Temperature (B-T)‘at 750C, 135°C, 150°C, and 165°C
Bias-Temperature-Humidity (B-T-H)

121°C, 15 Psig steam

850C/85% R.H.
Power Cycle, intermittent forward bias, ambient temperature 50°C.
Thermal Cycle

Thermz1 Shock.




[TesT "PHASE |
100 CELLS -EACH TYPE

NN
STRESS LEVEL |

DOWN TIME
TEST METHOD

NNV

TEST PHASE Il
400 CELLS EACH TYPE

"Figure l.1.2 Relationship of Phase I and Phase II Testing.
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Some experimentation was done with a reverse bias, but all

serious”
ﬁesting involved only the applicationAof a forward bias. The tgmpératures
- for the B-T tests were éele;ted to spaﬁ the range from operating condi-
ﬁions to. the solder melting poiﬁtA(1759C). . The conditions for the B=T-H
tests are those histo:;cally used in integratedlcircuit corrosion!sﬁscep—.

tibility testing.
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’1.2A'Reliability Considerations
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Very little is found in the open literature eoncerning the nature of
the time-to-failure (TTF) distributions of solar cells in terrestrial
ambient conditions, the failure modes and failure mechanisms which control
the TTF distributions, the appropriate methods for accelcrated stress‘
testing for reliability verification, or the pfocess modifications which
might be required to upgrade feliability pe;formance.

It has repeateely been observed that the most cemmon TTF distribution
of semiconductor devices (diodes, transistors, and integrated circuits)
uader use stress and accelefated strese is the lognormal distribution. In
this distribution the logarithms (to the base 10) of the times-to-failure
of a large pppulation of devices are aormally_distributed about a
median-time~to~failure (MITF) tp, with dispersion o. This distribution
thus does not give a constant'failure rate. Other TTF distributions, such
as the Weibull, have sometimes been found to best characterize_
mechanical?type failures of semicoﬁducter devices. _Theseiother TTF
distributions are also characterized by a non-constant failure tate.
Iwent& years is approximately 1.7 x 10° hours. Simple, commercial,
plastic encapsulated circuits used by'Bell Telephone Laboratories have ,

t

m Lin the neighbothqod‘of 107 hours (1142 years) under relatively

benign, telephone installation condi;ibns. Assuming that t; = 1.8 x
107 hoers (2050 years) for terrestrial solar cells in the field
envi;onment, then'for o = .87 approximateiy 1% of the cells will fail in
_20 fears. On the,otaer hand, if ty; = 1.8 x 108 hours (265 years) and
o} =-.87, then 12.17% of the celle would fail on the average during a 20
year useful life. This ;mpliesta relatively large number of electrically
inactive cells at the end of 20 years, and possibly‘frequent field
_ replacements. Thué, even though‘the median time to fai;ure for solar

cells may be quite long, of the order of hundreds of thousands  of hours,
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system reliability may'be unsatisfactory beeausetof the large number of
cells which:are iacorporated in a system. The above example ignored
infant mortality‘failures'which increaee the failure‘fraction of units in
early syétem life. WNeither tg, nor g, nor tﬁe contributing mechanisms
which go toward determining ty and o, haQe‘been determined for
terrestrial cells.,

Accelerated SttesstTesting approach toAdetermining reliability is to
attempt to accelerate device failure by overstressing the device, i.e.,>
subjecting it to greater stresses than it would encounter in the'field{
However, the failures which are obtained under these conditions must be
similar to the failures observed in the field, i.e., the failure-
mechanisms must be the same. A key factor in the use of acceletated test
methods is the recognition that it is the failure mecaanism which must be
the same and not necessarily the stress. For example, if an»integrated
circuit is knowﬁ to fail because of ‘the formation of an oxygen tich
metallic'compound then baking the device in an atmosphere of pure oxygen
would be a legitimate and effective accelerated stress evea though the .
deviee'would never see a pute 6xyéen‘ambient in the field.

The dangef in attemﬁting to accelerate failure,_of coatse, is that
the applied overstress mav introduce new failure modes which would not
'appear ;h the field. An example would be the acceleration of a
metalization failure caesed by solid state diffueion. Raising the
temperature will accelerate the diffusien process provided'the temperature
is kept below the meltinglpoint. lf aelting occurs a new failure mode,

" not normally seen in the field, is introduced.

Establishing reliability by aceelerated'testing should therefore be

an iterative phenomenon. First, tests are run, statistics analyzed and

failure modes identified.  Then more tests are .run at .a higher stress

.16




_ level énd the statistics again analyzed and the failure modes again
identified.‘ ideally,‘the failure modes should be the same, with mofe
devices failing in a'givén timelat the higher stress leQel.
Unfortunately, it is seldom this simple because of appearance of
ad&itional failure modes, some of which may be leéitimate'and some of .

‘which may not. In this fashion, over a period of time, it is possible to .
build up a vast backgroupd of.reliabilify knowledge which wiil provide
confidencé that device manufactured by'ﬁethod A will last longer in the
field than those made by method B.. It is even possible ﬁoudetéfmine
acceleration factors and to estimate how‘long thelfwo types of devices can
be expected to last. An understanding.of device performance under
accelerated stress will either permit manufacturer B‘to nmodify his
processes for impro&ed reliability or permit manufacturer A to sacrifice
some feliability for a lower cost.

Conventional reiiability‘testing-of semiconductor devices involves

‘the sequence of stress followéd by electrical measurement. Failure can
then be defined in reference to the*electricai specifications set by the
manufacturer. Statistiés are gathered on the number of failures which
occur as a function of stress level and time. A device is considered a
failure wﬁecher one particular paramete; grédually "drifts" outside a
specification or whether it suddenlylbecomes inoperative. In other wofds,

no distinction is usually made between catastrophic and degradation

failures = both ére considered-eqﬁally seQere. In addition, no
distinction is made between the "borderline good” device which nee&s té
change only slightiy to become a bad device, #nd the superior device which
must degrade appreciably before becoming a failure. Also, it is |

considered that once a failure always a failure, and a failed device is

removed from further testing.
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This same philosophy of &evice'reiiabiliﬁy testing cannot Bé used in
the acceleratéd reliabilty testing of present day sblar cellé priﬁarily
because no firm electrical_specificafions_exist at thg cell level. Con-
sequently, ;he approach considered for this érogram was to electricallyA
test each cell before and after stressing and to'noge anf changes which
took place in the absolute values of the measured pardgeters rather than
attempting to characterize the devices as "good” or "bad?. This appréach
effectively sidesteps the question of failures for devices which degrade
with stress testing. Catas;rophic changes which occur when Fhe cells
crack or when the leads come off can be cénéidered failures, of course,

but these are relatively rare in most tests. Omne could argue that a cell

~ whose maximum power output decreases by 10% or 20% or some other number

should be consideredAa failure. This type of reasoning, however, ignores
the initial distribution factor and could result in "failures” wiFh
greater power output than “good” units.‘ACohsequentiy, in this iﬁft;al
reliability test progrém, despite the fact that se&ere degradation was
observed under differént test conditioﬁs, no codven;ional,failure'
stafistics involving mean time to failure, etc., are quoted. Instead,
statistics are presented in terms of changes from the iﬁitial prestress
vélues. This difference in philosophy need not be a cause for concern,
however, since the program Qas still able to identify the stress tests and

levels effective in inducing degradation modes even though the exact

definition of a failure was not made. Because electrical test limits have

_not been established for solar cells, the distribution of initial

parameter values will be of great interest in themselves to cell

manufacturers and others who eventually will be concerned with setting
specifications. For this reason they are presented in the report in their

entirety in Appendix B.
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In many respécts; iﬁterpreting tests in terms of changgs from initial
values puts additional emphasis on both electrical measurements and data
) aﬁalysis. The rafher elahorate electrical test faciligy which was
established is discussed-in Secfion 3.2, while the approach to Eﬁe compli-
cation and statistical manipulation of thé data is discussed in Appendix
A. A summary of the stress'test dgté,_arranged by test type, add its
analysis and interpretation is présentéd in Section 4. Based on the
reéuits of these tests a propdsed Qualification. Test Schedule was prepared
and is publishéd4in Section 5. This schedule is based on the reééénse of
the four types of éells in the program to the accelerated stress test

applied and in many respects represents the program's "bottom line".
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2.0. ACCELERATED STRESS TEST PROCEDURES
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Cells reCeived‘féom the manufacturers were numbéred serially by lightly
scratching an identification number in fhe back;side metalizétion. Each cell
was then'placed in a éeparate plastic petri dish and the dish was labeled.
Bécause each cell was pérmanently‘marked there was no chance of getting the
celis mixed in the dishes. Each cell was exami;ed visually under low powér
magnification and any peculiaritieé noted on an inspection form. 'Each cell
' t&pé had its own Inspecfion form with an outline drawing wﬁich could be
marked fo(show'irregularities or imperfections. A samﬁlé'form for one, type
of cell is shown in Figure 2.1. The inspection process was coﬁplicafed by
two factors initially - thé inspector was not sure of ho% much detail to
recofd nor exactl& whét he was looking for. The units of.Phase I fherefore
were examined quite closely aﬁd in considérable detail. With egpgriencé.
during the Phase 1 experimenfé it became more clear what'éffeétélwere-téking
place, and a less détailed examination was possible on the Phase II units.

In addition fo viéual inspection each cell was photographéd using
high resolution black and white film. Here again, it was .not clear
exactly what characteristics it was desired fo record,. but it'was felt
that a photographic fecord could éupply valuable.information concerning
structural changés which’might occur.‘ Therefore, initial prestress photo-
graphs were taken of every cel; and the negatives developed, Sﬁt not
printed.‘ If any peculiar poststress’effects were noted, poststfess
'photographs could then be taken and an enlarged print Qade_of~bqth the
before‘ahd after negatives for comparison. In general, however, unless
changes were noted, poststress photographs were not taken. Informagion
concerﬁi;g the cell was included in the photograph for idenfification. An

example of a typical prestress photograph is shown in Figure 2.2.
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Figure 2.2, Enlarged Photo of Cell
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Manufacturing history was not available on the cells. It was in-
tended that they be supplied in their normal state prior to assembly into
modules, but this could not be verified. Cells as received from the manu-
facturers were often quite dirty by semiconductor device standards. Im-
perfections ranged from traces of solder flux to fingerprints. This pre-
sented a dilemma. One could clean the cells to the best of his ability,
using what were apparently the best procedures, prior to stress testing.
In doing this one runs the risk of introducing failure modes peculiar to
his cleaning techniques and at the same time removing failure modes that
show up in modules due to improper cleaning by the manufacturer. On the
other hand, if the cells are not cleaned, one runs the risk of observing
contamination induced defects that might be removed by a proprietary pro—
cess prior to assembly into modules. The limited amount of information
available from the manufacturers indicated that further cleaning would
probably not ordinarily be performed. Therefore all stress testing was
performed on cells in the as-received condition. Care was taken, however,
not to introduce additional contamination. Cells were handled using
either DelrinR tweezers, cotton gloves, or a vacuum pickup. Tweezers or
gloves were preferable since contact was made only at the cell edge.

Groups of cells to be subjected to the same testing schedule were
assembled into lots. Table 2.1 indicates the lot number correlation with
test type for the Phase II units. Thus lot A-16, for example, consisted
of A type cells subjected to Power Cycle testing while lot B-12 consisted
of B type cells subjected to 150°C Bias-Temperature testing. Initially,
and during each down time between stresses, the cells were electrically
measured and visually inspected. Lot travelers accompanied each lot

indicating the sequence of these operations. As each operation was




LOT
it

10

il

12

13

14

15

16

17

18

STRESS TEST

75°C Bias-Temperature
1359C Bias-Temperature
150°C Bias-Temperature
165°C Bias-Temperature

1219C, 15 Psig Steam Bias-Temperature-
Humidity

85°C/85% R.H. Bias-Temperature—
Humidity

Power Cycle
Thermal Cycle

Thermal Shock

Table 2.1. Stress Test and Lot Identification
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completed it was signed off and dated. 1In this way a glance at the
traveler told the status of the lot and it was not possible to become
confused and, for example, subject the lot to a stress without first
electrically measuring the lot. As a further check, a log book was kept
by each oven or test apparatus and a record maintained in it of the lots
processed through that equipment, together with appropriate observations
concerning settings, temperature, times, etc.

With the exception of thermal cycle and thermal shock, all the stress
tests involved the application of voltage to the cells. It was thus nec-
essary to find an inexpensive and simple method of making electrical con-
nection to the cells which also would not introduce extraneous failure
modes. The expedient solution was to use miniature cadmium plated steel
alligator clips (Mueller #34C). One clip was attached to the front side lead
and another to the back-side metal by gripping the slice, but with the jaw
which contacts the front of the slice being insulated by a TeflonR sleeve.
A photograph of the contacting is shown in Figure 2.3.

This system worked reasonably well for the small quantities of Phase
I, but in the process of scaling up to Phase II size lots (an increase of
about a factor of five) problems inherent in the present jig design were
uncovered. A stress test oven loaded with 150 cells is shown in Figure
2.4 and illustrates the crowding that occurs in actual use. Jigging
problems were mainly of two types: (1) stress applied to the cell tabs
and tab attachment points due to the electrical connections which are made
to the hanging cells by means of the flexibly connected alligator chips,

and (2) handling problems in loading and unloading the jigs. Loading such
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Figure 2.2. Cell Contacting Method Used in B-T Tests.
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Figure 2.4. Oven Loaded With 150 Cells Ready For Stress Testing.
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a large quantity of cells in a gonfined space can result in dynamically
stressing tabs and éttéchment péints. In}additfon, pnlegs extfeme care 1is
taken, electriéal shorting of the cells ggﬁ result. This causes very long
‘cel; loading times. It is evident from ﬁhis scgling-up expe:ieﬁce that the
. present stress test jig desién is not an optimum.one.‘ While the presentfjig
design evolvéd.as an expedient solution to a préssing problem, it is not the

best solution for the long term.
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3.0 ELECTRICAL MEASUREMENT TECHNIQUES
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3.1 General Considerations
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‘As has been pointed out, reliability teétiﬁg involves repgated
sequences of electrical'measurement followed by stress‘followed'bf
electricél measurement. Cdmparisoﬁ of before and after measurements are
used to détéctlirreversible changés brought abbut by the stressing. Since
these changgs may be small; an accuréte and highly_repfoducible
measurement system is required in order to distinguish between random
errors and effecté brdught aboﬁtfby.stress. Since.the "éfter"
measurements may be taken weeks or even months after the "before”
meaSureﬁents, the ;epéatabilify requirement is barticu;arly'severe.
Consequently, considerable effort was devoted during the coursé of the
program to establishing an électrical measurement gabability.

l_It is possible, of course, to completely characterize Fhe power quad-
rant of a solar cel; by measuring its I-V characteristic uﬁder oﬁe sun
~illumination ‘at 286C. Such a curve, while technically interesting, is of
little use in accélefated reliability testing of fhe type performed on
this program-becauée it éésentially contains too much information. One
Ean visualizg ovérlaying‘the'before and after curves and noting qualita-
.tive changes, but to quantitatively compare the two cases, as might be
done in a digital computer using a st;tisticai analysis program, requires
the measurement of a few éignificant4paramgters which reflect the cells
 performénce. Thé single mosgléignificgnt parameter which characteriées a
cell's performance is its maximum power. Thus prestre#s and poststress
measurements of egch cgllfs open circuit voltage, V,., short cifcuif
current, Ig., and series resistance, Rg, were made but it was the
maximum power output, Pp, thch was primarily examined for degradation

(or improvement) before and after stressing.
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The approach to measuring P, (and the btherAparameters) is shown in
the schematic of Figure 3.1.1. The cell was mounted in a test jig with
Kelvin probes such that one pair of probes carried the cufreﬁt while the
other pair was used for voltage sensing. Digital meteré and an. x-y plotter
read the current and voltage. Bucking variable power supplies permitted
the entire power quédrant to be drawn out as the rheostat was Qaried. A
photograph of the equipment is sho&n.in Figure 3.1.2.

Figure 3.1.3 shows the Kelvin-type cell electrical test jig. The
cell is held down by vacuum to the water cooled jig. Curreﬁt is passed
~through the entiré back surface of the cell which is in contact with. the
jig, thle voltage is sensed.by a single probe located in the center of

the jig. This probe is a spring loaded, quick-reéponse thermocouple so
"that it senses temperature as well as voltage. The'front voltage sending
probe is a clip-on contact made to the soldered lead. Since no'current is
.carfied by the voltége sensing circuit, this conqection,may be made any-
where along the lead:beyond the current ﬁarrying'cénnection with identical
results. The front current connection is a clamp to the soldered lead.
The clamp is planar witﬁ the cell's surface to avoid mechanipally stress-
ing thé lead during measurement. Each different diamefer cell has its
separate jig. The jigs are adaptable bnly to cells having a metalized A
back surface and one or more tdp surface leads;

Reversing switches not shown in,the ;chematic of Figure 3.l.1 permit
the far forward characteristic (V > Voc and re&efse current) to be
plotted. Figure 3.1.4 shows an I-V and faf;forward characterisfic typical
of traces obtained from the equipment. The'éeries fésistanée,‘Rs, cah
ﬁe determined (approximately) from thé slope of the far-forward character-
istic. This technique results in a lower limit value of Rg. The exact

values of forward current involved are not critical so.long as the I-V
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curve is lineér. In practice this often means a minimum current of 3 to 6
times the\short circuit current. The maximum far forward curreht through
the diode in the actual down-time measurements ranged only from i to 2
tines ;he short circuit éufrent. However, for the majority of cells this'
part of the I-V curve has been found to be lineaf. Where a slight curva-
ture in the far fbrward charécteristic exists, changes in Rg can still
be detected although‘absolute values can not. be determined with a ﬁigh
degrée of éécuracy. Thus thé measured Ry parameter represents a consis-
tent, repeatable lower limit value for the series resistanqe, but not
necessarily an acéuratg measurement of the actual se;iés resistance. A
more accurate determination of Rslcan ﬁe done, buf Qould reduireAan
inordinate amount of tiﬁe for fhe'quangities of units entailed.

The shunt resistance, Rgp, c;n ig‘ghebry be determided for the
slope of thg i—V<charactefistic at V=0. Unfortuantely, the sgale factors
of the illﬁﬁinate V-1 trace ére such that oniy Rgh vaiues of the ordef
of Vyo/Ige can be determined accurately. Sipce Rgh is
normally much greater than.this, thé V-1 éharacteristic is éf little use
in determining Rgp unless it_is abnormally low initially'or decreases
to a ldw value during stress Festing}

Voe is.read from thé ;oﬁtinuously monitoring.digital voltmeter
when I=0, aﬁd Isc 1s read from the continuously monitoring digital
ammeter when V=0. By readihg the data directly from meter;, rather than
‘from the V-I tracing, accuracy can be maintained to 3 significant figures;
" Thus, Voc was read to the nearest millivolt and Ig. to the nearest
milliamp.

Cell measurement thus consisted of recording the V-I char;cteristic

on a plain piece of tracing paper. Information also entered on this paper
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was the cell number, date of measurement, Voo and Ig. values as

read from the metere and the,thetmocouple reading. The maximum power
p01nt was-then obtalned by overlaylng the V-1 trace on a sheet of graph
paper on which a family of constant power hyperbolas had been drawn.
Figure 3.1. 4 shows the prOJectlon of such hyperbolas on an I-V plot. The
maximum power: point occurs where the V-1 characteristlc is tangent to the
highest valued hyperbola. In general,_because of the limited rumber of
hyperbolas drawn, an exact tanéential match could.not be'found and some
,interpolétipn was required. " It is, of course, necessary to very accu-
rately align:the V-1 trace to the master hyperbole graph. This is accom-
plished by placing marker points on the‘tpace at “"even” values'of voltage
and‘current, e.g., V = .3, .4, .5V, etc., and I = .8,‘1.0, 1.2A; etc.
-Marker points are shown schematically in Figure 3.1.4 as circles, but
.Vactually ehow up as dots of the same diameter as the trace line width, but
darker. These marker points, which are placed-on the trace by “dotting"
the pen at appropriate digital voltmeter readings after the characteristic
has been drawn, permit very aCCUtete alignment with the underlying graph.
In addition, they serve as a constant check on the stability of the X-Y
recotder. In addltion to the matker‘points a base line is also drewn to

help in alignment.
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3.2 Maximum Power Determination
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The maximum power, Pp, was calcUiated by ﬁultiplying Vo by Iy
ra;her.than attempting to determine the interpolated hyperbolic curve from
thé graph. Delerwluation of both Vp and I, graphica11y was rather
inaccurate even if interpolation were nog a factor, becauSg the two curves
usually appeared to be tangential over aé exfendea range of values.
Selection of a single tangential point becamé a "judgement call” on the
part of the observer. However, while Vo ;nd I, were individually -
;subject to errors their product was relatively accurate. If, for examplé,_
the value of Vy determined froﬁ the graph were too low, then Iy would
be'to§ high; but the product would be nearly correct. Thus Vy, and Iy
values could no£ be:determihed‘to Setter than 2 significant figures - V,
to the nearest 10 millivolts and Iy to the nearest 10 milliamps - an
order of magnitude worse than Vo, and Ig.. The product, Py, on , o .
the other hand, probably had 3 significant'figure accuracy in most cases.

The.8 1/2" x 11" sheet of tracing paper containing the V-I character-
iétic and test infprmation was filed by lof in a filing cébinet. Inclﬁded
in each lot folder was a lot sumﬁar& sheet containing the data on each ' '
cell's Voo, Ige, Vp, T, and Rg. The TAvalueé were recorded for
reference, but no use was made of them since readings were only taken .
within + 0.50C of 289C and this small amount of variation had a
negligible effect on the parameters (seg below). Rg was not recorded on
the summary sheet ‘unless éignificant changes appéared. Rg values could
always be obtained from the tfacings if needed. A glance at the summary
sheet could tell qualifatively changes that had occurred to a lot upon
stressing. A sﬁatistical analysis of the parameters in?olved key punching
tﬁe data on cards and entering this information int§ ﬁhe computef,(see

Appendix A).
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- 33 Repeatability Consideration's.
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. Two factérs in addition to the electronic instrumentation which
significantly affected measurement apcuracy and repe;tability were the
incident illu@ination and the cell température;. Both were required to beA
accuratély determined.and maingainedbconstant. The Kelvin tyée vacuun
hold down jigs were constructed with a‘wafer jacket for temperature
»control.' Water from a constant temperature bath circulated throﬁgh the
jacket. The'stanaard junction temperature for cell measurements is
specified ésAZSfé OC. A copper—constantan spring-loaded thermo-
c&uple.contacted the back side of the cell in the jig énd also served as
the Kel?in Voltége probe. Temperature was Constantly moﬁitored using a
DVM in conjunction with -an Omeég Model LXVJ reference junction. V-I
characteristics were only made at thermocouple readings of 28+ 0.50°cC.

By allowing the temperature to vary + 0.5°C rather than té o¢
notice was taken that fhe top surface of the illuminated cell was slightly
hotter than the bottom surface.

It was found that irregularities such as solder bumps on a qeil's
back surféCe could present diffiqulty in maintaining constant temperature
during measuremént. The jigs employed a gasketed vacuum hold down and a
large irregularity on the back surface would cause the cell‘tq crack when
.vacuum was épplied. If the gasket wefe removed, or the émOunt of vacuum
reduced so that'ghe force was not large enough to crack the cell, the cell
would~not be in intimate thermal contact with the heat sink over a large
area and the tempera;ure'wquld rise. 1In theory the temperature of the
heat sink could then be reduced until the cell temperatﬁre came within
acceptab;; limits. However, because of the thermal inertia of tﬂe.water

bath this would have required an unacceptably long time. Irregularities
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sufficiently severe to preclude no?mal testing procedufe were noted in
approximately 15% of ﬁhe type A cells. Since in ordef to.haQe sufficient
cells for the Phase II testing it was'not possib;e to discard these cells,
soﬁe were meashréd at a higher than normal temperatufe'hith the hope that
it would be possible:to reiate any changes observed during accelerated
stress tésipg to a 28°C equivalent value, while on others the solder was
mechanically removed by sc:aping.

To examiné the sensitivity of measured parameters to temperature, a
B-céll and an E-cell were measured over a temperature range of app;oxi—
mately i}30°C about room temperature. Curves of Voc; Ige, and -

Pﬁ for the two types of cells are sﬁown as Fighres 3.3.1 through 3.3.4.
These curveslshow that if the temperéture is heid to within + 0{5°C
dufing measurement - the.maximum error that will result is 0.5% in Vge,
0.06% in Ig., and 0.5% in Pp.

The iight source used for measurement was a 4-lamp ELH light sourée
" housed in the 7 inch diameter metal tube shown iﬂ Figure.3.1.2. A cooling
fan is also housed .in the tube. Each lamp c0uld“be,individually adjustéd
by means of seﬁa?ate@variable transformers and then all lamps simulta-
neously turned up.o; down by means of a common variable transformer. It
was observed that the lamps drifted upward iﬁ.intensity after being turned
on, but leveled out after abOup an hour. Conseq;ently, the light source
was allowed fo warm.ﬁp for an hour sefore measurements were made and %as
only shut down at night. |

A small profiling table, shown in Figure 3.3.5 was éonstfqétéq for
use in calibrating the light éource:' This table fitted over ghé cell
holder,retaiﬁing'ring (cell holder ?emoved).and could be aécuratel§
referenced to the meésufement bench by means of detent pins. The table

height was such that when a reference cell was placed on it, its surface
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Figure 3.3.5 Reference Cell in Use in Conjunction with

Irradiance Profiling Table.
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would be at the same height as the surface of a cell under test. Graph

paper was accurately positioned on the table thereby giving a coordinate
system in the cell test plane that was precisely referenced to the cell
holder. A JPL-supplied reference cell was moved over this coordinate
system and readings recorded on the graph paper. A separate reference
cell was used for each cell type. Table 3.3.1 shows the voltage output for

each reference cell type at an illumination level of 100 mW/cm?.

Cell Type Output (mV)
A 45.0
B 623
C 53.2
E 62.8

Table 3.3.1. Reference Cell Output at 100 oW/ cm?

The light source calibration procedure was to first profile each lamp
separately using similar variable transformer settings. These profiles
tended to show slight differences in the maximum intensity of each lamp,
caused primarily by bulb aging. HNext each variable transformer was ad-
justed so that the maximum intensity from each lamp was the same. Then
with all lamps set to the same intensity, a conplete 4-lamp profile was
made with the common variable transformer set to give a maximum reading of
approximately 100 oW/cm2. A typical profile is shown in Figure i 346

It can be seen that over the largest area of interest, corresponding to a
100mm diameter cell, the variation from maximum (center) to minimum (edge)
is 10%. For a cell of 3 inch diameter the variation is 3%. The contours
of constant intensity were used to locate the cell holder retaining ring.
Finally, with the reference cell located at the average contour center

(the position marked with the cross in Figure 3.3.6 and not necessarily
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the,pdsition of maximum intensity) the common variatle transformer was ad-
justedlto give a 100 mW/cm? reading per the values listed in Table 3.3.1.

The nrocedure just described is rather tedious and was only performed
when a bulb had to be replaced or -after extended periods without profiling.
The daily start-up procedure involved only the adjustment of the common
variable transformer with the reference cell .positioned at the average
countour center. Then, periodically during the day this value was re-
checked. In a test with B-cells it was found that Ig. varied by 19 mA
for‘eaeh mV change in reference cell readings. The maximum observed vari-
ation in reference cell readings over 1 day s span has been 0.4 mV (upward
drift).A This is equivalent to 7.6 mA variation in Isc or 0.6% for the
B-cell. |

The variation in intensity acroes a cell is undoubtably the weakest
point in the measurement method. Small non-uniform cell changes could
conceivably go -undetected beeause of this'variation. On the other hand
overall reprodueibility uas quite gpod. As a check on.this, ene'celf-of
each type was set aside‘as an "unofficial" reference cell. Before measur-
ing_eelis:uf a given type the reference cell was always.measured. Figure
3;3.7 shows the variation of the maximum power for ‘the "unofficial" ’
B-reference cell obtained.over -a three month period. This figure indi-
cates that P meaaurements were reproducible to within + 1% including
all measurement errors, calculation errors, temperature uariations, and

light source changes.
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4.0 TEST RESULTS AND DATA ANALYSIS
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4.1 - Stress Test Population Characteristics
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. Cells to be stress tested were érocured.from'four manufacturer;,
covering nearly the entire cell technology.spectrum represented in the Jet
Propulsion Laboratory Block II procurement. The cells were obtained inl
two pfocu:emgnts, occurring six months apart, except for the type E cells. .
The earliertqu;ntity procurement was for 100 cells each of A, B, and C
types to belused in Phase I, small‘quahtity stress testing. The later
procurement was for 400 céils of all four ‘types to be used in Phase II,
large quantity stress testiﬁg, plus 100 addi;ional type E cells for Pﬁase‘
I testing; " Table 4.1.1 gives qﬁantities and date of receipt of the
various cell shipments. Table 4.1.2 gives some of the physical

- characteristics of the four cell types. Considefable variability was
observed in the indoming condition of the éells; That is, the cells from
some manufacturers ﬁére at least superficiall& clean, while the cells from
other manufacturers arrived with oEvion surface contamination. The

‘.lnature of theHCOntamination ranged from %ingerprints to what was
.appafehtly sol&ering flux .residue. As discussed earlier the<deéision Qas

-made not to ciead the ﬁells. They were,'bowever, handled in such a manner
as to not inérease the surface contaﬁination already present, and they
weré stress tested with the incoming surfaceAcontamination.present.

Prestres; celi electrical data was analyzed for statistical bias
péing technique§ described in Appendix A. Results of the analysis, and

prespress data distributions, are contained in Abpendix B.
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Quantity . Date of Receipt at

Cell‘Type , Purchased Clemson University
AT Ak " 100 (Phase 1) | December. 1977
A 400 (Phase II) S May 1978
B 100 (Phase i) | ' December 1977
B ‘ | 400 (Phase II) ‘ : ﬁay 1978 .
C 100 (Phase I) : December 1977
c 400 (Phase II) May 1978
E j 500 (Phase I & II) ' .Julf 1978

Table 4.1.1. Cell Purchase Lots and Date of Receipt at Clemson University,

Cell Dia. Cell Thickness Antireflective Primary ‘Cell

Cell Type A(inch) (mils) Coating Metalization Technology
A . éaA . - No .. Solder P/
‘B 3 19 ~ Yes Ti/Pd/Ag N/p'
- C. 2 , 20 . Yes . Soldgf _ - N/P
E 3 15 | Mo Thick-Film Ag  N/P

Table 4.1.2. Physical Characteristics of Four.Silicon Cell Types
Subjected to Stress Testing.
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4.2 Therﬁal Cycié.and Thermal Shock

Stress Testing.
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" 4.2.1 Stress Test Conditions and Experiment Design

Thermal Shock and Thermel Cycle étress tests were performed in order’
to determine the sensitivity of stress tested cells to rapid, thermally
'indueed expansion and contraction. The two stress tesesiare-very similar'
in nature, the only difference being the rate of change of temperature and
thus the rate of change of thermelly induced stress and strain. They are
" intended to bring out thermal mismateh prob;ems (weaknesses) such as metal
- delamination, fraceure’or fatiguing, and silicon fracture ceueed by
procees—induced silicon defects or by metal-silicon thermal expansion mis-
match. Establishment‘of a relatioeshi§>befween reselts observed in‘these
‘'highly accelerated stress tests, and cell behavior under long-pefm.pse
conditioﬁs, is.difficplt. Derivation of such an ‘acceleration factor ﬁest
be deferred until more daea from field usage is aveileble, or uneil
furthe; experiments are'performed using lower stress levels. However, the
ability of these tests ;o establish reiative technological weaknesses,
sqeh as the propensity fof massively solder—coeted cells to ekhibit
silicon fracture at tab attachment points, was clearly established during
the course oﬁ the tests.

The Thermal Cycle stress test was modeled after Me;hod 1010-1 of
MIL-STDFBQBA (Appendix C). The equipment used was a Blue M Electric Com=
pany Mode; WSP-109B=3 Dual Ieermal Shock Test Cabinet. This Shock Test
Cabinet has two separate chambers, high'temperature (air ambient) apd‘loﬁ
temperature (nitrogen ambient), with'e mevable work chamber whieh-trans-
fers the stfess test samples between them at -a programmable rate and holds
the semples at high and low temperatures for pfedetermined (and edjust-

able) periods. The stress test units thus did not dwell at 25°C, as
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théy would have if two.separate ovéns with manual work transfer had been
used, but instead cycled directly from high to loﬁ temperatu?e. Note that
in Method 1010.1 the maximum dwell time at 25°C is specified as 5

ﬁinutes; no minimumm dwell time is specified.

During Phase I e¥periments, the cells were simply placed flat on a
wire rack in the movable chambeé. F&r the larger quantity Phasé II tests;
holding fixtures Qere fabricated which allowed the éells to stand on edge,
withouﬁ épplication of any mechanical force. %ﬁe effect bf these fixtures
on the thermal response of the cells was quite negligible. 'Figﬁfe 4.2.1
éhows the transient thermal reﬁponsé.of a type A cell during seQefal
-therqal cycles. Note that this cell type'was‘the mostlﬁassive of the four
cell types stressed. Tﬁe data shoﬁp in this figure Waé obtained by
soldering a thermbcouple directly into the colieétor metalization of the
cell. From the information in this'figﬁre, it bécamé clear that the
thermal response of the cells was of the order of 1 minute, anq that 10
minuté dwell times at the high and low temperétute éxtremes were suffi-
cient for temperature equilibration. Details of the combinations of high
and low témpgratures used in the experiments‘And.ra;ionalé fér the
sequences of temperature combinations used in the large scale testing'gre
discu;é;&4in Section 4.2.2.

The Thermal Shock stress test was modeled af;ér Method 1011.1 of ~
MIL-STD-883A (Appendix D).‘ For the specific test a slight modification of
Condition C of Method 1011.1 was péed. Thermal Shock étress differs from
Thermal‘Cycle.stress in thaf the unit.;o be stress tested is ﬁransferred
from‘a hot liquid to a cold liquia, and then back to the hot liquid to
complete one cycle.‘ The resulting cellvthérﬁal transient can be-seep in

Figure 4.2.2, which shows both the high temperature-low temperature
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Temperature of Type A Cell Dufing Thermal Cycle Stress.

© Figuve 4.2.1.
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-transient (Figure 4.2.2A) and the low temperature-high temperature

transient (Figure 4.2.2B) for a.type A cell. Note that in both cases the
thermal response of.the cell was approximately 10 seconds.

For the actual thermal cycle stress tests a high and low temperatgre
dwéll time of five miﬁutes was used. 'fhe high teﬁberature was aéproXi—
mately 140°C, sgt byAthe boiling point of thé FC 40 FluorinertT!

test fluid. The low temperature was approximately -65°C. FC77

, Fluoriner;T“ test fluid was used for the low temperature bath, and the

low temperature was achieved by par;ially subnerging a stainless steel
beakef (filled wifﬁ FC77) in a dewar flask Which:was filled_witﬁ a mixture
of mgthanol and dry-ice. This mixture has a stable phase at -78°C.
Thermal transfer to the beaker resulted in the -659C FC77 temperature.

The physical transfer of cells from hot to cold and vice versa took less
than 2 seconds. The heating and cooling of the ce}ls'during the transfer’
can be seen in Figure 4.2.2 as the linear riéé and fall in tempefature
indicated by the arrows; from this the transfer time can be accurately
determined.

During the Phase‘I experiments the cells were suspended by clips on
the tabs duriné stress testing. Further experimentation showed that no
apparent démage occurred by clipping directly to the cells with small
alligator clips, and all large quantity thermél shock tests uged this

technique.

4.,2.2 Thermal Cycle Stress Test Results
initial experimentation and subsequent larger quantity stress testing
showed that physical results of thermal cycle stress fell into three

general categories: .
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Type X Breaks. Type X-breaks': involved conchoidal silicon fractures, ‘
under metallzatlon generally at the tab attachment point. Some units of
all four cell. types exhibited this effect at some point in the thermal
cycling. schedule, inciuding both Phase 1 experiments and Phase IT stress
testing. Examples of the most common types of tjpe X break are shown in
Figures 4.2;3-throughv4.2.5. In so&e of these figures the overlyipg metal
has been peeled back to exhibit the-conchoidal fracture. Although the
fractutes shown in the last thtee,figures were the mest comﬁon Type X
breaks observed, some cqnchoidal fractutes occurred in other areas of the
Type A cells. -These other areas were under the collector metal, "some
distance away from the tab attachment area.

Type Y Breaks. Type Y breaks involved delamination of metal over

unfractered silicon.A In some ceses the metal delamination occurred in
‘conjunction with conchoidal silicon fractures. Two distiect types of type
Y breaks were observed. One type involved delamination of front-eide A
rnetal, both collectors and grids in some cases, and occurred only with
tyee A cells. Figure 4.2.6 shows this delamination for a type A cell

' wﬁich had been subjected to 10 thermal cycles OOC to +1500C to 0°C

and 10 thergal cycles -2506 to +1509C to -25°C. The other type of Y

break invdl?ed peeling of backside metal, and was oeserved only for type C
celis.‘ An example of this result is seen in Figure 4.2.7. The cell in
-this figure had been subjected to 10 thermal cycies 0°C to +150°C to

0°C, 10 thermal cycles -25°C‘to +150°C to —25°C, and 10 thermal

cycles =-450C to +1500C to -45°C. The backside solder was manually |
peeled back to better demonstrate the effect in the photegraph. A notable
point in connection Vith this type of metal delaﬁination wasAthat during t’

act of manually peeling the metal; a gas was released from under the
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Figure 4.2.3. Type A Cell with Conchaical Silicon

Fracture at Tab Attachuent Point.




Figure 4.2.4. Type E Cell with Conchoidal Silicon

Fracture at Tab Attachment Foint.
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Figure 4.2.5. Type B cell with Conchoidal Silicon Fracture at Tab Attachment Point.




Figure 4.2.6. Type A Cell with Collector and Grid

Delamination (Type Y Break).
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Figure 4.2.7. Type C Cell with Delamination

of Back Metal (Type Y Break).




solder. The gas had an acetic acid-like smell, and was evident in all
type C cells which showed delamination.

Type Z Breaks. Type Z breaks were relatively long silicon fractures,

apparently along preferred breakage planes of the silicon slice. This
sort of fracture occurred only varely, and in thermal cycle stress testing
occurred only with type A cells. Figure 4.2.8 and 4.2.9 show two differ-
ent views of a type A cell which exhibited a type Z break. It was ob-
served that these type breaks always occurred either in the vicinity of
the tab attachment points or in association with relatively massive solder
irregularities ("lumps”) in the rear-surface solder of type A cells.
Partial removal of any existing solder lumps by mechanical scraping before
stress, necessitated by the planarity requirements of the electrical
measurement jig, undoubtedly lowered the frequency of cccurrence of type Z
breaks in the subsequent thermal cycle stress tests. It should also be
noted that to a degree type X breaks at the tab attachment point and type
Z breaks are probably caused by competing prcossses. The occurrence of a
type X break at the tab attachment point shculd reduce the mechanical
stress level in the vicinity of this point during . subsequent thermal
cycles and thus should reduce the likelihood of cccurrence of a type Z
break. The occurrence of a type Z break will not generally reduce the
likelihood of a subsequent type X break under further thermal cycle
stressing.

Initial thermal cycle experimentation was performed according to
Condition C of lfethod 1010.1, MIL-STD-883A, using Phase I cells. Physical
results of these experiments are shown in Table 4.2.1. Curiosity about
the influence of rear-surface solder-lumps (type A cells), changes in type

A front-surface metalization geometry between Phase I and Phase II cell
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Fizure 4.2.8. Type A Cell with Long Silicon Fracture (Type Z Break).




Figure 4.2.9. Type A Cell with Long Silicon Fracture (Type Z Break).




Cell TZEe
A (3 cells)

B (4 cells)
C (4 cells)

" E (4 cells)

| Ceil~Type-

A

1 Cycle

No Effect

No Effect

No Effect

llo Effect

Table 472.1.

U
L

(4 cells, solder bumps)

'A .

. (3 célls, né_soider bumps) -

‘A

c
(3 eells)

(3 cells, solder bumps)

Table 4.2.2.

5 Cycles

I Type X Break
1 Type Y Break

. No Effect

No Effect

‘: No Effect

pper Teuperature/
ower Temperature

+1500/-65°C

. +1500/-659C
+1500C/=259C

+1500¢C/-2s0C

10 Cycles

1 Type“X Break
2 Type Y Breaks

No Effect
2 Type'x Breaks

Ne Effect

Results of -65°C to 1509C Thermal
Cycling, Phase I Experiments.

Observation

All Type Z Breaks
After 1 Cycle

All Type X Breaks

. After 1 to 5 Cycles,
All Type Z Breaks

After 5 to 7.Cycles.
Oné Type Z Break
After 5 Cycles; A
No Further Effect to
20 Cycles.

NG Effect to 20

Cy;lgs

Results of Thermal Cycling
Experiments, Phase II Cells.
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populations, and the sensitivity of both type A and type C cells to
4'reduced amplitude thermal cycling led to further experimentation. Physi-
cal results of this experimentation are shown in Table 4.2.2. Electrical
results of all the Phase I expcriments showed fairly small effects. How-
ever the cells were in a relatively aoeptic environnment doring the thermal
cycling and electrical measurement operations; the field environment of a
module would be quite different and electrical effects of the various
"breaks” may soow up in real time; Also, the tab pull-strength_was
clearly degraded for several of the cells. |

In light of the results of the thermal cycling experiments, the step
stress schedule shown in Toole 4.2.3'was‘designed for uselin_thevlarge—
.quantity stress testing. Summaries of the results of thermal cycle
vstressiﬁg using this scheoule ére'givén in Tables 4.2.4 through 4.2.7.
Figures 4.2.10 through 4.2.13 showlthe behaﬁior‘of toe P, distribution
and che behavior of the lot mean Py with increasing stress, for the four
cell types. - In these figures the P, data was nornalized to the prescress
mean Pm, and the normalized P is shown as "Standardized Pg." |

The electrlcal data shown in these tables and figures can be misleading
because catastrophic fallures were removed and not counted in the mean Py
calculation.' This is especially true for the type A cells since by the final
measurement down-time, half of the cells had been removed from the test
population as catastrophic faiiures;~ These were- cells which were so badly
broken that obtaining meaningful electrical,meaSurements was problematical if
not impossible. Thus the apparent improvement in Py between thc last two
measurement down-times for the type A cells was surely -an artifact caused by

removal of the two "worst” cells due to catastrophlc fallure.
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Stress LeQel/ No. of Cycles Test .Population* Electrical

Down-Time No. } Measurement

00z - + 1509C/(1) 0 12 yes
+ . .

-250C - +-150°C/(2) 10 - 12 , yég
+ : .. )

_450C - + 1500C/(3) 10 SRV fo
) ,‘ . A

-650C - % 150°C/(§) 10 o 12 . yes

-650C - + 150°C/(5) 10 A . no
+ |

-650¢ -+ 150°C/(6) - 15 - 12 o yes

*Test population does not count eight cells removed for contact integrlty
testing after three down—tlnes.

Table 4.2.3. Thermal Cycle Stress,Test‘Scheddié.
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TYPE A THERMAL CYCLE

Mean Percent

+i0 cycles —456° to +i50°
+35 cycles —65° 10 +1i50°

Stress Level No. Cells | No. Cells .

(Cumulative) Surviving Catastrophic [Decrease in P
~ ' cumulative surviving

cells ONLY

INITIAL 20 o .

10 cycles 0°.to +i50° 20 0 4 2.86
10 cycles O° to +50° .

+10 cycles —25° to +i50° 26* ‘ 0 6.55
10 cycles 0° to +150°

+10 cycles —25° to +I5C° '

+10 cycles —45° to +i50° 8 - 4 10'53.
+10 cycles —65° to +i50°

-. IO cycles 0O° to +i50° o
+i0 cycles —25° to +I50° 6 6 4.0'0

38 CELLS REMOVED

Table

4.2.4.

f

FOR CONTACT INTEGRITY TESTING

Summaryvof'Results of

Thermal Cycle Stressing, Type A Cells.
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TYPE B THERMAL CYCLE

+10 cycles —45° to +I50°
+35 cycles —65° to +i50°

Stress Level No. Cells Nd Cells |Mean Percent
(Cumulative) Surviving Catastrophic |Decrease in P
cumulative..  {surviving
: ceils ONLY
| INTIAL 20 0
10 cycles O° to +150° 20 - 0 3.2
IO cycles O° to +I50° o 20, -0 ‘ ..|..72
+10 cycles —25° to +i50° S
10 cycles O° to +150°
+10 cycles —25° to +I50°
+10 cycles —45° to +150° H ! ~1.59
+10 cycles —€5° to +i50° :
IO cycles 0° to +150°
+i0 cycles —25° to +i50°
I I -1.02

%8 CELLS REMOVED

Table

FOR: CONTACT INTEGRITY TESTING

4.2.5, Summary of Reéults of -

Thermal Cycle Stressing, Type B Cells.




TYPE C THERMAL CYCLE

Stress Level - No. Cells |No Cells |Mean Percent
(Cumulative) - ' Surviving | Catastrophic [Decrease in P
- : curuiative  [surviving

' cells ONLY
INITIAL .1 20 | o]
0 cycles O° fo +150° | 20 o .50
* | |
0 cycles O° to +50° 20 o0 - | 189

+10 cycles —25° to +150°

IQ cycles Q° to +i50° : ‘ ‘
+10 cycles —25° to +15C° i ‘ A

+0 cycles —45° to +150° 10 2 1.€5
+1i0 cycles —€5° o +i50°

IO cycles 0° to +150° :
+0 cycles —25° to +i50° ‘- o

+10 cycles —46° to +i50° 10 - 2 372
+ 35 cycles —65° 1o +i50°

¥ 8 CELLS REMOVED FOR CONTACT INTEGRITY TESTING

Table 4.2.6. - Summary of_Resulté of

Thermal Cycle Stressing, Type C Cells.
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TYPE E THERMAL CYCLE

- +35 cycles —65° to +I50°

Stress Level. No. Celis No. Cells [Mean Percent-
(Cumuiative) Surviving Catastrophic [Decrease in P
cumuiative: - {surviving
) cells ONLY
INITIAL 20 0
10 cycles 0° to +150° 20 o -1.75
I0 cycles O° to +i50° 20* o - 64
+10 cycles —25° to +150° ,
10 cycles 0° to +i50°
+10 cycles —25° to +150° | '
+00 cycles —45° 10 +i50° | O 3 2.85
+10 cycles —€5° to +I150°
IO cycles 0° to +i50° _
+i0 cycles —25° to +i50° o) 12
+i0 cycles —45° to +I50° *

38 CELL REMOVED FOR CONTACT INTEGRITY TESTING

Table 4.2.7.. Sumnary of Results of

Ihermal‘Cycie Stressing, Type £ Cells.
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On thé other hand, the relative insensitivity pf"Pm for the:type B

and C cells demonstrated in Figures 4.2.11 ané 4.2.12 1s real since
essentially no catastrophic failures were found for these types. lowever,
as discussed below, insensiﬁivity of Pp fo thermal cycle stress 1is not.
necessarily a good measure of the overall effect of.ghé stfess on the
cells. A more défailed picture.éf-the effects of ‘thermal cycle stressing
can be obtained from the information in Tabies 4.2.8 througﬁ'A.Z.ll. In
these tables are shoWn the visually observable physical effects of the
thermal cycle stress. They show that fracturing, délamiﬁation, etc.,
occurfed much earlier in the stress testing than the electrical da;a would
indicate. The Type X breaks shown in. the tables were essentially all located
under the tabs. As discussed earliér,ithe cells. are in a relatively aseptic
environment during the thermal cycling and -electrical measurement béerations;
the field environmment of a module would gé quite different and electrical |
effects.of the fracture may show up much sooner. Thus the physical effects
observed are probably more:sigﬁificant than the effects shpyn by méaSurement
of the ele;trical paraméteré. |

~ From the information-in Tables 4.2;4 through 4.2.11 it is clear that the
"tab attachment areé is a likely failﬁre point'under thermo-mechanical stress
~for'ali but type C‘cells. This is true even for type B and E célls, which
had very small amounts of soider used in the tab attachment operation.‘
S;rangely, the worst—pegforming cell under thermai cyéle'stress was the
heavily solder-metalized type A cell, and the best performing cell‘was the
heavily sélder—metalized type é cell. Qithout detailé of the-substrate |
'silicén characteristics,ahd the lead attachmentﬂprocess it is not possible to
determine ghe séurce of this performance difference, although éeveral possi-

bilities exist. The subject of tab related, thermal cycle~induced type X
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Cells Exhibiting. Cells Exhibiting Cells Exhibiting

Down-Time Cells in Type X Breaks. Type Y Breaks Type Z Breaks
No.' . Test* (cumulative) (cumulative) (cunulative)
1 2 o 0 | 0
2 11(omne 5 o o . 0
accidental ' ' '
breakage)
3 1 9 | 5 ’ 0
4 11 10 5 1
s .8 10 e 1
2

6 ' 8 ' 10 10
*Cells eventually removed for contact integrity testing not counted in
totals. n

Table 4.2.8.: Physical Effects Observed During Thermal Cycle
Stress Testing, Type A Cells.

Cells Exhibiting
Tvpe X Breaks

Down—rime No. Cellé in Test*, . - (cumulative)
L. 12 T o
2 _'. 11(one accidental 2
: : breakage)'
3 - i - 6 .
4. no | 6
5 _ 11 | 6
6 . o o B
. ' *Cel;i eventually reﬁovéa for contact integrity téscing not counted in
totals. K

Table 4.2.9. Physical Effects Observed During Thermal Cycle Stress
' Testing, Type B Cells.
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Cells Exhibiting
~Type Y Breaks .

'Down-Time Mo.  Cells in Test* " (cunulative)
L 12 , , 0
2 o 12 N 0
3 o 12 s
6 12 | 6
5 . 12 A T
6 12 ' | 7

*Cells eventually removed for contact integrity testing not counted in

Table 4.2.10. Physical Effects Observed During Thermal Cycle Stress
.Testing, Type C Cells.

Cells Exhibiting
Type X Breaks

Down-Time No. Cells in Test* (cumulative)
1 : 2 © .. 0
2 o 12 | o
3 12 : : 2
4 12 ‘ 11.
5 2 12
6 . 12 | 12

#Cells eventually removed for contact integrity testing not counted in
totals.

Table 4;2.11.. Physical Effects Observed During Thermal Cycle Stress
. Testing, Type E Cells. .
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breaks~cercainly deserves further investigation since some.of the observed
.fractures occurred strangely early, under stress conditions which would be

considered benign for other semiconductor devices.

4.2.3 Thermal Shock Stress Test'Resqlts

Initial tﬁermal shock expefimenﬁation wa; performed according to
Condition C of lMethod 10ll.1, MIL-STD-883A, using Phase I cells. Ph§sicél
effects observed in the experidénts_weie similar- to the results found in
thermal cycle experiments. For the largé-scale thermal shock stress
,testing.ig was decidedlto use the stress test échedule shown in Table
4.2.12, which is based on Conditioé C of Method 1011.1. Physicai results
of thermal shock stress testing are shown below in Tables 4.2.13 through
4.2.16. Parameter distribution and lot mean P behavior is shown in
Figure 4.2.14 through 4.2.17 for #he variouﬁ ddwn—timés in the thermal'.
-'shock stress testing. As-discussed for the thermal .cycle reédi;s, the
'eléctrical data ‘showm in‘theée figures must be considered in the light of
the relatively cléan stress test and electrical measurement enQironmént.
AlthoughAonly Qery minor electricgl effects are maﬁifested in the above
figures, it is clear -that ;he cells ghemselves were damaged during
stressing. In many individual cases oély the metal itself held tabs on,
or held parts of cells together, after.ceils were subjected to thermal
shock. - |

The physical and electfical.résults of thermal shock stress testing
A generally agreed with results from thermal cycle stress testing.  For
example, the type A cells performed worst and the type C cells performeﬁ
best underAthermal shock stress. Also! delanination of backfside.hétal of

.type C cells was accompanied by the same acetic acid-like smell noticed
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Stress Level No. of Cycles

(cumulative)
-659C - + 1500C 5
-659C - + 1500C 15

-650C - + 150°C - 35

*Test population does ‘not show seven cells removed for contact intégrity

testing after one down-time.’

Table 4.2.12. Thermal Shock Stress Test Schedule.

Test Population* Electrical

Measurement
8 L yes
8 . } yes

8 A yes
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101

No. of Shock
Cycles
(cumulative)
8
15

35

No. of Shock
Cycles
(cumulative)
5
15-

35

No. of Type Y
in Test ' - Breaks . Breaks

No. of Cells No. of Type X

(cumulative) (cumulative)

: s e
8 8 S BT
8 8 ' 3

Table 4.2.13. Thermal Shock Response of Type A Cells.

No. of Cells No. of Type X No. of Type Y
in Test ’ Brealks . Breaks
- (chmulativg). (cumulative)

8 - ' 2 e )

8 2 i

8 _ 2 - | 4

‘Table 4.2.14. Thermal. Shock Response of Type B Cells.

No. of Type Z

Breaks

{cunulative)
5 .

6

No. of Type Z

Breaks
(cumulative) -

0
9

1(18 cycles)



No. of Shock
Cycles
(cumulative)
5
15’

35

T01

No. of Shock
Cycles .
(cumulative)
5
15

35

No. of Cells Mo. of Type X No. of Type Y
in Test _ Breaks Breaks
(cumulative) (cumulative)

8 0 - ‘ 0
8 0 ' 1
8 ‘ . 0 1

Table 4.2.15. Thermal Shock Response of Type C Cells.

No. of Cells ° No. of Type X No. of Type Y

in Test Breaks : Breaks
(cumulativg) (cumulative)

K | 1 0

8. T4 0.

Table 4.2.16. Thermal.Shock Response of Type E Cells.

No. of Type 2
Breaks
(cumulative)

0

0

No. of Type Z'
.Breaks
(cumulative)

0

° )
1(17 cycles) |
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during thermal ;yclé stress testing. Interestingly, fewer conchoidal
ffactures under ﬁ&bs were observed under thermal .shock than under thermal
cycle, for all‘buf the. type A cells. Why this would be so is not gléar since
the thermal shock stress testing is a more rigorous regimen than the thermal
cycle stress, at‘least as conducted in this research. The préviously noted
relative insensitivity, in’ the iaBoratory environment, of ‘cell electricél
parameters to gross physical démage was also found fo hold for thermal sﬁoqk

stress.
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4,3.1 Stress'Te$t~Condition; and Experiment Design
= Bias-Temperature stress testing was performed in ordér to delLermine
the sensitivity of solar cclls to degradation which is accelerated by
current flow, or high temperature, or Both. Degradation mechaniéms which
couldAbe=acce1erated by'these,facfors include junctibh ﬁenetra;iéﬁ.By
'metglization, electrémigration, Segregagipn effects or voiding in the
metaliéation system which in turn could lead to high series resistance or
poor metal or ﬁab adberence;'and other metal-related phenomena. Consider-
ing the spectrum of mechanisms thét could be accelerated by the stress
conditions, this stress test was considered a key test which, if done
right and if the laws of physics permit, would allow a dse;condition
degradﬁtion.tate to be obtained by extrapolation. ‘This degradatiod-rate
("failure™ rate) would'of'coufsé'be that due only £6“§urrént and tempera-
ture aﬁd the additional degradatibﬁ due to any other use-condition stress
would be additive. A standérd test which is similar in intent and
implementation is "Steady State Life," Method 1005.1, MIL_-STb--88'3A." '

In order to propefly conduct the stress test(s) three conditions had
to be determined: test temperature, the amount of current flow énd its
direction (forward or reverse), énd the.number of units to bé’used in the
test(s). A fourth condition, the number of hours of test durétion,'is not
independent of the number of units on‘fest, and to ‘some extent a direct'
tradeoff of test duration and test pOpﬁlation size éan Ee done. Of
course, the final choice of all of the conditions was heavily'wéighted by
practical considerations. AFor example, the maximum stress téétztempéraﬁ
ture was determined by the meltlng temperature of the solder which was
‘used to attach tabs to the cells. The solder melting temperature was

. found to be in the range 171° to 175°C for all four cell types.
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Consi&ering heating due to applied bias, and péssible tést.chambe; témper-
ature variations, the upper temperature limip for stress testing was
chosen to be 165°C. Thé 1owér.limit for the étress testing was chosen
keéping in mind the possible'ﬁpper temperature limit in normal operation,
wﬁich could be somewhat in excess of 50°C. If was decided that a stress
test teﬁperature of 759C was sufficiently close to 50°C to,insuré thét

anomalous degradation mechanisms wbuid not be activated, but high enough

that. some useful acceleration of degradation mechanisms would occur. Thus,

for example, mechanisms which broceéd according to an Arrhenius relation-
ship with an activation enefgy of 1 eV would be accelerated at 75°C by a

factor of 12 relative to their rate of 50°C, and by a factor of 144

‘relative to their rate of 27°C. Knowing the upper and lower temperatu:e

1imits,'it remained to decide how many tempefatures should be used, i.e.,

"how many separate, parallel bias-temperature stress tests should be con-

ducted at what temperaturés. It was deéided.to_perform one stress test aﬁ
75°C primarily as a control test. Since 759C was so close to use
conditioné little degfadation was expected in the amount of time available
for testing (significantly less than one year),,but as a mattér of good
engineering practice'this fest temperathre was inclﬁded; A stress test'at

1659C was included because degradation should occur most rapidly at the

- highest feasible temperature. It was decided to perform two other stress

tests, at 150°C and 135°C. These temperaturés afe also high enough to
give considerable acceleration.to most possible.degraéation nmechanisms.
Taken with the l§5°C test, resﬁlts from these high temperéture tests
should define threé points in ﬁhe degradation rate-inverse'température 4

quadrant; idéally,.degradation rate at room temperature could be obtained

.by extrapolation from these points even. if no significant daté were
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obtained‘from the 759C stress test. Practically, four bias—temperature
stress fests were the m;ximum which could be pefformed under the existing
liﬁits of time and money.‘

The amount of current flow,'and the direction, were determined by
compromise from practicél conside?ations. There is a fundamental compro-
nise to be made Between bias polarity'aﬁd direction of current flow, sincé

'without insolation, if the bias polarity is the same as that.under géner-
ating conditions, the direction of current flow is opposite to that under
geqerating conditions, -and vicé versa. For terrestrial solar cells surface
instébilities‘such as occur in integrated circﬁits are not expected, thus
the polarity of the bias voltage would éppear to be immaterial and the
proper choice Qould seem to be that which allows current flow in the
b"prdper" direction. 'However, this would result in reverse bias being
applied to the p-n junctién,.and in order to achieve appreciable current
flow (e.g.,‘of the ofder of Ig.) most of the cell types. would have to

be oﬁérated'in_reverse Breékdown. The reverse breakdown vbltage ranged'.'
Betwéen 5 aﬁd more than 20 volts for the cells investigated, except for
one type that showed resistiQe réverse characteristics and for thch
'BreakdOWn-was not observed. Thus fof stfess_tést cdnditions using reverse
'bias the cells would have been under conditions ofvlarge'and Qariable
‘power dissipation, and withAut heat—sinking'the cell temperatures would
have varied widely. It was thus decided for practicai reasgns,(e.g., the
inability to prqvide temperature chamber sﬁace and fixturiné for large
numbers of ﬁeat-sunk.cells)'té stress tﬁeAcells with forwgrd voltageA(the
"proper” polarity) and diode forward current (the “opposite” polarity).
Current levéls were chosen as roughly equal to 1;7 times isc' Table
4.3.1 shows valueé of cell current used in the stress tests. Experiments

showed that single cells 6perated under these'COnditipns in the stress
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test temperature chambers had témperatures approximately 1°C to 20¢

above ambient.’

. Cell Diameter (in.) Forward Current (A)

A oo o o .. ) .

 Table 4.3.1.  Forward Current Used in Bias-Temperature
Stress Tests. ' .

Determination of the test pdbuiétidﬁ size and fhe total stress time
- for éach”bias-tgmperathre’étfess tésf was diffiCult in'yiéw:df'the'almosg
-completé lack of pertinent pfibr degradation rate dat#. The test popula-
tiﬁns.were rgquired to be large enough that’ ‘infant mortalities could be
‘idéﬁtiffed as such, and large enougﬁ that real, but seemiﬁgly minor
changes in electrical pafameters'could:be discriﬁinated:n On the other
ﬁand, they Qefé~re§uired to be small éhéﬁgﬁ”éd be ‘accommodated with avéil-
able éfress test facilities, and smali'éﬁough'for meaningful.electrical
and pﬁyéféal data acquisition. Note thit the considerations of population
" size and test duration interdct with the number of ‘stress test‘teméerA—
tures when stress test"fégility and electrical measurement capacity limits
afe under examination. A Simplistig techniqué,was'ﬁéed in order to scope
the experiment design problem. First simulations were performed which
indicated that if the "failure rate” (to some undefined criterion) were
.coﬁétant, observation of 15 “failures"” would permit sétisfac;ory definiton
of the "failure rate” and Fhe reasonable assurance that it was in fact
constant. Thén it was assumed that under conditions of 55°C cell -
temﬁé}éturé;‘tﬁe cells ﬁéul&_ekhibié'a "failufe rate” of IZ/ZO_years;
again ﬁ; aﬁAuﬁdefihéd criterion. It mightvbe said that if the
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failure rate was non-interacting and was in fact 12/20 years,ithen the
whole question of cell reliébilicvaould be unimportant. However, for
_purposes bf experiment dgsign it is far better to assume a too low
degradation orA"failure"irafe tﬁan it is to assume a too high value. It
was further assumed that the ;emperature dependence of the dégrading
‘mechanism was describable by an ArrehhiuS'reiationship wiﬁh activation’
épergy of 1 eV. Under these assumptioﬁs, thé‘test population sizes
required to observe at least one failure in 5,000 hours of test; at the
90% confidence level; wereAcaICulated as 1850 at 75°C, 14 at 135°C, 5

at 150°C, and 2 at 1659C. Thus test. populations of fairly reasonable
size, and stress tests of reasonable duration (e.g., 30 units at 165°C
and 75 units at 150°C, for 5,000 hours), appeared to have a good chance .
of proncing significant results from the high temperature tests under the
experiment design assumptions. On fhe ofher hand, the above scenario
predicted that no usable results wbuld proceed from—tﬁe 759C  stress test
eﬁeh for inordinately large test populationé, in 5,000 test hours.

From results of the analysis described ébove; and in light of capac-
ity and absolute time limitationms, the stress test schedﬁle of Table 4.3.2
‘was designed. Actual test duration during the first year's effort is also
"shown in’ the table. |
In ‘order to provide preliminary.information on degradation rates,

Phase I experiments'we;e performed using step-gtress Cesting;' Quantities
of 5 units per type, temperatures of 75°C, 1059C, 150°cC, and

1659C, and time per .step of 150 hours, were used in these expériments;
Results from these experiments wetre intended to allow the pféper choice of
initial down-time for the iarger quantity tests and to insure that

anomalouély rapid degradation would not be encountered.
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Stress Test Initial Test Planned Test Actual Test

Temperature (°C) Population v Du;atidn (hr) Duration (hr)
75. o so 3,000 2,800
135 50 J 3,000l : 2,300
150 - L t40 2,000 : 1,380
65 40 2,000 B 1,180

Table 4.3.2. Bias-Temperature Stress Test Schedule.

4.3.5 ‘Bias-Temperature.Stfess Test Results

Initial bias—-temperature stress test experihentafion was'performed
using the step-stress schedule discussed in Section 4.3.1. Ffoh results
of this experimentation‘initial electrical measurement and inspection dowd
times were chosen. ’Subsequent down4times were selected codsidering both
the resdlts obtained at earlier:down-tides and electiical measurement
cepacity. Table 4.3.3 shows actual down-times for the four bias-
semperature stress iests.‘ Results of these stress tests are sﬁown in
Figures 4.3.1 through 4:3;16. Tﬁese figures show the behavior of the

P, distribution and the mean Py at each of the four bias—-temperature

‘ stress levels. The discribution plots shown in these figures coupled with

the lot mean Py, graphs allow estimates of the behavior of both the Pm

mean and dispersion w1th bias-temperaQure stress.
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Stress Test . . A' First ,Sécond : Third ' ’ Fourth
Temperature (9C) Down-Time (hr) Down~Time (hr) Down-Time (hr) Down-Time (hr)
75 . ‘4t'}i 966 : 1481 | : | 2000 ‘ | 2800
135 600 ' - 9:58 f 1500 | 2300
150 - o | 282‘ _ R 538 - 800 1380
165 148 ' 362 ' . 600 - 1180

LTT

Table 4.3.3. Down-times for Bias-Temperature Stress Tests.
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Figures 4.3.17 through 4.3.24 allow comparison.of fhe cell Pp, -
response by cell type and stress test temperature; In these ﬁigures the
mean percent decrease in P is piotted veréus éﬁress test timé. Hote
that there is a difference in principle between thé percent decrease of
the lot mean Pn and the mean percent decrease of Ponn a pef cell
basis. However, tﬁis difference was numerically very‘slight,for'tﬁé large
lots used for the bias—-temperature stregs tests.,

From results sﬁown in:the7prévi§usly referred to.24_figures it is
clear that ho degradation iﬁ P, was experienced by type B cells, and
that'relatively severe and consistent deér&dation in P, was experienced
by type A cells. Legs obvigus is the-response of the type C'and E éells;'
From Figure 4.3.23uit is clear that for type C cells a generally monotonic
(though small) decrease iq Pn witﬁ stress time was observed for the
Higher two stress gempératures; haﬁgver,.the results from the two lower
temperatufe tééts show no discernable Pn degr;dation,' It is clegr thaﬁ
additionalAdata is required before the duestion of degradation, and
degradation rate, can be reéolved for this cell type. For type E cells it -
is somewhat clearer that degradation occ;rred.in Eias-temperature testing.
However, ‘the amount of degradétion was. smaller than that shown by the
type A gglls and again Qas eﬁidenf oﬁly in the two higher temperature
stress tests.; Interpretation of this data is made aiffiCult by the large
incremental degradation shown at the last down-time. . Thus additiénal data
is also required for .this cell type before degradation, and deéradétion

rate, can be quantified.
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For the type A cells, anai?sis of I-V far-forward data éhowed that
the observed degradétion'in P, was due at least partially to an increase
in Rg. As.an example of the influence of increaS%ng Rg oﬁ the cell
I-v characteriéticé, Figure 4.3.25 through 4.3.27 show I-V data for a
typical cell subjected to the 165°C'bias—temperature stress and for a
:best-case and a worst-case cell. The inCréasé in Rs»witﬁ increasiﬁg
stress tesé time is evident ‘in all three figures. Figure 4.3.28 shows the
behavior of Rg with biéé—temperafupe stress time for a typical cell from
each stress tgst'lot. Although»iﬁcrease:ih Rs.certainly accounts in
large part'fbf-ﬁhgjpbserved decrease'iﬁ Pgifor these celis, the épecifié
mechanisnm responsiﬁlewfbr theAiﬁcrease has not been identifigd.

From'earlier discussion it:iévéleaf‘that projections to use condi-
tiénsﬁﬁf degradatioﬁ réte due sfrfétiiﬁfo’bias and temperaﬁure are not
warraéied by the data fo£ three cell £ypes}x‘In fact, the type B cells
invesﬁigateé did not degrade under this sﬁr?ss to any detectable degree.
However, daﬁa for type A cells dogs permit a-;rude extfapolation to ﬁse'
gonditions. 'In order to do this it is necessafy.to somehow extrapolate
(6r interpolate) the Py degradation data for the various gests to a
-common degradation.level. It waé noted that a plot of thg cumulative~
mean'percent degradation versus tiﬁe on lognormal paper results in

acceptable sﬁraight lines for three stress test temperatures, 75°C,
iBSOC, and 1659C., Such a plot -of the data is.shown in Figure

4.3.29. Note from this figure that the 75°C, 135°C, and 165°C,

data is fitted by roughly paraliel straight lines, while the 1500C

‘test data appears to be anomalous.. Other types oflﬁlots of the raw data
wefe made and in every case fhe‘lSOOC data did not fit the pattern

exhibited by the data from the other three tests. The 150°C stress
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'feét data Qas>thus ignoéred in sUbsequengzéﬂé;ysesi>Mfigure 4,3.30 shows
lt%e behavior of ‘the time to 10% Pp degradafion versus in;erse absolutg
stress test témperature, for type A cells. In this figure are shoﬁn two
straight iine'fits to the three daté points. Line A was obtéined
ignoring the 165°C stress test déta altogether, énd is attributable to

a mechanism having an acgivation‘energy of slightlf greaper'than 0.4 eV;
Line B wés obtained taking‘into account all thrée data points. Al though
‘"fittihg" a st%aight line té fhree‘data points such as shown in the |

. figure miéht seen p:ésumptuous, it is of course commonly done in"
reliability work., Line»B'is describgble by a mechanisé having *
activétion energy in the'néighborhood of 0.6 eV. Ex;rapqlatidn_pf the
two lines to 50°C results in a range of 2 x 104 hr to 7 x.iO4 hf

(2 té 10 years) as an estimate of the time to 10% degradétion for type A
cells at that temperaturé.

‘Although the analysis above was doﬁé in order to obtain:somé infor-
mation on use-condition degradation rates due”striétly;to current and "
temperature,;the data élearlyvdoes not warrqng a literal interp;etation
of the resu;ts of the extrépolation. Fér more data will be reé;ired
before definite "life™ prediction can bé done for these or ‘any Qtﬁgr
cell types. What the data absolutely does show-is thaf‘the celi; do
exhibit definite Pp degradation under the stress test conditions eveﬁ'
at relatively low‘témperaturés, and that this degradation is associated
.with an increase in Rg. Tﬁe analysis perfdrméd to.date'does not give':
insight into the responsible mechanisms; |

A p?yéical effeét éommon to all cell typeS'waSWdiscd;oration of

collector and grid metalization and back metalization. The degree of

discoloration observed varied bgtﬁeen‘céll types, as of course did the
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metalization type, but appeared to be most severe on type B and E
(silver-metalizea) cellé. Colors observed ranged from dull gold to
brownish-green and reddish-brown, with many shades in between. Inter-
estingly, definite patterns were.observed on the back metal df the types
B and E cells. The backs of type é cells showed a rectangular grid of
circles approximately 3/16"'in diameter at the second and subsequent

down-times, while the type E cells showed discoloration in the pattern

of the collector metalization at the last down~time (but not before).
" The "circle pattern” was' also observed on type B units subjected to

power cycle stress.

Other physical effects, such as minor bubbling of the collector
metalization and partial failure of the AR coating for type B cells,
were noted for various cell types at various points in the tests. How-
ever, the solder—metaiized cells showed a common effect, that of hollow
bubble formation in'both front and back metal. 'The bubbles ébse;ved
were common, 6ccurring either on front metal or back metal or both in
prdactically evefy cell of tHesé two types tested, and iﬁ>many cases were
fairly largev(l/lﬁ"Adiameter). Type A cells exhibited collector and
grid bubbles to a iarger extent than did type C cells. These bubbles
occurred least freduently.( 30% of the stress tested éells) in tﬁe
75°C test lot. ‘in most cases the 5ubb1é$ for both cell gypes had
appearéd at the sgcdnd down~-time ana little incrgase in the nunber of
cells affected was noted between the second and fourth down-times. Aﬁ

exception to this was the occurrence of bubbles on the backs of type A

. cells. The mechanism responsible for bubble formation, and the

éignificance of their occurfence, is not clear. However, collector
bubbles may be connected with the increase of Rg observed for type A

cellsﬁ
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4.4 .Bias-Temperature—Humidity Stress Testing
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buob,1 Sﬁress.Te;t'Conditions and Experiment Design

Bias-Temperature-Humidity (B-T-H) stress tests were performed in order
to determine the sensitivity of solar cells to degradation which is
accelerated by combinations of electricél’bias, high humidity, and tempera-
ture. Degradatibn mechanisms %hiéh could be accelerated by these factors
include corrosion of;the metalization system, wi;h_resultént increasé inkRs
or decrease of metal adherence strgngth, an& electroplating'of one or more
.components of the metalization éystem, wiéh resultant decrease of Rgy
and/or increase in‘Rs. This typé of,stfess test was chsidefed a key'ﬁest
in that cells in field ‘deployment will almost certainly eventually be sub-
jected to ghe presence of moisture. The use of most -encapsulation techniques
curféntly under consideration for terrestrial module; Qill simply delay |
réther than prevent the ingress of moisture.

In considering alternatives for sfress test conditioﬁs i; was soon
realized that sohe key conditions which exist in modules could not be
properly imposed during the stress tests. For exampie,‘the "contamidants"<
which will(be_given.off by, aﬁd trapped  within the @odule by, some organic
encapsulants could not be easily included in the stress testing of |
unencapsuléted cells. The nature of the "congaminants" will also change with
time if the modulés are eventually required to meet ﬁ.L. flammability
requirementé. Also, the lateral voltage gradients which can gxist between
adjaéent cells in modules could not adequately be simulated in ;he tests.
This latéral volﬁagé could be éf critical importance since eléctroplating and
some corroéion mechanisﬁs réqui:e the.presepce of a voltage in excess of a

threshald in order to be activated. |

Thé temperature and humidity conditions selected for the stress tests

were 859C/85% Relative ﬁumidity, and 121°C/15 Psig steam. Bias
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conditions were approximately 0.45 V forward bias.' This was chosen to
simulate the cell potential for operation near the maximun power point.
Minimizing cell power dissipation is very important in the conduct of both
ﬁ;T-H stress tests since excessive power dissipation will lower the local
relatiye humidit&, at the cell surface.. Current‘flow with 0;45 V forward (
bias was in the range 0.3A to lA, depending on cell type.

The 85/85 test condition is as near to a semiconductor industr& standard
for potentially moisture sensitive'devices:as exists. It is not included in
MlL—STD-883A.. The presssure cooker test condition is one nhich has semi-
conductor industry proponents, on the basis of.even higher acceleration
factor than ‘that for the 85/85 test. Note that neither test involves cycling
the test units through the dew point. Dew'p01nt operation is certainly
encountered in the field and is" a p0531b111ty for 1nclu51on in future work.
The acceleration rate for the two stress tests, relative to field conditions,
is an inexact factor. It depends, of course, on the failure mechanism which
is accelerated. For aluminum—netalized integrated~circuits the prinary
failure mechanism under biased 85/85 conditions is aluminum corr051on, and
the acceleration factor 'is estimated to be in the range 104 to 105 for
most normal use conditions. The pressure cooker accleration factor is
uSUally taken to be more than an order'of magnitude'greater‘than that of the
85/85 test. Note that if an’acceleration.tactor is to be firml& established
for terrestrial solar cells, Stress tests using combinations of humidity and
temperature different from the 85/85 test should be performed.

Both Phase I experiments and large-quantity stress tests were designed
assuming an acceleration factor of 104 for 85/85 tests, and 105 for

pressure cooker stress tests. A median-time-to—failure of 107hr was also
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assumed. Sample sizes were chosen for the large~quantity festing keeping in
nind test chamber éapacity. Tables 4.4.1 and 4.4.2 show the resulting stress
test schedules. Results from the Phasé I e#periments were of course intended
‘for use ip,choosing initialfdpij;iﬁes for the larger quantity tests; and to

assure that no unexpectedly rapia}degradation would be encountered.

'4.4.2'»Bias-remperature;Humidity'St:ess Testé ResultsA

Initial bias;témperature-huﬁidity stress test experimentation was
performed using the,séhedules.discu§sed in Section 4.4.1. T#ble 4,4,3 and
4.4:4 show the resulting decrease in Pp obsérvéd'for the biased 85/85 test
and the biased pfessﬁrg'cooker experiments respectively. In.addition'to the
effects of stress on P, some physical effects were aléo noticed. These
included. the formation of bﬁbbles in the solder of the collecto;s and,
rafely, grids of type A cells and color changes in the AR coating of type C
cells, particularly for the pressure cooker experiments. Analysis showed
that forAtype C cells the 6% decrease in Ppn shown in Table 4.4.2 wés.
accompanied by a 6% deérease in Isc; presumably caused by the degradation
of the AR coating. |

From fesﬁlﬁs of this.experimentation initial elecftical measurement and
inspection down timgs wéfe chosén.‘ Subsequent down-times were selected
: consideriﬁg bé;h the resuits obtained at éarlier'down-times aﬁd electrical
measurement capacity. Table 4.4.5 shpws actual down-times for the biased
85/85 and pressure cooker stress tests. Figures 4.4.1 through 4.4.8 show
observed behaQior of ;He stress Eesq';ot Pp distribution and the lot mean
Pn (rélative to the prestress Pm‘value; called "Standardized Pp") for
all cell types and all B-T-H étress tests. The distribution plots shown in
these figures coupled with the lot mean Py graphs allow.estimateé of the

behavior of both the mean and the dispersion of the stress tests lots with
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Stress Test Sample Size ' Dowh Time (hr)

_ per Type
85/85 5 3,30,100
5 | 1,3,10,20,50,100

Pressure Cooker

Table 4.4.1 Sample Size and Down~Time .for
Phase I Experiments, B-T-H Stress

Stress Test Initial Sample Size Test Duratiod (hr)
per type
85/85 25 1000
20 ‘ 300

Pressure Cooker

Table 4.4.2 Sample Size and Test Duration,
Large—Quantity Tests, B-T-H Stress
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. | b
Cell Type . Initial
A - 0.678
B 0.545
C . 0.258

E 0.440

Table 4.4.3. Mean Values of Pp (W) for

Experiments.
Cell Type ‘ Inii?al
A 0.690
‘B 0.527
c 0.359
E 0.435.

0.689
10,545
0.251

0.449

0.707
0.529

0.257

‘Table 4.4.4. Mean Values of Py (W)

Humidity Experiments.

m
20 hr
0.683

- 04555

0.248

0.447

© Py
- 20 -hr

0.703

 0.528

0.250

0.436

P

S tm
100 hr

0.553
0.242

Biased Pressure. cooker

P

m
100 hr

0.699
0.535
0.252

0.434

for Biased 859C/85% Relative




Stress Test
Biased 85/85 
Pressure Cooker,
Pressure Cooker,
Pressure Cooker,

Pressure Cooker,

Table 4.4.5.

First

Second
Down-Time (hr)

Down-Time (hr)

215
Type A 96
Type B’ 132
Type C 76
Type EI-' " 100

525“
288
337
286

306

. Third
Down-Time (hr)

1025

Down—Times for Bias-Temperature-Humidity Stress Tests.

160




|=m1

TYPE=A LGOT=i5
INITIRL

PERCERTRGE

“ T, T T T T T T
9.1 a.3 c. 8 [-2% ) .8 2.0 e.7 o.8 .8 1.a LERY 1.8

“STANORMOIZED PFPM

1.00

|

PERCENTACE
i

0.50

TYPE=R LOT=1S
1ST STRESS

ST'ODIZED MERN PM

T T T T ™ T T T L .00
0.1 o.a Q.9 g. % 9.9 a.s 9.7 g.0 a.8 1.8 1.1 .8

2.00
STANDAAOIZZO PM - TEST Npﬂaﬁﬁ

.00

$.00

TYPE=AR LOT=1S
2NO STAESS

PERCENTRGE -

T 0 T T T T T
Q.3 .2 3.8 e.4° Q.8 a.8 2.7 o.8

STANORAOIZED PM

" .
’ﬁ TYPE=A LOT=1S
3A0C 3TAEAaS

PERCENTRGE

T T T T T T
EREY o.2 o.» 9. 0.8 a.& 0.7 ga.8 Oo.8 .0 1.2 t.2

STANCAADIZED PmM

CELL TYPE 4
STRESS  81AS-TEMP-HUMIDITY 85/85

MEASUREMENT OOWN-TIME

(CUMULATIVE)
INiTIAL 0 '
! . 215  WOuRS
2 525  HOURS
3. . 1025 HOURS

Figure 4.4.1... Behavior of Pp Distribution and Lot Mean P, with-

Biased 85°C/85% R.H. Stress, Type A Cells. - .
| 61 . | |




4.00

CiJ.OU

{

-

omm— oa_ cmuo o
Wd NU3IW 03210.1S
s K
Y
r o
.o
a N .
z .2 ’ *
o [ .
o rl W + ”
[ 2 ] 0 Z L o
oo m |t - B
- . L ﬂ
Tz : «
& M rl .&.ﬂ
[ 'm W
v >
" ¢ -
é
L B I N O N O B R O R O O
u.._z_:uuzu._ J5H1NIIYI

STRANORROIZED PM

2,00
TEST NUMBER

1 nn_l

nJ~-

OT=14

QND STRESS

TYPE=RA

0. .
STANCQRARCIZED PM°

- v

ERR

91N

]
2

A

CELL TYPE

DOWN-TIME
{CUMULATIVE)

STRESS pg-T-H PRESSURE COOKER
0

MEASUREMENT

INITIAL

HOURS

HOURS

288

g Distribution and Lot lean Pp with

Biased 1219C/15 Psig Steam Stress, Type A Cells.

Behavior of P

Figure 4.4.2.

162



o o
© ._W £
= w o~
7 Elzyw et
o alZ.
& siE g >
2 253 g ¢g¢ a
oo POM [+ 7] o
. - LI 4 Pa w )]
< w 2 w o N
-0 o 5 & 8 g~
[ SNI\ (] —~
w s = o
ot ﬂ w
o nlac g o m
1 u T 3 3 Sw L o
0s°1 00°1 050 oo°d SU2 E-am A
Wd NY3IW 03Z210.1S o —|w z e
. =1 [ 3]
- -
L3
c ]
_ o ]
Ll o’
" N
- u fu]
) (73]
1 -t :
-, e .
R — o om
SEsess=c=——= =E=== o :
c======S======y S=============2 b B - - o
A . W
[} - q b N
° o 3 ° g vy .
o« I s E e« o« I A M
s e Y st Y uy [3)
) ;) - U - o - o o
i ¥ i 3 Y 3y y o
0 e e 1am m rur n Tar. o ©
1 . - . C " . e - X v
L u s Q S " L > [ 2
+ L a " - © -0 - o a4 L © ] N
eJ .2 ol "z g 02 oy «Z - o
J 2 Je s F Ja . Je el [ ol
- F o I - w + - o : + - » Mm - m
- » a > o E o F
o2z 3 L s o, s o, s
Ll - LIS I LI - LS " .
W - w -~ » W - wn a ™
o 6 o ° 1 ° G ° .
- | > B > . » L s
- - Ld - [l " L - .
° s ° ° <
; . . . . o
o o ) . L . L u
17T T 17 11717 [ 1T 1T 1 71 I . 1711 _._\_ T 1T ¥ [ rT11 _ B 00
s¢g g e 2R m.._unn.uunmw. gsg e ey Lo uuumnuknmma wr..

IS4 INIOYI J9YINIQYI4 JHINITYI .uuz (NI




PERCENTAGE

PLACENTRGE

PEHCENTAGE

__]

-
o
|

i i

T A

’IG_’

|

TYPE=SH LOT=1x
INITIRL
T T T L3
a 3.3 o.% o.85 o.e

TYEE=8

T
a.v
STHNUHHUIzFU‘PN

LOT=1y
_ 12T sTAEss

o.0

T T T

TYPE=Z

a.9

o.e

STRANORADIZED Ffm

.7

LOT=a1y
2NC 3TmESS

o.e

T T T

-3 c.3 o4

Figure 4.4.4.

T
a.e
STANORADIZED PM

.7

Q.0

1.50

00

1}.

i

ST'DIZED MEAN -PM
0.50

o0

.00 2.00 <. 00
TEST NUMBER

P

CELL TYPE 3
STRESS 8-T-H PRESSURE COOKER

MEASUREMENT DOWN-TIME

 (CUMULATIVE)
INITIAL 0
i 132 HouRs
2 337 HOuRS

Behavior of Pn Distribution and Lot Mean P with

Biased 121°C/15 Psig Steam Stress, Type B Cells.

164




TYPE=wC .LOT=1S

" PERCENTAGE

INITIRL
10,
e T T T T T T L T ! T =
0.3 .8 a. 0 o.8 0.8 a8 G.? - OB C.® 1.0 a4 1.8 U':
STANORROIZED PN -]
100y ' =
L Q"Q
L= zO
m.-'<\
VO ol w
=
g [ =
L e
g TYPE=C LOT=1S et
b 13T ‘sTRE3S . —s
B i -D
”. [d
%]
AL [=]
. o
- T T T T T T T = T T N T
.3 0.8 o.9 3.8 a.8 a.e G.7 " 0.8 9.8 1.0.° 1.8 L 9Y ) %‘00 2‘00
STANCARDIZED PM : : TEST NUMBER
1 O,
[ ==
L=
Ry
§ [ -
= s ’ o .
8 TYPE=C LOT=1S
g 280 sTAEZSS
L
00y
10 g
O - L] Ll - L 1 T L] 1 B )
29 % o.8 0.8 [ 3 0.8 0.8 .7 c.® 1.3 1.8
] STANORROIZEZD PM ’
lOH
ey
0y
YOy
g [
= s
g o] TYPE=C LCT=1S
20! 3AD 3TRAESS
By
"

T T T T T T .
DY a.= 9.3 4.4 0.8 a.8 0.7 0.8 a.» t.a tel 1.3

STRANORACIZED PM
o CELL TYPE ¢

STRESS . BIAS~TEMP-HUMIDITY 85/85

MEASUREMENT DOWN-TIME

(CUMULATIVE)
INITIAL 0
| 215 HOURS
2 525 HOURS

3 1025 HOURS

v

 Figure 4.4.5. Behavior of Py Distribution and Lot Mean' P with

. Blased 85°9C/85% R.H. Stress, Type C Cells.
‘ ' 165




PERCENTAGE

PEBCENTAGE

PEHCENTRGE

[ =
[ =
V0 ey
L
[ = -
TYPE=C LOT=14
e INITIAL
g
T
10aud
.. T T T T T T T T N T 8
Qe el 0.8 . S8 [N ) Qe? G. 8 C.8 loﬂ' 1.3 , 1.8 .
STANGARDITEZD PN =]
' =
.1 x
[ = o
- =8
L Cl:..:‘\
TGl U:J
[ )
o
[ . wloe
TYPE=C LOT=14 iy
o 13T sTAESS —c]
B ’O
[—
3 (=1
[~} -
[ 1%} t‘.. "U.. T°.I 'a.. ' 0.8 L 1%4 IA’.. 'O-‘ 1.0 ‘el ' 1.8 %-00 2.00 “. 00
STANCARC.IZED PN . TEST NUMBER
‘:
[ SNy
by
[
= TYPE=C LOTe1y
e 2N sTEmEes
By
P
L1 S

T T Y T T T T T
9.4 0.8 Q.8 0.8 O.8 O.8 0.7 OC.®

STANOCRMDIEED PM

.CELL TYPE ¢

STRESS B-T-H PRESSURE COOKER
MEASUREMENT -DOWN-TIME

(CUMULATIVE)
INITIAL 0
! 96  HOURS
2 286 HOURS

F;gure 4.4.6. Behavior of:Pm Distribution and Lot Mean Pp with

‘Biased 1219C/15 Psig Steam Stress, Type C Cells.
166




PERCENTAGE

PERCENTAGE

PERCENTAGE

PERCENTAGE

m |“I‘|.l.l.!
] ' Wi
. il
7 i
se] UL
ao] . TYPE=E LOT=1S m.m
INITIAL '0"'00'0'0'
0.
(I
b I
1 Ot
O T LI T T T T Lo ~' . . .
9.3 a.» a.s G G.8 G. 0 0.7 o8 a.8 1.0 3 1.1 e
STANOAROIZED PM
108,
0y
[~
70
0.
POl
ol TYPE=E LOT=1S
197 sTRESS
E .
B
L
.1 1 gl ‘.ﬁ T 1 T T
0.3 ﬂ-? S8 [ Y 0.9 O.® .7 0.8 Q.8 1.0 1l Te®
STANDARDIZED PM
100y
o g
L =
oy
00y
L _ =%
TYPE=E LOTel1S
[T 2ND STARZSS
O}
E L M
1 Gt
s N “r T 'r Y T l ™ ™ 14
2.3 O.8 .8 TN S.8 .8 .7 Q.0 G0 1.8 ek 1.8
’ STANDRROIZEC PM
100y
g
L=
by
[
B
TYPE=E LOT=1S
b amg sTAESS
md
B
10

T T T T T T T
9.1 Q.8 a.8 0.8 G.9 O.e a.? a.s q.0 1.0 1.3 t.8

STANGAROIZED PM . o

.50

1

.00

1

0.50 .

I

ST'DIZED MEAN PM

).

&. 00

o0 200 4.00
" TEST NUMBER

CELL TYPE

STRESS BIAS-TENP-HUMIDITY 85/85

13

MEASUREMENT DOWN-TIME
{CUMULATIVE)

INITIAL
.
2
3.

0
215 - HOURS
525 HOURS

1025 HOURS

Biased 85°C/85% R.H.vStresss Type E Cells.

167

Figure 4.4.7. Behavior of P Distribution and Lot Mean Py with




TYPE=E LOT=14

PERCENTRGE
5
{

CINITIRL
0y
B0
3 Bt
P y o
L) L 1 L] T T L} T . )
Qa4 c.a G T a.8 Q.8 0.7 0.8 2% ] l,l 1.4 t.82 .
STANORROIZED PM —1
It > =4
a
- .
zO
[ m—:_
w
Ry - z
§ sout a
; [ ) wo
g TTPE=E LOT=1y A
o 18T sTRESS =2
DO . =
[ - ;
10 Q
X =}
o . . L 1
Ta.3 . o.s ' a.» s " a.s " a.e ' .7 o.e’ 0.8 1.8 1.3 L.s %'00 2.00 4.00
STANDAROIZED PM TEST NUMB_EH
N
108 o
[
L=
o TYPE=E LOTa1y
§ L 2NO STRE3S
= sd
2w
- .
L
By
10
Ol

Toe 0.8 1.8 1.s aem
STANODRAQIZED PM

CELL TYPE ¢
STRESS B-T-H PRESSURE COOKER

MEASUREMENT OOQOWN-TIME

( CUMULATIVE)
| mimiaL o
1 100 HOURS
2 306 HOURS

_Figure 4.4.8. Behavior of Py Distribution and Lot Mean Pj with

' Biased 1219C/15 Psig Steam Stress, Type E Cells.
' 168



stress. Figure 4.4.9 and 4.4.10 show the cell Py response -in somewhac more
detail. In these figures the mean percent decrease in,'Pm for the test
populatlon is plotted versus stress test time.’ NoteAthat af;er the first
‘down-timé eight cells per type were removed for each stress test for contact
integrity testing.

From deta ﬁresected in the ﬁreceding ten figures it_is ciear;that cype B
cells showed the least degradation in Pmlunder-both types of B-T-H'streSS
teeting (approximately zero effect for 85/85 stress and cnly minor effect for
pressure cooker stress) and that cybe E cells showed ‘relatively severe P
degradation in the?préssure cooker stress teet. However, type E cells d;d
‘not show significant Py degradation in the 85/85 stress test. The source
'of this difference in responee of_;ype.E cells is'not clear; Difficulty was
experienced with the bias cebling inside the preseure cable duriné the first
stcess period for type E cells (only one cell type was stressed at a time in
the pressure ‘vessel.) The insulatlon on tHe cabllng was attacked by stean.
The wiring. was replaced and other cell types were subsequently stressed in
the same pressure vessel.: Since rapid decrease in Pp was noted at the
~ second down—time anclnot at the first down-time for:type E cells, ic 15
'aseumed that deletericus contamination cf the type E test lct‘did not occur
.due to the wiring problem. Distortionlof.tﬁe I-V plot was so severe for the
pressure cooker=-stressed type E'celis at the seconc down=-time that etraight—
forward incerpretation of the results to determine the source of the degrada-
tion was not pessible. By analogy to the I~V plots of the type A cells which
showed similarly severe Pn degradation under .B-T ‘stress, due to Rg
increase; it would Eppea: that Rgy of the type E cells decreeseQ thereby
caqsing the decrease in Pp. However, firm conclusions in this regard must

be delayed until ﬁurther analysis 1s performed. Type A and type C Celle
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showed definite, but less sevére P, degradation in the pressure cooker
stress test. The Pp degradation for these two types was more severe than .
for the type E cells in the 85/85 test. For type C cells the source of the
Pp degradation in both stress test lots can be traced to decreése in
Ige due.to degradation of the AR coating. This-sémé effect was no;éd
during the phase I experiments for type C cells. Table 4.4.6 shows the méan
percent decrease in Py and in I, for the two type C B-T-H tést lots.
The correlatio in degfadétion ofvthe two parameters i;_ds;ious, and the
naturg of ;he deg dafion correlates with the physical appearance of the cells
after stress testing. The source of tﬁe decrease in P, of the type A cglls
has not;y been iaentified positively, but is probably an increase in series
résist;n similar to that which was discussed in Section 4.3.2 for type A
cells subjected?to biés-temperature stress testiﬁg. This is plausible since
the'temperatureé were similar, the degrée of degradation in Py was simila;,
. solder bubbles were manifested in both B~T and pressure cooker B-T-H stres
tested units. _fhus the degradation in Pp for.type A'cellg’resulting‘fro
B-T-H-stfess may Qell be due striétly to temperature éffeéis,‘and boséibly
bias effects, and ﬁot to humidity stress.

Twoiof the more striking physical effects observéd, acﬁack of the typ
cell'AR coating and solder bubbles in ﬁheAtollector and grid metalization
the pressure cooker-stressed type A cells, havé bgen mentioned. Bubbles Q
also. observed in the back of.typeAA cells ia both 3jT—H tests, and in both
front and back mgtal of tYpé o cell; in both B-T-H tets. Bubees onlthe
backs of type A cells and on the .frouts of Eype C cells were similar in size,
barely visible to ;he naked eye. 'BubBle; oﬂ'ége”frogfé,ofvtype.A cells and
on the backs of type C cells were'simiiar in size, as'la;ge as 1/16" in |

diameter. Since metalization bubbles were observed during B-T stress testiﬁg
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859C/85% R.H. ' 1219C/15 Psig

- 215 hr _ 525 hr 1025 hr 76 hr 286 hr
MeanAPerCent Decréase
in Py (%) 2.55 4,35 4.55 7.02 7.37
.Meah Percent Decrease o e ) .
in Ig. (%) 2.74 ‘3.59 3.57 6.19 6.62

Table 4.4.6. Mean Percent Decrease inAPm and Ig., versus B-T-H Stress
' Test Time, Type C Cells. s ‘
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for both cell types, the influence of hunidity on bubb;e formation may be
negligibl;. Type B cells also showed evidence of some AR coating degradation
in the coﬁrse of pressure cooker stress testing. The degradation was severe,
but was isolated to only a few units in the test lét. Typé B cells also
lshowed peeliﬁg of the back meta; around the rim of the ceii similar to the
peeling note& in the units susjected to power cycle stress. AThey also showed
blistering of the back metal after both B-T-H stress testé, similar to
»blistering noﬁed in thg case of the power cycled units. The B-T-H stre;sed
units also exhibited clear evidenée of silver electroplating around the cell
rim. Type E cells showed no physical effects ekcept discoloration. The
discbloration was most sevére at the second down-time of the pressure cooker
‘stress.tést,.when gross black deposits were observed on two qf the cells in"
the test lot. The sou;ceAand the.significance of the deposits afe not

clear. 4

It is clearffhat the biased preSSuré cooker stress test produces degra-

dation more rapidly than tﬁe biased 85/85 stress test. fhis tends to support
the aséumption that the pressure cooker test is simply an accelerated version

of ‘the 85/85 test. However, insufficient information is available at this

point to say with certainty that extraneous degradation modes are not excited

by the pressure cooker test. The 85/85 test is to some a more reasonable
test, anﬁ it 1is certaiﬂ that Ehe aﬁount of industry experiénce with {t ié
‘much greatér than for theApressure cooker test. Fgr the foreseeable future
(until sufficient'data has been obCaiﬁed and énalyzed) it would appear that
in oraer to’obtainlreSulfs in accepﬁable time, as a realiability monitor, for
example; the biased pressure cooker.stress test would be thelpreferred B-T-H
‘test. For more definitive results, where test dgfation is not a considera-

tion, the longer biased 85/85 test would be preferred due to its pedigree.
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4.5.1 - Stress.Tést Conditions and Experiment Design
Power Cyéle stress testing was performed in order to delernine the

sensitivity of solar cells to repeated shallow (59 - 10°C) tﬁermal

cyé;es éccompanied by forward current flow. The test was implemented b;-
forward biééing the cells with a current inbexcess of the short-circuit
current for an ON period and then zero~biasing the cells for an OFF period
to allow them to cool. Degradation mechanisms which could be écceleratedi
by such a stress test'include electromigraﬁion and thermo—meéhanical
’effecﬁs on the metalization system such as creep, fatigue and delamina-
tion. A standard test which is similar in inteqt and implementation is
“"Intermittent Life”, Method 1006, MIL-STD-883A.

| Phase 1 experiments were perfdrmea using fOrward current levéls .of
ZSA, 4A, -and 2A fdr types A, B and C cells respectively, and a 50% elecﬁri—
cal‘duty cycle with total period 4 minutes. The ON and OFF times wére
determined by the thermal response time constaﬁts of the cells wﬁich were
obtainéd-for types A and B cells. This data is shown in.Table 4.5;1.

From this it was apparent that 2 minute ON énd OFF tiﬁes were sufficient
to allow thermal equilibration. Longer times were. not usea becau§e it was
desirable to optain as many cycles as péssible per-unit time, within
therhél equilibfation gime limits. The forward current level§ used were a
roughly constant multiple of Isc/for.each cell type, with some inde-
péndent weighting given to cell area. fhe 50°C temperature was chosen
because ‘it is within the possible opefating temperature range for sglar
celis, but is high enoﬁgh tb tend to acceleraté‘degradation mechanisns in-

addition to the thermal cycling.

177




Cell Type ON Current (A) Thermocouple ON : Time

A Location Temperature ( C)  Constant (sec)
s 3 edge 39 S 23
A : 3.5 . center ' 41 - - 24
B : 3.5 edge W 17
B _ 3.5 center : 43 ' '20
B 2.0 edge w0 | 17,

Table 4.5.1. Thermal Time Constant of Type A and type B'Cells{ Ambient
. . Temperature 359cC. ' ‘

Céll Diameter : ON Current .

(in.) ' . o - (A)
2 | 1.2
3 - 2.8
4 . 3.6

Table 4.5.2. ON Current for Power Cycle
Stress Test.
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Large-quantity stress tests'used the forward current levels shown in
Taﬁle 4.5,2. Other expefiment conditions were gheAsame as for the Phase 1
4experiment$.' Quantities of 25 cells per type were uséa in the large-scalé
testing. Power ‘was applied to oﬁe—half the stress'test population while .
the other half was ip'the OFF half-cycle, in order to minimize temperature
excursions and.reduce requirements on the power source.

4,5.2 Power Cycle Stress‘Tést kesults

Phase I e;periments using 5 cells per type were_conducfed witﬁ one
down-time, at 1470 cycles. Bpth electrical and physical effects of this
test were minor. In fact, type A‘cells weré observed to show an increase
in lot mean Pn under the ‘stress, This increase was sﬁall‘(2Z) but
unexpected. In spite of the-smallAeffects observed during these experi-
ments, it was decided to proceed with the large—quantity:stress testing
with plans to continue it well beyond 1500 cycles. The reasons for this
were a desire to see if the observed "improvement; in type A cells was
repeatable, and the'feeling that 1470 bower cycles were perhaps too‘few
cycles to show significanp electrical or pHysical effects. Large—éuaﬁtity
.stress testing was performed using 25 cells per type, with_down—time.at
1000, 5d00, 10,000, and 25,000 cycles. Figure 4.5.1 through 4.5.4 show
the observed behavior bf'the Py distribution and the lot mean Pp with
power cycle stress. From the data shown in these.figures it is clear that
no large effects on either the P, distribution or om 'the lot mean Py
occurred for any celi type. Figure 4.5.5 shows the behavior of the mean
percent decrease in P, versus the number of power cycles. From this
figqre it is clcar that.the maximum mean pércént chaﬁge in Py was ap-

proximately 2%, with two cell types showing improvement and two types’
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showing degradation at the test termination point; The‘improvement of
Pm (negative meanIpercent decrease) noted for type A cells iﬁ the

Phase I experiments was in fact repeated very exactly at the first down-
time in the large-quantity tesfing. However, subseﬁuent power cycling
clearly resulted in a reversal of the improvement. -

Generally, relativeiy minbr physical effects,wefe observed .in the -
course of the large-quantit& tests. Type B cells showed the most striking
effects. For these cells the back-side metal discolored from a grayish-
silver color to browﬁ, and it showed evidence of>peeiingAaround the rim of
the cells. Similar sorts of changes were observed iﬂ somé B-T stress
tests, bpt'ét higher températures.

Coﬂsi&ering both the electrical and physical results obtained from
the power cycle testing, it can be goncluded thatvthé stress.test was
inefficient aqd probably shéuld‘not bé.included in qﬁa;ification test
schedules or future solar cell accelerated stress testing, at least asAa
large?quantity,test. fn the futufe the test should be done on small éell

quantities only unless significant effects are observed.
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4.6 Metal-Silicon Contact Integrity of

Stress—Tested Cells
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4.6.1 Contact Integrity Test Development

 In order to deternine the effect of accelerated stress'tesping on tﬁe
metal-silicon contact integrity (i.e., metalization adherence sﬁrength) or
solar cells 4 éontact integrity test prb;edure was develéped. Quantities
- of cells of all four manufacturer's types were subjected to the contact
integri;y teét‘after having:been stfessed by one or the other of the -
accelerated tests discussed earlief. fhe contact integrity test procedure
‘was developed and applied to stressed cells by Mr. G.W. Witter and others
of Oétical Coafing Laboratory, Inc., under_éubcontract to Clemson
UniQefsity and in'cpnsyltation with Clemsoﬁ University-persoﬁhel.

‘ Contacf integrity testing‘was peffofmed in the course of the overall
 acce1eréted stress .testing program in'order to obtain at least a first-
order estimate of thé degradation rate of the adherence of the éell
front-side metal (grid and collectors) with various accelerated stresses.
‘With sufficient experimental and theoretical work this degradation rate
can then be relafed to a degradaﬁion rate under use conditions. No-effdrt
was devoted to back-contact metal.adherence. In order to perf&rm'meéning—
-ful measurements on terrestrial solarAcells, and to establish a standard
procedure fo? these cells which will hopefully stand the éest of use and’
time, it was necessary to devélop a contact integrity test procedure”ory
. mefhod. -Central to testing'the integrity of terrestrial solér cell
contacts are the method of test lead attachment and .type of test lead. In
the contaét integrity tést,'a test lead i; attached to the surface of the
cnntéct and pulled'normaljto the surface or at a specified angle to the

~ point at which contact adherence failure, lead failure, or lead-metal
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adherence failure occurs. Two~key areas were thus addressed; 15 What
type of test leaa should be used? and 2) What method should be employed
in test:lead attachment? In addition, the mechaniés of the actual pull-
testing procédure and the cléssification of experimentél obéervations
during testing were considered.

Vafious methods of teét lead attachment are utilized today in contact
integrity testing of space and. terrestrial solar cells. Some.of these
are: | | | A

soldering a.-tinned Kovar tab or 26 AWG wire to the contact
with a soldering iron; ' :

soldering a tinned copper interconnect to the contact by the
reflow method;

' soldering a tinned Kovar tab to the contact with a resistance
soldering machine; and

welding a Kovar tab to the contact with a parallei gap
resistance welder.

Of course, an alternative to the use of test tabs or leads is the use

of the electrical cpntacﬁ tab ét;ached by th? manufacturers (MAT). All of
the above methods simulgte conditioﬁs that are encountered during the’
actual asseﬁbly and have the latent function of screening fof golder—
ability or weldability problems because no surface treatment or activated
flux is permitted. However, the purpose of the ¢ontact'integrity testing
described here was not to uncover solderability or weldability problems
after_accelerated‘stress testing. "All of the methods shown above (exceptv
the use of the MAT) have one aspect»which was cons;dered undesirable for

_our purposes; they all involve application of considerable heat in the
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area in which contact adherence is to be determined, after stress testing.
The possibility‘thus‘exists that in the act of attaching the test lead,
the physical/chemical status of-thé metal-silicon interface could be
algéred and an artifact céuld be introduced into the data. The artifact
could either result in artificially high values of contact adherence, or
artificially low values. Thus it Qas decided to investigate low-
temperature means of attéching test leads and, 1if no satisfactory low
temperature method was found, then tg investigate solder ;nd various lead
material combinations.'

After consulﬁation with manufacturers, fhree types of époiy adhesives
were chosen for evaluation‘for test lead attachment. Several tests with
each adhesive type were conducted using two types of test lead, copper
ribbon .085" x .005" and 26 AWG tiﬁned copper wire. All pulls were
performed at a 900 angle.tO'thé cell surface. The sequence of the tests
were as follows:

l. Using a Pink Pearl eraser abrade the cell contact.and

. test lead. Then rinse with solvent and bloéot dry with
paper towel.
2. Mix adhesive in accordance with the manufacturer's directions.
3. Apply adhesive to the area of the contact to be tes;ed.

4., Place the test lead into the adhesive and positioh for -
curing. : '

5. Place in oven to cure in accordance with the manufacturer's
instructions to full strength condition.

6. Remove from the oven and allow to set‘o?ernight.

7. Test using the Unitek Micropull Pull Strength Tester with
Chatillion Force Gage. Pull the test lead normal to the
cell surface until destructian. ‘

8. Record the pull strength valué.

9. Examine the cell to determine the failure mode and record.
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Epoxies used were Hysol 907, Furane Furalane 5738A/B, and Hysol 1105.

.~ Test leads were .085" wide Cu ribbon, attached by epoxying to the cell a.
- .050" sectioﬁ at the end of the ribbon, and 26 ch wire. Both the epoxy
experiments and the subsequent solder-attachment experiments Qere per—'
 formed using OCLI cells with coﬁtact adherence strengfhs;in tﬁe several

thousand gram range. |

None  of the adhésivés gave satisfactory results with the 26 AWG wire
test leaa, and thelﬁysol 907 and Fﬁrane Furalane 5738 A/B did not give
satisfactory results with the Cu ribbqn tests lead; for example, Hysol
907 used with Cu ribbon‘test leads ﬁrovides a uniform tensile sfrength of
about. 1,600 grams. This value 1is ve:f 10& when compared to the 1afge
interface area. In each cése the epéxy ruptured without damage to the
cell contact. Results obtained with Hysol 907 and 26 AWG wire were even
les§ aéceptable, with mean tensile strenéth of about 8SO.gram§ for .the
combination. Furane Uralane 5738 A/B in coﬁbinatioq with Cu>;ibbon showed
a mean tensile strength of about 2,300'gfams. This seemingly high
strength-is marred by the fact that in each case the tesf lead peeled from
the epoxy without damage to the cell. The failure.mbde exﬁibited (ribbon
peeiing ffom epoxy) resulted in rejection.of this combination of adhesive‘
| and test lead material. The combination of Hysal 1105 and 26 AWG wire
' yieldéd variable fesults from 275 grams to > 3,500 grams, with “"wire
pulled from epoxy” as the only failufé_mode; " The méan tensile strength
was about 1;500 grams. Tﬁe variability of tﬁe resulté elihinated'thié
combin;tion from serious consideration. o

The coﬁbinéﬁion'of Hysol 1105 and Cu ribbon provided the strongest

epoxy—test lead combination, with ten of-eleven samples exhibiting failure
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levels in excess of 3,500 grams. The strength of this combination
Aapproached'that of the tensile strength of‘silicon, as shown by the fact
that silicon failed rather than the lead, adhesive, or metal, in two
cases. The’ high tensile strength shown by Hysol 1105 and Cu ribbon makes
that comblnatlon the best suited for contact integrity testing of the low
temperature methods for test lead attachment that were evaluated. How=
ever,iwide variability in rupture strength ef the "‘epoxy-ribbon bond was
observed in subsequent larger-scale testing, ae discussed in the following
section. It‘is'concluded at this.point that the epoxy technique is provi-
sionally acceptable.as an alternative to solder. attachment for cases
where high temperature must be avoided, and that further experimen ation
with and use.of the technique is required before it can be unhesitatingly
recemmended. |

In light of the marginally satisfactory results shown by the epoxy
attachment methods, both flat- soldering and butt-soldering of copper '
ribbon and 26 AWG wire were evaluated-for contact jntegrity testlng. The
only soldering method used involved uniform heating of the cell. This was
‘felt to be preferable to the use of a’soldering iron metnod‘eince |
thetmally-induced stresses are minimized and since4the maximum temperature
-ef the cell is more easily cbntrolled.. The sequence for teating was:

1. Using a Pink Pearl Eraser, abrade the cell contact area
to be soldered and the test lead.

2. Tin the test lead.

3. Apply a small amount of Alpha Sn 62 Solder Cream to the
area to be soldered, as close to the edge of the contact
as possible.

4. Place the tinned end of the test lead into the solder
cream, supported at 90° to the cell surface.

5. Place the cell onto a hot plate pre—-heated to 200°C until
solder cream melts and a solder joint is formed, then remove
and allow to cool, This usually takes about 15 seconds
on the hot plate. '
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6. Test using the Unitek Micropull Pull Strength Tester with
Chatillion Force Gage. Pull the test lead normal to the
cell surface until destruction.

7. Recorq the pull strength value.

8. Examine the cell to determine the failure mode.
The above technique used with flat-soldered Cu gibbon, pulled at 90° to
the cell, gave variable resﬁlts. In this cése thé test lead-solder
interface was .085" x .060". Eight of the elgven test cells failed at .
forces > 3,SOQ_grams. However, onlyithfee of the eight left the cell
damaged; the other test leads peeled'from the solder. Peeling of the test
lead is cléafly not an acceptable failure mode. Note that this method of'
lead attachment also provides a large surfacg area thereby reducing stress .
on the contact, for a given pull force level. It is for these reasons
that this method is considered marginal and is not'reéommehded. Flat-
soldered Cu ribbon pulled at 1350 to the cell surface also éave
unacceptable results. The mean value for f#ilure was aboﬁt 650 grams, and
in five of six cases the ribbon or solder peeled from the contact.without
damage‘to the cell. Thus this technique is aléo not.recommended.
Similarly, butt-soldered 26 AWG wire gave a mean tensile strength of about
1,500 gramé. In each case the wire pulled out.of the solder. Tﬁié method
is also unacceptable. '

Butt-soldered copper ribbon, pulled at 90° to the cel;, gave the
nost cpnsistent results in the evéluation experiments. In this case the
test lead-cell metal interface area is also small, allowing higﬁhstress'to
bé applied with acceptable force levels. Seventeeh of 25 cells tested
with this technique showed:damage'to silicon after testing. This is the
expected failure mode for the test cell type. Of the’;thgr eight cells,

six failed due to the ribbon pulling out of the solder. However, the

o
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'force levels for five of these six were in excess of 3500 g, and therefore
were greater than the 3500 g measnrement capability of the force gage in
use at that time. .Considering the small interface area inherent in this
method, faiiﬁre of the test lead - solder bond at force levels greater
than 3500 g 1s not unacceptable. The méaﬁ force at failure fér the lot
was in e#cess of 2900 g. Since eight of the 25-cells failed at force
1evelé greatér than 3500 g, and in the judgment.of ‘the machine operator
failed ai lévelé considerably greater than 3500 g, the true mean failure

- force could Weil haveAbeeq several hundred grams greater than 2900 g.
Considering the experimental results discussed above, butt-soldered copper
‘ribbon applied to a uniformly heated cell is che reéomﬁended combination
for contact inteérity testing if the high temperatures involved can be
accepted.

| The contact iptegrity test procedure, which is based on the two
recommended testvlead—attachment methods discussed earlier, is shéwn,ip
Appendix E. Note that the use of the MAT is not included iﬁ the test
procedure; only ;ecﬁniques using the solder-attached tab (SAI) and the
epoxy-attached tab (EAT) are specified. This omission ﬁf the MAT is not
meant to exclude it from use in contact integrity testing. It even has
certain unique advantages for this~testing, since the MNAT andkthe metél
underneath it has undergoﬁe all the_stress-testing to which the other cell
ﬁetal’has seen~exposed. However, if the MAT is to be used in coﬁtact
integrity testing then whatever-disadvaﬁtages it may have (e.g., lafge or
vér;éble interface area, lead material with insufficient strength to
adequately stress the cell metal, etc.) must be considered in evalﬁating
test results. Note also that if quantitative comparision is to be ﬁade of
different cell types, variations in MAT between manufaﬁturers is é-compli--_

cating factor.
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4.6.2 Contact Integrity Testing Results

i Contact integrity testing was performed, using the procedure con~
talned in Appendlx E, on both stress-tested cells and control units as
shown in Table 4.6.1. "Each cell was tested using the two MAT's and one
SAT, except in the case of the type B cell wﬁich was_supplied‘with only
one frdnt-éide tab: In addition, all type A cells (104 tptal) and twenty
of the typeVC cells were tested using an EAT in order to §btain a compari-
:SSnﬂwith the SAT resﬁlts. Figures 4.6.1 through 4;6.4 show test lead
placement for the four cell types. Table 4.6,2(summarizes~the nunber of
‘actual pull-tests perforﬁed. It is interesting to noteithat of the 728 |
MAT's that were used for pull testing, only eight of the ie;ds themselves
Broke; Of these eight, which were distributed as two type A, one type B,
three type C, and two type E, three were on virgin cells in the control
populations.. The virgip cells had been handled in order to measure their
electrical characteristics, but had not been subjected to handling in the
stress tests themselves.

In the large-scale testing, the pull force gage used wés a éhatilliqn
model DPP-5Kg. The unit was designed to measure from O to 5 kilograms
with over-range capability 'of approximately +2 kilograms allowing measure-
ment of values ranging ﬁear 7 kilqgrams. The measurements were taken to.

" the nearest 50 grams. This limitation in precision is thelresult of a.
tqade off between precision and measurement range. The gage waé cali-
Brated against reference standards traceable to ﬁhe National Bureau of
Sgandards before testing was started and upon completion. Accuracy was
i 50 grgmé.

Results from pull-testing the control units are éhown below in Table

4.6.3. Two points can be made regafding the information in this table.
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Stress Test

750C Bias-Temperature

1350¢ Biés—Temperature '

i
A

1500¢ Bias-Temperatufe ‘

165°C Bias-Temperature

121°C/15 Psig Bias-
. Temperature—Humidity'ﬂ

850C/85% R.H. Bias-
Temperature~Humidity

. Power Cycle =

Thermal Cycle

Thermal Shock

Control Units

'Number of -

Number of Ceils

. Tested per Type

'Hoqrs/Cycles
968 Hr..
}:;. 600 Hr.
| 281.5 Hr.
148 Hf.;ﬁ

215 Hr.”. .~

1034 Cycles

.10 Cycles, 0°C to +150°C;
10 Cycles, =259C to +150°¢C

. 5 Cycles, -659C to + 1509¢

10
10
10

10

7

25

Table 4,6.1.“ Number of Cells’from Stress Test Lots and Control Cell
Population Subjected to Contact'Integrity Testing.

By
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Number of ‘Number of Number of

‘Cell Type  ~ MAT Pulls SAT Pulls EAT Pulls
A 208 104 o 9
B 104 104
c ' 208 Co104 20
R | 208 | 104

Total - 728 A AT 114

Table 4.6.2. .Pull—Tests'Performed During Contact Integrity
Testing. : :

MAT ' SAT - EAT

Mean Pull Predominant IMean Pull Predominant IMean Pull Predominant
Cell Type Force (g) Failure Mode Force (g) Failure Mode Force (g) Failure tode

A 2078 77% 4956 724B/C 2868 887F
'B T 100%A - 2163 96%B/C . N/A N/A
c 1365 soma - 4140 -‘éZZB/Cuﬁ 2890  100%F
E 170~ 100%a - - 1?35 ‘ ssiE/Cl' N/A N/A

Table 4.6.3, Mean Pull Force and Predominant
, Failure Mode, Contact Integrity
.Test Control Units.
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First, note the low valueé of mean-pull force shoyn for the EAT's, com-
éared to the valueg for the geohetrically identical SAT's; and the‘charac-
teristiq F failure mode. As described in Appendix E, faiiure mode F is
due to failu;e of the attachmentzmaterial.. Tﬁﬁs the mean EAT pull force
values éhown areAdefinitely lower bounds tolthe true contact”adherence
stfength of the contrql uvnit populatioﬁ;A Some stress tes;.lots sho&éd
predominantly type F fgilures using EAT, while others showed primarily
failuré modes-B aﬁd C which are due to silicon failure ;ather thanAcontact
or atfachment material failure. The gpectrum';f meén pull force valdes
for celllType AAlots showing‘predominantly type F EAT failures fanged,from.
13oog to 5100g, while other lgts which had predominantlf type B and C EAT
failures éxhibited nean pull féfcé values in the range 3000 to 4000. In
light of the variaBility,of resuits obﬁained usiné EAT's, especi;lly the
results showing type F faiiure modes; it was concluded that the EAT tech-
nique nee&s further development ana that no usefgl analysis.could be done .
on the EAT'results. Note éarticﬁlﬁrly th;t since‘abnormally low valug,
Type F failures occurred with the control units, there was not a useful
zero-stress value with which to compare the mean‘failure force vélues'of
the étressed cells.

The second point concerning the data in Table 4.6.3 revolves around
the relative sizes of the values'obtaiﬁed using the MAT and SAT, and the
types of failure modes observed. Since the pull test iead‘configuration
was diffe£ent for thg'MAT aqd SAT tests, no direct comparison is po;sible
beﬁween the mean valuéé obtained (fbr a given cell type) using the two
lead types. Also, since the actual MAT's for the various celi typés were

all different, no direct comparision can be made between cell types using
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the numerical MAT results. 'Thus‘all data was' analyzed by comparing the
mean pull force for a given cell'aud pull lead type to the mean pull .force
observed for the control population of that‘cell type, using the same pull
test lead. There is even a difficulty in this analysis method, since
,several of the SAT and VAT control lots and stress test lots showed an
appreciable percentage. of type B, C, or.D (i.e., silicom fracture)
failures. For these "silicon" types of failures it is omly possible to
say that the contact adherence strength was greater than the failure force
lvalue observed. Thus in Table 4.6.3 the mean pull force values shown for
'cell types A and C MAT, are measures of the mimimum value of contact
adherence strength. Likeﬁise,»the mean pull fqrce values shown for all
cell'types, SAT are‘measures of the lower houmds to the true contact
adherence strehgth. | |

In the results described below the.failure force data for a given

cell test lead type, and stress test lot were examined and the mean
failure force value for type A failures computed. Data assoc1ated with-
any type B, C, or.D failures in the lot which showed failure force levels
below the)lot mean of the type.A failures were discarded. Any values
correspdnding to anomalous (i.e.; types E, F, and G) failure modes were
also discarded. Then, the mean of all failure forces (excluding values
'dlscarded as descrlbed above) for that lot was computed 'and the ratio of
the stress test lot mean'fallure force to theAcontrol lot mean failure
force was determined. If both. the stress.test 1ot and the control lot,
for that cell and testvlead type, had primarily typevA failures thenithe

bove ratio 1is the contact adherence strength of the stressed units rela-

tive to virgin units. If on the other hand, the stress test lot had
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primarily type A failures and the control lot had primarily B, C, or D
failurés then the ratio of the lot mean failure forces is an upper limit
on the true contact adherence strength of the stressed units relative to’
virgin units. The conversé is of course true if the streﬁs test lot had
primarily ﬁype B, C, or D failures and the control population had primar-
‘ily type A failures. In the cases where both the stress test lot and the
control population had primarfiy type B, C, or D failures, the ratio of
me;n failure forces is indeterminate as far as the true relative contact
adherence strength of the stressed units is concerned since thg ratio is
feally that of two inequalities. Such cases are deﬁoted below b& a
quéstion mark preceding the value of the ratio. |

E Results of‘the contact. integrity testing are shown below in Tables
4.6;4 and 4.6.54for theltwo test lead types. In cémparing the data in
these two tables it is femarkable that so many stress test lots -showed
silicon fracture failurg modes using SAT, compared to the predominant
metal ﬁeeling failuré mode shown in_the MAT tests. This same'patfern is
present to an extent in the control unit data shown in Table 4.6.3. .
Although it could be supposed that the'predominénce of A failufes in the
MAT resul;s in-Table 4.6.4 was an artifact caused by mechanical stress on
’the leads during acéelerated stress festing, the fact ﬁhat the same sort
of battern appears in the Hata of Table 4.6.3 does not sﬁpport this
supposition. The.source of the difference in the failure mode
distributions observeé using the two tecﬁﬁiques is thus not clear,’énd
should be a subject for further investigation.

Taking into account the absolute uncertainty in the ratio values

denoted bv question marks, there is no significant disagreemént between

data obtained using MAT's and that obtained using SAT'S.. There is some
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Stress Test

75°C B-T

1359C B-T

1509C B-T-

1656C B-T

B-T-H Pressure Cooker
B-T-H 85/85
.Powér Cycle

,.Thefmal Cycle

Thermal Shock

' Table 4.6.4. Contact Adherence Strength of ‘Stressed
to Virgin Cells, Manufacturer-Attached

Stress Test .

75°9C B-T

1359¢ ﬁ-T

1500C’ B-T

1659C B-T

B-T-H Pressure Ccoker
'B—T-H 85/85

Powér Cycle

Thermal Cycle

Thermal Shock

Table 4.6.5. Contact Adherence Strength of Stressed Cells Relative to
: Virgin Cells, Solder-Attached Tab (SAT).

Cell Type
A B C
<.52 52 <72
<37 1.26 - .56
6 31 <.68
<.55 97 . <57
<.59 131 . <35
<.87 Le 0.0
<1.0 1.0 7,84
7.46 .94
?.46 >.69 1.1

.79
.69
79
.99
1.15

1.06
1.06
>1.28

>l.2

Cells Relative

Tab (MAT).

E

Cell Type

A B c

T ?1.5 2.89
<.43 21,72 . 2.60°
<.36 22.1 .99
<.43 2,94 "71.28
<.22 . ?71.62 7,32
1.0 .44 1.1
?1.0 71.18 ?.89
1.0 5?1.33 T1.97
21.56 1.1
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2.64
2.67

?7.63

2.61

<1.05 "
71.18
71.09
21.54

71.59




internal inconsisteqcy; however, in the data in Table'4.6.4. For example,
thg 1350C B-T mean contact adherence strength for type B cells was |
greater than that of the other type B B-T test lots, whereas the 135°C

B~T mean strength was lower than that of the other B~T test lots for the
.ocher:three cell typeé. Ignoring minor discrepancies, it is clear from
Table 4.6.4‘that under B~T stress, even for relatively short gimg;, signi-
ficant contact adherence strength-degradation occurred wiﬁh the solder-
Qétalized cell types, and sémewhat less degradation occurred witﬁ the
silver-metalized cell typés.l Under_B-T-H_stresé the soldér-ﬁetalized cell
types also showed significant contact adhefénce strength degradation,
whilé the silver—metalized‘types showed no degradation under fhis stress.
.Power Cvcle s;resé had no significant effécc on any of the cell types.
Thermal Cycle and Thermal Shock stress had no'definit;‘effect on apy of
the cell types except type A. In that case the mean failure fofce
decreased by 50%, and the'predominant.f;ilure mode was typé B and'C. _This
is undoubtedly simply an indication of thermo—meéhanically induced
cracking of the silicon substrate. This type of cracking was Qisually
observed ;fter'addiﬁionél stressing of the remaining.cells in tﬁe stress
'test lots, during the course of the qormal accelerated stress testing. To
the e#tent thét firm compérisons can be made, data in Table.4{6f5 cornfirms
the above conclusions. Some add;tional confirmation was given'by EAT test
‘resylts for type A BTT-H pressure é&oker-Stressed cells; These results
cannot be expressed in terms of a relative contact adherence strength for
reasons discussed eaflier, but the raw data showed remarkably low failure
force valués, and all failure modes were type A rathef than the tyée B, C,

or D, or type F failure modes most commonly observed in the EAT contact

integrity.testing.
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- 5.0 RELIABILITY QUALIFICATION TEST .

.SCI{EDUtES - PRELIMINARY RECOMMENDATIONS
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Two distinct areas of application exist for a solar.cell reliabil-
ity qualifiéation test schedule: testing for the bqrposé'of monitoringA .
- a pfeviously “"Gualified™" céll technology, and testing for the purposes
- of establishing initial "qualification” of a cell technology.

‘ Thé first appliéation is onelof continually verifyiﬁg reliability
for cells manufactured by a technplogy which has no fundamental
wegknesses which could lgad to poof'parameter stability over life.

The second application is one of establishiﬁg ab ‘initio that a cell
technology is free from built-in failure mechanisms. In the first case
a reliability testing history is presumed to exist, té which on-going
test fesulfs,can be compared; in the second case by definitoh no
&irectly relevant testing resﬁlts éxist. For these two quite different
situations; two different reliabilitylqualifiCation tests schedules haQe
Been prdposed. A

The suggested test séﬁedule for technology qpalifibati§n~is shown
in‘Tablé S.i. Test conditions and methods,are‘thoseAdiscussed in the'
pertinenﬁ parts of Section 4.* Measurements and observations to be
' made are: Iges Voc,'and‘Pm prestreés and posfstress; confaét |
integrity, using the method of Appendix E, oﬁ a sample of 25 virgin
unité and on all stress test units (poststress) using both MAT's and one
SAT; and~visualhin§pection of thermally c}cied tests uﬁité‘at 4 X
magnificatidn o?er the entire ceil, and'lO X magnifica;ion in the
vicinity ‘of the tab attachment points. Prdposed elecgrical degradatiép
‘liﬁits~for lot mean P are: Tegt Al, SZ;‘Test A2, 10%; Test A3, 207%;
Test A4, 10%. The proposed limit éor lot mean gontact'integrity
degradation is 50%. The proposéd limit for freq@ency of occurrence of

cell fractures

*The thermal cycle method thus will not permit the use of two -
temperature chambers with manual work transfer.
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is 50% including especially conchoidal fractures at.tab attachment

points. .Gross delamination of metal (delamination éxtending over
greater tﬁanvl" length) of any cell should be céuse for disqualifica-
tion. |

Table 5.2 shows the suggested test schedule for cell réliability
monito?ing. Tests conditions ;nd methods are those discussed in the
pertinent parts of Section 4. Measurements and observations to. be made
are those.discussed in the previous paragréph except that contactlintegP
rity testing of vi;gin‘uﬁits should not be required, since results of
‘previous testing should exist for comparison-purposes. The criteria for
acceptance should ideally be based on qual;fication test performance,
relativé to previous test performance. At ;his poinf, quantificatioﬁ of
acceptable deviation from previous results is difficult and moré.hisgorf
must be oBtained,before the reasonablehess df,such quantification can be
‘verified. However, based on the criteria for the'technology
'qualificatiop test some absolute‘iimits can be.suggested. Proposéd
electriéal degrada;ion linits for lot mean Pj are: Test Bl, 5%; Te;t
" B2, 10%; Test 83; 10%Z. The proposed limit for lot ﬁeah contact
integrity degradation is 25%. - The proposed limit for frequency of
occurrence of cell fractures and'gross-delamination is the.éame as for

the cell technology qualification schedule.
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In this program the general ability of accelerated stress tests to
discriminate between cell types and technologies was demonstrated. This
discrimination was observed on the basis of Py degradation,'visual
observation, and metalization adherence degradation. Thus it is clear
that taken as a whole the results of the accelerated stress tests can be
used to rank-order cell types with respect to potential field reliabil-
ity. On the basis of results the technique should be usable as a reli-
ability or quality monitor if systematically applied to production run
samples.

Figures 6.1 and 6.2 summarize the relative effects of P, and
contact integrity degradation for the various stress tests for the four
cell types investigated. In these figures, the darkest squares signify
a degradation which was progressive with stress test duration, and
significantly above the "noise" of the measurement technique. The
lightest squares signify no discernable effect after stressing.

"Medium" squares denote cases between the two extremes. Obviously
subjective judgement was required in formulating the figures.

It can be seen from an examination of the columns in these figures
that A cells show appreciable degradation on being subjected to acceler-
ated stress testing whereas B cells show very little degradation. C and
E cells lie between these extremes. While these conclusions demonstrate
the applicability and potential usefulness of the technique, they should
not be interpreted at this time as a quantitative measure of field
degradatién rates. It is felt that the technique is capable of such
prediction, but considerable additional stress testing and field degra-

dation analysis will be required before conclusive evidence can be

demonstrated.




RELATIVE STRESS TEST EFFECTIVENESS

. CELL TYPE

STRESS TEST
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85°C/85% R.H.

POWER CYCLE
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RELATIVE STRESS TEST EFFECTIVENESS

CELL TYPE

STRESS TEST _
| | Al B C E

B-T

PRESSURE COOKER

85°C/85% R.H.

 POWER CYCLE

THERMAL CYCLE \

~ THERMAL SHOCK

Figure 6.2."Relative'Effebfs of Accelerated Stress Tests on Contact

- Integrity.
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From an examination of the rows in Figures 6.1 and 6.2 it can be
seen that the various tests vary in their effectiveness. The power cycle
and 85°C/85% RH tests show little effect regardless of the cell type.

It is for this reason that they were omitted from the qualification test
schedule of Section 5.0. Pressure cooker and thermal cycle tests show
consistent degradation effects in most cell types, while B-T testing
strongly affects only one type of comstruction.

In most instances the observed P, degradation could be directly
related to failure of the cell metalization, thus verifying the original
assumption on which the stress testing was based. This metalization
failure was evidenced physically by delamination of the contacts and
electrically by an increase in the series resistance of the cells. On
one cell type a leaching of the anti-reflective coating was observed
after pressure cooker exposure. This caused Pp to decrease moderately
and was the only failure mechanism, other than metalization failure,
which resulted in electrical degradation. No uﬁexplainable second order
effects were observed.

All cell types were found to have difficulty, of varying degrees,
with thermally induced mechanical stress. Because solar cells are so
physically large and contain a variety of materials having different
thermal expansion coefficients, they could be expected to experience
difficulty when subjected to thermal cycle/thermal shock stress.
Quantification of these problems was more difficult than with other
tests because of the problems of relating P, degradation to stress as
discussed in Section 4.2. Cracking effects were most severe in large
diameter cells having a thick solder coating and least severe in small
diameter cells with other metalization. Cracking due to thermal changes-

may well be the limiting solar cell reliability failure mechanism.
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The most‘useful electrical parameter for accelerated life testing
analysis proved to be the cell's maximum power, P, and its usefulness
was only as good as the ﬁeasurement techniqﬁes used. Satisfactory
neasurenent repeatability requiresAcarefui attention to detail with regard
to both light intensity and cell temperature. Intensity should be set and .
frequently monitored using.a reference cell or standard cell. This insures
operation at constant irradiation level and avoids lanmp drift probleﬁs.

 Cell témperatﬁre should.be monitored during measurement énd shoﬁld be
held ‘at fixéd tenperature, wiﬁhin.i 0.5°C. Such tempera&ﬁre control isA
difficult undef,equilibrium conditions for cells with irregular surfaces,
such asjcaused by solder &ipping. Under these'conditions.the only
satisfactory method is a transient measurement techniqué‘whereby all dat;
is taken so quickly thaﬁ'the cell's temberature does'not rise. .Igstruments
of this-kind,are not generally available andttheir‘dgvelopment wili rquire
transient measurerment standards to be set in the same way‘that équilibrium
standards have been set.

Changes due .to agcelerated stfess could be observed-visually as well
as ﬁéésured electrically. Viéual obser§ations,-howevef,’are qualitétive‘
and largely subjective so their use should be restricted to unde;étanding
failure‘mechanisms ratﬁer than predicfing feliability.‘

:Thé results of thg‘metal adherence--testing were useful in
differentianing between céll,types and stress‘ﬁests. The fesults,of the
metal‘édhgrenge'testing'were, however, quite Variable,aﬁd_thus,servéd a
largely:qﬁalitative éufpose. Some of -this lack of quantification, however,
can be attributedltonstarting'the contact integrity tesf effo;f late in.the
‘brogram and beiﬁgAreétricted.Fo less thén’ideél‘sﬁmple sizes.
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undertaken..thiSJisgnecessary*togg ideg thesidey A~pmepgggfaagge;ggaegdsstress
tests, and - to provide a basis for judging the relevance oflcurregt nd~yfuture
stress tests. |

Implementatidn of exteesive additional testing on a variety of cell
types depends on the availability of;sockeﬁs an&.fest equipmeet. A highly
repeafable elecfrical test set capable of meaeufing non-heat sunk.cells under
transient cond;tioqs should_be'developed for use with irregular cells. An
inexpensive accelerated stress test jig to support the cells rigidly during
etressing is also required.

Further work on thermel'cycle/thermel shock induced cracking should<‘
be performed. The relationshie between crack formation and cell eonséruc*
ﬁion needs further investigation. Also; the effect of cracks on Pn
'degradetionAis not uhderstood.

It is recommended, in Qiew of tﬁe weak effect of the 85/85.test on the

cell degradatlon of unencapsulated cells, that a B-T-H accelerated test-

program be initiated for encapsulated cells..It is possible that the




results of such a program might reduce the environmental demands now placed ‘
on encapsulating coatings. It is also possible that interactions between
cell and encapsulant might be. uncovered.

Some work should be performed to determine the importance of bias during

.

‘accelerated stress. All tests in the present program involve bias, based on

an analogy with integrated -circuit failure mechanisms. On the other‘hand;
the current program has shown no failures definitely attributable ﬁo bias and
ifs ‘elimination as a stress would greatly simplify.testing. |

Additional work should be performedA;o develop better lead attachﬁen;
techﬁiques and test procedures;for metal adherence testing. A carefully
planned program, perhaps dsing speciélly constructed multiple lééd cells and
largé sample: sizes, should then be initiatéd té look at metal adherence

problems.
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No reportable items of new technology have been identified during

the reporting period.
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This research project resulted in the collection of a massive amount
of solar cell electrical parameter data. This bulk of information required
the use of a large core computer to handle the data storage and statistical
calculations. Because of the variety of analyses and manipulations which
were performed, it was considered necessary to use a "canned” program to
perform the data management and the necessary calculations. The use cf the

computer has resulted in accurate results and a data base that can be accu-

rately transcribed onto magnetic tapes for further evaluation at other loca-
tions if appropriate.

The data base consists of electrical characteristics of solar cells from
four different manufacturers exposed to a variety of stress tests for various
amounts of time. At measurement and inspection down times during each accel-
erated stress test electrical parameter data was obtained for inclusion in
the data base. There were a total of 4889 observations. Each observation in
the data base contains the following information about a cell: the manufac—
turer type (a code letter of A, B, C, or E), the lot number (indicates the
type of stress to which the cell was subjected), the test number (indicates
the level or time of stress), the cell number (within manufacturer type) the
open circuit voltage (V,.), the short circuit current (Ig.), the
voltage at maximum power (V; ), and the current at maximum power (I).

Also for each cell the maximum power (Pp) was generated by the program as
Van * Ip. These data were stored on disk to allow for easy access for
analysis and can be transcribed onto magnetic tapes.

By and large the manipulation of the data base was performed by SAS
(Satistical Analysis System). SAS is an integrated system for data manage-

ment and statistical analysis. By combining statistical versatility with




extensive capabilities for databmanipulation and repoft writing, SAS yields a
nearly complete system gfr managing data. It is a product of SAS Institu;e,‘
Inc., of Raleigh, North\tarolina. SAS is extremely well ‘documented and has
become over the last few years one of the most trusted and widely used sta-
tistical software packages. For statistical analyses, SAS has a rather ex-
tensivé library‘of statistical procedures. Important to this research were
the procedure for calculating summafy statistics, plotting histograms, print-
ing scatter plots, performing analysis of vériance for several linear models,
and performing Duncan's multiple range test.

To indicate how SAS was useful in our analysis, weiﬁse the following
ekamples.for illustration. Using SAS's print procedure and the 1§beling
feature, a neatly formatted printou;'of the data is obtained as shown in
Figﬁre A-l.. Notice that the oﬂservations 173-179, which have vafiables
’LQT' = 2 and 'TEéTNO' = 1,,ha§e a cbmplefe explanation of the tesﬁ run on
those cells, namely, 'L 2 T 1 BT STEP STRESS FWD AFTER 135 C'. Notice also
for cell number 8 (observation 188) there are no data values, only periods.
These periéds,represent‘missing values. ‘FOr.this cell the lead broke off
‘resulting in no electrical méasurements on this cell at this stress level.

- These missiﬁg values -present no problems for SAS %n‘that the statistics are
suitably adjusted for missing values. |

Using SAS's chart procedure, the distribution of the sample values and
an indicationséf the population distribution can be obtained. As an gxample;
consider the histogram of the maximum power fog B cells in lot 10 before any
stress ;esting, shown 1in Figure A-2. "Another précedure yields a scatter plot
of the data. For. example, in Figure A-3 are ploéted the ordered pairs
(ISC,=Im)‘for A cells before sfress testing. In this plot the letter A
represents one observation with the coordinates.indicated,'B represents two

such observations, C three observations, etc. As would hopefully be observed

Ad




----- == =zromms-zzazoos. IYRE2ALL (0ESCaLl) V.0 35C ez Ml P _cmnzees

ons

- — I YY I T 1 3 L 0.58% . 1.04)1 . 0.4Y6 __ b.O. _ 0.VesO __
- : AT W6 0.510 __ L MY 0.855 158 _ 0.71890
’ 1.8 167 0.567 .02 0.44C 1.58 0.L9520
109 7Y 0.569 1.7y 0.450 1.57 0.70650
e e e U B 1] CMOY 0,567 B U3 0,448 1.60 . 0.210680
. (k] 110 0.%0% _ 1.13) 0.41% 1.58_  0.150%0

C

o hes T

e e NI I QST 0820 044 b6 0.75432

FLLND vue - IS¢ - v 1] PN

YT Y TS R TS Y I TN T 09850

3
- YYPE~B ODESCeL 2 ¥ 1 B1 SIEP STNESS FuD AFTER 135C i
A : ons _ceuna . voc o ase T v | W en - - “}
- 3 N 0.540_1.383 10,420 __ 1,21 0.53340_
PO 1T e 0.53¢° 1.318° 0.420 1.217 0.53340
115 9 0.5712 1.375  0.485  1.22  0.5¢290 :
. : 116 30 ____ 0.529 __1.303. _ 0.43% _ _1.24 __ 0.53940 .
e e - " ... 0.532 _ 1.39F | 0.420 __ L.28 _ 0.53760 . ... ... .
T e T s LT h38e 0,029 1020 T p.5048) S YO
1 13 Q.848 1,358 0 0,960 1.29 7 0.35000 : S B
. ! 1
© YYRE=W, _DESCeL 2 _ L.2_ B SYER.STRESS_EMO. AFTEA_150C --=
L T T T T T ens _cEuN Cvoe T L R | R T I L
100 K] 0.539 7 1,378 "0.420  1.200"  0.53760
. 181 s 0.532  1.314  0.822  1.25%  0.52981
_ W82 9. 0.589 __1.315 _ 0.442 _ }.220 __ Q.53$R4
D ey T T e T 0.s2 T 1.312 T 0,438 1.240 T 0.839s0 .
T _ TIrTIves ST 0.s2e T 1.392 . 0.426 . 1.260 T 0.53e%6

186

Tous ZCEMNQ__voc LT asc T yn D e en

beS 02 _ . 0.527 __ 1.368% 0.42% __ 1,280 0.54400

13 0.541 1359 0.440 1.250 0.55000

0.538 1.380 © 0.424 1.2¢5  0.53636

197
_____ 1au, _ A e .
—aes 0.5687 1,307 0,487 002307 T 0.56489
- _ovea ITT TTo.526 L 0.3 0 0,435 1.2%0 7 0.54318
151 0,528 1.388__ _0.420___ §.200 __ 0,53740
192 0.526 1.3187 0.424 1,270 0.51848
. 193 . 0.540 1,355 0.430 1.260  0.343€0

Figure A-1. Data Printout from SAS Program




>
[«

S1AtltEsTI1CAL

ANALY SIS SYSTEM 9:06 'WEDNESDAY,

TYPE=D GROUP=LOT 10 INITIAL

M R v

JUNE 21,

1978 33

PERCENTACE BAR CHARY - n
____;___EEBLENIAcﬁ
R _ _ .}
{ : ' .
2 l vr v ».r. (:-': _'? '
2§ ¢ v PRI . - -
‘ LI 43 o [ .
. - = e __r_rn"_zm_ﬁ%;;ml.“ e e e e e I
R T ) - N . T . T
30 ¢ ' : P ' o B - "]
: !
l I3 -I.
'"'— i T
T i
| ‘ 4
| : : '
S | — S T S
_,M_“____NMZO ¢ — -1
] | 4
! ' , -
|
) -
USRI &- TR SO e ey e mmm emem S —_ U b
e . . H
| ) _ﬂw
' . . |
l v - _‘.' 1
10 ¢ : . J
- .- ; . _ [ —t
. ———— ! ! s _F
| 23008 s i -
[} LT 1L S e 2] R
S v . teeo . . .
A voeer )
— R . L T 2 1 3 e+ et e e e e+ e e . *
I R Y TT T seey IR
L o vusey ’ 'J}
—— g -
0,55 4

Figure A—2

Histogram

e PH MIDPCINT_ e et
of Py Distribution for Type B Cells, Lot 10 Prestress.

e ————

Lot Size = 60 Cells.



LY

. PR - -

S-S T AT ST ICAL ANALY ST S SYSTEn 9106 MECNESDAY, JUNE 21, 19170 19

L.600

1.%sC
1.585
ES1N]
- 1.915
.51
| P TAY
T3]
1.55%
1.55%0
1.548
1.5%¢0
LLe33%
1.%2)¢

+ e ev e T reeTTem st ere e veORCSeren T

s PLOY CF _IMeLs( LEGENDI A = \ 0FS, A = 2 DBS. EIC,

A . A

'y i\ A

AT oA AT
8 8. _CRABA___ ...

B A AAAA - A

it e —— e ——— A__BA £A_AA

A ’ A 7 BAA A
— : i A __ AN — B i .
- A AA_A

A A BH B A AN A - A T
s . . .

e B e A

A A A

AA__ AL A A
N A N A A

L.5ds - - p—
1.52¢ )
[T e : -
1.50 % A A N
L.%0¢ -
1.50¢C . - [ S J -
1.46% . — e — e - -
Llasac’ ——
1.485 . [} . . , ; B
Ll Sttt b - tmm e pm——— = . - - el } |
el hede. _d, U8 3,80 1,02 1,04 ..
e e L - U U
HUBE: 3 08S HAD NISSING VALUCS I
|

Figure A-3. Scatter Plot of I . vs. I.» Type A Cells, Prestress.




8v

ST &T (STITCAL ANALYSIS SYSTESN
’ TYFF=  LoT=13%

AALYSIS CF YARIANCE FROCETDUFRE

*=
T
—
m
.
X
<
'

DEFENCENT VAR

SOURCE, o nF o SL¥ OF SaunETs "EAN SGLARE F VALUE | FR > F R-SGUARE

T MODEL . 2% S.terarres T TR S0 (Ges 5.3 T T  aleonr T T 0073784
CERBGRL L ri il S8 e CL30EL2TS L0085 7107 e STRUDEVL D

CAYRECTED TCTAL K 117642047 - ' . 0.072720130%

Csource L v T eneva sy

L EVALUE. D er> f LTI

LT T T T e e g e e
CELLNC- o PC C.33727257 2.1 n.0082

:;J.iﬁul A e e . CLBCANTS SULTIFLD NANCE TEST FOP. VARIFELE.FY ..

e e s e+ s e L E RS W LTE L THE SAMELLETTER ARI-MET SIGHLETCANTLY 'D1FFERENLT ~
i LIALSVA LEVELE.CS. o DFES2. | MSEQ.ODSO3A. e e
GRCUF TN @ © MEAN N TESTMO
I I P e 0.28999C 22 0. .. T T TT
S USSR O Y 7-77 Y ST S D

¢ ; 0.561383 27 .2

" Figure A-4. Printout Showing Results of Analysis of

Variance and Duncan's Multiple Range Test




there exists.a highjpositive correlation between ;hort circuit current and
current at maximum power.

Two statistical tests that wére‘of special interest for this research
are the.analysis of variance and Duncan's multiple fange test. -These two
tests go hand in hand. Thrbugh an analysis of 'variance one tests the hypoth-
esis that pogplation.ﬁeéhs are equgl versus.the al;ernativezhypothesis that
at least one population mean is diffgrgnt from the others. If the alterna-

.tive hypothesis is accepted, the Duncan’s'mqltiple range test is used to.

determine thch means are different. The basic assumptions for these tests
are that the populations are normal yi;h eqﬁél yariances.' The data suggested
thatAboth of théée assumptions were in‘general reasongble; however, the
robusgqess‘of fhe'F-statistic in this test in;ures that both tests are valid
deépité slight departures from normaiity and homogeneity ofAvariaﬁce.

To illustrate the abbve tests of hfpothesis consider testing the
(statistical) hypothesis that the mean maximﬁm power for cells of type A is
the same initially as after 148 hours of B-T stress at 1659C, as after 362

'hburs of B-T stress at 1§5°C. In this case the experimental design is that
of the complete -block design where each cell represents a block and each
stress.lével'a treatment. Results of performing an apalysis of variance are
given in Figuré A-4. The key results are.tﬁe "F-VALUE" 44.74 and "PR > F"
value of .0001 asséciated with "TESTNO". This implies that if indéed the
parameters iﬁ question, i.e., the mean maximum power levels, are.the same
initially as after‘eaéh stress level;'then the proﬁability of obtaining an
F-statistic of 44.74 or greater is .000l. This ié so unlikely we coﬁcludé
that the stress has significantly affected the maximum power of these cells,
The ne#t question is which level(s) is (are) different. Duncan's multiple
range test érovides insight for the answer. In Figufe A-4 are the results of

Duncan's multiplé range test with the stress test numbers and the means for.

Pm after the respective stresses. The fact that the means for each of the

‘A9




stress level's have associated with 'them a different -letter under’the

"GROUPING" colunn indicates that the means are significantly -different from .
one ‘another; in parficulér,‘thé'initiéi‘meén Pp is ‘significantly greater

than' the mead’Ph after one stress level which is significantly greater than

‘the ‘mean P after 'two stress levels.

The histograms that appear throughout ‘fhe report were -préduced on a
Calcomp plotter’usiﬁg special procedure written by'Clémson's “Computer cénter
personnel. The graphs of standardized mean P, by stress test number Wefe
produced on the plotter by another SAS procedure.’ Note that in ‘producing
such plots, and in performing analyses such as those ‘described above, ‘it is
not necessary to enter cell parametric data for each operation since the data
is stored on disk and is retrieved as necessary by the various pfoéraés and

subroutines.
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Prestress electrical data for both Phase I and Phase II test popela-
tions were analyzed statistically in-order to Aetermine'whether the toeal
cell hopulations were normally distributed; and whether the'stress test
‘lots formed frem the total cell population were random samples. Stress
test 1§£s were formed by simply picking cells frem shippingAcontainers ahd‘
scribing identif;cation numbers in the bachside metalization of each cell.
No attempt was made by Clemson University workers to randomize the cells
~when forming sfress test lets; Thus, some of the'statistical tests,
applied to the'prestreés data, test for bias‘in,the individual stress test
lot formation. A discussion ef the nature and application'of‘the
statistical tests used is contained in.Appeadix A. |

Tahles B-1 through B-5 show the mean prestress electrical charaeterf
istica of the total Phase II cell popalations, and the standard deviatien
of the parameters foh'the populations. Means of the prestress‘elect;ical
parameters of the Phase I cell populations deviated by less than 107 from
the means shown in Tables B-1 through B-5. Although the dlfferences
observed between Phase I and Phase II cell populations were found to be
statistically significant for two hf the cell types, the Phaee I cell
characteristics were considefed to be close enough to the Phase II cell
characeerlstlcs to permlt valid stress testing experlments to be.run with
the Phase I uniea. Statlstical tests applied to the Phase II ‘cell
popplations.indicated that the prestress parametric distributions were not
gerfectly gauseian in all cases. This can be seen for some pafameters by
.casual~inspection of the pafametric distribution plots, Figures B-l

through B-20.




Total Uhits - ‘ Standard

Cell Type ‘ Measured Mean Py (W) ~ Deviation (W)
A _ -3 0.757 ‘0.036
B R 343 0.502 0.023
c - 341 o 0.262 0.007

E - 354 ©0.452 . 0.016

Table B-l. Mean P, and Standard Deviation, Phase II
: Cell Population Prestress '

Total Units ‘ Standard

Cell Type : Measured © Mean Igc (A) Deviation (A)
A : 340 © - 1.804 . 0.054
B | 342 | ©1.360 0.024
c 341 O 0.606 0.014
E 354 © 1,155 . 0.023

. Table B-2. Mean Igc and Standard Deviation, Phase II
: Cell Population Prestress

Total Units ' Standard

Cell Type Measured Mean V,. (V) Deviation (V)
A 340 0.582 . 0.010
B | 343, | 0.540 0.014
C 341 - - 0.564  0.003

E © 354 ' 0.574 . 0.004

Table'B-3L"Héan’Voc and  Standard Deviation, Phase II
Cell Population Prestress '
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Total Units : Standard

Cell Type Measured " Mean Ij (a) Deviation (A)
N 337 . 1.646 0.050
B ' 343 - 1,201 0.035
c 341 0.560 - 0.013
E 354 0.986' 0.016

Téblé‘ﬁ-Qg Mean I and Standard Deviation, Phase I
o ' " Cell Population Prestress

Total Units. E , Standard
Cell Type . _ MgaSured' Mean Vm.(y)> Deviation (V)
A o337 0,460 0101£A»[
B 343 .0.41§’ 0.015 - -
c \i. 341 0.468 0.006 .
E | .3541 0.458  0:005

Table B-5. Mean V and Staﬁhérd Deviation, Phase II1
- Cell Population Prestress

BS




18,2

PERCENTAGE

16.4_

1.6

12.8
—T

11.0

20.0

.2

a4
5.8}

3.9 Eas

' Figure B-1. Prestress Distribution of Voo» Type A.

@PEN CIRCUIT VOLTAGE (V)

. THERLEITLY] | -
e
1NN |
0’0'0.0‘!‘0.0‘0‘0‘0.0‘! ’.’,’.’.‘.‘.’g‘;’.’fﬁ
it W
Vi 1S
S A
Hi S
o i
iR
it IR T
N "mmm ’mmm"'
i
'''''''''''''''''''''' Hio N"“m“' m“mm‘
vt R R
:l:l:l:l:lll:l:l:l:l: AR lllllllllllllllllllll mm"m xmmmnx
NN B N o
WM ) vlllllll‘lllllllllllll 'm""m ! 'mmm"'
WA ) lllllllllllllllxlll{ mmmm mmmm
. el (G0N A
B ‘l:l:l:l:l:l:l:l;l;lll NN llxlllllllllllllllll; mmmm i
i | i MMWM Mmmm
i i ot lllllllllllllllllllll ,O,WNWH AR by
I a | T T



PERCENTAGE

20.0_ .

oy [
18,0 .
14.0] R " “ | M wa
12.0_ ‘ - | | (R
i i
A TR i
8.0 - ’ ' '
i i
sl0 H Uiy e
0 Al o
) e 111
4.0 | M .
. 1l I“ H r ‘ OO0
2.0_ il “ | x o
| i v m v&‘ ML s
g.0 1 25 'l'l'l'l‘llll IWWV L ITTYYNNY WW illlllvllllxl G000
) 1 R | [ I l

 1.695 1.725 1.755 1.78S 1,815 1.845 1.87S 1.90S
SHART CIRCUIT CURRENT [HJ .

Figure B-2. Prestress Distribution of I ., Type A.



PERCENTHGE

30.0—,

27.04
.
.o24.04
21.0] .
| il
18.0_
: 1
o il
15.0— mu,
| i
12,0 .
S 1l
_ - xxxxxxxxxxlxl _
8.04 - N T
. \ MMM
M
6.0 Mk
» i lxlxlxlxlxxxl m
3.0 g M e
] X 1‘1‘1‘!’1‘1‘1 | ’xxxlxxxxxxxxx 2 o
o.o_L R NN Qi B B
} | i | 1

0.436 0.444 0.4S2 0.460 0.468 0.476 0.48Y 0.482
" VOLTAGE AT MAXIMUM POWER (V)

Figure B-3. Prestress Distribution of Vy, Type A.




PERCENTAGE

3 0 i . 0 t— )
27.0_
24.0_]
21.0
18.0 BRI
: MMM
15.0 ' I |
| - - ~ A
U I M
12:0—. T
: I
K 1xxlxxxxlxlxlxxx1
9.0 W
| WY
' N
s . G — xX‘X’X’X’XXXXIXX,
| T XS0
, M ¥#§%¥ i
3.0 i Y Q%%%g 3%%%3
| - & ¥Hﬁ%¥' M ey
8.0 3 e e, YYYYY VY Y IYYYY 'X‘X'X'I'I‘I'X'X‘ AXACIOXX
T T 1T T I

1.0 1.S4. 1.58  1.62 1.66 1.?3 1.7
CURRENT AT MAXIMUM POWER (A)

‘Figure B-4. Prestress Distribution of Ias Type A.

B9




018
PERCENTAGE

26.4

_T .
.23.7_ﬂl lv'v‘v’v.y'v.v’v.v‘v‘v‘!& A—
] i ':0‘0‘000.0‘0‘4‘0‘#}.‘
i e
111 || .
18,5 S )11
1
158 B [ | !
. , 4 llbllﬁ ! | _: “h{HH
10.5] A | | WIS
| i i
7.9 . it Ao
| - i
5.9 o 3§§§§: : ‘ XRRRRR,
Lol ] i I e N
L i i | ' lxilx'x{'l'l'llx'llll
00_ R l ""'f ..... Qe | .l_ i | il WY l| ....................

0.67 0.6  0.71 0.73 0.75  0.77 0.73 0.81
 MAXIMUM POWER (W)

Figure B-5. Prestress Distribution of Py, Type A.




 22.6._

PERCENTAGE

25,1

I .
m
o 11—
7.5 -
T &1
15.04 '»~w '% n A
12.5- . 11111 S
'. '. ‘””." uiuh : A
BT 0’6’0’0’“‘0 RN
Gel—m ‘ MY - T
. A R
L 7.5 xxxxllxlxxxxx - TS I
: MAAA HINY
Y B
WO |
5.0 MWL | . Xxlxlxxxlxlxl E |
1 1 I OV kA
P L WA AW THTHL e
: I A ALY
2.5 AR MAAUA - XX
N ORI WAV 00500 e
Lo W MMMA
0.0 BN ML WAL A I e X B
T T T l

0.516 0.524 0.533 o.squﬁgsﬁaAcasss 0.564 0.572
@PEN CIRCULT VOLTAGE (V)

Figure B-6. Prestréss Distribution of Voé» Type B.

"Bl . -




PERCENTAGE

334

30.0 _ ‘ v.v.r"v’v‘v’v.v‘v’v‘u
|
26.7_] (g
N
NG
23.4] M
Y -
o] i
e O
6.7 i R
' 'NNNMN N
e [ U T h
T R i e
AR Imm "“' N
10.0— - IWIACEAL. mmmm ‘ xxxxxlxxxxxxxxxxxxlxx
T e
8.7 - N mm“m. | TR
BE - oonoceeret - SIS T
auy . xxxxxxxxlxxxlxxxxxxxl ) ””“”“” LU .
3.3_]" | mwmm ﬁﬁﬁ%A& oo
ba . &%%&'WWMM' ‘ﬂﬁﬁﬂ % E%
o T T ]

.31 1,33 1.35  1.37 138 1.1
SHORT 'CIRCUIT CURRENT (R)

Figure B-7. Prestress Distribution of Iges Type B.

Bl12 .




£1g

- 20.8_] -

PERCENTRGE

7.1

25.8

23,2

.18 14

15.5__

12.9_| -

10.3_]

S.2.]

2.6

0.0

0.375

AR

BT

.

A |

ML
AR

AN

il
il
it
i
i

i
i
i

e

(i

I

il
il
i
il
i

A
llllVl I

MMM

AR

N

DI
AAMIMMY

lll
lllll
-----
xxxxxx
lllll
llllll
llllll

xxxxxxxx
llllllll
xxxxxxx
.......
llllllll
llllllll

lllllllll

lllllllll
lllllllllll

> e
000000000 909050530098

llllllllll
lllllllllll
llllllllll

ST
0.385  0.395 ' - 0,405

ol

0.41s

0.u2s

0.435"

I
0.44s

- VOLTAGE AT MAXIMUM POWER (V)

- Figure B-8. Prestress Distribution.of vV , Type B.

4
Sesreses
e3eseselere



PERCENTAGE

33.6

30-24 | num '-
-~ B
e o
T
il
- R
s M o
13.4 | wﬂ".ﬁ“.l i
‘ L
1l ’ . AALAL X
U TR e
5.7 N ) o :lililililili A i""w"..‘ ]Xlllllxxxxxl xxxxxxxxxxxxx
B - x;’:‘:’i‘;‘il mm{ XXXIXXIXXXXXI %%g%
, < S R - mm IR
f— S M W O Kot
o il | l [ T !
~1.087S . 1.1375 1.1875 . 1.237S
©.1.1125 . 1.1825 1.2125 1.2625

~ CURRENT AT MAXIMUM POWER (A)

© Figure B-9. Prestress Distribution of Iy, Type B.

- Bl4




. PERCENTAGE

27.0_ an
1
2.0 1
| BN 1
.0 i
N ll
5.0 iR
- e
12.0— - A [ "m". .
A1 1
9.0_]. ““"’ I""”‘[ XIIXIXXXXXXXX
. m""' P xxxxxxxxxxlxx
oo D -
0 i il
e ‘ mm’ | y WA
3.0 EEEd W.”“’j e

LU0 .4SE  .u72 '.y38 ' .sSoY4 .520. .536 .S82

T T T

© MAXIMUM POWER - (W)

Figure B-10. Prestress Distribution of Pp, Type B.

B15




PERCENTAGE

34.7

Figure B-1l. Prééﬁress-Distribufion of Voo, Type .Ce ‘ .

-
_— i |
I
i
20.8_] :“""" | |
' i‘mmi ' “‘ffff '
174 ""N“.' - MM
i i
13.9] mwv ‘j@i%ﬁ
] A A e
O R Y
S
1 _ B i ] -

 .ss87s -.56375 - .5687S’ .5737s
GPEN CIRCUIT VALTAGE (V)

Bl6




- PERCENTAGE

| . AR

o T i

i | |

20.3.] ,"m“; 'm"”' ~ |
1

7.4 i

] i e

-5 i I

SR NN 1 i

: i il

"

T R 8111 o e

.. g L M D o

oo L T Y O K G R

- R [ T ]

0.575 0.58S 0.585 0.80S 0.615 0.525 0.635 0.6US :

SHORT CIRCUIT CURRENT (A)

: Figufe B-12. Prestress Distribution of Ig, Type C. -

- BL7



0.468 . 0.476

- 0.460

'89.5
-

62.5—

55.6 4

8.6

41,7
4.7
27.8 4

394 1N3JY3d

20,8

13.9

6.9 .

0.us2
- VOLTAGE AT MAXIMUM POWER

' "d'.d"_.'-

(V)

Prestress Distribution of Vp,, Type C.

Figure B-13.

B18 -




PERCENTAGE

27.0_

. B.0_

30.0

24.0_

18.0

15.0_

| LU

12.0

9.0

xxxxxxxxx
xxxxxxxx
xxxxxxxx

xxxxxxxx
xxxxxxxxx
xxxxxxxx
xxxxxxxxx
xxxxxxxx
xxxxxxxxxx

xxxxxxxxxx
xxxxxxxxx
xxxxxxxx
0000000C

xxxxxxx
0000000 - §X
xxxxxxxx
xxxxxx

xxxxxxxxx

xxxxxxx
xxxxxxxxx

xxxxxxxxx
xxxxxxxx
xxxxxxxxx

xxxxxxxx
xxxxxxxx

xxxxxxxxxx
xxxxxxxxxxxxxxxxx

! gl é&ﬁﬁélf =
-535 .S4S - .555 . .s65 .575 .585  .535
CURRENT AT MAXIMUM POWER (A)

Figure B-l4. Prestress Distribution of I, Type C.

- . B19 .




-
e
- 'A‘l‘l'l
. I.A'l'lv.l
' — IAIA'A'I
—-— vlv.A'lvl
'AII'AYAVA IAVA'AIA
- VA'AIAII'AVA -IIAVA'A
- e ‘.A'll'-l'.l" '.A'A'.A'l
e ‘A‘AIIVIVA'A -
'l'.l'l'l'l 'l'l'l'.l'l'.‘ 'll'l'l
'lvlcl'l'lvlvl 'l'lvlll.lx 'l-.lvlvl
vlvl'l‘lv.l'lvl YAVAIA'AIA!A 'A-.Avl'l
vlvlvlllvlvl'l IAIA'AIAYA'A 'l'l'.l'l
'l'l'l'.l'l'l 'A'.l'l-ll'l'l ‘l'l'.l
'lvl'lx'll“ 'lvll'AIAIA -~
'lIlvl'l'l'A'l Ilvlvl'n‘lvl -
Ilvl'l'l‘A‘.A'A Vlll'l‘l
'A'Avl‘l'l'l'l -
IAVAIA'A'.AYA'A
'Avl'l'l‘l'l'l
- -
-
-

' .252

.2
us  'W

43.4—
38.54
33.74

28,9
4. 1
19.34

394 LN3IOY3d

8.6
4.8

14,54
0.0

- .278
' .268
.260

PAWER
MAXIMUM POWER

.2y

(W)

-15.
Figure B-l

C'
Type
of Pm’
Distribution

ess o -
PrestrA .

B20




14!

- 28,0

 PERCENTAGE

36.0__¢

32,0}

ay.0_|

20.0_
16.0_|

8.0_]

.5595

.5625

Figure

.5655

R | 411111411

- SN

R |11 11111
SRR | 111110
=

R 1A

 JAAAEALGARL

JLLULLLEER

- KCERARA

JALLARLAL

JALULARAL

JAUARAL

JAULUUAARA

R

T o

T

N

i
il
il

i

(i

it
i

(e

i

il

‘ .
i -

(-

i

YO0 B

Y0000 R

AAXAXLERRR

S ==

. 5685

B-16. Prestress

.5715

LS5

I

Distribution of Vocs

‘ .5775
OPEN CIRCUIT VOLTAGE (V)

Type E.

.5805

.5835



PERCENTAGE

37.0

. SRR 11111111
as] y
, -
2848 m’mm
| R
T i
8.5 W"M
S i IR
| - pi T
.0 T T
A [
i -
' i
"] - D e

3.7+ i fil - R
| e mwm# QD

- 0 - 0 EEE ::;':': R ll lllllxlllxlxlxl
- P o ! 1
1.09 1.11 1.13 1.15 1.17 1.18 1.21

~ SHORT CIRCUIT CURRENT (A)

llllllll

il JOULAXAAAA,
XXXXXXX

Figure B-17. Prestress Distribution of Ig., Type E.

. B22




PERCENTRGE

40.0_

AT .
36.0_ 'W"W'
| QUi
32,0 'mmm'
| S
28.0_] R 'W“m' |
gl .-
24.0_] | '"W"”' -
, 11—
20.0_] 'mmm' |
i
-1 il

I : l 1441 l X l

0.446 0.US0 0.YSU 0.4S8- 0.U62 0.466 0.470

VOLTAGE AT MAXIMUM POWER (V) »

Figure B-18. Prestress Distfibgtion of'Vm, Type E.

' B23




PERCENTAGE

26.7

, Mmoo
| 11111
.
il
il
16.0 | Hm‘ ‘
1 1 R
134 M il
] n (il
IR i
i
- RiiE .m‘ H )
o] L B
2.7 _‘ i %%% il W" |
. . xxxxxxf j }‘}‘X}‘l}! ‘ ‘m”' ‘l% W i

CURRENT AT MAXIMUM POWER (A}

Figure B-19. Prestress Distribution of Ip, Type E.

B24 -




34,7,
31,3
27.8_4 -
. 24.3_.
W o T
o 20.8._
> : _
b-.
-EET NTH E Nl
LJ
Q
c - _
i 13.9. .
Q. . t
10.4_] :
g
MY
5.9_ Y
,,,,,,,,,,,,, WA
3.5 S )0 00 AN
B O ] =z
xxxxxxx XXX XX D0 e e e e
XX MUV R382 :
| B | o pee
0.0 S N YIYYYYY - B - RO T@

L414 (426 .u38 .yS0 - .462 .474Y .48 .4yg8 .

MAXIMUM POWER (W)~

' Figure B-20. ‘Prestfess~Distribution of Pm;'Type E.

325




Aﬁaiysis of Variance (ANOVA) and Duncan's‘Mpltiple Range test; were
applied to the prestress electriéal parameters of ‘the various Phase ;I
stress lots in order to determine whether the parametric means of the lots
were equal wifhin expected statistical variability. Note that these tests
assume a normal parametric distribution, an assumption which does not
's;rictly hol& as mentioned.abéve. However, two tests‘afé also known Fo.be
quite robust aéainst deviations from'normality.. The results of applica-.
tion of the tests are therefore taken as being accurate, and give an
indication_of‘whetherAthe~individual stress test %bts were forme& in a
statistically unbiased.manner.

Analysis of variance tests aﬁplied to type A cell stress fest iots
resulted in rejection of the (statistiéal) hypothesis, at a fairly high
'confidenCe 1evel,.thét all the lot means were'identical, for all five
electrical parameters. Application of Duncan's Multiﬁle Range Test to the.
various'stress test lots showed that in fact differentiation with respect
to Vp and I, between lﬁts was not possible. However, fairly clear
differentiatiqn betﬁeen lots 10 and 11 (bias—tempepature stress test lots)
and the remaiﬁing eight 16;5 was possible with respect to V,. and
Pne An example of the discrimiﬁationAobserved f;om thé~tes; is shown in
" Table B-6. It should be.noted that even for thege two parémeters tﬁe.
léwest,and highest of the lot mean P, (lot. 11 and lot 14.resﬁectively)
were different only by a maximum factor of apprdximatley 5.6%, and the
‘deviation 6f'the highest and lowest lot mean P, from the ‘total cell
population mean P, was less thén.i 3.1%. Considering possible
systeﬁatic measurement variabiiity, the lots were-ju&ged to be

sufficiently homogeneous for stress test purposes.




Grouping

A
B A
"B A C

BDA C

B D C

Table

A

A

BD (o

Grouping

. Pp Mean (W)

0.781
0.779
0.776
0.769

0.765
0.762.
0.758

. 0.755

0.743

B~6. Results of Application of Duncan's Multiple Range Test -

25
15
36
40

20

25
39

60

Lot No.

14
15
18
19
13
17
16
12

.10

to Phase II Lot Mean Pos Typé A Cells. Means With

the Same Letter Are Not Significantly Different.

Py Mean (W) |
0.517
0.516
0.511
0.505
 0.504
0.503
0.502
10.497
04495

0.490

B27

N

19

25
20
39
25
43

58

41

14

59

-

Lot No.

17
15
14
12
16
19
11
13
.18

10

Table B-7. Results of Application of Duncan's Multiple Range Test
to Phase II Lot. Mean Pm;‘Type.B Cells. -ﬁeahs:With

the Same Letter Are Not Significantly‘Differenf.




Analjsis of variance tests applied to type B cell stress test lots
resulted in rejection of the (statistical).hypothesis,Aat a fairly high
confidence level, that all the lot means.were identical, for Vg,

I and P. However, application of Duncan's Multiple Range Test

sc?
" to the lot means showed that in fact clear discrimination between lots was
not possible on the basis of any of the parameters. - For example, Table
B-7 shows results of the test for parameter Pp. From this table it is
vbtvious that no clear difference exists between the various lots, with
respect to Pp. The'lots were judged te be sufficiently homogeneous for
stress test purposes. | |
Analy51s of variance tests applled to type C cell stress test lots
resulted in reJectlon of the (statlstical) hypothe51s, at a falrly high
confidence 1evel that the lot means were identical, for parameters

\' In, and Pps However, appllcatlon of Duncan s Multlple Range

oc»
Test to the lot .means showed thatAin‘fact’clear discrimination between
lots was not possible\on the basis'of any of the parameters. .As aa exam-
ple, Table B-8 shews results of the test-for parameter.Pm. From this
table it is obvious that no clear difference exists between the various
lets,Awith respect to Pm.A The lots were judged to be sufficiently
homogeneous for stress test purposes. | ‘
Application of Analysis of Variance and Dﬁncan’s Multiple Range Tests
to type ﬁ cell stress test iots showed results similar to those for type C.
cells. The statistical hypotheses that lot means were identical were f
re jected by the ANOVA tests; however, -Duncan's Multiple Range Tests were
unable to'distinéuish clear differences between-lots;- Table B—9.is an
exapple of ‘the testing of the P lot means by this test. Ciearlf no

salient . difference between lots was found in testing P . The lots were

judged to be sufficiently homogeneous for stress test purposes.
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Grouping ' P, Mean (W) N Lot No.
A - © 04266 38 12
A ~ 0.266 40 13
B oA 0.266 14 18
B c‘_ 0.262 . 25 16
B C - 0.262 45 1o
B C : o 0.262 19 17 f
B C 0.262 20 14
c o 10,260 . RS 10
SR S 0.259 55. 11
| C © . 0.259 _ 25 | 15

Table B-8. Results of Application of Duncan’s'Multiple Range Test

to Phase II Lot Mean P, Type C Cells. Means With

the Same Letter Are Not Significantly Different.

| Grouping. | P, Mean (W$ N Lot No.
A ‘ 0.461 25 : 15
A - 0.460 60 ' 10
B A O 0.459 B R
B A ' 0.456 - s 19
B C | 04452 . 60 - : 11
B C o _ 0.451 20 14
B C | ' 0.449 40 o 13
D C | 0.446 | 40 12
‘D E . | | 0.441 .15 1l
E S ~0.434 .29 16

Table B-9. Results of Application of Duncan's Multiple Range Test
to Phase II Lot Mean Py, Type E Cells. Means With

the Same Letter Are Not Sigdificantly Different.
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Appendix C
Method 1010.1, MIL-STD-8834,

"Thermal Cycling”
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l. PURPOSE. This test is conducted for the purpose of determining
the registancé of a part to exposures at extfemes'of high.and low tempera-
tures, and to the éffect of altgrnate exposures to these extremes, such as
wouldlbe expefienced when equipment or parts are transferred to and from
heated shelters in arctic areas. These ;onditiops may also be encountered in
equipment opefated nbncoqtinuouslyvin low~t§mpe;ature areas.ér during
tfanspoftations. Permanent changes #n operating'characteristics and physical
. damage produced during temperature cycling result principaily from vér;ations
in dimensions aﬁd other physical propérties. Effegts of temperature cycling :
include crécking énd delamination of finishes, cracking and érazing of‘embéd—
ding and enqapsulatiqg compoun§§; opening of_;he;mal sgalg and case seanms, .
leakage of filling materials, and changes\in'électrical cﬁafaéteristics due
‘to mechanical displacement or rupture Qf conductors or of insulating
materials. '

| 2. APPARATUS. Suitable chamber(s) shall bé uséavfor the‘ex;rehentem-
perature,conditidn; of steps i and 3? fhélair temperature of thé chamser(s)
shall be held at(eaéh of the éxtrgme temperatures"by means of circulation and
sufficient hot=- or cold-chambgr‘thermal'caﬁaéity so that the ambient tempera-
.ture;measuréd downstrégm vathe device under test{ shall reach the specified
temperatUrg within 5 minuées‘after’tbe.specimens have bgen transfepré&.to the
appropriate chaﬁber.

3. PROCEDURE.“ Spééimens shall be plaged in sucﬁ a;pésitionAwith ré—
specﬁ to the air-stream that tHere ig s;bsténtially no obstruction.to‘the
flow of air across and afound the:specimen. wﬁén speciai mounging is re-
quiréd, it shall be specified. the specimen sﬁall then beAsubjectedlfo the

~specified condition for the‘specified number of cycles performed
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continously. Unless otherwisé specified, using test condition C, this test
shall be conduétéd for a minimum 10 cycles. One cycle cénsists of steps 1
through 4 of the applicable test. condition with the duration of.exposure at
each temperatufe as indicated in the tableléf'test-conditions. ' Whether
single’or multiple chaﬁbérs are used, thé effective total transfer‘time from
thé spec;fied low temperature'to thg épecifiéd high temperature, or the
reverée, sh#ll”an exceed 5 minutes. Direct‘heat~conductioﬁ to the specimen
éhould Be minimized.' In the case of multiple chambérs, the.tranéfer timeA

' shall be‘defined as the time between Qithdrawal from the iéw temﬁe;ature

chamber and ‘introduction into the high temperature chamber.

3.1 4Measurements; After .completion of the fiﬁal cycle, an éxtgrnal
visual examination éhall be pefformed for evidence of defects or damage to
c;sg, leads, or seals, orlloss of marking legibility, resulting from.testiﬁg.
'Thié examination and any additional speéifiéd measureménts and examination‘
shall be made after.completion of the fin#l cycle or upon completion of a

‘group, sequence or subgroup of tests which include tﬁis test.. -

Temperature-cycling test conditions

. Test . condition ,
Step {Minutes A . B c D "B G .
Temperature Temperature |Temperature| Temperature {Temperature {Temperature
' oc . o 6c . °c °c ) °c

. +0 +0 L *0 '+ 0 ] o0

1 |10 min -55 -5 =55 -5 -65 -5 -.-65'_S . -85 -5 -65 -5
+10 +10 +10 e *10 +10 < +10

2 S mgx , S =5 25 -5 25 -5 25 -5 . '25 -5 25 -5

. +3 +3 . +5 +S ' 5 +S

3 |10 min 8s -0 125 -0 150 -0 200 -0 300 -0 175 -0
. , +10. #10 | - e +10 +10 | ;o +10 410

4 S max 25 -5 2s -5 : 25,_5 25 -5 25 -5 25 -5

/
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" NOTE: The time at the high and low temperatures shall be sufficient to allow

the total mass of each device under test .to reach the specified temperature.

If carriers or holders employed or other factors make 10 minutes inadequate

to allow the mass of each device under test to reach the specified tempera-

ture, the time at the temperature extremes shall be increased -to meet this

requirement. Temperature of worst case loads shall be established with a.

calibrated thermocouple(s) or other suitable temperature measuring device(s)

éppropriétely placed within the chamber load area.

4. SUMMARY. The following details shall be specified in the applicable

procurement document:

(a)
' (b)
()
(d)

. End point measurements and examination (see 3.1) (e.g., end point

Special mounting, if applicable (see 3).‘
Test condition letter if other than test condition G (see 3).

Number of test cycles, if other than‘lO.cycies (see 3).

electrical measurements, seal test (Mpthod 1014) or dther accep-

tance criteria).




.Appendix D
Method 1011.1, MIL-STD-8834,

"Thermal Shock”
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1. PURPOSE. .The purpose of this test is to determine the resis-
tance of the device to sudden exposure to extreme changes in temperature.
These gonditions may'be encountered in equipment operated intefmittently in
low temperature areas. ‘Pgrmanent changes in.operating charac;gristics and
physical.damage produced during temperature shock result principally from
* variations in dimenéions and'oﬁher physical properties. Effects of thermal
shock include cracking and delamination of substrates or wafers, opéning'of
términal seals and case séams,“and changes i; éiéctrical characteristics due
to moisture effecﬁs or to mechanical1displaggmgnpzzf.conductqrglor insﬁléting
m;terials. |

2. APPARATUS. Suitable temperafﬁre cqntrolled baths cont#ininé liquids
shall be chqsen to obtain tﬁé temperature excursion specified in the table of
test conditions (see 3) -and within the indicated toléranceé.

3. PROCEDURE. /Ihe device shall be precoqditiongd by béing’immersed and
in ihtimate contact.with a suitable liquid at the temperature specified in
étep l of the specified test condi;ion.for a minimum of 5 minutes. Immediz
ately upon conclusion of the preconditioning time, the device shall be trans-
ferred to a quuid at the temperatureAspeéified in step 2 of the specified
test condition. The device shall rem&in at Ehe low temperature for a.miniﬁum
~of 5~minutes anq’then be tranéfe:red to a liquid at the step 1 ﬁggperature.A
The device shall reﬁain at the high tempeiature for a miniﬁuﬁ of 5 minutes.
Transfer time from high temperatu?e to low temperature.and from low éempera—
ture to high temperature shall be less than 10 seconds. Unle#s othgrwise
specified, using test condition A, the duration of the test shall be 15 com—
plete cycles, whefe one'cycle consists of proceediné-from step 1 t§ step 2

and back to the Beginning of step l.
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3.1 Measurements. After completion of the final cycle, an external

visual examination shall be performed for evidence of defects or damagé to
case, leads, or seals, or loss of marking legibility resulting from testing.
This éﬁaminatidn and any additional specified measurements and examination
shéil’be made after completioﬁiof the final cycle or upon éompletion of a

gréup;;seqdence or subgroup of test which include this test.

Thermal shock test conditions

' - ' E F
Tes< A B- C D ‘
congition Temperature | Temperature Temperature | Temperature Temperature Temirature
°C . Oc AR OC . . . OC R . Oc . c
+5 +5 +5 +S . ) +5 ) +5
Step 1 100 ;4 125 , _ -150 -0 200 20 150 5 .. 200 _,
' .0 +0 0 g *0 oc *5 | 195 S
Step 2 | -0 -5 - =55 -5 -65 -5 65 -5 . 195 ¢ 195 -5

Suggested thermal shock .fluids

Test A B c ) E_ F

condition | ~ Fluid Fluids . Fluids " Fluids Fluids - Fluids

’ . | silicon _Si:licon

Step 1 Water v FC40 - FCAQ ‘| oil or . . FC40 | 'oil or
. |- ucon 100 UCON 100

. ' 1/ ‘ Liquid Liquid
Step 2. Water — FC77 FC77 FC77‘ nitrogen nitrogen

NOTES:

1/ Water.is‘indicated as an acceptable £luid . for tﬁis‘temperathre rénge; its
suitability chemically shall be established prior to _.use.

2. Ethylene glycol shall not be used as a thermal shock test fluid.
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4. SUMMARY. The foiloWing details shall be specified in the‘applicable
' procurement docu@eﬁt: | - ‘

(a) 'Sﬁéciél mounting, if applicabie.

(b) Test condition.if other than tesgAcondition.A (see 3).

(c) Number of tést cycles if other than 15 cycles ($eé 3).

(d) En&vpbint measurenents and*examiné;ion (see'3.1)-(e.g., end point

electrical meashrements, seal test (Method 1014) or other accep-

tance criteria).
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Contact Integrity Test Procedure for
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1.0 éCOPE AND PURPOSE
1.1 Scope: This procedure is. applicable ﬁo the deétruc;ive testing
of terfestrial solar cell metal-silicon contact integrity.
1.2 The purpose of this procedure is to evaluate the adhesion between.
the contact metal gnd the silicon subgtrate; TIt is desirablé that
a means by which thé effects of cell aging, either under use condi-
tions or under accelerated conditions, can.be determined. The

procedure will also be useful for assessment of manufacturing

process stability.
2.0 . REQUIRED EQUIPMENT AND:MATERIALS, )
2.1 Pull strength testei, Unitek, Micropull, Model 1692 or equivalent
with force gage, range Q to 5 Kg.
2.2  Hot plate, Thermolyne, Model HP~A8805B,. or equivalent. ' ' N
2.3 Pyrex coVer, 4" dia.’.
2.4 Pink Pearl Eraser; or -equivalent.
2.5 Cu ribbon .085" x .005".
2.6 Alpha Sn 62 Solder Cream, mildly activated, or equivalent.
A2.7 Cell holding fixture
2.8 1 Liter container, orlequivalent.
2.9 Iéopropyi alcohol.
2.10 Surface ‘thermometer 15006 to 300°C range or equivalent.
2.11 Orange stick, or tooth pick.
_2.12 5X magnifier
2.13 Epoxy, Hysol 1105;‘or equivalent'(for alternate method per

paragraph 3.2).

2.14 Utility-wipes, Scott, #05320, or equivalent.




3.0 TEST PROCEDURE

3.1 Solder Method of Test Lead Attachment -

'3.;.6

3.1.8

: 3.109

Turn .on hot plate and heat to 225°C + 10°cC.

Place Pyrex cover over hot plate.

Cut Cu ribbon to appro#imate 2" length to use as test
leads. |

Pour.isopropyl alcohol_into container jaf;

Using the Pink Pearl-Eraser,:abrade:the test’ lead-and the

cell surfaces in the area to be soldered.

"Rinse cell and test leads in isopEOpyl alcohol and blot

dry with Utility-wipe.

Tin the ﬁest lead and bend to the approximaté,éonfiguration
éhowﬁ by Figure E-l.° |

Apply sol&er créam to che‘cell in the -area thaﬁ'the test
lead.is to be attached as shown by Figure E-2.

Place thebtest lead in the position.for soldering as shown

by Figure E-3.

Cu Ribbon
\

90

Figure E-l.

TEST LEAD BEND




' .085%
020" ' ;Lr& > | - solder
-t ’ _T_C: cream
| | cell
contact

Figure E-2.

SOLDER CREAM PLACEMENT

Test Lead 'f - solder
\\\\ //cream
.Contact\\ W/
1
Silicon
Figure E-3. -

TEST LEAD PLACEMENT



3.1.10 Place cell on the Pyrex Glass on top of the hot'plate'and
carefully watch for the solder to melt. When a solder '

joint has been formed, remove the Pyrex cover from the

hot platé and set aside to cool.

3.1.11 When the cell has been coolgd; examine under 5X magnifica-

tion to verify that an acceptable sdlder joint has been

" formed in accordance with the criteria shown in FigureAE-A.

, : o1 i
i R3S - rn s 8 “J; elngsuul!lﬁLL

—
TOO LITTLE SOLDER ‘ TOO MUCH SOLDER RECQMMENDED
'NOT ACCEPTABLE NOT ACCEPTABLE -
Figure E-4

TEST LEAD SOLDER

. 3.;.12 When it has been verified ﬁhat the solder joint 1is
acceptable, proceed with the contact pull test in
‘accordance with paragraph 3.3.
3.2 Alternate Lead Attachment Method, "Adhesive Method”
: 2

3.2.1 Prepare cell and Cu ribbon in accordance.with paragraph

3.1.3 through 3.1.6.

E6




3.2.2

3.2.3

3,244

cu Ribbon

Mix epoxy, Hysol.1105 or equivalent in accordance with
manﬁfacturer's insfrﬁétions.. |
Applyia‘vefy~small aﬁountAof epoxy to the cell contact

area to be tested; The epoxy shoﬁld cover an area approxi-
métely .050" in diameter. |

ﬁend the Cu ribbon as shéwn by:Figure E-5 and position on
éhé cell‘as shown by Figure E-6. |

NOTE: Pot life restriction must be complied with.

Test lead

Contact Epoxy

s | [~ S
;r _ © 8ilicon
Figure E-5 B ' ‘ Figure E-6
TEST LEAD BEND FOR EPOXY METHOD TEST LEAD PLACEMENT, EPOXY METHOD
3.2.5 ;Cure epoxy in accordance with'manufacturer's directions.
‘ 3.2.6 Upon completion of the epoxy cure, the cells are ready for

3.3 Contact

3.3.1

3.3.2

the contact pull test in accordance with paragraph 3.3.
Pull Test
Place the cell into the cell holding fixture on the pull

tester..

" Align the holding -fixture with the pull force gage jaws so

that the direction on :the pull will be normal to the cell

.surface.




e o

3.3.3 Close the pull force gage Jjaws securely on the test lead

and activate -the pull' tester drive ﬁeéhanism. o ”
3.3.4 Record the ultimate tenéil strength from the pull force |
| gage.
3.3.5 Examine the cell and test lead to determine the failufe
ﬁode and record thé appropriaie;failure mode code as shown | i

by Table E-l. .” ) |

- Code ‘ Failure Mode Désgription-
A Contact metal peeled from silicon
B ‘ ‘Silicon "cratered” equal or greater than 1/3 the solder

joint interface area

C Silicon fraétured, pulling a holg through the cell

D Cell broken | |

E* Test lead broken; ceillnot dgmaged.

F* Test ‘lead pulled from sdlder; cell not damaged

G* - Soldér and Test Lead pulled from cell; cell not damaged

*Retest on another cell or retest the same cell in an
alternate location.

TABLE E-1. PULL TEST FAILURE MODE CODES

3.4 Safety
3.4.1 Eye protection should be worn during soldering and fuil
test proce&ufés.
3.4.2 Care must be exetciéed when handling broken silicon solar

cells. The pieces are sharp enough to cut .the skin.

U.S. GOVERNMENT PRINTING OFFICE: 1980—640-258/ 1540






