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ABSTRACT
Results of recent investigations of electrochemical corrosion in terrestrial photovoltaic
modules are presented. Tests on encapsulated
two-cell coupons have yielded electrical and
visual information that reveals the nature of the
degradation mechanism and quantitative dependencies among measured variables. Data are
interpreted to imply that a fixed level of charge
transfer at the metallization-encapsulation interface results in a fixed percentage of cell failures. The method developed to determine median
time to cell failure uses measured encapsulant
conductivities and site-specific weather data. A
log-normal distribution of failure times is
assumed, enabling determination of general cell
and module failure rates.
INTRODUCTION
The Engineering Sciences Area of the Jet
Propulsion Laboratory's Flat-Plate Solar Array
Project has the responsibility within the Department of Energy's National Photovoltaics Program
for performing research aimed at improving
photovoltaic module reliability. To achieve this
goal, researchers must identify and determine the

causes and the physical processes - i.e., the
underlying the degradation that
mechanism
compromises module reliability. With this
understanding, design improvements can be
incorporated that enhance module performance; also,
with knowledge of failure rates at use conditions,
service lifetime can be predicted, allowing more
accurate system cost ~rojectionsto be made.

-

The particular module degradation mechanism
addressed in this paper is electrochemical
corrosion. A schematic, qualitative representation
of the mechanism is depicted in Figure 1. A
voltage difference between two electrified cells,
or between an electrified cell and grounded frame,
may result in dissolution of cell metallization
material into the surrounding encapsulant. Driven
by voltage and concentration gradients, the
dissolved metallization ions diffuse through the
encapsulant (wavy arrows, Figure 1) to the cathode
whereon they deposit to form metallic dendrites.
These "grow" back toward the anode until the
intervening encapsulation becomes insufficiently
resistive to prevent the formation of a gapbridging channel and the consequent electrical
breakdown of the insulation.
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The Electrochemical Corrosion Mechanism

Electrochemical solar-cell corrosion was first
observed in accelerated long-term bias-temperaturehumidity tests conducted on behalf of the Flat-Plate
Solar Array Project by Wyle Laboratories. The phenomenon was observed on cells with both Ti-Pd-Ag
(passivated silver, tri-metal) and printed silver
metallization systems ( ~ i ~ u r2e) . These cells
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EXPERIMENTAL INVESTIGATIONS
Unencapsulated Solar-Cell Experiments
After the initial observation of solar-cell
metallization migration in the long-term Wyle test
modules, experiments were undertaken to identify
a suitable index of electrochemical degradation and
to determine associated degradation rates. In one
experiment, unencapsulated solar-cell electrodes
were inunersed in a 0.0001 molar aqueous electrolyte
while current levels of 0.01 amperes to 0.0001
amperes were maintained between them. The cells
were periodically removed from the electrolyte and
their maximum power outputs were measured using an
I-V curve tracer. These data are presented in
Figure 3 as a plot of time to 25% power reduction
versus current density.

Figure 2.

Solar-Cell Electrochemical Corrosion

resided in modules that were forward biased at
100 mA while exposed to an 85OC/85% RH environment for 180 days. Various terms such as gridline
blossoming, spreading, and Q-tipping were originally
used to describe the observed phenomenon that is
now referred to as electrochemical corrosion. Electrochemical corrosion has since been observed at
field-test sites (JPL), at applications sites
(Southwest Residence, Las Cruces, New Mexico) and
in extensive laboratory tests conducted by several
investigators at JPL. These tests, undertaken to
reveal and quantify the physical process of electrochemical corrosion, have yielded a significant body
of data, a portion of which is analyzed and interpreted here.
PRELIMINARIES
The problem of electrochemical degradation of
metallized silicon, although only recently observed
in solar cells, is not new to the silicon semiconductor device industry. Ghate (1) discusses
electromigration-induced failures in VLSI thin-film
interconnects and gives several historical references dating back to 1967. In two papers Sbar (2,3)
and coworkers reported their investigations of
electrochemical and galvanic corrosion of copperbased metallizations at 850C/80% RH in corrosive
(Clp, ~ 0 2 )environments. In another paper Sbar
and Kozakiewicz ( 4 ) developed surface conductance
acceleration factors that relate device life in
high temperature/humidity laboratory environments
to device life in normal use environments; they
used these acceleration factors to predict electrolytic corrosion failure rates on active devices
from measured failure rates at accelerated stress
conditions. The research discussed in this present
paper is similar in nature and supports many of the
findings and conclusions of Sbar's work, which is
cited often in this text.
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Figure 3.

Time to 25% Maximum Power Degradation
versus Current Density
(H+ =
Molar)

Figure 3 shows that the Ni-solder metallizations
require a greater charge transfer for a particular
time to failure--at least under conditions of
aqueous immersion--than do passivated silver metallizations. Also, the presence or absence of antireflective cell coatings (AR, Figure 3) has little
effect on the experimental outcome. Because much
is unknown about the proprietary metallization
formulations, these observations are made without
interpretation. It is clear, however, that for a
particular metallization system, it is possible to
associate a particular quantity of charge transfer
with a particular time to failure, an observation
that is exploited below to predict the service life
of photovoltaic modules.
Encapsulated Solar-Cell Experiment
Since unencapsulated solar cells immersed in an
aqueous electrolyte degrade rapidly, they provide a
convenient means of observing electrochemical

degradation and studying comparative performance
of metallizations in the laboratory. But deployed
cells are almost always encapsulated and generally
not deliberately immersed in aqueous solution.
Encapsulated two-cell coupons (Figure 4) were
specially fabricated to study the response of
photovoltaic constructions to induced electrochemical corrosion under controlled laboratory
conditions. These condition~--85~C/2.
5% RH,
850C/70% RH, and 85OC/98% RH--were maintained to
within 2% nominal by Blue-M environmental chambers.

Measurements were electrical and visual.
Electrical measurements included pre- and postexposure I-V characteristics of each cell. All
other electrical measurements were made in situ
before and after exposure (ambient conditions)
and five times during exposure (test conditions).
These included (1) cell measurements: junction
capacitance and loss factor; and ( 2 ) insulation
measurements: insulation capacitance, insulation
loss factor, insulation resistance and discharge
inception voltage. These variables were monitored
to determine if one or more of them could serve as
an easily obtainable measure of module electrochemical corrosion. Some are traditional measures
of aging, some are not.
Visual measurements took the form of a posttest inspection under low-power (50X) optical
magnification, after which specimens were prepared
for microexamination (SEM, EDAX, ESCA, Auger
surface analysis, etc.).
Although the analysis and interpretation of
this sizeable data base will be useful in module
design, only those data directly relevant to
module life prediction are further considered here.
DATA
Visual and Power Observations
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Figure 4. Electrochemical Corrosion Test
Specimen Geometry
The 85OC temperature was selected because it is
an often-used accelerated test temperature (2-5);
at this temperature the 10°C-Rule approximation to
the Arrhenius temperature acceleration model,
which states that for each 10°C increment in
temperature the rate (of electrochemical reaction)
doubles ( 6 1 , yields an acceleration factor of 15 ( 7 )
over the 46OC daytime cell temperature expected in
a typical field deployment (8).
Sample geometry is depicted in Figure 4 ; samples
consisted of two commercial solar cells encapsulated
in two layers ("0.1 cm total) of commercial pottant,
all mounted on a 0.32-cm-thick glass support.
Three different encapsulants: polyvinyl butyral
(PVB), silicone rubber (RTV), and ethylene vinyl
acetate (EVA), and three different cell metallizations: silver paste, tri-metal, and Ni-solder, were
tested; in combination, these gave nine different
sample types.
Three samples of each type were exposed in each
chamber for a total of 1944 hours; of the three, one
was electrified at 60 volts cell-to-cell, one at
30 volts cell-to-cell, and one--the control, to
enable differentiation of electro-chemical from
galvanic and non-electrical effects--remained
unelectrified.

After 1944 hours of exposure, the RTV- and
EVA-encapsulated samples exhibited no obvious degradation other than apparent cell surface stains
in the high-humidity (850C/98% RH) environment.
The PVB-encapsulated samples, on the other hand,
exhibited pronounced discoloration of the encapsulation, and electromigration, both of which
worsened with humidity and applied voltage.
From pre- and post-exposure I-V curves, it was
generally found that the maximum power output
decreased as a result of a combination of factors:
reduction of short-circuit current, increase of
series resistance, and decrease of shunt resistance. The reduction of short-circuit current was
attributed to optical transmission losses in the
discolored encapsulant above the solar cell.
Increase of series resistance was generally
associated with electrochemical corrosion and/or
debonding of the cell metallization. Decrease of
shunt resistance was attributed to external
current paths that circumvent the solar-cell
junction. In particular, changes in shunt
resistance contribute significantly to power
reductions in silver-print and tri-metal cells,
and short-circuit current losses were found to
contribute significantly to power reductions in
PVB- encapsulated samples. This is consistent
with the observed excessive electromigration in
silver-metallized cells and the severe discoloration of the PVB encapsulation.
Data Analysis
For anode cells in the PVB- and EVA-encapsulated
samples, the ratio of post- to pre-exposure cell
power output was plotted (Figure 5) against total
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charge transferred from anode to cathode. The
plot suggests two groupings of data--one nearly
horizontal, the other nearly vertical. It appears
that power reduction is gradual until about
QT = 4 coulombs of charge per 10 cm of edge
length have been transferred, regardless of metallization, after which the cell power output drops
rapidly. This is consistent with the view that
failure occurs only after a quantity of cell
metallization has dissolved into the encapsulant,
has migrated to the cathode, and has formed a
short-circuit path between anode and cathode.
The uncertainty in the data, or their
repeatability, have not been determined.
The charge transferred was calculated from
Ohm's law:

See Figure 4 for definitions of the variables
g, r, and QO.
Several assumptions, approximations, and
experimental measurements, discussed below,
contribute to the charge transfer values
determined by using Equation 3; in particular,
the variables K and t require elaboration.
The finding of the coatings industry (9-12)
that high coating conductance correlates strongly
with substrate corrosion (and vice versa) is manifested in Equation 3 as a linear dependence between charge transferred and insulation conductivity. The actual conductivity values used were
experimentally obtained by measuring the current
between electrified parallel plane electrodes
embedded in slabs of PVB and EVA. Preliminary
data were gathered at several temperature and
humidity combinations. A functional relationship
of the form
log 1 = a + a h + a 'h
K
0
1
2

+ b 1 8 + b2@

+ clhP (7)

was fitted to the global data set for each material
using a nonlinear least-squares minimization
routine based upon the variable metric method of
Davidon (13) as modified by Fletcher and Powell
The expression for PVB is
(14).
valid for round cells, and

1 = 9.91 - 3.39h
log K
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Q
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and for EVA,
charge transferred, coulombs
= current, amperes
= test time, 1944 hours
= test application voltage, volts
= cell-to-cell conductance,
= insulation electrical conductivity,
a-1 cm-1
= effective electromigration thickness, cm
= cell-to-cell distance (see Figure 4)
at point y, cm.
=

Combining Equations 1 and 2 and ~erforming
the integration leads to

log

-K1 =

12.41 - 2.06 h + 0.977h

These expressions are
Equations 7 through 9,

and

lotted
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in Figure 6. In

where RH is the relative humidity, X , and T is the
temperature, OC.
In using Equation 3 to compute the charge
values of Figure 5 , it was assumed that the K
values determined from Figure 6 for the three T/RH
combinations of the experiment did not change
during the 1944-hour duration of the test.
Finally, the effective electromigration
thickness t appearing in the integral in Ohm's law,
Equation 1, was taken to be three times the cell
thickness, because electromigration from cell-tocell was observed to have an out-of-plane component,
contaminating the encapsulation about one cell's
thickness above and below the top and bottom
surfaces of the cell. The insulation thickness is
about three times the cell thickness and may also
serve as t in Equations 1 and 3. Computer mapping
of the specimen field lines (15) also indicates the
out-of-plane component impacting about one cell
thickness above and below the cell surfaces.
LIFE PREDICTION
It is known that at the mechanism level a measure of electrochemical corrosion is the quantity
of charge transferred at the metallizationencapsulation interface (16). This fact suggests
that at the cell level, quantity of charge
transferred between an edge cell and the module
frame may be a reliable measure of the life of that
cell-frame interface region. That being the case,
module failure rates become calculable for model
arrays.
To accomplish this, the test data from Figure 5
are first interpreted to imply that median time to
cell failure occurs after a determinable quantity
QT of charge has transferred from electrified
cell to ground. This quantity of transferred
charge, together with site-specific SOLMET weather
data and encapsulant electrical conductivity
values, determine the yearly daylight-hour charge
transfer Qy. Then the median time to cell failure
is TM = QT/QY. A log-normal distribution of cell
failure times is assumed and a realistic standard
deviation is borrowed from the work of Sbar (4),
who experimentally determined electrochemical
failure statistics of digital ICs. Thus, general
failure rates of photovoltaic cells suffering
electrochemical corrosion become determinable.
Statistical considerations applied to a model
array field lead to expressions for module failure
rates--in particular, the average yearly fraction
of module failures. This quantity in turn determines expected replacement costs when calculating
the life-cycle cost of delivered energy (17, 18).
Prediction of Cell Median Life
Consider now a single electrified cell adjacent
to a grounded module frame. Figure 5 is interpreted to imply that, after the passage of QT = 4
coulombs of charge between cell and frame, the cell

will have failed (electrochemical breakdown) with
a probability of 0.50; the time necessary for the
passage of this quantity of charge is the median
time to failure. It is evaluated in this paper at
three sites for which SOLMET weather data exist:
Albuquerque, Boston, and Miami. Using hourly
weather analysis, the SOLMET data are reduced to
the form of daylight (insolation > 5 mw/cm2)
hours spent per year at various T/RH combinations
(see Table 1).
The temperature T is the cell
temperature; RH is the computed relative humidity
internal to the photovoltaic module, based upon
the hourly cell temperature T and the hourly
ambient air temperature-humidity status (7).
To every entry r (T, RH) of this operating condition matrix, there corresponds a value K (T, RH)
obtainable from Figure 6 or from Equations 8
through 11; multiply these and sum the products to
obtain E K ~ for
T ~ each material (PVB and EVA) at
each site (Table 2).
The prediction of median life is attempted for
both a round and a rectangular cell adjacent to a
module frame. The pertinent geometry for the
round cell is shown in Figure 4 , with the Y-axis
taken as the grounded frame and the gap taken as
g/2 (not g).
For this case, the yearly charge
transfer is (cf. Equation 3):

For a rectangular cell at a distance g/2 from the
module frame, Ohm's law yields

where s is the length of the cell edge adjacent
and parallel to the frame. Note that the quantity
C ~ i r ~tabulated
,
in Table 2, appears in
Equations 12 and 13.
The median time to failure,TM, is now given as

with QT = 4 coulombs per 10 cm of cell-frame
edge.
Equations 12 through 14 exhibit the proportional dependence of median cell life on
encapsulant resistivity determined experimentally
by Sbar and Kozakiewicz (4).
The median time to cell failure was computed
for the three chosen geographic sites for three
different voltages, three different cell-to-frame
distances, and two encapsulations; the dependency
on these parameters of median time to failure is
presented in Table 3 .
It is observed that median cell lifetime
increases as the cell-frame separation increases,
more rapidly for rectangular than for round cells;
that median life decreases proportionately with
increasing voltage; and that round cells have

Table 1.

SOLMET Weather Data: Hours per Year at T/RH Combinations Listed
(Insolation > 5 mw/cm2)

Module RH, %
Module Temp.,
C

Albuquerque

5

15

35

25

45

55

65

75

85

85
75
65
55
45
35
25
15
5

Boston

Miami

longer median lifetimes than rectangular cells,
other things being equal--because more of the
periphery of rectangular cells is adjacent to the
module frame. The superiority of EVA in extending
cell median life by at least two orders of
magnitude beyond that expected with PVB is noted.
Finally, as expected, median life is shorter
in hot, humid Miami than in colder, drier Boston.

The fraction of cells that fail in year t is

Under the change of variable

Cell Failure Rates
With the time for 50% cell failures established, the time for an arbitrary percentage of
cell failures is now determined.
It is assumed that the natural logarithms of
the cell failure times are normally distributed
with mean p and standard deviation u. The density
function is

Equation 16 becomes

where

95

RH, %

RH, %
Figure 6b.

Electrical Conductivity, EVA

Figure 6a. Electrical Conductivity, PVB
Table 2.
Now for log-normal statistics, the median is
(19):

The Quantityx~irifor PVB and EVA
at Selected Sites
CKiTi

Site

cm-I sly)

where T M is the median time to failure.

PVB

EVA

Then, from Equations 19 and 20,

To determine cell failure rates, first determine the median time to failure (Equation 141,
specify the standard deviation w, obtain q t and
Tt-1 for the year t of interest (Equation 21),
and finally obtain the rob ability p(t) (Equation
18) that a cell fails in the tth year.
Module Failure Rates
It is assumed that only cells adjacent to a
module frame are subject to failure by electrochemical corrosion. Then the probability that a
module fails in year t, is the probability that at
least one edge cell of that module fails in year t

Albuquerque

6.80 X

Boston

4.54

Miami

2.06 X 10-4

x

3.16 X
1.84 X lo-'
5.98 X

but none before year t ; from probability theory,
this is

Table 3.

Median Time to Failure, Exhibiting Dependency on Site, Encapsulation,
Voltage, and Cell-to-Frame Distance

Round Cells in PVB
r=5cm

go

==

Cell-to-Frame
Voltage,
Volts

t

=

0.114 cm

Cell-to-Frame
Distance,
cm

Round Cells in EVA

r ~ >
Years

T~3
Years

Albuquerque

Boston

Miami

Rectangular Cells in PVB
s

=

10 cm

Ce 11-to-Frame
Voltage,
V

T~

Years

Albuquerque

where Q1 = q (1) and
q(t) = probability that the module fails in
year t given that it has not
failed before year t
probability of electrochemical failure
in year t of an adjacent
cell-frame gap, Equation 18
the number of cells adjacent to the
module ~eriphery

Boston

Miami

Rectangular Cells in EVA

TM9

t = 0.114 cm
Ce 11-to-Frame
Distance,
cm

Albuquerque

3

Years

Boston

Miami

Albuquerque

Boston

Miami

In Equation 23 it is assumed that p(t) is the
same for all edge cells of a particular module.
This is equivalent to assuming that module voltage
is constant, a good assumption considering that
inthe 1 x 4 ft and 4 x 4 ft modules currently used
in central-station arrays, the voltage differential between module terminals is about 5 volts,
whereas system operating voltages may range from
250 to 1000 volts or more. The module operating
voltage is taken to be the mean of the module
terminal voltages.

The exponent r + 4 in Equation 23 reflects the
fact that corner cells are counted twice, as they
are adjacent to two sections of the module frame.
Consider now an N-module series string in an
array source circuit. The yearly average module
failure probability is
MAXIMUM ALLOWABLE 10-YEAR
SLOPE 0.0001 FAILURES
PER YEAR PER YEAR

-

where K denotes the K~~ module in the N-module
series string.
A computer code, incorporating the concepts
and equations introduced here, was developed to
compute the yearly fraction of modules that fail
in a model array. A typical output from that
program is presented in Figure 7, in which yearly
average module failure probability is plotted
against years of operation. Only one case is
depicted--that of a 1000-volt array in Miami
featuring EVA-encapsulated 4 x 4 ft modules having
10 cm square cells.
For comparison with these data, Ross ( 2 0 ) , in
a companion paper at this conference, develops
target failure-rate allocations for the various
~ossiblecell and module failure mechanisms. He
points out that the economic impact of module
failures is greatest in the early years of array
operation, since later-year replacement costs and
energy revenue are more heavily discounted. Assuming a linearly increasing failure rate, he defines
the allowable module failure level for electrochemical corrosion as 0.0001 failures per year per
year. This provides a target level for comparison
with the several examples computed here. The
10-year slope for the specific example of Figure 7
is compared with the maximum allowable slope of
0.0001 failures per year per year. If the module
failure rate curve peaks before 10 years, as is the
case with all of the PVB examples, then the calculated slope is that of the line of maximum slope
from the origin to the failure-rate curve. The
results of the calculations of failure-rate slopes
are presented in Table 4 . The results follow the
trends established in Table 3. The major result is
that all of the EVA examples meet the allowable
failure allocation requirement, but none of the
unprotected PVB examples do. Note also that
1 x 4 ft modules and 4 x 4 ft modules give nearly
identical results.
CONCLUDING REMARKS
The central finding of this research, upon
which the method of module electrochemical breakdown prediction depends, is that a fixed quantity
of charge transfer between anode and cathode is
required, per unit length of module periphery, to
produce a breakdown path; in the experiment
described here, that quantity was determined to be
about four coulombs per 10 cm of edge. This is a
preliminary value obtained from measuring a small
number of samples; refined experiments should
provide a more precise value for this important
quantity.

MIAMI. EVA. 1000 VOLTS
10-cmSOUARE CELLS

YEARS OF OPERATION

Figure 7.

Yearly Average Module Failure Rate
versus Years of Operation

The high conductance of PVB is due to its
soluble ion content; in a humid environment PVB
absorbs a relatively large amount of water (21)
and becomes a solid-state electrolvte. Conduction
in PVB is essentially ionic in nature. EVA absorbs
considerably less water than PVB and is correspondingly less conductive; it is believed that the
primary mechanism of conduction in EVA is also
ionic (rather than electronic).
In the life-prediction approach presented in
this paper, the functional dependence of electrochemical corrosion on encapsulant water content,
or its state ( 2 2 ) , were not developed; rather, the
measured relationship between ambient water content
(relative humidity) and polymer conductance was
exploited in determining quantity of charge transfer and, hence, median cell life.
In defense of PVB, it should be pointed out
that in the experiments reported here, the PVB
encapsulant was not protected from the environment, as it would be in actual modules. With
proper module design, PVB performs well: if
hermetic edge seals and metallized back surface
polymer films are used with a glass superstrate,
water can be effectively occluded from the PVB
encapsulation. Properly designed PVB modules, not
necessarily hermetically sealed, have performed
acceptably for many years at various applications
sites.

Table 4. Slopes of Module Failure-Rate Curves (Failures per Year per Year) for Comparison
Failures per Year per Year
With Maximum Allowable Slope of 1 x
Module Failure-Rate Slope
Round Ce 11s
in PVB
Cell-to
Frame
Voltage.
- .
V

Cell-to
Frame
Distance.
cm

s = 10 cm,

t

=

4xlft
Boston

Miami

Round Cells
in EVA
4xlft

4X4ft

I

Boston

0.114 cm

Miami

__f_

Boston

Miami

Boston

Miami

Module Failure-Rate Slope
Rectangular Cells
in EVA

Rectangular Cells
in PVB
Cell-to- Cell-toFrame
Frame
Voltage, Distance,
V
cm
Boston

4X4ft

liami

I

~oston

On the other hand, EVA-encapsulated modules
may require no protection for the EVA since
moisture penetration into the EVA is minimal.
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