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ABSTRACT

A Research Forum on Reliability and Engineering of Thin-Film Photovoltaic
Modules, under sponsorship of the Jet Propulsion Laboratory's Flat-Plate Solar
Array (FSA) Project and the U.S. Department of Energy, was heid in Washington,
D.C., on March 20, 1985. Reliability-attrioute investigations of amorphous-
silicon cells, submodules, and modules were the subjects addressed by most of
the Forum presentations. Included among the reliability research investigations
reported were: Arrhenius-modeled accelerated stress tests on a-Si cells,
electrochemical corrosion, light-induced effects and their potential effects on
stability and reliability measurement methods, laser-scribing considerations,
and determination of degradation rates and mechanisms from both laboratory and
outdoor exposure tests.
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FOREWORD

As part of the U.S. Department of Energy (DOE) National Photovoltaics
Program, the Jet Propulsion Laboratory (JPL) Flat-Plate Solar Array Project
(FSA) manages research that includes developing the technology base required
to achieve 30-year life for flat-plate photovoltaic (PV) modules. In
coordination with the Solar Energy Research Institute (SERIL), a portion of
this JPL activity is focused on achieving the technology base required for
thin-film modules, specifically amorphous silicon (a-Si) modules, wnich has
attained a high level of maturity under SERI's cognizance.

The purpose of the Research Forum was to: (1) examine critically the
attributes of thin-film cells that influence module performance and
reliability, (2) explore the lessons and applicapility of crystalline-Si
module technology to thin-film modules, (3) review the current status of
thin-film module technologies, and (4) identify problem areas and needed
research. Another impcrtant objective was to accelerate the snaring of
technical experience between solid-state device researchers and engineering
reliability researchers. Forum arrangements were designed to encourage
interaction and exchange of information among the wide range of researchers
who attended.

The keynote address, presented by Dr. Charles Gay, Vice President,
Reasearch and Development, ARCO Solar, Inc., was titled "The Need for
Thin-Film Reliability Research." 1In this address, Dr. Gay praised the work of
JPL for its reliability research support as a key factor in the success of
crystalline-silicon technology. He urged that a similar type and level of
support be committed for thin-film cell and module reliability research. Dr.
Gay gave equal praise to SERI as a developing center of excellence in basic
research studies and measurements. In addition to papers presented, two
domestic private-industry photovoltaic companies used the Research Forum to
announce new a-Si mudule designs. Both modules were shown and each was
described in considerable technical detail.

These Proceedings contain tne papers presented and visual materials used
by Reasearch Forum participants. In addition, much of the informal
discussions, questions, and answers whicn followed each presentation are
included, edited for clarity and brevity.

R. G. Ross, Chairman
E. L. Royal, Cochairman
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CRYSTALLINE-SILICON RELIABILITY LESSONS FOR
T'UIN-FILM MODULES

Ronald G. Ross, Jr.
Jet Propulsion Laboratory
Pasadena, California 91309

Introduction

During the past 10 years the reliability of crystalline-silicon modules
has been brought to a high leve! +ith lifetimes approaching 20 years, and
excellent industry credibility and user satisfaction. With the emergence of
thin-film power modules it is important to review the lessons learned from the
crystalline-Si product development history and apply the technology base,
where applicable, to enhance the development of thin-film modules.

The transition from crystalline modules to thin-film modules is comparable
to the transition from discrete transistors to integrated circuits. New cell
materials and monolithic structures will require new device processing
techniques, but the package function and design will evolve to a lesser
extent. Although there will be new encapsulants ontimized to take advantage
of the mechanical flexibility and low-temperature processing features of
thin-films, the reliability and 1ife-degradation stresses and mechar 'sms will
remain mostly unchanged. Key reliability t-chnologies in common between
crystalline and thin-film modules include bkot-spct heating, galvanic and
electrochemical corrosion, hail-impact stresses, glass breakage, mechanical
fatigue, photothermal degradation of encapstlants, operating temperature,
moisture sorption, circuit design strategies, product safety issues, and the
process required to achieve a reliable product from a laboratory prototype.

Crystalline-5i Pecearch Objective and App' nach

Before exam® ing the lessons learned from the crystalline-Si module
development eff.:t it is instructive to review briefly its objective and
approach.

Increased array life and reliability directly influer. : the economic
viability of photovoltaics as an energy source by controlling the total number
and size of revenue payments received from future sales of electricity. After
considerations of prescnt value discounting and escalation of the worth of
electricity in future years, a 30-year PV plant, for example, is worth 25 to
30 percent more than a 20-year-life plant. Based on this economic sencitivity
to plant life, a Ju-y2ar Tife was chosen as the target of the crystalline-Si
module development effort (Fig. 1) (1).

Tu achieve this high level of reliability a systematic reliability program
(Fig. 2) was undertaken in 1975 by the Jet Propulsion Laboratory Flat-Plate
Solar Array Project to develop the techno:ugy base required (2). Figure 3
lists the principal failure mechanisms for crystalline-Si modules and notcs
the economic importance of each and the target allocation level for each which
is consistant with achieving a 30-year 1lif. (3). The next three figures
illustra*te the history of occurance of crystalline-Si field reliability
problem ind the research developments over the past 10 years which have led
to the - sent high reliability of crystalline-S* modules.

)
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Lessons Learned

The remainder of the figures systematically summarize the key reliability
lessons learned from the 10-year crystalline-Si module development effort.
For convenience the lessons ar2 subdivided into five topic areas:

0 Module Reliabitity Lessons

0 Reliability Research Lessons

0 Module Qua‘tification Experience

0 Qualification Test Experience

0 Field Test Experience
Conclusions

An important lesson from the crystalline program (and the nuclear program)
is that honest conscientious working of reliability and safety issues can
significantly affect the economic viability and public acceptance of the
product. Resolving the issues is not cheap, and cannot be accomplished
overnight. For example, it still takes approximately 2 years from initial
product design to successful passing of product qualification specifications
for a crystalline-Si module.

As with your family car, initial cost and efficiency are directly
measurable; lifetime and reliability are the greatest areas of user risk and
play a key role in purchase decisions.

References
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Figure 1. Crystalline-Silicon Reliability Objective

To achieve the technolngy base for 30-year array life
¢ Acceptable power degradation rates
¢ Acceptable co'nponent failure rates

¢ Acceptable maintenance costs
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10k TARGET
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Figure 2. Reliability Research Elements

Establishment of mezhanism-specific reliability goals
¢ Identification of key degradation mechanisms
¢ Determination of system energy-cost impacts
¢ Allocation of s;stem-level reliability

Quantification of mechanism parameter dependencies
¢ Governing materials parameters
* Governing environmental-stress parameters
¢ Qualitative understanding of mechanism physics

Development of degradation preiction methods
¢ Quantitative accelerated tests
e Life-prediction ir.odels

Identification of cost-effective solutions
e Component design features
¢ Circuit redundarcy and reliability features

Testing and failure znalysis of trial solutions



Figure 3.

Life-Cycle Cost Impacts and

Allowable Degradation Levels

Units l Level for 10% A""::'"o“
Type of ) . Energy Cost Economic
Deg‘:g dation Failure Mechanism De;:ad. Increase® 30&:» Penalty
k=0 k=10 Module
Open-circuit cracked cells %/yr 0.08 | 0.13 0.005 Energy
Component | 'Short-circuit cells "1 %lyr_1 028 | 080 | 0.050 | Energy
Interconnect open circuits %/yr’ 0.05 | 0.25 0.001 Energy |
[ Power Cell gradual power loss | %/yr 067 ' 1.15 020 | Energy
degradation Module optical degradation %/yr 067 | 115 0.20 Energy
Front surface soiling % 10 10 3 Energy
Module glass breakage | %/yr 033 | 1.18 0.1 0&M
Module open circuits % /yr 033 | 1.18 0.1 0&M
Module Module hot-spot failures %/yr 033 | 1.18 0.1 0&Mm
failures Bypass diode failures %/yr 0.70 | 240 0.05 0&M
Module shorts to ground %/yr’ 10.022] 0.122 | 0.01 0&M
Module delamination %/yr* 10022 0122 0.01 0&M
Life-limiting | Encapsulant failure due Years 27 20 35 End of
1 wearout | to loss of stabilizers of life life

*k = Discount rate

Figure 4. Module Reliability Lessons

¢ Most module reliability problems are related to the encapsulant system

* Soiling °
e Cracking °
¢ Yellowing o
¢ Delaminating o

Accelerated corrosion
Voltage breakdown

Leminating (processing) stresses
Differential expansion stresses

¢ Primary function of encapsulant is structural support and electrical
isolation for safety reasons. The secret is to perform these functions
v hile not degrading the intrinsic reliability of the cells themssilves

* Second most frequent module reliability problems are related to

circuit integrity

s Fatigue due to differential expansion stresses

* Poor solder joints

¢ Crystalline-Si cell reliability prct lems are most often related to cell
cracking, metallization adherar::e/series resistance and durability of
anti-reflective coatings



Figure 5. Reliability Research Lessons

Failure mechanisms fall into two broad classes: generic and statistical.
Generic problems must be solved by design or process changes;
statistical failures are effectivel solved through redundancy and
quality control

The physics of most failure mechanisms is poorly understood. This
requires a high reliance on emperical characterization and testing

Increased temperature is an excellent universal accalerator of chemical
degradatioi. mechanisms. Typical acceleration is Arrhenius with a
factor of 2 increase per 10°C

Figure 6. Module Qualification Experience

Quaolification testing is a cost-effective way to identify obvious reliability
problems: should be used during development as well as for
design verification

New designs almost never pass .he Qual tests on the first try

Corollary: Great political pressure to field unquanfied hardware generally
results in disaster

Slipped schedules, cost overruns

Early application retirement

Minimal learning

* Decreased credibility

Qual tests must be periodically undated to reflect field experience with
previously tested modules

Long-term life testing at parametric stress levels is required for
auantitative correlation to extended field performance



Figure 7. Qualification Test Experience

Temperature cycling and humidity tests are workhorse tests with good
correlation to field failures; they are generally the most difficult to pass

Hot-spot testing is controversial, but correlates well to field experience.
Its complexity requires a high skili and knowledge level

Mechanical loading, twist, and hail tests are effective design
requirements and generally straightforward to meet

Voltage standoff (hipot) requirernents require great care in design and
are troublesome to meet

Photothermal testing (UV) is ex remely complex with poor correlation
with field results (no Qual test exists)

Soiling evaluation is best done in field tests, but is highly site-dependent
{no Qual test exists)

Figure 8. Field Test Experience

Most problems are not acceptec as problems until encountered in large
operating systems

o Large statistical sample siz 3 aids quantification
o Operational user-interface stresses are present

<oroliary: Good moduie not prcven good until tasted in large
operating system

Corollary: Operational interactin of module with user system is
important source of inodule stress

Test-stand aging only useful fcr very generic problems; sample sizes too
limited for statistical failures; many user interface stresses not present
in test-stand tests

heliance on field-failure data places requirements on system
experiments:

¢ To obtain quantitative da'¢: on failures

o To have failure containment features

¢ To have failure contingency plans



Figure 9. Conclusions

¢ Crystalline-Si and thin-film modules are expected to have much in
common "vith respect to reliability problems, methods and solutions

o New materials and procasses in thin-film modules will require a diliquent
reliability program

cstablishment of mechanism-sr.acific reliability goals
Quantification of mechanism parameter dependencies
Prediction of expected long-term degradation
Identification of cost-affective solutions

Testing and failure aralysis of trial solutions



YERKES:

ROSS:

DISCUSS1O0N

Can you guess where problems might be different from those with the

Most

modules we have been doing for 10 years, in the new thin-film
modules? Some insight on your part, from early examination.

of our testing indicates that thin-film modules and crystalline
modules are quite similar; things like hot-spot heating modes are
almost identical. The cell-breakage problem is a big difference.
Crystalline-silicon cell cracking was one of the mcre formidable
problems, long-term, in differential expansion stresses and
processing yields, and thin-film modules will have a different
type of processing-yield problem, I'm sure. Crystalline cells
allow series-paralleling to solve the cell-shorting mismatch type
of problems. I'm not sure if that is going to be a problem with
thin-film modules; it depends on how uniformly the deposition can
occur. It may be a different problem with stainless-steel-backed
modules; they may go through the same kind of cell shorting that
crystalline modules do. Corrosion-type issues are clearly going
to be different, although the data we have in our electrochemical
corrosion studies indicate there is not much difference between
the resistances of thin-tilm modules and those of crystalliine
modules. When you have a micrometer or so of material and lose a
half micrometer you have lost a cell. On a crystalline cell you
can lose a lot of the metallization system; there are bulk amounts
of material that you can corrode away and still leave an active
solar cell. The crystalline cells are less fragile in terms of
mechanical damage. With thin-film cells, if you penetrate the
back side with something, you could poke a hole right through the
cell. At the same time, the thin-film cells are very resistant.
If you lose a part of the cell they typically don't shunt and the
lateral series resistance is such that a small area of damage
doesr:'t seem to spread across the total ceil in terms of total
electrical effect. There are differences.

10
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SESSION 1

CELL AND SYSTEM CHARACTERISTICS
AFFECTING MODULE DESIGN

Chairman: L. Herwig
(U.S. Department of Energy)
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LIGHT-INDUCED EFFECTS-IMPACTS TO MODULE PERFORMANCE
MEASUREMENTS AND RELIABILITY TESTING: AN OVERVIEW
C. R. WRONSKI
Exxon Research and Engineering Company
Annandale, New Jersey 08801

The stability of solar cells is a key factor in determining the
reliability of photovoltaic modules and is of great interest in the case of
solar cells having a new technology which has not yet been fully devel-
oped. In particular this question arises with hydrogenated amorphous sili-
con (a-Si) solar cells because a-Si exhibits reversible light-induced
changes in its electronic properties, commonly referred to as the Staebler-
Wronski effect (SWE).

Continuous progress is being made in the peak conversion effi-
ciencies of a-Si solar cells and efficiencies in excess of 11% have been
achieved. This progress results from the continuous improvements made in
material synthesis, device processing as well as the introduction of new
device structures. This makes it difficult to obtain a detailed evaluation
of the effects that light-induced changes in a-Si have on the degradafion
of solar cell efficiencies. Futhermore because of the time required to
characterize the long term stability of solar cells there are relatively
few results reported on high efficiency cells. The results however clearly
show that stability is still a problem, even though efficiencies to which
the devices degrade have significantly improved. Recently, ARCO Solar has
reported results on solar ceils which, after over a year's exposure to
sunlight, under open circuit conditions, still had about 7% conversion
efficiency(l). These results by Ullal et al. are shown in Figure 1. The
data in Figure 1, as well as that reported by others, exhibit a region of
fast degradation for about a month but that the degradation then becomes

very siow.

13
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The large changes that occur quite rapidly, which have been and
are being studied quite extensively, are found to be reversible. These
light -induced changes in cell performance are generaily associated with the
SWE rather than changes in the junctions, interfaces and contacts. The
light-induced changes associated with SWE occur: in the bulk of the a-Si,
they occur with sunlight illumination; they are perfectly reversible upon
annealing in the dark at ~200°C; and they result from the introduction of
metastable defect. Such changes occur in undoped and doped a-Si films
which have been prepared under a wide range of preparation conditions.

The reversible-light induced changes in a-5i were first observed
and characterized by the decreases in the dark conductivities and photocon-
ductivities of a-Si films(2), Figure 2 and 3 show the decreases in dark
conductivity (dashed lines} and photoconductivity (solid lines) for glow
discharge produced a-Si films during illumination with 200 MW cm'2 filtered
tungsten light. Figure 1 is for an undoped a-Si film and Figure 2 is for
an a-Si film doped with 0.1% PH3(3).

As can be seen in these figures the changes in the dark and pho-
toconductivities can be very large (orders of magnitude) and they occur
rapidly upon illumination comparable to 1 sun. Consequently such changes
are still used to characterize the presence of light-induced changes in a-
Si. However it should be pointed out here that since the changes result
from the introduction of metastable defects inta the gap of a-Si, the ef-
fects of such defects depend strongly on the densities of the initial
states in the gap as well as the type and densities of the light-induced
defects with larger densities of gap states the conductivity changes may
become smaller or even not detectable. Correspondingly solar cells that

have low efficiencies to beign with may have much smaller degradation. It

14



is important also to note here that the changes in conductivities exhibit
quasi-exponential decays that depend on the light intensity and which at
illuminations of ~1lsun may have time constants of the order of 10 hours.

The continuous introduction of the metastable defects leads to
continuous changes in the lifetimes of photogenerated carriers. This is
illustrated in Figure 3 where the photoconductivity op, generated by pene-
trating light is shown as a function of relative light intensity for the
itndoped a-Si film of Figure 1 after arnealing and subsequent prolonged
exposure to light to a maximum of 4 hours(2), These changes indicate that
the introduction of metastable defects not only decreases the electron
lifetimes but also changes the kinetics of recombination.

The large changes in kinetics seen here illustrate that the ex-
tent of the light-induced photoconductivity change depends on the level of
illumination. This is important to keep in mind when considering changes
in solar cell performance. Because of the device nature of solar cells
their recombination kinetics are more complicated and involve both el~ctron
and hole lifetimes. The effect of introducing metastrabie defects on the
recombination of carriers will depend both on the type of illumination as
well as the device structure itself.

The changes in dark conductivities and photoconductivities are
found to be perfectly reversible upon annealing in the dark at .emperatures
~ 150 to 200°C. Because the defects are metastable the rate at which they
anneal out depends on the temperature. This is illustrated in Figure 4
where the thermal relaxation time is shown as a function of temperature.
The measurements were made at the indicated temperatures as shown in the
inset where the slope of the line gives an activation energy of 1.5

ev(2), There is a lack of systematic studies in which the temperature of

15



the light-induced changes and kinetics of the ann2aling process have been
investigated. However the results shown in Figure 4 indicate that the

oL .rating temperatures of solar cells are important in determining light-
1nduced changes of their prformance.

There have been many studies carried out on the reversible degra-
dation in a-Si solar cell characteristics. These <tudies have been carried
out on a-Si materials fabricated under different conditins, n:'terials that
contain different types and levels of impurities and d ts as well as on
solar cells having different device Structures. A wic. 16 of re.ults
are reported not only on the changes i cell efficiencies but also in the
different cell parameters. This wide variation is due to both the differ-
ent materials and the different device structures used. The cell struc-
tures are important because even with the same materials they can be used
to modify the recombination kinetics. This changes both the rate at which
metastable defects are created as well their effect on the owerall charac-
teristics(4). Because of this wide range of results it is difficult to
quantifv the relations between metastable defects and the light-induced
changes in the cell parameters. In general degradation, to a varying de-
gree, occurs in all three cell parameters.

The open circuit voltage appears to be the least sensitive to
light-induced changes but significant (2gradations can be found especially
after long exposures. Some of these changes however are not reversible
which would exclude the SWE as the principal cause. Changes in the short-
circuit currents are the primary causes of light aduced degradation in a-
Si solar cells.

The short-circuit currents are affected by the indroduction of

metastable defects because their effect on the carrier lifetimes and the
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electric field distribution in the cell. As indicated earlier this effect
depends strongly on the device structt: as well as the types and densities
of light-induced defects which are likely to be different for cells fabri-
cated under different conditions. The contribution of changes in the hole
lifetimes and the electric field which lead to changes in the short-circuit
currents are illustrated in Figure 5. The results in Fiy:re 5 show the
change in the spectral response of a Pt/thick a-5i solar cell structure in
annealed state A and light soaked state B (30 hours of AMI illumination).
In wnese simple cell structures the increase in the short-wavelength re-
sponse results from an increase in the surface electric field and decrease
at the lorger wavelengths results from the shorter hole lifetime and diffi-
sion length(s). It should be pointed out here that the difference in both
the magnitude and spectral response are obtained even with these simple
cell structures which result from relztively minor changes in the fabrica-
tion of the a-Si and it has been difficult a-priori to predict either the
rate of the degree of degradation in the short-circuit current., It 1s also
important to note here that the change: in hole lifetime significantly
smaller than the electron (photoconductivity) lifetimes have also been
observed, indicating that light-induced defects can be created whic™ are
quite different to those initially present in the a-Si.

Because the fill-factor is the cell par: 2ter that is most sensi-
tive to both carrier lifetime and electric field changes, it is also most
sensitive to the a-Si material and the cell-structure. It is itherefore tiic
most difficult to cne-acterize its changes in terms of light-induced de-
fects particularly since there are such large uncertainties about the exact
nature of these defects. Unfortunately it is the cell parameter that often

dominates the degradation of high efficiency a-Si solar cells.

17



Despite the large number of studies on light-induced degradation
of cell efficiencies and cell parameters there ha-e been very few studies
where these changes have been directly related to the light-induced defects
whose densities and electronic properties have been measured using differ-
ent techniques. Furthermore even though iight-induced changes in a-Si have
been of interest since 1976 these changes are still not well understood.
Although there is general agreement that these changes result from the
introduction of metastable defects there are still many unanswered ques-
tions *-garding their origin, nature and electroric properties. It is not
yet known how many different metastable defects can be created in a-Si, if
there is a signle type of defect that is dominant in high quality a-Si,
whether the defects are related to impurities, dopants o~ just structure
and what is the electronic nature of these defects.

The answer to such questions and the control of these defects are
clearly necessary before it is possible to accurately project their ulti-
mate limitation on the long term performance of high efficiency a-Si
cells, The present lack of these answers means that great care must be

taken in evaluating the degradation in a-Si solar cells and modules.
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DISCUSSION

KIM: Do you think that some of the defects are creatad by laser scribing or
some other processing?

WRONSKI: Certainly, but I suggest you ask ARCO and Solarex, Thin-Film
Division. Any light-induced stress obviously is going to cause an
effect. The other question is what energy has the light used. If
you use a laser scriber with a short wavelength you will damage
the surface region of the junction. It doesn't seem to be
wavelength-dependent, providing you can create the photogenerated
carriers, which can be done quite efficiently even with
sub-band-gap light. It is the recombination of a hole z.2 an
electron. You need a lot of recombination before you get one
defect.

HEBWIG: Presumably some wavelength would be more active in creating
interaction with the impurity that some other wavelength --

WRONSKI: That is correct. The detailed studies have not become reality.
There is a lot of work to be done. It is very important for
people to get together and exchange their experiences, as this
field is completely open.

LESK: I wonder whether these cells behave like crystalline silicon, in thet
if it's space charge recombination-dominated you get a large E4-/2kT
term. You blame some of the effects on recombination. Do you
see, under forward bias, a lerge increase in the 2kT term, or do
they behave diff .rently?

WRONSKI: All I can talk about is the Schottky barrier; that's the one we have
really studied. The results I've shown here are trying relate the
bulk. 1In order to get at the bulk we try to minimize any effect
of a p junction, of cell thickness, and so on. Yes, you do get a
degradation, you do get a change in the diode quality factor.

LESK: The bulk is the high region. 1It's a space-charge region during
operation and so it is a very narrow region in crystalline
gsilicon. A second question: with crystalline cells and modules we
find the fill factor is very fickle and can be affected by many
things, both in series and parallel effects, and you have to be
very careful if you blame it on a fundamental mechanism, because
it may just be a non-uniformity effect in the single cell or
serias cell.

WRONSK1: 1 agree 100%. This is one of the results that seems to tie in with
the collection efficiency measurements, except that the fill
factor follows the contour of an increased field and lower
recombination. But of course the fill factor depends on the most
parameters, cell material and so on, and unfortunately it appears
to be the one that really degrades the most in high-efficiency
cells.
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ROSS: One of the issues that we asked you about and I'l: ask you again --
this is one that is always difficult for us that are researching
mechanisms other than the light-induced effect, which is in fact
where our primary focus is at JPL. How does one eliminate this
effect in terms of measurements that we a.. trying to make ~n some
of these other irreversible types of degradation mechanisms? 1Is
there something that one can do to sort out that degradation
that's associated with light-induced as opposed to -- or
inhibited, for example, by applying reverse bias during, say, the
accelerated testing of a different type of test?

WRONSK1: That's perfect. Two questions here. One of course, I think, in
principle -- although again I think you should talk to the people
who are manufacturing modules. If this is a bulk effect it is
perfectly reversible. So, therefore, if you don't degrade
something else by heating, in principle, you could remove the
effect in the bulk. The other thing you asked?

ROSS: Can you inhibit it?

WRONSK1: Of course; that, by the way, has been done. Again relating back to
recombinatica: If you reverse-bias the cell you put a large
field, you decrease the recombination, and indeed, people find
that the -~ell does not degrade from the bulk effect. Conversely,
by putting it under load you really increase the recombination.
So definitely a bias ir an important parameter and is one way of
differentiating between them.

HERWIG: 1 hear that CVD potentially does not introduce the problem while glow
discharge does. Do you put any stock in that?

WRONSKL: I believe everything the first time I hear it. I have read it more
than once. I think it is an open question. Obviously, if you
believe that it is structural, that the defects are related
structurally, 1 believe it. 1 also believe in impurities. 1
think they are both there but then of course the way you deposit
the material is going to be very important. And CVD, in
principle, is more gentle. The Japanese are pushing for CVD in &
big way. And there, by the way, they are doing it at the junction
now rather than the whole film, to reduce recombination of the
hetero contact.

TURNER: 1'll try and ask this question so that it's illuminating rather than
confusing. 1I'm not sure I know the answer, but I think I do. You
made a remark about recombination causing the degradation or by an
increase of these things that Xerox calls D states. I hate to use
the word instability because I don't think that something that is
reversible can be called an instability. You then made the remark
that thin devices degrade less than thick devices because the
recombination is less. My understanding of this, and I would like
to try it out on you, is that when you see degradation, you
generally have put the device out in the sun for some hours, or a
beight light for some hours, under open-circuit conditions. Under
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those conditicis, basically, gsince the absorption in a thin device
{5 very similac to the absorption in a thick device -- to first
order, approximately the same - - under open-circuvit conditions,
then, ..e recombination must be the same. But the device does not
degrade as much because, heing a thinner device, it has a nigher
electric field. So the ract that there are more D states doesn't
hurt you as bad. Did 1 get that right?

WRONSKI: Yes. That's right. The degradation -~- y->u have got the same
built-in potential, so therefore the voltage you are putting on it
when you operate it is the same in both cases. Now let's lcuk at
it in terms of space charge; if yocu increase the space charge by
the same amount in both cells, the field at the other end is going
to be much smaller in the thicker cell than in the thin cell, even
though you have increased the space charge density by the same
amount. That is the way I look at it. Now the otiier point 1
would like to ask you is how critical is the cperaiing condition
of the cell in the life test, whether you put it under load or
whether ycu put it under under short-circuit curreat or under
open-circuit voltage? 1Is that a very important factor?

TURNER: It certainly degrades less rapidly if you operute it at the operating
point than if you operate it at open circuit. But what the
ultimate end point is, I don't know.

HERWIG: Then there is the question of n-i-p vs p-i-n?

WRONSK1: Well, why the di“ferences occur is again becausc of the way the cell
operates. With the n-i-p you are illurirating at the lowest field
region, if you assume that the bigges: fi 1ld region occurs at the
peak p-i-n site. I would like to <ay I dor't really use the n-i-p
muck. The primary manufacturers are using p-i-a.
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Thin-Film Module Circuit Design - Practical and Reliability Aspects

R.V. D'Alello and E.N. Twesme
Solarex Thin Film Division '-v
Newtown, PA

ABSTRACT

This paper will address several aspects of the design and construction of
submodules based on thin-film amorphous silicon (a-Si) p i n solar cells.
Starting from presently attainable single cell characteristics, and a realistic
set of specifications, practical module designs will be discussed from the
viewpoints of efficient designs, the fabrication requirements, and reliability
concerns. The examples will center mostly on series interconnected modules of
the superstrate type with detailed discussions of each portion of the structure
in relation to its influence on module efficiency. Emphasis will be placed on
engineering topics such as: area coverage, optimal geometries, and cost and
reliability. Practical constraints on achieving optimal designs, along with
some examples of potential pitfalls in the manufacture and subsequent
performance of a-~-Si modules will be discussed.

I.  INTRODUCTION

A major advantage of thin-film solar cell technology is the ability to
deposit the active film over large areas in a single process step. Practical
considerations, however, require that the photovoltaic area be divided and
individual cells be interconnected so as to provide specified voltages and
currents. For amorphous silicon and several other thin-film devices which are
deposited on a transparent conductive surface, the series connected monolithic
module has evolved as a ccnvenient and efficlent structure to accomplish this
division to form practical circuits. Indeed, a-Si modules of this type are now
commercially sold in solar powered calculators and battery chargers. This
structure is comprised of a number of side-by-side rectangular shaped cells
connected electrically in series on a single glass substrate. The inter-
connecticn is accomplished by a sequential patterning and deposition of the
various films comprising the vertical cell structure. Since the resultant
structure is essentially one dimensional, relatively simple design rules can to
first order be derived and applied. However, practical structural and circuit
requirements force the consideration of two dimensional effects; in addition,
limitations of the patterning process, interactions of these processes with film
properties, and the necessary junction of dissimilar materials can affect both
the module design and its ultimate performance and reliability. Such
considerations for a-Si solar cell modules are the subject of this paper.

II. SINGLE CELL CHARACTERISTICS

In order to design modules for specified electrical performance (voltage,
current, power) individual cell IV characteristics should be examined to extract
average cell parameters to be used in the design calculations. For a-Si cells
of the p 1 n structure deposited on a transparent superstrate, the I1/V curves
and parameters shown in Figure 1l are typical of the range that can be obtained
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with present techmologies. Several . . .ures should be noted when comparing
these to the parameters of single cry..al silicon (C-Si) cells. First,
generated photocurrent is about 1/3 to 1/2 that of C-Si cells, open circuit
voltage is about 300mV higher, and the fill-factor is generally lower with a
"soft" I/V curve characterized by a somewhat low equivalent shunt resistance as
shown in Figure 1(b). The high Voc is a distinct advantage for series
interconnection, but the lower genérated current implies larger area to achieve
a given power output. The "softer” shunt-like I/V characteristics while
reducing the maximum power available, may have some advantage for hot-spot
tolerance. Parameters close to those of Figure 1(b) will be used in the example
presented below.

III. STRUCTURE AND DESIGN EXAMPLE OF SERIES INTERCONNECTED a-Si MODULE

The cross sectional structure of a monolithic series connected module
including bus contacts 1s shown in Figure 2. The deposition and patterning
steps typically used to fabricate this structure are shown in Figure 3. The
deposition of the various films will not be discussed here, but the choice of
processing method and geometry of the patterning are important to the design
considerations. Several methods are available to accomplish the patterning such
as screen~print masking followed by wet or dry etch, mechanical scribing, and
laser scribing. Laser patterning is desirable because of its speed, dimensional
control, ecomomy of area loss and absence of wet chemicals. Typical dimensions
achievable with laser scribes are shown in Ficure 4. For comparison, also shown
in Figure 4, is a typical metal patterning made py a wet etch, which results in
a tripling of the area loss.

An example of the design of a module suitab.e for charging 4 NiCd '"D" cells
with average available light equivalent to one half AMl1 is shown in Figures 5
and 6. The results are given for both laser scribe (values in parenthesis) and
wet etched metal patterns. The losses due to bus bars and edges (5.3%7 and 4.77)
are considerable in this example due to the small size of this modules. The
physical size of these parts will not change substantially in large modules
resuiting in much lower fractional loss (about 6% for 1ft? modules). Note that
the shadow and ohmic losses are more than halved for the laser scribed case.

IV. PRACTICAL RELTABILITY CONCERNS FOR THIN-FILM MODULES
A number of potential reliability issues could arise both during the

fabrication of thin-film modules and later on due to environmental stress or
aging. These are listed in Table I.
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Iype

pin holes or stressed areas

segments shorted together

parasitic elements

Type

lateral conductive paths

parasitic elements

arc over

corrosion

pin holes or blistered areas

TABLE I

RELIABILITY CONCEPFNS

PROCESS RELATED

Cause (s)

dirt or impurities
thin a-Si film at edges

rissing laser pulses

defects in SnO2 (Fig 7)

pecor etch or mask
control

incomplete a-Si scribe (Fig 8)
too complete a-Si scribe

STRESS RELATED

Probable Cause

ionic contamination
across small dimensions

loss of ohmic contacts

high voltage breakdown
under bus extensions

liquid water or water
vapor

stress relief, thermal
expansion/contraction
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Result

shorted or shunted
cells

shorted cells
(module)

low fill factor
power loss

Result

shorted segments

lower fill-factor

shorted module

loss of output

loss of voltage



v. SUMMARY AND DISCUSSIONS

The series-conne.ted monolithic circuit has shown to be a desirable
configuration for fabricating practical thin-film solar-cell modules. It may be
applied to a variety of thin-film technologies, and is already in commercial use
with amorphous silicon. The design rules are quite simple with no apparent
problems in scaling to large area modules.

In realizing design requirements, however, careful consideration must be
given to the thin-film deposition and patterning technologies to be used in
fabricating the module. In this paper, it was shown that nonuniform film
depositions (edge effects), inefficient patterning and/or interactions between
patterning steps can lead to large area losses, and can raise concerns over the
immediate and future reliability of the module. Examination of presently
available a-Si modules indicates that many of these areas are being addressed by
allowing generous safety margins in area utillization, incorporating potentially
more reliable substructures, and by encapsulating the modules with materials of
known reliability. It is for these reasons that current commercial a-Si modules
are generally only 5-67 efficient while 10-12% cells are being universally
reported. As a-Si deposition technology matures, and advanced laser patterning
techniques are used in production, module efficiency will increase ever without
futher improvement in cell performance. Laboratory and field testing should be
used extensively to provide real-world experience, and the vast data already
available from the testing of single crystal modules should be consulted to pinpoint
potential trouble spots and to reduce time cycles for qualification of thin-film
modules.
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EXAMPLE: DESIGN OF BATTERY CHARGER MODULE

SPECIFICATIONS: CHARGE 4 “D” ceLLs (N1CD) a SOMA 3 1/2 AM1

Vg > 4 x 14 =56V

N = gf% = 9.3 = 10 SEGMENTS (MIGHT USE 11 FOR GOOD YIELD)

Jy = 6uAZcH? AT 1/2 AM1
A=20= 8.4 cu

GEOMETRY Lx W= B.MCMZ

J 2.0D
S RN+W

I |
toss ~ 3V

3
Wyrn = y/ggﬁa = 1.04 cm (.721c) (LASER SCRIBED METAL)

S = 3.6 +7.2=10.82

(1.7) + (3.4) = (5.1%)

LOSS
L=%4 -g.1cm (11.7¢
m = 8.1CM JICM)

Figure 5
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10% cells 2 8% (8.5%) modules
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Figure 6
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LESK: 1In

D'AIELLO:

LESK: If

D*AIELLO:

YERKES :

D*AIELLO:

DELAHOY:

DISCUSSION

the CTO laser scribe, do you actually go all the way and take a bit

of the glass, or is it transparent to the last stage, intact?

It depends on how much power you use to do the scribe. You can
take a doit of the glass away. If you go too far you will cause a
deep cavern there, which must be covered by the silicon later, and
it's a cause for concern. It is not usually a problem, though in
practice --

you take a little bit of the glass, you are trying to contact CTC on

the edge, and you could get a little layer of glass covering it
and have high contact resistance there.

That's correct.

It looks in your diagram lil.e w#e have quite a different situation in

these designs with regard to paralleling diodes. I know you are
not worried about big arrays at this point -- maybe you are -- but
some of the things Ron Ross talked about earlier, it looks like
this would make potential for either easier dioding or
automatically incorporating some parallel leakage in here which
could help in breakdown, or maybe hurt, I don't know. Do you have
a comment on that?

It's a good point. Your imagination can run wild. My background
is semiconductor devices, and I'm used to thinking of integrated
circuits that I can wrap around these things. And there are many
interesting parasitic elements that could be useful in this
degign, as an integrated monolithic design, that we can add to
this. I have only :overed the series-connected aspects. You
could put some blocking or bypass diodes right on board the
circuit. However, there are also some on-board short circuits
that are built in that you have to be careful about. That tin
oxide is all the way to the edge of the glass, usually, and is
quite conductive, so that if it is not separated adequately from
the active module you can short the module out. So there's both
aspects to worry about.

I would like to make a quick comment and then I['ll ask a question.

The fill factors you mentioned around 67%- 70% are good and
probably typical in production for those in the audience who are
not aware of what fill factors can be attained with amorphous-
gsilicon cells. We have seen fill factors as high as 76%. So the
potential is there for getting fill factors on amorphous silicon
modules almost as high as crystalline cells. As you probably
know, the intrinsic contact resistance of aluminum deposited under
high-vacuum conditions onto clean tin oxide is indeed very low. I
wondered if you had any information regarding the long-term
stability for the direct aluminum-to-tin-o:ide contact that is
commonly used in many modules?
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D'AIELLO: Well, as I mentioned in the talk, you could easily imagine how that
gsituaticn that you just described would not occur in practice. If
you evaporate aluminu:a on clean tin cxide, I agree, you will ‘nore
than likely form an ohmic contact with reasonably low contact
resistivity. However, we are not doing that in practice; we're
removing the silicon firet with a high-powe~ laser or perhaps some
other means. And you might damage the tin oxide below, change its
chemistry -- if it became oxygen-rich, for example, yca could
eagsily imegine how you might affect the formation of aluminum
oxide. We huve looked ~t ¢at interface region but I am not at
liberty to comment on what the results are.
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HOT-SPOT HEATING SUSCEPTIBILITY DUE TO
REVERSE BIAS OPERATING CONDITIONS

C.C. GONZALEZ

HOT-SPOT TEST--TEST PARAMETERS

Because of field experience (indicating that cell and module degradation
could occur as a result of hot-spot heating), a laboratory test was developed
at JPL to determine hot-spot susceptibility of modules. The initial hot-spot
testing work at JPL formed a foundation for the test development.

The test parameters are selected in the following way. For high-shunt
resistance cells, as discussed above, the applied back-bias test current is
set equal to the test cell current at maximum power. For low-shunt resistance
cells, the test current is set equal to the cell short-circuit current. The
shadow level is selected to couform to be that which would lead to waximum
back-bias voltage under the appropriate test current level as discussed
previously. The test voltage is determined by the bypass diode frequency.

The test conditions are meant to simulate the thermal boundary
conditions for 106 mW/cm2, 40 C ambient environment. The test lasts a total
of 100 hours.

A key assumption made during :he development of the test is that no
current imbalance results from the connecting of multiparallel cell strings.
Therefore, the test as originally developed was applicable for single-string
cases only. Additional work has been done by JPL in conjunction with the
personnel involvea with the Sacramento Municipal Utility District
photovoltaic-central-station array to widen the applicability of the
labora“ory test to multi-string applications.

KEY LESSONS LEARNED FROM CRYSTALLINE SILICON

Several lessons learned frowm the tasting and field experience associated
with crystalline silicon modules are summarized in this section. It cannot be
assumed thzt all of these can be applied directly to amorphous modules:

(1) The maximum allowable temperature for encapsulants before
noticeable degradation is 120 C to 140 C. This will apply to
amorphous modules if the same types of encapsulants are used.

(2) The hot-spot temperatures reached by differeat cells varied with
the differences in the cell shunt resistance.

(3) The increase in temperature is affected by the ability of the
module encapsulant and superstrate and/or substrate to transfer
heat laterally from the hot-spot region.

(4) For crystalline cells, a common failure at high heat levels is

cell shorting; the preliminary phese of amorphous cell testing
does not indicate that this is also true for amorphous cells.
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(5) The typical crystalline-silicon module requires bypass diodes
around every 12 to 18 cells to limit hot—-spot heating to an
acceptable level.

(6) Hot-spot heating is a highly nonlinear function of applied current
and voltage. First, cells possess nonlinear reverse I-V
characteristics. Also, the shunt-resistance and hot-spot area
change with temperature, the latter inversely with temperature
increase.

AMORPHOUS-CELL HOT-SPOT TESTING

An amorphous—cell hot-spot testing task has been initiated at JPL and is
based on the prior crystalline work performed. As the testing has evolved,
several issues have surfaced. One of these is the problem of attaching the
electrical leads required for testing the cells in an encapsulated module
without causing damage. This is a problem for any type of module, especially
for glass rear surface modules where attachment is impossible without damage.
Hot-spot testing of this type of module requires specially prepared modules
witn leads attached prior to lamination. The sensitive cell metallization of
amorphous cells necessitates the development of techniques differeat from
those used for crystalline cells where leads were simply soldered to the metal
backing. The new techniques being considered include use of conductive
adhesives, spring-loaded precious-metal-plated contacts and conductive
elastomeric gasket material. The latter is good for making distributed
current interfaces in applying back-bias current where use of point contacts
would lead to burning away of the cell metallization.

Another issue is that of illuminating the long-narrow cells
characteristic of amorphous modules. An ELH lamp is used to illuminate
crystalline cells. The light pattern produced by the lamp coincides well with
round or even square cells, however, it does not conform well to the long
cells. Therefore, more lamps will be required to produce the same light
intensity per cell active area leading to an added heat load.

Thus far, the testing has been performed on small, unencapsulated test
structures. The extrapolation of these results to large cells and
encapsulated modules is not straightforward. In fact, the correlation of
these types of tests with results obtained or expected from full-size modules
requires the ability to accurately simulate module heat transfer
characteristics.

AMORPHOUS-CELL HOT-SPOT TESTING OBJECTIVES

The objectives of the JPL amorphous-cell hot-spot testing task are:

(1) To develop the techniques required for performing reverse-bias
testing of amorphous cells.

(2) To quantify the response of amorphous cells to reverse biasing.

(3) To develop guidelines for reducing hot-gpot susceptibility to
amorphous modules.

48



(4) To develop a qualification test for hot-spot testing of amorphous
modules.

To date, the first objective is about 75% complete and a qualitative
understanding of cell response has been achieved, but not a quantitative one.
Work on the last two objectives has not begun yet.

APPROACH

Amorphous cells are being tested using two techniques. The first is
equivalent to that used in the hot-spot testing of crystalline cells; an IR
camera is used to monitor hot-spot temperature and a reverse-bias I-V curve is
plotted. The testing in the preliminary phase has been performed in the
absence of illumination. There are two reasons for this: First, because this
pnase involved the development of techniques and the identification of
relevant cell characteristics, it was decided to limit the number of variables
influencing test results. Also, the appropriate iliumination level is
dependent on the circuit configuration of the test cell and cell area.

Because small test structures were used in the initial phage, the required
information was not yet available. It should be noted tha: conclusive results
cannot be obtained without performing tests under illumination.

The second technique consists of pulsed reverse-bias voltage ranging in
duration from 0.0l to 100 ms. A power-quadrant I-V curve was plotted
initially and after each pulse. This test complemented the one discussed
above for the following reasons. In svme of the cells tested using
steady-state back-biasing, the hot-spot reaction proceeded slowly until a
voltage breakdown point was reached where the cell began to rapidly heat up,
necessitating shutdown before the test structure was destroyed. The pulse
testing, on the other hand, produces a controlled and uniform reaction,
dependent on pulse duration and voltage test level, with essentially no
heatirg. Therefore, the cell response can be observed in a gradual way before
significant damage occurs.

PRELIMINARY OBSERVATIONS

The preliminary observations can be summarized as foliows. First,
amorphous cc'ls undergo hot-spot heating similar to crystalline silicon
cells. Hot-spot heating in amorphous cells does not seem to be any less or
any more severe than in the case of crystalline cells. Their shunt resistance
levels are similar and their tolerance to hot-spot heating is similar.
Second, the same techniques used to reduce the hot-spot susceptibility of
crystalline modules are applicable to amorphous celis with the addition of new
ones tailored to the unique characteristics of amorphous cells. Foremost,
module design must address hot-spot heating. The more heat sinking provided
by the module for the cells, the lower the hot-spot temperature. Also,
because hot-spot heating is a focused phenomenon being concentrated in a small
region of the cell, use of smaller cells will result in a lower maximum
current and, consequently, lower hot-spot heating. Finally, the use of bypass
diodes is a good technique for reducing the back-bias voltage.
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FUTURE WORK

The amorphous-cell hot-spot testing task will continue with work in the
following areas:

(1)

(2)

(3)

(4)

(5)

In the last

Refinement of measurement techniques in order to differentiate
between effects ir. -ed unique to the technique and effects unique
to tne cell, e.g., some effects at first attributed to the cell
response were because of changes in the conductive pad contacting
the cell.

Continuation of the testing of cells and modules as they become
available from manufacturers.

Correlation of the results of the test cells with module results
in terms of:

(a) The amount of additional heat sinking available.

{b) The difference in cell size relative to the current output
and increased conductance over the front surface.

Performance of tests under an illumination level appropriate to
given module series/paralleled configuration, cell size, and

bypass diode frequency.

Strive to understand the changes in cell structure after hot-spot
heating.

regard, particularly, JPL welcomes the opportunity to work with

cell and module manufacturers.
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Figure 1, IR Camera and Module Test Setup
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Figure 2. Hot=Spot Test Setup Including All Equipment Used
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Figure 3. Test Setup Showing Submodule and Contacts
Using Conductive Elastomeric Material




Figure 4, Infrared Camera with Submodule Test Setup
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Figure 5. Submodules, Front and Back View, with Hot-Spot Erosion Shown




Figure 6. Close-up of Hot-Spot Erusion




ORIGINAL PAGE IS
OF POOR QUALITY

Figure 7. Close-up of Cell Erosion




VISUALIZATION OF HOT-SPOT CELL HEATING
WITH HIGH-SHUNT-RESISTANCE CELL
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VISUALIZATION OF HOT-SPOT CELL HEATING
WITH LOW-SHUNT-RESISTANCE CELL

SHADOWED CELL
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Flat-Plate Solar Array Project

OBSERVED MODULE RESPONSE
VS CELL TEMPERATURE

MODUAE CELL HOT-SPOT TEMPERATURE °C
ENCAPSULANT 100 120 140 160 180
1 1 | |
SILICONE ——%‘w
AUBBER CELL BREAKDOWN BREAKDOWS
W14 HEAT
RESISTANT CRACKED CELL
SUBSTRATE
GLASS ONSET OF | CARBONATION OVER
SUPERSTRATE CARBONATION HALF OF CELL
WITH PVB ENCAPSULANT DISCOLORED
ARD SMO NG
ENCAPSULANT MULTIPLE CELL CRACKS AND
wiTH ENCAPSULANT DELAMINATION
OUTGASSING ONE CELL SURVIVED P
PROBLEM T0 180°C BEFORE -
CRACKING AKD SHORTING
CONCLUSION:

®  Hotspot temperatures sho.ld be kept below approximately 120°C
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TEMPERATURE, °C

Flat-Plate Solar Array Project

HOT-SPOT TEMPERATURE VS POWER
(UNENCAPSULATED a-Si SUBMODULES, NO ILLUMINATION)
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CURRENT, mA

Flat-Plate Solar Array Project

AMORPHOUS-CELL
REVERSE-QUADRANT |-V CURVES
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DISCUSSION

HARTMAN: Did you see any cells repair themselves if you applied a pulse?

GONZALEZ: We have seen some of that in the pulse testing. That's the oaly
test where we did any front-quadrant I-V curves. We have seen
some strange changes in those I-V curves, chaanges thnat occur
wnen you just let the cell sit for a while and then continue to
test. After it gets a pulse sometimes it gets bectter. Yes,
there are changes.

KNIAZZEK: Can you describe what the effects were that you showed photographs
of? What was the morphological change that you photographed?

GONZALEZ: That, I can't get into in detail. You will have to talk to one of
the cell manufacturers. The only thing I can see is that the
entire material of tne cell was eroded away like a volcanic

eruption. If you look at the 200X picture -- it just kicked out
of there. Now, what's happening actually in the cell I don't
know, except that physically it is just being -— it just eroded

it, just blew the stuff away.

TURNER: First of all, your ccncern that the test really should be done
illuminated as opposed to in the dark is well warranted.
Because it may turn out there is not a significant difference,
but one of the siganificant differeaces between amorphous cells
and crystalline cells is that superposition holds in crystalline
cells, that is, their dark I-V curve can be translated to
produce the light I-V curve, and that's in general not true of
amorphous cells. It's quite a different device in the dark than
it is in the light.

GONZALEZ: 1 didn't mean to imply that we are proposing doing tnem ian the
absence of illumination, just that we are trying to get a haandle
on what's going on and that was the starting poiat.

TURNER: I understand. You have to start someplace. question is, with
the design of these modules, they are usua a very narrow cell
and very wide. Or very short aand very widz, if you like. The
opportunity for causing shadowing would seem to be differeat -—-
I don't know how different -- than it is in the case of
crystalline modules, which are blocks, and if you have a lion
walking across it with muddy prints then he could cause

s problems. Well, that did happen at Mt. Laguna. I wonder if
anybody has attacked the problem of the probability of
occurrence of the kind of shadowing thac might cause a problem?
1f, for example, you say the worst case is the one where a
module might blow but what you have to do is to hold a pencil
two-thirds of the way across one, and only one, cell in the
proper orientation. Has anybody wrestled with that problem?
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GONZALEZ: I refer you to the work we did about a year ago that Jim Arnett
from ARCO was involved in, and that's witn the SMUD arrays,
where we looked at the types of shadows and wnat they would do,
80 some work has been done on that. Not for amorphous; I
thought you meant that as a question in general.

TURNER: Particularly because of these modules, which would seem to be less

susceptible, but it can be tricky; a telephone line could
certainly cause complete shadow.
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1.0 INTRODUCTION

The reliability characteristics of solar cells intended for low-cost
terrestrial applications, either central power generation or distributed
residential usage, will be a key factor in determining the economic
feaglibility of such systems. Typical cost models are based on a 30-year
module life, which is generally accepted to mean that the power output of an
array should not decrease by more than 10Z during this period. The
achievement of such a degree of system reliability requires the use of very
stable cells. Clemson University, under JPL sponsorship, has had a program to
assess the relative reliability attributes of silicon solar cell technologies
through laboratory accelerated stress testing since 1977, Much information
has been gathered on crystalline cells whose starting material was produced
by a variety of techniques -- Czochralski, EFG, dendritic, and HEM. Recently
attention has turned to thin film technology and this paper discusses the
methodology of using accelerated testing to evaluate the reliability
attributes of this tyre of cell. In this paper necessary conditions for
initiating a comprehensive thin film test program including test samples,
accelerating stresses, and electrical measurement techniques are discussed
and some preliminary test results related to commercial a-Si cells are given.

Accelerated test methodology involves subjecting cells to stresses
higher than normally encountered in hopes that naturally occurring
degradation mechanisms, which might take years to detect in the field, can be
detected in the laboratory within days or weeks. Cells are initially visually
inspected and electrically measured, subjected to the desired level of
stress, and then measured and inspected again. Changes which occur can then
be assumed to be due to the effect of stress and through analysis of the
observed degradation related to fundamental physical, chemical, or
metallurgical changes. In this way accelerated stress testing can be used to
uncover potential failure mechanisms in a relatively short period of time,
permitting preventative measures to be taken.

For accelerated testing to provide useful results, however, three
conditions must be met: 1) the samples being stressed must be representative
of the manufactured population, 2) a stress window must exist, and 3) the
measurement methods used must have a sufficient degree of repeatability. Each
of these points will be discussed in detail as it pertains to the stress
testing of thin film cells.
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2.0 TEST SAMPLE CONSIDERATIONS

Thin film modules are fabricated monolithically, i.e. a number of
interconnected cells are fabricated simultaneously on a single substrate or
superstrate, Stress testing, however, is most effective when it seeks to
exanine *he effect cf stress on each individual cell rather than a complete
module, since not every cell will be affected equally by the stress. This
requirement for individually addressable cells means that in contrast to
single crystal cells, vhere test samples could be taken directly from a
manufacturexr's current production prior to assembly and encapsulation,
special test vehicles will need to be manufactured specifically for the
purpose of accelerated testing.

These specially made test vehicles should be as nearly identical as
possible to the monolithic structure, however, They should have the same
conposition of materials and be processed in the same way. The test vehicles
should include simulated interconnects so the effect of stress on the metal
interfaces can be examined. The role played by encapsulation is not at all
clear in thin film cells, but because thin films are obviously subject to
more rapid degradation through corrosive and dissolution effects than the
thicker layers of crystalline cells, encapsulation can be expected to
strongly influence a cells response to accelerated testing.

Finall- an assurred source of test samples representing
state-of-th. -art technology is required. The great value of crystalline cell
testing was its ability to compare the reliability attributes of material and
processing changes as they developed. Becuase of reasons stated above, the
regular availabilit of 100-quantity lots of test samples will require
considerably greate: dedication to accelerated testing on the part of
manufacturers than was the case for crystalline cells.

3.0 STRESS WINDOW AVAILABILITY

AS noted above, the anount of stress applied - .. cell nust be
sufficient to provide considerable acceleration of the degradation mechanism
over that which occurs in real time. Typically one would like to achieve at
least an acceleration factor of 100, With an acceleration factor of 100,
effects occurring in 30 years will be observed to have the same magnitude in
approximately 100 days. Deternination of actual values of acceleration
factors, in general, is difficult, but for the case of those degradation
nechanisms which are a function of temperature only it is possible to use the
Arrhenius equation to establish a relationship between high tenmperature
stress and room temperature stress. Under these conditions the acceleration
factor will depend on an activation energy as well as temperature. A
mechanism with a high activation energy will have a nmuch higher acceleration
factor for a given temperature, as shown in the accompanying viewgraph. :lost
common degradation mechanism have activation energies between 0.4 and 0.7 eV,

In an effort to achieve a high acceleration factor, or at any rate one
which is at least 100, the tendency is to increase the stress temperaturc.
This can only be done within linits, however, since certain thresholds may be
exceeded at sufficlently high temperatures as to introduce new failure nodes
which did not occur at lower temperatures. An exanple of this behavior would
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be the change of phase of a material, such as solder melting. The
metallurgical leaching aspects of molten solder are completely different from
the diffusion characteristics of solid solder. Consequently Arrhenius
extrapolation is no longer possible when thresholds such as this are
exceeded. The introduction of new failure mechanisms, in effect, places an
upper limit on the magnitude of the accelerating stress which may be used.
Thus the combination of minimum acceleration factor and maximum stress
results a test "“window" for some activation energies and not for others. In
the graphical example shown in the viewgraph, where a minimum acceleration
factor of 100 and a maximum temperature of 140 C were assumed, a window ot
testability can be seen to exist for an activation energy of 0.5 eV, but not
for 0.4 eV.

Because there is o extensive history of accelerated testing on thin
film cells, activation energies have not been determined and little is known
concerning the existence of phenomenological thresholds which will limit
stress. One technique for determining the upper stress limits for accelerated
testing is to perform step stress testing. In step stress testing samples are
consecutively subjected for equal lengths of time (steps) to ever increasing
stress levels. It is possible to select the stress level magnitudes and times
such that cv:re will be little cumulative effect. Consequently a sudden
change in the amount of degradation from one level to the next signals the
existance of a phenomenological threshold and accelerated testing should only
be performed at lower levels of stress. A classic example of this type of
behavior was observed when some unencapsulated a:Si cells were subjected to
unbiased temperature step stress testing as shown in the accompanying
viewgraprh. Obviously the threshold occurred between 130 and 140 C. Further
work will be needed to determine the cause of this threshold.

4,0 MEASUREMENT REPEATABILITY

The ability to make repeatable electrical measurements days, weeks, and
months apart is essential to an accelerated test program. The greater the
repeatability of the measurement instrumentation the smaller the changes
which are able to be detected, and consequently the shorter the acceleration
time that is needed to induce degradation. Measurement repeatability
necessitates being able to accurately reproduce after stress the same
temperature, contact, and illumination conditions that existed before stress.

Cell temperature control requires use of a shuttered light source
combined with rapid data acquisition so that the temperature of the cell will
not be influenced by its illumination. A constant flow of temperature
controlled air is used to precondition the cells prior to illumination. Cell
contacts should be of the Kelvin type with separate current carrying and
voltage sensing contacts to eliminate the effect of varying contact
resistance. fhin film cells do not have soldered leads attached, as was the
case for crystalline cells, so pressure contacts must be made directly to the
thin conductive films. Metal spring contacts tend to scratch the films so
that the measurement process itself will introduce degradation. It has been
found that conductive, elastic rfli gasket material is an excellent
non~-damaging contact material, particularly when jigs are designed so that
conduction is across the width of the gasket rather than along its length.

Under the Clemson-JPL contract, a short interval measurement system,
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enbodying the Kelvin contact and temperature control principles mentioned
above, was developed for characterizing crystalline cells up to 4~inches in
diameter. This instrument, which has proven in practice to be repeatable to
within 1%, cannot be used directly for a:Si cells because of the difficult-
in reproducibly setting illumination levels over extended periods. This is
due to the fact that ELH simulator lamps tend to chang? their spectral
characteristics over time and stable, spectrally appropriate thin film
reference cells are not available for adjusting the lamps® intensity, as was
the case for crystalline cells. Various approaches are being followed in a
nunber of different laboratories which will permit the simulation of thin
film spectral characteristics using stable silicon cells. The ability to make
accurate accelerated stress test measurements will need to await the outcome
of this development effort.

At the present time accelerated test measurement data at Clemson is
obtained by digitizing cells’ IV characteristics and storing this information
on floppy disks. It was found in measuring crystalline cells that valuable
information concerning degradation mechanisms could be obtained from the
shape of the characteristic in all three quadrants (reverse, power, and
far-forward). The amount of data necessary for the complete comparison of
before and after stress characteristics can quickly mount up, even for a
modest test program. For some time reduced data quantities have been used in
an 2ffort to simplify this comparison and perhaps ultimately eliminate the
need for ever increasing amounts of storage. The reduced parameters now being
collected are Voc, Isc, Pm, Vm, and Im, ifodelling work has indicated that the
addition of the parameters Rs (series resistance), Rsh (shunt resistance), Io
(effective diode leakage current), and n (diode ideality factor) will permit
reasonably accurate modelling of the shape of the IV characteristic, at least
in the power quadrant. Consequently effort is underway to automatically
acquire these paranters and eliminate the need to store individual data
points, Standard statistical packages are available which permit the
statistical analysis of these reduced data parameters.

5,0 PRELIMINARY RESULTS

A comprehensive accelerated stress test program for thin film cells has
not as yet been start.'. Initiation of such a program is dependent on
successful completion of the steps outlined above, particularly the
availablility of an assurred supply of representative state-of-the-art cell
test structures. Consequently very little data is available at this time, but
some preliminary measurements are underway in an effort to define an
appropriate test schedule for a:Si cells. The test schedule which has been
utilized in the past for crystalline cells is shown in the accompanying view
graph and, while this schedule will need to be modified for a:Si and other
types of thin film cells, it can serve as a point of departure for these
initial investigations.

Having acquired a number of individually addressable, but unencapsulated
a:Si cells, which were fabricated in multiples of 16 on a common superstrate,
the first step was to subject them to unbiased step stress testing. This
resulted in the data mentioned earlier which indicated a threshold effect
occurring between 130 and 140 C. A crystalline reference cell was used for
these measurements, which implies that measurement errors of a few percent
were superimposed on the stress related changes, but nevertheless the data
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obviously supports the existance of a stress related transition temperature.
It is not known at this time, however, if the transition temperature applies
only to this type of cell construction or the reason for its existance.

In order to investigate the effect of high humidity on these cells a
subgroup of 16 cells was subjected to the standard 85/85 test (85 C and 85%
relative humidity). Initial measurement indicated that the cells could be
divided into two classes -- "good" and "poor" -- on the basis of their power
output. Good cells had relatively rectangular IV characteristics (good fill
factors) with Pmax in excess of 20 milliwatts, while poor cells had Pmax less
than 20 milliwatts. Thus far, data has been collected after 200 and 400 total
stress hours with results as shown in the accompanying viewgraph. The two
classes of cells behaved quite differently. During the fitrst stress period
the maximum power output of the poor cells increased by more than 50%, on the
average, with only a slight further increase being observed during the second
stress perlod, while the poor cells showed a slight decrease in Pmax after
both stress levels. As shown in the viewgraph, poor cell improvement vas
accompanied by increases in Voc and FF, but not Isc., This test is continuing.
More work will need to be done to define the degradation mechanism, but one
phenomenon that will certainly be investigated is hydrogenation as a result
of water vapor dissociation at the aluminum back contact,

As a second experiment to investigate the effect of high humidity,
another group of 16 a:Si cells was subjected to pressure cooker stress (121
C, 15 psig H20) for 25 hours, the minimum stress time in the crystalline cell
schedule, Physical examination of the stressed cells indicated that most of
the metallization and much of the silicon had been removed, although the ITO
layer appeared to have remained in place. Obviously this length of stress was
much too long for unprotected thin film cells. lNext a second group of 16
cells was subjected to 1 hour of presesure cooker testing. Results closely
paralleled the 85/85 tests described above, with good cells showing )
degradation and poor cells showing improvement. This test is now being
extended to longer stress times.

6.0 SUMHMARY

It is clear that if thin film cells are to be considered a viable option
for terrestrial power generation their reliability attributes will need to be
explored and confidence in their stability obtained through accelerated
testing. Development of a thin film accelerated test program will be more
difficult than was the case for crystalline cells because of the monolithic
construction nature of the cells. Specially constructed test samples will
need to be fabricated, requiring comnittment to the concept of accelerated
testing by the manufacturers. A new test schedule appropriate to thin film
cells will need to be developed which will be different from that used in
connection with crystalline cells. Preliminary work has bLeen start~d to seek
thin film schedule variations to two of the simplest tests: unbiased
temperature and unbiased temperature-humidity. Still to be examined are tests
which involve the passage of current during temperature and/or humidity
stress, either by biasing in the forward (or reverse) directions or by the
application of light during stress. Investigation of these current (voltage)
accelerated tests will involve development of methods of reliably contacting
the thin conductive films during stress -- a potentially difficult task.
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TYPE OF a-Si CELL DEGRADATION BEING OBSERVED
(20 HOURS AT 140 °C, OPEN CIRCUIT)
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DISCUSSION

SULLIVAN: With the actual increases in performances seen in the 85/85
environment, I assume the samples were removed from the environment
and allowed to dry out for a certain period of time, or something
like that. You tested an hour or so after you pulled them out of
tae chamber?

LATHROP: Yes. 1 don't know that we considered this critical, and we probably
did not time it. But the test devices were taken out, and then
within a reasonable time measured; I don't %now what it is.

WRONSKI: Did the improvements deteriorate, just on standing, afterwards?

LATHROP: We did not measure that. We just measured them and stuck them back
in the system, in the 85/85 chamber.

WRONSKI: I see. It would be interesting -- maybe it was an improvement.
LATHROP: That is a very good comment.

JESTER: For instance when you showed the 130°? I really dida't understand
if you had humidity in that exposure?

LATHROP: That was just room ambient humidity. We could see a slight change in
color. It was enough so that if you knew what you were looking
for you :ould see it in a 35 mm slide, but, if I were to put it up
here and show you, quickly, you might not detect it. We saw a
very slight change —— no change in the contacts at all, however,
that we could see, but a change in the color of the silicon.

VASEASHTA: Did you also run the spectral response to see which portion of the
spectrum it degrades in?

LATHROP: No, we have not done that, but that would be an excellent thing to
do. We need to do that.

LESK: It looks like in some of those, you removed a va2ry bad shunt. Do you
think this might become part of the manufacturing process?

( LAUGHTER)

LATHROP: 1I rather doubt it. I think it is too expensive in terms of time and
all that kind of thing -- that is, burn-in. On the other hand, I
have heard people discuss that -- upon certain kinds of stress they
see modules improve, when you look at the overall module. What
may be occurring there is that he bad cells in the module are
getting better, and the good ones in the module are not getting
any worse. Thi. may occur. This is a different situation from
what we gee in crystalline cells, where you pic’' and chcose and
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ARNETT:

LATHROP:

you select and you start out with things that are already pretty
uniform. In fact, when we get cells from the manufacturers, they
are very close to being identical. Here we see cells that are
very, very different. This may be a thing in the manufacture of
these modules that is going to cause some concern.

Making sure I understand, in the data that you are showing us: you

seem to be using the step test, where you are proceeding from step
to step with increasing temperature to establish the point at which
you begin to introd-ice new mechanisms. It is not clear from what
you have told me that you wouldn't have seen the same thing that
you saw as the normal means of failure if you had not continued
for a longer period of time at one of the lower temperatures. Do
you have data to show that the mechanism vou are using to say that
1309 is the maximum tewumperature you can use because it 1is a new
mechanism -- do vou have data that says that is the case, or is it
something you would actually have seen if you just continued these
other tests for a longer period of time? I'm not convinced that
what you saw is a different failure mode.

1 see what you are saying, but where it is just a relatively short

time but quite a large temperature difference, namely 10°, if yon
look at the Arrhenius extrapolation of this you would not expect
to see any effect of the previous stressing. In other words, the
cumulative effect of the stresses up to 130°C -- prior to 130°C
would be negligible compared with a 1300C step -- because of a
consideration of time and temperature. I think that on these
grounds my inclination is to say that it is a mechanism which is
suddenly occurring. We have run some limited tests: we put them
in ovens directly at 140°C, and zap, they go bad and we put them
in lower temperatures and they haven't gone bad within the times
that we have run. 1t is, in my th® -ing -- at least, it is a
semi-valid sort of thing; we don't have much data on it, though,
-- that it's possible there is a cumulative affect.

GAY: My only comment is one of caution about too rigorously associating

LATHROP:

interpretation of the results at 130°C, because modules are
laminated at 1500C.

Right, but they are not laminated for 20 hours or so. Nevertheless,

your point is well taken. This was one module that we used. Maybe
that module is unique; it was from one manufacturer. Maybe that
process on these modules was unique. I am just saying this is --

I am not trying to prove a point that there is au upper limit and
one can run some fairly quick tects that allow you to see where
that upper limit is. That's the only thing I am saying.
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ELECTRICAL SAFETY REQUIREMENTS: N 8 6 -1 27 6 5

IMPLICATIONS FOR THE MODULE DESIGNER

R. S. Sugimura
Jet Propulsion Laboratory
Pasadena, Californmia 91109

ABSTRACT

Commercial photovoltaic array installations, which include resideatial and
intermediate applications, are subject to building and electrical codes and to
product safety standards. The National Electrical Code (NEC) Article 690,
titled "Solar Photovoltaic Systems," contains provisions defining acceptable
levels of system safety and emphasizes the system design and its

installation. The Underwriters Laboratories, Inc. (UL), document titled
Proposed First Edition of the Standard for Flat-Plate Photovoltaic Modules and
Panels, UL-1703, identifies module and panel construction requirements that
ensure product safety. Together these documents describe requirewments
intended to minimize hazards such 23 shock and fire. Although initial focus
of these requirements is on single-crystal silicon modules, they are generic
in nature, and are equally applicable to high-voltage (>30 vdc), multi-
kilowatt, thin-film systems.

A major safety concern is insulation breakdowns within the module or array
wiring system, or discontinuities within the electrical conductors. T.i:se
failures can result in ground faults, in-circuit arcs, or exposure to
hazardous electrical parts. Safety issues include:

Allowable construction practices: material temperature limitations,
ampacity of current-carrying parts, compatibility of connection means
with recognized wiring systems, spacing between uninsulated live parts,
wiring compartment volume and construction, metallic coating thickpess,
edge sharpness, accessibility of live parts, and markings.

Electrical insulation system intcgrity and grounding requirements:
leakage current levels, bonding patt: resistance, dielectric voltage with-
stand, inverse current overload, and continuity of grounding connection.

Environmental durability: pull test for leads or cables, push test, cut
test, terminal torque test, impact test, exposurs to water spray test,
accelerated aging of gaskets and seals, temperature cycling test,
humidity test, corrosive atmosphere test, hot-spot endurance test,
flammability test, and mechanical loading test:

As in other eiectrical systems, safeguards that address these issues may be

incorporated in the module, the installation, or both. These safety-related

features are evaluated at the system level in terms of compliance with

electrical codes, and at the component (module) level in terms of satisfying

product safety standards. This overview presentation is intended to provide a

basic understanding of the electrical safety implications for the module
:gigner of thin~film modules.
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INTRODUCTION

The objective of this presentation is to provide a summary of safety require-
ments for thin-film modules intended for use in high-voltage ( 30 Vdc) systems.
The focus is a basic understanding of the electrical safety implications for
the designer of thin-film modules. The basis for examining appropriate safety
design practices consists of two documents: the 1984 National Electrical Code
(NEC) Article 690, "Solar Photovoltaic Systems" (Reference 1), which addresses
safety issues at the system level, including system design and installation,
and the unique characteristics of photovoltaic systems that could result in an
unsafe installation; and the Underwriters Labora‘ories, Inc. (UL) document
Proposed First Edition of the Standard for Flat-2late Photovoltaic Modules and
Panels, UL1703 (Reference 2), which addresses construction practices and
electrical safety requirements at the module level, inrluding product safety
as related to the factory-built item.

SYSTEM SAFETY CONCERNS

Certain unique electrical characteristics have resulied in the 1984 NEC
addressing photovoltaics in a separate article. Since full system voltage 1is
present at very low illumination levels, a shock hazard is present at all
times, and unlike conventional power sources that can be turned off, the array
is always "hot." This is illustrated in Figure 1, showing that the maximum
open—circuit voltage exists even at very low levels of illumination.
Additionally, since the short-circuit current is limited, the operation of
overcurrent safety devices may be impaired. Note, in the same figure, that
the short-circuit current is a function of illumination level, unlike
conventional power scirces that *=ypically have infinite short-circuit current.

As in most electrical equipment, the identification of safety requirements
begins at the system level with overall safety concerns that include:

(1) protection of personnel and the prevention of electrical shock hazards;
(2) protection of equipment by minimizing electrical stresses in the event of
ground faults; and (3) protection against fire hazards from intermally
generated sources, such as jverheated parts or arcing, and from externally
generated sources, such as burning brands or the spread of flames.

The array safety pnilosophy is based on the concept of safety in depth: a
primary protection scheme together with a number of redundant protection
schemes that are compatible with the overall photovoltaic system design. The
primary protection consists of the module and wiring insulation that isolates
electrically active pa~ts of the equipment and cabies. In addition, several
secondary protection <« -zmes are employed, each independent of the primary
scheme both in desigu «nd in function. Frame grounding, circuit grcunding,
ground-fault detection, and blocking diodes and overcurrent de ‘ces are
typical examples of secondary scheme;. The key element of this philosophy is
that a single failure should not render both primary and backup schemes
inoperable.
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IS¢ LAT104 AND GROUNDING SAFETY CONCEPTS

Figure 2 represents an example of a photovoltaic system that incorporates t.is
safety-in-depth philosophy. The diagram shows two parallel source circuits
consisting of series-connected modules, each module mounted in a conductive
frame. The module frames are bonded together and permanently attached to the
frame structure ground in such a way that removal of a single module does not
affect the integrity of the bonding path. Each source circuit has in series
both a blocking diode and an overcurrent device (in this exampie, a fuse).

One of the circuit conductors is grounded and the array circuit incorporates a
ground-fault-detection system. The photovoltaic array is connected to a power
conditioner (PC), whose case is grounded. The output of the PC is then
connected to the load.

In the event of an insulation failure, each of the secondary protection
schemes provides an additional, independent measure of protection.

Frame Grounding:

Protects against shock hazards associat.4 with wodule frame members
that have become energized by failure of the primary insulation
system. It does not protect against direct contact with the
circuit conductors.

The approach is to provide a low-resistance path to ground to
conduct fault current and to maintain frames at close to ground
potential (below shock hazard level: >30 Vdc and 1 mA).

Circuit Grounding:

Protects against excessive voltage stress on the primary insulation
system. It also enables shock hazard protection if combined with a
ground-fault-detection system.

The approach is to prevent the source circuit from floating to a
high voltage with respect to ground by solidly grounding one of the
array circuit conductors. Alternative approaches include: a
center—-tap ground that limits the maximum voltage stress to
one-half the output voltage of the source circuit; or a
resistance-to-ground that limits ground-fault currents to a safe
value.

Ground-Fault Det._ction:

Protects against shock hazards associated with personal contact
with system conductors. It may be used to protect equipment in
conditions associated with arcing between system conductors and
ground.

The approach is to install a sensor (such as a Hall effect device)
that detects a current imbalance in the circuit conductors. An
alternative approach is to sense the voltage dror across a resistor
situated in the circuit ground path.
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Blocking Diode and Overcurrent Device:

Protects against reverse current through modules during fault
conditions.

The approach is to install a blocking diode to prevent other
parallel source-circuit currents from entering the faulted source
circuit. The overcurrent devices, a fuse, provides addit’onal
protection in case of a shorted diode.

The purpose of this example is to illustrate that the module design must be
compatible with the overall safety system configuration. For ercmple, the
module voltage-isolation capability is constrained by the system vnltage, and
not by the module voltage. In the source circuits shown in Figurc 2, the
modules physically connected near the circuit ground will experience voltage
stresses equal to their module voltage, whereas the modules located near the
blocking diode will experience voltage stresses equal to the system voltage,
which could be many times higher than the module voltage. Additionally, it
can be seen that the module reverse-current capability requirement is a

function of the series fuse rating and not the short-circuit current of the
module.

MODULE ELECTRICAL INSULATION SYSTEM INTEGRITY AND GROUNDING REQUIREMENTS

Based on this need for compatibility between the module and the system
configuration, product safety standard UL 1703 sets forth module and panel
construction practices and electrical requirements to ensure product safety
for the factory-built item. For convenience in presentation, the requirements
have been classified into three categories. Figure 3 identifies major module
electrical insulation system integrity and grounding requirements; Figure &4
highlights the details of specific module electrical insulation and grounding
tests. Note that for system voltages equal to or greater than 30 Vdc, the
test voltage for the module-isolation capability requirement is equal to two
times the system voltage plus 1000 Vdc.

MODULE SAFETY COMPONENT DURABILITY TESTS

Figure 5 summarizes module safety component durability tests that are based on
the expected use environment. Many of these requirements are based on
conditions encountered during hindling, packing, and transporting of modules
to the installation site. For example, the strain relief test for leads and
cables is a test of the attachment means, consisting of a 20-pound force
applied for one minute in any direction, without damaging the lead or cable,
its connecting means, or the module or panel. The ARCO Gemini module
experienced no difficulty in passing this test. As another example, the
impact test consists of dropping a 2-inch-diameter steel ball, weighing

1.18 pounds, onto the most vulnerable part of the module from a height of

51 inches. The criteria for passing this test is that there are no accessible
live parts, or shards of glass larger than 1l square inch. Although the glass
superstrate of an ARCO Gemini module cracked when subjected to this test, the
1/8 inch glass substrate remained intact. Since there were no accessible live
parts, or shards of glass larger than 1 square inch, as shown in Figure 6, the
module is considered to have passed this test.
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MODULE CONSTRUCTION PRACTICES AND MATERIALS

Finally, required module construction practices and materials, summarized in
Figure 7, identify basic, good engineering design practices applicable to
photovoltaic modules. For example, compatibility of connection means with
recognized wiring systems refers to NEC provisions that identify acceptable
terminals, connectors, or pigtail leads (with a minimum free length of

6 inches).

MODULE FLAMMABILITY TESTING: MANUFACTURER'S OPTION

The last topic to be addressed is module flammability testing, an optional
test performed at the manufacturer's request. Module flammability involves
three distinct risk areas: (1) the ability of a module to self-ignite due to
an electrical arc; (2) the susceptibility of a module to ignition from an
external flame source; and (3) the extent to which an array affects the
flammability of a fire-sensitive application. The last two items are a major
consideration for fire-rated applications, such as roof-mounted photovoltaic
arrays on public buildings and in certain vesidential communities with a high
fire concern. Three specific fire-resistance ratings have been defined:
Class A, effective against severe fire exposure; Class B, effective against
moderate fire exposure; and Class C, effective against light fire exposure.
UL 1703 ..as identified two tests from another safety standard, Tesis for Fire
Resistance of Roof Covering Materials, UL 79t (Reference 3), as ap.licable to
photovoltaic modules. The spread-of-flame test is designed to measure
resistance to flame spread due to an external source of flame impinging on the
top surface of a photovoltaic array. The burning-brand test measures the
ability of an array to resist penetration due to burning brands. Figure 8
summarizes the principal parameters of each test. Findings indicate that most
EVA modules will barely qualify for a Class C fire rating, and that special
materials and constructions are required for Class B and Class A fire ratings
(References 4 and 5). During or after these tests, the modules are not
required to be operational. (Over the past two yearc the Jet Propulsion
Laboratory has done extensive work in the area of mocule flammability.
Additional information can be obtained from the author.)

SUMMARY

The summary, Figuve 9, focuses on two points: for systems designed to operate
at above 30 Vdc, electrical safeguards must be incorporated in the module, the
installation, or both; and for intended operation in fire-sensitive installa-
tions, optional module flammability tests determina the fire classification.
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Figure 1. Unique Photovoltaic Electrical Characteristics
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Figure 3. Mcdule Electrical Insulation Svstem
Integrity and Grounding Req:.rements

¢ Dielectric voltage withstand (cell string to frame)

e Maximum allowable leakage current (cell string to franve)

e Maximum allowable bonding resistance in the ground path

* Tolerance to inverse cur-ent overload

¢ No acce sible live parts

¢ Minimun. spacing between conductors

¢ Maximum allowable temperatures for polymeric materials

Figure 4. Module Electrical Insulation

and Groi. ing Tests
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withstand {cell
string to frame}

500 Vée fe-
systems <30 Vdc;
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Dry, ~fter water
spray, \emperature
cycled, humidity
tested, and exposed
to corrosive
atmosphere

Leakage current: <50 uA

Leakage current
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frame or insulating
su~*-res)

Rated maximum
system voltage

Dry and after
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Leakage current: <10 4A
cell string to frame;
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Bonding resistance
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Figure 5. Module Safety Component Durability Tests

e Temperature cycling test

e Humidity test

¢ Hot-spot heating test

* Impact test

* Terminal torque test

* Mechanical lozding test

e Strain relief test for leads and cables

® Push test

® Cut test

e Accelerated 2oing of gaskets and seals

e Corrosive atmosphere test
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Figure 6. ARCO Gemini Module After Impact Test

Figure 7. Required Modue Construction
Practices and Materials
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Figure 8. Module Flammability Testing:
Manufacturer’s Option

¢ Tests for Fire Resistance of Roof Covering Materials, UL-790

» Spread-of-flame test — distance that flame has spread:; no flaming
or glowing brands of roof matarial

¢ Burning-brand test — until flame, glow and smoke disappear; no
sustained flaming on underside, production of flaming or glowing
brands of roof material

i
n."'i:‘ Spread-of Flame Test Borning Brand Test
Allowable Appreximate
Flame Flame Brand Peak
Flame Applicatien Sgread Brand Igaitiea Module

Temperature, °F | Time, min | Distance, ft. Size, in. Temperatre. °F | Tomperaturs, °F
Class A 1400 10 <F 12x12x2% 1638 1900
Class B 1460 10 <8 6x6x2% 1630 1400
Class C 1300 4 <13 1% x 1% x 25/32 - -

* Most EVA modules will barely qualify for a Class C fire rating

¢ Special materials and constructions are required for Class B and Class A
fire ratings

Figure 9. Summary

¢ Electrical safeguards must be incorporated in the module, the
installation, or both, for system: designed to operate at above
30 Vdc

* Evaluation at the module level — conformance to product safety
standards: Proposed First Edition of the Standard for Flat-Plate
Photovoltaic Modules and Panels, UL-1703

« Evaluation at the system level — compliance with electrical codes:
1984 NEC Article €90, Solar Photovoltaic Systems

¢ For intended operation in fire-sensitive installations, optional module
module flammability tests determine the fire classification — Tests
for Fire Resistance of Roof Covaring Materials, UL-790

¢ Burning-brand test
o Spread-of-flame test
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DISCUSSION

ARNETT: I think it might be a good idea to clarify, for those system
designers who happen to come to this conference, how you specify
what the system voltage is. Most of us who are system designers
think of system voltage as the voltage point at which you get your
maximum power out of the system, in which you tend to operate.

For purposes of safety I believe there is a different way in which
that is specified.

SUGIMURA: Yes. That's taking a module at 100 mH/cmz, 0°C, and open
circuit. The number of modules that are in a source circuit are
then added up to come up with that system voltage.

HARTMAN: Has any determination been made - - if you have an isolated frame
material, hardware -- if that should be grounded or not? I might
have missed it if ynu talked at it at the beginning.

SUGIMURA: Are you talking about a polymeric frame, perhaps with metal screws
or metal fasteners?

HARTMAN: On a metal structure, what should be grounded?

SIGUMURA: A metal structure will definitely have to be grounded. You are
talking about a ground-mounted array, to meet National Electrical
Code requirements you will have to ground that metal structure.
If you are talking about a polymeric frame using metal screws that
are going into a wood substructure, I think it is a matter of
whether or not UL feels that those metallic screws or fasteners
could somehow become energized. Whether that becomes 1 in. or 1/2
in. is basically up to them. 1In discussions with Underwriters
Laboratories, they might be atle to give you some guidelines on
what they consider at the present time to be safe.

VAN LEEUWEN: On the viewgraphs you had up, delineating all of the tests that
UL applies to modules, the bottom of the list was corrosive
environment. 1 believe I heard you say that aluminum, stainless
steel and polymeric materials are not subjected to this test?

SUGIMURA: They are excepted from those tests, per the standard. This was as
of March 1984.

VAN LEEUWEN: So all that's left is the glass? If you don't have aluminum,
stainless steel or polymeric materials -- are they accepted or

excepied?

SUGIMURA: They are excepted from the test. The test is not performed if you
have a glass module with those particular components on it.

VAN LEEUWEN: So what type of modules are there that -
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SIGUMURA: Well, if you were to use a sheet-steel frame or a metallic frame
that was not properly protected, they would go ahead and perform
the corrosive atmosphere test. I am not aware of modules that
they have performed this test on, it was just that when they set
out to establish rlese requirements, they tried to congider all
possible configurations of a photovoltaic module.

TRENCHARD: In deploying our modules we have a lot of problems with people
getting their hands cut on these things. I have not been able to
find a good specification for preventing that or to build into the
design. Do you happen know if there is a standard for that?

SUGIMURA: For what? Sharpness? I think UL does have it in that 1703. I
don't remember the name of the UL standard that addresses that
situation, but there is one. 1I'll check with you after the
program.
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Large-Area Thin-Film Modules N Q@ . 19766

Y.-S. Tyan and E. A. Perez-~Albuerne -

Research Laboratories, Eastman Kodak Company,
Rochester, New York 14650

Abstract

The low-cost potential of thin=-film solar cells can only be
fully realized if large-area modules can be made economically
with good production yields. This paper deals with two of the
critical challenges. A scheme is presented which allows the
simple, economical realization of the long recognized, preferred
module structure of monolithic integration. Another scheme
reduces the impact of shorting defects and, as a result, increases
the production yields. Analytical results demonstrating the

utilization and advantages of such schemes will be discussed.
Introduction

Thin-film solar cells are actively being studied because of
their potential as truly low-cost, large-scale, power-generation
devices. As a result, there have been significant improvements
in the performance of these cells in the last few years. More
than 10% conversion efficiency has been reported for at least
four material combinations: (CdZn)S/CuZS,1 a-Si,2 CuInSez/CdS,
4

3

and CdS/CdTe. To fulfill the low-cost potential, however, it is
not enough to use thin semiconductor films for device construc-
tion. Considerable efforts are required in every aspect of cell
design and fabrication to ensure that these cells could be
mansfactured economically. This paper deals with two such
aspects: the large area module design and the reduction of

detrimental effects due to shorting defects.
Large-Area Module Design

Since solar cells are low-voltage, high-current devices.

large-area cells needed for large-scale generation of electricity
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«<cannot be produged by making large-area coatings. Some economic
schemes for tappin¢ the electrical output of the cells with
minimum Joule losses have to be devised. This is not a trivial
problem with thin-film cells, since the conductivity-limiting
element is often the electrode layer buried under the thin active
layers. Grid electrodes commonly used for bulk single-crystal or
polycrystal cells cannot be used. In fact, even in cells whose
structure allows the use of grid electrodes, pinhole problems (to
be discussed later) make this approach undesirable. Instead, a
monolithic¢ integration design is preferred.

In a monolithic integration design, a large-area solzar cell
is divided into small area elements which are then connected in
series. This has the benefit that the voltage rather than the
current of the small area elements is added when a large-area
cell is made, and it also reduces the current path. Both tend to
reduce the Joule loss. The merits of such a design for large-area
solar modules have long been recognized.s.10 With techniques
such as photolithography developed for integrated circuits, it is
also obvious that, although the process will be rather expensive,
the design is technically feasible. The challenge is to design a
scheme and a process compatible with the large-scale manufacturing
of solar modules at low cost.

Earlier, we presented such a scheme using a CdS/CdTe thin-
film cell as an example.11 This is done by dividing the trans-
parent conductive ITO or SnG2 coating (Fig. la) into electrically
isolated, elongated stripes (Fig. 1lb). Continuocus CdS and CdTe
layers are then coated (Fig. 1lc), followed by a scribing process
designed to expose some of the underlying conductive coating
(Fig. 1d). A continuous top electrode layer is then coated,
making contact to the exposed transparent conductive layer
(Fig. le). A third scribing process separates the top electrode
layer into stripes, completing the integration (Fig. 1lf).
Figure 2 shows the perspective view of a completed module.

This scheme using three scribing operations to complete the
monolithic integration is attractive because it does not use the
expensive photofabrication process. Furthermore, no masking is

needed in any of the thin-film deposition processes, and only
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one-dimensional registration is required during the scribing
steps. The spacial relationship of the three scribe lines also
relaxes the registration requirements making the scheme compatible
with low~cust production processes.

Scribing can be done by a variety of methods. For the
transparent conductive layer, laser scribing is desirable because
of its speed and cleanliness, and because of the mechanical
hardness of the layer. For the other two cases, however, the
necessity to scribe the top layers without damaging the underlying
transparent conductive layer and the potential for laser-induced
degradation of electrical properties in the semiconducting layers
make mechanical scribing more desirable. The CdS/CdTe cell is
particularly suitable for mechanical scribing because these
semiconductor layers are much softer than the SnO2 or ITO layers.

Increasing the width of the individual cell elements reduces
the fraction of wasted area due to integration but increases the
current path and hence the Joule loss. The optimum cell width is
therefore determined by seeking a compromise between these two
factors. It is easy to show that the power loss due to these two

mechanisms can be expressed by

2 1 1

P =% YL+ W)+ PW(L ¢ W)T (1)
where J and P are the current a..d power density of the cell at
the operating point, respectively; R, is the sheet resistivity of
the oxide layer, W is the width of the wasted region due to
scribing, and L is the active width of the cell. Assuming

W << L, the optimum width of the cell can be expressed by:
2 J’RD

For a given kind of cell it is thus determined by the conductivity
of the conducting oxide and the amount of area wasted for scrib-

ing. The calculated optimum element width and the corresponding
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povwer loss are shown :n Figs. 3 and 4 for a sample case of P = 10
mW/cm? and J = 18 mA/cm?.

The Pinhole Problem

Another proklem unique to thin-film cells is that of hortin
pinholes. This problem arises because thin-film solar cells
often -use two continuous electrode layers separated from azcn
other only by the semiconductors, which are just a few micrometers
thick. Any defects in the semiconductor layers might result in a
short between these electrodes, severely degrading the cell
performance.

Randomly distributed pinholes can be described by the
Poisson distribution:

(A-Nd)x exp(=A*N,)
P(x, A, Nd) = X1 (3)

where P(x, A, Nd‘) gives the probability of finding defects in an

area A with an average defect density N Thus, the probability

ar
of finding a defect-free cell is:

P(O, A, Nd) = exp(-A'I\d) (4)

This probability is thus extremely area sensitive. For
example, for a defect density of 0.001/cm?, the prcoability of
getting a defect-free l-cm? cell is maybe as high as 99.9Y%,
easily leading one to conclude that defect problems do not exist
in this thin-film ceil system. In fact, however, the probability
of producing just a 1000-cm? cell is less then 37% (Table 1).
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Table 1. Yields of Pinhole tree Cells

Pi.hole Density, cm™2

Area, cm? 0.001 0.01 0.1 1

0.1 99.99  99.9 99 90.5

1 99.9 99 90.5 36.8

10 99 90.5 36.8 5 x 107°
100 90.5 36.8 5 x 10°° 4 x 10°%
1000 36.8 5 x 107° 4 x 1074 0

Since large-area cells have to be fabricated in a mass
production environment, and care in manufacturing process control
can only reduce defect density to a certain limit, it is desirable
to devise a scheme that would reduce the detrimental effect of
defects if they do exist. The scheme has to be compatible with
low-cost processes also. The use of the monolithic integrat-
scheme accomplishes some of this mission. The area of the 1 2
is divided into many elements, which are then connectea in
series. A defect degrades only the element it resides on and rot
the whole cell; its effect is thus reduced.

The detrimental effect cf defects can be further reauced k,
a cross-cutting scheme.12 Basically, an integrated moa" 1.
indiscriminately divided into many parallel subarrays by <. «° g,
perpendicular to the direction of the scribes for integration,
through all the thin-film coatings on the substrate (Fig. 5).
The subarrays are electrically isolated from each other except at
the two ends, where common electrodes cc.nect them in parallel.

The beneficial effect of cross-cutting can be appreciated
from a special example (Fig. 6). A module having 10 cells
connected in a series is assumed to have 10 defects strategically
placed such that there is a defect in each individual element.
The whole module is inoperative because all the elements are
shorted. Now if the module is cross-cut into 10 subarrays each

containing just one defect, only 10% of the power output from the
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module is lost becaus> only one element in each subarruy is
shorted.

The effect of cross~cutting in a more general case can be
analyzed as follows. We assume that all cells behave ideally
with their I-V relationship given by

= ev_ | -
I = Io(exp kT 1) IL (5)

where I0 is the reverse saturation current, IL is the light
generated current, n is the diode factor, e 1is the electron
charge, and k is the Boltzmann's constant. We also assume that
all defects behave like perfectly conducting paths, rendering the
cell elements on which they reside totally incperative but not
adding any series resistance to the rest of the array.

The defect density has to be in a reasonable range f»r the
cross-cutting to be effective or mea:.ingful. Too high a defect
density necessitates cross-cutting the array into such fine
divisions that it bescomes impractical. It is easy to show that,
with such reasonable defect density, for a module of area A
consisting of N ce:.ls connected in series and divided into M
subarrays, escentially none of the . °'M subcells contain more than
one defect. Tl''s a subarray with x defects pehaves like one with
(N - x) subce:«ls in a series. The J-V relationship of such a

«barray can be represented bz

= = — &V . -

Since an array is constructed of 1 subarrays in parallel, the I-V
relationship of the array is given by

v

I= @ g(Iglexp(r—Spymps) - 1) - Ip) (7)

e 2
-

where the subscript i denotes the ith subarray.
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In practical applications, many of these arrays are connected
in parallel. The large number of subarrays involved justifies
the use of probabilities and Eq. (7) is replaced by:

I = L P(xl MI Nd){Iolexp((N ev

oo = xmnkr) - 1 -

L) (8)

where x is the probability for finding x defects in a subarray:

N.*A N,*A
P(x, M, Ny) = 37(——)" exp(- —-) (9)

Given the values for the various constants in Eq. (8), the power
output of the parallel assembly can be calculated and compared
with that of a defect-free case (x = O, Nd = 0).

Such calculations have been carried out using parameters for
an idealized thin-film CdS/CdTe solar cell:3 I. = 19 mA/cm?,

L
I, =54 x 107'% A/em?, n = 1.78 under 75 mW/cm? of AM2 sualight.
In these calculations the array is assumed to consist of 60 cells
in a series. Figures 7 and 8 show the calculated power loss and
voc’ respectively, as a function of cross-cutting for several
N
N.*A between an undivided array and one which has been divided

d
into 10 subarrays. The reduction of power loss is substantial,

d'A values. Figure 9 compares the power loss as a function of

and this reduction is achieved through indiscriminative cross-
cutting of the array.

The power loss can be further reduced by increasing cross-
cutting, but the marginal benefit decreases. In practice the
degree of cross-cutting is determined by a balance between the
benefit and the added production consts as well as area lost due

to cross-cutting.
Summary

Two simple schemes which improve the potential for low-cost
production of large area thin-film solar cell modules have been

presented. The analysis was carried out based on thin-film CdS/

101



CdTe solar cells but the schemes should be generally applicable

to other thin-film cells as well.
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FABRICATION STEPS OF AN INTEGRATED CELL
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Figure 1. Fabrication steps of a monolithically integrated
module.
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Figure 2. Perspective view of a monolithically integrated CdS/CdTe

module.
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Figure 3. Dependence of the optimum cell width on the

resistivity of the conductive oxide layer and the scribing waste.
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Figure 5. A monolithically integrated array with cross-cuts.
The cross-cut lines ares scribe lines cutting through all thin-

film layers on the substrate.
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Figure 6. A special example showing the beneficial effect of
cross-cutting. (a) Without cross-cutting, all cells in the array
have one shorting defect. No output is expected from the array.
(b) With cross-cutting, one cell in each subarray has a shorting

defect. Only 10% of the power is lost due to defects.
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defect density for an array of 60 cells in series.
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DISCUSSION

LESK: Are these shorts just through the cad sulfide, which is about a hundred
times thinner than the cadmium telluride, or do you have to go all
the way through both layers and short cold to the ITO?

TYAN: There are all kinds of different shorts. We are in the situation where
we are not producing 1 ft2 cells. We are in the laboratory, so
our yield is pretty good, about 99%. We are not actually
experiencing a large number of defects. What we are presenting
here is a scheme that will take care of defects when you make
large-area modules. It doesn't really matter what kind of shorts
you have.

LESK: Your cad telluride is quite conductive compared with intrinsic
amorphous silicon. If you had a short just through the cad
sulfide layer, it would make it look like a short all the way
through, is that right?

TYAN: Cad sulfide is a semiconductor also. In the process we use the cad
sulphide is rather insulated. So, even if we have a direct short
between metal and cad sulfide, you still have some contact with
resistance, which may or may not be enough when you try to make a
module. We still have the shorting problem due to that contact.
You can reduce the impact by doing this.

ROYAL: I noticed that there are very high temperatures in the process, where
you have a substrate temperature of 600°C or so. Are there any
problems in that area?

TYAN: That is the only way we know of making it.

BICKLER: It might be worth pointing out to people who contemplate using this
process that Eastman Kodak has patented this design. Am I correct?

YERKES: Why don't you go ahead and make a 1 £t2 array? What is holding you

up? We've been hearing this from Kodak since 1982. Let's go
ahead and do something!
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interconnect Resiste- . in Submodules

Small area amorphous silicon solar cells generally have
higher efficiencies than large interconnected submodules.
among the reasons for the differences in performance are the
lack of large area uniformity, the 2ffect of non-zero tin
oxide sheet resistance, and possibly pinholes in the various
layers. Another and usually small effect that can contribute
to reduced performance of interconnected cells is the
resistance of the interconnection i.e. the series resistance
introduced by the metal to tin oxide contact through silicon.

Our 1' X 1' and 1' X 3° PV panels have tin-oxide to
aluminum contacts that are approximately 0.0)cm wide and
no—inally 30 and 142 cm long for the two different sized
panels (approximately 0.4 cm inactive edges are allowed for
see Figure 1). To a first approximation the effect of the
contact resistance is simply that of a seri:s resistance;
this is easily calcuiated and is shown in Figure 2. Here the
fill factor is calculated using the ideal diode equation for
tin oxide sheet resistances of 5 and 20 ohms per square.

There is another effect which can, under certain
circumstances, be important. It is due to small parasitic
cells resulting from the patterning of the submodule. A
schematic representation of the cross section of a portion of
a monolithic submodule is shown in Figure 3. Alco shown is
the electrical schematic for a cell and its interconnect
region. This interconnect schame results in a main cell with
area, A3 and two small cells with areas Al and A2. The two
small cells are in parallel and are shunted by the contact
between the tin oxide and aluminum with contact resistance
Rc. In the ideal case where tin oxide to aluminum contact
resistance s zero, the only detrimental effect of the two
small cells is to reduce the effective area of the 'arge
cell. In this case in additior to the approximately 0.03cm
lost to the three patterning operations another 0.05cm (the
width of Al + A2) 1is lost due to the pe ‘asitic cells. If
hcowever Rc is not zero then additional 1~sses result, their
extent depending on the magnitude of Rc anu the arezs Al and
A2. Figure 4 shows approximately how to output
characteristic of the total cell is changed by a fairly high
Rc. Here curve A is the I-V curve for the combinaticn of Al
and A2, curve B is that of the main cell, A3 and curve C is
the resultant curve due to all three. In the open circuit
condition, the la. je cell is not loaded; the small cells
however are shunted by Rc and for not excessively large Rc,
their IV curve 1is a straight 1line with an open circuit
voltage of Vsoc. This voltage subtracts form the open
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circuit voltage of the large cell, Vloc, to give a measured
open circuit voltage, Vmoc, of Vlioc-Vsoc. If 1Is is the
short circuit current of the small cells, then clearly the
contact resistance is given by Vsoc/Is. To cbtain a value
for Rc we need to know Is and we assume it to be proportional
to the short circuit current of the large cell, I1l, as is the
area. We can obtain Vloc by shading the two small cells from
light (in this condition the small cells produce no current).
Thus

V1loc=-VYmoc A3
Rc = N ¢ —_—
Il (Al1+A2)

It might appear that a simple way to reduce Rc is to
make the contact wider. Simple calculations show that is not
very effective unless Rc is very high. In Figure 5 the
-quivalent circuit for a tin oxide to aluminum contact is
shown. Here W is the contact width, Rsh is the tin oxide
sheet resistance and pc is the specific contact resistivity
in cm2. The 1linear effective contact resistance Rceff in
cm can be obtained from this model in closed form and is

Reff = (Rsh pc) coth{v(5g)1/2}

From a plot of this equation, shown in Figure 6, it can
be seen ihat for specific contact resistivities of 10°* cm2
or less, little can be gained by increased contact widths
beyond 0.0lcm; that is Rceff is an acceptable 0.01 .. for a
lcm long contact.

Experimental determination of Rceff and under
controlled conditions gave values for fc of 10"acm2 for
aluminum evaporated directly onto tin oxide. When aluminum
was evaporated on tin oxide through a 0.0lcm wide cut in
silicon, somewhat higher values for pc were obtained, ~10~%ncm'

There are likely many factors that affect the magnitude
of contact resistances. Three that are easily identified are
the condition of the tin oxide surface, the quality of the
cut in the silicon and the conditions prevailing during the
metalization. We have found, not unexpectedly, that dirty
tin oxide results in poor contacts. Not quite as obvious was
the observation that when the silicon was laser cut from the
gilicon side (silicon facing the laser) poorer contacts were
obtained on the average than when the glass faced the laser.

The reason for this 1is that reflections from the silicon
side are significantly greater than from the glass side and
because of slight thickness variations in the films,



reflections are variable; See Figure 6. Thus it is more
difficult to achieve constant laser power 1leveis at the Si
when cutting the silicon with the silicon side up. The third
factor that we looked at was the metalization step. Here we_
fournd that evaporating aluminum at high pressures, e.g. 10
torr, produces generally poor contacts. The cleanliness of
the metalization chamber also seems to play an important role
in the quality of the contact.

While the above discussion shows that poor contacts can
be obtained, they can also be avoided by proper processing
procedures. On our large PV panels, the contact resistances
are generally too small to measure by the method discussed
above, i.e. they are less than ® 0.05n . Extrapolation the
values obtained on smaller 4% X 12" diagnostic panels where
more sensitive techniques can be used suggests that contact
resistances for large panels are in the low wmA range. Thus
they cause negligible degradation in panel performance. This
conclusion is supported by the fact that 70+% fill factors
have been measured for many individual interconnected cells

and values near 70% for square foot panels.
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Figure 4 - Effect of the parasitic cells on the I-
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DISCUSSION

LESK: When you do your laser cutting through the alpha silicon down to the

VOLLTRAUER:

tin oxide, ITO, if you don't go far enough you will leave a little
bit of amorphous material, and it'll be of very high contact
resistance. I presume you have to go a little too far. What is
the accuracy of cutting into the tin oxide, since it is so thin?
If you go all the way through, your contact on the odge of the ITO
-- which is very bad -- these are practical proble-s that have to
be solved.

These are practical problems, right. That's why having
conditions where the power is controlled -- the power going into
the films is controlled -- is important. There are a few other
things we have done; one, for instance, is to make two laser
cuts. Either the first one at a higher power level, where you
might do rome damage to the tin oxide but are assured of cutting
all the silicon, and the other one uisplaced by a fraction of a
scribe where you reduce the power to the point where you are
assured of not cutting the tin oxide and you very likely will cut
the silicon. That has worked out very well.
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Thin Film Module Development

Theresa Jester
ARCO Solar, Inc.
Chatsworth, California

ARCO Solar, Inc. has develoyed and now produces a 5 watt thin film silicon
photovoltaic module, the Genesis G100. As the first commercially available
thin film product from ARCO Solar, the Gl00 module package incorporates
excellent reliability, manufacturing ease, and consumer aesthetics.

This paper outlines the evolution of the Genesis module with emphasis on
the design and construction of this commercial product.

The design of the Genesis G100 module was driven by several criteris,
including environmental stability (botk electrical and mechanical), consumer
aesthetics, low materials costs, and manufacturing ease. The module circuitry
is designed as a 12-volt battery charger, using monolithic patterning
techniques on a glass superstrate. This patterning and interconnect method
(Fig. 1) proves amenable to high volume, low cost production throughput, and
the use of glass serves the dual role cf handling ease and availabilitv.

The mechanical design of the module centers on environmental stability.
Packaging of the glass superstrate circuit must provide good resistance to
thermal and humidity . sposure along with hi-pot imsulation and hailstone
impact resistance. The options considered are given in Table I. ARCO Solar”s
reliability and manufacturing experience, based on production of over tan
megawatts of photovoltaic modules and large-scale long~term field operations
and testing, were employed to a high degree.

Ethylene vinyl acetate (EVA) was chosen as the pottant material for its
excellent weatherability. An evolution of backsheet, framing, and termination
techniques were built on this choice of EVA pottant.

We made direct use of materials and construction used in our Cz module
products for the fir~t thin film module prototype. The module design in Fig.
2 shows a glass/EVA/coated sheet metal laminate framed with anodized aluminum
extrusions. Termination of this design was accomplished with two terminal
posts protruding from the back of the laminate. Several problems emerged:

o The metal frame and metal backsheet produced low hi-pot resistance
when the thin film circuitry was carried close to the edge,
resulting in an inefficient active area/module ratio.

o The back side termination did not permit flush mounting after wire
routing was installed.

o For shipping coneiderations, the package was too heavy and bulky.
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o Aluminum extrusions were very costly for a square foot product.

The second design iteration improved with the use of a low profile side
rail, as shown in Fig. 3. These roll-formed <heet metal rails fram~d a
glass/EVA/glass laminate and provided flushk mounting. Termination was
accomplished by routing two wires along either side raii. Disadvantages to
this design were:

o From a customer’s standpoint, the termination wires proved difficult
to use.

o The aesthetics needed improvement,

Our third prototype design approached the consumer aesthetics criteria
with a glass/EVA/mirrored glsss laminate framed with low profile roll-formed
rails. The spade lug terminations were embedded in the side rails, offering a
smooth product look. Two problems remained with this prototype:

0 Terminations would have saddled customer:c with the expenses of
special tools purchases and of special employee training to prepare
wires for module connectious.

o Difficulties in mounting this module were encountered.

A fourth prototype evolution progressed from discrete frame pieces to a
one-piece rubber gasket. The s .ass/EVA/Tedlar-coated sheet metal laminate was
terminated with a narrow printed circuit board onto which wires were soldered
to exit the module frame. This one-piece frame approach provided
manufacturing ease and improved termiration options. Difficulties remaining
to be solved were:

o Poor adhesion of the rubber to the glass laminate allowed the rubber
to pull away from the laminate.

o Easy mounting holes were not designed into the frame.

The final commercial design of the Genesis Gl00 product made use of all of
the strong points of the previous designs and added excelleunt consumer
aesthetics as well as mounting ease for the customers. The design choices
embodied in this module, and the rationsle for each, are outlined in Table 2.

As shown in Figs. 4 and 5, the module is conmstructed from a
glass/EVA/tempered glass laminate framed with a one-piece plastic frame.
Termination is accomplished with a narrow printed circuit board laminated to
tbe back sheet and a one-piece, two—~conductor cable soldered to the board.

The physical and electrical characteristics of the final design are given
in Table 3. The Genesis G100 module features mechanical and electrical
envirommental reliability, manufacturing and shipping ease, and consumer
aesthetics, a package truly designed with pride by ARCO Solar to fulfull
customer expectations.
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Table I.

Thin £ilm module design cptions.

Ed e
Pottants Backsheets Seals Frames Terminations
EVA Plastic Tape Injection molded J-box
plastic
VB Coated sheet Gasket Aluminum Pigtail
metal extrusions
Acrylic Tempered RTV Roll-formed
adhesives glass sheet metal
Silicones Gasket
Table 1I. Thin film module design choices.
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