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ABSTRACT 

  Electro-Mechanical Coupling of Indium Tin Oxide Coated 

Polyethylene Terephthalate ITO/PET for Flexible Solar Cells 

Mohamed Ahmed Sayed Nasr Saleh  

 

Indium tin oxide (ITO) is the most widely used transperant electrode in flexible solar cells 

because of its high transperancy and conductivity. But still, cracking of ITO on PET substrates due 

to tensile loading is not fully understood and it affects the functionality of the solar cell 

tramendously as ITO loses its conductivity. Here, we investigate the cracking evolution in 

ITO/PET exposed to two categories of tests. Monotounous tensile testing is done in order to trace 

the crack propagation in ITO coating as well as determining a loading range to focus on during our 

study. Five cycles test is also conducted to check the crack closure effect on the resistance 

variation of ITO. Analytical model for the damage in ITO layer is implemented using the 

homogenization concept as in laminated composites for transverse cracking. The homogenization 

techniquie is done twice on COMSOL to determine the mechanical and electrical degradation of 

ITO due to applied loading. Finally, this damage evolution is used for a simulation to predict the 

degradation of ITO as function in the applied load and correlate this degradation with the 

resistance variation. Experimental results showed that during unloading, crack closure results in 

recovery of conductivity and decrease in the overall resistance of the cracked ITO. Also, statistics 

about the crack spacing showed that the cracking pattern is not perfectly piriodical however it has 

a positively skewed distribution. The higher the applied load, the less the discrepancy in the crack 

spacing data. It was found that the cracking mechanism of ITO starts with transverse cracking with 

local delamination at the crack tip unlike the mechanism proposed in the literature of having only 

cracking pattern without any local delamination. This is the actual mechanism that leads to the 

high increase in ITO resistance. The analytical code simulates the damage evolution in the ITO 

layer as function in the applied strain. This will be extended further to correlate the damage to the 

resistance variation in following studies.     
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Chapter 1 
 

 

Introduction 

 
1.1  Solar Cells Technology 

 In such a world where the resources of energy represent a great challenge on the economic 

scale, searching for alternative sources of energy becomes vital. For centuries, most of the energy 

utilized all over the world was mainly emerging from non-renewable sources of energy. The 

human beings depend heavily on coal, oil and gas. Those resources always take millions and 

billions of years to form while they are used in days or years. The scarcity of those resources in the 

past decades led to major conflicts between political and economical powers all over the world. 

This motivates scientists and researchers to start thinking of alternative sources of energy that can 

be renewable in order to overcome the problems of non-renewable sources of energy. Utilizing the 

available and free sources of energy that are provided by nature, of course, was the best and the 

first choice. Wind, tidal and solar energy started recentely to get more popular in this field. 

Making use of the thermal energy provided by the solar radiation was introduced mainly in 

two ways. One of them was directly using the energy of the sun to heat liquids like water and use 

them in operating turbines or just using them as hot water in different applications. The other way 

was to transform the energy from solar radiation into electricity that can be utilized in various 

fields and industries. 

In order to be able to transform the solar radiation into electrical power, inorganic semi 

conductors were introduced. Inorganic semiconductors such as silicon were very useful in such an 

application to transform the energy from the sun into electricity since it was first introduced in 

1839. The theory behind this type of solar cells is what is called the photovoltaic effect. This is 

simply the creation of voltage upon exposure to light. Although further developments and 

researches have been carried out on this special type of photovoltaic cells, still many disadvantages 

and drawbacks hindered the spread of their usage. There are two main problems with the inorganic 

semiconductors in photovoltaic application. The first one is the efficiency of the photovoltaic cell 

which is still quite low despite ongoing research and advanced technology used. The other 
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problem is their relatively high cost compared to traditional sources of energy. The traditional 

inorganic semiconductors have remained quite expensive, so their usage is confined to small scale 

applications. One of the major aspects that lead to the high manufacturing costs is the special 

technique used for semiconductors fabrication as high-temperature processing in a high vacuum 

environment [1]. 

As an alternative for inorganic semiconductors, organic "molecular" semiconductors have 

emerged. Despite the fact that efficiency of those organic solar cells is still quite low compared to 

the inorganic ones, the main advantage is that they can be manufactured on a large scale at 

relatively low temperature and relatively less cost [2]. National Renewable Energy Laboratory 

(NREL) in USA proposed a time line of solar cell energy conversion efficiencies. The proposed 

chart (Fig.1) demonstrates the time improvements and comparisons between the various types of 

solar cells technologies all over the world. 

 

Figure 1 Solar Cells Efficiencies 
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 As shown in the time-line chart, the efficiency of organic solar cells (Emerging PV), in red, is still 

quite small compared to all other solar cells technologies. However, this low efficiency draw back 

can be balanced if we consider the less cost of the organic solar cells compared to other 

technologies’ costs. Large area fabrication is considered an influential aspect that gives an edge to 

the organic solar cells. Researches now are directly concerned with increasing the efficiency of 

those types of solar cells so that they can be even more attractive for production and much more 

effective. 

Molecular semiconductors have been widely used in light emitting diodes (LEDs). The 

manufacturing structure of LEDs using semiconductors is shown in Figure 2. The molecular 

semiconductors are manufactured on glass or transparent polymeric substrates and it is surrounded 

by two layers from both sides. The top layer is a metallic electrode and the bottom layer is a 

transparent electrode (ITO). The structure of the LED is the same as the one used for the solar cell 

application. However, the operation mode is reversed.  

 

Figure 2 Photovoltaic Mode vs. LED Mode [1] 

  

  In LED mode, a voltage difference is applied across the two electrodes in order to 

produce light from the device. On the contrary, in the Photovoltaic mode, when light falls on the 

device, a voltage is created across the two electrodes. The principle of operation will be discussed 

later on. Tremendous improvements have been done in the technology of LED fabrication during 

the past years. It was reported that operational life time has reached 10,000 hours [1]. 

Moving on to the principle of operation for organic solar cells, we need first to discuss the 

technique by which electricity is generated. In molecular semiconductors, the electron-hole 
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separation is essentially required for photovoltaic operation. Photo absorption in such materials 

results in an excitation state which is confined to a molecule or a polymer chain [1]. The main idea 

behind this is to create a hetero-junction formed between two molecular semiconductors. Those 

two semiconductors have to be chosen in such a way that they can act as donor and acceptor as 

illustrated in Figure 3. 

When light hits the molecular semiconducting material (donor), in a form of photons, it 

gives some energy to the electrons in the valence orbit which is called the highest occupied 

molecular orbit (HOMO). The electron gets excited and moves to a higher level in the conduction 

band. This electron then moves to the least unoccupied molecular orbit (LUMO) of the second 

semiconductor (acceptor). Finally, the electron moves toward the acceptor highest occupied 

molecular level (HOMO). This operation creates a hole at the donor and an electron at the 

acceptor. 

 

 

Figure 3 OSC Principle of Operation [1] 

 

 This operation occurs inside what is called the active polymeric layer. This layer in most 

devices is in the order of tens or hundreds of nano-meters in thickness. However, in order to be 

able to collect those charges "holes and electrons" a proper choice for the surrounding electrodes 

has to be accomplished. The major function of the two electrodes is to generate an electric field in 
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the organic layer that is responsible for separating the charges and guiding them to their 

appropriate electrodes. The main factor in choosing those two electrodes is their work function. 

That is why both of the two electrodes cannot be of the same material. This is mainly due to couple 

of reasons. The first is the requirement of having different in the work functions. And, the other is 

simply having one of them transparent to allow light to go through.  

 

1.2  Problem Description 

 

 One of the most widely used transparent electrodes in solar cell applications is Indium 

doped tin oxide (ITO). The main advantage of ITO is its high transparency which reaches up to 

95% in addition to its electrical conductivity. The other metal electrode can be chosen from 

various metals. But, again the most widely used in this application are copper, magnesium and 

aluminium. Figure 4 demonstrates the structure of the organic solar cell. Once the two electrodes 

are connected by a cable, current will flow and electricity can be easily extracted.  

 

 

 

Figure 4 OSC Structure in Operation 
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Although the principle of operation of organic solar cells seems to be quite simple, still 

there are many drawbacks and challenges that have to be faced in order to widely use this 

technology. Most of these challenges are related to the manufacturing process of the organic solar 

cells. Adding those different layers on top of one another is a critical aspect especially when 

properties of the materials are different. For instance, adding a layer of ITO on a polymeric 

substrate results in a lot of challenges. Most of inorganic materials are brittle while polymers are 

not. A layer of stiff brittle ITO introduced to a polymeric substrate needs further consideration. 

Depositing ITO on polymeric substrate sometimes require high temperatures which cannot be 

accommodated by the substrate. Moreover, during cooling, the coefficient of thermal expansion 

(CTE) for ITO and polymers are different. This difference in CTE may lead to high induced 

stresses. 

In addition to manufacturing challenges, there are some other challenges that occur due to 

applied stresses. Various studies were concerned with the effect of mechanical loading on an ITO 

coated polymeric substrate [3, 4]. Those studies reported that due to the brittle nature of ITO on a 

polymeric substrate, the application of tensile test would lead to failure of the ITO layer in the form 

of channel cracks Figure 5. 

  

Figure 5 ITO Channel Cracks [4] 

  In addition to channel cracks, delamination of ITO layer was also reported. Figure 6 

demonstrates the combination of both channel cracks and buckling delamination due to tensile test 

of ITO coated polymer. Channel cracks occur first followed by delamination. 
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Figure 6 Schematic of ITO Cracks [4] 

 

  Investigation of such behavior is very essential because all these scenarios can occur 

during manufacturing or depositing the ITO layer on the polymeric substrate. For instance, in 

roll-to-roll manufacturing, bending of the polymeric substrate and the ITO layer induce both 

compressive and tensile stresses that may result in such delamination or crack propagation. The 

cohesive and adhesive strength of ITO coated polymer substrates have to be determined and 

considered as this will directly affect the efficiency and the performance of the organic solar cell. 

Failure of ITO layer under mechanical loading may lead to many problems in the operation 

of the organic solar cell. One of these problems is the decrease of the efficiency of the solar cell as 

the resistance of the ITO layer, which represents the conductive layer, could increase 

tremendously. The effect of resistance increase can have various reasons. The simplest reason of 

resistance increase is the initiation of channel cracks, which are longitudinal cracks that cross the 

whole width of the layer, in the ITO layer. The effect of these transverse cracks on the 

functionality of the ITO layer specifically and the solar cell as a whole has not been thoroughly 

studied. Very simple and primitive models were established in order to be able to predict the effect 

of those channel cracks on the overall performance [5, 6]. It was reported that the resistance of ITO 
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layer increases rapidly at some threshold strain value during tensile test. The crack onset strain 

(COS) is a characteristic parameter that indicates 10 %  increase in the resistance (Fig. 7) of the 

ITO layer. This corresponds to the first crack that propagates through the whole width of the ITO 

coating.  

 

Figure 7 Crack On-set Strain [6] 

After this threshold value COS, resistance keeps increasing dramatically (Fig. 8) till it 

reaches saturation. The saturation of channel cracks occurs when delamination starts. The effect of 

delamination on resistance change is still unclear. Although the increase in resistance, due to 

channel cracks, is a rapid increase, but still it is finite. 

Further analysis simulates the finite increase in resistance by a simple model assuming that 

every channel crack represents a resistant that is connected in series with the neighbouring cracks 

“resistances” [5]. This model tried to analyse and predict the change in total resistance of the ITO 

layer based on the previous mentioned assumption. It worked quite well except for the crack 

initiation and crack saturation periods. 
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Figure 8 Resistance & Crack Density Increase [6] 

In this model (Fig. 9), the main assumption was a constant volume of conducting material 

that fills the gap between un-cracked ITO segments. Although the crack width increases with 

increasing the strain, the total volume of the conductive material that fills the gap was assumed to 

be constant.  

 

Figure 9 ITO Resistance Modeling [5] 
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A small change in this assumption was studied as well. The new assumption was constant 

width of the conductive material that fills the gap [7]. With this assumption, the increase in the 

crack width was not considered. Moreover, this also implied directly that the spacing between 

cracks is also constant. Moreover, cyclic test results (Fig. 10) were reported [7]. However during 

unloading, no crack closure effect or recovery of electrical resistance was reported. This is not 

reasonable because from practical point of view, when cracks start closing, this creates a 

conductive path that should decrease the measured resistance.  

 

Figure 10 Cyclic Test Resistance Change [7] 

Further understanding for the main mechanism that controls the finite increase in 

resistance and prediction of the correlation between crack density in the ITO layer and the 

resistance change is required. Understanding the mechanism of resistance change and relating it 

with the evolution of damage in the ITO layer will help tremendously in improving organic solar 

cells functionality. 

The proposed model explains this electro-mechanical coupling using the same approach of 

meso-scale damage mechanics in laminated composites [17]. The channel cracks evolution is 

simulated as transverse cracking pattern in the ITO layer. The correlation between the crack 

density and the change in electrical resistance is obtained using homogenization technique to 

replace the ITO cracked layer by a homogeneous layer with a reduced conductivity tensor ( ). 

This is achieved using an internal damage indicator that depends on the micro-cracking rate in the 
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ITO layer. 

Following this introduction, the experimental part is introduced in detail. Then, the 

homogenization model is discussed thoroughly using a similar technique used in laminated 

composites. The equivalence in energy is the major assumption in order to be able to produce a 

homogenized ITO layer out of a cracked one. Following the mechanical homogenization 

discussion, the electrical homogenization model is thoroughly introduced. The basic assumptions 

and concept is detailed in a similar manner of the mechanical model. The third part of this report 

discusses the residual periodical problem which represents the core of the homogenization 

technique. This residual problem defines the equivalent properties of the meso scale ITO layer. 

The damage indicator "level" as function of the micro-cracking rate is obtained. This is done for 

both mechanical and electrical homogenization to be able to understand the behaviour of the ITO 

layer under uni-axial loading.  Moving ahead through this report, the correlation between the 

damage in the ITO layer and the resistance change is determined with two different tests. The first 

one is uni-axial tensile loading versus a five loading unloading cyclic test. Another important 

aspect that follows is the investigation of the substrate modulus effect on the damage evolution in 

the ITO layer. Again, a correlation between the damage evolution in the ITO layer and the 

substrate stiffness is constructed to predict the different cracking behaviour of the ITO according 

to the substrate properties used as well as any changes that can occur due to environmental ageing 

of the substrate while in service. Through these correlations, further discussion is provided to give 

directions about the cracking mechanism of the ITO on PET substrates. The mechanism is proved 

to be a contribution of both transverse cracking as well as local delamination which causes the 

dramatic but finite increase in ITO electrical resistance. 

  

1.3  Objectives and Contribution 

       1.  Trace crack propagation in ITO layer under different loading conditions   

        (a) Uni-axial Tensile Loading  

        (b) Cyclic Tensile Loading  

     2.  Correlate the resistance change of ITO layer with strain and crack density  

    3.  Implement Analytical Model to predict the damage in ITO Layer   

        (a) Mechanical & Electrical Damage vs. Strain  

        (b) Electrical Resistance Correlation with crack density  
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Chapter 2 
 
 
 

Experimental Procedures  
   

2.1  Materials and Methods 

 

We present in this part the set of experiments covering both the development of channel 

cracks as well as their effect on resistivity variation on a commercial ITO coated PET. These 

experiments extend some results available in the literature  [6, 7] on a single material 

configuration so they can serve as a reference for the later discussion about modeling. 

 

2.1.1  Materials 

 

 We used a commercial ITO coated PET from Sigma-Alorich with a nominal sheet 

resistivity of 60  /sq. The thicknesses of the PET substrate and the ITO coating are respectively 

200  m and 100 nm. In this study, material properties for the ITO and PET, Table (1), are 

obtained from the literature [4, 8]. The Young’s modulus for the PET was verified by 

microindentation testing in our lab.  

 

Table 1 Materials Properties from Literature 

  Property   ITO   PET  

Modulus of Elasticity (GPa)   119   5   2 - 2.7  

Passion’s Ratio   0.35   0.405  

Coefficient of Thermal 

Expansion (CTE)  

 7.6 x 610    20 - 80 x 610   
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2.1.2  Testing and Characterization 
 

The experimental campaign consists of two series of tests. For both series of tests we used 

rectangular samples (10 mm X 160 mm). As PET is a loading-rate dependent material, crack 

initiation and evolution in the ITO coating is directly linked to the applied loading rate [4, 9]. 

Therefore, we conducted our experiments according to the ASTM standards (D63810 &  D882

10) for tensile properties of plastics and thin plastic sheeting. Those two series of tests are 

classified as: 

(a) Monotonous tensile tests to evaluate the meaningful loading range over which the 

resistance increases dramatically due to the channel cracks evolution. We monitored the applied 

force, the extension, the crack density as well as the electrical resistance variation of the sample. 

These tests have been used then to determine a meaninguful loading window for cyclic testing. 

(b) Cyclic tensile tests to evaluate any piezoresistivity effect and potential crack closure 

effect on the electrical resistance of the sample. These tests were divided into 5 loading - unloading 

cycles with increments so that the maximum extension is 2 mm which is exactly the same as the 

maximum extension of the monotonous tensile test. 

 

Both monotonous and cyclic tests were conducted using displacement controlled mode. 

All tests conducted in our experimental campaign were repeated on multiple samples, at least three 

samples, with averaging when presenting the final results. Error bars are included in one graph just 

to give an idea of the repeatability of our experiments. 

 

The in-situ mechanical tensile tests were performed using Instron 5882 Universal Testing 

Machine (UTM) and a long distance microscope Questar for image capturing. 

 

The electrical resistance measurement was done using Agilent technologies multimeter. 

We used a 4-probe technique to measure the change in ITO coating resistance during the various 

tests conducted. A schematic of the experimental work bench is shown in (Fig.11).  
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Figure 11 Experimental Workbench 

  

For all the tests, the image capturing device was useful for tracing the crack evolution of 

the ITO layer during the test and calculating the applied strain. Digital Image Correlation (DIC) 

analysis was done for the captured images to get the actual displacement of the sample throughout 

all our experiments. The size of the region of interest (ROI) in the DIC analysis is (1000 X 1000) 

pixels with a subset size of (100 X 100) pixels with a pixel size of 0.9 µm . 
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2.2  Experimental Procedures 

 

2.2.1  Sample Preparation 

 

The commercial ITO/PET is provided as square sheets of the dimensions (1ft x 1ft). There are 

different cutting processes that can be conducted. However, each of them has its advantages and 

disadvantages.  

Table 2 Cutting Processes 

Process Advantages Disadvantages 

Laser Higher accuracy  

 Less edge effect 

Evaporation of the PET due to 

high temperature  

Razor Blade Less edge effect compared to 

paper cutter 

Less accuracy in cutting 

Paper Cutter Accuracy in cutting 

rectangular samples 

Higher edge effect due to the 

cutting process 

Die Puncher Enabling cutting dog bone 

shape samples 

Without heat treatment will 

cause bending to the samples 

 

The implemented mechanism was just to use the paper cutter to cut the samples into rectangular 

shapes (16 cm x 1cm). Those dimensions were chosen so that they can adhere to ASTM standards 

(D638-10 & D882-10) for thin plastic sheets testing. The edge effect was measured using scanning 

electron microscopy (SEM) and it was found not to exceed 100 µm (Fig. 12).  
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Figure 12 Cutting Edge Effect under SEM 

 

The edge effect does not affect the cracking evolution during the tensile loading test. That is why it 

was easier to use the paper cutter to get accurate rectangular samples with the required final 

dimensions.  

 

2.2.2  Electrodes Introduction 

 

After cutting the samples into their final shape, it is time to introduce the electrodes for the 

electrical measurement. The ITO/PET samples have a very thin blue cover on top of the ITO layer. 

This cover has to be removed before introducing the electrodes. The distance between the 

electrodes has to be determined as well before going into this process. Also, sand paper stripes are 

used to enhance the gripping of the sample in the Instron machine.  
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So the procedures are listed as follows: 

 Mark the sample from the PET side according to the required dimensions (check 

experimental guide) 

 Cut sticky sand paper stripes into rectangles (3 cm x 1 cm) 

 Prepare led wires (10 cm length) to be introduced as electrodes on the sample 

 Peel off the plastic cover (3 cm) of the electrical wires from one side  and 1 cm from the 

other side 

 Stick 2 stripes of the sand paper on the PET side 

 Peel off the thin blue cover on the ITO layer 

 Stick 2 more stripes of sand paper on the ITO layer 

 Stick the electrical wires so they are perpendicular to the sample 

 Shake the silver paste before opening it 

 Check the viscosity of the silver paste “medium viscosity is preferred” 

 Start introducing the silver paste with a wooden stick to hold the wires in place with the 

ITO coating 

 Add extra layers of the silver paste till you cover the led wires contact with the ITO 

 Leave it for 16 hours minimum for better conductivity results and better adhesion 

 Cut any excess of the wires and add sticky tape on top of the silver paste for better contact 

with the ITO layer and to prevent delamination of the silver paste. 

Remarks: 

 In the case when the silver paste is very viscous, ethanol can be introduced to make it less 

viscous to be able to use it   

 In case silver paste is very liquid, get rid of some of the solvent “ethanol” in the bottle for 

better adhesion and faster curing or just leave the cap open for enough time to evaporate. 

 ITO and Silver paste are toxic, so make sure you wear proper protective equipments such 

as gloves and masks.  
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2.2.3  Test Preparation 

 

The tensile tests as well as the cyclic tests were done using the universal testing machine Instron 

5882.  After getting the ITO/PET sample ready with the electrodes, the following procedures are 

used: 

 Install the sample so that its center line coincide with the center line of the grips 

 Make sure of the sample alignment by adjusting the two horizontal marks on the sample 

(check experimental guide) 

 Tighten the top grip first 

 Install the Digital Multimeter “Agilent” next to the Instron machine 

 Connect the multimeter probes to the electrical wires of the sample 

 Consider carefully the connection sequence of the wires to make sure you measure the 

actual resistance of the sample (check electrical guide) 

 Adjust the focus and lighting of the Questar long distance Microscope 

 Open the multi-meter software and enable data logging option 

 Open Vic-Snap software for image capturing and save a new folder 

 Open the Instron Software “Bluehill” 

 Input the test profile as well as sample dimensions 

 Grip the bottom jaw of the Instron Machine 

 Start the Test    Trigger the image capturing   Trigger resistance measurement   
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Chapter 3  
  

 

 

Theory and Model 
 

3.1  The Reference Problem 

 In this section, the theory and framework of the proposed model is introduced in detail.  

We consider a coating/substrate laminate as described on Fig. 13(a). The laminate is infinite in the 

plane ),( 21 ee . ch  and sh  are respectively the coating and substrate thicknesses.  

 

Figure 13 The reference problem: geometrical and loading key notations and parameters 

 

 Regarding the mechanical constitutive behavior, we assume isotropy linear elasticity for 

both the coating (Young’s modulus: 
0

cE , Poisson’s ratio: 
0

c , defining a th4  order stiffness tensor 

0

cK ) and the substrate (Young’s modulus: sE , Poisson’s ratio: s , defining a th4  order stiffness 

tensor 
0

sK ). 

Regarding the electrical behavior, we assume each material to be characterized by a 

spherical conductivity operator. 
0

c  is the coating volume conductivity; 
0

s  is the substrate 

volume conductivity. 

Regarding the mechanical loading, this laminate is subjected to a macroscopic in-the-plane 

expansion 
p

 :  

 22221111= eeee ppp
   (1) 
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    Remark: The high-temperature deposition process can induce thermal residual 

stresses . We don’t describe here their introduction as it was discussed in [4]. These thermal 

stresses can be encountered for if needed by modifying the effective stress described in section 2.2.  

 

Regarding the electrical loading, the laminate is subjected to a macroscopic in-the-plane 

electrical vector field 
p

E  such that:  

 2211= eEeEE ppp
  (2) 

This laminate is then perturbed by a periodical network of channel cracks quantified by a 

dimensionless cracking rate   ( Lhc/= , L  being the average inter crack spacing) (see Fig. 

13(b)). These cracks span throughout the whole thickness of the coating and are infinite about the 

1e  direction.  

 

3.2  Micro-mechanics based mechanical damage modeling 

 

In this part, we derive the model for the multiplication of channel cracks provided the 

geometrical and loading assumptions described in section 1. First, we highlight the structure of the 

mechanical fields (displacements, strains and stresses) in the cracked structure. Second, we clarify 

the homogenization step that defines an equivalent damage layer to the cracked one. Finally, we 

derive the evolution law that drives channel cracking under the loading described by Eq. 1. 

 

3.2.1  Structure of the mechanical fields 

 

 Let (
cccu  ,, ) be the displacement field, the infinitesimal strain field and the Cauchy 

stress field lying in the cracked laminate when subjected to 
p

  (Fig. 13(b)). We also define (

 ,,u ), the displacement field, the infinitesimal strain field and the Cauchy stress fields lying in 

the uncracked laminate (the same structure from which we virtually removed the cracks) when 

subjected to 
p

  (Fig. 13(a)). We always refer to (  ,,u ) as the “effective" mechanical fields. 
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We rewrite (
cccu  ,, ) as the superposition between (  ,,u ) and the periodical 

perturbation fields (  ~,~,~u ) induced by the channel cracks such that:  

  ~=;~=;~=  ccc uuu  (3) 

3.2.2  Strain energy density and homogenization of the damaged coating 

  

We rely on the homogenization approach initially proposed by [10], and then developed in 

[11, 12, 13] for the analysis of transverse cracking in laminated composites. This technique can be 

extended to our framework. We just remind here the key points and complement this approach, the 

reader can refer to [10] for extensive details and related proofs.  

 

Figure 14 Meso scale mechanical homogenization: from (a) the cracked structure to (b) the 

equivalent laminated structure with a homogeneous but damaged coating layer. 

 

Following this technique, the cracked coating can be replaced by an equivalent layer, 

homogeneous but with mechanical damage (see Fig. 14). The criterion of this homogenization 

process is that the total strain energy of the new laminated structure (Fig. 14(b)) is equal to the 

strain energy of the initial cracked structure (Fig. 14(a)) when subjected to 
p

 . From [10], the 

strain energy density ce  of the equivalent coating is written:  

 
2

220

220

2

)(
= 



c

m
cc

E

df
ee   (4) 

  where:   



32 
 

    • 
0

ce  is the effective strain energy density (the strain energy density of the undamaged 

coating experiencing the effective fields ),(  ):  

  ::
2

1
=

100 

cc Ke  (5) 

  

    • 
22  is the effective transverse stress in the coating ( 2222 = ee  ).  

    • )(f  is defined as:  

 
2

||
=)(,

xx
xfRx


 

 (6) 

 where ||   is the absolute value function and R  the real numbers space. This function accounts 

for crack closure effects(the mechanical damage associated with cracks vanishes when these 

cracks get closed).  

    • md  is the internal variable that quantifies channel cracks-related damage. md  

depends on   through a bijective function 
mc , such that:  

 )(=,  mcmdR  (7) 

 Function 
mc  is calculated by solving the residual problem defining the periodical perturbation   

(  ,,u ) over the periodical cracked cell. This problem is described in ??. We also define for 

future use 
1

mc  as the reciproque function of 
mc , and 

mc 
 as the derivative of 

mc  such that:  

 )(=)(';=))((,
1





d

d
R m

mmm

c
ccc

  (8) 

  

From Eq. 4 and 5, ce  can be rewritten in term of the effective stress, that is convenient to 

derive the damage evolution law as described in section 2.3:  

 


 :
)(

:
2

1
= 220

2210














 

ee
E

df
Ke

c

m

cc
 (9) 

 

Yet, it can also be convenient to rewrite the strain energy density as a function of the stress 
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in the equivalent damaged layer, as this defines the effective stiffness of this layer. Let’s denote 

  the stress in the equivalent damaged layer when the structure is subjected to the in-the-plane 

extension 
p

  (Fig. 14(b)). Let us also note that both   and   are plane stresses in the plane 

),( 21 ee . Then, introducing 
0

cK  as the plane-stress stiffness operator for the undamaged layer, 

and cK  as the plane-stress stiffness operator for the damaged layer, we have:  

 
p

c

p

c KK  :=;:= 0
 (10) 

 

Introducing Eq. 10 into Eq. 9, we get:  

  ::
2

1
=

1

cc Ke  (11) 

 where  

 0

220

22
100 :

)(
:= c

c

m
ccc Kee

E

df
KKK 










 

 
 (12) 

 

Eq. 12 directly defines the stiffness operator of the equivalent damaged layer as function of 

the channel cracks induced damage md . 

 

3.2.3  Micro-mechanics based damage evolution 

  

The strain energy density defined by Eq. 9 is now used as a potential to derive the cracking 

evolution law. First, we define the damage force 
m

dY  that drives the damage progression. 

Second, we define the damage evolution law that bridges md  to the history of 
m

dY . The 

originality here is that this damage evolution law is derived from micro mechanical concepts and is 

not a simple retrofitting of the global observations as usual.  

 The damage force: we define the damage force as the derivative of ce  with respect to 
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md  at constant effective stress. Then, we have:  

 
0

2

22
22

2
)(=|=

cm

c

m
d

E
f

d

e
Y


 




  (13) 

 

 The damage evolution: we follow here an approach that is classical in micro 

mechanics of transverse cracking in laminated composites. The cracking evolution is 

obtained by calculating the energy release rate G  of the structure when cracks 

multiply. We rely on a continuous definition of G  ([10]), that is consistent with the 

fact that   is a continuous variable such that:  

 )(=)( 
A

U
G




  (14) 

 

U  is the potential energy of the structure and A  is the total area of cracks. Then, at 

constant effective stresses, G  can be expressed as function of the total strain energy of the 

structure, E :  

 
|==

A

E

A

U
G









  (15) 

 

We then highlight that: (1) sc EEΕ = , where cE  is the total strain energy in the coating 

and sE  is the total strain energy in the substrate (2) sE  is constant when the effective stress   

is kept constant. Thus, we have:  

 
 |=|
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  (16) 

 

where || c  is the volume of the coating. Considering the relation between the volume of 

the coating, its thickness, the cracking rate and the total cracked area ( cc hA /||=  ), Eq. 16 can 

be further simplified to:  
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 )(
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)(
=

0

2

2222 


mc 


c

c
E

f
hG  (17) 

 

We assume that cracks multiply when G  equals the fracture toughness cG  that 

characterizes the resistance of the coating with respect to channel cracking. Then, considering Eq. 

13, we have from Eq. 17 during cracks multiplication:  

 )(= mc 
m

dcc YhG  (18) 

 

The equilibrium during cracking described by Eq. 18 can be turn into a meso scale 

evolution law for md . Indeed, this would correspond to define the following pseudo-potential of 

dissipation f  for the evolution of the meso scale damage variable md :  

 )()(=),( 21 m
m

dm
m

d dfYfdYf   (19) 
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 (21) 

 

To conclude this part, the channel cracking evolution can be fully replaced by the 

calculation of the evolution of the equivalent variable md . The evolution law of md  is a classical 

damage evolution law based on the pseudo-potential defined by Eq. 19. Here, this evolution is 

obtained from micro mechanical considerations and relies on few well-defined material 

parameters. This largely differs from classical damage mechanics approaches in which the 

evolution law is obtained by retrofitting global experimental observations. 

 

3.3  Micro-mechanics based conductivity damage modeling 

 

In this part, we derive the model for the variation of conductivity when channel cracks 

develop. First, we highlight the structure of the electrical fields fields (electrical potential field, 

electrical vector field and current density vector field) in the cracked structure. Second, we follow 
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a similar homogenization path to introduce an homogenized but damaged layer equivalent to the 

cracked coating from a conductivity point of view. This defines the conductivity of the cracked 

structure as a function of both the channel crack rate in the coating and its loading state. 

 

3.3.1  Structure of the electrical fields 

 

  Let (
ccc JEU ,, ) be respectively the electrical potential field, the electrical vector field 

and the current density vector field in the cracked laminate when subjected to 
p

  and 
p

E  (Fig. 

12(b)). We also define ( JEU ,, ), the electrical potential field, the electrical vector field and the 

current density vector field lying in the uncracked laminate when subjected to 
p

  and 
p

E  (Fig. 

12(a)). We always refer to ( JEU ,, ) as the “effective" electrical fields. 

We rewrite (
ccc JEU ,, ) as the superposition between ( JEU ,, ) and the periodical 

perturbation fields ( JEU
~

,
~

,
~

) induced by the channel cracks such that:  

 JJJEEEUUU ccc ~
=;

~
=;

~
=   (22) 

  

3.3.2  Electrical energy density and homogenization of the damaged 

coating 

  

In this report, we only describe the approach in case the channel cracks are perfectly 

insulating surfaces. In that case, we have over all cracked surfaces the following boundary 

condition for the current density vector:  

 0=nJ c  (over all cracked surface)             (23) 

 n  being the outward normal unit vector to the cracked surface. The cracked coating (Fig. 15(a)) 

can then be replaced by an equivalent layer, homogeneous but with reduced conductivity (see Fig. 

15(b)). The homogenization process has been detailed in [17] for laminated composites and is 

based on the residual periodical problem described Fig. 16. In the same way the mechanical 
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residual problem described in [10] fully defines the mechanical perturbation (  ~,~,~u ), this 

electrical residual problem fully defines the electrical perturbation ( JEU
~

,
~

,
~

).  

 

Figure 15 Meso scale electrical homogenization: from (a) the cracked structure to (b) the 

equivalent laminated structure with an homogeneous coating with damaged conductivity. 

From Eqs 22 and 24, the loading for this residual problem is defined to counterbalance the 

effective current vector over the cracked surfaces:  

           nJnJ  =
~

 (over all cracked surface)                                (24) 

Then the residual problem (Figure 16) is written as - Find )
~

,
~

,
~

( JEU  such that:   

    • Kinematic admissibility conditions:  

  MUE ,
~

=
~

    (Compatibility condition)                      (25) 

                 
U
~

 (meets periodicity conditions)                                     (26) 
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Figure 16 The residual problem defining the periodical correction 

    • Static admissibility conditions:  

 MJdiv 0,=
~

(Interior Equilibrium Equation)                      (27) 

 )boundaries  (Free0,=
~

33

  SSMnJ                               (28) 

   s

cMnJ  0,=
~

(Continuity across interface)                       (29) 

 loading)  (Residual,=
~

)(
2

)(
2










cc

SSMnJnJ                   (30) 

   

    • Constitutive equation:  

  MEJ M ,
~

=
~ 0

)(  (31) 

  

 where  nJ 
~

 denotes the gap across an interface. The problem is easily solved by a FE 

approach and defines the electrical damage ed :  
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that can be written as a function of   through a bijective function ec , such that:  

 )(=,  ecedR  (33) 

 Function ec  is calculated by solving the residual problem (Figure 15) and calculating Eq. 31 for 

periodical cells with different cracking rates. The conductivity operator of the equivalent layer at 

the meso scale from a conductivity point of view is then defined as:  

 ))(1(= 332211

0 eeeedee ec   (34) 

    Remark: the residual problem described above being linear, it of course needs to be 

solved for only one arbitrary amplitude of the residual loading )( nJ  . The obtained value for ed  

is then non-dependent of this arbitrary chosen value and can be used for any practical 

configuration.  
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Chapter 4  
 

 

 

Results and Discussion 
 

  In order to be more organized in providing the results of this research, a specific 

framework is used. Fig.17 demonstrates the flow of this research as well as the flow of the results 

discussion. The experimental results are discussed first in order to determine the resistance 

variation and the crack density during the tensile tests. Then, the crack density is used as the input 

for the second stage which is the COMSOL model stage. In this stage, the internal damage variable 

(mechanically and electrically) is determined as a function in the microcracking rate obtained from 

actual experimental results. Also, some key features that validate the robustness of the model are 

highlighted. Finally, the damage function is used as the input for the last stage which is the model 

implementation on Matlab to simulate the damage evolution as function in the applied strain and 

the resistance variation due to the crack propagation.  

 

  

Figure 17 Research Framework 
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4.1  Experimental Results 

  

4.1.1  Monotonous Tensile Test 

 

 First, the classical evolution of the cracking morphology during the monotonous tensile 

test is reported in Fig.18 . At low strains, the establishment of a quasi-periodical network of 

channel cracks is observed (Fig.18 (a) and (b)). At higher strain values, the Poisson contraction 

effect induces transverse contraction that results in localized buckling and delamination (see 

Fig.18 (c) and (d)). This mechanism has already been observed in [4].  

 

  

Figure 18 Crack Evolution (a) 0.5%, (b) 2.5%, (c) 4%, (d) 5% 

 

  We report in Fig.19 the evolution of the average tensile stress, the resistance variation 

and the crack density over the range from 0 to 2.2 %  strain. A first observation is that at 2.2 %  

strain, the resistance of the laminated structure has already increased 70 times with respect to the 

unloaded laminate. So, we restrict ourselves to this range as the electrical functionality of the film 

is already largely damaged. Then, buckling and secondary cracking is clearly out-of-the scope of 

this study as it appears after the loss of integrity of the device. A second observation is that the 

variation in resistance is very well correlated to the first crack development. The crack density 

obtained from our tests is in good agreement with classical results from the literature [14].  
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Figure 19 Monotonous Tensile Test 

 

  The dimensionless variable that quantifies the crack spacing with respect to the coating 

thickness is ( Lhc/= , L  being the inter crack spacing and ch  being the ITO coating thickness). 

This is classical in cracking modeling in laminated composites. Unlike laminated composites, 

micro cracking rate   for the ITO coating is very small (0.012) even at saturation of the cracks. 

The crack spacing remains very large compared to the coating thickness. As expected (Fig.18), the 

cracking pattern is approximately periodical. The periodicity of the cracking pattern is investigated 

thoroughly later in this report.  

 

4.1.2  Cyclic Tensile Test 

 To better identify the relation between resistivity variation and crack multiplication, 

cyclic tests were also performed (Fig.20). First of all, it can observed that, for the maximum strain 

applied, the plasticity level after unloading remains small (Fig.20). This justifies using a linear 

elastic framework, at least, for this initial regime.  
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Figure 20 Cyclic Tensile Test 

  In addition, it is observed that the cyclic test does not modify the results when comparing 

it with the monotonous test results. Both the resistance variation and crack density of the 

monotonous curves appear as being the envelope for the cyclic curves (Fig.21).  

 

  

Figure 21 Cyclic and Monotonous comparison Resistance and Crack Density 
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  There is no intrinsic piezo effect of the structure before crack initiation (Fig.21) or at 

least this piezo effect can be neglected. As shown, the resistance variation in the first two cycles, is 

negligible compared to the increase in the third, forth and fifth cycle. During unloading and 

coming back to low strain values, piezo effect starts to be obvious from a resistance variation point 

of view (Fig.20) as the resistance starts decreasing. The ITO coating recovers part of its electrical 

conductivity during the unloading cycle. This phenomena can probably be associated with a 

progressive partial closure of the cracks that tends to restore the conductivity of the ITO layer. This 

effect will not be investigate further in this report as our objective is to introduce first the micro 

mechanics based mesoscale model for damage/electrical conductivity variation, but we report it as 

an interesting feature and we will focus on this in further studies.  

 

4.1.3  Crack Spacing Pattern 

 

 An interesting experimental information is the average crack spacing at different load 

levels. If the cracking pattern is perfectly periodical, this means that the crack spacing between 

every single crack and the next to it should be the same. In order to investigate this more, the crack 

spacing is measured for the maximum loading condition at the third, fourth and fifth cycle of the 

cyclic test (Fig.20). In order to understand more the phenomena, the frequency of cracks with the 

same crack spacing is divided by the total number of cracks. Then, these data, on the y-axis, are 

plotted against the crack spacing measured in microns on the x-axis (Fig.22).  
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Figure 22 Crack Spacing Comparison 

  Two major observation are revealed (Fig.22) after measuring the crack spacing. The 

cracking pattern is not perfectly periodical. However, it has a positively skewed distribution with a 

mean value and standard deviation Table (3). Moving from the third to the fifth cycle, the average 

crack spacing is decreasing as the number of cracks in the same window multiplies. Another 

important remark is the scattering of the data. As the number of cracks increases, the standard 

deviation and scattering of the data decreases. In other words, for higher loading conditions, the 

crack pattern approaches perfectly periodical pattern.  

 

Table 3 Crack Spacing Distribution 

  Cycle Number   Arithmetic Mean   Standard Deviation  

Third   40   13.15  

Fourth   24   8.86  

Fifth   19.5   7.67  
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4.1.4  Crack Opening 

 

 Moving ahead to have an idea about the crack opening. Scanning Electron Microscopy 

(SEM), Fig.23, compares the crack opening of two types of crack which are a fully developed 

crack (see Fig.23 a) and partially developed crack (see Fig.23 b) after unloading the sample from 

the instron machine. This demonstrate what has been discussed in the literature before [7] that the 

crack opening varies according to the applied strain. For instance, the crack initiated at low strains 

will have larger opening compared to the crack initiated at higher strain value.  

 

Figure 23 Crack Opening (a) Full propagation, (b) Partial propagation 

 

The crack opening for a fully developed crack, initiated at lower strain, is almost double the 

opening of the partial developed crack that is formed at higher strain. Moreover, the crack opening 

for a fully developed crack is approximately equal to the thickness of the ITO layer. The effect of 

the crack opening variation on the change in electrical resistance is not investigated in this research 

but it will be considered in further studies.  
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4.2  COMSOL Results 

 

 The objective of the COMSOL model is to simulate the periodical residual problem that is 

used in the homogenization technique as illustrated in the reference problem section. The 

periodical problem is simulated twice for mechanical and electrical frame work, once for each. 

First, the mechanical problem results are discussed, then the electrical part is introduced. 

For the mechanical degradation problem, the damage evolution as function in the 

micro-cracking rate (Fig.24) demonstrates that damage level is small even at saturation of the 

cracks. The maximum damage level obtained at saturation is approximately 0.2 which is small 

compared to the damage values in laminated composites for instance. This comparison is 

discussed in the following section in detail. 

 

4.2.1  Substrate Modulus Effect 

 

Using ITO/PET in flexible solar cells applications brings up a very important concern 

regarding environmental ageing of the polymeric substrate and how this can affect the cracking of 

the ITO and consequently the functionality of the solar cell. In order to address this question, the 

effect of the substrate modulus on the cracking of the ITO was investigated. As discussed in the 

literature [15, 16], the effect of ageing on the substrate stiffness depends on the ageing conditions 

applied. So, there is a range for the stiffness of PET that is considered in our study. Figure (24) 

demonstrates a wide range of substrate stiffness and how it affects the damage state of the ITO 

layer. The range as far as the ageing concerns is marked by the solid lines, while extreme cases are 

shown in dashed lines. We consider extreme cases that does not apply for the PET modulus even 

after ageing for a specific purpose which is the comparison with the laminated composites case. 

For high rigid substrate, the damage level (black line) is very low and the slope is small compared 

to softer substrates. This is just to show that damage in laminated composites is very small for low 

micro-cracking values. The micro-cracking rate in laminated composites reaches higher values 

and the damage variable increase accordingly till it become asymptotic at 1. The actual stiffness 

value for our PET that we are using is marked by circles for clarification.  
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Figure 24 Substrate Stiffness Effect on ITO Damage Level 

  

The model is designed to evaluate the effect of any variation in the stiffness of the substrate 

on the general cracking law. This is simply done through the variation of the internal damage 

variable as a function of the micro-cracking rate. As shown in the model description, the energy 

release rate G  (Eqs.8 &  17) is function of the derivative of the damage variable with respect to 

the micro-cracking rate. We also showed before (Fig.24) how the damage function changes 

according to the substrate modulus. So, this will directly influence the energy release rate G  and 

consequently the cracking evolution law. For very soft substrates (low modulus), the energy 

release rate G  increases. On the other hand, for very rigid and stiff substrates (high modulus), the 

energy release rate G  decreases. So, simply the energy release rate G  can be said to be 

inversely proportional to the substrate modulus. 
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4.2.2  Intrinsic Damage Function 

 

 For our model to be generic, it is very important to ensure that any change in the 

geometrical features will not affect the quality of our solution. Actually, this is what we mean by 

having a model that is based only on intrinsic material parameters. Further investigation for this 

claim was done for validation. The geometrical feature that can change is the thickness of either 

the ITO layer or the PET substrate. The ratio of the thicknesses between the two layers is the 

influential parameter in this study. That is why we defined a shape-ratio factor (  ) which 

represents the ratio of the ITO thickness to the PET thickness. This ratio will be in the order of 

310 , so we will just use the normalized values after dividing by the previous order. For our 

samples, 0.5= . As shown in (Fig.25), the internal damage variable does not depend on the 

shape-ratio factor. Back to (Eqs.8 &  17), the energy release rate depends on the derivative of the 

internal damage with respect to the micro-cracking rate. Then, the energy release rate will stay 

almost constant regardless of the ratio between thickness of both the ITO and PET layers. The 

thickness effect of ITO coating is directly taken into account as a separate parameter ( ch ) in 

calculating the energy release rate ( G ), but the damage function will not be affected. 

  

Figure 25 Intrinsic Damage Variable 
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4.2.3  Electrical Damage Evolution 
 

After calculating the mechanical damage using the homogenization approach, it is time to 

calculate the electrical damage using the same technique. The electrical homogenization periodical 

problem is investigated applying periodical conditions and current density on the ITO coating. 

Results obtained after solving the problem on COMSOL (Fig. 26) was quite surprising. Even at the 

maximum value of micro-cracking (ρ), the electrical damage is very low. This small damage value 

is not realistic by any means. Simply, this low damage level (ρ = 0.005) does not lead to the huge 

change in electrical resistance in the ITO coating (
∆𝑅

𝑅0
 = 70) that is discussed before in the 

experimental results section (Fig. 19).  

 

Figure 26 Electrical Damage Evolution due to transverse cracks 

 This results stimulates our research to start investigating the actual cracking mechanism of the 

ITO coating. All previous research done in this specific investigation suggested that the cracking 

mechanism of the ITO coating starts with channel “transverse” cracks that multiply till saturation 

is reached. Then, buckling delamination occcurs due to the Poisson contraction effect. However, 
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applying this suggested mechanism to the experimental and computational results is not sufficient 

to explain the phenomena. The concept of a sharp crack tip (singularity) is a theoretical 

assumption. A reasonable assumption is that along with the crack tip, we have a local delamination 

at the interface between the ITO coating and the PET substrate (Fig. 27). This local delamination 

may be the dominating factor that leads to this huge increase in the ITO resistance.  

 

 

Figure 27 Local Delamination Schematic 

 

  So, we introduced local delamination in our COMSOL model to validate our assumption. 

The introduced delamination length was defined as a variable (τ) which is a fraction of the ITO 

coating thickness ( ch ).  
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 We also introduced another parameter which is the interface resistivity between the ITO 

coating and the PET substrate. The interface resistivity effect (Fig. 28) demonstrates two major 

aspects. First of all, the assumption of local delamination appears to be valid as the electrical 

damage increases dramatically. The least curve in the bottom of the graph is the same exact value 

simulating only transverse cracking without any local delamination. Introducing delamination, 

with five different interface resistivity, results in different damage curves. The resistivity increases 

from the bottom curve to the top one. So, our second remark is that the damage level is directly 

proportional to the interface resistivity assumed.  

 

 

Figure 28 Electrical Damage due to delamination 
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Moving on to our second parameter which is the delamination length. The effect of the 

delamination length is investigated through various fractional values of the ITO coating thickness 

(Fig 29). Results show that the damage is directly proportional to the delamination length. 

Whenever the delamination length increases, the electrical damage increases accordingly. This is 

expected because having longer delamination length represents larger disconnection between the 

ITO coating and the PET substrate. This local delamination occurs at very low values of 

microcracking that is very far from saturation.  

 

Figure 29 Delamination Length Effect 
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 Afterwards, comparison between the obtained electrical damage values, obtained from 

COMSOL model, and the calculated values according to the experimental change in resistance is 

conducted (Fig. 30). The change in resistance can be analytically correlated to the damage 

indicator. The results shows good agreement between the obtained data and the model results. 

Again, sudden change occurs at very low values of microcracking rate; then the damage values are 

almost asymptotic to 1.  

 

Figure 30 Comparison between Experimental and COMSOL Results 
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4.2.4  Modified Mechanical Damage Evolution 

 

This new mechanism of local delamination combined with transverse cracking appeared 

when we investigated the electrical resistance change however it was not that obvious during the 

mechanical degradation calculations. That is why we modified the cracking mechanism for the 

mechanical homogenization problem as well. However, the effect of delamination combined with 

transverse cracking was not as significant as it is in the electrical damage of the ITO/PET 

substrates. The change in the mechanical damage (see Fig.31) due to the proposed cracking 

mechanism is almost doubled to 0.4 at saturation (ρ = 0.012) instead of 0.17.  

 

Figure 31 Modified Mechanical Damage 
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4.3  MATLAB Results 

  After implementing the periodical homogenization problem in COMSOL, the 

output is the internal damage variable as function in the micro-cracking rate. This internal damage 

function is obtained for both the mechanical and electrical homogenization problem. As illustrated 

before in the research framework (Fig.17), the output function from COMSOL is used as the input 

for the following stage which is the MATLAB computation. The damage function is used to 

compute the pseudo potential of dissipation (Eqn.19 & 21). The logic of the code (Fig.32) starts 

with initializing the material parameters and loading conditions. Then, the pseudo potential of 

dissipation is computed. Decision is made afterwards by checking the value of the pseudo potential 

of dissipation compared to zero. If it is negative in value, this means the structure is still in the 

elastic regime and there is no damage initiated. So, the applied loading condition is increased by an 

increment. If it is positive, this means damage level is not any more equal to zero. So, the damage 

level is updated, the material parameters are modified and the iteration starts again and so on.  

 
Figure 32 MATLAB Code Flowchart 

  



57 
 

The model is implemented first on the mechanical damage variable. This was just to make 

sure that the model is functional and can predict the damage evolution as function in the strain. The 

strategy was to simulate the damage evolution for the cyclic test conducted as part of the 

experimental campaign. The input for the model was the material parameters as well as the loading 

conditions “applied strain” for the five cycles test. Mechanical damage evolution (Fig.33) as 

function in the applied strain shows good agreement with the experimental results obtained before.  

 

Figure 33 Mechanical Damage Evolution in Cyclic Test 

 

The mechanical damage evolution (Fig.33) starts to increase at strain value of 1.4%. This is 

almost the same value for the crack on-set (COS) strain obtained from our experiments (1.38%). In 

addition, the damage pattern for the five cycles is similar to the resistance evolution and the crack 

density pattern obtained experimentally. For the first two cycles, no damage is observed. Starting 

from the third cycle, damage propagation is observed. During unloading damage level stays 

constant. For the following loading cycle, damage level stays constant till it reaches the maximum 
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previous applied strain. Then, it starts increasing again and so on. This demonstrates how dynamic 

is our model in tracing the damage evolution and resistance change through the test. However, the 

ultimate goal of the model is to correlate the internal damage variable to the resistance evolution 

during the test. This requires the model to be implemented for the electrical damage as well. But 

for the time being, only mechanical damage evolution is implemented and further work needs to be 

conducted to reach the ultimate target of our model.  
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Chapter 5 
 
 
 

Concluding Remarks & Recommendations 
 
 Two categories of tensile tests were conducted in order to study the cracking mechanism of 

ITO/PET substrates and its effect on the electrical resistance variation. This study is essential to 

understand the degradation behavior of ITO/PET during the manufacturing process as well as the 

life time of the solar cell. Experimental results revealed some classical phenomena discussed 

before in the literature such as the gradual increase in both electrical resistance and crack density 

of ITO with the applied load. Results also showed that during unloading of the samples, there is a 

piezo-electric effect that can be correlated to cracks closure. So, once the applied tensile loading is 

removed, partial electrical conductivity could be recovered due to the visco-elastic nature of the 

PET that brings the two surfaces of the crack back into partial contact. This partial conductivity 

recovery was not the scope of this research but it will be investigated more in following studies. 

Unlike laminated composites, it was proven that saturation of cracks in ITO happens at very low 

values of micro-cracking rate. Also, the induced mechanical damage is low compared to the 

classical values expected in laminated composites studies. Cracking pattern of ITO was studied at 

different loading conditions. The cracking spacing pattern was found to have a positively skewed 

distribution with a mean value and standard deviation. The mean value of the crack spacing 

decreases with increasing the applied load while the scattering of the distribution around this mean 

value decreases. Scanning Electron Microscopy (SEM) conducted to measure the crack opening 

for fully developed and partially developed cracks. Average crack opening in both cases was 

determined and it was found to be comparable with the ITO coating thickness. 

 Some interesting observations were revealed after solving the homogenization problem, 

mechanical and electrical, on COMSOL. From a mechanical point of view, it was proved that the 

proposed homogenization model is an intrinsic model that does not depend on the geometrical 

features of the problem. It only depends on the material parameters of the ITO coating and the PET 

substrate. Moreover, the effect of the substrate stiffness on the mechanical damage evolution is 

investigated. This is useful to check the effect of environmental degradation on the damage 

evolution and predict the behavior of the solar cell “ITO/PET” under various working conditions. 
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 Solving the electrical periodical problem on COMSOL led to an interesting result that 

contributes to the understanding of the cracking mechanism of ITO coating. All the previous 

studies conducted on the fracture of stiff coating on flexible substrates suggested that the cracking 

mechanism starts fist by transverse “channel” cracks till saturation. Then, delamination occurs due 

to the Poisson contraction effect. When it comes to ITO coating, this assumption was still valid. 

However from an electrical point of view, it was proven that having only transverse cracks as 

single mechanism of cracking is not sufficient to justify the large but still finite increase in 

electrical resistance. This is due to the fact that electrical damage variable is very low if we only 

consider this single mode of cracking. The maximum value of electrical damage that is reported by 

our COMSOL model, considering only transverse cracking, was less than 0.1. This small value 

does not lead to increase in resistance that is 70 times more than the original one. That is why we 

introduced the second mode of cracking that can justify this increase in resistance. So, better 

understanding to the phenomena led us to refute the previous proposed assumption that only 

transverse cracking is the reason for the electrical resistance change. Actually, the real mechanism 

that can explain this phenomenon is having both transverse cracking along with local delamination 

at the crack tip. After validating this assumption in our COMSOL model, it turned out that the 

contribution of local delamination is an effective parameter in the increase of the damage level as 

well as resistance change. In addition, two important parameters were introduced. The interface 

resistivity and the delamination length are two factors that contribute to the final damage level of 

the ITO/PET. These parameters were studied till we got a good agreement between the obtained 

values from the model and the experimental resistance variation data.  

 Afterwards, the mechanical homogenization problem was revisited to introduce the effect 

of the local delamination to the model. The significant of local delamination in the mechanical 

problem was not as obvious as it was in the electrical problem, but still it doubled the damage 

value obtained before. 

  

The proposed MATLAB model managed to trace and predict the mechanical damage 

evolution as function in the strain applied. Obtained results were compared to the experimental 

ones and it was proven that the model can be applied using the damage function as input from the 

COMSOL model. However, further work needs to be done to complete the model to be able to 

predict and correlate the electrical damage evolution to the electrical resistance increase. Reaching 
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this ultimate goal to simulate the actual experimental data using our proposed model is the next 

step that will continue afterwards but it is not included as far as this report is concerned.  

In addition, better quality for image capturing and tensile test control can be done using a 

micro-tensile machine that can fit either in a SEM or under an optical microscope. This is already 

in process now for the future work.        

  



62 
 

REFERENCES 

 

[1]  J. J. M. Halls and R. H. Frtend, “ORGANIC PHOTOVOLTAIC DEVICES,” 1976. 

[2]  G. Hashmi, K. Miettunen, T. Peltola, J. Halme, I. Asghar, K. Aitola, M. Toivola, and P. Lund, 

“Review of materials and manufacturing options for large area flexible dye solar cells,” in 

Renewable and Sustainable Energy Reviews. Elsevier Ltd, 2011, vol. 15, no. 8, pp. 3717{3732. 

[Online]. Available: http://dx.doi.org/10.1016/j.rser.2011.06.004 

[3]  J.-w. Park, G. Kim, S.-h. Lee, E.-h. Kim, and G.-h. Lee, “Surface & Coatings Technology 

The effect of film microstructures on cracking of transparent conductive oxide ( TCO ) coatings on 

polymer substrates,” Surface & Coatings Technology, vol. 205, no. 3, pp. 915{921, 2010. 

[Online]. Available: http://dx.doi.org/10.1016/j.surfcoat.2010.08.055 

[4]  E.-H. Kim, C.-W. Yang, and J.-W. Park, “The crystallinity and mechanical properties of 

indium tin oxide coatings on polymer substrates,” Journal of Applied Physics, vol. 109, no. 4, p. 

043511, 2011. [Online]. Available: 

 http://link.aip.org/link/JAPIAU/v109/i4/p043511/s1&Agg=doi 

[5]  D. R. Cairns, R. P.Witte, D. K. Sparacin, S. M. Sachsman, D. C. Paine, R. P.W. Ii, and G. P. 

Crawford, “Strain-dependent electrical resistance of tin-doped indium oxide on polymer 

substrates,” Journal of Applied Physics, vol.1425, no. 2000, pp. 11-14, 2012. 

[6]  Y. Leterrier, A. Pinyol, L. Rougier, J. H. Waller, and J.-A. E. Manson, “Electrofragmentation 

modeling of conductive coatings on polymer substrates,” Journal of Applied Physics, vol. 106, no. 

11, p. 113508, 2009. [Online]. Available: 

http://link.aip.org/link/JAPIAU/v106/i11/p113508/s1&Agg=doi60 

[7]  D. R. Cairns, D. K. Sparacin, D. C. Paine, and G. P. Crawford, 19 . 3 :“Electrical Studies of 

Mechanically Deformed Indium Tin Oxide Coated Polymer Substrates,” no. iv, pp. 274-277, 

2000. 

[8]  P. C. P. Bouten, P. J. Slikkerveer, and Y. Leterrier, “Mechanics of ITO on Plastic 

Substrates for Flexible Displays.” 

[9]  J.-Y. Kim and S.-I. Hong, “A study on the Resistance and Crack Propagation 

of ITO/PET Sheet with 20 nm Thick ITO Film,” The Korean Ceramic Society, vol. 46, no. 1, p. 

86~93, 2009. 



63 
 

[10]  P. Ladeveze and G. Lubineau, “On a damage mesomodel for laminates: micro-meso 

relationships, possibilities and limits.” Composites Science and Technology, vol. 61, no. 15, pp. 

2149-2158, 2001. 

[11] Ladeveze, P., Lubineau, G., 2002, “An enhanced mesomodel for laminates based on 

micromechanics.” Composites Science and Technology, vol. 62, pp. 533-541, 2002. 

[12] Ladeveze, P., Lubineau, G., 2003, “On a damage mesomodel for laminates: micromechanics 

basis and improvement,” Mechanics of Materials, vol. 35, no. 8, pp. 763-775, 2003. 

[13]  G. Lubineau, “A pyramidal modeling scheme for laminates - identification of transverse 

cracking -,” International Journal of Damage Mechanics, vol. 19, no. 4, pp. 499-518, 2010. 

[14]  Y. Leterrier, L. Medico, F. Demarco, J.-a. Ma nson, U. Betz, M. Escola, M. Kharrazi Olsson, 

and F. Atamny, “Mechanical integrity of transparent conductive oxide films for flexible 

polymer-based displays," Thin Solid Films, vol. 460, no. 1-2, pp. 156{166, Jul. 2004. [Online]. 

Available: http://linkinghub.elsevier.com/retrieve/pii/S0040609004000732 

[15]  S. Mukherjee and S. A. Jabarin, “Aging Characteristics of Oriented Poly(Ethylene 

Terephthalate),” Polymer Engineering and Science, no. 14, pp.1145-1154, 1995.61 

[16]  R. S. Li and J. Jiao, “The Effects of Temperature and Aging on Young s Moduli of 

Polymeric Based Flexible Substrates," The International Journal of Microcircuits and Electronic 

Packaging, vol. 23, no. 4, pp. 456-461. 

[17]  G. Lubineau, H. Nouri and F. Roger “On micro-meso relations homogenizing electrical 

properties of transversely cracked laminated composites, “Journal of Composite Structure” 

  



64 
 

Appendices 
 
 
Electrical Measurement Guide (4-probe connection) 
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Experimental Procedures Guide 

 
Mark ITO sample on PET side  

 
Peel off the blue cover & Add sticky sand paper 

 
Add electrical wires and silver paste 

  
Install the sample in Instron machine for testing 


