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Abstract

Mechanical and thermal loads on photovoltaic modules (PV modules) lead to mechanical stresses
in the module parts and especially in the encapsulated solarcells which can break under a certain
load. To investigate the development of cracks in encapsulated solar cells a novel approach was
developed that systematically analyzes the influence of theload direction on the crack directions.
For this purpose an experiment is established that tests specimens on smaller scales under well-
known boundary conditions. The cell cracks are statistically evaluated and the fracture stress
can be compared directly for different crack orientations or different cell types. The test setup is
expected to be suitable to systematically investigate the behavior of new cell or module designs
or to act as a quality assurance test.
For the investigated cells a loading parallel to the busbarscauses cracks at lower load magni-
tudes than a loading perpendicular to the busbars and different cell types show different fracture
strength values. The findings can be transferred to full scale modules by calculating a probability
of failure for each solar cell. This allows an interpretation of many effects that were observed in
full scale modules and allows design optimization for reduced cell breakage rates.
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1. Introduction1

Photovoltaic modules (PV modules) are supposed to have a lifetime of more than 20 years2

under various environmental conditions like temperature changes, wind load, snow load, etc.3

Such loads induce mechanical stresses into the components of the module, especially into the4

crystalline solar cells, which show cracks frequently [1–3]. The cracks are mostly invisible for5

optical inspection (naked eye) but can be identified using electroluminescence [4]. Thus they6

are often called micro-cracks even though their dimension is on millimeter or even centimeter7

scale [5, 6]. The cracks can lead to isolated cell areas, thuscausing reduced power output of the8

module [5, 6].9

According to IEC 61215 full scale PV modules are tested mechanically by applying a uniform10
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area load on the horizontally mounted PV module. Typically after this mechanical load test the11

cells of the PV modules show a characteristic crack pattern that corresponds with observations12

on PV modules in the field, too. These characteristic crack directions can be found for both13

mono-crystalline and multi-crystalline cells [7].14

The crack orientation in the cells and the spatial distribution of cracks in the module varies over15

the cell position [7]. This indicates a non-uniform stress distribution and different stress direc-16

tions in individual cells in the PV module under mechanical loading. To analyze this in more17

detail some preliminary mechanical considerations on the stress distribution in full scale PV18

modules are discussed in Section 2.19

To get more information about the mechanics of crack development and crack growth in encap-20

sulated solar cells, tests of mini-modules under well-known boundary conditions are performed.21

The loading conditions are derived from the stress analysisin full scale PV modules.22

The experimental approach and the test setup is described inSection 3. Cracks after mechani-23

cal loading are investigated systematically and different types are identified in Section 4. They24

are evaluated according to their relative frequency of occurrence in PV modules and the frac-25

ture stress for different cell types is determined. These results can be transferred to full scale26

PV modules by using finite element analysis (FEA). Using thisapproach adjustments in module27

mounting or module design can be made to reduce cell cracks and to increase module reliability.28

2. Stress conditions in full scale PV modules29

The strain and stress distribution of the cross section of a PV laminate is depicted schematically30

in Fig. 1a for a uniaxial bending around the y axis. Compression stress at the top side of the glass31

and tension stress at the bottom side is induced in x-direction. The cells are placed at the bottom32

side of the module. Thus tension strain from the bottom side of the glass is transferred to the33

cells via the encapsulant. The material properties of the encapsulant have an influence on the34

transferred stress into the cells. This stress is superimposed with the bending stress of the cell35

itself. The highest tension stress occurs at the bottom sideof the cells leading to breakage of the36

silicon as shown by Dietrich et al. [8].37

To analyze the stress distribution in full scale PV modules under a uniform area load, a finite38

element simulation has been set up that includes all relevant materials and layers. Due to the39

symmetry a simulation of a quarter of the module with appropriate boundary conditions meets40

the requirements. Figure 1b shows the first principal stressat the bottom side of the cells of a41

standard PV module with an aluminum frame which is clamped with four clamps at the long42

edges. Additionally, the representative direction for thefirst and the second principal stress for43

each cell is depicted by arrows. The arrow size represents the stress magnitude. With these44

information the characteristic crack pattern of PV modulesafter mechanical load test can be45

explained well in a qualitative way. Despite the large variety of crack orientations classified by46

Köntges et al. [9], in the following it is assumed that the crack orientations can be condensed to47

cracks parallel, perpendicular and 45◦ to the busbars, because all other classes are found to be48

combinations of these.49

It is obvious that most of the cells show a biaxial stress distribution and the first and second50

principal stresses are aligned predominantly in x- and y-direction. Here cracks either parallel or51

perpendicular to the busbars can be observed, in which cracks parallel to the busbars may lead to52

isolated areas and therefore to power loss of the PV module [7, 9]. In particular the four cells in53

the corners of the module show a 45◦ stress direction and the highest stress magnitude. This is54

the position where most of the PV modules show cracks under 45◦ after mechanical loading [7].55
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Figure 1: (a) Schematic strain and stress distribution for a PV laminate during bending around the y-axis [8]. (b) Standard
PV module with a clamped aluminum frame under 5.4 kPa area load. The color code represents the magnitude of the
first principal stress at the bottom side of the cells and the representative direction for the first and the second principal
stress is depicted by arrows.
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Figure 2: Experimental approach for investigation of directional mechanical loading.

The non-uniform stress distribution and different stress directions make it difficult to estimate the56

fracture stress for an individual cell or to set up a reliability concept for the cells in a PV module57

just by performing standard mechanical load tests on modulescale.58

59

3. Experimental approach60

To achieve an improvement in mechanical characterization of encapsulated solar cells a new61

experimental approach is chosen that investigates cracks systematically according to their direc-62

tion. For first investigations the influence of stresses in x-and y-direction is analyzed. Figure 263

shows schematically the experimental approach for investigation of mechanical loading. For this64

purpose test specimens on smaller scales (mini-modules) are exposed to defined loads and are65

characterized by electroluminescence.66

3.1. Test specimens67

In previous publications test specimens with hand solderedsolar cells were investigated68

[2, 10]. In this work industrially soldered cell strings with either multi-crystalline or mono-69
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Figure 3: Schematic test setup for the investigation of the effect of mechanical loading; (a) Bending perpendicular to the
busbars; (b) Bending parallel to the busbars.

crystalline cells were used. Figure 3 shows schematically the layout of the test specimens. The70

mini-modules consist of 10 solar cells, a 4 mm full tempered glass pane, an EVA encapsulant and71

a polymeric backsheet. The cells have standard dimensions (156 mm x 156 mm x 180µm). In72

the first step multi-crystalline and mono-crystalline cells were compared. The mini-modules are73

laminated using laboratory equipment. Therefore, the process parameters are selected preferably74

similar to the industrial processes. By using equal cells, the influence of varied specimen layouts75

or process parameters on the fracture behavior can be investigated.76

3.2. Test setup77

Figure 3 shows the schematic test setup for mechanical loading. The test specimens are78

supported by two rolls at their bottom side and are loaded by two rolls on their top side. If the79

specimen consists of cells that have their busbars perpendicular to the load rolls, the setup is80

called perpendicular (Fig. 3a) and if the busbars of the cells are parallel to the load rolls, the81

setup is called parallel (Fig. 3b).82

The experimental setup represents a 4-point bending setup,for which the stress distribution can83

be calculated analytically for a monolithic beam or plate [11].84

For a layered test specimen with several solar cells, the stress distribution is not uniform because85

of the separated solar cells and the transformed tension stress from the glass bottom side as86

described in Section 2. To analyze the strain in the test specimens, the finite element model of87

the full scale module (see Section 2) is used and adapted to the dimensions of the specimen.88

An assessment of the simulation results proves that during mechanical loading stress is induced89

predominantly in x-direction in the test specimen. The distance between the support rolls and90

between the load rolls was adjusted to approximate an equal stress field for the three cell pairs91

in the middle of the test specimen (see Fig. 4a). Furthermore, the stress field in one cell is92

insignificantly affected by a crack in an adjacent cell (see Fig. 4b). So crack occurrences in all93

six cells in the field of view of one test specimen can be analyzed under equal conditions.94

The area of the specimen between the two load rolls is inspected using an electroluminescence95

camera (Sensovation coolSamBa HR-830). The bending setup is mounted on a universal testing96

machine (Zwick Z400). The load rolls are driven by the crosshead of the machine. The load97
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Figure 4: First principal stress at bottom side of silicon and glass in a test specimen during 4-point bending; (a) with
intact cells; (b) with completely broken middle cells.

is measured by a load cell (maximum load 10 kN) between the load rolls and the machine98

crosshead. The deflection of the middle of the test specimen is measured by a displacement99

sensor (maximum displacement 100 mm) that is mounted on the frame of the machine. The100

camera is mounted on the machine crosshead in order to move together with the load rolls. So101

the focus of the camera stays constant during the test procedure. The field of view of the camera102

was adjusted to inspect the six cells between the load rolls.103

104

3.3. Test conditions and test procedure105

All tests were performed at room temperature. The test specimens were analyzed after each106

manufacturing step and after defined load steps using qualitative electroluminescence imaging.107

The load is increased stepwise and remains applied for a short time (60 s) while the EL image is108

taken. At the end of the test procedure a load time curve and ELimages for every load step are109

available. Figure 5 shows exemplarily a measurement curve of a test specimen. In the diagram110

in Fig. 5a the load steps are visible on the time scale. The load over displacement plot (Fig. 5b)111

illustrates the approximately linear behavior of the load test. The simulated displacement of112

the specimen is plotted as well and indicates that the simulation represents the experiment very113

well. At high load magnitudes one can identify crack occurrences when the load decreases114

abruptly. This cracking produces also a perceivable acoustic noise. The stiffness of the specimen115

is decreased slightly by a cracked cell. The load is increased until all cells in the field of view are116

broken or a previously defined maximum load is reached.117

3.4. Evaluation118

The EL images are evaluated manually. Reliable crack identification and assessment is119

possible if images are compared before and after loading. Ifa crack propagates, its origin can be120

identified and analyzed in the previous steps.121

If a crack is observed in the EL image for the first time at a specific load step, the force at122

which this crack occurs is determined from the load time data(see Fig. 5). The crack origin is123

identified from the EL image, which corresponds to the load step. With these two information124

the fracture stress is calculated using results from the finite element analysis (see Fig. 4). The125
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Figure 5: (a) Measured load (red) and displacement (black) curve over time of a test specimen with crystalline cells and
(b) measured and simulated load over displacement curve for thesame test specimen.

calculated fracture stress represents the occurrence of one crack. The influence of the cracking126

of an adjacent cell is also considered (see Fig. 4b). So from one test specimen up to six crack127

occurrences can be obtained and six fracture stress values can be calculated.128

Because of the brittle material characteristic of silicon at room temperature, the fracture stress129

values show a large scatter. In order to evaluate the observed fracture characteristic in terms130

of strength one has to deal with the mechanical behavior of this type of material. Brittle131

materials do not show a yield strength and plastic deformation, thus they cannot compensate132

excessive stress with any kind of ductility. As a results fracture occurs suddenly and catastrophic133

under tensile load [12]. The origin of the fracture is one particular defect such as microscopic134

cracks, inclusions or dislocations with a critical size. The size as well as the location of those135

defects is statistically distributed. As a consequence themacroscopic fracture stress follows this136

distribution and leads to a large scatter of strength valuesfor each specimen. Because of this137

scatter a comprehensive statistical evaluation of the stress values has to be carried out. Typically138

the Weibull distribution function [13] is used for silicon although other distribution functions139

might be suitable as well. Two characteristic parameters are determined by a Weibull evaluation,140

the characteristic strengthσθ and the Weibull modulusm as a measure for the scattering. The141

probability of failurePf represents the probability that a specimen breaks at a specific stress142

σ. The characteristic strengthσθ represents the stress for a probability of failure of 63.2 %. If143

the Weibull modulusm is higher, the scattering of the fracture stress values is lower, indicating144

higher reliability at equal strength.145

146

Pf (σ) = 1− e
−

(

σ

σθ

)m

(1)

As a result of the randomly distributed defects the characteristic strength depends on the size of147

the component, because in a larger area the probability of having a bigger defect is higher and148

therefore the characteristic strength is lower for a biggersize of the component. This dependency149

is called the size effect [13].150

In this work the size effect is not considered explicitly. This simplification is assumed to be151

acceptable for this work, because the behavior of cracks shall be analyzed qualitatively.152
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If an adequate number of occurrences of cracks is available,the characteristic fracture strength153

σθ and the Weibull modulusm can be calculated.154

4. Results and Discussion155

4.1. Cracks after mechanical loading156

Figure 6 shows the EL images of four specimens with mono-crystalline and multi-crystalline157

cells during mechanical loading at different load steps.158

It was found that some cells in the unloaded specimens show partially small cracks after sol-159

dering or after lamination. These cracks were mainly observable at the beginning or at the end160

of the busbars. They are estimated to be caused by thermal or mechanical loading during pro-161

duction. Starting from these existing cracks new cracks occurred during mechanical loading at162

relative low load values. The cracks beginning from existing cracks show a different behavior163

than cracks without a visible existing crack at their origin, because their paths are often un-164

branched and seldom dendritic.165

Examples for both types are shown in Fig. 6. In the specimen with multi-crystalline cells in the166

perpendicular layout the cell at the right in the top row shows a crack beginning at a pre-existing167

crack at the bottom busbar (at 210 N). The other cracked cellsshow dendritic crack paths indi-168

cating higher energy release [7].169

The EL images for mono-crystalline cells show cracks at higher load magnitudes which run170

mostly under 45◦ to the cell edges. This is characteristic for mono-crystalline cells, because171

here cracks propagate along the<110> sliding plane that is oriented under 45◦ to the cell edges172

[12]. Furthermore, it was observed that if cracks start frompre-existing cracks at lower load173

magnitudes, they propagate not exact under 45◦. These cracks showed partially a stepwise crack174

propagation at successive load increase.175

Based on these findings it was decided to separate between cracks starting at existing cracks,176

called damaged state, and cracks without visible existing cracks, called undamaged state.177

The crack occurrences were evaluated and fracture stress values were calculated as described in178

Section 3.4. All fracture stress values were evaluated using a Weibull distribution function. The179

Weibull plot is displayed in Figure 7 for all test specimens.It includes data from four specimens180

with mono-crystalline and four specimens with multi-crystalline cells. Two of each four spec-181

imens were loaded parallel to the busbars and two specimens were loaded perpendicular. The182

determined Weibull parameters are listed in Table 1.183

The undamaged mono-crystalline cells show the highest fracture stress values and the character-184

istic strength is higher for the perpendicular layout.185

The undamaged multi-crystalline cells loaded perpendicular to the busbars show only slightly186

lower fracture stress values, but if they are loaded parallel to the busbars, the fracture stress val-187

ues are significantly lower.188

The curves for the damaged state (open symbols) show lower characteristic strengths than the189

curves for the undamaged state (filled symbols). This indicates that if a cell has an existing crack190

of a visible size, it will fail under low stress magnitudes. Additionally, the loading parallel is191

more critical than the loading perpendicular to the busbars. The plot and the Weibull distribu-192

tion values show the basic differences between the two classes damaged and undamaged, but do193

not contain information about their relative frequency. Togain information about the percent-194

age of cells which have existing cracks after production, the EL images of all specimens were195

analyzed after production with respect to existing cracks (see Section 4.2).196

7



0 255

0 N

Luminescence intensity [arb. unit]

210 N

570 N

590 N

710 N

0 N

210 N

360 N

420 N

520 N

0 N

390 N

790 N

870 N

0 N

200 N

720 N

850 N

910 N 910 N

860 N 550 N 940 N 1010 N

Perpendicular Parallel Perpendicular Parallel

Multi-crystalline Mono-crystalline

L
o

a
d
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σθ 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, damaged 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 according to Fig. 7, (values for 95 % confidence interval in brackets)
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Figure 8: a) Electroluminescence image of a representative mono-crystalline cell in a test specimen after lamination; b,
c) Percentage of observed cracks at possible crack origin positions for all test specimens after lamination.

4.2. Cracks after production197

Figure 8 shows a detail of a representative test specimen with mono-crystalline cells, which198

show several visible cracks originating mainly at the busbars. A statistical evaluation of the199

cracks with respect to their origin allows conclusions about an increased incidence of cracks at200

certain positions and therefore about critical loading during manufacturing.201

Most of the cracks occurred after lamination at the side where the interconnector runs from the202

front side of one cell to the back side of the next cell. Here the soldered string with the individual203

cells has to withstand the mechanical pressure and the different expansion of the individual204

components during temperature change from lamination temperature to room temperature.205

For example the investigated mono-crystalline cells in Fig. 8b showed a higher number of206

cracks at the top busbar on the right hand side. This might be caused by an inhomogeneous207

soldering process. The overall percentage of cells that show minimum one crack after sol-208

dering for this specimen type is 38.1 %. For the tested multi-crystalline cells a percentage of209

3.6 % for minimum one visible crack was observed. Here only visible cracks in the EL images210

are considered, but there might be more that are smaller or that are placed under the solder ribbon.211

212

4.3. Transfer to module layout213

In the 4-point bending test the cells are bent uniaxially. The stress distribution in a framed214

and clamped PV module is more complex, but can be analyzed by finite element analysis. If215

the simulated stress distribution in the PV module is evaluated with the statistically determined216

fracture strength values, a fracture probability per cell can be calculated for specific cell fracture217

strengths. In this work a simplified approach for calculating the probability of failure is chosen218

that does not consider the size effect (see Section 3.4).219

Figure 9 shows the procedure for calculating the probability of failure per cell. The cells in220

the corners of the module are excluded, because no fracture strength values for 45◦ twisted221

cells were investigated, yet. The used fracture strength values correspond to multi-crystalline222

cells (see Figure 9b and Table 1). The probability of failureis calculated independently for x-223

(blue) and y-direction (red) for each cell based on the maximum stress magnitude in the silicon224

for the individual cells (Fig. 9c and d). For brittle materials like silicon it is assumed that the225
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stressesσx andσy can cause a fracture of a cell independently from each other (principle of226

independent action) [14]. So the probability of fracture per cell Pf ,cell is calculated by multiplying227

the individual probabilities of survival in x- and y-direction (Fig. 9e).228

Pf ,cell = 1− e
−

(

σx,max
σθ,x

)mx
−

(

σy,max
σθ,y

)my

(2)

Due to the lower fracture strength values in y-direction thefailure probability is dominated by229

the cracks parallel to the busbars (Fig. 9c). The only cells that are prone to break perpendicular230

to the busbars are the cells at the short edge of the module (Fig. 9d).231

For this module layout and the investigated multi-crystalline cells one would expect that with a232

probability of 99.6 % at least one cell will show a crack after a mechanical load test with an area233

load of 5.4 kPa, if no cell would have an existing crack after lamination.234

The probability of failure of a module that contains only damaged cells is calculated by using the235

values for damaged cells. For the applied area load of 5.4 kPathe probability of failure is very236

high for nearly all the cells in the module (not shown here). So, if cells have existing cracks,237

they will break with a high probability at loads that are below 5.4 kPa. To estimate the total238

probability of failure, the probability of failure for the damaged cells is weighted by multiplying239

it by the percentagePDamageof cells that showed visible cracks after production (Fig. 9f, 3.6 %240

for multi-crystalline cells; see Section 4.2), wihich means that 3.6 % of the cells in the module241

have an existing crack after production, regardless their position in the PV module.242

Pf ,cell,damaged= PDamage·

(

1− e
−

(

σ

σθ,damaged

)mdamaged
)

(3)

The probability of failure for a module that contains damaged and undamaged cells is then cal-243

culated by multiplying the individual probabilities of survival for the damaged and undamaged244

cells (Fig. 9g). This plot homogenizes the probability of failure, because a damaged cell will fail245

with a high probability, but there is a certain probability that any cell contains an existing crack.246

The overall probability of having at least one cracked cell in a PV module that contains damaged247

and undamaged cells after mechanical load test with an area load of 5.4 kPa is expected to248

99.8 %.249

The calculated values are in a similar range as the observed fracture probabilities in experi-250

ments [7, 9], but cannot be compared absolutely because the cell properties and the boundary251

conditions of the experiment are not known.252

253

5. Conclusion and Outlook254

This work shows a novel approach to investigate crack formation and crack growth in en-255

capsulated solar cells systematically. By using the experimental setup influences of mechanical256

loading can be analyzed under well-known boundary conditions and the observed mechanisms257

can be transferred to full scale PV modules using a simplifiedevaluation method.258

A test setup that creates a uniaxial bending of the test specimens was used for systematical in-259

vestigation of the influence of stress on the crack direction. The solar cells were tested parallel260

and perpendicular to their busbars because these two load cases are dominant in standard PV261

modules. It was found that loading parallel to the busbars ismore critical than perpendicular262

especially for multi-crystalline cells and that cracks occur preferentially at existing cracks from263
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Figure 9: Procedure for calculating the probability of failure per cell for a standard PV module with a clamped aluminum
frame under 5.4 kPa area load. The Weibull parameters refer to multi-crystalline cells (corners excluded).
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the soldering or lamination process. The fracture strengthwas evaluated statistically so that a264

probability of failure per cell can be derived for full scalePV modules by using finite element265

analysis. The findings correlate well with statistical datafrom the field [7, 9].266

The conclusions allow an interpretation of many effects that were observed in full scale PV mod-267

ules and show possibilities for optimization approaches. Cracks that are induced by the produc-268

tion process of the PV module should be avoided as far as possible, because they act as starting269

points for crack growth at low stress magnitudes. It might bepromising to influence the direction270

of the first principal stress inside the cells in that way thatit is aligned with the direction of the271

busbars of the cells, because in this direction higher fracture strength values have been found.272

This can be done, for example, by changing the mounting of themodule [14]. Additionally, the273

stress magnitude can be influenced by changing the layout of the module [14].274

Furthermore, the presented experimental setup can be used to compare different cells or varied275

process parameters like soldering or lamination temperature or pressure to find out their influ-276

ences on the fracture strength of the encapsulated cells. Using this approach helpful information277

can be generated with reasonable time and effort and can be used to estimate the probability of278

failure in the full size PV module.279
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