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Abstract

Mechanical and thermal loads on photovoltaic modules (Pdutes) lead to mechanical stresses
in the module parts and especially in the encapsulated sellarwhich can break under a certain
load. To investigate the development of cracks in encapeligolar cells a novel approach was
developed that systematically analyzes the influence dbtmkdirection on the crack directions.
For this purpose an experiment is established that testénspes on smaller scales under well-
known boundary conditions. The cell cracks are statidticalaluated and the fracture stress
can be compared directly forféierent crack orientations orféierent cell types. The test setup is
expected to be suitable to systematically investigate éeabior of new cell or module designs
or to act as a quality assurance test.

For the investigated cells a loading parallel to the busbatses cracks at lower load magni-
tudes than a loading perpendicular to the busbars dfetelnt cell types show fierent fracture
strength values. The findings can be transferred to fulestaldules by calculating a probability
of failure for each solar cell. This allows an interpretataf many défects that were observed in
full scale modules and allows design optimization for rextlicell breakage rates.

Keywords:
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1. Introduction

Photovoltaic modules (PV modules) are supposed to havetanid of more than 20 years
under various environmental conditions like temperaturanges, wind load, snow load, etc.
Such loads induce mechanical stresses into the componietits module, especially into the
crystalline solar cells, which show cracks frequently [[L-Bhe cracks are mostly invisible for
optical inspection (naked eye) but can be identified usiegtedluminescence [4]. Thus they
are often called micro-cracks even though their dimenssooni millimeter or even centimeter
scale [5, 6]. The cracks can lead to isolated cell areas,dhusing reduced power output of the
module [5, 6].

According to IEC 61215 full scale PV modules are tested meicladly by applying a uniform
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area load on the horizontally mounted PV module. Typicaflgrahis mechanical load test the
cells of the PV modules show a characteristic crack pattehdorresponds with observations
on PV modules in the field, too. These characteristic craokctions can be found for both
mono-crystalline and multi-crystalline cells [7].

The crack orientation in the cells and the spatial distidsubf cracks in the module varies over
the cell position [7]. This indicates a non-uniform streggribution and diferent stress direc-
tions in individual cells in the PV module under mechanicading. To analyze this in more
detail some preliminary mechanical considerations on tress distribution in full scale PV
modules are discussed in Section 2.

To get more information about the mechanics of crack devetop and crack growth in encap-
sulated solar cells, tests of mini-modules under well-kmédoundary conditions are performed.
The loading conditions are derived from the stress anaiydidl scale PV modules.

The experimental approach and the test setup is describ®éddtion 3. Cracks after mechani-
cal loading are investigated systematically anledent types are identified in Section 4. They
are evaluated according to their relative frequency of oetice in PV modules and the frac-
ture stress for dierent cell types is determined. These results can be traedfto full scale
PV modules by using finite element analysis (FEA). Using #isisroach adjustments in module
mounting or module design can be made to reduce cell crackancrease module reliability.

2. Stress conditionsin full scale PV modules

The strain and stress distribution of the cross section & minate is depicted schematically
in Fig. 1a for a uniaxial bending around the y axis. Compmesstress at the top side of the glass
and tension stress at the bottom side is induced in x-dineclihe cells are placed at the bottom
side of the module. Thus tension strain from the bottom sfdbe glass is transferred to the
cells via the encapsulant. The material properties of tleagsulant have an influence on the
transferred stress into the cells. This stress is supesepwith the bending stress of the cell
itself. The highest tension stress occurs at the bottomdSittee cells leading to breakage of the
silicon as shown by Dietrich et al. [8].

To analyze the stress distribution in full scale PV moduledear a uniform area load, a finite
element simulation has been set up that includes all refevaterials and layers. Due to the
symmetry a simulation of a quarter of the module with apgedprboundary conditions meets
the requirements. Figure 1b shows the first principal sta¢$lse bottom side of the cells of a
standard PV module with an aluminum frame which is clampetth fgur clamps at the long
edges. Additionally, the representative direction for fin& and the second principal stress for
each cell is depicted by arrows. The arrow size represeptstiess magnitude. With these
information the characteristic crack pattern of PV modwdéter mechanical load test can be
explained well in a qualitative way. Despite the large vgrigf crack orientations classified by
Kontges et al. [9], in the following it is assumed that the kradentations can be condensed to
cracks parallel, perpendicular and°46 the busbars, because all other classes are found to be
combinations of these.
It is obvious that most of the cells show a biaxial stressrithistion and the first and second
principal stresses are aligned predominantly in x- andrgetiion. Here cracks either parallel or
perpendicular to the busbars can be observed, in which€atkllel to the busbars may lead to
isolated areas and therefore to power loss of the PV modul.[Th particular the four cells in
the corners of the module show a°48ress direction and the highest stress magnitude. This is
the position where most of the PV modules show cracks undeaf#&r mechanical loading [7].
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Figure 1: (a) Schematic strain and stress distribution fo¥ &Phinate during bending around the y-axis [8]. (b) Standard
PV module with a clamped aluminum frame under 5.4 kPa area load.c@lor code represents the magnitude of the
first principal stress at the bottom side of the cells and épeasentative direction for the first and the second praicip
stress is depicted by arrows.
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Figure 2: Experimental approach for investigation of diawal mechanical loading.

The non-uniform stress distribution andfdrent stress directions make ifftult to estimate the
fracture stress for an individual cell or to set up a relitfptoncept for the cells in a PV module
just by performing standard mechanical load tests on mazhake.

3. Experimental approach

To achieve an improvement in mechanical characterizati@noapsulated solar cells a new
experimental approach is chosen that investigates crgsksmatically according to their direc-
tion. For first investigations the influence of stresses iand y-direction is analyzed. Figure 2
shows schematically the experimental approach for inyattin of mechanical loading. For this
purpose test specimens on smaller scales (mini-modules)xquosed to defined loads and are
characterized by electroluminescence.

3.1. Test specimens
In previous publications test specimens with hand soldedr cells were investigated
[2, 10]. In this work industrially soldered cell strings Wwieither multi-crystalline or mono-
3
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Figure 3: Schematic test setup for the investigation of ffeceof mechanical loading; (a) Bending perpendicular to the
busbars; (b) Bending parallel to the busbars.

crystalline cells were used. Figure 3 shows schematichdyldayout of the test specimens. The
mini-modules consist of 10 solar cells, a 4 mm full temperadgpane, an EVA encapsulant and
a polymeric backsheet. The cells have standard dimensl&tsnim x 156 mm x 18@um). In

the first step multi-crystalline and mono-crystalline se&llere compared. The mini-modules are
laminated using laboratory equipment. Therefore, theggsparameters are selected preferably
similar to the industrial processes. By using equal cdilsjnfluence of varied specimen layouts
or process parameters on the fracture behavior can beigatest.

3.2. Test setup

Figure 3 shows the schematic test setup for mechanicalrigadirhe test specimens are
supported by two rolls at their bottom side and are loadednayrolls on their top side. If the
specimen consists of cells that have their busbars permpdadito the load rolls, the setup is
called perpendicular (Fig. 3a) and if the busbars of thescaié parallel to the load rolls, the
setup is called parallel (Fig. 3b).

The experimental setup represents a 4-point bending detugwhich the stress distribution can
be calculated analytically for a monolithic beam or plat&][1

For a layered test specimen with several solar cells, teesttistribution is not uniform because
of the separated solar cells and the transformed tensieassfrom the glass bottom side as
described in Section 2. To analyze the strain in the testigers, the finite element model of
the full scale module (see Section 2) is used and adaptecetdithensions of the specimen.
An assessment of the simulation results proves that durexhanical loading stress is induced
predominantly in x-direction in the test specimen. Theatise between the support rolls and
between the load rolls was adjusted to approximate an etyeakdfield for the three cell pairs
in the middle of the test specimen (see Fig. 4a). Furtherptbee stress field in one cell is
insignificantly dfected by a crack in an adjacent cell (see Fig. 4b). So cradkreaces in all
six cells in the field of view of one test specimen can be amalymder equal conditions.

The area of the specimen between the two load rolls is inegagting an electroluminescence
camera (Sensovation coolSamBa HR-830). The bending setupuinted on a universal testing
machine (Zwick Z400). The load rolls are driven by the cresshof the machine. The load

4



98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

a b First principal stress
== low
[

A,

Figure 4: First principal stress at bottom side of siliconl gfass in a test specimen during 4-point bending; (a) with
intact cells; (b) with completely broken middle cells.

Crack in middle cells

is measured by a load cell (maximum load 10 kN) between the folis and the machine
crosshead. The deflection of the middle of the test specimeneiasured by a displacement
sensor (maximum displacement 100 mm) that is mounted onrémeef of the machine. The
camera is mounted on the machine crosshead in order to mgethes with the load rolls. So
the focus of the camera stays constant during the test puoeedhe field of view of the camera
was adjusted to inspect the six cells between the load rolls.

3.3. Test conditions and test procedure

All tests were performed at room temperature. The test sp were analyzed after each
manufacturing step and after defined load steps using gtiaditelectroluminescence imaging.
The load is increased stepwise and remains applied for atamer(60 s) while the EL image is
taken. At the end of the test procedure a load time curve anunabes for every load step are
available. Figure 5 shows exemplarily a measurement curadest specimen. In the diagram
in Fig. 5a the load steps are visible on the time scale. Thetdvar displacement plot (Fig. 5b)
illustrates the approximately linear behavior of the loastt The simulated displacement of
the specimen is plotted as well and indicates that the stionlaepresents the experiment very
well. At high load magnitudes one can identify crack occaces when the load decreases
abruptly. This cracking produces also a perceivable amusise. The sffness of the specimen
is decreased slightly by a cracked cell. The load is incieeasél all cells in the field of view are
broken or a previously defined maximum load is reached.

3.4. Evaluation

The EL images are evaluated manually. Reliable crack ifiestion and assessment is
possible if images are compared before and after loadirggctéick propagates, its origin can be
identified and analyzed in the previous steps.

If a crack is observed in the EL image for the first time at a Bjpelbad step, the force at

which this crack occurs is determined from the load time ds¢® Fig. 5). The crack origin is

identified from the EL image, which corresponds to the loag sWith these two information

the fracture stress is calculated using results from theefelement analysis (see Fig. 4). The
5
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Figure 5: (a) Measured load (red) and displacement (blaakjecover time of a test specimen with crystalline cells and
(b) measured and simulated load over displacement curve feathe test specimen.

calculated fracture stress represents the occurrenceeofrack. The influence of the cracking
of an adjacent cell is also considered (see Fig. 4b). So froentest specimen up to six crack
occurrences can be obtained and six fracture stress vadudseccalculated.

Because of the brittle material characteristic of silicomcmm temperature, the fracture stress
values show a large scatter. In order to evaluate the olibdraeture characteristic in terms
of strength one has to deal with the mechanical behavior isf tifpe of material. Brittle
materials do not show a yield strength and plastic defoonatihus they cannot compensate
excessive stress with any kind of ductility. As a resultstinge occurs suddenly and catastrophic
under tensile load [12]. The origin of the fracture is onetipatar defect such as microscopic
cracks, inclusions or dislocations with a critical size.eTdize as well as the location of those
defects is statistically distributed. As a consequencertheroscopic fracture stress follows this
distribution and leads to a large scatter of strength valaesach specimen. Because of this
scatter a comprehensive statistical evaluation of thestralues has to be carried out. Typically
the Weibull distribution function [13] is used for silicortlzough other distribution functions
might be suitable as well. Two characteristic parametersiatermined by a Weibull evaluation,
the characteristic strengthy and the Weibull modulush as a measure for the scattering. The
probability of failure P represents the probability that a specimen breaks at afepstress

o. The characteristic strength, represents the stress for a probability of failure 026%. If
the Weibull modulusn is higher, the scattering of the fracture stress valuesagidoindicating
higher reliability at equal strength.

Pio)=1_eli) )

As a result of the randomly distributed defects the charistie strength depends on the size of
the component, because in a larger area the probabilityvefiidpa bigger defect is higher and
therefore the characteristic strength is lower for a bigiger of the component. This dependency
is called the sizeféect [13].
In this work the size fect is not considered explicitly. This simplification is asged to be
acceptable for this work, because the behavior of crackslshanalyzed qualitatively.
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If an adequate number of occurrences of cracks is availti#echaracteristic fracture strength
o and the Weibull modulum can be calculated.

4. Resultsand Discussion

4.1. Cracks after mechanical loading

Figure 6 shows the EL images of four specimens with monotaklyse and multi-crystalline
cells during mechanical loading affi#irent load steps.
It was found that some cells in the unloaded specimens shotalpasmall cracks after sol-
dering or after lamination. These cracks were mainly ots#evat the beginning or at the end
of the busbars. They are estimated to be caused by thermataramnical loading during pro-
duction. Starting from these existing cracks new cracksiwed during mechanical loading at
relative low load values. The cracks beginning from exgtinacks show a tlierent behavior
than cracks without a visible existing crack at their orjgiecause their paths are often un-
branched and seldom dendritic.
Examples for both types are shown in Fig. 6. In the specimém mvulti-crystalline cells in the
perpendicular layout the cell at the right in the top row shacrack beginning at a pre-existing
crack at the bottom busbar (at 210 N). The other cracked sleti&/ dendritic crack paths indi-
cating higher energy release [7].
The EL images for mono-crystalline cells show cracks at éigbad magnitudes which run
mostly under 45 to the cell edges. This is characteristic for mono-crystalcells, because
here cracks propagate along th#10> sliding plane that is oriented under4f® the cell edges
[12]. Furthermore, it was observed that if cracks start fjom-existing cracks at lower load
magnitudes, they propagate not exact undér #hese cracks showed partially a stepwise crack
propagation at successive load increase.
Based on these findings it was decided to separate betweeks@tarting at existing cracks,
called damaged state, and cracks without visible existiagks, called undamaged state.
The crack occurrences were evaluated and fracture stresswaere calculated as described in
Section 3.4. All fracture stress values were evaluatedgusivWeibull distribution function. The
Weibull plot is displayed in Figure 7 for all test specimehisncludes data from four specimens
with mono-crystalline and four specimens with multi-calihe cells. Two of each four spec-
imens were loaded parallel to the busbars and two specimers laaded perpendicular. The
determined Weibull parameters are listed in Table 1.
The undamaged mono-crystalline cells show the highedifirastress values and the character-
istic strength is higher for the perpendicular layout.
The undamaged multi-crystalline cells loaded perpendictd the busbars show only slightly
lower fracture stress values, but if they are loaded pdtaliéne busbars, the fracture stress val-
ues are significantly lower.
The curves for the damaged state (open symbols) show lovegacteristic strengths than the
curves for the undamaged state (filled symbols). This indgthat if a cell has an existing crack
of a visible size, it will fail under low stress magnitudesdditionally, the loading parallel is
more critical than the loading perpendicular to the busbarke plot and the Weibull distribu-
tion values show the basicftirences between the two classes damaged and undamageal, but d
not contain information about their relative frequency. géon information about the percent-
age of cells which have existing cracks after productions,Eh images of all specimens were
analyzed after production with respect to existing craske (Section 4.2).

7
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[’} m

MPa -
Multi-crystalline, parallel 55.2(50.1...60.4) 5.9 (3.8...8.4)
Multi-crystalline, perpendicular 87.6 (79.7...95.5) 8.1(4.6...13.1)
Multi-crystalline, parallel, damaged 13.8(11.8...16.0) 4.0 (2.5...5.8)
Multi-crystalline, perpendicular, damagef 21.8 (17.7...26.5) 2.5(1.7..3.4)
Mono-crystalline, parallel 96.4 (92.2...100.6) 14.7 (9.1...21.3)
Mono-crystalline, perpendicular 105.7 (101.6...109.7) 13.3(8.8...18.7)
Mono-crystalline, parallel, damaged 13.6(11.1...16.4) 4.7 (2.4...7.9)
Mono-crystalline, perpendicular, damaged30.3 (21.5...41.7) 2.3(1.4..3.5)

Table 1: Investigated Weibull distribution values accoggio Fig. 7, (values for 95 % confidence interval in brackets)
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4.2. Cracks after production

Figure 8 shows a detail of a representative test speciménmdino-crystalline cells, which
show several visible cracks originating mainly at the busbaA statistical evaluation of the
cracks with respect to their origin allows conclusions dtmuincreased incidence of cracks at
certain positions and therefore about critical loadingriyumanufacturing.

Most of the cracks occurred after lamination at the side whilee interconnector runs from the
front side of one cell to the back side of the next cell. Heeedbldered string with the individual
cells has to withstand the mechanical pressure and fiieret expansion of the individual
components during temperature change from lamination éeatyre to room temperature.

For example the investigated mono-crystalline cells in. Blg showed a higher number of
cracks at the top busbar on the right hand side. This mightalbeed by an inhomogeneous
soldering process. The overall percentage of cells thalvshinimum one crack after sol-
dering for this specimen type is 38%. For the tested multi-crystalline cells a percentage of
3.6 % for minimum one visible crack was observed. Here onlybléscracks in the EL images
are considered, but there might be more that are smalleabath placed under the solder ribbon.

4.3. Transfer to module layout

In the 4-point bending test the cells are bent uniaxiallye Btress distribution in a framed
and clamped PV module is more complex, but can be analyzechity &lement analysis. If
the simulated stress distribution in the PV module is evalliavith the statistically determined
fracture strength values, a fracture probability per caf be calculated for specific cell fracture
strengths. In this work a simplified approach for calculgtine probability of failure is chosen
that does not consider the sizi@eet (see Section 3.4).

Figure 9 shows the procedure for calculating the probaghbdlftfailure per cell. The cells in

the corners of the module are excluded, because no fradiemegth values for 45twisted

cells were investigated, yet. The used fracture strendtesacorrespond to multi-crystalline

cells (see Figure 9b and Table 1). The probability of failisrealculated independently for x-

(blue) and y-direction (red) for each cell based on the marinstress magnitude in the silicon

for the individual cells (Fig. 9c and d). For brittle matésidike silicon it is assumed that the
10
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stressesry and oy can cause a fracture of a cell independently from each ofirerci{ple of
independent action) [14]. So the probability of fractureqe| P; ¢ is calculated by multiplying
the individual probabilities of survival in x- and y-diréat (Fig. 9¢).

_(Arx,max)mx_( ”y,max)my
Ptcen =1—€ ' 7x 70y

(2)
Due to the lower fracture strength values in y-directionfaikire probability is dominated by
the cracks parallel to the busbars (Fig. 9c). The only cbls &re prone to break perpendicular
to the busbars are the cells at the short edge of the modge9q#).

For this module layout and the investigated multi-crygtellcells one would expect that with a
probability of 996 % at least one cell will show a crack after a mechanical leatiwith an area
load of 5.4 kPa, if no cell would have an existing crack aftenination.

The probability of failure of a module that contains only dagad cells is calculated by using the
values for damaged cells. For the applied area load of 5.4Hdprobability of failure is very
high for nearly all the cells in the module (not shown hered, Bcells have existing cracks,
they will break with a high probability at loads that are bel6.4 kPa. To estimate the total
probability of failure, the probability of failure for theathaged cells is weighted by multiplying
it by the percentag®pamageOf cells that showed visible cracks after production (Fig.3% %
for multi-crystalline cells; see Section 4.2), wihich medhat 36 % of the cells in the module
have an existing crack after production, regardless thasitjon in the PV module.

_( - )“Hamage
I:)f,cell,damaged: I:’Damage' (1 — € \“¢damaged d) (3)

The probability of failure for a module that contains danthged undamaged cells is then cal-
culated by multiplying the individual probabilities of stwal for the damaged and undamaged
cells (Fig. 9g). This plot homogenizes the probability dfifiee, because a damaged cell will fail
with a high probability, but there is a certain probabilityat any cell contains an existing crack.
The overall probability of having at least one cracked ¢edl PV module that contains damaged
and undamaged cells after mechanical load test with an aszhdf 5.4 kPa is expected to
99.8 %.

The calculated values are in a similar range as the obseraetlife probabilities in experi-
ments [7, 9], but cannot be compared absolutely becauseethproperties and the boundary
conditions of the experiment are not known.

5. Conclusion and Outlook

This work shows a novel approach to investigate crack faomaand crack growth in en-
capsulated solar cells systematically. By using the erpamntal setup influences of mechanical
loading can be analyzed under well-known boundary contitiand the observed mechanisms
can be transferred to full scale PV modules using a simpldieduation method.

A test setup that creates a uniaxial bending of the test spes was used for systematical in-

vestigation of the influence of stress on the crack directiime solar cells were tested parallel

and perpendicular to their busbars because these two Iead eae dominant in standard PV

modules. It was found that loading parallel to the busbarsase critical than perpendicular

especially for multi-crystalline cells and that cracks urcpreferentially at existing cracks from
11
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the soldering or lamination process. The fracture stremgth evaluated statistically so that a
probability of failure per cell can be derived for full scd® modules by using finite element
analysis. The findings correlate well with statistical daten the field [7, 9].

The conclusions allow an interpretation of mafieets that were observed in full scale PV mod-
ules and show possibilities for optimization approachescks that are induced by the produc-
tion process of the PV module should be avoided as far ashjesbecause they act as starting
points for crack growth at low stress magnitudes. It mighptmenising to influence the direction
of the first principal stress inside the cells in that way ih&t aligned with the direction of the
busbars of the cells, because in this direction higher dracstrength values have been found.
This can be done, for example, by changing the mounting ofrtbeule [14]. Additionally, the
stress magnitude can be influenced by changing the layobeohbdule [14].

Furthermore, the presented experimental setup can be asetnpare dterent cells or varied
process parameters like soldering or lamination tempegaiupressure to find out their influ-
ences on the fracture strength of the encapsulated celisg thss approach helpful information
can be generated with reasonable time afidreand can be used to estimate the probability of
failure in the full size PV module.
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