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Abstract

The results of a program to investigate
the reliability characteristics of unencapsu-
lated low-cost terrestrial solar cells using
accelerated stress testing are presented.

Four types of cells were investigated. Reli-
ebility (or parametric degradatlon) factors
eppropriate to the cell technologies and use
conditions were studied and a schedule of
sccelerated stress tests was synthesized. An
electrical measurement procedure capable of
distinguishing small changes in cell electri-
cal parameters was established. A data analy-
sis and management system was derived, and
stress test fixturing and material £10w pro-
cecures were set up after consideration was
given to the number of cells to be stress
tested and measured and the nature of the in-
formation to be obtained from the process.
Based on both electrical parameters and metal-
ization adherence strength, significant degra-
dation was shown by some cell types 1in some
stress tests. Other combinations of cell
types and stress tests resulted in no detect-
eble cell degradation. Analysis of the ori-
gins of the differences in degradation is con-
s.mulng.

Introduction

The reliability characteristics of solar
cells intended for terrestrial applications
will be a key factor in determining whether
the national goals for solar photovoltaic
power generation can be met in a timely fa-
shion. DoE cost goals set for terrestrial
cells have been based on the assumption of a
20-year module life; however, no data have
existed in the past to support this reliabili-
ty assumption for appropriate cell technolo-
gies and environmental conditions. Very
little is found in the open literature con-
cerning the nature of the time-to-failure
(TTF) distributions of solar cells in terres-—
trial ambient conditions, the failure modes
and failure mechanisms.which control the TTF
distributions, the appropriate methods for ac-
celerated stress testing for reliability
verification, or the process modifications
required to upgrade reliability performance.

In fact, the status of the subject is such
that viable failure criteria do not exist.
Depencding on the parameter involved, and with-
in certain limits, changes in cell parameters
may well simply result in changes in efficien-
¢y of power generation of a photovoltaic sys-
tem, Firm definition of cell interconnection

techniques within system subassemblies and
configuration of subassemblies to form sys-
tems, and classification of system applica-
tions, would aid in defining degradation
limits for failure. Such a definition does
not currently exist, Thus variables data are
needed in addressing the subject. Also, the
concepts of failure and failure rate should be
replaced by degradation and degradation: rate.

The program which led to the results re-
ported here represented the first systematic
attempt to define the reliability attributes
of terrestrial solar cells. Goals of the pro-
gram were not only to establish a base line
for the reliability of present, commercially
available, state-of-the-art cells, but also to
develop methodology which would permit the
intercomparison of cells and manufacturing
technologies both now and in the future.
Quantification of reliability is not a simple
matter, particularly for cases where no prior
data exist. Experience in the field must be
the ultimate verification of a device's reli-
ability, but for a numberof reasons, it is
often not practical to attempt to define reli-
ability from field test data: the times are
so great to obtain significant numbers of
failures, that the technology will have com—
pletely changed by the time reliability data
are in; or the numbers of devices required on
test is prohibitively large; or lack of ex-
perimental controls results in erroneous
results. In the case at hand, field degrada-
tion data for cells are practlcally nonexist-
ent. Also, reliability expectations for
cells, and field deployment plans, are such
that many systems may be in operation before
sufficient field data are generated to make
reliability (or degradation rate) estimates.
Thus the approach taken here, that of project-
ing solar cell degradation modes and mechan-
isms, choosing accelerated stress tests in the
light of this projection and in light of field
conditions, and applying the stress tests to
sensible quantities of commercially available
cells, represents the only viable approach to
solar cell reliability assurance at this
point.

Solar Cell Physical Characteristics

Four cell types from four different manu-
facturers were available for stress testing.
These were state-of-the-art conventional ter-
restrial cells fabricated from Czochralski-
grown single crystal silicon substrates. All
cells had one or more tabs attached by the
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manufacturer to the top surface, but were only
metalized on the back side. The tab materlal
and tab attachment method was identical to
each manufacturer's practice for cells used in
terrestrial arrays., Table 1 summarizes the
physical characteristics of the stress test
cell types,

Table 1. Physical Characteristics of Stress

Test Cells

PHYSICAL CHARACTERISTICS OF CELLS

TYPE | DIAMETER | THICKNESS AR TECHNOLOGY METAL
{in) {mils) COATING
A 4 24 NO P/N SOLDER
THIN FILM
B

3 19 YES N/P TirPdsag

[+ 2 20 YES N/P SOLDER

THICK
E 3 15 NO N/P FILM Ag

Solar Cell Characterization

Two types of measurements were performed
on stress test populations, electrical parame-
ter derermination and metal adhesion strength
determination. Electrical measurements were
made at a thermocouple monitored temperature
“of 28 = O 5°C under ELH lamp illumination of
IOOmW/cm irradiance, corresponding to l-sun
at air mass 1 (aM-1). For each of the four
cell types a reference cell, calibrated by Jet
Propulsion Laboratory under true sunlight con-
ditions, was used to adjust the irradiance of
the measurement system light source to its
proper value. This reference cell was used to
check the uniformity of the ELH simulator
across the field of the cell and to insure the
absence of lamp drift with time. A Kelvin
probe, vacuum hold down, water cooled jig was
used to contact the cells. The 4-point Kelvin
probe connections eliminated spurious resis=
tive effects and assured repeatable readings.
Parameters measured were the short-circuit

current and open~circuit voltage, I__ and Ve

and the illuminated fourth-quadrant cell I~V
characteristic. From these the maximum cell
power output, P_, and the cell output voltage

and current at the maximum power point, V., and

Im, The illuminated far-—

forward diode characteristic was also ob-
tained. Figure 1 shows the V-I characteris-
tics of a cell illustrating the measurement
repeatability obtained over an extended period
(4 months) for each of these parameters.
Measurements were performed before the appli-
cation of stress and at periodic down-times
during the stress test.

were determined.

Metal adhesion strength was measured (de-
structively) using a Unitek Micropull Strength
Tester with a Chatillion Force Gage. Adhesion
sty ﬁgth was measured on a random sample of 25
unc ressed cells per cell type, and on a small
sarple of stressed cells of each type from
cach stress test at one point during the
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Figure 1. Cell I-V Characteristic, with
Electrical Parameters
testing. Both manufacturer's attached tabs

and solder-attached test leads were used in
the metal adherence strength measurements,

In the stress test program each cell was
assigned a serial number, photographed using
high resolution film, and stored in a plastic
petri dish. TIn all, approximately 400 cells
of each type were serialized and photographed.
Electrical parameters were measured and the
cells visually inspected under 7~10X magnifi-
cation. The electrical measurement and visual
inspection were performed at each subsequent
test down-time; however, cells were photo-
graphed at down—times only when highly physi-
cal effects were found under visual inspec-
tion. Before being stressed and at down-times
the cells were normally stored either under
dry nitrogen or in a low-humidity laminar flow
hood. Cells were not cleaned before insertion
into the stress testing flow even though some
clearly were dirty as received from the manu-
facturers, It was felt that cleaning might
introduce anomalies into the stress test re-
sults. In addition, no further cleaning would
normally be performed on the cells, prior to
assembly into modules, by the manufacturer.

Accelerated Stress Test
Program Development

Potential Failure Mechanisms

Likely failure mechanisms of terrestrial
solar cells were projected after comnsideration
of state—of-the-art conventional cell technol-
ogy, use conditions, and the body of physics
of failure information obtained from seml-
conductor devices. 'Failure mechanisms" as
used above may be a misnomer; '"degradation
mechanisms' may be the proper phrase for the
case at hand. Since conventional cells are
fabllcated using 51ngle ¢rystal silicon start-
ing material, and since the only surface expo-
sure of the Juncthn occurs at the slice edge,
enhanced impurity diffusion effects and many
of the oxide and oxide-silicon interface
effects which affect microelectronic devices
were not expected to be a factor in



terrestrial solar cell parameter stability.
However, several mechanisms exist which can
affect the solar cell metalization system,
particularly the front-side collector and

erid metalization, under use conditions., The
cell metalization system directly affects some
cell electrical parameters such as P through

series resistance R . Changes in the average

resistivity of a front—51de metal stripe due
to corrosion, electromlgratlon phenomena, or
metal segregation phenomena in compound cell
metalization systems, changes in the metal-
silicon contact resistance due to interdiffu-
sion or corrosion of contacting metal layers,
or changes in interconnect-metal contact re-
sistance due to electrom1gratlon or Kirkendall
voiding, can result in degradation of P due

Some of these can also de~

crease the metal adherence strength. Like-
wise, decrease in the cell shunt resistance
due to metal plating from the front to the
back of the cell at the cell perimeter or due
to penetration of the cell junction by metal
("contact spiking" in integrated circuit jer-
gon) can result in degradation of P_. Delami-

to increase in Rs'

nation of metalization, or reductlon in metal
adherence strength due to thermally induced
mechanical stresses, were also considered to
be likely use condition phenomena. In addi-
tion to the degradation mechanisms considered
to be likely in the field, connected with the
metalization, it was also considered possible
that cell cracklng and antireflective (AR)
coating cracking might occur under conditlons
of thermally induced mechanical stress, and
that decomposition of the AR coating might
oceur under hunldlty*temperature stress,

After performing a more complete analysis
using the sort of rationale shown above, the
degradation mechanisms most likely to affect
terrestrial cells, and which should be accel-
erated in a cell reliability investigation,
were chosen. These degradation mechanisms,
and their associated stresses, are shown below
in Table 2. 1In this table B = electrical
potential (bias), = current, t = time, T =
temperature, and H = humidity.

Table 2. Degradation Mechanisms Likely to

Affect Terrestrial Sélar Cells

Degradation Mechanism Accelerating Stress

Corrosion BTH
Kirkendall Voiding T
Electromigration I, T
Contact Splklng I, T
Metal Segregation T dT/dt
Electroplating BTH
Metal Delamination dT/dt, BTH, T
Cell Fracture dT/dt
AR Coating Fracture/

Delamination aT/dt
AR Coating Decomposi-

tion TH

Xote that although light could be considered a
stress, it was not included in the considera-
tions due to the scope of the investigation.
The facilities and fixturing problems entailed
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in using light as a stress test condition are
manifold.

Test Schedule

Based on the projected failure mechan-
isms, and on exlstlng stress tests such as are
contained in Military Method MIL-M~38510 and
Military Standard MIL-STD-883A, a repertoire
of stress tests for terrestrial solar cells
was selected. From this point, the approach
to determining the final stress test schedule
including population size, times, and exact:
test conditions was two~fold. First, the
problem was scoped using Slmpllstlc methods,
Practical limits to stress testing conditioms,
such as the melting at 170°C of the .solder
used for metalization and lead attachment,
were determined, and certain gross assumptions
concerning acceleration factors, and use-
condition degradation rates, were made where
possible. An example of an assumption made
strictly to obtain general information on
times involved was the assumption that under
bias and temperature stress only, degradation
mechanisms would proceed according to an
Arrenhius relationship with an activation
energy of 1 eV. A tentative stress test de-
sign was performed under these limits and
assumptions, keeping in mind the need for test
populations large enough to identify infant
mortalities as such. Needless to say, con-
straints of time and money played a part in
the selection of the stress test schedule.
Then, after selection of the stress tests,
small quantities of units (e.g., five units
per cell type) were subjected to abbreviated
tests in order to determine the magnitudes of
change in electrical parameters, and the time
rate of the change, which could be expected
from the full-scale tests. The nature and
degree of physically observable effects to be
expected in the large scale tests was also de-
termined in the small scale experiments. Re-
sults from these experiments were used to
choose initial down-~times for the large-scale
tests. Subsequent down-times in the large-
scale tests were chosen depending on effects
observed at earlier down-times, and depending
on electrical measurement scheduling and ca-
pacity.

Table 3 shows the resultant large-
quantity stress test schedule. For most tests
there were either three or four down-times.
Contact 1ntegr1ty measurement was performed
only at the first down-time, and units sub-
jected to this (destructive) test were removed
from the test population. All stress tests
performed using bias utilized diode forward
bias, This is the proper polarity potential,
compared to the polarity in field use, for
corrosion and electroplating degradation
mechanlsms. However, the direction of current
flow is opposite to that which exists under
active, generating conditions. Since light
was not used in the stress testlng, the com
promise of forward current direction as
opposed to reverse directlion was necessary.
The BT tests utilized forward bias currents of
from 1.2A to 3.3A, approximately scaled by the
cell short c1rcu1t current and area, while the
BTH tests used forward blas voltages of ap-
proximately 0.45V. At 85°C, the diode forward
current for 0.45V forward voltage varied from



Tablei3. Stress Test Schedule

STRESS TEST SCHEDULE

BIAS - TEMPERATURE , 75°C 50 2800 hr
BIAS- TEMPERATURE , 135°C 50 2300 hr
BIAS - TEMPERATURE,, 150°C 40 140Q he
BIAS-TEMPERATURE, 165°C 40 1200 hr
mAs-szpgaATURe-HmeWY, 20 300 hr
121°C /15 Psig
et IR R
POWER CYCLE 25 25K CYCLES
THERMAL CYCLE 20 65 CYCLES
THERMAL SHOCK 15 35 CYCLES
0.3A to 1A, depending on cell type. In the

Power C)cle Tests the cells were forward
biased (I = 1.5 to 3.6A, depending on the

cell type) for two minutes and turned off for
two minutes,

Discussion and Results

Results of this study fall into two pri-
mary categories, electrical parameter degrada-
tion and contact integrity degradation versus
stress. The key cell electrical parameter is
P, which is affected by I_  and V . and which

can also be strongly influenced by Ry

Thus the electrical impact of the stress tests
can be expressed in terms of the effect on Po.

and RSh’

The results are organized such that electrical
parameter effects, and in some cases visually
evident effects, are grouped according to
stress test categories, while the contact
integrity effects due to all stress tests are
discussed together.

BT Stress Test Results

Figures 2 and 3 show examples of the ob-
served effects of BT stress on Pm for all

In these figures the mean percent de-

tvpes.
Pm for the four cell types, calcu-

crease of

lated on a cell-by-cell basis, is shown versus
stress time for two of the BT stress tests,
From results shown in these figures it 1is
clear that no degradation in P was experi-

enced by type B cells, and that relatively
severe and consistent degradation in P was

experienced by type A cells. These conclu-
sions are borne out by data from the other two
BT stress tests. Figure 4 shows the response
of type A cells at all four stress test tem~
peratures. Less obvious is the response of
the type C and E cells. For type C cells a
genera 11y monotonic (though small) decrease in
Pﬂ with stress time was cobserved for the

hi. ..er two stress temperatures; however, the
results from the two lower temperature tests
showed no discernable P degradation. It 1is
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1zar that additional data are required before
ne question of degradation, and degradation
rzte, can be resolved for this cell type, For

iy

La B i aY

tvpe E cells it is somewhat clearer that
adation occurred in bias-temperature test-
az. However, the amount of degradation was
smaller than that shown by the type A cells
ané agaln was evident only in the two higher
teuperature stress tests. Interpretation of
the data for type E cells is made difficult by
the large 1ncrementa1 degradation shown at the
lest down-time 1in Flgure 3. Thus additional
data are also required for this cell type be-
fore degradatlon, and degradation rate, can be
quentified.

For the type A cells, analysis of I-V
far-forward data showed that the observed
degradation in P_ was due at least partially

As an example of the
on the cell I-V

characteristics, Figure 5 shows I-V data for a
tvzical cell subjected to the 165°C bias-
terperature stress. The effect of the
lr:recse in R_ with increasing stress test
time is ev1de%t to the right of the knee of

the curves in this figure.

to an increase in R
influence of increasing R

T
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Figure 5. Type A Cell I-V Characteristics

After 165°C B-T Stress, Typical
Case.

Figure 6 shows the behavior of Rg w1th bias-—

temperature stress time for a typlcal type A
cell from each stress test lot. The values of

R, shown in this figure were obtained from the

slope of the I-V characteristic in the neigh-
borhood of the zero external cell current
point. They were not obtained from the por-
tion of the far-forward I-V characteristic
which shows cbvious downward concavity. Al-
though increase in Ry certainly accounts in

large part for the observed decrease in P

for these cells, the specific mechanism re-
sponsible for the increase has not been iden-
tified, However, it was noted that relatively
lerge (1-2 mm), hollow bubbles appeared in the
collector and grid solder during the stress
tests, These bubbles occurred least frequent~-
ly (approximately 30% of the stress test popu~
latien) in the 75°C stress test and most
frequently in the 165°C stress test, and in-
CLeased in size and frequency of occurrence
with increasing stress time. No correlation
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between bubble occurrence and Pm degradation

on a cell-by-cell basis has been performed to
date. Type C cells, which also had solder as
the prlmary component in the metalization sys—
tem, exhibited collector and grid bubbles much
less frequently than did the type A cells, and
the degree of degradation of P was much less

severe for type C cells,

From earlier discussion it is clear that
projections to use conditions of the degrada-
tion rate due strictly to bias and temperature
are not warranted by the data for three cell
types. In fact, the type B cells investigated
did not degrade under this stress to any de-
tectable degree. However, data for type A
cells do permit a crude extrapolation of the
degradation rate to use conditions, In order
to do this it is necessary to somehow extrapo-
late (or interpolate) the P degradation data

for the various tests to a common degradation
level. It was noted, for the type A cells,
that a plot of the ctmulative mean percent P

degradation versus time on lognormal paper
resulted in acceptably straight lines for
three stress test temperatures, 75°C, 135°C,
and 165°C. Other types of plots of the raw
data were made and In every case the 150°C
data did not fit the pattern exhibited by the
data from the other three tests, The 150°C
stress test data was thus ignored in subse-
quent analyses. Figure 7 shows the behavior
of the time to 10% P degradatlon versus in-—

verse absolute stress test temperature, for
type A cells. In this figure are shown two
straight line fits to the three data points.
Line A was obtained ignoring the 165°C stress
test data altogether, and is attributable to 3
mechanism having an activation energy of
slightly greater than 0.4 eV. Line B was ob~
tained taking into account all three data
points, and 1is descrlbable by a mechanism hav-
ing an activation energy in the neighborhood
of 0.6 eV. Extrapclation of the two lines to
50°C results in a range of 2 x 10* hr to

7 x 10% (2 to 10 years) as an estimate of the
time to 10% degradation for type A cells at
that temperature.
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Although the analysis above was dome in
order to obtain some information on use-
condition degradation rates due strictly to
current and temperature for type A cells, the
data clearly do not permit a precise predic-
tion of the field degradation rate. Far more
data will be rEqulred on all cell types before
definite "life" prediction can be made, What
the data absolutely do show is that type A
cells do exhibit definite P degradation under

the stress test conditions even at relatively
low temperatures, and that this degradation is
associated with an increase in R .

BTH Stress Test Results

Figures 8 and 9 show observed mean per-
cent decrease 1in P versus test time for the

biased 85°C/85% R. H and biased 121°C/15 Psig
steam stress tests respectively. From data
presented in these figures it 1s clear that
type B cells showed the least degradation in
Pm under both types of B-T-H stress testing

(approvimately zero effect for 85/85 stress
and on'.: minor effect for pressure cooker
stress; and that type E cells showed
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relatively severe P degradation in the pres-

sure cooker stress test, The source of this
difference in response of type E cells is not
clear, Distortion of the I-V plot was so se~
vere for the pressure cooker-stressed type E
cells at the second down-time that straight-~
forward interpretation of the results to de-
termine the source of the degradation was not
possible. By analogy to the I-V plots of the
type A cells which showed similarly severe P

degradation under B-T stress, due to R in-
crease, it would appear that R <h of the tvpe E

cells decreased thereby causing the decrease
in P However, firm conclusions in this re-

gard must be delayed until further analysis is
performed,



Type A and type C cells showed definite,
put less severe P degradation in the pressure

The Pm 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 P degradation in both

cocker stress test.

stress test lots can be traced to decrease in
I, due to degradation of the AR coating.

Table 4 shows the mean percent decrease in Pm

and in Iee for the two type C B-T-H test lots.

Table 4, Mean Percent Decrease in P and
I .s versus BTH Stress Test Time,

Type C Cells.

B5*C/85% R.H, 1214 G215 Psig
215he 525 hr 1025 hr| 76 hr 286 hr
MEAN PERCENT DECREASE
N P 256 435 455 | TO2 737
PER
MEAN PERCENT DECREASE| .., 350 357 | 619 o6z
IN 1y (%)

The correlation in degredation of the two
parameters is obvious, and the nature of the
degradation correlates with the physical ap-
pearance of the cells after stress testing.

The source of the decrease in P of the type A

cells has not yet been 1dent1f1ed positively,
but is probably an increase in seriles resist-
ance similar to that which was discussed ear-
lier for type A cells subjected to BT stress
testin This is plausible since the tempera-
tures 1nvolved were similar; the degree of
degradation in P was similar, and solder bub-

bles were manlfested in both B-T and pressure
cooker stress tested units. Thus the degrada-
tion in P for type A cells resulting from BTH

stress may well be due strictly to temperature
effects, and possibly bias effects, and not
due to humidity stress.

It did not appear to be appropriate to
extrapolate the results obtained to use condi-
tions due to the small number of BTH stress
levels employed in the program. Although sig-
nificant work on BTH acceleratlon factors has
been done for integrated circuits, it is not
clear based on work to date what degradation
mechanisms are active for solar cells, and the
applicability of previocusly derived factors is
thus not established. TFurther work must be
done in this area,

Thermal Cycle/Shock Stress
Test Results

Based on results of small-quantity ex-
periments the thermal cycle step-stress
schedule shown on Table 5 was used in the
large-quantity stress testing. The initial
test population was 20 cells per type. Eight
cells per type were removed for contact in—
tegrlty measurement after the third down-time.

The physical effects observed in thermally

Table 5. Thermal Cycle Stress Test Schedule.

STRESS LEVEL ./ NUMBER OF | ELECTRICAL
DOWN~TIME NUMBER CYCLES MEASUREMENT
0°C 7O +150°C/{1) 10 YES

+

-25°C TO +150°C/(2) 0 YES
+

-45°C TO +150°C/(3) 10 NO
+

-65°C TO +150°C/(4) to YES
+

-65°C TO +150°C/(5) 10 NO
+

~65°C TO +xso°¢/(s) 15 YES

cycled units generally fell into one or more
of three categories: type X breaks (con=
choidal silicon fractures normally located
under the tab attachment points); type Y
breaks {regions of delaminated metal on either
the cell front or back); and type Z breaks
(long silicon fractures apparently along pre-
ferred breakage planes usually initiated or
terminated in the vicinity of the tab attach-
ment points). Figures 10 through 12 show ex-
amples of these three types of effects. Ta-
bles 6 and 7 show physical effects observed
for two of the cell types. The data shown in
Table 7 are complete; no breaks other than
type X breaks were observed. The type C cells
showed a response different from that shown in
these tables. For this cell type, delamina-
tion of back-surface metalizatilon was noted
beginning at down-time number 3; eventually
seven of the twelve units showed this effect.
The response of type E cells was similar to
that of the type A cells except that metal
delamination did not occur. The effects of
thermal shock stress were similar to those ob-
served for thermal cycle stress. The effects
of thermal shock were no more severe than
those of thermal cycling; in fact, if anything
they were less severe,

Relatively minor electrical effects were
found poststress for both thermal cycle and
thermal shock stress. This was in spite of
the fact that in many cases the tabs were held
in place after stress only by the tensile
strength of the thin metal laver, and in some
cases the cell itself was held together solely
by portlons of: the metalization which fumc-
tioned as ''tape. However, the cells were in
a relatively aseptic enviroument during the
thermal cycling and electrical measurement
operations; the field environment of a module
would be qultewdlfferent and electrical
effects of the various "breaks' may show up in



Type A Cell with Collector and
Grid Delamination (Type Y Break)
and Type X Break (Arrow).

Figure 10. )
Figure 11, Type C Cell with Delamination of

Back Metal (Type Y Break).

Table 6. Physical Effects Observed During Thermal Cycle Stress Testing,
Type A Cells.
DOWN-TIME CELLS IN CELLS EXHIBITING CELLS EXHIBITING CELLS EXHIBITING
NUMBER TEST TYPE X BREAKS TYPE Y BREAKS TYPE Z BREAKS
(CUMULATIVE) (CUMULATIVE) { CUMULATIVE)
[ 12 0 o] 0
2 n* 5 0 0
3 H 9 -] 0
4 H 10 5 ]
5 8 10 9 t
6 8 10 10 2

ONE CELL REMOVED DUE TO ACCIDENTAL BREAKAGE

Table 7. Physical Effects Observed Dur-
ing Thermal Cycle Stress Test-
ing, Type B Cells.
DOWN-TIME | CELLS IN CELLS EXHIBITING
NUMBER TEST TYPE X BREAKS
(CUMULATIVE)
! 12 o}
2 e 2
3 1 6
4 A & e G P S
5 H 6 Figure 12. Type A Cell with Long Silicon
s H 6 Fracture (Type Z Break).

*ONE CELL REMOVED DUE TO ACCIDENTAL
BREAKAGE



resl time. The insensitivity of P to this

-pe of stress, under laboratory conditions,
llustrates the importance of visual inspec-
ion as a part of the characterization pro-—
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From the foregoing information it 1is
clear that the tab attachment area is a likely
feilure peint under thermo-mechanical stress
foer all but type C cells. This is true even
for type B and E cells, which had very small
amounts of solder used in the tab attachment
coperation. Strangely, the worst-performing
¢ell under thermal cycle stress was the heavi-
lv solder-metalized type A cell, and the best-
performing cell was the heavily solder-
metalized type C cell. Without details of the
substrate silicon characteristics and the lead
attachment process it is not possible to de-
termine the source of this performance differ-
ence, although several possibilities exist in-
cluding simply the cell size,

Power Cvcle Stress Testing

ssentially no electrical effects of
power cycle stress were observed, For exam-
ple, at the final down-time (25,000 cycles) it
was found that P had decreased approximately

2% for cell tvpes A and E, and increased ap-
proximately 2% for cell types B and C. Clear-
1v none of the cell types were electrically
sensitive to repeated shallow (5°-10°C) ther-
mal cycles,

Stress Test Effects on
Contact Integrity

Results of measurement of the contact
integrity of stress tested solar cells are
given in Table 8. The data of this table were
cbtained by destructively pulling the tab
attached by the cell manufacturer. Similar

Tzble 8. Contact Integrity Effects of

Stress Tests

CONTACT INTEGRITY TEST RESULTS

STRESS TEST RELATIVE METAL ADHERENCE STRENGTH
TYPEA | TYPEB | TYPEC | TYPEE
BIAS- TEMPERATURE| 0.4-06 0.5-12 06-07 07-10
PRESSURE COOKER | 0.6 13 0.35 Ll
85°C/85% R.H. 09 14 1.0 13
POWER CYCLE 1o 1O 0.8 1.0
CONTROLS LO

m

results were obtained by destructively pulling
2mm wide Cu ribbon soldered te the cell after
stress testing, Attempts to use Zmm wide Cu
ribbon attached by epoxy as a test lead were

t successful. The cells used in the contact
ntegrity measurements were removed from the
ress test lots at the first down-time except
r

the thermal cvele stress test units.

These units were removed after the third 10~
cycle step of the step stress schedule. Quan-
tities of units subjected to this measurewent
ranged between seven and ten units per cell
type per stress test. In addition, 25 control
units per type which had ncot been stress test-
ed were used to set the base line for compari-
son of stress tested units,

Considering the data shown in Table 8 and
other data obtained in the course of the meas-
urements, it is clear that both BT and BTH
pressure cooker stress generally had strong
deletericus effects on contact adherence, and
that power cycle stress had essentially no
effect. Of particular interest is the degra-
dation shown for the pressure cooker-stressed
units, and the lack of degradation shown by
the 85°C/85% R.H.-stressed cells for types A
and C cells. This degradation (or lack there-
of) was repeated in the measurements made
using separate Cu ribbon test leads. The
cause of the degradation in the one case, and
lack of degradation in the other case, 1is
under study.

Conclusions

The usefulness cof an accelerated stress
test program in discriminating between cell
types and technologies has been demonstrated.
This discrimination could be observed on the
basis ¢of P_ degradation, visual observation,
and metalization adherence degradation. Ac-
celerated testing of unencapsulated cells
should be a useful technique of rank-ordering
cell types with respect to their potential
field reliability. When applied systematical-
1y to production run samples the method should
be usable as a quality control monitor and
should be a2 key element in identifying prob~-
lems with reliability implications. Acceler-
ated stress testing 1s a must for timely per-
formance of these reliability assurance func-
tions.

Figures 13 and 14 summarize the relative
effects of the various stress tests on P

and contact integrity for the four cell types
investigated, In these figures, the darkest
squares signify a degradation which was pro-
gressive with stress test duration, and sig-
nificantly above the 'noise' of the measure-
ment technique, The lightest squares signify
no discernable effect after stressing.
"Medium" squares denote cases between the two
extremes. Obviously subjective judgement was
used in formulating the figures.

It can be seen from an examination of the
columns in these figures that type A cells
show appreciable degradation on being subject-
ed to accelerated stress testing, type B cells
show very little degradation, and type C and E
cells lie between these extremes. While these
conclusions demonstrate the applicability and
potential usefulness of the technicgue, they
should not be interpreted at this time as a
quantitative measure of field degradation
rates. It is felt that the technique is cap-
able of such prediction, but considerable
additional stress testing and zanalysis of
laboratory and field degradation will be re-~
quired before conclusive evidence can be
demonstrated.



RELATIVE STRESS TEST EFFECTIVENESS

CELL TYPE
STRESS TEST

A B

N

c

B-T

PRESSURE COOKER

.
85°C/85% R.H. ii:i:
SHNNNN

POWER CYCLE

.

THERMAL CYCLE

THERMAL SHOCK

Relative Effects of Accelerated
Stress Tests on Pm.

Figure 13,

RELATIVE STRESS TEST EFFECTIVENESS

CELL TYPE
STRESS TEST

A B c

E
N A

PRESSURE COOKER

85°C/85%R.H.

POWER CYCLE

THERMAL CYCLE

‘THERMAL SHOCK

Relative Effects of Accelerated
Stress Tests on Contact
Integrity.

Figure l4.

From an examination of the rows in
Figures 13 and 14 it can be seen that the
various tests vary in their effectiveness.

The power cycle and 85°C/85%Z R.H. tests show
livzle effect regardless of the cell type and
fo. this reason may be omitted from future
test schedules. Pressure cooker and thermal
cycle tests show consistent degradation

effects in most cell types, while BT testing
strongly affects only one type of construction.

O

Because solar cells are so large (larger
than any other semiconductor device) they
could be expected to have thermal expansion
problems as indicated by Figures 13 and 14.
However, quantification of these problems is
more difficult than in othexr tests. Cells
which visually appear to have "catastrophical-
ly" failed by cracking may continue to show
nominal power output, yet in reality must be
considered incipient failures. Cracks can be
detected, but before consistent power degrada-
tion occurs a second stress, such as BTH or
vibration, must be applied.

With one exception, the observed P deg~

. radation could be directly related to failure

of the cell metalization system, i.e., no
unexplainable second order effects were ob-
served. That one exception was the dissolu-
tion of the antireflective coating from the
C cells under pressure cooker conditions.
Thus the initial reasoning behind the design
of the tects was vindicated.
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