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Abstract 

Solar Energy is one of the most widely used renewable energy sources, with the solar Photovoltaic (PV) 

module technologies deployed as one of the primary renewable energy sources to replace fossil fuels. 

However, the R&D challenge for improving the performance and reliability of PV modules has become an 

urgent and critical agenda for the energy generation industry sector. The interconnection between the solar 

PV cells is a very important part of the PV module assembly, and its failure can adversely affect the 

performance and reliability of the PV module. The interconnection failure has  been mostly linked to the 

crack initiation and propagation in the solder joints used to connect the ribbon interconnection to the cell.  

This research focuses on the study of the thermal failure of PV module solder joint to determine the 

optimum ribbon interconnection designs that will give improved thermo-mechanical reliability. It develops 

a virtual reliability qualification process for the assessment of the life expectancy of PV module 

interconnections. The FEM simulations in ABAQUS 2019 software are implemented to investigate failure 

of the solder joints in different ribbon interconnection designs under anticipated life cycle loading 

conditions and high temperature lamination process.  

For the first time, the extended finite element method (XFEM) technique is used to determine the crack 

initiation temperature, crack location, direction and growth rate in solder joint of PV module 

interconnection under lamination process. Furthermore, the research used the Developed Morrow Energy 

Density lifetime model to determine the number of cycles to creep-fatigue failure, and then it defined a 

new generic exponent factor using the Coffin–Manson–Arrhenius model to estimate the lifetime for the 

designs under different thermal cycling conditions. The research also combines the numerical results of 

XFEM and creep-fatigue investigation to determine the failure lifetime of PV Module interconnection 

designs. The results show that the Multi-Busbar interconnection design improves solder joint creep-fatigue 

life (up to 15%) and consequently provides higher thermo-mechanical reliability for the solar PV modules 

compared to other studied designs (Conventional and the Light Capturing Ribbon interconnections). 

The results of this PV module interconnections study can be used for evaluating potential design 

changes and to facilitate design for reliability validation of different configurations for improving the long-

term PV module system reliability.  
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Chapter 1 

1. Introduction to Thesis 

This introductory chapter presents the background of this Ph.D. study, the importance of the renewable 

energy sector (in particular the solar PV module technology sub-sector), the problem context, and an 

overview on PV module failure and reliability. It also covers the research problem and motivation, aim and 

objectives, scope of research, research contributions, research programme and structure, and thesis outline. 

1.1. Background of the Study 

The use of solar PV technology is not new, photovoltaic cells (or solar panels), have long been utilised 

utilized as energy sources on rooftops, spacecraft, handheld calculators and other wearable electronic 

devices. The Photovoltaic (PV) module power generation has emerged as one of the most widely used 

renewable energy sources; this is due to their low installation costs and increasing costs competitiveness 

compared to other renewable energy sources. However, in spite of the global popularity and wider uptake 

of solar PV, improving the reliability of the PV modules remains one of the major challenges for the solar 

PV manufacturing industry, as they are keen to meet the lifetime warranty for their products.  

The ribbon interconnections are widely used in the solar PV modules to connect the individual crystalline 

silicon (c-Si) solar cells and to transmit and conduct their electrical current to the external circuits. Solder 

materials are the most widely used interconnection materials for joining the ribbon interconnection to the 

solar PV cells. Figure 1 shows the 3D views of the interconnections assembly in a conventional solar PV 

modules. 

 

Figure 1: Ribbon interconnections used in the conventional PV modules, (left) 3D view of the solar PV module 

(right) 3D view of the interconnection assembly with showing main materials including ribbon interconnection, 

solder joint and silver-pad (Osborne, 2018). 
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The thermal strain energy induced in the PV module solder joints during the lamination process and 

during the lifecycle of the module has been identified as the main source of the thermal failure of the solder 

joint (and the associated failure of solar PV module interconnections). There is thus an urgent need for a 

fundamental study to provide better understanding of the effect of the PV module interconnection design 

on the solder joint failure modes and mechanisms and consequently, how the PV module interconnection 

configuration can affect the PV module interconnection reliability.  

 This study concerns a necessary, urgent and fundamental investigation of the thermal failure of the 

solder joint that lies at the heart of PV module ribbon interconnection manufacture. More specifically, it 

investigates the effect of ribbon interconnection configuration on the PV module failure and reliability; and 

how the FEM simulation modelling approach can be used to facilitate the design for reliability validation 

of different ribbon interconnection configurations to improve the long-term PV module reliability. 

1.1.1. Renewable Energy Sector 

The rapid development of renewable energy technologies over the last two decades has been driven 

largely by the growing concerns over the massive increase in global consumption of fossil fuels as well as 

the concerns associated with the impact of green-house gas emissions on climate change, and the increasing 

fear that fossil fuel reserves could run out by 2050. It has been reported that the renewable energy sector 

provided 19.9% of global final energy consumption in 2019 and that the share of modern renewable energy 

(excluding the traditional use of biomass) has increased from 8.7% in 2009 to 11.2% in 2019 (IRENA, 

2020). Figure 2 shows the comparison of the Estimated Renewable Share (including wind, solar, 

biomass/fuel, geothermal, ocean power and hydropower) of the Total Final Energy consumption (including 

renewable sources and fossil fuel sources) for the years 2009 and 2019 (IRENA, 2020). 
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Figure 2: Estimated Renewable Share of Total Final Energy Consumption, 2009 to 2019 (IRENA, 2020). 

The increasing energy demand and the rapid depletion of fossil fuel reserves have been identified as the 

main drivers for the massive investment globally in renewable energy technologies. With massive 

investments in renewable energy in recent years; renewable energy is establishing a strong foothold in the 

global energy system at a faster rate than any other fuel source in history; and for this reason renewable 

energy is expected to become the world’s main source of power within two decades. In addition, according 

to the Renewables 2020 Global Status Report (IRENA, 2020), employment in the renewable energy sector 

(excluding large-scale hydropower) increased in 2018 to circa 11 million jobs (direct and indirect) with 

solar PV cells and biofuels providing the largest numbers of renewable energy jobs.  

 Renewable energy sources such as solar systems are now established around the world as mainstream 

sources of energy. This rapid growth of solar energy, particularly in the power generation sector, has been 

driven by several factors, including the energy security and environmental concerns, the improved cost- 

competitiveness, and the growing demand for energy in developing and emerging economies where energy 
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access remains a challenge. This increase in the use of solar PV cells systems for generating electricity has 

also been driven by subsidy programs and economic incentives for investments by several governments. 

Due to the increased economic incentives, the worldwide growth of solar PV cells has been close to 

exponential between 1992 and 2018; thereby helping solar PV technology to evolve from a niche market 

of small-scale applications to a mainstream electricity source. This growth in solar PV cells is set to 

continue, and according to the IEA's latest 5-year forecast, renewable power capacity is set to expand by 

50% between 2019 and 2024, led by solar PV cell technologies (IEA, 2019). 

1.1.2. Solar Energy Sub-Sector 

As the UN SDGs (United Nations Sustainable Development Goals, 2015) follow global strategies to 

solve many of the world’s challenges, such as climate change and working to preserve our oceans and 

forests, the utilization of clean and renewable energy sources is becoming far more important. One of the 

fastest developing renewable clean energy sources is solar PV energy systems which can be available in 

most areas of the world. Indeed, the international energy agency 2014 technology roadmaps for solar 

photovoltaic energy and for solar thermal electricity concluded that solar energy could surpass fossil fuels, 

wind and hydro by 2050 to be the world’s largest energy source. This is because generating electricity from 

solar energy using PV systems has become very widespread; and solar PV modules have become more 

affordable, more accessible, and therefore the most predominant renewable energy source globally. Indeed, 

the competition between the countries to employ solar PV modules technologies indicates the importance 

of utilizing solar energy system and the size of its market and industry. In 2016, India commissioned the 

Kamuthi solar power project, the world’s largest solar plant. This solar plant consists of 2.5 million solar 

modules with generating capacity of 648 MW and it can generate nearly 20% more energy than the former 

largest solar plant in California (Adani Green Energy Ltd., 2019). The main aim of this research study is 

to improve the reliability of the PV modules which their market is massively increasing and facing more 

challenge with the system lifetime. This research also directly supports minimum two of SDGs (namely: 

affordable and clean energy, and climate action). 

In general, there are two main techniques for absorbing energy in the solar energy systems used for 

generating electrical power. The first technique is concentrated solar power (CSP), which is based on the 

heating up a particular place by using the focused sunlight. CSP system uses mirrors/lenses to reflect and 

focus a large area of sunlight onto a receiver connected to a power generator unit which converts heat to 

electricity. Solar PV module is the second and most predominant technology, and is now widely accepted 

as a viable renewable energy technology. The solar PV energy harvesting technique is based on the 

transformation of sunlight into electrical current through the photoelectric effect; in which a photovoltaic 
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substance (semiconductor material) absorbs photons of light and then releases electrons. The flow of the 

free electrons through the circuit connecting the semiconductor cells, produces a direct current (DC) power 

which can then be converted by an inverter into the alternating current (AC).  

1.1.3. Solar PV Cell  

Solar PV cells have been improving in efficiency and dropping in price in recent years, and are 

therefore becoming more common and economically viable. Similarly, the innovative developments in 

solar PV manufacturing process and the PV cell/panels interconnection design/configuration has resulted 

in significant savings in the expensive materials used in the manufacturing process (e.g. solder, silver and 

silicon). It is mostly this reduction in the use of expensive materials and the simplification of the 

manufacturing process that has contributed to the associated drop in the solar PV modules production costs 

and the reduction in the cost for generating a unit of electricity. For example, it is reported that among all 

renewable energy sources, solar PV exhibited the highest reduction in cost between 2019 and 2020. Indeed, 

the cost of solar PV cells is reported to have dropped globally from $378 USD/MWh in 2010 to $68 

USD/MWh in 2019 (82 % drop). For comparison, the CSP system was the second in ranking with a 47% 

reduction in cost between 2019 and 2020, whilst in third place, onshore wind costs fell 40% (IRENA, 

2020). 

As the cost of solar PV cells drops, it is widely expected that solar energy will become the cheapest 

source of electricity in many parts of the world over the next two decades. According to the International 

Renewable Energy Agency (IRENA) report, solar PV cell will become the second-largest power generation 

source by 2050 (just behind wind power) and will be the catalyst for the transformation of the global 

electricity sector, generating some 25% of total electricity needs globally (IRENA, 2019). In addition, 

analysis of the capacity of each sector of renewable energy sources shows that the solar PV cell sector is 

growing significantly faster than the other sectors. Indeed, worldwide solar PV installation capacity had 

reached 223 GW by the end of 2015 (Ishii & Atsushi, 2017), and the solar PV capacity has increased to 

621 GW in 2019 and 760 GW in 2020. Table 1 shows the energy capacity of the different sources of the 

renewable energy for the years 2019 and 2020 (IRENA, 2020).  
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Table 1: Capacity of different renewable energy sources in 2019 and 2020 (IRENA, 2020). 

 

Renewable Energy Source 2019 2020 Unit Growth% 

Renewable power capacity (including hydropower) 2581 2838 GW 9.96 

Renewable power capacity (not including hydropower) 1430 1668 GW 16.64 

 
Hydropower capacity 1150 1170 GW 1.74 

 
Solar PV capacity 621 760 GW 22.38 

 
Wind power capacity 650 743 GW 14.31 

 
Bio-power capacity 137 145 GW 5.84 

 
Geothermal power capacity 14 14.1 GW 0.71 

 
Concentrating solar thermal power (CSP) capacity 6.1 6.2 GW 1.64 

 
Ocean power capacity 0.5 0.5 GW 0.00 

 In addition to the lower costs for installation and operation, the recent increase in global popularity of 

solar PV modules can also be linked to increased governmental level support in form of tax credits, tax 

deductions, and other forms of subsidy that have been used to enhance the uptake of this technology. 

Indeed, the International Energy Agency 2020 World Energy Outlook (Birol, 2020) showed that solar 

energy has become the new king of electricity; reporting that with sharp cost reductions over the past 

decade, solar PV is consistently cheaper than new coal- or gas-fired power plants in most countries and 

that solar projects now offer some of the lowest-cost electricity ever seen.  

1.1.4. Crystalline Silicon (c-Si) Solar Cell Technology 

Although, several solar PV cell technologies and innovations for harvesting from sun light have been 

introduced by industry and researchers over the years, more innovative technologies are expected to enter 

the market in the future as the drive to improve solar PV module efficiency and reliability continues. The 

solar PV cell technologies can be classified into two main categories, namely Thin-Film (TF) solar cells 

and c-Si solar cells. The TF solar cells are the second generation PV cells, which uses thin-film photovoltaic 

materials in form of layers which are laid on substrates (mostly made of plastic, glass, ceramic or metal). 

TF solar cells are very lower in weight and are more flexible due to the very low thickness of the layers 

(thickness ranging from a few nanometres to tens of micrometres). The main TF solar cell technologies are 

Cadmium Telluride (CdTe), Gallium Arsenide (GaAs), Copper Indium Gallium Selenide (CIGS), and 

Amorphous Silicon (a-Si) (O. Ogbomo, et al., 2017). 

The c-Si solar cell is the first generation of the solar PV cell to convert the incident light from sun to the 

electricity current; and they are well-known as commercial version of solar PV cell. The c-Si solar cells are 
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the crystalline forms of silicon which can be used in form of mono-crystalline silicon cell (a continuous 

crystal, and also known as single-crystal silicon) or poly-crystalline silicon cell (consisting of small 

crystals). The thickness of the c-Si solar cells is up to 200µm thick. The measured cell conversion efficiency 

of mono-crystalline silicon cell is 26.7%, which is higher than the other solar PV cell technologies (Green, 

et al., 2018). However, in comparison with the poly-crystalline cells, the process for manufacturing the 

mono-crystalline silicon cells is expensive due to the ingot-growth techniques and the required purity of 

them (Sangster, 2014). Thus, the high price and complicated manufacturing process of mono-crystalline 

silicon cells are the main reasons to drop their share in the world solar PV market, as it is reported that the 

production of mono-crystalline silicon cells decreased from 38% of the market in 2011 to 36% in 2014. 

However, popularity of poly-crystalline silicon cell is still increasing, as its market share is increased from 

48% in 2011 to 56% in 2014. However, the c-Si solar cells have over 90% of the market and are the most 

popular solar PV cell technologies (D. Lee & U. Ebong, 2017).  

In this study, the focus is on the reliability of the PV module ribbon interconnection (i.e. PV module 

solder joint interconnections) used for connecting the c-Si solar cells. 

1.1.5. Problem Context 

It is widely known that over 40% of PV module failures are linked to PV module interconnection failures 

(McCluskey, 2010). Despite the global popularity and widespread use of solar PV modules, improving the 

performance and reliability of PV modules remains a key challenge for the solar PV manufacturing sector, 

as manufacturer strive to satisfy their products' lifetime warranties. To ensure that solar PV modules have 

a long service life and can meet the PV manufacturer’s warranty, the solar PV modules need to have high 

reliability. Indeed, in order to grow the global share of electricity generation of solar PV systems from the 

current 3% (IEA, 2021) to the projected 25% by 2050, there is an urgent need for improving the reliability 

of solar PV modules, which have been reported to fail due to adverse operating conditions such as thermal 

cycling, damp heat and UV exposure. For example, thermal cycling can cause PV module solder joint 

interconnection thermal failures and it can generate cracks in the solar PV cells. Solar PV module 

manufacturers typically provide two warranties: a performance warranty which guarantees 90% of original 

power output after 10 years and 80% of original output of at 25 years; and an equipment warranty which 

guarantees their solar PV module will have a minimum of 10-12 years operation before failure.  

The ribbon interconnection is a key PV module component; because poor interconnection reliability can 

lead to solar PV module failure. Furthermore, the interconnection design affects the shadowing on the solar 

PV cells, and the associated partial shading loss which reduces solar PV module performance and 

efficiency. Indeed, the objectives of solar PV modules manufacturers is always achieving the optimal PV 

https://en.wikipedia.org/wiki/Crystal
https://en.wikipedia.org/wiki/Silicon
https://en.wikipedia.org/wiki/Monocrystalline_silicon
https://en.wikipedia.org/wiki/Single_crystal
https://en.wikipedia.org/wiki/Single_crystal
https://en.wikipedia.org/wiki/Single_crystal
https://en.wikipedia.org/wiki/Polycrystalline_silicon
https://en.wikipedia.org/wiki/Polycrystalline_silicon
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module ribbon interconnection design that will give the highest possible levels of solar PV module 

efficiency whilst at the same time improving the PV module reliability. However, during the lamination 

process and also the service life, the solder joints exhibit high strain energy values due to the coefficient of 

thermal expansion (CTE) mismatch of the PV module materials. The induced thermal strain energy in these 

solder joints serve as the catalyst and sources for the thermal crack initiation and progression associated 

with the PV module ribbon interconnection failures. Hence, there is an urgent need for this study, which 

will provide a better understanding of the effect of the PV module interconnection design on the solder 

joint failure modes and consequently, and the associated effect of the PV module interconnection 

configuration on the PV module interconnection reliability. This programme has addressed this urgent 

need. 

1.1.6. PV Modules Structure 

The solar PV module is generally made up of four different materials: glass, metals, polymers and the 

semiconductor. The exploded view of the components of the conventional PV module is presented in Figure 

3 below. This shows that the glass is used for front cover and it is bonded to the main metallic frame. The 

active solar cells including silicon wafers (semiconductor), the fingers, connection pads (silver layers 

printed on the silicon wafers), string connectors (interconnections) and cables are embedded in polymer 

encapsulation material which provides adhesion and structural integrity between the solar cells, the top 

surface and the rear surface of the PV module. Ethyl Vinyl Acetate (EVA) is the most commonly used 

encapsulation material. The back sheet (which can be either polymer or glass) is used to cover the bottom 

side of the PV modules. The Anti Reflective Coating, ARC, (in combination with surface texturing of the 

silicon) can also be applied in the silicon wafers to reduce the reflection and the glare from the cell and 

therefore improves the light transmittance which helps to increase the overall efficiency of the PV module 

(Dricus, 2011) and (Honsberg & Bowden, 2018). 
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Figure 3: Schematic view of conventional PV module (Wahid, 2015). 

1.1.7. Solar PV Cell Interconnections 

The ribbon interconnections are perhaps the most critical part of the solar PV module assembly, and 

they are used for linking the solar cells and for interconnecting to the external circuit (and the ribbon 

interconnections are in turn joined to the solar cells using solder joints interconnections). This means that 

the failure of the solder joint and the associated ribbon interconnection can adversely affect the performance 

and reliability of whole solar PV module. Maximum power generated by a c-Si solar cell can only produce 

a voltage of 0.5V which is far less than the energy required to feed into the conventional electrical power 

networks. Therefore, individual cells need to be connected to produce higher voltages (Wiese, et al., 2010). 

Figure 4 shows the four main configurations that can be used for connecting solar PV cells within the PV, 

namely: series-parallel (SP), bridged-link (BL), honey-comb (HC) and total-cross-tied (TCT) 

configurations. Although the SP interconnection configuration is known to suffer the highest Partial 

Shading when compared with the other three configuration; the SP is still the simplest and the most 

commonly used configuration technique due to its inherent simplicity and associated wiring time, and low 

costs due to fewer interconnections and wiring (Pareek, et al., 2017) and (Ramabadran & Mathur, 2012).  

 

Figure 4: Schematic diagrams of different solar photovoltaic array configurations (Ramabadran & Mathur, 2012). 
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The front-to-back cell interconnection technique is the most popular method for connecting the 

neighbour crystalline photovoltaic cells in the PV modules, in which the PV module positive and negative 

contacts are built to allow the connection to the rest of PV system. Figure 5 shows the schematic cross-

sectional view of the ribbon interconnection (using the SP configuration) between cells in a PV module 

which has been assembled using the front-to-back interconnection method to connect the cells via solder 

joint materials. However, there are also several technologies that have been introduced as replacement for 

the conventional front-to-back assembly technique. For instance, an interconnecting method by 

overlapping photovoltaic cells technique instead of using the ribbon interconnections is suggested to 

connect cells without any gaps between them (see Figure 6) and it is shown that this design can get higher 

power output per module area and may also lower production costs (Summhammer & Halavani, 2016). 

Another emerging interconnection technology is the Metal Wrap Through (MWT) cell technique. With 

MWT, there is no need for use of solderable busbars on the front metallization and the current transfers to 

the rear side through metallized holes in the wafer and on the rear side the neighbour cells are 

interconnected by ribbons (see Figure 7). Although using these techniques results in improving the cell 

efficiency by minimizing shading losses, less cell-to-module current losses and low thermomechanical 

stress in manufacturing process (Thaidigsmann, et al., 2011) and (Eitner, et al., 2012), the front-to-back 

cell interconnection method is still the most popular as the newer techniques are yet to establish reliability 

track record and also due to the high costs required to implement major changes in the manufacturing 

process used for assembling the conventional interconnection (T. Zarmai, et al., 2015).  

  

Figure 5: Schematic views of the front-to-back c-Si cell interconnection technique using two CR interconnections 

(Mat Desa, et al., 2016). 
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Figure 6: Schematic view of the overlapping photovoltaic cells interconnecting technique. 3D view (left) and side 

view of connection scheme of two cells (right) (Summhammer & Halavani, 2016). 

 

Figure 7: Schematic view of the MWT solar cell concept (Domínguez, et al., 2012). 

1.1.8. Overview of the PV Module Reliability  

One of the main challenges to further deployment of the solar PV module technology is that of 

improving the reliability and reducing early failure rates as this is the key to meeting manufacturers’ life-

time warrantees and achieving optimal performance for specified operating conditions. Unfortunately, the 

existing standards for PV module design and qualifications (such as IEC 61215/61646), and for PV module 

construction and testing for safety qualification (such as IEC 61730), are not intended to be a full guarantee 

for the whole lifetime of a module (Ferrara & Philipp, 2012) and (Deng, et al., 2005). For example, the 

experimental investigation on the thermomechanical fatigue resistance of a lead-free solder joint (Sn-Bi) 

used in PV module MBB interconnections indicates that the accelerated thermal cycling tests suggested in 

the standard such as IEC 61215 may produce misleading results that are aimed to help with the 

interconnection designs (Spinella & Bosco, 2021). Despite  these limitations in the existing standards, PV 

module manufacturers continue to provide a guarantee of up to 20 years for the quality of silicon PV 

modules currently being produced (Honsberg & Bowden, 2018). PV module reliability is particularly 

dependent on the quality and integrity of the manufacturing process of the PV module interconnection; as 

the PV module interconnection failure is known to account for around 40% of all solar PV module failures 

(McCluskey, 2010). 

Better understanding of the factors that affect PV module reliability is crucial for predicting their 

expected lifetimes, especially in various climatic conditions/zones where the solar PV modules can 



12 

 

experience different environmental stressors. This fundamental understanding is key to providing more 

realistic manufacturers guarantees for PV modules. Previous studies, such as that by Jordan, et al. 2017, 

have attempted to estimate the approximate lifetime of PV modules based on the field data collected from 

different solar PV installations for varying periods of time. Their work focused on the use of the nonlinear 

changes in degradation rates and the associated reduction in PV module performance to quantify the long-

term PV module reliability. Their work showed that the degradation rates based on the assumption of 

linearity may not be sufficiently accurate and consequently underlying this nonlinear assumption is the 

suggestion that estimations can never be accurate at the beginning of the module’s life cycle and therefore 

these assumptions will have a significant impact on the warrantee and manufacturers price ( C. Jordan, et 

al., 2017). Their results confirm the need for enhancing and improving the existing standards for PV 

Module Design and Qualifications and for PV Module Construction and Testing for Safety Qualification 

to ensure that they are fit for purpose and can provide accurate PV Module reliability predictions and the 

associated realistic manufacturers’ guarantees (Kelly & Sugathan, 2017).  

Enhancing and improving the existing PV Module standards requires better understanding of the impact 

of the types of PV module degradation and failure modes as well as the impact of the different 

interconnection configuration/design, and how the different configuration/design can help to reduce PV 

module failure rates and the associated long-term reliability. This is the focus of this study.  

1.1.8.1. Degradation and Failure of PV Modules 

The degradation and early failure which are known to affect PV modules components/parts, adversely 

impacts on the PV module performance, reliability and operating life; and these have been the subject of 

studies over the last two decades. For example, a number of studies have been carried out on the certified 

PV modules, to help identify their potential failure modes. The focus of most of these studies has been on 

the analysis of the field data collected from different solar PV installation for varying periods of time. The 

PV module degradation modes such as hot spot heating, encapsulate degradation and glass cover breakage 

are known to lead to partial cell shading; which adversely affects the PV module performance (thus 

reducing their power output and the energy conversion efficiency of the PV module). However, some other 

parts of the PV module such as junction box are also known to be of reliability concern. 

Although it is possible to utilize the PV module interconnection design and configuration arrangements 

to mitigate the partial shading effects on the module performance (Bidram, et al., 2012) and (Pareek, et al., 

2017); the main challenge remains that of reducing the incidence of (and where possible eliminating) the 

PV module failure modes, such as cracks and corrosion that are known to occur in different PV module 

assembly materials. These failure modes can accelerate the degradation rate and negatively impact on the 
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performance of the PV modules. It is widely believed that the thermomechanical stress associated with the 

thermal cycling loads is the major reason for the cell bowing and the crack failure in PV modules (Honsberg 

& Bowden, 2018). Indeed, the thermal stress and strain resulting from the PV cell operation under high 

temperature cycling conditions; and the high temperature manufacturing processes such as the lamination 

of the PV module can lead to crack initiation and crack propagation in both silicon wafers and the PV 

module interconnection solder joints. 

1.1.8.2. Crack in Solar Silicon Wafers 

The fracture and crack analysis in solar silicon wafers have been the subject of several studies, focused 

on understanding the effect of both service condition and manufacturing process on premature PV module 

failure (Shin, et al., 2018). It is widely believed that the main reason for cracking in PV cells subjected to 

thermomechanical loading is the intrinsic properties and structure and of the silicon wafers. Firstly, the 

silicon wafers in the PV module experience high tensile stress during exposure to high temperatures; and 

as silicon has lower CTE (coefficient of thermal expansion) compared to the other PV cell materials and 

this causes stress in the connection between the silicon wafers and ribbon interconnections. Secondly, the 

tensile strength of silicon wafers is between 100MPa and 200MPa and this is much lower than its 

compressive strength (∼3000MPa). This means that the silicon wafers have a higher probability of cracking 

when subjected to tension loading compared to when they are subjected to compression loading. In 

addition, it has also been reported that the slicing of silicon wafers (part of the manufacturing process) is 

associated with the increase in the residual stress which can lead to the formation of surface cracks in the 

wafers, and the significant reduction in poly-crystalline silicon wafer strength (Echizenya, et al., 2011).  

The importance of crack failure in solar silicon wafers is recognized in several studies as it is widely 

reported that the crack results in significant reduction of in both PV module performance and their long-

term reliability. The effect of cell cracking distribution due to mechanical loads before final installation on 

the performance of PV modules have been studied by Köntges, and their results show that the crack 

orientation determines the criticality of the crack (Köntges, et al., 2011). Similarly, experimental studies 

on PV modules subjected to mechanical/thermal loading shows that the crack in crystalline solar cells 

mostly initiated at the beginning and the end of busbar (Schneider, et al., 2006); and that the crack grows 

along the busbar (Sander, et al., 2011) and in the extremely poor condition, the cracks near to busbar can 

negatively affect the metal connections on the cell and undermine the PV module performance.  

It has also been reported that cell cracking may not only be caused by the thermomechanical loads, but 

it could be also formed due to different loadings conditions (for instance, the vibration and local lifting 

loads experience during installation). The "latent cracks" that are known to occur during PV module 



14 

 

installation, but are unfortunately not detectable through manufacturing inspection, appear sometime later 

are good examples of this problem (Honsberg & Bowden, 2018).  

1.1.8.3. Crack in Solder Joint of PV Module Interconnection 

The ribbon interconnection which collects the electrical currents from individual PV solar cells is a key 

PV module component since their failure can adversely affect the reliability and the performance of PV 

modules. Solder materials are typically used for joining the ribbon interconnections to the PV solar cells. 

These solder joint materials represent the critical part of the PV module assembly due to their inherent 

weak mechanical strength which results in early micro-cracking and deboning. For this reason, solder joint 

failure is known to be the major source of early PV module solder joint interconnection failure (McCluskey, 

2010). Crack is the main reason for the failure of PV module solder joint interconnections during the 

lamination process and during the lifecycle of the module. Indeed, after cell tabbing and ribbon 

interconnection soldering stage in the PV module manufacturing processes, the module will be under the 

lay-up and high temperature lamination process (up to 150°C) to melt, cure and develop a network of EVA. 

Figure 8 shows the flow chart for manufacturing process of the conventional PV module.  

 

Figure 8: Conventional PV module manufacturing process flow chart, adopted from (Rashedi & Khanam, 2020) and 

(Satpathy & Pamuru, 2020) 
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During the lamination process, the solder joints exhibit high strain energy accumulated and this leads to 

the nucleation of cracks in the solder joint boundaries between the silicon wafer and the ribbon 

interconnection (Pander, et al., 2011) and (Song, et al., 2019). Also,  with thermal cycling during the PV 

module operation, the associated creep strain energy increases and can accelerate the failure of the solder 

joints  (Ogbomo, et al., 2018). It has been shown that with high temperature cycling of PV modules (such 

as those experienced by PV modules during high temperature climate operations), the micro-cracks 

initiated in the solder joint can propagate through the connecting layer and ultimately it can lead to PV 

module failure. This is particularly true with lead-free solder joint materials (which is now the preferred 

environment-friendly joining material), as they have higher potential for exhibiting micro-cracks due to 

their lower fracture strength and higher thermo-mechanical stress levels when compared to tin-lead solder 

alloys (Pander, et al., 2014). 

1.1.8.4. Corrosion 

In hot and humid weather conditions, corrosion related cracks in long-term field-aged PV modules are one 

of the primary concerns because of their effect on the reliability of PV module solder joint interconnections. 

This is especially true for solder joints made with lead-based solder materials such as the popular 

62Sn36Pb2Ag (which has good solderability and low melting temperature due to the Ag content; but suffers 

from galvanic corrosion). Indeed, some reports show that circa 45% of observed field failures in PV 

modules are related to corrosion failures (Wohlgemuth, 2008) and (Campeau, et al., 2013). The results of 

X-ray spectroscopy on the 18 years old PV modules in hot-humid climate has shown that there is significant 

corrosion damage in Ag metallization due to presence of acetate (which is a product of hydrolysis within 

EVA after diffusion of moisture inside the module during aging). This type of corrosion can accelerate the 

mechanical fatigue crack creation between Ag bus-bar and Cu ribbon and can decrease performance and 

power output of the module by increasing series resistance strings (Zhang, et al., 2018). Operating under 

higher temperatures conditions can also serve to accelerate the chemical reactions associated with the 

corrosion of metallic components of PV module leading to failure. In addition, corrosion can also result 

from the use of polymers additives, which can result in the formation of corrosive substances such as acetic 

acid (CH3COOH), which cannot evaporate because of a non-permeable back sheet (Ferrara & Philipp, 

2012). However, the addition of certain sacrificial metals such as Aluminium can provide a practical 

solution to this corrosion challenge and can significantly reduce the galvanic corrosion rate (Kim, et al., 

2014). Indeed, this solution is implemented in most of the new silicon PV modules (a thin layer of 

Aluminium is used to cover the rear surface of silicon), which not only helps to reduce the adverse corrosion 

effects, but also helps to increase the mechanical strength of the cells as well as improving the PV module 

reliability. 
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1.2. Motivation for the Study and Research Questions 

The motivation for this study is to investigate both conventional and new PV Module interconnection 

configurations that can help to improve the module reliability. Particularly, it is urgent to investigate the 

failure of new PV module interconnection designs as they are new technologies which can improve the PV 

module power output by increasing the incidence of light onto the solar PV module. 

The design of the PV module parts involves achieving the best performance and the highest reliability 

and at the same time, saving the material consumptions and keeping the manufacturing cost low. Indeed, 

several performance parameters such as fill factor and power output of PV modules under damp heat-

exposed and UV-aged tests are surveyed by researchers to find the effect of different designs and materials 

on the performance of the PV modules (Wang, et al., 2013).  

Numerous experimental and numerical works have been performed to design the PV module parts in 

order to achieve the best performance and the highest reliability and at the same time, saving the material 

consumptions and keeping the manufacturing cost low. For example, Wang, et al, surveyed several 

performance parameters such as fill factor and power output of PV modules under damp heat-exposed and 

UV-aged tests to find the effect of different designs and materials on the performance of the PV modules 

(Wang, et al., 2013).  

The design of the PV module interconnections has attracted more attention compared to the 

investigation on other PV module components, as it has been reported that over 40% of PV module failures 

are linked PV module interconnection failure (Wohlgemuth, 2008) and (Campeau, et al., 2013). Similarly, 

recent studies have shown that the introduction of new interconnections designs have been beneficial for 

improving the efficiency of PV modules and for reducing the use of expensive silver materials (Schneider, 

et al., 2014), (Braun, et al., 2013) and (Rendler, et al., 2017).  

The focus of this study is on the investigation of the impact of PV module interconnection designs on 

their thermo-mechanical reliability and the use of the FEM simulation modelling approach to facilitate the 

design for reliability validation of different ribbon interconnection configurations to improve the long-term 

PV module reliability. To this end, the new and conventional interconnection (CR) in PV module are 

considered to find the effect of changes of the dimensions on the thermal failure of the PV module solder 

joint interconnections (see Figure 9). The study uses the finite element method (FEM) based techniques to 

simulate the crack initiation and growth in the solder joint of different PV module interconnections designs 

during high  temperature manufacturing process and also to simulate the creep-fatigue behaviour of the PV 

module solder joint interconnections operating under thermal cycling loads. The study explores several 
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important research questions relevant to the thermo-mechanical reliability of the of PV module 

interconnection. The list of the research questions explored in this study include the following: 

 What is the effect of ageing and cell temperature rise on the PV module solder joint 

interconnections failure and packaging reliability? 

 What is the effect of thickness/width of the PV module solder joint interconnections and bonded 

materials on the degradation and failure of the interconnection? 

 What is the effect of the Multi-Busbar (MBB) solder coating non-homogeneity on crack initiation 

and propagation of the solder joints? 

 How can we predict the life cycle reliability of the solder joints for different PV module 

interconnection designs? 

 

 

Figure 9: Schematic view of the cross section of CR interconnection with showing the questioned thickness/width of 

solder joints and bonded materials. 

1.3. Aim and Objectives 

The aim of this study is to build and validate failure analysis and reliability prediction models for solar 

PV module interconnections. The study addresses the concerns associated with the reliability and failure 

one of most widely used renewable energy technologies. It investigates the main failure modes of PV 

module interconnections and develops models for predicting their reliability; and it develops a virtual 

reliability qualification process for the assessment of the life expectancy of PV module interconnections 

under anticipated life cycle loading conditions. The need and urgency for this study is demonstrated by the 

fact that the solar PV module technology is under development; and the premature/early failure of PV 

module installations continues to be of major concern worldwide. Although some previous studies on PV 

module failures have been in the literature, there are very few reports on the failure analysis and reliability 
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prediction models for PV module interconnections. This crack analysis differentiates work from what has 

been reported in the literature, and represents the state of the art. 

The main objectives of this study are to: 

a) Study the effect of temperature on PV module interconnections and packaging reliability  

b) Study the cumulative and residual effects of high temperature PV module manufacturing 

processes on PV module interconnection lifecycle and to determine appropriate values for 

operating temperature damage. 

c) Investigate the effect of the thickness of bonded materials in PV module interconnections on 

solder joint failure during the high temperature lamination process and service life condition.  

d) Investigate the effect of the Multi-Busbar (MBB) solder coating non-homogeneity (on crack 

initiation and progression in the solder joints.  

e) To investigate the effect of new and conventional PV module interconnection configuration on 

the thermal failure of the PV module solder joints and to develop the predictive model for 

estimating their life cycle reliability. 

1.4. Scope of Research  

The solar PV energy generation is the focus of this study, and more specifically, the interconnection 

reliability of solar PV modules manufactured with c-Si cells. Although, there has been a lot of R&Ds, the 

technology for harnessing solar energy using PV modules is still developing and the failure of PV module 

installations continues to be of major concern. The study will investigate the thermal failure modes of the 

PV module solder joint interconnections. The thermal failure of conventional and new PV module 

interconnection desgins with solder joints is studied to investiagte joint failure and long-terms reliability. 

It also investigates the conventional and new PV module ribbon interconnection desgins, widely used in 

industry. These interconnection technologies are widely used for interconnecting the silicon wafers to reach 

enough voltage and power output.  

Through a new methodology, it addresses the modelling of the impact of different PV module 

interconnection configurations and designs on the crack initiation temperatures and crack growth rates 

during the lamination process in the PV module manufacture.  

During the manufacturing of PV modules, the interconnections are made by the soldering of the cells, 

in which flat copper ribbons are soldered to each side of the cell to carry out current, and the cells are 

electrically connected in series to form strings of cells. The connected cell will be protected by laminating 

the encapsulation materials and the glass and the back sheet layers. The lamination process of the PV 



19 

 

modules is a high temperature process (up to 150°C) which can induced high thermal stress/strain in the 

solidified solder materials; and it results in micro-crack initiation in the solder contacts and the failure of 

the PV module interconnection. Indeed, the ribbon interconnection failures have been linked to the thermal 

cracks which are initiated in the solder joint material during the high temperature lamination process; and 

then the crack propagation associated with the thermal cycling of the ribbon interconnections under higher 

than ambient temperature PV module operating conditions. 

In fracture mechanics, numerical investigations and finite element simulation have been extensively 

carried out to predict crack growth path and rate. For the first time, this research has chosen the extended 

finite element method (XFEM) to study the solder joint of PV module interconnection in terms of finding 

the crack initiation, propagation and path. The XFEM is one of the new numerical approach which has 

been widely applied to a variety of crack problems involving discontinuities, singularities and complex 

geometries. A key advantage of the XFEM is the capability to determine the crack initiation and to track 

the crack path without any needs to update the meshing system during the analysis (Belytschko, et al., 

2009). This capability provides a simplification of the modelling of discontinuous phenomena for solving 

the fracture mechanics problems such as the case studies in this research. Furthermore, the literatures 

showed that the XFEM technique can accurately find the answers for a wide range of fracture mechanics 

problems such as failure due to high amplitude loading and cycling conditions. For example, an 

investigation on the failure of the turbine discs and blades subjected to cyclic loading at high temperature 

during service showed that the XFEM was greatly capable to predict the crack growth and path results 

which have been found by experiments (Farukh, et al., 2015). 

The research has also focused on the creep-fatigue failure of the solder joints in PV module 

interconnection subjected to the thermal cycling loads to determine the number of cycles to failure. For 

this, the Developed Morrow Energy Density model is used, and then a new generic exponent factor using 

the Coffin–Manson–Arrhenius model is defined to estimate the lifetime for different thermal cycling 

conditions. The research also combines the numerical results of XFEM and creep-fatigue investigation to 

determine the failure lifetime of PV Module interconnection designs.  

It should be noted that this research encountered a number of logistical challenges due to the lack of 

access to the laboratories and experimental support during the Covid-19 long-term lock-downs and travel 

restrictions in the UK; in addition, the irregular access to high performance computing facilities also limited 

the numerical investigation work. 
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1.5. Contribution to Knowledge 

This study has used the FEM simulations to investigate the thermal failure of the PV module solder joint 

interconnections, and then to recognize the best PV module interconnection configuration in terms of 

thermo-mechanical reliability. The conventional, the LCR and the MBB interconnections used in the PV 

modules, were modelled using FEM simulation with considering the details of material behaviour such as 

nonlinearities of material properties, temperature dependency and creep-fatigue response. For this, a 

Python code in ABAQUS 2019 software package was scripted which can facilitate the simulation to 

generate the FEM models (over 350 simulations were investigated). The investigations of models include 

the thermal failure of the PV module solder joints interconnection during manufacturing process (i.e. high 

temperature lamination process) and also during different lifecycles of the module. The key contributions 

are: 

1. For all studied PV module interconnection designs, the Extended Finite Element Method (XFEM) 

technique was implemented to find the crack initiation temperature, crack location, crack 

propagation direction, and crack growth rate during the lamination process. It was found that in all 

configurations of the PV modules interconnection, location for the crack nucleation is at the IMC 

interface layers of solder joints boundaries, and the crack propagates in the shear direction.  

2. The XFEM technique also was used to investigate the effect of the solder coating non-homogeneity 

in MBB interconnection design (due to the manufacturing error) on the cracking temperature; and 

the results show that the crack initiation temperature is most affected by the direction of solder 

coating non-homogeneity (up to 21%). 

3. The number of cycles to creep-fatigue failure for each PV module interconnection design was 

determined using the Morrow Energy Density model (with using of the Hyperbolic Sine creep 

law); and then the Coffin–Manson–Arrhenius approach is used as a handy formulation that can be 

applied easily to determine the solder joint’s creep-fatigue life during different lifecycles of the 

module. For the Coffin–Manson–Arrhenius approach, the generic exponent factor was determined 

to be -1.8. 

4. The optimum dimensions of the conventional, LCR and MBB interconnections were found by 

comparing the results of the XFEM and creep-fatigue investigations of the simulated cases studied 

in this work. It was also found that the XFEM findings are consistent with the results obtained for 

creep-fatigue life estimations. It was found that the MBB interconnections can provide more creep-

fatigue age compared to the LCR and the CR interconnection designs (up to 15%); and the most 

optimum configuration for the MBB interconnection is with 15 ribbons of the 276µm copper 

diameter, with 20µm solder thickness and with 20µm silver-pad thickness. 
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5. The results of creep-fatigue investigation also showed that for all cases studied, the maximum 

temperature of the cycling load significantly impacts the creep-fatigue lifetime; as by increasing 

the maximum temperature from 50°C to 60°C, the creep-fatigue lifetime decreased by 50%. 

1.6. Publications from the Research 

Six peer-reviewed journal papers have been published from this study (listed 1-6 below). In addition, 

two further papers (listed 7-8) have also been published from related work on the modelling and simulation 

of material and components in similar size which are not included in this thesis. The FEM methodology 

used in this Ph.D. study was also used by the candidate in simulation of micro-structure of Through Silicon 

Vis (TSV) used for 3D electronics packaging and interconnections reported in papers 7-8.  

1. A.E. Majd and N.N. Ekere, (2020), “Crack Initiation and Growth in PV Module Interconnection”, 

Journal of Solar Energy, Vol. 206, pp. 499-507. DOI: 10.1016/j.solener.2020.06.036. 

2. A.E. Majd and N.N. Ekere, (2019), “Numerical analysis on thermal crack initiation due to non-

homogeneous solder coating on the round ribbon interconnection of photo-voltaic modules”, 

Journal of Solar Energy, Vol. 194, pp. 649–655. DOI: 10.1016/j.solener.2019.10.092. 

3. A.E. Majd and N.N. Ekere, (2020), “Study of High Temperature Crack Initiation and Growth in 

Light Capturing Ribbon (LCR) PV Module Interconnection”, Journal of Advanced Materials 

Science and Technology, Vol. 2(2). URL: http://ojs.omniscient.sg/index.php/amst/article/view/998. 

4. A.E. Majd and N.N. Ekere, A. R. Darvazi, (2021), “Investigation of creep-fatigue life in Solar 

Photovoltaic Module Interconnections”, under review. 

5. A.E. Majd and N.N. Ekere, A. R. Darvazi, (2021), “A Comprehensive Review of Photovoltaic 

Module Interconnection Design and Failure”. under review. 

6. A.E. Majd and N.N. Ekere, A. Rahmati Darvazi, (2021), “Creep-fatigue Lifetime Estimation of 

Efficient Photovoltaic Module Ribbon Interconnections”. under review. 

7.  A.E. Majd, I.H. Jeong, J.P. Jung, and N.N. Ekere, (2021), “Cu Protrusion of Different Through-

Silicon-Via Shapes under Annealing Process”, Journal of Materials Engineering and Performance 

30, pp. 4712–4720. DOI: 10.1007/s11665-021-05775-4. 

8. I.H. Jeong, A.E. Majd, J.P. Jung, and N.N. Ekere, (2020), “Electrical and Mechanical Analysis of 

Different TSV Geometries”, Metals 10(4), p. 467. DOI: 10.3390/met10040467. 

https://doi.org/10.1016/j.solener.2020.06.036
https://doi.org/10.1016/j.solener.2019.10.092
https://doi.org/10.1007/s11665-021-05775-4
https://doi.org/10.3390/met10040467
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1.7. Research Programme and Structure  

A first part of this study involves a review of previous published works, including journal/conference 

papers, books, reports and websites in subject of the PV module technologies, challenges and progresses; 

and particularly in subject of the PV module solder joint interconnections. Reviewing the literatures has 

helped to understand the main challenges and to find the gaps in the present technologies and to answer the 

research questions of the study. For this study, the main reviewed topics are on the PV module 

interconnection designs and the failure of the PV module solder joint interconnections.  

The recognized gaps illustrate that there are some important needs to study the cracking failure of the 

PV module solder joint interconnections which lead to improve the reliability of the PV module. This 

includes study on the crack initiation and growth in solder joints of different PV module interconnection 

during the lamination process and also includes the investigation of creep-fatigue behaviour of the PV 

module solder joint interconnections operating under service condition. Then a comparative study of the 

results for the failure of the solder joints is necessary to find the best designs in terms of the thermo-

mechanical reliability issues. 

The FEM is the approach taken to find the answer to questions on the failure of the solder joints. To 

simulate the crack initiation and growth in solder joints during the lamination process, the XFEM technique 

in ABAQUS 2019 is implemented; and to assure the accuracy of the results, the methodology is used to re-

find the experimental results for the cracking failure from a published work. To achieve an easy way to 

update the FEM models, a Python code is scripted and the code is included all commands needed to be 

applied for finalizing the simulations. This code also includes different libraries for using material 

properties, importing the dimensions of models and changing other simulation steps such as meshing and 

load/boundary conditions. Also, this code enables the user to select the required analysis on the solder joints 

whether the XFEM analysis or creep-fatigue analysis is aimed. 

Finally, the results of the simulation of different configuration of PV module interconnection for both 

XFEM analysis and creep-fatigue analysis are compared to find the best design in terms of thermo-

mechanical reliability.  

Figure 10 shows an overview for the research structure and plan that was followed throughout the 

study.
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1.8. Thesis Outline  

The thesis is made up of 8 chapters as follows: 

Chapter 1 introduces the scope considered for this thesis with the topic of the failure of the PV module 

interconnections. Firstly, a background for the topic is presented which contextualizes the study and it 

shows the importance of this study for the challenges of PV modules reliability and particularly the failure 

of the PV module solder joint interconnections. Secondly, the chapter is followed by description of the 

research questions recognized for the issue which bases the objectives and methodologies used in this 

thesis. Finally, other section of chapter including, scope of research, research contributions and structure 

of the research are presented. 

Chapter 2 presents a literature review on of the previous researches on the design and reliability of PV 

Module Interconnections and its solder joints. Chapter 3 presents the methodology used in this study for 

the investigation the PV module solder joint interconnections failure. This chapter depicts the details of the 

FEM used to simulate the crack analysis and creep-fatigue analysis for the PV module solder joint 

interconnections. Chapter 4 and chapter 5 present the crack investigations in the lead-free solder joint of 

the CR interconnections and the new PV module ribbon interconnection designs. Chapter 5 includes two 

main parts. The first part presents a comparison of the crack parameters in the solder joints between the 

Light Capturing Ribbon (LCR) and the CR interconnections. Also, the second part of chapter 5 presents 

the effect of geometrical parameters and the effect of solder coating non-homogeneity (out of centre value 

and direction) on the thermo-mechanical response of round ribbons used for PV module interconnections. 

For chapter 4 and chapter 5, the XFEM in ABAQUS 2019 is used to determine the micro-crack initiation 

temperature and location and also crack growth rate for the given joint designs during the lamination 

process. 

In Chapter 6, the FEM simulation in ABAQUS 2019 is implemented to study the creep-fatigue 

behaviour of the lead-free solder joints for both conventional and new PV module interconnections. For 

this, the total dissipated energy is used to find the number of cycles to failure for each of the PV module 

solder joint interconnections under the test thermal cycling load. The exponent factor of Coffin–Manson–

Arrhenius approach for the PV module interconnections is calculated and is then used to determine the 

solder joint’s creep-fatigue life operating under thermal cycling conditions. 

The discussion of the results introduced in chapter 4 to chapter 6 is presented in chapter 7. Chapter 8 

presents a summary and conclusion of the study including the answers to the research questions, 

introduction of the selected configuration for the PV module interconnections which can meet the highest 

reliability without losing the efficacy of the module, suggestions and recommendations for future works. 



25 

 

Chapter 2  

2. Literature Review  

This chapter presents a literature review of the previous research on the designs and reliability of PV 

module interconnections using the front-to-back cell technique. The first focus of the chapter is on review 

of new designs for the front-to-back cell interconnections used in the SP array interconnected PV module. 

The second and main focus of this chapter is on study of the “crack” failure in the PV module solder joint 

interconnections, as it is known to be the main catalyst for PV module failure. 

2.1. Introduction  

One of the key components of the c-Si solar cells assembly is the PV module ribbon interconnection 

(i.e. the solder joint interconnections) between the solar cells. PV module interconnections are being used 

to connect the solar PV cells for producing higher voltages to feed energy into conventional electrical power 

networks. Failure of the PV module interconnections can adversely affect the performance and reliability 

of whole PV module. Ribbon interconnection failures have been linked to the thermal cracks which are 

initiated in the solder joint material during the lamination process; and creep-fatigue failure with the thermal 

cycling of the ribbon interconnections operating under high temperature conditions.  

2.2. Ribbon Interconnection Designs  

The ribbon interconnection (or strip interconnection) which is typically made of copper is used for 

collecting the power generated by the individual silicon cells in the conventional PV module. The ribbon 

interconnection is thus a very important component in the PV module assembly, since it serves as the 

mechanism for delivering the power generated to the output terminals (failure of ribbon interconnections 

adversely impacts on the performance of PV module and it reduces the power output). 

 In a solar PV cell, increasing either the width or number of the ribbon interconnections lead to decrease 

series resistance and it can be a merit for the whole module. However, using wider ribbons decreases the 

short circuit current due to more partial shading (with partial shading, one part of the solar panel generates 

lower amount of energy as compared to the other non-shaded part) and subsequently causes a bigger 

reduction in the power output, since power loss goes as the square of the current (M. Sachs, et al., 2009). 

Indeed, in the conventional solar PV module, the ribbons use about 2.3% of the cell’s surface and they 
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reflect the incident rays from the sun. This reflection means losing more received energy and it causes a 

decrease in the short circuit current. Consequently, on one side, the configuration of the interconnection 

influences the shading on the PV cells and the partial shading loss reduces the performance and efficiency 

of PV modules. On the other side, solar PV module manufacturers are keen to achieve higher reliability 

products in order to match their offer of power output warranties of 25 years (with early and premature 

failures covered by the warranty and the free replacement of the solar PV module). 

In most of the fabricated solar PV modules, the conventional (with rectangular cross-section) ribbon 

interconnection is being used as a front-to-back cell interconnection technique. However, some 

manufacturers are trying to do some rearrangements and physical changes in the conventional ribbon 

interconnections to increase both efficiency and reliability of the PV modules and at the same time, decrease 

the manufacturing cost. By now, several concepts for the ribbon interconnections and solar cell tabbing 

have been introduced to reduce the reflection rays from surface of the ribbons such as painting the ribbons 

with white pigments or using high number of small round ribbons (Muehleisen, et al., 2016). The 

investigation of the reliability of novel PV module ribbon interconnections is presented in Chapter 5 of 

thesis, and this focuses on the analysis of the crack initiation in the solder joints of two main new designs 

(namely: Light Capturing Ribbon, and Multi-Busbar Ribbon), in which, different configurations of these 

ribbon interconnections are considered to optimize the designs. In addition, Chapter 6 presents the creep-

fatigue analysis of the solder joints used in these new designs and the estimation of their service life span. 

The recent innovations in the design of new and emerging PV module ribbon interconnections are discussed 

next.  

2.2.1.  Light Capturing Ribbon Interconnection 

One of the innovative concepts for solar cell tabbing is the Light-Capturing/ Harvesting Ribbon (LCR/ 

LHR) design. This design has a grooved surface (with specific angles) to reflect more light back onto the 

cell surface (Schneider, et al., 2014). Figure 11 shows a schematic view of reflecting light back onto the 

cell by using Light–Capturing Ribbon with six grooves designed by Ulbrich Stainless Steels and Special 

Metals Inc. (Ulbrich, 2013). In comparison with the normal ribbon, the LCR increases the efficiency of a 

solar module and it brings more power gain and more short circuit current up to 2% (M. Sachs, et al., 2009).  
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Figure 11: Schematic view of reflecting light back onto the cell for a LCR interconnection (left), and view of the 

typical geometry of an LCR interconnection (right) (Muehleisen, et al., 2016). 

Also, the Light Capturing Film (LCF) is another similar way to improve the performance of the solar 

PV cell (Holst, et al., 2016). The LCF uses an attached film with different (spotted or grooved) surface 

pattern on the normal flat ribbon. This design is expected to bring the cost reduction compared to the LCR 

due to low cost material and simple attaching process. Figure 12 depicts a schematic view of reflecting 

light for a conventional design and a LCF design of PV module ribbon interconnection; and as it is shown 

the reflected lights can be mostly recaptured by utilizing the LCF. It is reported that the LCF design can 

improve the photocurrent recapture ratio of ribbon from 6% to about 50% and it causes an improvement in 

the module short circuit current and power gain by 1.3% and 1.7%, respectively (Chung, et al., 2013). 

However, this design is prone to the delamination and debanding, particularly when the PV module operates 

under high temperature cycling condition.  

 
Figure 12: Schematic view of reflecting lights from surface of PV module ribbon interconnection, a: conventional 

ribbon interconnection design, and b: LCF design (Chung, et al., 2013). 

2.2.2. Ribbon Interconnection Embedded in Polymeric Film 

Day4 Energy Inc. introduced the Day4™Electrode for cell metallization technique which comprises of 

low-melting solder coated copper ribbons embedded in transparent polymeric film with adhesive layer (see 

Figure 13). This approach requires the combination of lamination and interconnection into a single 

lamination step (Schneider, et al., 2006).  
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Figure 13: Schematic view of the Day4™Electrode cell metallization technique, using Coated ribbon 

interconnection embedded into s adhesive (Schneider, et al., 2006).  

The Day4™Electrode eliminates the needs for the front side busbars by connecting to the Ag fingers 

directly and it can save up to 40% of the Ag paste by optimization of the screen printing sequence. So, a 

considerable reduction in cost, shading drastically and reaching higher value of generated current and cell 

efficiency are the advantages of this approach. However, the lower the number of electrode ribbons 

especially in the larger solar cells causes increasing solar cell series resistance and decreasing fill factor 

values. Another advantage of this design is keeping the performance with almost efficiency of the cell after 

breaking because electrode ribbons preserve electrical integrity between the cells broken parts (Schneider, 

et al., 2006).  

The smart ribbon connection technology (SWCT) is the developed design of the Day4™Electrode, in 

which the SWCT uses higher number of ribbons but with lower diameters and can improve the advantages 

such as less optical losses owing to the shorter length of the fingers Due to avoiding the high temperature 

soldering steps, low temperature contacting during module lamination, and relaxing the constraint between 

the ribbon and metallization; better cell backside passivation can be achieved (Faes, et al., 2014). SWCT 

is also compatible with multiple material types such as Al, Cu, Ni, Ag and the interconnection of new cell 

concepts, such as rear passivated cells, HJT, metal plating and IBC. (Söderström, et al., 2013). 
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2.2.3.  Multi-Busbar (MBB) Ribbon Interconnection 

The MBB Connector is another design which uses high number of busbars and reduces the width of 

busbar and cross-section of fingers (saving up to 89% of silver consumption) (Braun, et al., 2012). Indeed, 

the busbars in the conventional ribbon interconnections are replaced by multiple narrower ribbons which 

are connected to the perpendicularly orientated finger grid (Schindler, et al., 2013). For instance, by using 

15 ribbons instead of three/five conventional ribbons, the finger length and width can be reduced from 

25mm to 5mm and from 50µm to 17µm, respectively (Braun, et al., 2013). In comparison with conventional 

ribbon interconnections, the use of the MBB interconnection results in reducing the series resistance losses, 

since the increased number of current paths associates more uniform current distribution. In addition, the 

roundness of the circular ribbon geometry causes the reflection of most of the incident light onto the wafer 

surface and leads to less shadowing loss (Söderström, et al., 2013) (see Figure 14). Also, there is another 

concept to use MBB interconnection with triangular cross-section which can improve the optical 

performance up to 2.35% compared to using the conventional ribbon interconnections (Mittag, et al., 2016). 

By reducing the shadowing loss, MBB technology leads to rise the current and power output and improves 

the module efficiency (Schindler, et al., 2013) and (Walter, et al., 2014). So, for decreasing the electrical 

current losses, MBB does not require thicker ribbons and more encapsulate during module production and 

it avoids more material usage and high stress levels in the solar cells (Qi, et al., 2011). However, there is 

still an important challenge related to the non-homogeneity of solder coating being produced around the 

Cu-ribbon which may result in insufficient solder joints and decrease the strength of the ribbon connection 

to the cell (Walter, et al., 2014), especially if it is closed to the high stress level area of the interconnection 

(Rendler, et al., 2016). Figure 15, displays a cross-section view for round copper ribbon with solder coat in 

homogeneous and non-homogeneous coating geometry. Section 2, Chapter 5 of this thesis presents FEM 

study of the effect of non-homogenous coatings of the crack initiation and propagation in the solder joints 

of MBB interconnections. 

Rendler et al. have investigated the deformation of cell and thermomechanical stress in both cell and 

MBB interconnecting ribbons of the solar PV modules. They found that by using ribbons with lower 

diameter and made of softer copper alloys, the thermomechanical stress induced in the silicon cell can be 

decreased. They also recognized that the maximum stress in the ribbons occurs at the edge of the outermost 

contact pads on both sides of the solar cell (Rendler, et al., 2018). This important region of the solder joint 

material is where the IMC is formed. 
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Figure 14: Reflection of the incident light onto the wafer surface for both rectangular and circular ribbons, adopted 

from (Söderström, et al., 2013). 

 

Figure 15: Round Copper ribbon with homogeneous (right) and is non-homogeneous (left) (Walter, et al., 2014). 

Triangular ribbon interconnection is another concept for ribbon interconnection design which improves 

the performance of the PV module. Indeed, this design follows using high number of ribbons in the cell as 

it is introduced in MBB interconnection design. An investigation of the optical ray tracing for the triangular 

ribbon interconnection showed that this design improves the optical performance 2.35% compared to 

conventional ribbon (CR) interconnection (Mittag, et al., 2016). 

2.2.4.  Wave-shaped Ribbon interconnection 

One of other novelties in design of round ribbon interconnection is using wave-shaped ribbons in the 

PV module which improves its reliability, especially in the case of back-contact method which provides 

higher efficiency. This interconnection design is based on soldering copper-based ribbons directly on the 

contact fingers of solar cell without any needs to use the contact pads and it saves the silver consumption. 

(Rendler, et al., 2017). However, additional shading in case of using wave-shaped ribbons in front side of 
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solar cell and also increasing the electrical resistance of ribbon can be two important disadvantage of this 

design. Figure 16 shows microscopic images for two different geometries of wave-shaped ribbons and also 

soldered ribbon assembling on the silicon solar cell. The experiments on the longitudinal softness of wave-

shaped ribbons shows an up to 90% reduction of the yield limit in wave shape interconnector which 

decreases thermomechanical stress levels of the solder joints and also reducing cell bowing problem. 

Consequently, it improves the long-term stability of solder joints and reliability of PV modules (Rendler, 

et al., 2017). However, investigation of the mechanical and electrical properties of wave-shaped ribbons 

with different peak-to-peak amplitudes, periods and diameters shows that the geometry of wave-shaped 

ribbon increases the electrical resistance (due to increasing the length of ribbons). Also, ribbon diameter 

change during stretching process may cause grooves at the peak of waves (due to sharp edges of the shaping 

instrument) and it is detected as another reason for rising the ribbon electrical resistivity(Rendler, et al., 

2018).  

 

Figure 16: Microscopic images of wave-shaped ribbons, with different amplitude (left) and arrangement on the cell 

(right) (Rendler, et al., 2018). 

Although there are several concepts in design of the ribbon interconnection to improve the reliability 

and efficiency of PV modules, a massive industrial attention is still being payed to use the conventional 

ribbon interconnection due to easy fabrication process and most common available manufacturing 

technology.  

2.3. PV Module Reliability 

Unlike other electrical equipment, PV modules are unique in that they carry very long-term 

performance warranties of 20 - 25 years (indeed, very few types of electrical equipment have such long 

warranties). For this reason, improving the reliability of PV modules remains a major R&D challenge; as 

reliability is neither defined nor covered by the existing quality certification standards such as the IEC 

61215 (IEC International Electro Technical Commission). Hence, the design qualification to those 

standards does not imply the PV module reliability. This lack of reliability standards is partially due to the 
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fact that solar PV module technology is still in its early stages (with most PV installations yet to reach their 

20 to 25 year lifetime as per warranty), and thus there is very little or no statistical data available on the 

field failure of PV module  (Ishii & Atsushi, 2017).  

The focus of the recent PV module reliability studies has been on the ribbon interconnection design 

and thermal failure (Ogbomo, et al., 2018) and (Afriyue Nyarko & Takyi, 2021). These include some 

experimental studies focused on the investigation of the failure rate of the ribbon interconnection and this 

shows that the solder joint in the ribbon interconnection is the most common source of failure. Indeed, the 

solder joint of ribbon interconnection has been reported as the most susceptible part of the PV module 

system, and hence the dominant factor in PV module degradation and responsible for about 40% of 

recorded field PV module failures (Hermann, 2010). In particular, an investigation on the PV module life-

time using 3 million module-years of live field data showed that solder interconnection failures were the 

reason for circa 66% of the PV module returns (due to failure over an average deployment period of 5 

years), whilst encapsulate and back-sheet failures accounted for circa 22% of the returns (Hasselbrink, et 

al., 2013). 

 According to the literature, several studies on the fracture mechanics of the silicon cells in the PV 

modules have been performed; for example, in the PV solar cells exposed to thermal cycling and to 

mechanical loading, cracks were observed mainly at the beginning and the end of the busbars, in which the 

cracks grow along the busbars (Sander, et al., 2011). Although the failure and reliability of the most 

components in the PV solar modules have been studied well, however, there are not enough reported studies 

on the thermal failure of the solder joint in PV modules interconnection and their design to improve the 

reliability. Hence, the study of solder joints used in different device, but under similar loading condition 

can be a good practice to understand the thermo-mechanical reliability challenges of the solder joints in the 

PV module interconnections. For this there are numerous works on the thermal failure of solder joints used 

in the electronic packages. For example, the failure and thermos-mechanical reliability of the BGA (Bull 

Grid Array) solder joints in PCB (Printed Circuit Board) assemblies have been greatly studied since 1990 

(Anjoh et al., 1998). In particular, increasing application of BGAs in the miniaturized electronic device 

such as mobile phones still faces the thermo-mechanical reliability challenge in terms of the device 

functionality, system miniaturisation and the capability of solder joints to remain in conformance with their 

electrical and mechanical specifications under operational conditions (Lu et al., 2020) and (Depiver et al., 

2021). Also, the FEM simulation for thermomechanical analysis of BGS solder joints has shown that the 

package size is the most influential factor among all design parameters in which the smaller size of package 

can provide higher reliability (Strusevich et al., 2007). Investigations on the thermal fatigue failure of the 

BGA solder joints have shown that the induced stress (mostly in shear direction rather and tensile direction) 
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and the accumulated strain energy lead to crack initiation and propagation in the solder joints (Chen et al., 

2016). By now, several approaches using constitutive equations (correlated with FEM results) are 

developed to predict the thermal fatigue lifetime of the solder joints (Morooka & Kariya, 2021). In this 

case, Section 2.7 and Section 2.8 of this chapter present a review on the solder joint failure and the 

numerical approaches for prediction of the solder joint fatigue lifetime. 

2.4. Reliability of the PV Module Ribbon Interconnection 

The ribbon interconnection of the solar PV module is critically important in component. The ribbon 

interconnection is soldered directly onto silicon crystals to interconnect solar cells in the PV module and it 

plays an important role in determining cell efficiency, as it serves to carry the current generated in the solar 

cells to the PV busbars. There are several recognized reliability challenges for the PV module 

interconnection such as the connection of the ribbon to the cell and bending the ribbon between the adjacent 

cells. For example, an investigation on the placing the ribbon interconnection on the rear pad in the solar 

PV cells showed that an unbalance positioning of the ribbon can lead to a massive increase of 

thermomechanical stress in the silicon cell (up to 50%) which can adversely affect the reliability of the PV 

module (Hsiao, et al., 2020). Also, the FEM results for the stress distribution in the copper ribbons near the 

vicinity of the gap between cells showed that during the lamination process (150°C temperature), the copper 

ribbons exhibit some plastic stress due to the movement of the cell (Pamir Aly, et al., 2020). The movement 

of the cell can cause a high shear force in connection between the copper ribbon and the cell and leads to 

failure of the solder joint material used to connect the copper to the cell finger. Also, the investigation of 

the thermo-mechanical stresses in the silicon cell showed that stress level on the ribbon bend between the 

cells (which is more flexible to move) is lower than stress in connection of ribbon to cell (Owen-Bellini, et 

al., 2015). However, among all aspects of potential failure of PV module cell connections, the major 

challenge is referred to the contact area between the ribbon and the cell. Indeed, the weak contact strength 

of ribbon interconnections to the cell using solder joint materials or even low contact strength between the 

ribbons and fingers (due to low width of fingers) can adversely affect the reliability of the PV module 

(Rendler, et al., 2017). 

The ribbon interconnection failure is mostly linked to crack initiation and propagation in the solder 

joints material which exhibits brittle mechanical behaviour. The nucleated crack in the solder joint can lead 

to hot spots resulting from high contact resistance at the ribbon and the cell interface and then potentially 

results in DC arc (Itoh, et al., 2014). In addition, these hot spots can also lead to the degradation of the 

encapsulation and partial shading cell effect; consequently, this problem impacts on the parameters of 
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performance and reduces power outputs and the efficiency of the PV module (Bidram, et al., 2012)and 

(Pareek, et al., 2017). 

In this section, the main focus is on the failure of the solder materials used in the PV module ribbon 

interconnection. In fact, the reasons for the failure of ribbon interconnections can still be held in common 

with other new interconnection technologies since the most of designs use the ribbon interconnections made 

by coating solder alloys on copper ribbons. It should be noted that the most common material for ribbon 

interconnection is copper thanks to high electrical conductivity and low material cost. However, other 

ribbon interconnection materials including silver, brass, tin and aluminium are numerically studied and 

FEM results of creep strain energy showed that silver provides the highest reliability of PV modules 

compared to the other materials (Ogbomo, et al., 2018). 

2.5. PV Module Interconnection Joint Materials 

Many efforts focused on developing new joining materials have been reported, such as that on 

electrically conductive adhesive (ECA) joints or conductive paste assisted low-temperature soldering 

(CALS) as an adhesive layer to connect the ribbons to the cells (Song, et al., 2019) and although this leads 

to a cheaper interconnection solution (use of less solder materials), the interconnections do not have the 

required high shear strength. By now, there are not widely established interconnection material types to 

provide enough strong interface connection and it is mostly limited to lead-based/lead-free solder joints 

which are the most common materials for connecting the ribbon to the PV cells (T. Zarmai, et al., 2015). 

Hence, the design and reliability of the PV module interconnections are mostly based on investigation of 

lead-free and lead-based solder joints. For example, a study on the life prediction of lead-based and lead-

free solder joints used in c-Si solar cell interconnections under thermal condition in high temperature 

operation condition has shown that the lead-based solder joint (Sn60Pb40) are likely to exhibit superior 

reliability (up to 30% higher thermal cycles to failure) compared to the lead-free (Sn3.8Ag0.7Cu) solder 

joints (Afriyue Nyarko & Takyi, 2021).  

In 2002, the European Union adopted the Restriction of Hazardous Substances (RoHS) legislation which 

restricts the use of certain hazardous substances in electrical and electronic equipment due to containing 

lead and the required flux contents which result in disastrous effects on the environment. The first RoHS 

Directive took effect from July 2006 and based on that the use of lead-based solders is restricted (The EU 

Parliament and the Council of the EU Union, 2011). For this reason, lead-free solders which are 

environmentally friendly are one of the most common materials to replace using lead-based solders in solar 

PV modules. The melting point for lead-free SnCu alloys (with/without additives such as Ni, Bi, Ge, Co, 
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and Mn) is about 227°C and the melting point of conventional lead eutectic solder (Sn37Pb) is only 183°C. 

Consequently, lead-free solder has higher defect probability on the PV module material such as silicon 

layer due to higher thermo-mechanical stresses resulting from higher soldering temperatures in 

manufacturing process (Cheng, et al., 2017). SnAg alloys has also the melting point about 221°C. However, 

by adding some alloying elements such as Bi, Zn or Cu, not only the melting temperatures will be 

decreased, but also better structural, thermal and mechanical properties such as higher young modulus, 

longer fracture and creep resistance can be provided. One of the most famous lead-free compositions of 

solder alloys is Sn-xAg-0.5Cu (x=1, 2, 3 and 4 in mass%) which makes possible less increase in 

temperature of soldering process and consequently induce less thermal stress in the cell. For instance, 

Sn3.0Ag0.5Cu which contains 3% of Silver has the melting point around 215°C, but it raises the cost of 

soldering process compared to other solder materials due to high percentage of using silver material 

(Cheng, et al., 2017) and ( Mostafa Shala, et al., 2018). It is also found that among all SnAgCu solder 

alloys, SAC396 (Sn3.9Ag0.6Cu) shows better thermo-mechanical reliability due to less accumulated creep 

strain energy in solder contact boundaries subjected to the thermal cycling load (A. Depiver, et al., 2019). 

For these reasons, all the FEM investigations carried out for this PhD study (presented in chapters 4,5, and 

6) are based on the use of lead-free (SAC396) solder joints - for connecting the ribbon interconnections to 

the c-Si solar cells. 

Another alternative for the interconnection joints in the solar PV module is the ECA (Electrically 

Conductive Adhesive) technology which uses the lead-free joints to replace soldering process with gluing 

process to connect the ribbon to the solar cells. Indeed, using the ECA technology solves the challenge 

linked to formation of the brittle IMC layer which has high potential to be cracked (Song, et al., 2019). 

Hence, conductive adhesive bonding can be a beneficial idea to exclude high residual thermal stresses 

caused by the soldering process as it can be processed at relatively low temperatures (approx. 180°C) 

(Pander, et al., 2014) and (Schwark, et al., 2017). However, the main challenge of the ECA technology is 

high manufacturing cost and there are some efforts to reduce the cost by decreasing silver consumptions 

based on optimizing the bonding volume and the contact design (Geipel, et al., 2018). However, this type 

of bonding is still not largely recommended and popular in the industry due to another challenging weak 

point which is high delamination potential and low adhesive strength. Indeed, the high temperature 

(∼150°C) in the lamination process and the applied pressure (∼760mmHg) in assembling the back-sheet 

and the glass can have negative thermal effects on the strength of adhesive joints and can increase 

probability of micro-crack nucleation in the interconnection (Pander, et al., 2011) and (Song, et al., 2019).  
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2.6.  Crack and Failure of PV Module Solder Joint Interconnections  

Whilst in several works related to the reliability of PV modules, the attention has been closely drawn to 

the failure of the interconnection between PV cells. Heiman, et al. proved that different failure modes on 

the front and rear side of solar PV cells have different influences on the reliability of the PV module. They 

explained that to achieve the long-term mechanical and electrical stability of the solder joints, failure of the 

solder on backside of cell can be more important rather than others; if the solder ribbon is placed incorrect 

on the aluminium metallization pad on the rear side (Heimann, et al., 2014). However, the FEM results for 

the accumulation of strain energy in the solder interconnection (without assuming incorrect placement of 

the interconnection ribbon) subjected to the thermal cycling showed that the front joint is more susceptible 

to the degradation compared to the rear joint (Jiang, et al., 2020). 

Cracks are the main reason for the failure of PV module solder joints as they are mostly initiated in 

solder boundaries during both high temperature manufacturing process and operating under thermal 

cycling. Tippabhotla found that during encapsulation in manufacturing process, the CTE mismatch between 

materials (from 16.8 × 10−6 
1

𝐾
 for Cu and 2.5× 10−6 

1

𝐾
 for silicon) makes a local bending curvature in 

silicon cell and results in a high residual stress and strain in area near to the soldered interconnectors 

(Tippabhotla, et al., 2017) and (Itoh, et al., 2014). It means that the CTE mismatch between interconnection 

materials generates high thermal strain energy which causes cracking and failure of the solder joint. In the 

PV module solder joint interconnections, the cracking parameters such as the crack initiation temperature 

and growth rate are dependent on the configuration of the ribbon interconnections as the magnitude and 

distribution of the induced strain and stress components (due to the CTE mismatch between solder and 

interconnection materials) are influenced by the geometry of design. It is also reported that the crack is 

nucleated in the corner of the solder joint material as the maximum in plastic deformation occurred in this 

region (Deng, et al., 2005), (Zhu, et al., 2014) and (Nhat Le, et al., 2016). Kumar also studied the damage 

at the silver-solder interface of the PV module; and it is observed that the damage at the interface layer 

increases due the presence of extra solder around the busbar (Kumar & Gupta, 2019). Figure 17 shows a 

cross-sectional view of the crack initiated and propagated at the solder joint boundary with the silver-pad 

in a PV module interconnection subjected to the thermal test (Park, et al., 2013). 
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Figure 17: SEM micrographs of crack at the solder joint (in the silver-pad side) of PV module interconnection 

subjected to the thermal test (Park, et al., 2013). 

The nucleated crack can grow through the connecting layer and ultimately leads to failure of the PV 

module solder joint interconnections during high temperature cycling condition. In many number of works 

regarded to the failure of PV interconnection, progressive crack in solder joint is the main reported failure 

mode which during fatigue life it can adversely affect the performance of PV module and decrease the 

power output. Indeed, generated crack induces weak contact condition between Cu ribbon and the cell and 

consequently it increases contact resistivity and electrical cell-to-module (CTM) loss and decrease the 

power gain from the module (Tae-hee Jung, 2014) and (Park, et al., 2013). This problem can also cause hot 

spot and eventually disconnection of bus bar line and consequently resulting in DC arc (Itoh, et al., 2014). 

For example, the Electroluminescence (EL) images of PV module sample before and after 200 thermal 

cycles showed that some cells in the PV module becomes dark after test, while the maximum power 

decreases by 3.7% as a result of an increased R of 12.6% (Du, et al., 2020). 
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It should be noted that the thermal crack in the PV module solder joint interconnections is highly 

depended on the material properties (particularly for PV modules operating under hot climate). As there is 

not a wide range of interconnection material to properly solve the challenge for the thermal failure of the 

PV module interconnection, lowering the module temperature could be an option to increase the reliability 

of PV modules’ part and at the same time keep the efficiency of the module high. There are some 

technologies introduced for cooling the PV module by using air/water/combined coolant systems installed 

at the backside of the module (Diwania, et al., 2020). However, cooling system for PV modules are not 

very popular as they need frequent maintenance due to the mechanical coolant systems. Weber, et al., also 

studied the influence of phase change materials (PCM) on the fatigue life of PV module interconnection to 

enhance thermal conductivity and to reduce the short-time fluctuation of the module temperature during 

the operational condition. They modelled the PV module interconnection operating under recorded 

temperature loads to determine the cumulative damage in the interconnection. Their FEM results showed 

that a significant increase (20% to 30 %) for the reliability of PV module interconnection can be achieved 

by using commercial Paraffin RUBITHERM RT 28 HC mounted on the backside of a PV module (Weber, 

et al., 2018 ). 

2.7. Solder Joint Failure 

Based on the literatures, there are few works that has studied the failure mechanism of the PV module 

solder joint interconnections; and the reason seems to be the complexity of the experimental sample of PV 

module interconnection. However, the nature of failure and mechanical characteristics of solder joints in 

the silicon boards of electrical devices (particularly in the ball grid arrays) are widely studied in both 

experimental and numerical works. A number of previous studies have reported on the fracture mechanics 

and the effect of solder joints geometry on the reliability of electronics assembly board interconnections 

subjected to thermo-cycling loads. These include the development of an empirical equation for predicting 

the thermal-fatigue life of solder bumps using the measured crack growth rate at the crack tip (H. Lau, et 

al., 2001); the creep investigation to study the effect of solder joint geometry on the reliability of ball grid 

array (BGA) solder joints on flexible and rigid PCBs subjected to thermo-cyclic loading (Lau, et al., 2014); 

and modelling evaluation of Garofalo-Arrhenius creep relation for lead-free solder joints in surface mount 

electronic component assemblies to propose a paradigm for selecting a suitable constitutive model to 

predict accurate creep parameters (H. Amalu & N.N. Ekere, 2016). 

The literatures illustrate that, one of the key challenges in numerical investigation of thermal failure of 

the solder materials is accurately determination of the material temperature dependencies that can 

extremely affect the numerical outputs to find the exact thermomechanical response and to predict the 
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failure behaviour of the solder materials. In this case, the experimental tests to study the stress-strain 

behaviour of the solder joints in different strain rate and at various temperatures showed that particularly 

Sn–Pb solder behaviour is strongly strain rate and temperature dependent, whereas the lead-free solders 

showed less dependency (Siviour, et al., 2005). Among all mechanical characterizations of the solders, 

elastic parameters (Young’s modulus, E, and Poisson’s ratio, ν) and also creep parameters have been well 

studied. For instance, Tanaka employed the Ultrasonic Pulse Echo Method to determine analytical formula 

for elastic parameters with considering temperature dependency of both lead based and lead-free solders 

(Tanaka, et al., 2005). They considered that there is a rapid decrease in the Young’s modulus above 80°C 

due to the atomic motion along dislocations and grain boundaries. 

The failure of solder joints subjected to the thermo-cycling loads has been more attended  rather any 

other solder joint failure aspects due to exhibition of higher negative influence on the reliability of solder 

joints. Most of experimental works on the fatigue failure of the solder joints have used the thermal aging 

tests to understand the nature of crack nucleation and to define of the length of crack in low and high fatigue 

cycles. However, other mechanical aspects of the solder failure have been partially studied to determine 

the effect of the both non-thermal conditions and the combined mechanical-thermal condition on the failure 

of the solder joints. For example, an experimental work on the cyclic behaviour of solder joints in vibration 

coupled with thermal cycling showed that vibration significantly modifies the total behaviour of solder 

joints in the concurrent loading (Basaran, et al., 2001). 

2.8. Numerical Approaches for Estimating Solder Thermal Fatigue Lifetime 

Numerical approaches (i.e. FEM) have been widely used in many studies to find the different fatigue 

parameters such as plastic strain energy density and plastic strain and then to calculate the number of cycles 

to failure. The Coffin-Manson model (Chen, et al., 2017) and (Chen, et al., 2021), the Total Strain model 

(Lee, et al., 2000) and (Yao, et al., 2017), the Morrow Energy Density model (Akay, et al., 2003) and 

(Stoyanov & Bailey, 2009), the Paris Law model (Zhang, et al., 2008) and (Ma, 2009), the Darveaux fatigue 

model (Darveaux, 2000) and the Johnson–Cook model (Halouani, et al., 2020) are major numerical models 

to estimate the fatigue life of solder joint materials. Basically, the models for estimation of the fatigue life 

of solder joints can be sub-divided into three categories, namely: stress-based, strain-based and energy-

based approaches. According to the stress-based approach, the fatigue failure occurs when the induced 

stress reaches a trigger threshold (Li, et al., 2017) and (Han & Han, 2014). 

In terms of the energy-based models used for predicting the creep-fatigue life of materials, the Morrow 

Energy Density model (Andersson, et al., 2006) and (Zhu, et al., 2014), is one of the most widely used 
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methods. In this approach, the plastic strain energy density is used instead of the plastic strain values. The 

advantage of this method is that it incorporates the effects of both plastic strain and plastic stress on the 

cumulative energy. In the Morrow Energy Density model, the number of cycles to failure (𝑁𝑓) is a function 

of the plastic strain energy density, which is obtained from the hysteresis stress-strain loops for each cycle.  

In another study, Akay developed the model for predicting the creep-fatigue life based on the total strain 

energy, rather than the plastic strain energy density (Akay, et al., 2003). The stress–strain hysteresis energy 

is also important for predicting the fatigue failure life (Steinhorst, et al., 2013). For example, Darveaux 

proposed a fatigue model with consideration of the accumulated stress–strain hysteresis energy in the 

material to derive the equation for the crack initiation cycle number and crack propagation rate (Darveaux, 

2000).  

The strain-based approach is the most widely reported method in the literature for the computational 

study of creep-fatigue behaviour of the solder joints. For strain-based fatigue models, the strain is composed 

of the elastic strain, plastic strain, creep strain components, which are not easily distinguishable (Knecht & 

Fox, 1990). The Coffin-Manson model and the total strain energy model are two of the most popular strain-

based models used for prediction of the thermal fatigue life of materials (Li, et al., 2017) and (Lee, et al., 

2000). The Coffin-Manson model uses the plastic strain amplitude over a cycle to estimate the number of 

cycles to failure. Several modifications of the Coffin-Manson model have been used for the prediction of 

the fatigue life of materials in specific conditions. For example, Chen used the modified Coffin-Manson 

equation to introduce a coupling damage model considered low-cycle fatigue and creep (Chen, et al., 2017). 

In another study, Zhiwen Chen reported work based on combination of Coffin-Manson FEM model and 

Artificial Neural Network to reduce the computational time (Chen, et al., 2021). Previous work by Hund 

and Burchett showed that for strain levels less than 1%, Coffin-Manson model cannot accurately estimate 

the creep-fatigue life, and hence is not recommended, as the strain is mostly composed of creep and elastic 

strains rather than plastic strain (Hund & Burchett, 1991). The total strain energy model is introduced as a 

modified form of the Coffin–Manson model to incorporate both the elastic and plastic strains terms (Lee, 

et al., 2000) and (Yao, et al., 2017).  

The strain and the energy terms used in the models discussed above for the estimation of the fatigue life 

of materials can be found by using the analytical constitutive models of creep behaviour. Examples of the 

constitutive models used for the prediction of the creep fatigue life of materials include the following: (a). 

Hyperbolic Sine (Ramachandran, et al., 2018) and (Stoyanov, et al., 2002), (b). Anand (Baber & Guve, 

2017) and (Cho, et al., 2018), (c). Johnson-Cook (Halouani, et al., 2020) and (d). Power Law (Zhang, et 

al., 2008) and (Ma, 2009). Most of numerical studies on the creep behaviour of the solder joint (particularly 
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for high-temperature creep) have used the Hyperbolic Sine constitutive models (Garofalo and Anand’s 

visco-plastic creep models) (Depiver, et al., 2020).  

2.9. Software for Simulation of the Thermal Failure of the Solder Joints 

For numerical investigation of material thermal failure, there is a wide range of commercial finite 

element software to implement the relevant simulation. For this purpose, ANSYS and ABAQUS have been 

widely used for the damage investigation and the non-linear study of the creep-fatigue failure. These 

software support most notable creep models such as Hyperbolic Sine model and Anand model and there 

are numerous studies have been conducted to predict the solder joint reliability by means of ABAQUS and 

ANSYS. For example, Halouani et al., used ABAQUS software to develop a nonlinear damage model for 

SAC solder (Halouani, et al., 2020). In their model, the Johnson–Cook visco-plastic model is utilized to 

describe the material hardening behaviour and to estimate the fatigue life and to simulate the progressive 

damage in the solder joint. In another work, Stoyanov et al., has used ANSYS software to predict the 

physics-of-failure of micro-BGA solder joints in electronic packaging (Stoyanov, et al., 2020). In this 

research, the Hyperbolic Sine creep model in ABAQUS 2019 is used to determine the creep stress-strain 

distribution, and the total dissipated energy in PV module solder joint interconnections operating under 

different thermal cycling loads. Then, a developed Morrow Energy Density model as well as Coffin–

Manson–Arrhenius formulation are used to estimate the creep-fatigue lifetime. Chapter 6 of this thesis 

presents the study of creep-fatigue analysis for different PV module interconnection designs. 

Furthermore, ABAQUS is known as one of the main pioneer software (since 2009) for the 

implementation of the XFEM techniques to simulate the fracture mechanics problems. In 2017, ANSYS 

18 also developed the feature for the XFEM simulation. Also, there are some other software such as 

GetFEM++, Altair Radioss, Code-Aster, etc. that can support the XFEM technique for the simulation of 

fracture mechanics. This research has used ABAQUS 2019 for the XFEM simulation of crack initiation 

and propagation in PV module solder joint interconnections (presented in Chapter 4 and 5) thanks to its 

user-friendly features such as easy implementation of the contact properties for the areas with high crack 

potential.  

2.10. Intermetallic Compounds (IMC) Failure 

Intermetallic compounds (alloys) form whenever two different metals are soldered together and grow 

as solid phases during solidifying of solders on the interface between the solder alloy and its bonding pads 

(Pecht, 1993). The diffusion-based intermetallic compounds have a brittle mechanical behaviour and the 
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crystal structure of intermetallic compounds differs from that of the other constituents (Schmitt, et al., 

2012). Indeed, diffusion of copper (Cu) and tin (Sn) elements in the soldering process causes formation of 

IMC interface layers at the solder and copper ribbon interface (mainly Cu3Sn and Cu6Sn5 IMCs). Deng 

observed the Cu6Sn has a larger grain size rather than Cu3Sn, resulting in a fracture path that is more 

cleaved through the grain, while Cu3Sn is cracked along the grain boundaries (Deng, et al., 2005). In the 

same way, Ag and Sn elements diffuse to form Ag3Sn IMC layers at the solder and silver pad 

(metallization) interface. The IMC layers grow during ageing process and service life and become thicker 

and as a result they are responsible for a decrease in the strength of the connection surface. It is shown that 

the IMC layers in the solder region boundaries play a crucial role in nature of failure and subsequently life 

time and reliability of solder interconnection (Yang, et al., 1994). Consideration of the IMC layers in solder 

failure investigation has been paid attentions in several works. For IMC layers, physical and mechanical 

properties such as elastic parameters as well as fracture toughness are measured to get better understanding 

of the fracture and failure of them and to predict the joint reliability more exact (Fields, et al., 1991). 

Investigation of the impact of IMC layers on reliability of the lead-free solder joints in a flip chip 

package at elevated temperature operation shows that IMC layers play significant roles in the life of lead-

free solder joints (Amalu & Ekere, 2011). The results of these previous studies show that the thermal 

fracture mechanism of a solder joint interconnection can generally be sub-divided into two distinct modes. 

Firstly, the fractures that occur inside the solder joint due to solder grain size growth and the corresponding 

decrease in bonding strength during thermal cycling, which then leads to crack propagation at the interface 

of large grain. Secondly, the fractures that occur at the interface of solder with interconnection material 

(that is within the IMC layer formation); for example Cu5Sn6 and Ag3Sn which is formed through the 

dissolution of the Ag/Cu materials in the solder (Itoh, et al., 2014).  

There is also another potential defect for nucleation of voids by the outgassing in a solder joint (due to 

evaporation of solvents and additives) during heating in soldering process (Cheng, et al., 2017). Fei applied 

finite element approach to investigate the effect of probable microscopic voids in solder material under 

dynamic loads. They used porous plastic material and elastic material for modelling Pb-free solder and 

IMC interface layer, respectively, and the wave interface surface was applied between two these layers. 

Their simulation study shows that higher strain rates and thicker IMCs results in IMC-interface brittle 

fracture or IMC-controlled fracture; whilst lower strain rates and smaller IMC thickness leads to solder-

internal fracture or solder-controlled fracture (Fei, et al., 2012). Results from a study on the analysis of 

experimental samples have shown that the Ag to solder crack in IMC region is more prevalent than the Cu 

to solder region crack (Jeong, et al., 2012), whilst the studies by Li showed that fractures and the straight 

crack propagation path tends to be located on the component side of the solder interconnections (beneath 
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die edge) ( Li, et al., 2009); and that the tensile and the shear strength of IMC layers decrease with increase 

in the IMC layer thickness. Zhong also studied the mechanical properties of two separated major species 

of IMC, Cu6Sn5 and Cu3Sn in lead-free solder and it is detected that cracking around the IMC layer is the 

primary failure mode in the PV module solder joint interconnections (Zhong, et al., 2010). 

Among all IMC layer parameters, thickness and material combination of the IMC layer are recognized 

as the most important parameters, as they have a considerable influence on the strength and fracture 

morphology of the solder joints. It has been shown that an increase of IMC thickness results in a rougher 

interface and consequently leads to weaker solder joints (Zhong, et al., 2010). Indeed, the strength of the 

solder joint can be reduced by thermal cycling due to coarsening of Ag3Sn particles in IMC layer. This is 

particularly true for the manufacturing process in which the high reflow soldering time and/or temperature 

lead/s to a significant increase in the IMC thickness (Yang, et al., 1994). Conversely, it has also been shown 

that higher cooling rates (after reflow) results in thinner IMC layer. Furthermore, the results from the 

microstructure evaluations of thermally aged solder joints shows that the IMC thickness determines the 

shear fracture mode of the solder joints, but the shear strength is more controlled by the solder strength, 

rather than intermetallic thickness (Deng, et al., 2005). Thermo-mechanical investigation of the solder 

joints in c-Si solar cell assembly indicated that the optimal IMC thickness for 20µm thickness of lead-free 

solder (Sn3.8Ag0.7Cu) is 2.5µm since the creep strain energy density in solder is the minimum and can 

guaranty 25-year fatigue life. They also found that the highest creep strain energy levels are located in the 

lower side of solder joint adjacent to silver-pad and this area has the most potential to initiate crack (Zarmai, 

et al., 2016). 

2.11.  Chapter Summary 

In this Chapter, a review on the design  and reliability of PV module interconnection is presented. The 

literature showed that although using the ribbon interconnection in the front-to-back cell interconnection 

technique is very common and well-satisfying approach to build in the interconnection between cells, but 

there are still several challenges to re-design them for improving the PV module efficiency and reliability. 

Several new configurations for the design of the PV modules interconnections are introduced by 

manufacturers to solve the challenges especially in case of module efficiency and performance. Many new 

ideas for structured ribbons such as Light Capturing Ribbon, Multi-Busbar interconnector, Round Ribbon, 

Triangular Ribbon and Wave-Shaped interconnections have been developed to improve the performance 

of the PV modules. The mentioned concepts can offer a reduction in manufacturing costs (by reducing 

material consumption) and an increase in power outputs of each cell (mostly by decreasing optical losses). 
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However, there is no longer sufficient investigation to find more exact reliability of these new designs and 

subsequently the market has not still paid enough attention to use them in new products. Therefore, 

investigation of reliability and study on failure of these new designs are highly suggested to introduce them 

for a wide manufacturing range. 

Secondly, to study the reliability of the PV module interconnections, the failure modes of solder joints 

(as the most common material to connect the ribbon to the cell) are reviewed. The collected data from PV 

module field data and analytical/experimental works showed that the main concern for the PV module 

interconnection reliability is the thermal failure of solder joints; and it is mostly because of crack initiation 

and propagation during high temperature condition. In the brittle IMC layer (interface area between the 

solder and interconnecting materials), the micro-cracks can be nucleated (due to the high accumulation of 

strain energy and thermomechanical stresses); and then they propagate throughout the layer during thermal 

cycling in service condition. The crack induces contact condition and increases the contact resistivity and 

consequently it causes adversely affect the performance and reliability of the PV module.  

For investigation of micro-scale crack initiation and propagation in the PV module solder joint 

interconnections subjected both lamination process and thermal cycling of service condition, FEM 

simulation can be a very helpful method to evaluate the reliability of the PV module interconnection. To 

accurately simulate the PV module interconnection, considering the nonlinearities such as plastic material 

property, time/temperature dependency of material properties, presence of the IMC layers and also 

modelling all structural details are the main challenge. So, there is a vital need to develop an advanced 

FEM simulation equipped by fatigue and fracture mechanics’ solvers to accurately estimate failure rate of 

interconnecting contacts and to predict reliability of PV module ribbon interconnections. 

The thermal fatigue and creep is also known as one of the main failure mode of the PV module solder 

joint interconnection operating under high thermal cycling load. According to the literature on numerical 

approaches for estimating creep-fatigue life of the solder joints, using the modified Coffin-Manson model 

and the developed Morrow Energy Density model (based on the total strain energy) are mainly suggested 

to determine the number of thermal cycles to failure (𝑁𝑓). In addition, the analytical Hyperbolic Sine 

constitutive model is also widely used to define the energy terms of the mentioned models for the estimation 

of the creep-fatigue life of the solder materials. 

In summary, the review of recent published works on PV module reliability, depicted that there are 

some important gaps and questions to be studied and answered. These gaps are mainly relevant to the 

reliability and thermal failure of the solder joints in all type of PV module ribbon interconnections 

(particularly, new ribbon interconnections). Answering the questions needs better understanding the PV 

module ribbon interconnection design and the effect of configuration on its failure and the associated 
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reliability. The needs are mainly including investigation of the potential crack initiation and propagation in 

the PV module solder joint interconnections during the lamination process (early cracks) and also 

investigation of the creep-fatigue failure of them during the lifecycle of the module. 

In the next chapter, the methodologies used in this study to investigate the thermal failure of the PV 

module solder joint interconnections is presented. These methodologies are based on FEM simulation and 

they concern the most important nonlinearities such as time/temperature dependency of material properties; 

as considering the nonlinearities in computer aided simulation is recognized as a key requirement.  
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Chapter 3  

3. Methodology 

Understanding and improving the design, production, and operating requirements for PV module and 

solar plant installation requires better characterization and modelling of the causes, modes, and mechanisms 

of failure of PV module interconnection. In general, failure analysis is designed to determine the failure 

modes (how the product failed), the failure site (where the product failed), the failure mechanism (the 

physical phenomena involved in the failure), the root cause (the design, defect, or loads that caused the 

failure), and the failure prevention methods. The information gathered during the failure analysis stage is 

then used to create reliability prediction (or physics-of-failure) models that designers can use to choose 

design attributes that will reduce future designs' susceptibility to failure due to the mechanisms identified 

during the failure analysis stage. The predictive models also enable the user to choose climatic and 

operational loads that reduce the PV module interconnection design's vulnerability to failure during usage.  

The methodology presented for this study employs physics-of-failure based concepts to analyse if a 

part/system can satisfy established life cycle criteria based on its materials, geometry, and operational 

characteristics. As a result, prior to manufacturing, the design may be evaluated. The technique may also 

be applied to the design for dependability evaluation process, which allows designers to make design 

modifications in real time and analyse the impact on product reliability. Ultimately, the project will provide 

a virtual reliability qualification method for evaluating the life expectancy of PV module interconnections 

(and packages) under expected life cycle loading circumstances. 

This chapter presents the methodology used in this study for the investigation of PV module 

interconnection failure. Also, the chapter depicts the details of the applied FEM to simulate the crack 

analysis and creep-fatigue analysis for PV module interconnections. 

3.1. Introduction  

To understand the failure modes of the PV module including the failure mode of the PV module solder 

joint interconnections, investigation of the field data could be the first step.  The design based on the 

observation of failure modes in operation of the PV module needs a long time equal to the service life of 

the modules. However, this is not practical as the manufacturers are motivated to introduce new designs 

with better performance and but at lower cost. In terms of the reliability and failure of the PV module parts, 

particularly solder joints, the designs are not still sufficiently based on the available standards and more 
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experimental and numerical analysis are needed to estimate the service life of the PV modules. Numerical 

analysis is the most available and is the cheapest way to understand the solder joint failures and to help 

with estimating the PV module reliability operating under service condition.. For example, FEM 

investigation on the failure of the conventional PV module interconnection (under thermal cycling load 

with temperature ranges of 25°C to 65°C) estimated that the number of cycles to creep-fatigue failure of 

the SnPb solder joint is 12,814 cycles (Afriyie Nyarko, et al., 2021). 

The computer aided simulation and numerical investigation of different failure modes of the PV module 

solder joint interconnections has still a challenge to consider the real form of all engaged parameters 

including nonlinearity of materials and the structural details of the whole PV module operating under field 

conditions. The simplification of the material properties such as ignoring plastic property of material or not 

assuming the temperature dependency of materials or ignoring IMC layers are seen in most of the published 

works for the FEM simulation of PV modules. For example, the material properties for the main 

interconnection component such as copper and even solder are generally assumed linear elastic; then, the 

results (in some cases the established formulas) are only valid for the early elastic states (Wang, et al., 

2016). To answer the questions on more relatively exact failure mechanism of different component of PV 

module and particularly ribbon interconnection; it is necessary to develop much more extensive models 

consist of considering all important nonlinearities of the interconnection materials and also the structural 

details. Therefore, understanding all aspects of the failure modes and implementing the simulation with 

real assumptions and sufficient details can be remarkably helpful to achieve accurate results; and then to 

reach an optimized interconnection design with high efficiency but with low manufacturing cost. 

3.2. Numerical Approaches 

This section depicts the details of the FEM simulation used to investigate the crack 

initiation/propagation in the PV module solder joint interconnections subjected to the lamination process; 

and also to estimate the creep-fatigue life of the solder joints. Both studies are implemented in ABAQUS 

2019 which enables to study the different aspects of the fracture mechanics such as crack analysis and 

fatigue evaluation.. This study also considers main nonlinearities of the models such as plastic behaviour 

of the materials, temperature dependency of the materials and also modelling the brittle IMC interface layer 

at the border of the solder joints. 
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3.2.1. Crack Initiation and Propagation 

To determine the crack initiation temperature and crack growth rate in the PV module solder joint 

interconnections, the XFEM feature in ABAQUS 2019 is used. The XFEM is a numerical technique which 

extends generalized (ordinary) finite element method (GFEM) focusing on the crack propagation and it is 

introduced by Belytsckho and Black in 1999 (Belytschko & Black, 1999). The XFEM is based on the 

GFEM and the partition of unity method (PUM), and this numerical technique extends the GFEM and 

allows local enrichment discontinuous functions to be combined with the numerical approximation 

(ABAQUS, 2019). Indeed, the special enriched functions in conjunction with additional degrees of freedom 

are used to ensure the presence of discontinuities such as crack and inclusions in structure, and then to find 

the discontinuity of system variables. 

Unlike ordinary FEM, with the XFEM method there is no need to define the crack location, path or 

initial crack beforehand and these solution dependent crack geometry specifications can be obtained 

through the approach. In effect, the XFEM models a crack within an enriched element by adding degrees 

of freedom in elements with special displacement vector functions. Also, in the GFEM, singularities near 

crack tip (boundary layers) can only be solved by requiring mesh refinement in the regions with the 

significantly large gradients of the fields, however, the XFEM does not require to update the mesh topology 

and it facilitates stress intensity factor computations even on relatively coarse meshes, and further-more, 

no re-meshing is required for crack growth simulations. This means that while the XFEM is generating 

discontinuous fields along a crack and around its tip, there is no need for modelling the geometry of crack 

and re-meshing in the simulation (ABAQUS, 2019). Figure 18 compares the mesh refinement in a cracked 

plate simulated using the ordinary FEM (with an adaptive mesh refinement) and the XFEM technique (with 

a uniform mesh) (Khoei, 2014).  
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Figure 18: Schematic views of crack discontinuities in a plate with a hole and initial crack under tension load: (a) 

Initial crack simulated in the plate with a hole plate with a hole; (b) Crack propagation in the plate using the 

ordinary FEM (with an adaptive mesh refinement); (c) Crack propagation in the plate using the XFEM technique 

(with a uniform mesh and no mesh refinement) (Khoei, 2014). 

To explain details of the XFEM crack analysis, the enrichment discontinuous functions include the 

asymptotic functions that capture the singularity near crack tip, and a discontinuous function that represents 

the jump in displacement vector across the surface of crack. The approximation for a displacement vector 

function, u, with the partition of unity enrichment is shown in Equation #1 (ABAQUS, 2019). 

𝐮 =∑  

𝑁

𝐼=1

𝑁𝐼(𝑥) [𝐮𝐼 + 𝐻(𝑥)𝐚𝐼 +∑  

4

𝛼=1

𝐹𝛼(𝑥)𝐛𝐼
𝛼]                                                                                                  𝐸𝑞. 1 

where, 𝑁𝐼(𝑥) is the nodal shape functions; u𝐼 is the nodal displacement vector associated with the GFEM 

solution (the product of 𝑁𝐼(𝑥) and u𝐼 required to be considered for all model nodes); 𝐻(𝑥) is the associated 

discontinuous jump function; a𝐼 is the nodal enriched degree of freedom vector; (the product of 𝑁𝐼(𝑥),  a𝐼 

and 𝐻(𝑥) is the jumped displacement vector across the crack surfaces); 𝐹𝛼(𝑥) is the associated asymptotic 

crack-tip function; and b𝐼
𝛼 is the nodal enriched degree of freedom vector (the product of 𝑁𝐼(𝑥), 𝐹𝛼  𝑎𝑛𝑑 b𝐼

𝛼 

represent the jumped displacement vector at the nodes near crack tip).  

Assuming 𝑥 is a sample point, 𝑥∗ is the point on the crack closest to 𝑥, and 𝑛 is the unit outward normal 

to the crack at 𝑥∗; 𝐹𝛼(𝑥) can be found as shown in Equation #2.  

F𝛼(x) = [√rsin 
𝜃

2
, √rcos 

𝜃

2
, √rsin 𝜃sin 

𝜃

2
, √rsin 𝜃cos 

𝜃

2
]                                                                         𝐸𝑞. 2 
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where r and θ are the radial and angular components for the local polar coordinate system in a two-

dimensional field. Also, the associated discontinuous jump function, 𝐻(𝑥), is a modified Heaviside 

function which is shown in Equation #3. Figure 19 shows the variable vectors of the associated 

discontinuous jump (Heaviside) function corresponding to the crack discontinuity across the surface of 

crack and the crack tip. The detailed formulations and further information for the XFEM can be found in 

(Mohammadi, 2008) and (Moës, et al., 1999). 

𝐻(𝑥) = {
1        if (𝑥 − 𝑥∗) ⋅ 𝑛 ≥ 0

−1         otherwise 
                                                                                                                    𝐸𝑞. 3 

 

Figure 19: Vectors of the associated discontinuous jump function corresponding to the crack discontinuity. 

The XFEM fracture theory uses the cohesive traction-separation law to simulate the fracture mechanics 

in the materials, in which different strain and stress components (MAXPS / MAXPE1, MAXS / MAXE 2 

and QUADS/ QUADE3) can be used to control damage initiation. In this study, The XFEM feature of the 

ABAQUS 2019 is employed for determining the critical temperature for micro-crack initiation and growth 

in the PV module solder joint interconnections. To investigate the damage initiation, the maximum nominal 

stress (MAXS) is considered as the controlling parameters of the traction-separation laws. This means that 

the damage (crack) is initiated when the nominal stress exceeds the strength limit (maximum stress in shear 

and normal directions). Then, the initiated crack (in plane strain elements) is progressed according to the 

fracture energy formulations based on the parameters of fracture toughness (the critical stress intensity 

factor) and elastic coefficients (Young's modulus and Poisson's ratio) as follows (Du, 2009): 

                                                      

1 Maximum principal stress (MAXPS) and maximum principal strain (MAXPE) 

2 Maximum nominal stress (MAXS) and maximum nominal strain (MAXE)  
3 Quadratic nominal stress (QUADS) and quadratic nominal strain (QUADE) 

https://en.wikipedia.org/wiki/Young%27s_modulus
https://en.wikipedia.org/wiki/Poisson%27s_ratio
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𝐺 =
(1 − 𝜈2) 𝐾2

𝐸
                                                                                                                                                    𝐸𝑞. 4 

where, G is the energy release rate (𝑢𝑛𝑖𝑡: 
𝑚𝐽

𝑚𝑚2), K is the fracture toughness (unit: MPa×𝑚0.5), E is Young's 

modulus (unit: MPa) and 𝜈 is Poisson's ratio (unit less). 

The XFEM formulation can work accurately when the material imposed to be cracked, is based on the 

theory of Linear Elastic Fracture Mechanics (LEFM). This means that when a material has a brittle 

behaviour and it exhibits cracking in the elastic region (before experiencing the plastic behaviour), the 

XFEM can appropriately predict the crack initiation, crack propagation. For materials with elastic-plastic 

behaviour, the XFEM can also estimate the crack behaviour, but not as well as the possible estimation for 

the materials with elastic behaviour (ABAQUS, 2019) and (Mohammadi, 2008). The IMC interface layers 

in the PV module solder joint interconnection exhibits a very brittle material behaviour, so, in this study, 

the linear elastic behaviour is assumed for the IMC layers between solder and silver (connection pad) 

materials and also between solder and copper materials. However, for all other metallic materials in the PV 

module ribbon interconnections are considered to have plastic behaviour. 

3.2.2. Numerical Approach for the Creep-Fatigue Analysis 

The empirical energy based models for estimating the creep-fatigue life of SAC solder joints have been 

developed by Syed. In this approach, he correlated the experimental data obtained the results of the FEM 

simulation to derive the formulation for prediction of the thermal creep fatigue life of SAC solder joints 

(Syed, 2004). In this study, a developed Morrow Energy Density model (based on the total strain energy 

density) is used to determine the number of thermal cycles to failure (𝑁𝑓). This model uses the stress–strain 

hysteresis energy loops for predicting the creep energy in each cycle. The strain-stress terms used in the 

models can be found by using the analytical constitutive models of creep behaviour such as Hyperbolic 

Sine (Akay, et al., 2003) and (Steinhorst, et al., 2013) and (Syed, 2004).  

Previous studies on the failure of solder materials shows that solder joints exhibit elastic, bilinear 

kinematic hardening plastic behaviour after yielding (Che & Pang, 2004). The Hyperbolic-Sine creep 

model is perhaps, one of the most widely reported in the literature for investigating the effect of temperature 

and strain rate on the elastic plastic creep behaviour of materials. The results for stress/strain from the 

simulation of the PV module solder joint interconnections using Hyperbolic-Sine creep model can be used 

to estimate the number of cycles to failure. In this study, the Hyperbolic-Sine creep model in ABAQUS 

2019 is used to find the total dissipated energy in the solder joints for different ribbon interconnection 

https://en.wikipedia.org/wiki/Young%27s_modulus
https://en.wikipedia.org/wiki/Young%27s_modulus
https://en.wikipedia.org/wiki/Poisson%27s_ratio
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designs. The total dissipated energy extracted from FEM simulation is used to find the mean number of 

cycles to failure for the solder joints using Coffin–Manson–Arrhenius reliability formulation. 

The modified Coffin–Manson–Arrhenius lifetime model is one of the most widely used approach for 

studying the behaviour of materials under thermal cycling fatigue; and has been used for predicting the 

creep life of the solder joints. The solder joint fatigue failure is the mechanical degradation of the solder 

material due to deformation under cyclic loading and this is known to occur at stress levels below the 

normal yield stress of solder due to either repeated temperature fluctuations, or mechanical vibrations, or 

mechanical loads (or combined temperature fluctuations, vibrations and loading). However, in the Coffin-

Manson method, the cycling temperature is considered as the main parameter that affects the creep fatigue 

life. Previous studies have reported on the use of the Modified Coffin-Manson-Arrhenius model for 

estimating the number of cycles to failure of solder joints for different cycling temperature ranges 

(Samavatian, et al., 2020) and (Guyenot, et al., 2011). Held reported on the creep behaviour of the solder 

joints under fast thermal cycling test and they proposed a descriptive model based on the modified 

Arrhenius lifetime model for predicting the number of cycles to failure (𝑁𝑓) for solder joints. The analytical 

formula that describes the relation between the number of cycles to failure, 𝑁𝑓 and cycling temperatures 

(see Equation #5) has been reported by Held (Held, et al., 1997).  

𝑁𝑓 = 𝐴 ∗ 𝛥𝑇𝛼 ∗ exp (
𝑄

𝑅𝑇𝑚
)                                                                                                                                               𝐸𝑞. 5 

where, 𝑁𝑓  𝑖𝑠 the number of cycles to failure, ΔT is the cycling temperature (in kelvin, R and Q are the gas 

constant and internal energy, respectively, 𝑇𝑚 is the mean cycle temperature (in kelvin), α is the exponent 

factor (dependent to the design) and A is a constant for the material.  

Equation #5 can be used to determine the number of cycles to failure, 𝑁𝑓 for each design of the solder 

joint interconnections when the value of exponent factor modified Coffin–Manson–Arrhenius lifetime 

model, α, is known. The value of α is related to the configuration and design of the solder joint. There are 

several studies to define α for the solder joints used in the electronic packages. However, there is not any 

specific study to determine the value of α and A for the PV module solder joint interconnections; and in 

some other research the value of α for other application of the solder joints is used rather than the true value 

of α for the PV module solder joint interconnections (Guyenot, et al., 2011). Using the arranged form of 

Equation #5, gives the relation between 𝑁𝑓 and α and A in each thermal cycling load condition. To eliminate 

the constant A in the arranged form of Equation #5, two different thermal cycling loads with different 

temperature intervals (𝛥𝑇) can be compared (see Equation #6); and then arranged form of Equation #5 will 

be based on α and 𝑁𝑓 for the compared 𝛥𝑇𝑠 (see Equation #7). Thus, assuming two thermal cycling loads 
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are the field and test thermal conditions, the exponent factor (α), can be found by rearranging Equation #5, 

as follows:  

𝑁𝑓𝑓𝑖𝑒𝑙𝑑
𝑁𝑓𝑡𝑒𝑠𝑡

= (
𝛥𝑇𝑓𝑖𝑒𝑙𝑑

𝛥𝑇𝑡𝑒𝑠𝑡
)𝛼 ∗ exp(

𝑄

𝑅
(

1

𝑇𝑚𝑓𝑖𝑒𝑙𝑑

−
1

𝑇𝑚𝑡𝑒𝑠𝑡

))                                                                                                          𝐸𝑞. 6 

𝛼 =
1

ln
𝛥𝑇𝑓𝑖𝑒𝑙𝑑
𝛥𝑇𝑡𝑒𝑠𝑡

ln

(

  
 𝑁𝑓𝑓𝑖𝑒𝑙𝑑

𝑁𝑓𝑡𝑒𝑠𝑡 ∗ exp(
𝑄
𝑅
(

1
𝑇𝑚𝑓𝑖𝑒𝑙𝑑

−
1

𝑇𝑚𝑡𝑒𝑠𝑡
))  

)

  
 
                                                                                           𝐸𝑞.7 

To find the α by using Equation #7, it is required to define 𝑁𝑓 for the field and test thermal conditions. 

Syed et. al, developed a formula to estimate the creep-fatigue life of solder alloys joint by correlation of 

the creep fatigue damage data obtained from experimental studies with the FEM results (i.e. accumulated 

creep strain and energy density per cycle) (Syed, 2004). Based on the developed approach, the mean 

number of cycles to failure (𝑁𝑓) for the solder joints under thermal cycling loads can be calculated from 

the following equation: 

𝑁𝑓 = 𝐶( 𝑤𝑎𝑐𝑐)
η                                                                                                                                                                𝐸𝑞. 8 

where C and η are the energy density constants for failure and 𝑤𝑎𝑐𝑐  is the average accumulated creep 

energy density (per cycle). For the SAC solder joint the value for C and η are reported 526 (1/0.0019) and 

-1, respectively (Syed, 2004). The average accumulated creep energy density for the solder joint elements 

in the contact between interconnecting materials is then given by the following equation: 

𝑤𝑎𝑐𝑐 =
∑𝑊𝑖𝑉𝑖
∑𝑉𝑖

                                                                                                                                                                         𝐸𝑞. 9 

where i is the solder joint element number, 𝑉𝑖 and 𝑊𝑖 are the element volume and the accumulated creep 

energy for each element, respectively. 

In this study, to find 𝑉𝑖 and 𝑊𝑖, FEM simulation of the CR interconnection is used; and then, the exponent 

factor (𝛼) for the PV module ribbon interconnection under any field condition, is found by comparing the 

correlated FEM results for different 𝛥𝑇𝑠) with the test condition. 

For the FEM simulation of behaviour of the solder joint, the Hyperbolic-Sine creep model is used to find 

the accumulated creep (total dissipated) energy for different designs. The Hyperbolic-Sine creep model 

considers temperature and strain rate dependency of the material properties (H. Amalu & N.N. Ekere, 

2016). Equation #10 shows the formula to express Hyperbolic-Sine creep model: 
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𝜀�̇�𝑟 = 𝐴(sin h( 𝛽𝜎))
𝑛
𝑒𝑥𝑝 (−

𝑄

𝑅𝑇
)                                                                                                                                 𝐸𝑞. 10 

where 𝜀�̇�𝑟 is the scalar creep strain rate, A is Boltzmann's constant, 𝛽 and n are constants, 𝜎 is the Von 

Mises effective stress, Q is activation energy, R is gas constant and T is the absolute temperature (Table 6 

shows the value of these parameters for the SAC Solder). 

3.3. Structure and Geometry of Models 

Solar PV module is typically built up of different materials, including: silicon as the semiconductor 

material, EVA which serves as encapsulate materials to protect solar cells, aluminium sheet to envelop the 

backside of the silicon, the pasted silver-pads and fingers to receive the electrical current, Tedlar (Polyvinyl 

Fluoride) as a back sheet to cover the bottom, glass as front cover and the copper ribbon coated by solder 

materials to collect the electrical current from the individual cell. Figure 20 shows the schematic view of 

the assembly of the ribbon interconnections between solar PV cells in the module assembled by back to 

front connection method. 

In this study the thickness of aluminium, silicon cell, EVA, glass and Tedlar layers used for the FE 

models are assumed to be 25µm, 200µm, 460µm, 3mm and 190µm, respectively. The thickness of other 

component parts such as silver-pad, copper, solder used and the ribbon interconnection width have been 

varied to investigate the effect of ribbon interconnection geometry and design on the crack initiation and 

propagation parameters and creep-fatigue analysis. 

 

                                                                 (a)                                                              (b) 

Figure 20: Schematic view of the ribbon interconnections assembly between solar PV cells, (a) 3D view, (b) side 

view. 
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3.4. PV module ribbon interconnection dimensions 

To have the equal electrical resistance of ribbon interconnections in c-Si cells tabbing, the summation 

cross-section area of all ribbon interconnections (the conventional ribbon, the MBB and the LCR 

interconnection) are considered to be same. For this, the number of ribbon interconnections in each design 

is taken into account to determine the generic dimensions of the copper core in the ribbon interconnections. 

For example, when the number of the ribbon interconnections for the LCR and the conventional designs 

are same, the cross-section area of the 200µm thick CR interconnections (with 3 ribbons) is equal to the 

cross-section area of the 250µm thick LCR interconnection (with 3 ribbons) and the MBB with 276µm 

diameter. Table 2 shows the common dimensional specification of PV module ribbon interconnection 

designs used in this study. Also, for each of the cell tabbing designs, other dimensions of the material 

interconnections (including solder thickness, silver-pad thickness, IMC layer thickness, and ribbon 

width/thickness) are changed to find the best design in terms of the thermo-mechanical reliability. 

Table 2: Numbers and dimensions of the different PV module ribbon interconnection designs used in this study. 

Cell Tabbing Design Conventional  LCR MBB 

Number of ribbons 2 3 5 3 5 15 

Ribbon width range (mm) 1.5-2 1.0-2.0 0.5-1.5 1.2-1.5 0.9-1.2 0.27-0.35 

Ribbon width average (µm) 1750 1500 1000 1350 1050 313 

Copper thickness range (µm) 200-300 150-250 150-200 200 100-200 270-357 

Copper thickness average (µm) 250 200 175 200 150 313 

Cross-section area of the 

copper (𝒎𝒎𝟐) 
0.88 0.90 0.88 0.81 0.79 1.15 

Cross-section area of the 

ribbon (with 20µm solder 

coating)  (𝒎𝒎𝟐) 

1.04 1.11 1.12 1.07 1.11 1.30 

3.5. FEM Models 

This section presents the FEM models used in this study for simulating the PV module ribbon 

interconnections. The material properties, the load and boundary conditions, the element discretization, and 

the validation for the simulation of the PV module ribbon interconnection are presented in this section. 
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3.5.1. Material Properties 

Few of the reported analytical/numerical studies on the failure of the PV module solder joint 

interconnections have considered the modelling of nonlinearities in their investigation failure and most 

studies have only assumed linearity and early elastic states  (Wang, et al., 2016). Similarly, in their 

consideration of the influence of the coefficient of thermal expansion (CTE) of the PV module materials 

on the stress level, most studies have assumed linear, fully elastic and temperature independent behaviour. 

The focus of this study is to incorporate nonlinearities and temperature dependence in the investigation of 

the impact of ribbon interconnection design on the reliability of solar PV modules. For a more realistic 

simulation, the metallic materials used in this study are assumed with elastic- plastic behaviour. The 

mechanical properties of the material used in the FEM simulation are presented in Table 3. Also, the 

temperature dependency of important material properties such as coefficient of thermal expansion of silicon 

and metallic materials and the Young’s modulus and plastic behaviour of the solder joint material are 

considered for the FEM simulations in this study.  

Table 4 shows the temperature dependency of PV module materials used in the FEM simulations of this 

study including the CTE for copper, silver, aluminium, SAC solder joint, IMC and silicon; Young’s 

modulus and Plastic Stress for solder joint.  

Table 3: Mechanical properties of material used in the FEM simulation of PV module ribbon interconnection. 

Parameter  

(unit) 

Material 

IM
C

 

 (
D

en
g

, 
et

 a
l.

, 
2

0
0
5

) 

S
A

C
 S

o
ld

er
 J

o
in

t 

 (
 L

i,
 e

t 
al

.,
 2

0
0

9
) 

S
il

v
er

  

(A
Z

o
M

, 
2
0

0
1

) 

C
o

p
p

er
 

 (
Ji

n
g

, 
et

 a
l.

, 
2
0

1
5

) 

E
V

A
 

(C
am

b
ri

d
g

e 

U
n

iv
er

si
ty

 
E

n
g

in
ee

ri
n
g

 

D
ep

ar
tm

en
t,

 2
0

0
3

) 

S
il

ic
o

n
 

(O
w

en
-B

el
li

n
i,

 

et
 a

l.
, 

2
0
1

5
) 

A
lu

m
in

iu
m

  

(A
Z

o
M

, 
2
0

0
5

) 

T
ed

la
r 

 

(D
u

P
o

n
t™

, 
2
0

1
4

) 

 G
la

ss
  

(T
ip

p
ab

h
o

tl
a,

 
et

 
al

.,
 

2
0

1
7

) 

 
Elastic 

Modules 

(GPa) 

110 
See  

Table 4 
69 121 11 130 68.3 2.138 73.0 

Poisson’s 

Ratio (-) 
0.3 0.35 0.365 0.34 0.499 0.28 0.34 0.4 0.235 

Yield Stress 

(MPa) 
- - 43 121 12 170 85 41 - 

Thermal 

Expansion 

Coefficient 

(ppm/k) 

See  

Table 4 

See  

Table 4 

See 

  

Table 4 

See  

 

Table 4 

270 

See 

 

Table 4 

See 

 

Table 4 

78 8.0 

Plastic 

Stress-Strain 

Curve (MPa) 

- 

See 

 

Table 4 

43@0.001 

120@0.04 

121@0.001 

186@0.004 

217@0.01 

234@0.02 

248@0.04 

- - 
85@0.001 

100@0.12 

41@0.001 

55@0.9 
- 

mailto:248@0.04
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Table 4: Temperature dependent properties of PV module materials. 

Temp. 

(
0
C) 

CTE (ppm/k), Interpolated. 

Young’s 

modulus 

(GPa) 

(49-0.07*T) 

Plastic Stress 

(MPa) at 0.001and 

0.065 Plastic Strain, 

Interpolated. 
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SAC 

Solder  

( Li, et al., 

2009) 

SAC Solder 

(Siviour, et al., 

2005)  

0 16.22 2.35 18.67 22.50 17.7 21.3 49 71, 145 

30 16.60 2.63 18.98 23.29 18 21.81 46.9 52, 131 

60 16.91 2.87 19.20 23.85 18.3 22.32 44.8 16, 110 

90 17.22 3.04 19.42 24.41 18.6 22.83 42.7 - 

120 17.53 3.20 19.65 24.97 19 23.34 40.6 - 

150 17.76 3.36 19.91 25.40 19.8 23.85 38.5 - 

3.5.1.1. Special Material Properties for the XFEM Analysis 

To meet the requirements of the theory of LEFM which is basis of the XFEM for investigation of crack 

propagation, the IMC layers between solder and silver pad/copper are assumed as a brittle elastic material; 

whilst all other metallic materials in the PV module (silver, copper and solder) are considered to have 

plastic behaviour. Based on cohesive traction-separation law method, the maximum nominal stress in the 

shear and tensile directions are considered as the controlling parameters for the damage initiation in the 

IMC layers. Table 5 shows the fracture characteristic (shear/tensile strength and fracture toughness) of the 

bonded metallic materials used in PV module ribbon interconnection including SAC solder joint, IMC 

layer, silver-pad , copper and aluminium. 

Table 5: Fracture Material characteristic of the metallic materials of PV module ribbon interconnection. 

Parameter (unit) 

Material 

IMC 

 (Zhong et al., 

2010)  

SAC Solder  

( Li, et al., 

2009) 

Silver  

(AZoM, 

2001) 

Copper 

 (Jing, et 

al., 2015) 

Aluminium 

(AZoM, 

2005) 

Shear Strength (MPa)  27.6-1.95*HIMC 30 120 248 60 

Tensile Strength (MPa)  65 78 120 248 100 

Fracture Toughness 

(MPa.m^0.5) 
1.4 7 40 30 22 
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3.5.1.2. Special Material Properties for Creep-Fatigue Analysis 

To simulate the creep behaviour of the solder joint in PV module interconnection, the Hyperbolic-Sine 

creep model is used for defining the stress/strain hysteresis loop and the total accumulated creep energy 

density. Table 6 shows the Hyperbolic-Sine creep model parameters for the SAC solder joint (see also 

Equation #10). 

Table 6: Hyperbolic-Sine creep parameters for SAC solder (Schubertt, et al., 2003). 

Symbol Unit unit Value 

�̇�𝒄𝒓 Scalar Creep Strain Rate Sec. −1 Found During Analysis 

A Boltzmann's Constant J/K 1.381×10−23 

𝜷 Constant MPa−1 0.02447 

n Constant - 6.41 

𝝈 Von Mises Effective Stress MPa Found During Analysis 

R Gas Constant J·Mol−1·K−1 8.314 

Q Activation Energy J·Mol−1 6500×R  

T Absolute Temperature K Changing During Analysis 

3.5.2. Load Condition 

3.5.2.1. Load Condition for the Lamination Process 

For modelling the PV module interconnections during the lamination process, the thermal load is 

applied uniformly to the model as the temperature of all components of the PV module is assumed 

homogenous and the temperature is applied linearly by increments of 150C per minute. Indeed, the 

temperature is assumed to be linearly increased from ambient temperature (250C) to maximum temperature 

(1500C) for the lamination process in manufacturing process.  It should be mentioned that the potential 

residual stress in the solar PV cells resulted from the manufacturing processes before the lamination process 

is not considered (such as soldering step) in the present simulations. Indeed, it is assumed that the solar PV 

cell and the PV module interconnection experience the stress only during and after the high temperature 

lamination process. 

3.5.2.2. Load Condition for the Creep-Fatigue Analysis 

To simulate the PV module under thermal cycling creep-fatigue condition, the models are subjected to 

a homogenous thermal cycling load, with time history in accordance with the IEC 61215-2:2016 standard 

(see Figure 21) (IEC 61215-2, 2016). For this study, a minimum temperature of -400C and a maximum 
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temperature of the 850C are considered for the thermal cycles. The cycles start at ambient temperature 

(250C) and then the minimum temperature is experienced after cooling the module with a rate of 1000C per 

hour and then the temperature remains constant for 10 minutes (dwelling time). Following this, with a 

similar heating up rate (1000C per hour), the temperature increases to jump up to 850C and again it remains 

without any change for another 10 minutes. After staying 10 minutes at the highest temperature of the 

cycle, the model starts to cool down to reach the ambient temperature and to finish the cycle and then 

immediately the second cycle starts with the same temperature oscillating of the first cycle. 

 

Figure 21: Applied thermal cycle amplitude in accordance with the IEC 61215-2:2016 (IEC 61215-2, 2016). 

3.5.3. Boundary Conditions 

In this study, to increase the computational solution speed, the two dimensional (2D) models using plane 

strain elements are considered for the simulation of the PV module interconnections since the geometry of 

the models have a high ratio of the interconnection length to the other dimensions of model and the strain 

distribution is almost similar in different cross-section of the cell. Also, the symmetry boundary condition 

is applied to the mid-points of the ribbon interconnection section and bottom-end of the Tedlar material is 

fixed displacement 0in thickness direction. 

Figure 22 shows a schematic view of the cross-section of the CR interconnection showing the applied 

boundary conditions, the arrangement of component materials used for the FEM. For other ribbon 

interconnections (MBB and LCR interconnections) the same boundary conditions are also applied. 
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3.5.4. Element Discretization 

The three-node linear plane strain triangle (CPE3) and four-node bilinear plane strain quadrilateral 

(CPE4) elements considered for the 2D FEM simulation of the ribbon interconnection used in this study. 

The IMC layers which are more probable to be cracked due to their brittle material behaviour; are modelled 

as the boundary layers of the solder joint materials. A very fine meshing technique is applied for the area 

near IMC layer (crack area in the solder joint material), in which the element size for the IMC layer is 1µm 

and the element size for the rest of solder joint is 4 µm. The size and the algorithm for the used fine meshing 

technique is found from comparing different meshing styles and sizes in which the used meshing style has 

the highest convergence of the strain distribution results in the PV module solder joint interconnection. 

Also, it should be mentioned that the mesh size influences on the crack initiation temperature since in the 

XFEM technique, the initiated crack length is according to the element size. Indeed, using finer mesh gives 

earlier crack initiation, but with lower crack length and using coarse mesh gives the initiated crack with a 

length of the propagated crack using finer mesh, Figure 22 also shows a schematic view of the materials 

mesh design used for the FEM simulation of the CR interconnection in PV module. 
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.  

Figure 22: Schematic view of the 2D FEM simulation of the CR interconnection in with showing the boundary 

conditions, the arrangement of component materials and the materials mesh design. 

3.5.5. Validation 

This section presents the validation of the methodology used in this study (the XFEM technique and 

creep-fatigue models). For this, the results of the simulation methodology used in this study are compared 
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with the published numerical and experimental results. The comparison of the results shows that very good 

agreements between the results are achieved which means that the simulation methodology, techniques, 

and the command setups of the software (ABAQUS 2019) are appropriately implemented. 

3.5.5.1. Validation for the Analysis of Crack Initiation and Propagation  

To validate the XFEM simulation , the results for crack initiation and propagation from an experimental 

work are compared with the results obtained from the present XFEM algorithm. The experiment has been 

applied for finding fracture mechanics of aluminium alloy (Al 1050) dog-bone specimen with square notch 

under uniaxial tension test. The Young’s modulus, the Poisson’s ratio, and yield stress for the used 

aluminium alloy are 70 GPa, 0.33 and 85 MPa, respectively. Also, the maximum principal stress of the 

material used in this case is 107.75 MPa and the fracture energy or the material is considered 3000 J/m2 

(Schiavone , et al., 2015). Figure 23 shows a schematic view of the specimen used for the validation of 

XFEM simulation. Also, details of the specimen dimensions are presented in Table 7. The top edge of 

specimen is subjected by uniform tension load (linearly increased from zero to 5000 N) and the bottom 

edge is fixed. Also, the symmetry boundary condition (perpendicular to the longitudinal axis) is applied to 

the specimen. The tension load is applied to the specimen until nucleation and propagation of crack which 

finally cause the section breakage. To ensure that there was no rate dependency on the results, the tensile 

tests were performed at three different extension rates: i.e. 1, 0.5 and 5 mm/min. Accordingly, the tensile 

load applied to the present XFEM simulation has 1 mm/min. It should be noted that, all setups implemented 

in ABAQUS 2019 such as 2D analysis setups, damage for traction separation laws and damage evaluation 

criterion are in accordance with the setups used in XFEM simulation of PV module interconnections 

(presented in Chapter 4 and Chapter 5). In addition, the minimum time step in the present simulation is 

considered 1e-12 second. It means that if the software cannot find a converge transient response for each 

increment with higher time steps, it automatically reduces the time step by the minimum time step to find 

the response, otherwise the analysis would be terminated if the minimum time step is not enough low. 
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Figure 23: Schematic view of the specimen used for the validation of XFEM simulation (Schiavone , et al., 2015). 

Table 7 Dimensions of the specimen used for the validation of XFEM simulation (Schiavone , et al., 2015). 

Dimension Symbol Value 

Gauge length G 200mm 

Width W 40mm 

Thickness T 1mm 

Radius of filler R 25mm 

Overall length L 450mm 

Length of reduced section A 270mm 

Length of grip section B 75mm 

Width of grip section C 50mm 

Notch Width 𝑊𝑛 5.8mm 

Notch Length 𝐿𝑛 5.8mm 

Figure 24 compares the results (Force-Displacement curve) from the present work using ABAQUS 2019 

and also from other XFEM result and experiment during applying tension load to the one end of specimen 

(Schiavone , et al., 2015). Also, Figure 25 shows the crack initiation and propagation determined from the 

present work and from the previous XFEM and experiment works. As Figure 25 shows, the crack is initiated 

at the corners of notch in the specimen and the initiated crack at the bottom corner (is side of fixed end) is 

fully propagated across the mid-section. 

Comparison of the present results with the results of previous works showed good agreement for both 

crack investigation and force-displacement curve (< 20). Hence, the XFEM technique setups in ABAQUS 

2019 are accurately used to find the fracture mechanism and crack analysis for this study. So, the steps of 

simulation from this case study, is extended and applied to the XFEM simulation for the PV module 

interconnection designs; even they have different geometry and material properties. 
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Figure 24: Force–displacement curves for the specimen under uniaxial tension (Schiavone , et al., 2015). 

 
Figure 25: (a) assembly view of the FEM simulation of the specimen used for validation, showing boundary 

conditions, (b) crack at the notch corner, from the present XFEM work, (c) crack at the notch corner, from previous 

XFEM work (Schiavone , et al., 2015), (d) observed crack in the specimen (Schiavone , et al., 2015). 
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3.5.5.2. Validation for the Analysis of Creep-Fatigue Analysis 

The creep-fatigue methodology used in this study (see Section 3.2.2) is validated by comparing the FEM 

results for the solder joint used in a Wafer Level Chip Scale Packages (WLCSP) with experimental and 

other numerical results. For this, 2D and 3D FEM models of the WLCSP (with a symmetry boundary 

condition) are implemented in ABAQUS 2019 (see Figure 26). 

The model is designed according to the JESD22-B11 design guidelines with the board size 

132x77x1mm (details for the dimensions of the WLCSP are shown in Table 8). Also, the solder joint 

dimensions used in the WLCSP model are presented in Table 9. A thermal cycling loading with a 10-

minute dwell time is applied to the model. The temperature of cycle uniformly changes between the 

minimum temperature (-40°C) and maximum temperature (125°C) during 15 minutes; and that is according 

to the standard JESD22-A104D (JEDEC, 2009). Figure 27 shows the thermal loading profile applied to the 

model. All materials used in the WLCSP model are considered homogenous and isotropic in which the 

linear elastic behaviour is assumed for the materials, and only the Young’s modulus of the solder joint is 

assumed temperature-dependent (Motalab M, 2013). In addition, the Garofalo-Arrhenius creep model 

(introduced in Section 3.2.2) is used for the SAC solder material, and the developed Morrow Energy 

Density model is used to estimate 𝑁𝑓. It should be mentioned that the lifetime model parameters used in 

the present creep-fatigue methodology are different with the lifetime model parameters used in the 

literatures. However, all investigations considered in this section use the same methodology (based on 

equation 8 in Section 3.2.2) for estimating the 𝑁𝑓. The lifetime model parameters used in these 

investigations are shown in Figure 26Table 10 compares the number of cycles to failure (𝑁𝑓) estimated 

using the present methodology (introduced in Section 3.2.2) with the 𝑁𝑓 reported in the literature from the 

experiment  and the FEM simulations  and . As Table 10 shows, there are good agreements between 

the estimated 𝑁𝑓 using the present methodology in this research study and the 𝑁𝑓 reported from the 

experiment. The results shows that 3D modelling of the WLCSP provides more accuracy for estimation 

of the 𝑁𝑓 (with a 6% error) compared to 2D modelling (with a 9.8% error). The higher amount of error of 

the 2D modelling could be because the used creep-fatigue lifetime model parameters in the present 

methodology have been determined based on the investigation of the 3D FEM models. Another reason for 

the error is considering more simplifications in the geometry of model. Indeed, the 2D model is based on 

one slice of the 3D geometry and then it cannot consider the exact geometry details for the solder joint in 

the WLCSP FEM model. However, the geometry of solder joint in the PV module interconnection is very 

simpler than the geometry of solder joint in the WLCSP, and the cross-section of solder joint in the PV 

module interconnection is same for each slice of the model. So, it should be expected that using the 2D 

FEM model for the solder joint in the PV module interconnection can have less errors rather than the solder 
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joints in the WLCSP. Although the results show that using the 3D model can provide more accurate 

estimation for the 𝑁𝑓, there is still a convincing accuracy for the estimation of the 𝑁𝑓 using the 2D model. 

Hence, the 2D models used in this study can reasonably predict the creep-fatigue life of the PV module 

solder interconnection. 

Table 10  

 

Figure 26: FEM view of the WLCSP model used for the validation of creep analysis, top: 2D FEM model, bottom: 

3D FEM model (shown with symmetry in Z direction). 

 

Table 8: Dimensions of the WLCSP model used for the validation of creep analysis (unit: mm×mm), (Tsou, et al., 

2017). 

Silicon Chip Cu UBM Cu pad PCB 

4 ×0.33 0.24 × 0.0086 0.22 × 0.025 8 ×1 
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Table 9: Dimensions of the solder joint used in the WLCSP model, Unit: mm, (Tsou, et al., 2017). 

Diameter Pitch Height 

0.25 0.4 0.166 

 

Figure 27: Thermal cycling profile applied to the WLCSP model. 

Figure 28 compares the FEM simulation results from this study (for both 2D and 3D models) with the 

results from the published works (Hsieh & Tzeng, 2014) and (Tsou, et al., 2017) and (Lee & Chiang, 2019) 

referenced earlier. As Fig 28 shows, the corners of solder joint in contact with the chip has the maximum 

creep strain and creep dissipated energy density. Similarly, the results from the experiment (shown in 

Figure 28) depicts that the corners of the solder joint are cracked, and this means that the elements in these 

areas experience the highest creep strain energy density in the solder joint.  
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Figure 28: (a) Equivalent creep strain after cycle 5 (CEEQ) in the corner solder joint of WLCSP, from previous 2D 

model (Tsou, et al., 2017), (b) observed failure in experiment (Hsieh & Tzeng, 2014), (c) CEEQ, from the present 

2D model, (d) CEEQ, from the present 3D model, (e) total creep dissipated energy density (ECDDEN, in mJ/mm3) 

after cycle 5 and 6 from the present 2D model, and (f) ECDDEN from the present 3D model. 
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Table 10 compares the number of cycles to failure (𝑁𝑓) estimated using the present methodology 

(introduced in Section 3.2.2) with the 𝑁𝑓 reported in the literature from the experiment (Hsieh & Tzeng, 

2014) and the FEM simulations (Tsou, et al., 2017) and (Lee & Chiang, 2019). As Table 10 shows, there 

are good agreements between the estimated 𝑁𝑓 using the present methodology in this research study and 

the 𝑁𝑓 reported from the experiment. The results shows that 3D modelling of the WLCSP provides more 

accuracy for estimation of the 𝑁𝑓 (with a 6% error) compared to 2D modelling (with a 9.8% error). The 

higher amount of error of the 2D modelling could be because the used creep-fatigue lifetime model 

parameters in the present methodology have been determined based on the investigation of the 3D FEM 

models. Another reason for the error is considering more simplifications in the geometry of model. Indeed, 

the 2D model is based on one slice of the 3D geometry and then it cannot consider the exact geometry 

details for the solder joint in the WLCSP FEM model. However, the geometry of solder joint in the PV 

module interconnection is very simpler than the geometry of solder joint in the WLCSP, and the cross-

section of solder joint in the PV module interconnection is same for each slice of the model. So, it should 

be expected that using the 2D FEM model for the solder joint in the PV module interconnection can have 

less errors rather than the solder joints in the WLCSP. Although the results show that using the 3D model 

can provide more accurate estimation for the 𝑁𝑓, there is still a convincing accuracy for the estimation of 

the 𝑁𝑓 using the 2D model. Hence, the 2D models used in this study can reasonably predict the creep-

fatigue life of the PV module solder interconnection. 

Table 10: Lifetime model parameters and estimated number of cycles to creep-fatigue failure (𝑁𝑓) for the corner 

solder joint of WLCSP . 

Lifetime model 

parameter  
𝑁𝑓 = 𝐶( 𝑤𝑎𝑐𝑐)

η  

FEM Simulation 

(Tsou, et al., 

2017) 

FEM Simulation 

 (Lee & Chiang, 

2019) 

Present FEM 

simulation for 3D 

analysis 

Present FEM 

simulation for 

2D analysis 

𝑤𝑎𝑐𝑐  (from FEM) 0.35 0.39 0.49 0.44 

C 145 175 526  526 

η -2 -1.9 -1 -1 

𝑁𝑓 1152 1058 1074 1112 

𝑁𝑓 from experiment (Hsieh & Tzeng, 2014): 1013 

Error for the 𝑁𝑓  13.7% 4.4% 6% 9.8% 
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Chapter 4 

4. Study of High Temperature Crack in Conventional PV Module 

Solder Joint Interconnection 

For any design of the interconnection ribbon, it is necessary to study the main failure modes to ensure 

the design is enough reliable. The main failure mode of PV module interconnection is failure of solder joint 

material that is caused by high accumulated strain energy due to the CTE mismatch between 

interconnection materials. The failure of solder joint becomes more important when the solar cell 

experiences high temperatures, particularly during the lamination in the manufacturing process which the 

cells need to be heated up to 150°C, to develop a network of EVA. 

The focus of this chapter is on the study of high temperature crack initiation and propagation in the 

conventional PV module solder joint interconnection and is one of the four main components of the PhD 

Study as shown in Figure 10. The CR interconnections with different interconnection material dimensions 

are investigated to find the micro-crack initiation temperature and the crack growth rate during the 

lamination process. 

4.1. Introduction  

In spite of the best efforts of manufacturers to minimize and control thermomechanical stress effects on 

the PV module, the high temperature process can lead to high induced thermal stress in the PV module 

solder joint interconnections and the cells, which can lead to micro-cracks nucleation and propagation and 

subsequent interconnection failure. This can be explained by the fact that during the lamination process, 

the CTE mismatch between interconnecting materials results in high levels of stress and strain; and this 

accumulation of strain energy is responsible for the initiation of micro-cracks in the solder joint materials.  

In this Chapter, we investigate the micro-crack initiation and growth in the lead-free solder joint material 

of the CR interconnections during the lamination process. The results of the study will be beneficial for 

researchers in predicting the propagation paths for existing micro-cracks during the thermal fatigue cycling 

under in-service PV module operating conditions; and hence for the predicting of PV module 

interconnection reliability. It concerns a necessary and fundamental revision of the manufacturing process. 

The XFEM technique in ABAQUS 2019 is used for this study as it enables the accurate solution of 

boundary value problems with discontinuities and singularities freely located within elements of the mesh 

(Fries, 2018).  
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4.2. Finite Element Modelling and Simulation 

2D model of the CR interconnections with 3- and 4-node plane strain elements are used (see Section 

3.5.5, Chapter 3) to find the crack initiation temperature and crack growth rate during the lamination 

process.  

Different configurations of solar cell tabbing including ribbon the designs with 2, 3 and 5 CR 

interconnection are investigated (see Table 2, Section 3.4, Chapter 3). The ribbon interconnection width and 

thickness (i.e. copper thickness) changes are considered to find the best design in terms of the thermo-

mechanical reliability. Also, the silver-pad thickness, solder thickness and IMC interface thickness changes 

are considered to achieve the best interconnecting material configuration for the design. 

The FEM details of the simulation are presented in Section 5, Chapter 3. This includes the material 

properties of all interconnecting materials in which fracture material characteristics of the metallic materials 

are used for the implementation of the XFEM simulation (see Table 3,  

Table 4 and Table 5 of Section 3.5.1 in Chapter 3). A uniform thermal load is applied to the model in 

which the temperature is linearly increased from ambient temperature (250C) to the maximum lamination 

temperature (1500C) with the increments of 150C per minute (see Section 3.5.2.1, Chapter 3). Also, the 

symmetry boundary condition is applied to the mid-section of the model and bottom-end of the Tedlar layer 

is fixed in silicon cell thickness direction (Y axis) (see Section 3.5.4, Chapter 3). A schematic view of the 

FEM model for the conventional PV module interconnection is shown in Figure 22, Section 3.5.4, Chapter 

3. 

4.3. Results and Discussion 

This section presents the results and analysis of the simulation modelling for CR interconnection 

configurations and design parameters. The crack location, the crack initiation temperature and crack growth 

rate are determined for each state. Our results show that the crack initiation temperature and crack 

propagation rate are quite dependent on the dimensions of ribbon interconnection. The effect of different 

PV module ribbon interconnection configurations and design parameters on the crack initiation temperature 

and crack growth rate are presented in the sub-sections below. For each group of simulations, the related 

design parameter is changed and the other design parameters are kept at the nominal values (see Table 2 in 

Section 3.4, Chapter 3).  
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4.3.1. Effect of Ribbon Width Change 

Figure 29 and Figure 30 show the effect of changing the ribbon width on the crack initiation temperature 

and crack growth rate, respectively, for different solder thicknesses (silver-pad thickness, copper thickness 

and IMC thickness are considered as 50µm, 200µm and 4µm, respectively). The results presented in Figure 

29 show that increasing the ribbon width leads to an increase in the crack initiation temperature for the 

ribbons with the width up to 1200µm; but for increases beyond the 1200µm limit the crack initiation 

temperature remains relatively constant. As it will be noted from Figure 29, increasing the solder thickness 

leads to a decrease in the crack initiation temperature. The investigation of the effect of solder joint coating 

on the crack initiation temperature and crack growth rate is separately presented in Section 4.3.3. It should 

be mentioned that the average increase of crack length in terms of temperature increase is considered to 

calculate the crack growth rate.  

Our results presented in Figure 30 shows that the PV module solder joint interconnections experienced 

a sharp increase in the crack growth rate beyond the 1200µm width limit. The reason for this sharp increase 

in crack growth rate is that the crack nucleation location has moved from the IMC layer interface with the 

copper ribbon (the IMC-Copper) to the IMC layer interface with the silver pad (the IMC-Silver). In 

addition, our results show that the crack locations in now nearer the centre of ribbon interconnect width, 

but the crack propagation is still in same shear direction. The location and direction of the initiated crack 

is in line with the experimental results from the literatures (Jeong, et al., 2012) and ( Li, et al., 2009). Figure 

31 shows the location for the crack nucleation is at the edge of IMC layer interface with the copper ribbon 

and the propagation is in the shear direction; as the shear strength of the IMC layer material is lower than 

its tensile strength. 

Based on the analysis of our results for both the crack initiation temperature and the crack growth rate 

for the ribbon interconnection geometries investigated, we will advise the use of ribbon interconnect widths 

of circa 900µm to 1000µm (for cell tabbing with 5 ribbons) or 1200µm (for cell tabbing with 3 ribbons), 

as this will lead to higher ribbon interconnection reliability for the PV module assembly. In addition, this 

recommendation will also lead to lower materials costs; as increasing the ribbon interconnection width 

leads to higher metallization and manufacturing costs. In addition to savings on metallization and materials 

costs, reducing the ribbon interconnection width helps to increase the solar PV module performance as the 

efficiency of the cell increases with the exposure of more silicon cell surface area to sun light. 
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Figure 29: Effect of ribbon width on the crack initiation temperature for different solder thicknesses. 

 

Figure 30: Effect of ribbon width on the crack growth rate for different solder thicknesses. 
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Figure 31: Crack’s location and propagation direction in the IMC layer interface with the copper ribbon (shear 

stress, in MPa distribution contour is displayed). 

4.3.2. Effect of Copper Thickness Change 

The results of our study presented in Figure 32 and Figure 33 show the effect of copper thickness on the 

crack initiation temperature and the crack growth rate for the PV ribbon interconnection geometries 

investigated. The results in Figure 32 show that increasing the copper thickness leads to a decrease in the 

crack initiation temperature; and that reduction in the crack initiation temperature is more pronounced for 

the thicker solders. The results in Figure 33 also show that the lowest crack growth rate occurs at the 200µm 

copper thickness (the lowest point for all solder thicknesses). The results also show that the PV module 

solder joint interconnections experiences high crack growth rates for the copper thickness below 200µm, 

due to crack location in the IMC interface layer in contact with the silver-pad. Hence, the 200µm copper 

thickness is recommended for the PV ribbon interconnection as this gives the lowest crack propagation rate 

and better reliability. 
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Figure 32: Effect of copper thickness on the crack initiation temperature for different solder thicknesses. 

 

Figure 33: Effect of copper thickness on the crack growth rate for different solder thicknesses. 

4.3.3. Effect of Changing Solder and IMC Thickness  

The results from the presented FEM simulation showed that increasing the solder thickness leads to a 

decrease in the crack initiation temperature (circa linear relationship, see Figure 34); and this trend is the 

same for all the solder thicknesses investigated in our study, as it is discussed earlier in Section 4.3.1. As it 

is shown in Figure 34, the reduction in crack initiation temperature is more pronounced for thicker IMCs. 

This can be explained by the higher stress levels in the solder joint material and the strain accumulated in 

the IMC layer which results in crack initiation at lower temperatures. This result is not in line with the 

expectation that a thicker solder will result in higher interconnection reliability (a stronger solder joint that 

will be more resilient to premature failures). 

Figure 35 presents a plot of the effect of solder and IMC thickness on the crack growth rate (silver-pad 

thickness, copper thickness and ribbon width are considered as 50µm, 200µm and 1mm, respectively). The 
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results show that the crack growth rate is almost constant for the solder thickness under 50µm, but further 

increases in solder thickness beyond the 50µm limit leads to a big jump in the crack growth rate. Figure 35 

shows that the crack growth rate is lower in the thicker IMC layers compared to thinner IMC layers. Based 

on the results of the study, presented in Figure 34 and Figure 35, a solder thickness of 20µm is 

recommended as this will help to keep the crack growth rate low and also keep the crack initiation 

temperature high; helping to increase the PV module ribbon interconnection reliability. 

  

Figure 34: Effect of solder and IMC thickness on the crack initiation temperature. 

 

Figure 35: Effect of solder and IMC thickness on the crack growth rate.  
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4.3.4. Effect of Silver-pad Thickness  

The results of our study presented in Figure 36 and Figure 37 show effect of silver-pad thickness on 

crack initiation temperature and the crack growth rate in the solder joints of the PV ribbon interconnection 

geometries investigated. The results show that crack initiation temperature and the crack growth rate 

decrease with increasing the silver-pad thickness. However, Figure 36 suggests that the crack initiation 

temperature for 20µm and 30µm solder thickness peaks at the silver-pad thickness in range of 30µm to 

50µm before decreasing (copper thickness, ribbon width and IMC thickness are considered as 200µm, 1mm 

and 4µm, respectively). The results presented in Figure 37 shows that there is a significant change in the 

crack growth rate for silver-pad thicknesses less than 50µm; as the crack nucleation is located in the IMC-

Silver. Based on the results of the ribbon interconnection geometries investigated in our study, the 

recommended solder thickness will be 20µm, and we recommend silver-pad thickness of between 40µm 

and 50µm which will help to achieve a higher ribbon interconnection reliability and lower material and 

manufacturing costs. 

 

Figure 36: Effect of silver-pad thickness on the crack initiation temperature for different solder thicknesses. 

 

Figure 37: Effect of silver-pad thickness on the crack growth rate for different solder thicknesses.  
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4.3.5. Interaction between Copper and Silver-pad Thickness Change 

Figure 38 shows the plot of the effect of changing both silver-pad and copper thickness on the crack 

initiation temperature in solder joints of the PV ribbon interconnection geometries investigated in the study 

(solder thickness, ribbon width and IMC thickness are considered as 20µm, 1mm and 4µm, respectively). 

This shows that reducing the copper thickness leads to an increase in the crack initiation temperature. The 

results also show that the silver-pads with thickness between 40µm to 50µm are recommended as this 

provides the higher crack initiation temperatures and hence better resistance to crack induces failures. 

Figure 39 shows the plot of the effect of changing the silver pad and copper thickness on the crack growth 

rates. The implication of the result in Figure 39 is that the crack growth rate for smaller silver pad 

thicknesses is significantly higher when compared with those for thicker silver pads. This is especially true 

for narrow copper ribbons, as in these cases the crack nucleated location is in the IMC-Silver pad.  

 

Figure 38: Effect of silver thickness on the crack initiation temperature for different copper thicknesses.  

 

Figure 39: Effect of silver thickness on the crack growth rate for different copper thicknesses. 
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4.4. Chapter Summary and Conclusion 

The XFEM in ABAQUS 2019 is employed to find the effect of geometrical dimensions of the PV 

module interconnection materials on the micro-crack initiation temperature and also the crack growth rate. 

The results show that PV module ribbon interconnection configuration has significant influence on the 

crack initiation temperature and the crack propagation rate; and consequently can adversely affect the PV 

module interconnection reliability. The results also show that micro-cracks are initiated at the edge of the 

IMC layer; and that cracks tend to propagate in shear direction and that crack growth rate is very dependent 

on the PV module ribbon interconnection geometry.  

The main results of the study are summarized below: 

  The crack nucleation is located in the IMC layer on the silver-pad side (the IMC-Silver) for 

ribbon interconnect configurations with copper ribbons widths greater than 1200µm, with 

copper ribbons thickness less than 200µm and with silver-pads thickness less than 50µm. For 

other configurations the crack nucleation is located in the IMC layer on the Copper side (the 

IMC-Copper). When the crack nucleation location is in the IMC-Silver, the crack growth rate 

is significantly higher, which increases the crack related failures and adversely affects the 

reliability of the PV module interconnection. 

 Increasing the ribbon interconnection solder thickness leads to an increase in the crack growth 

rate (for solders greater than 50µm thick) and also a decrease in the crack initiation temperature 

(circa linear relationship); and this reduction in crack initiation temperature is more 

pronounced for thicker IMCs when compared to thinner IMCs. For this reason, a solder 

thickness of 20µm is recommended as this will help to keep the crack growth rate low and also 

keep the crack initiation temperature high; helping to increase the PV ribbon interconnection 

reliability. 

 Increasing the ribbon interconnection width leads to an increase in the crack initiation 

temperature for widths up to 1200µm; but the crack initiation temperature remains relatively 

constant for increases beyond the 1200µm limit. Based on the analysis of the results for both 

the crack initiation temperature and the crack growth rate for the ribbon interconnection 

geometries investigated, we will advise the use of ribbon interconnect widths of circa 900µm 

to 1000µm (for cell tabbing using 5 ribbons) or 1200µm (for cell tabbing using 3 ribbons), as 

this will lead to higher ribbon interconnection reliability for the PV module assembly. In 

addition, this recommendation will also lead to lower materials costs; as increasing the ribbon 

interconnection width leads to higher metallization and manufacturing costs. In addition to 

savings on metallization and materials costs, reducing the ribbon interconnection width helps 

to increase the solar PV module performance as the efficiency of the cell increases with the 

exposure of more silicon cell surface area to sun light. 

 The crack initiation temperature and the crack growth rate decreases with increasing silver-pad 

thickness (however, the crack initiation temperature for 20µm solder thickness peaks at the 
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silver-pad thickness in range of 30µm to 50µm before decreasing). The recommended solder 

thickness for ribbon interconnections is 20µm, and we also recommend silver-pad thickness of 

between 40µm and 50µm; which will help to achieve a higher ribbon interconnection reliability 

and lower material and manufacturing costs. 

 Increasing the copper thickness leads to a decrease in the crack initiation temperature; and the 

reduction in the crack initiation temperature is more pronounced for thicker ribbon 

interconnection solders. The lowest crack growth rate occurs at the 200µm copper thickness; 

hence the 200µm copper thickness is recommended for PV module ribbon interconnections as 

this gives the lowest crack propagation rate and better reliability. 

 

In summary, the results show that the crack initiation temperature and crack propagation rate are quite 

dependent on the dimensions of ribbon interconnection. For the different PV module ribbon interconnection 

configurations and design parameters investigated to establish the impact of interconnection geometry on 

the crack initiation temperature and crack propagation rate; a ribbon interconnection with 900µm to 

1000µm (for cell tabbing using 5 ribbons) or 1200µm (for cell tabbing using 3 ribbons) copper width, with 

200µm copper thickness, with 40µm silver-pad thickness and with 20µm solder thickness is recommended 

for low cost and high reliability solar PV ribbon interconnection.  

The results of this chapter will be beneficial for researchers in predicting the propagation paths for 

existing micro-cracks during the thermal fatigue cycling under in-service PV module operating conditions; 

and hence for the predicting of PV module interconnection reliability. 

These results investigate the effect of pairs of parameters while the rest are fixed at nominal values. 

Hence this study has not investigated the potential combined effect of simultaneously changing all 

parameters and the effect of interactions; but the main linear effects are established, and these are generally 

the dominant ones. 
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Chapter 5 

5. Study of Crack Initiation and Propagation in New PV Module Ribbon 

Interconnections 

 This chapter presents the analysis for crack initiation and propagation in the new PV module ribbon 

interconnections (LCR and MBB interconnections) during the lamination process. The crack initiation 

temperature and crack growth rate for each configuration are found as main parameters to investigate the 

crack analysis, in which the design with higher crack initiation temperature (latent crack) and with lower 

crack growth rate is the optimum design. 

Section 5.1 of this chapter focuses on the investigation of crack in the solder joint of different 

configuration of the LCR interconnection during the lamination process. For this investigation, different 

configurations of the LCR interconnection with changes of solder, silver-pad, copper thickness and also 

the change of ribbon width are considered. 

Section 5.2, the chapter is on study of the MBB interconnection in the PV modules. Similar to Section 

5.1 and also Chapter 4, thermal crack initiation and propagation in the solder joint of the interconnection 

are investigated, in which the effect of the non-homogeneity of the solder on the ribbons (resulting from 

manufacturing process faults) on the cracking the solder joint is concerned as a main issue. 

5.1.  Thermal Crack in the Solder Joint in LCR PV Module Interconnection 

This section studies a comparison of the crack initiation and growth in the PV module solder joint 

interconnections due to the lamination process between the LCR and the CR interconnection. The XFEM 

in ABAQUS 2019 is employed to find the crack initiation temperatures and crack growth rate for different 

configurations of PV module interconnection designs. The mentioned parameters are considered as the 

main parameters to find the crack length in high temperatures and comparatively they help us to estimate 

the reliability of the PV modules. The crack initiation temperature and the crack growth rate associated in 

the solder joint of the LCR are found and then; they are compared to the relevant parameters of the CR 

interconnection in chapter 4 to find the impact of new structure on the failure of the PV module solder joint 

interconnections. 

The LCR interconnection is one of the new concepts to replace the CR interconnection in solar cell 

tabbing. The LCR uses a grooved surface to reflect more light back onto the cell surface (see Figure 40). 
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Using the LCR interconnection increases the efficiency of PV modules by reflecting the incident sun rays 

from the interconnection ribbon to the cell surface.  

 

Figure 40: Schematic view of optical path and reflecting light back onto the cell for a structured Light–Capturing 

Ribbon (Ulbrich, 2013) 

5.1.1. Finite Element Simulation 

In this study, it is assumed that 3 and 5 LCR interconnections are used to connect the cell (see Table 2, 

Section 3.4, Chapter 3). For each configuration, the main dimensional parameters including ribbon 

interconnection width and thickness (i.e. copper thickness), solder thickness and silver-pad thickness are 

changed to find the effect of the dimensions on the specification of thermal crack (i.e. crack initiation 

temperature and crack growth rate) associated in the solder joint of the LCR. 

2D symmetrical geometries of the LCR interconnections are modelled using a scripted Python code in 

ABAQUS 2019. To reduce the FEM calculation, the models are excluded the outer layers (glass protective 

sheet and Tedlar layers), and  it is checked that there is not large difference between the results of the 

simulation with/without modelling the outer layers. Thus, the top edge of EVA which is in contact with the 

glass protective sheet in PV module is considered fixed displacement 0 in X and Y direction (i.e. no X and 

Y direction movement is assumed). Also, a symmetry boundary condition in thickness direction (Y axis) 

is applied to the silicon wafer. A view of FEM simulation of the LCR interconnection on the c-Si solar cell 

of the PV module is shown in Figure 41. This figure also demonstrates the material arrangement and the 

structural grooves of the LCR interconnection. The IMC layers which are more probable to be cracked due 

to their brittle material behaviour; are modelled as the boundary layers of the solder joint materials. 

Furthermore, the temperature of whole solar cell has been increased linearly and isothermally to the 

simulate the  lamination process. The details of FEM simulation including the material properties, applied 

thermal load, are presented in Section 3.5.1 and Section 3.5.2.1 of Chapter 3, respectively. Figure 41 shows 

a schematic view of the FEM model for the LCR PV module interconnection. 
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Figure 41: FEM view of the LCR interconnection in the PV module with symmetry constraints  

5.1.2. FEM Results and Discussion 

Various solder, copper and silver-pad thicknesses are considered to find the effect of geometrical 

parameters of the LCR interconnection on the crack initiation temperature and the crack growth rate; and 

the results are compared to the results of the relevant CR interconnection presented in Section 4.3, Chapter 

4. The results of XFEM investigation of the LCR interconnections showed that the location of crack 

initiation and the propagation direction are same as the CR interconnections; which the crack is initiated at 
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the edge of IMC layer interface with the copper ribbon and it is propagated in the shear direction due to 

low strength of the IMC layer. 

5.1.2.1. Effect of Solder and Copper Thickness Change 

Figure 42 shows the results of the XFEM for the crack initiation temperature in the LCR interconnection 

with the CR interconnection for different solder and copper thicknesses when the silver-pad thickness is 

considered as 50µm. The results indicate that for all copper thicknesses, there are similar trends of the crack 

initiation temperature changes via solder thickness changes. Figure 42 depicts that for the LCR 

interconnection, with increasing the silver-pad thickness from 10µm to 20µm, the crack initiation 

temperature increases and this offers more reliability since the crack is nucleated in higher temperatures 

(the silver-pad thickness is considered 50µm). However, after experiencing a peak of the crack initiation 

temperature at 20µm solder thickness, there is a decreasing rate of crack initiation temperature for thicker 

solder joints. Also, Figure 42 illustrates that for the LCR and the CR interconnections, with increasing the 

copper thickness, there is a reduction in the crack initiation temperature; this means that the thicker ribbons 

cause earlier crack initiation in the solder joint materials. This effect of copper thickness is also found when 

the LCR interconnection is compared to the relevant CR interconnection which the LCR interconnections 

are cracked in lower temperatures rather than the CR interconnection due to using thicker copper layer. 

Figure 43 shows the crack growth rate in the LCR and the CR interconnections for different copper and 

solder joint thickness. As it is seen in Figure 35, there is a same trend of crack growth rate changes via 

changing the solder thickness; as with increasing the thickness of the solder joint, the crack growth rate 

increases fast and causes longer cracks which adversely affect the strength of the joint connection and the 

reliability of the PV module interconnection. Figure 43 also demonstrates that the LCR interconnection has 

less crack growth rate rather than the CR interconnection and this improves the reliability of this structured 

design when it has low crack initiation temperature. The graph also suggests that in the LCR 

interconnection with high solder joint thickness, with decreasing the copper thickness, the crack growth 

rate decreases. However, when the solder thickness is less than 30µm, there is no pronounced difference in 

the crack growth rate values of the LCR interconnection. 
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Figure 42: Comparison of the crack initiation temperature in the LCR with the CR interconnection for different 

solder and copper thicknesses.  

 

Figure 43: Comparison of the crack growth rate in the LCR with the CR for different solder and copper thicknesses. 

5.1.2.2. Effect of Silver-pad and Copper Thickness Change 

Figure 44 and Figure 45 show the crack initiation temperature and the crack growth rate in the LCR and 

the CR interconnections, respectively, for different silver-pad and copper thicknesses. The solder thickness 

in these cases is considered as 20µm that is found as an optimum thickness to have the highest crack 

initiation temperature and also low crack growth rate (see Section 5.1.3.1, Chapter 5).  

Figure 44 shows that the peak of the crack initiation temperature for the LCR and the CR 

interconnections is when the silver-pad thickness is 40µm and 50µm, respectively (the solder thickness is 

considered 20µm). It is found that the pick of the crack initiation temperature in the LCR interconnection 

(1060C) is same as the CR interconnection, but for thicker silver-pad pads than 40µm, the LCR 

interconnection experiences lower crack initiation temperatures. Figure 44 also states that using the thicker 
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interconnection ribbon results in a reduction of the crack initiation temperature for both designs (see also 

Section 4.3.2, Chapter 4 for the results of the crack initiation temperature in the CR interconnections). 

Figure 45 shows that the crack growth rate in the LCR interconnection with copper thicknesses of 

125µm and 187.5µm have experienced lower values compared to the relevant CR interconnection (100µm 

and 150µm thick coppers). However, for the LCR interconnection with copper thickness 250µm, the crack 

growth rate is higher than the crack growth rate in the relevant CR interconnection (200µm thick copper). 

It is seen that when the silver-pad thickness increases, the crack growth rate decreases and this improves 

the reliability of the PV module interconnection. In addition, the graph suggests that for the silver-pads 

with thickness lower than 40µm, the thicker ribbons have lower crack growth rate. 

 

Figure 44: Comparison of the crack initiation temperature in the LCR with the CR interconnection for different 

silver-pad and copper thicknesses.  

 

Figure 45: Comparison of the crack growth rate in the LCR with the CR interconnection for different silver-pad and 

copper thicknesses. 
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Figure 46 shows the calculated crack length in the LCR and the CR interconnections at high lamination 

process temperature (150°C) for different copper and silver-pad thickness of the interconnection ribbons 

(with an optimum solder thickness which is 20µm). According to Figure 46, the crack length in the LCR 

interconnection with copper thicknesses of 125µm and 187.5µm are less than the crack length in the 

relevant CR interconnections and only for the 250µm thick LCR interconnection, length of crack is higher 

than the 200µm thick CR interconnection. Also, it is seen that for the silver-pad pad thicker than 40µm, 

length of crack in the LCR interconnection is independent on the copper thickness. Hence, the LCR 

interconnection with copper thicknesses of 125µm and 187.5µm (thin ribbons) can suggest more reliability 

for the PV module interconnection rather than the relevant CR interconnection.  

 

Figure 46: Crack length at 1500C in the LCR and the CR interconnections for different silver-pad and copper 

thicknesses. 

5.2. Crack in Non-Homogeneous Solder Coating in the MBB Interconnections 

The MBB interconnection is a new type of interconnection which incorporates several round copper 

ribbons to help increase the energy conversion and transmission efficiency of PV modules and also to 

reduce the material costs. However, there is a main challenge in terms of the non-homogeneity of the solder 

coating on the ribbons (resulting from manufacturing process faults, see also Figure 15, chapter 2). The 

non-homogeneity of the solder coating on the ribbons is one of the main factors that is responsible for the 

poor connections between the ribbon and the silver-pads; which adversely impacts on the interconnection 

strength and long-term reliability (Walter, et al., 2014). The thermomechanical investigation of both cell 

and interconnecting ribbon of MBB PV modules by Rendler showed that that using MBB ribbons with 

lower diameters results in a reduction of the thermomechanical stress in a solar cell (Rendler, et al., 2016); 

and also the maximum stress in the solder joints occurs at the edge of the outermost contact pads of the 

solar cell (L.C. Rendler, et al., 2018). However, it is obvious that the lower diameters of the MBB ribbons 
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associate more manufacturing errors in the solder coating on the ribbons. Thus, it is very important to 

understand how the stress distribution and level can be affected by changing the non-homogeneity of the 

solder coating on the ribbons. 

The focus of this section is on the effect of non-homogenous coatings on the strength of brittle micro-

cracking in the IMC interface layer of the PV module solder joint interconnections. This section evaluates 

the two main parameters of non-homogeneity (out of centre value and direction), and also investigates the 

effect of geometrical parameters. The XFEM in ABAQUS 2019 was used to determine the micro-crack 

initiation temperature and location for a given joint design. Altogether, 82 ribbon interconnection models 

were simulated in ABAQUS 2019. 

5.2.1. Geometry of Models 

Figure 47 shows cross-section of a soldered MBB interconnection on the silver-pad. As shows, the 

solder materials are melted and moved to the corners of the connection area between ribbon and the silver-

pad. This distribution of the solidified solder material in the connection area is used to find the mathematical 

formulation for determination of the solder joint geometry (Walter et al., 2014). 

 

Figure 47: Cross-section of a soldered MBB interconnection on the silver-pad (Walter et al., 2014). 

The schematic view of cross-section of the round ribbon interconnector presented in Figure 48, shows 

that Se (the molten solder area) located between the lower end of ribbon interconnection and the silver-pad 

is displaced sideways to the both left and right corners of interconnect ribbon; thereby increasing the contact 

area between the ribbon interconnection and silver-pad. The mathematical expressions used for calculating 

Xm, the extra contact length between the solder joint and the silver-pad, is given by Equation #11. If we 

assume that the Solder Area Se with height, He is sub-divided into triangular areas Sm; then the derivation 

of the extra contact length Xm is as detailed in equations #11 to #15.  
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To investigate the effect of solder joint height on the strength of the ribbon interconnection, four 

different molten solder heights He was considered (i.e. He was varied from 25%, 37.5%, 50% to 62.5% of 

solder thickness).  
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Figure 48:  Cross-section of round ribbon interconnector with view of vertical and horizontal out of centre.  



90 

 

5.2.2. FEM Simulation 

Based on multi-busbar connector prototype specifications published by (Walter et al., 2014), the 

diameter of copper ribbons (15 ribbons) and the width of silver-pad are assumed to be 276µm and 450µm, 

respectively; and the thickness of silver-pad are 20µm (Note: in order to achieve stable response, the gaps 

between the interconnection ribbons were considered to be 6mm). To investigate effect of geometrical 

parameters, four different solder thickness (15µm, 20µm, 25µm and 30µm) were evaluated. In addition, 

the effect of IMC layer thickness (silver-pad interface) was investigated; with four different IMC layer 

thickness considered (1µm, 2µm, 3µm and 4µm was used to reflect wide range of soldering temperature). 

However, the IMC layer thickness on the copper ribbon core interface is assumed to be 2µm and symmetry 

boundary conditions are applied for the bottom of silicon cell. 

For reducing the FEM calculation, the 2D models excluding the glass protective and Tedlar layers are 

simulated using the scripted code in ABAQUS 2019. The top edge of EVA in contact with the glass 

protective sheet is considered fixed in X and Y; and a symmetry boundary condition in thickness direction 

(Y axis) is applied to the mid thickness of the silicon wafer. The temperature of whole solar cell has been 

increased linearly and isothermally to the crack initiation temperature. For simulation of the high 

temperature lamination process, an isothermal increasing temperature load is applied to the whole PV 

module interconnection models (see Section 3.5.2 of Chapter). The temperature dependent material 

properties of PV module interconnecting materials are considered in which the cohesive traction-separation 

law method is used for simulation of the XFEM technique in metallic materials of the PV module 

interconnection (see Section 3.5.1 of Chapter).  

 Figure 49, shows the discretization and meshing method used in the study and the configuration for the 

copper core, solder joint, IMC layer, silver-pad, EVA and silicon cell. A very fine mesh size of 1µm was 

used for investigating the effect of the IMC layer thickness on the silver-pad interface; and to determine 

the crack initiation temperature and location of micro-crack.  



91 

 

 

Figure 49: Applied mesh and material arrangement of the PV module Cell in the top interconnecting area. 

5.2.3. Results and Discussions 

This section presents the results from the study on the investigation of the effect of solder coating non-

homogeneity on the thermomechanical response of round copper ribbons used for PV module 

interconnections and the evaluation of the effect of three geometrical parameters, namely the IMC layer 

thickness, solder joint height and thickness on the strength of the interconnections.  

5.2.3.1. Crack Location  

The results of the XFEM analysis presented in Figure 50 shows the one-micrometre crack that is 

initiated in the IMC layer between the solder joint material and silver-pads. For all the geometrical 

parameters considered in the study, the results show that the highest stress concentration (and the micro-

crack initiation) occurs at the edge of the IMC layer interface between the solder joint and silver-pad. The 
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results also show that the crack propagation is in the parallel direction to the silver-pad. Figure 50 depicts 

the shear stress contours in the IMC layer between solder coat and silver-pad at the micro-crack initiation 

temperature and the crack propagation. Although the concentration of shear stress in the IMC layer leads 

to the micro-crack initiation and propagation along the IMC interface layer; further crack progression can 

be caused by thermal cycling during operation which can lead to the disconnection of the ribbon 

interconnection from the silver-pad.  

 

Figure 50: Shear Stress (MPa) distribution at the temperature of cracking  (105 °C)in the IMC layer between solder 

coat and silver-pads. 

5.2.3.2. Out of Centre Positioning of Copper in the MBB Interconnection  

Figure 51 shows the crack initiation temperatures for different geometries and out of centre distances in 

different directions including the upward Y direction (+90 Degrees), the downward Y direction (-90 

Degrees), the horizontal (0 Degree) and also the upward and the downward radial directions (-9.5 and +/- 

18.5 Degrees). The molten solder height in this graph is considered 50% of solder thickness (10µm) and 

the thickness of IMC layers are assumed to be 2µm. The results of the simulations show that by increasing 

the out of centre distance (i.e. with more non-homogenous solder coating) in downward directions, the 

crack initiation strength of the solder joint decreases (Note: the highest rate is for -90 Degree out of centre 

positioning). This means that for the downward out of centre positioning of the copper inside the coated 

ribbon, the crack initiation temperature decreases with increasing non-homogeneity of coating. This is 

because the narrow solder thickness between copper ribbon and silicon layer results in an increase in the 

accumulated strain and thermal stress due to the high CTE mismatch between the interconnecting materials. 
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For this reason, the micro-cracks are more likely to occur at the interface between the IMC layer and the 

silver-pad. The results also show that for the upward out of centre positioning of the copper inside the 

coated ribbon, the cracking initiation strength of the solder joint is increases with more non-homogenous 

solder coating (increases the micro-crack initiation strength); and the crack initiation temperature is also 

much higher than those for downward out of centre positioning directions.  

 

Figure 51: Crack initiation temperature for different direction of out of centre distances. 

5.2.3.3. Molten Solder Height 

Figure 52 shows the effect of the out of centre distance in the downward Y direction (-90 Degrees) for 

different molten solder heights on the crack initiation temperature. In principle, increasing the molten solder 

height increases the solder contact between the copper ribbon and the silver-pad and hence lead to more 

reliable connection; the results in Figure 52 suggests that by increasing the molten solder height and 

increasing solder contact will actually result in micro-cracks occurring at much lower temperatures. This 

reduction in the micro-crack initiation temperature can be attributed to the high levels of thermal stress 

resulting from the CTE mismatch in the increased solder contact. However, the reduction in the micro-

crack initiation temperature due out of centring is mitigated by the increase in solder joint strength; and 

thereby reducing the impact of out of centring with high molten solder height.  
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Figure 52: Crack initiation temperature via out of centre distances in downward Y direction for different molten 

solder height. 

5.2.3.4. Thickness of IMC Interface Layer between Ribbon Interconnection and Silver-Pad 

Figure 53 demonstrates the effect of out of centre distances in downward Y direction (-90 Degrees) on 

crack initiation temperature for cases where the solder thickness is 20µm and the molten solder height is 

10µm (i.e. 50% of solder thickness), with different IMC layer thickness between ribbon interconnection 

and silver-pad. The results show that solder joints with lower IMC layer thickness exhibited higher 

strengths than solder joints with higher IMC thickness. The results also show that there is a reduction in 

the crack initiation temperature with increases in the out of centre positioning; however, this is negligible 

with higher IMC layer thickness. 

 

Figure 53: Crack initiation temperature via out of centre distances in downward Y direction for different IMC layer 

thickness. 
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5.2.3.5. Solder Coating Thickness  

Figure 54 shows the effect of out of centre distances on crack initiation temperature in downward Y 

direction (-90 Degrees) for cases with 10µm molten solder height (50% of Solder thickness), IMC layer 

thickness of 2µm with different solder thickness. The result shows that for higher solder thickness, 

increasing the solder thickness reduces the crack initiation temperature; but the effect of out of centre 

distance on crack initiation temperature is negligible.  

 

Figure 54: Crack initiation temperature via out of centre distances in downward Y direction for different solder 

thickness. 

5.3. Chapter Summary and Conclusion 

This chapter studied the crack initiation temperature and the crack growth rate in the LCR 

interconnection and the MBB interconnection of the PV module due to the lamination process. Firstly, the 

results from the XFEM simulation in ABAQUS 2019 are found for the LCR interconnections and they are 

compared to the relevant results for the CR interconnections. The thicknesses of the LCR interconnection 

are considered as 125µm,187.5µm and 250µm to have the same cross-section of the CR interconnection 

with the thicknesses of 100µm,150µm and 200µm, respectively. Secondly, this chapter presented the 

results of the XFEM Simulation performed on the round ribbon used in MBB interconnection of PV module 

to evaluate micro-crack initiation in non-homogenous solder coating at high temperatures. The 

determination of the conditions for micro-crack initiation in the solder coating on the round ribbon is 

important for determining the interconnection design parameters that will ensure long-term reliability of 

the solar PV module. The main conclusions for the results are presented in the sub-sections below: 
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5.3.1.  Conclusion for Crack Analysis in the LCR Solder Joint Interconnection  

Different configurations including silver-pad, copper and solder thickness are considered to study the 

effect of each parameter on the crack initiation temperature and the crack growth rate. The results show 

that there is a same trend of the crack initiation temperature and the crack growth rate for the CR and the 

LCR interconnections; also the location of the cracks is at the edge of the IMC layers and the cracks 

propagates in shear direction. Compared to the CR interconnection, the LCR interconnections are cracked 

in the lower temperatures, but they experienced lower values of the crack growth rate. We found that the 

LCR interconnection experiences a peak of crack initiation temperature when the solder and the silver-pad 

thicknesses are 20µm and 40µm, respectively, as for thicker silver-pads, there is a fast reduction of the 

crack initiation temperature. The results show that thicker copper ribbons cause earlier crack initiation in 

the solder joint materials. It is also shown that for solder joints thicker than 20µm, the crack growth rate 

increases fast and makes longer crack which adversely affect the strength of the joint connection and the 

reliability of the PV module interconnection. However, with increasing the silver-pad thickness, there is a 

high reduction in the crack growth rate values. The optimum solder, silver-pad and copper thickness for 

the LCR interconnection are recognized as 20µm, 40µm and 125-187.5µm, respectively, where this 

configuration experiences high crack initiation temperature and low crack growth rate and then crack length 

in the solder joint material is shorter than the crack length in the relevant CR interconnection. 

5.3.2. Conclusion for Crack Analysis in the MBB Solder Joint Interconnection  

The study evaluates the two main parameters of non-homogeneity (out of centre value and direction), 

and also investigates the effect of geometrical parameters including IMC layers thickness and solder joint 

height. The XFEM in ABAQUS 2019 was used to determine the high temperature required for micro-crack 

initiation for each joint design. Also, the XFEM analysis was used to predict the location of the micro- 

crack in the IMC layer between solder and silver-pad. The results show that the micro-crack is initiated in 

the parallel direction with silver-pad and the initiation temperature is most affected by the direction of 

solder coating non-homogeneity and the downward vertical direction of out of centre positioning of copper 

in the solder coating leads to the most reduction in crack initiation temperature (up to 21% reduction was 

observed for the case 5.5µm out of centre distance). The results also show that by increasing the amount of 

molten solder/solder thickness, the micro-crack initiation will take place at a lower temperature due to high 

thermal stress concentration in the IMC layer. Also, it was found that at high solder thickness the micro-

crack initiation temperature is less affected by non-homogeneity. The results also show that increasing the 

IMC layer thickness leads to a decrease in the micro-crack initiation temperature threshold and thinner 

IMC layers are more sensitive with non-homogeneity.  
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Chapter 6 

6. Creep-Fatigue Life Estimation for PV Module Interconnections 

6.1. Introduction  

Study of the potential failure modes of PV module have shown that one of the major PV modules 

reliability challenges is the creep-fatigue failure of the solder joints used for connecting the ribbon to the 

cell. This is because the daily power-up and shut-down and the associated heating and cooling down of the 

PV module results in thermal cycling and ageing of the PV module. Consequently, the solder joints used 

for the PV module interconnection can experience very high stress and strain levels due to the CTE 

mismatch between the adjacent materials (Itoh, et al., 2014). The induced stress and strain in the solder 

joints results in high levels of energy accumulation that can significantly reduce the creep-fatigue life of 

the interconnection and the long-term reliability of the PV module (Ogbomo, et al., 2018). 

The research on numerical approaches for predicting creep-fatigue life of solder joints mostly suggests 

that the modified Coffin-Manson model and the developed Morrow Energy Density model (based on total 

strain energy) accurately work to calculate the number of heat cycles to failure (𝑁𝑓). Also, it is reported 

that the Hyperbolic Sine creep law is widely used to determine the energy terms of the aforementioned 

models in order to estimate the creep-fatigue life of solder materials (see Section 2.8, Chapter 2). 

In this chapter, the FEM simulations of the different PV module interconnections operating under 

thermal cycling loads are implemented to find the creep-fatigue failure of the solder joints used for 

connecting the ribbon to the cell. For this, the Hyperbolic Sine creep law is used to find the required energy 

terms for the calculation of the creep-fatigue life; and then the modified Coffin-Manson and the developed 

Morrow Energy Density models are considered to calculate the creep-fatigue life of the solder joints in 

both the conventional and new PV module interconnections. The details of the numerical approach for the 

creep-fatigue analysis used in this study, are presented in Section 3.2.2, Chapter 2. 

6.2. Creep in the Conventional PV Module Solder Joint Interconnection 

This section is to investigate the creep-fatigue failure of the conventional PV module solder joint 

interconnections operating under thermal cycling load in service condition. The total dissipated energy in 

the solder joint is extracted from FEM simulation in ABAQUS 2019 using the Hyperbolic Sine creep law, 
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and then the values of the energy terms are used to calculate the number of thermal cycles to failure (𝑁𝑓) 

using the developed Morrow Energy Density model. Also, a Coffin–Manson–Arrhenius exponent factor is 

found from comparing different thermal cycling conditions. Then this factor is used to determine the creep-

fatigue life of the PV module solder joint interconnections under arbitrary thermal cycling condition. 

6.2.1. FEM Simulation for Creep-Fatigue Life 

To investigate the creep-fatigue behaviour of solder joint in the CR interconnections, 2D models using 

3- and 4-node plane strain elements are implemented (see Section 3.5.5, Chapter 3). Different 

configurations of the CR interconnections are examined, including the designs with 2, 3, and 5 ribbons (see 

Table 2, Section 3.4, Chapter 3). As it is mentioned in Section 3.3 of Chapter 3, the thickness materials used 

for the models (namely, aluminium, silicon cell, EVA, glass and Tedlar layers), are assumed to be 25µm, 

200µm, 460µm, 3mm and 190µm, respectively. Also, the thickness of the IMC layer in the boundaries of 

the solder joint with the copper and silver-pad materials is considered to be 4µm. The interconnection width 

and the thickness of other component parts including silver-pad, copper, and the solder joints are then 

varied to investigate the effect of interconnection design on the creep-fatigue response. The mid-section of 

the models is subjected to the symmetry boundary condition and bottom-end of the model (Tedlar layer) is 

fixed in Y axis degree of freedom (see Section 3.5.4, Chapter 3). The models are subjected to a homogenous 

thermal cycling load, with time history in accordance with the IEC 61215-2:2016 standard (see Section 

3.5.1.2, Chapter 3). To define the stress/strain hysteresis loop which is used for calculating the accumulated 

creep energy, the Hyperbolic-Sine creep model (with the temperature dependent material properties) is 

used for the solder joints (see Section 3.5.1.2, Chapter 3). Other material properties of the PV module 

interconnecting materials used in these simulations are presented in Section 3.5.1, Chapter 3. 

Figure 55 shows a schematic view of the cross-section of the conventional PV module interconnection 

showing the applied boundary conditions and the solder joint mesh design used for the 2D simulation in 

ABAQUS 2019.  

Furthermore, to compare the results from 2D simulation with the results from 3D simulation for a similar 

case study, a 3D model of conventional PV module interconnection with 20µm, 40µm, 200µm and 1000µm 

silver-pad thickness, solder joint thickness, copper ribbon thickness and ribbon width, respectively, is 

performed in ABAQUS 2019. However, for the 3D simulation some simplifications are considered to 

reduce the FE calculations and they are checked to have negligible influence in the results. This modelling 

simplifications include using symmetry boundary condition for the silicon mid-section and using a fixed 

boundary condition in contact of the EVA layer with the glass layer instead of modelling the glass. Also, 

relatively coarse meshes (with minimum size of 4µm for IMC layer) are used for the used 3D nonlinear 
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elements (C3D20, 20-node elements). All other simulation details such as material property and load 

conditions are considered same to the 2D simulation as it was discussed before. Figure 56 shows a 

schematic view of the 3D model simulated in ABAQUS 2019. 

 

Figure 55: Schematic view of the 2D simulated conventional PV module interconnection showing the boundary 

conditions, arrangement of materials and solder joint mesh design. 
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Figure 56: Schematic view of the 3D simulated conventional PV module interconnection. 

6.2.2. Results and Discussion 

The FEM results of the creep stress/strain for each PV module interconnection configuration 

investigated in this study for 5 thermal cycles are discussed in this section. Figure 57 shows the creep strain 

distribution (in shear direction), in the solder joint of the conventional PV module interconnection 

simulated in 2D and 3D simulations, for the first 5 thermal cycles (ranging from -40°C to 85°C). The 

interconnection model is simulated with 20µm, 40µm, 200µm and 1000µm in solder, silver-pad, copper 

thickness and ribbon width, respectively. Figure 57 shows that the results from the 2D simulation is in 

convincing agreement with the results from the 3D simulation (<15% difference). In addition, the results 

from both 2D and 3D simulation show that the maximum shear creep strain in the solder joint is located at 

the side of the IMC layer in contact with the copper; and that the middle of the solder joint does not 

experience high levels of shear creep strain. The location for the maximum shear creep strain found in the 

solder joint is in agreement with the location of the maximum shear stress (location of the crack initiation) 

found in chapter 4.  
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Figure 57: Creep strain distribution (in shear direction) in the conventional PV module interconnection after 5 

thermal cycles, top: from the 2D simulation, bottom: from the 3D simulation. 

Figure 58 shows the plot of the hysteresis stress-strain in shear direction at the element with the highest 

level of the creep strain for the solder joint during the first 5 thermal cycles shown in Figure 57 (from 2D 

simulation). Figure 58 shows that the area enclosed by the stress-strain curve increases marginally with 

increase in the number of cycles; and this means that the accumulated creep energy in the solder joint 

material increases with thermal cycling which may induce thermal fatigue failure of the solder joint. Also, 

the maximum shear strain induced during the thermal cycles is more than 1% (the limit value of the strain 

level) which is acceptable to use Coffin-Manson model for accurate estimation of the creep-fatigue life 

(Hund & Burchett, 1991). 

 

Figure 58: Plot of the Hysteresis Stress-Strain (in shear direction) in the solder element with the highest creep strain 

value (in the CR interconnection) for 5 thermal cycles. 
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Figure 59 shows the distribution of the creep-dissipated energy per unit volume for the solder joint 

shown in Figure 57 (from the 2D simulation), for 5 thermal cycles (ranging from -40°C to 85°C). The 

changes in the creep-dissipated energy at the element with the maximum values during the 5 thermal cycles 

is shown in Figure 60. As it is shown in Figure 59, the side of solder joint exhibits a maximum creep energy 

and it increases with an increase of the cycle number. This trend is clearly shown in Figure 60, which by 

increasing the time (cycle number), the magnitude of the maximum creep dissipated energy increases. 

 

Figure 59: Total creep dissipated energy density (per unit volume, unit: mJ/mm3) in the solder joints for the 5 

thermal cycles. 

 

Figure 60: Total creep dissipated energy density (per unit volume) at the element with the highest creep strain value 

in the solder joint for 5 thermal cycles (from 2D simulation). 
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6.2.3. Estimation of the Number of Cycles to Creep-Fatigue Failure 

To determine the number of thermal cycles to creep-fatigue failure (𝑁𝑓) of the PV module solder joint 

interconnections, a developed Morrow Energy Density model is used. This model is based on the total 

strain energy (plastic and elastic) and it uses the stress–strain hysteresis energy loops for predicting the 

creep energy in each cycle. For each configuration of the PV module interconnection, the accumulated 

creep energy density per cycle (𝑤𝑎𝑐𝑐) is found by using the Hyperbolic Sine creep law for the solder joints. 

Then, the value of 𝑁𝑓 for the solder joints under standard thermal cycling condition (temperature ranging 

from -40°C to 85°C, according to the IEC 61215-2:2016) are calculated using the average value of 𝑤𝑎𝑐𝑐  in 

the solder joints between the interconnecting materials as presented in Equation #8 (see Section 3.2.2, 

Chapter 3).  

Figure 61, Figure 62, Figure 63 and Figure 64 show the effect of different parameters (namely: solder 

thickness, silver-pad thickness, copper thickness and ribbon width; introduced in  

Table 11) on the value of 𝑁𝑓 for the CR interconnections. Figure 61 shows that for solder joints thicker 

than 20µm, the value of 𝑁𝑓 has changed little with increase in the solder joints thickness. The results in 

Figure 62 shows that the value of 𝑁𝑓  increases linearly with increasing silver-pad thickness which are in 

very good agreement with results for the effect of silver-pad thickness on crack initiation temperature and 

crack growth rate presented in Figure 38 and Figure 39, Section 4.3.5, Chapter 4. Also, Figure 63 shows 

that increasing the copper thickness can cause a slight decrease in the value of 𝑁𝑓. According to Figure 

63,an increase of the copper thickness from 150µm to 250µm causes about 8% reduction in the value of 

𝑁𝑓. This finding is highly consistent with the results obtained for the cracking parameters in Section 4.3.5, 

Chapter 4. The results in Figure 64 demonstrates that when the ribbon width is more than 1000µm, altering 

the ribbon width has a negligible influence on 𝑁𝑓. This finding corresponds extremely well with the results 

regarding the effect of copper thickness on the crack initiation temperature presented in Figure 29, Section 

4.31, Chapter 4. 

Table 11 summarizes the results of 𝑁𝑓 for the solder joint in different configurations of the CR 

interconnection (28 samples) under standard thermal cycling condition. Comparing the results shown in  

Table 11 helps to select an optimal design for the conventional PV module interconnection in which the 

value of 𝑁𝑓 is enough high and the consumption of the material is reasonable. As a case of matter, the 

conventional PV module interconnection with 1000µm ribbon width, 200µm copper thickness, 20µm 

solder thickness and 40/50µm silver-pad thicknesses (sample number #2/#14) are suggested.  
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Figure 61: Number of cycles to failure (𝑁𝑓) for the CR interconnections with different solder thickness, under 

standard thermal cycling condition. 

 

Figure 62: Number of cycles to failure (𝑁𝑓) for the CR interconnections with different silver-pad thickness, under 

standard thermal cycling condition. 

 

Figure 63: Number of cycles to failure (𝑁𝑓) for the CR interconnections with different copper thickness, under 

standard thermal cycling condition. 

 

Figure 64: Number of cycles to failure (𝑁𝑓) for the conventional PV module interconnection with ribbon width, 

under standard thermal cycling condition. 
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Table 11: Number of cycles to failure (𝑁𝑓) for different configurations of the conventional PV module solder joint 

interconnection under standard thermal cycling condition. 

 Ribbon 

Width 

(µm) 

Copper 

Thickness 

(µm) 

Silver-pad 

Thickness 

(µm) 

Solder 

Thickness 

(µm) 

Number 

of 

Ribbons 

𝑵𝒇 

(Cycle) 

Sample 

Number 

S
o

ld
er

 T
h

ic
k

n
es

s 

C
h

a
n

g
es

 

1000 200 40 15 5 2574 1 

1000 200 40 20 5 3334 2 

1000 200 40 25 5 3457 3 

1000 200 40 30 5 3556 4 

1000 200 40 35 5 3637 5 

1000 200 40 40 5 3703 6 

1000 200 40 45 5 3751 7 

1000 200 40 50 5 3784 8 

S
il

v
er

 T
h

ic
k

n
es

s 

C
h

a
n

g
es

 

1000 200 20 20 5 2440 9 

1000 200 25 20 5 2665 10 

1000 200 30 20 5 2907 11 

1000 200 35 20 5 3134 12 

1000 200 40 20 5 3334 2 

1000 200 45 20 5 3526 13 

1000 200 50 20 5 3708 14 

C
o
p

p
er

 

T
h

ic
k

n
es

s 

C
h

a
n

g
es

 

1000 125 40 20 5 3593 15 

1000 150 40 20 5 3481 16 

1000 175 40 20 5 3404 17 

1000 200 40 20 5 3334 2 

1000 225 40 20 3 3277 18 

1000 250 40 20 3 3219 19 

R
ib

b
o

n
 W

id
th

 C
h

a
n

g
es

 

900 200 40 20 5 3471 20 

1000 200 40 20 5 3334 2 

1100 200 40 20 5 3244 21 

1200 200 40 20 5 3205 22 

1300 200 40 20 3 3181 23 

1400 200 40 20 3 3189 24 

1500 200 40 20 3 3210 25 

1600 200 40 20 3 3243 26 

1800 200 40 20 3 3327 27 

2000 200 40 20 2 3403 28 
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6.2.4. Fast Cycling Test  

In this section, the modified Coffin–Manson–Arrhenius lifetime model is used to predict the creep life 

of the solder joints in which this model considers the cycling temperature as the main parameter that affects 

the creep fatigue life. The analytical formula that describes the relation between the number of cycles to 

failure, 𝑁𝑓 and the temperature intervals (𝛥𝑇) of cycles is presented in Equation #7, Section 3.2.2, Chapter 

3. However, in Equation #7, the value of exponent factor, α, for the PV module solder joint interconnection, 

needs to be defined by comparing 𝑁𝑓 for different thermal cycling loads (with different 𝛥𝑇s). For this, the 

value of 𝑁𝑓 is firstly calculated (according to the approach presented in Section 6.2.3) for a selected design 

(Sample Number #2 in  

Table 11) under different thermal cycling loads (i.e. field and test cycling conditions), and then using 

the Equation #7 gives the exponent factor (𝛼). 

Table 12 shows the calculated values of accumulated creep energy density per cycle (𝑤𝑎𝑐𝑐) for the 

selected design under different cycling conditions. The values of 𝑤𝑎𝑐𝑐 are calculated (by using Equation 

#9, Section 3.2.2, Chapter 3) for the each first 5 cycles, and the average value of 𝑤𝑎𝑐𝑐  for the solder elements 

between interconnecting materials  is used to estimate the number of cycles to failure (𝑁𝑓) (see Equation 

#8, Section 3.2.2, Chapter 3). Then, using Equation #7, Section 3.2.2, Chapter 3 gives the value of 𝛼 based 

on the comparison of the each field thermal cycling condition with the test thermal cycling condition 

(temperature ranging from -40°C to 85°C). The results of the study presented in Table 12, shows that there 

is good convergence in the values of 𝑤𝑎𝑐𝑐  for each of the five cycles used for investigating the thermal 

cycling scenarios; and this provides confirmation that the FEM simulation of the PV module 

interconnection has been implemented accurately. 

To find the generic value of 𝛼𝒎 for a given field thermal cycling condition and design, we use the mean 

value of the calculated 𝛼 values (see Table 12), which is found to be 𝛼𝒎 -1.8. This 𝛼𝒎 (generic value) found 

for the PV module interconnection operating under any field thermal cycling condition, can be substituted 

into Equation #5, Section 3.2.2, Chapter 3 to determine the number of cycles to failure (𝑁𝑓) and the 

associated the creep-fatigue life. This generic value for the exponential factor found in this study can be 

used for evaluating potential design changes and to facilitate design for reliability validation of different 

configurations to improve the long-term PV module system reliability. 
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Table 12: Averaged accumulated creep energy density in the solder elements between interconnecting materials and 

α for different thermal cycling conditions. 

𝑻𝒎𝒊𝒏 

(°c) 

𝑻𝒎𝒂𝒙 

(°c) 

𝑻𝒎 

(k) 

ΔT 

(k) 

accumulated creep energy density per cycle, 𝒘𝒂𝒄𝒄, (
𝐦𝐉

𝐦𝐦𝟑) 𝑵𝒇 

(Cycle) 
α 

𝒘𝒂𝒄𝒄𝟏
 𝒘𝒂𝒄𝒄𝟐

 𝒘𝒂𝒄𝒄𝟑
 𝒘𝒂𝒄𝒄𝟒

 𝒘𝒂𝒄𝒄𝒂𝒗𝒆.
 

-40 85 296 125 0.157 0.158 0.158 0.158 0.158 3334 - 

-20 70 298 90 0.088 0.088 0.088 0.088 0.088 5983 -1.93 

-10 70 303 80 0.071 0.072 0.072 0.072 0.072 7351 -2.11 

-10 60 298 70 0.055 0.055 0.055 0.053 0.055 9530 -1.90 

-10 50 293 60 0.042 0.042 0.042 0.040 0.042 12592 -1.74 

-10 40 288 50 0.030 0.030 0.030 0.030 0.030 17311 -1.63 

-20 60 293 80 0.070 0.070 0.070 0.068 0.070 7271 -1.70 

-20 50 288 70 0.055 0.055 0.055 0.055 0.055 9510 -1.54 

6.2.5. Creep-Fatigue Life Estimation  

The number of cycles per day used for calculating the creep-fatigue life for PV module operating under 

thermal cycling has generally been assumed to be l.5 cycles per day (Guyenot, et al., 2011); and this rate 

1.5 cycles per day is then used to determine the numbers of years to failure (. The effect of different 

parameters (namely: solder thickness, silver-pad thickness, copper thickness and ribbon width), on the 

creep-fatigue lifetime of the conventional PV module interconnection (operating under 3 different thermal 

cycling loads, namely: from temperature ranges of 10°C to 50°C, 0°C to 50°C and 0°C to 60°C) are 

presented in Figure 65 to Figure 68. The results show that for all PV module interconnection dimensions 

studied, the creep-fatigue lifetime calculated for the thermal cycling loads (namely: the 10°C to 50°C and 

the 0°C to 50°C) are identical. The estimation of the creep-fatigue life for all cases show that the maximum 

temperature of the cycling load massively impacts the creep-fatigue lifetime; as by increasing the high 

temperature extreme of the cycle from 50°C to 60°C, the creep-fatigue lifetime decreased by 50%. 

However, it is found that the minimum temperature of the cycling load (from 10°C to 0°C) has only ~5% 

decrease in creep-fatigue lifetime. 

The results in Figure 65 shows that for solder joints thicker than 20µm, there is little or no change in 

the creep-fatigue lifetime with increase in the solder joints thickness. For instance, the creep-fatigue 

lifetime of the solder joint of interconnection under thermal cycling in range of 0°C to 50°C (𝛥𝑇 = 50°C ) 

is 26.5 years which has a very good agreement with the reported life (25 years) for similar configuration 

studied by Guyenot (Guyenot, et al., 2011). This provides further validation for the methodology used for 

this section, as reported in Chapter 4. The results in Figure 66 show that the creep-fatigue lifetime increases 

linearly with increasing silver-pad thickness. For example, increasing the silver-pad thickness from 20µm 
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to 50µm leads to an increase of about 50% in the creep-fatigue lifetime. Also, the results presented in Figure 

67 and Figure 68, show that changing the copper thickness and ribbon width has very marginal effect on 

the creep-fatigue lifetime (less than 10%). 

 

Figure 65: Effect of solder thickness on the creep-fatigue lifetime of the conventional PV module interconnection 

operating under 3 different thermal cycling conditions.  

 

Figure 66: Effect of silver-pad thickness on the creep-fatigue lifetime of the conventional PV module 

interconnection operating under 3 different thermal cycling conditions.  

 

Figure 67: Effect of copper thickness on the creep-fatigue lifetime of the conventional PV module interconnection 

operating under 3 different thermal cycling conditions.  
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Figure 68: Effect of ribbon width on the creep-fatigue lifetime of the conventional PV module interconnection 

operating under 3 different thermal cycling conditions. 
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6.3. Creep in the New PV Module Solder Joint Interconnection 

This section presents the creep-fatigue analysis for the SAC solder joints used in the LCR and MBB 

interconnection of PV modules. To find the best design parameters of the LCR and MBB interconnection 

configuration, several designs are investigated in which, the designs with higher failure life that can provide 

higher thermo-mechanical reliability are found. Table 13 summarizes the design parameters for the 

investigated LCR and MBB interconnections in this section. As Table 13 introduces seven 2-cases for the 

LCR and MBB interconnections to access the effect of the LCR width and the MBB diameter on the number 

of cycles to creep-fatigue failure (𝑁𝑓). The required number of ribbons are also considered to have same 

cross-section of area for both ribbon interconnection types. For example, the case number #1 for MBB 

interconnection uses 15 ribbons with 276µm diameters (0.9mm^2 cross-section area) which is comparable 

with the LCR interconnection with 5 ribbons and 900µm ribbon width. The maximum thickness of the 

LCR interconnections presented in Table 13 is considered 250µm (the average thickness is 200µm). Also, 

the solder thickness for both LCR and MBB interconnection are assumed 20µm and the silver-pad 

thicknesses are 40µm and 20µm for the LCR and MBB interconnection, respectively. It should be noted 

that in this section, the molten solder height for the MBB interconnection is assumed half of the solder 

thickness; and it is also assumed that the solder material is homogenously coated on the copper.  

Table 13: Dimensions and numbers of the LCR and MBB ribbon interconnections for the creep-fatigue analysis. 

  MBB Interconnection LCR Interconnection  

Case 

Number 

Ribbon 

Diameter 

(µm) 

Ribbons 

Numbers 

Cross-section 

Area (𝒎𝒎𝟐) 

Ribbon 

Width 

(µm) 

Ribbons 

Numbers 

Cross Section 

Area (𝒎𝒎𝟐) 

1 276 15 0.90 900 5 0.90 

2 291 15 1.00 1000 5 1.00 

3 306 15 1.10 1100 5 1.10 

4 319 9 0.72 1200 3 0.72 

5 332 9 0.78 1300 3 0.78 

6 345 9 0.84 1400 3 0.84 

7 357 9 0.90 1500 3 0.90 

Furthermore, to separately find the effect of design parameters (copper ribbon, solder joint, silver-pad 

thicknesses) on the creep-fatigue life of the solder joints in each type of the interconnections, several 

simulations are investigated. Indeed, the changes of 3 copper ribbon thicknesses (125µm, 187µm and 

250µm), 8 solder joint thicknesses (ranging from 10µm to 30µm) and 7 silver-pad thicknesses (ranging 

from15µm to 50µm) are considered for the simulations of the LCR interconnections with 1000µm ribbon 

width. Also, the solder thickness and silver-pad thickness for MBB interconnections are similarly changed 

from 10µm to 30µm, and from15µm to 50µm, respectively. 
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6.3.1. FEM Simulation 

The steps for the FEM simulations of the introduced LCR and MBB interconnections including the 

material arrangement, meshing style, boundary conditions are according to Section 3.5, Chapter 3. Indeed, 

the material properties for creep-fatigue analysis presented in Table 3,  

Table 4 and Table 6 are used; and also the thermal cycling creep-fatigue condition in accordance with 

the IEC 61215-2:2016 (see Figure 21) is applied to the models.  

The methodology introduced in Section 3.2.2, Chapter 3, is used to estimate 𝑁𝑓 and to predict the creep-

fatigue life. For this, similar to Section 6.2, developed Morrow Energy Density model is used to find the 

𝑁𝑓 and then using the modified Coffin-Manson–Arrhenius model (considering the exponent factor, α, 

found in Section 6.2), the creep-fatigue life of the new PV module solder joint interconnections are 

calculated. 

6.3.2. Results and Discussion 

6.3.2.1. Effect of LCR width and MBB Diameter 

To find effect of the LCR width, the MBB diameter on the number of cycles to failure (𝑁𝑓) for the new 

PV module interconnections, several samples (presented in Table 13) are simulated using FEM and 

according to the methodology in Section 6.2. 

Figure 69 and Figure 70 show the effect of LCR width and MBB diameter, respectively, on the value 

of 𝑁𝑓 for the LCR and MBB designs under thermal cycling condition (temperature ranging from -40°C to 

85°C). Figure 69 shows that for LCR interconnections with width less than 1100µm (using 5 ribbons), the 

value of 𝑁𝑓 is slightly decreased (≤6%) when the ribbon width is increased. However, for the LCR with 

higher widths, there is not any significant change in the 𝑁𝑓. Figure 70 also shows that with an increase of 

the MBB diameter, there is a slight reduction in the 𝑁𝑓 (≤10%) which means that MBB interconnection 

with more ribbons (15 ribbons) but with lower diameter (276µm) can provide higher thermo-mechanical 

reliability for the PV module. 
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Figure 69: Effect of LCR width on the number of cycles to failure (𝑁𝑓) in PV modules under standard thermal 

cycling condition. 

 

Figure 70: Effect of MBB diameter on the number of cycles to failure (𝑁𝑓) in PV modules under standard thermal 

cycling condition. 

Figure 71 compares the value of 𝑁𝑓 for the LCR and MBB designs presented in Table 13. It is seen that 

the MBB interconnection designs can provides higher reliability compared to the LCR interconnection 

designs due to having higher 𝑁𝑓 (10% to 15% higher). Also, as Figure 71 suggests, the samples number #1 

has higher value of 𝑁𝑓 rather than other samples, which means that using the MBB interconnection with 

15 ribbons with diameter of 276µm; and also using a design with 5 LCR interconnections with 900µm 

width can provide more reliability. However, the LCR interconnections with 1000µm width (sample 

number #2) can be also suggested as it provides almost same 𝑁𝑓, and it provides more cross-section of area 

compared to the sample number #1; and this means that there is less electrical resistance in the ribbon 

designed based on the sample number #2. Similarly, to have consistency in the cross-section of areas of 

ribbons, the MBB interconnection sample number #2 (with diameter of 291µm) is selected for finding the 

effect of geometrical parameters on the creep-fatigue lifetime of different PV module ribbon 

interconnection designs. 
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Figure 71: Number of cycles to failure (𝑁𝑓) for different design cases of the LCR and MBB interconnections with 

same cross-section areas, but with different ribbon width/diameter and numbers. The modelling results are obtained 

for the PV modules under standard thermal cycling condition. 

6.3.2.2. Effect of Solder and Copper Thickness  

Figure 72 shows the effect of solder thickness and also copper (ribbon) thickness on the value of 𝑁𝑓 for 

the LCR interconnection deigns using 5 ribbons with 1000µm width and 40µm silver-pad thickness. The 

results show that an increase in the solder joint thickness leads to a slight increase in 𝑁𝑓 (up to 5%). In 

addition, Figure 72 shows that increasing the copper thickness leads to a decrease in 𝑁𝑓, in which the LCR 

interconnection with 187µm copper thickness provides about 6% higher 𝑁𝑓, when it is compared to the 

LCR interconnection with 250µm copper thickness. The results shown in Figure 72 suggests that a LCR 

interconnection with 20µm solder joint thickness and 187µm copper thickness can be an optimal design as 

this configuration provides high value of 𝑁𝑓 (3850 cycles), but it remarkably saves the material 

consumptions. This finding is consistent with the results obtained for the cracking parameters in Section 

5.2.3., Chapter 5. 
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Figure 72: Effect of solder and copper thickness on 𝑁𝑓 for the LCR interconnection design under standard thermal 

cycling condition. 

6.3.2.3. Effect of Silver-pad and Solder Thickness 

Figure 73 shows the effect of silver-pad thickness on the associated 𝑁𝑓 for the LCR and MBB 

interconnections with 20µm solder thickness. Copper thickness of the LCR interconnection and ribbon 

diameter of the MBB interconnection are considered 187µm and 291µm, respectively. It is shown that 

increasing the silver-pad thickness from 20µm to 50µm causes 32% increase of 𝑁𝑓 for the LCR 

interconnection. However, Figure 73 suggests that there is no change of 𝑁𝑓 when the silver-pad thickness 

of the MBB interconnection increases. To re-check the effect of solder thickness on the reliably of the MBB 

interconnection, the results of creep-fatigue analysis for the MBB interconnections with different solder 

joint thicknesses are presented in Figure 74. As Figure 74 shows, increasing the solder thickness results in 

an increase of 𝑁𝑓 for the MBB interconnections, in which for the MBB interconnection with 40µm silver-

pad thickness, the increase of the solder thickness from 10µm to 15µm causes a significant increase in the 

𝑁𝑓 (166%). However, for the MBB interconnection with solder thickness thicker than 15µm, there is also 

a linear increase in 𝑁𝑓 (up to 22%) in which the 𝑁𝑓 is not affected by the silver-pad thickness. Consequently, 

the MBB interconnection with 20µm solder and silver-pad thickness can suggest more reliability for the 

PV module and also can help to save the material consumption. 
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Figure 73: Effect of silver-pad thickness on the 𝑁𝑓 for the LCR and MBB interconnection designs under standard 

thermal cycling condition. 

 

Figure 74: Effect of solder thickness and silver-pad thickness on the 𝑁𝑓 for the MBB interconnection design under 

standard thermal cycling condition. 
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creep-fatigue lifetime experiences higher increase by increasing the solder thickness when it is compared 

to the LCR interconnection design. Comparison of the results for the thermal cycling loads shows that by 

increasing the maximum temperature of the cycling load from 50°C to 60°C, the creep-fatigue lifetime 

decrease by 50%; however, it is found that the minimum temperature of the cycling load has less 3% 

reduction effect on the creep-fatigue lifetime values. 

 

Figure 75: Creep-fatigue lifetime of the LCR interconnection with different solder thickness operating under 3 

different thermal cycling conditions. 

 

Figure 76: Creep-fatigue lifetime of the MBB interconnection with different solder thickness operating under 3 

different thermal cycling conditions. 
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6.4. Chapter Summary and Conclusion 

The strain and stress induced by the field thermal cycling loads leads to the creep-fatigue failure mode 

of the solder joint which adversely affect the reliability of the PV module and in this study, the FEM 

simulation in ABAQUS 2019 is implemented to study the creep behaviour of the solder joints for the three 

PV module interconnection designs with different dimensions.  

Our results show that the maximum shear creep strain in the solder joint is located at the corner of the 

connection area in copper side; and that this location has the highest potential for creep fatigue failure 

during the operation. In the study, the total dissipated energy is used to find the number of cycles to failure 

for each of the PV module interconnections operating under the test and field thermal cycling load. The 

exponent factor of Coffin–Manson–Arrhenius approach for determining the creep-fatigue life of the PV 

module interconnections was determined to be -1.8; and this generic exponent factor value was then used 

to determine the solder joint’s creep-fatigue life under thermal cycling operating conditions. The estimation 

of the creep-fatigue life for all cases show that the maximum temperature of the cycling load has significant 

impact on the creep-fatigue lifetime; as by increasing the maximum temperature from 50°C to 60°C, the 

creep-fatigue lifetime decreases by 50%. Similarly, the results show that the minimum temperature of the 

cycling load has much less effect on the creep-fatigue lifetime (~5%). 

The results of investigations of the CR, LCR and MBB interconnections show that the creep-fatigue 

lifetime decreases (up to 10%) when wider ribbons are used. The results also show that changing the solder 

joints thickness in the LCR interconnections had very marginal effect on the creep-fatigue lifetime (≤ 5%); 

however, the results of investigations of the CR and the MBB interconnection show that with increasing 

the solder joints thickness, the creep-fatigue lifetime increases up to 23%. In addition, it is found that the 

creep-fatigue lifetime increases linearly with an increase of the silver-pad thickness up to 34%, 32 % and 

6% for the CR, LCR and MBB interconnection designs, respectively. It is also found that using the thicker 

ribbons results in a reduction of the creep-fatigue lifetime (≤ 11%). These findings are almost consistent 

with the results obtained from the XFEM simulation of the crack analysis in solder joints subjected to the 

lamination process (presented in Chapter 4 and Chapter 5). Table 14 summarizes the results of the creep-

fatigue lifetime change for different configurations of the PV module interconnection.  
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Table 14: creep-fatigue lifetime change for different configurations of the PV module interconnection. 

Interconnection Design CR LCR MBB 

Ribbon Width Range (µm) 900 to 1300 1300 to 2000 900 to 1500 276 to 357 

Ribbon Width Effect  -9.00% 6.50% -7% -10% 

Solder Thickness Range (µm) 20 to 50 15 to 20 15 to 50 15 to 30 

Solder Thickness Effect  11.00% 23.00% 5% 22% 

Silver-pad Thickness Range (µm) 20 to 50 20 to 50 20 to 50 20 to 40 

Silver-pad Thickness Effect  34% 34% 32% 6% 

Copper Thickness Range (µm) 125 to 250 125 to 250 125 to 250 276 to 357 

Copper Thickness Effect -11% -11% -10% -10% 

In summary, the methodology developed for this study to investigate the effect of the four geometrical 

parameters on the creep-fatigue lifetime of different PV module ribbon interconnection designs has 

provided the results for determining the optimal design for long-term reliability. For example, based on the 

modelling results, a design with the 20µm solder thickness, the 40µm-50µm silver-pad thickness, the 

150µm-200µm copper thickness and the 1mm ribbon width is recommended. Table 15 depicts the 

recommended configurations for different PV module ribbon interconnection designs according to the 

creep-fatigue lifetime. As Table 15 suggests, the MBB interconnections can provide more thermo-

mechanical reliability compared to the LCR and the CR interconnection designs (up to 15%). It should be 

also noted that the recommended configurations in this chapter are in agreement with the recommended 

PV module interconnections resulted from the XFEM simulation of the crack analysis reported in Chapter 

4 and Chapter 5. 

Table 15: Recommended configurations for different PV module ribbon interconnection designs according to the 

creep-fatigue lifetime. 

Geometrical Parameters CR LCR MBB 

Designs 1st 2nd 1st 2nd 1st 2nd 

Ribbon Width (µm) 1000 1000 1000 900 276 291 

Solder Thickness (µm) 20 20 20 20 20 20 

Silver Thickness (µm) 40 40 40 40 20 20 

Copper Thickness (µm) 150 200 187 250 276 276 

Number of Ribbons 5 5 5 5 15 15 

Copper cross-section of area (𝑚𝑚2) 0.75 1 0.75 0.9 0.9 1.0 

𝑁𝑓 (Cycle) 3481 3334 3502 3475 4078 3954 
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Chapter 7 

7. Discussion of Results 

In this chapter, the main FEM results for the PV module ribbon interconnection designs presented in 

Chapter 4 to 6, are compared to determine the optimum configurations in terms of the thermo-mechanical 

reliability and the material consumption. 

A very good agreement between the XFEM findings and the results of creep-fatigue investigation on 

the thermal failure of the PV modules solder joint interconnections are found. The results from the XFEM 

simulation provided in Chapter 4 and Chapter 5 showed that in all PV modules interconnection designs, 

location for the crack nucleation is at the edge of IMC interface layers and the crack propagates in the shear 

direction. Also, the results of creep analysis presented in Section 6.2.2, Chapter 6, showed that the 

maximum shear creep strain in the solder joint is located at the side of the IMC layer. The effect of different 

PV module ribbon interconnection configurations and design parameters (namely: solder thickness, silver-

pad thickness, copper thickness and ribbon width) on the XFEM results (crack initiation temperature and 

crack growth rate) and also on the creep-fatigue life are compared in the sub-sections below. 

7.1. Effect of Ribbon Width Change 

Figure 29 and Figure 30 showed that increasing the ribbon width leads to an increase in the crack 

initiation temperature (positive effect) and an increase in the crack growth rate (negative effect) for the CR 

PV module interconnection; and it is resulted that the ribbon interconnection with widths of circa 900µm - 

1000µm (for cell tabbing using 5 ribbons) are the best choices in terms of the thermo-mechanical reliability 

as this gives high crack initiation temperature, but no high crack growth rate. Figure 68 also showed that 

by increasing the ribbon width, there is a marginal reduction in the number of cycles to creep-fatigue failure 

(𝑁𝑓) and it is suggested to use the CR interconnection with the width mentioned above. In addition, as 

Figure 69 showed there is a similar reduction trend for 𝑁𝑓when the LCR ribbon width increases.  

In conclusion, for the CR and the LCR interconnection, the 900µm - 1000µm ribbon width is recommended 

when 5 ribbons are used for cell tabbing in the solar PV module. 
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7.2. Effect of Copper Thickness Change 

As it was shown in Figure 33, increasing the copper thickness from 150µm to 200µm leads to a reduction 

in the crack growth rate for the CR interconnections under the high temperature lamination process; and 

the lowest crack growth rate occurs at the 200µm copper thickness. However, Figure 32 showed that 

increasing the copper thickness results in a reduction in the crack initiation temperature for the CR 

interconnection design. The summation of the effects of copper thickness changes on the crack initiation 

temperature and the crack growth rate for the CR interconnections showed there is a slight increase in the 

crack length when the copper thickness increases (see Figure 46). These results are consistent with the 

results of 𝑁𝑓 shown in Figure 67, as it was shown that thicker copper used for the CR interconnections 

experienced a marginal decrease of 𝑁𝑓. Also, for the LCR interconnection, as shown in Figure 42 and 

Figure 43, increasing the copper thickness results in lower crack initiation temperature, but higher crack 

growth rate in which the thicker copper interconnections cause longer cracks in the solder joints during the 

lamination process. This finding was in agreement with the creep-fatigue results provided in Figure 72 in 

which the thicker LCR interconnections have the lower 𝑁𝑓. Furthermore, Figure 70 showed that increasing 

the diameter of MBB interconnection leads to a marginal decrease of 𝑁𝑓 in which the highest value of 𝑁𝑓 

was found for the MBB interconnection with the lowest diameter (276µm). 

 In conclusion, for the CR interconnection, the 150µm - 200µm copper thickness is recommended; and 

also for the LCR interconnection, the 125µm - 250µm copper thickness is recommended and for the MBB 

interconnection, the 276µm diameter is the optimum dimension of the copper. 

7.3. Effect of Silver-pad Thickness Change 

Figure 44 and Figure 45 showed that the crack initiation temperature and the crack growth rate decrease 

with increasing silver-pad thickness for the LCR and the CR interconnections. This finding is consistent 

with the found 𝑁𝑓 for different silver-pad thicknesses (see Figure 66 and Figure 73). However, Figure 73 

also showed that for the MBB interconnection, there is no significant change of 𝑁𝑓 via the silver-pad 

thickness changes. 

In conclusion, for the LCR and the CR interconnections, the 40µm silver-pads thickness is 

recommended, and for the MBB interconnection, the 20µm silver-pads thickness which also results in 

smaller silver material consumption is recommended. 



121 

 

7.4. Effect of Solder Thickness Change 

As shown in Figure 42, for the CR interconnection when the copper thickness is between 150µm and 

200µm, the highest crack initiation temperature is occurred at 20µm solder thickness. Also, Figure 42 

showed that for all copper thicknesses of the LCR interconnection, the 20µm solder thickness has the 

highest crack initiation temperature. Similarly, Figure 43 showed that for the solder thicknesses of 10µm - 

30µm, the crack growth rate slightly increases with increasing the solder thickness. In addition, Figure 54 

showed that for the MBB interconnection solder joint thicker than 20µm, increasing the solder thickness 

sharply reduces the crack initiation temperature and the highest crack initiation temperature is at the solder 

thickness of 15µm - 20µm. 

The results of creep-fatigue investigation for the three interconnection designs (see Figure 65, Figure 

72, Figure 74) showed that increasing the solder thickness leads to a marginal increase in the 𝑁𝑓. However, 

the solder thickness of 20µm is recommended for all ribbon interconnection designs due to less smaller 

material consumption, but still providing the high 𝑁𝑓.  

In conclusion, for all ribbon interconnection designs, the 20µm solder coating thickness is recommended 

as this leads to lower crack growth rate, but the higher 𝑁𝑓 and crack initiation temperature; and this gives 

an increase in the PV ribbon interconnection reliability. 

7.5. Recommended Configurations for the PV Module Interconnection Designs 

Section 7.1 to Section 7.4 compared the results of XFEM simulation and creep-fatigue investigation for 

the different PV module interconnection designs used in this study. The recommended configurations for 

the three PV module interconnection designs are determined to provide the optimum thermo-mechanical 

reliability and to reduce the solder and the silver consumptions. In this regard, four configurations for the 

CR interconnections, three configurations for the LCR and three configurations for the MBB 

interconnections are selected to be compared in terms of the initial crack (due to the high temperature 

lamination process) and the value of 𝑁𝑓 (under thermal cycling condition with temperature ranging from -

40°C to 85°C). Table 16 presents dimensions of the selected PV module interconnections, and it also shows 

the high temperature crack specifications (crack initiation temperature and crack growth rate) and the value 

of 𝑁𝑓 (with and without considering the initial crack) for the selected PV module interconnection 

configurations.  

 Table 16 shows that the best configuration for the CR interconnection uses 5 ribbons with the 900µm 

ribbon width, the 200µm copper thickness, the 20µm solder thickness and the 40µm silver-pad thickness. 
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This configuration has 0.9𝑚𝑚2 cross-section area of the copper which helps to keep the electrical 

resistance low. As it is shown, this configuration exhibits a 4.0% cracked section (18µm initial crack length) 

due to the high temperature lamination process, and when the initial crack length is considered, the 𝑁𝑓 3331 

cycles (ranging from -40°C to 85°C). It should be noted that sample number #4, without considering the 

initial crack has the higher 𝑁𝑓  (3481 cycles), however, its 𝑁𝑓 with considering the initial crack, the 𝑁𝑓 is 

2873 cycles which is lower than 𝑁𝑓 for other configurations (due to the large initial crack). 

As Table 16 shows, using 5 ribbons with 1000µm ribbon width, with 187µm copper thickness, with 

20µm solder thickness and with 40µm silver-pad thickness (0.75𝑚𝑚2 total cross-section area of the 

copper) is recommended for the LCR interconnection, in which this configuration can endure the 3281 

thermal cycles (ranging from -40°C to 85°C). However, the sample number #2 with the 900µm ribbon 

width and the 250µm copper thickness which has the lower electrical resistance can be also recommended 

(𝑁𝑓 is 3114 cycles and the total cross-section of copper is 0.9𝑚𝑚2).  

In addition, Table 16 shows that for the MBB interconnection, with 15 ribbons, with 291µm and 276µm 

copper diameters, with 20µm solder thickness and with 20µm silver-pad thickness provides higher 𝑁𝑓 

(3813 and 3808 cycles, respectively) compared to the sample number #3 with 15µm silver-pad thickness. 

Table 16 also shows that the MBB interconnection has higher 𝑁𝑓 (i.e. higher thermal creep-fatigue lifetime) 

compared to the CR and the LCR interconnection designs.  

Table 17 shows the estimated creep-fatigue life of the solder joint in the recommended ribbon 

interconnection designs (presented in Table 16) in the solar PV module operating under 3 different thermal 

cycling loads, namely: from temperature ranges of 10°C to 50°C, 0°C to 50°C and 0°C to 60°C. It is shown 

that the MBB interconnection provides 15% thermal creep-fatigue lifetime more than to the CR and the 

LCR interconnections. Indeed, the MBB interconnection not only saves the silver consumption, but it also 

provides higher thermo-mechanical reliability for the solar PV modules compared to the CR and the LCR 

interconnections. 
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Table 16: Dimensions, high temperature crack specifications and number of cycles to creep-fatigue lifetime of the 

recommended PV module ribbon interconnection designs  

Designs CR LCR MBB 

Geometrical Parameters  1st  2nd  3rd 4th 1st  2nd  3rd 1st  2nd  3rd 

Number of ribbons 5 5 3 5 5 5 5 15 15 15 

Ribbon width (µm) 900 1000 1200 1000 1000 900 1000 291 276 276 

Copper thickness (µm) 200 200 200 150 187 250 125 291 276 276 

Solder thickness (µm) 20 20 20 20 20 20 20 20 20 15 

Silver-pad thickness (µm) 40 40 40 40 40 40 40 20 20 20 

Copper area (𝑚𝑚2) 0.9 1 0.72 0.75 0.75 0.9 0.5 1 0.9 0.9 

Crack initiation temp. (°C) 98 102 104 102 87 69.5 106 98 102 110 

Crack growth rate (µm/°C) 0.35 0.45 0.6 1.82 0.5 0.58 1 0.1 0.19 0.25 

Initial crack length at 150 °C (µm) 18 22 28 87 31.5 46.69 44 5 9 10 

Cracked Section (%)* 4.0 4.3 4.6 17.5 6.3 10.38 8.8 3.6 6.6 7.2 

𝑁𝑓 (Cycle)  

T: -40°C to 85°C  

W.O. Crack 3471 3334 3205 3481 3502 3475 3369 3954 4078 3644 

With Crack 3331 3190 3058 2873 3281 3114 3073 3813 3808 3380 

* It is assumed that the crack is initiated in left and right sides of the IMC layer (as the symmetrical models are 

considered in the simulations), so, the crack length is assumed to be duplicated. 

 

Table 17: Creep-fatigue life estimation of the solder joint for the selected ribbon interconnection. 

Designs 
CR LCR MBB 

1st  1st  1st  

Creep-fatigue lifetime (Year) 

T: 10°C to 50°C  27.3 26.9 31.2 

T: 0°C to 50°C  26.2 25.8 30.0 

T: 0°C to 60°C  13.2 13.0 15.1 
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7.6. Chapter Summary and Conclusion 

This chapter compared the main FEM results for different the PV module ribbon interconnection designs 

used in this study, and then the best configurations are recommended to provide the highest thermo-

mechanical reliability, but with less material consumption. Comparison of the effects of changing solder, 

silver, copper, IMC thickness and ribbon width changes on the reliability of the PV modules 

interconnections showed that there is a good agreement between the crack analysis results (from the XFEM 

simulation) and the results of creep-fatigue investigation of the solder joints for all PV modules 

interconnection designs. It is also shown that the location of the crack nucleation is same with the location 

of the maximum shear creep strain in the solder joints (found from the creep investigation) which is at the 

side of the IMC interface layers.  

The results showed that for the CR and the LCR interconnections, using 5 ribbons with 900µm - 1000µm 

ribbon width, with 40µm silver-pads thickness and with 20µm solder thickness is recommended to provide 

over 25 years’ life service for the solar PV module operating under thermal cycling condition with 

temperature ranging from 0°C to 50°C.  

Also, it is shown that the MBB interconnection (with15 ribbons with 276µm ribbon diameter and with 

20µm silver and solder thicknesses) provides 15% more fatigue life  rather than the CR and the LCR 

interconnection designs. As a result, recommended configuration for the MBB interconnection could be 

the most reliable design to guarantee over 30 and 15 years’ life service for the thermal failure of the solder 

joints in PV module interconnection operating under thermal cycling conditions with temperature ranging 

from 0°C to 50°C and 0°C to 60°C, respectively. 
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Chapter 8 

8. Summary, Conclusion, Suggestions 

8.1. Summary 

This study concerned the investigation of the thermal failure of the solder joints in c-Si PV module 

interconnection, a key component of the PV module as its failure accounts for over 40% of known PV 

module failure. The thesis presented the method for determination of the optimum designs of PV module 

interconnections that gave improved thermo-mechanical reliability and that keeps the module efficiency 

high and material consumption low. Different PV module interconnection designs including the CR, the 

LCR and the MBB interconnections were investigated to determine the effect of changing dimensions of 

each design on the PV module interconnection reliability. The FEM simulation in ABAQUS 2019 was 

used to investigate the thermal failure of the solder joints in different PV module interconnection designs 

under two different thermal load conditions (namely: high temperature in lamination process, and thermal 

cycling). For this, the PV module interconnections were modelled using a scripted Python code launched 

in ABAQUS 2019, in which the main nonlinearities of the models such as temperature dependency of the 

materials and the presence of the brittle IMC interface layer at the border of the solder joints were 

considered. These investigations were implemented for over 350 cases of the three main PV module 

interconnection designs with different dimensions of the interconnections materials (namely: silver-pad, 

solder, copper thickness and ribbon width). 

The XFEM technique was implemented to find the crack initiation temperature and the crack growth 

rate in solder joints subjected to the high temperature lamination process(up to 150 °C). Also, to investigate 

the creep-fatigue failure of the solder joints in different PV module interconnection designs operating under 

thermal cycling load (ranging from -40°C to 85°C), the number of cycles to failure were determined using 

the FEM simulations and Morrow Energy Density model; and then the creep-fatigue results were correlated 

with the Coffin–Manson–Arrhenius formulation to estimate the creep-fatigue lifetime of each design 

operating under different thermal cycling conditions (namely: from temperature ranges of 10°C to 50°C, 

0°C to 50°C and 0°C to 60°C). 

Finally, the effect of the initial cracks (due to the lamination process) was combined with the effect of 

creep-fatigue to determine the failure lifetime of the solder joint for different PV module interconnection 

designs. The methodology developed can be used for investigating the thermal-fatigue life of PV module 
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interconnections subjected to hot/cold service conditions and for predicting the long-term reliability of the 

solar PV module based on the knowledge of initial state. 

The main conclusions of the study are presented in Section 8.2, and the limitations of the research and 

the recommendations for future work are presented in Section 8.3. 

8.2. Conclusions 

To determine the optimum design and configuration of the PV module interconnection in terms of the 

thermo-mechanical reliability, the XFEM simulation was used to calculate the crack length, the crack 

initiation temperature and the crack growth rate in the solder joints subjected to the high temperature in the 

lamination process. In addition, for different PV module interconnection designs, the creep-fatigue lifetime 

of the solder joints is estimated to determine the most reliable designs. The XFEM results were consistent 

with the results of creep-fatigue investigation discussed in the following sub-sections: 

8.2.1. Crack Location and Propagation Direction 

For all studied PV module interconnection designs subjected to the lamination process, the XFEM 

simulations showed that the crack location is at side of the IMC interface layers of solder joint boundaries 

(in contact with the silver-pad and the copper ribbon); and direction of the crack propagation is in the shear 

direction. It is also found that when the crack nucleation location is in the IMC-Silver layer, the crack 

growth rate is significantly higher, which increases the crack related failures and adversely affects the 

reliability of the PV module interconnection. 

The creep investigation of the solder joints in PV module interconnections also showed that the 

mentioned location of crack initiation exhibits the maximum shear creep strain in the solder joints which 

means that the fatigue damage initiates at this location; and the results of the XFEM simulation and creep-

fatigue investigations are in a very good agreement. 

8.2.2. Effect of Changing Dimensions 

Comparison of the results of XFEM and creep-fatigue investigation for the effects of changing solder, 

silver, copper thicknesses and ribbon width of the PV modules interconnections on the thermal failure of 

the solder joints and on the associated thermo-mechanical reliability showed a very good agreement 

between them. 
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The results showed that increasing the CR and the LCR interconnection width leads to an increase in 

the crack initiation temperature for widths up to 1200µm; but the crack initiation temperature remains 

relatively constant for increases beyond the 1200µm limit. Based on the analysis of the results for both the 

crack initiation temperature and the crack growth rate for the ribbon interconnection geometries 

investigated, and consequently the use of ribbon interconnects widths of circa 900µm to 1000µm (for cell 

tabbing using 5 ribbons) is recommended. These recommended ribbon interconnects widths also introduced 

similar trend for the number of cycles to creep-fatigue failure (𝑁𝑓) in the PV module solder joint 

interconnections. 

The results also showed that increasing the copper thickness in the CR interconnections leads to a 

decrease in the crack initiation temperature; and also for interconnection thickness between 150µm to 

200µm, there is a significant reduction in the crack growth rate, with the 200µm copper thickness 

experiencing the lowest crack growth rate. The summation of the effects of copper thickness changes on 

the crack initiation temperature and the crack growth rate for the CR interconnections shows that there is a 

minor increase in the crack length when the copper thickness increases. These results were consistent with 

the calculated 𝑁𝑓, as thicker copper experienced a marginal decrease of 𝑁𝑓. In addition, the results of XFEM 

simulation and creep-fatigue investigation for the LCR interconnection also showed that changing the 

copper thickness had a marginal effect on the thermal failure of the solder joints. However, for the MBB 

interconnection, the results showed that increasing the copper diameter leads to a marginal reduction in 

the 𝑁𝑓, and the maximum 𝑁𝑓 was found for the MBB interconnection with the 276µm copper diameter. 

The XFEM results showed that the crack initiation temperature and the crack growth rate decrease with 

increasing silver-pad thickness for the LCR and the CR interconnections. In summary, our results showed 

that in terms the 𝑁𝑓, the 40µm silver-pads thickness is recommended for the LCR and the CR 

interconnections to provide more reliability. However, the results for the MBB interconnection design 

shows that there is no significant effect of the silver-pad thickness on the 𝑁𝑓, and the 20µm silver-pads 

thickness is recommended for the MBB interconnection due to less silver material consumption. 

The XFEM results showed that the recommended copper thickness for all interconnection designs 

evaluated in this study, is the 20µm solder thickness as this gives the highest crack initiation temperature 

in the solder joint. In addition, the results showed that the 20µm solder thickness exhibits a lower crack 

growth rate in comparison with the growth rate for the thicker solders. The results of creep-fatigue 

investigation showed that increasing the solder thickness leads to a marginal increase in the 𝑁𝑓. For this 

reason, the 20µm solder thickness is recommended solder thickness for all ribbon interconnection designs 

as this results in the high 𝑁𝑓 but smaller solder material consumption. 
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8.2.3. Effect of Non-Homogeneous Solder Coating on cracks in the MBB Interconnections 

The two main parameters of non-homogeneity (out of centre value and direction), were considered in 

investigation of the effect of geometrical parameters (including IMC layers thickness and solder joint 

height) on the crack initiation in the solder joints in MBB interconnections. The results showed that the 

downward vertical direction of out of centre positioning of copper in the solder coating leads to the most 

reduction in crack initiation temperature (up to 21%). The results also showed that by increasing the amount 

of molten solder/solder thickness, the micro-crack initiation takes place at a lower temperature. The results 

also show that at high solder thickness the micro-crack initiation temperature is less affected by non-

homogeneity.  

8.2.4. Creep-Fatigue Life Estimation for PV Module Interconnections  

The exponent factor used for the Coffin–Manson–Arrhenius approach to estimate the creep-fatigue life 

of the PV module interconnections was determined to be -1.8; and this generic exponent factor value was 

then used to determine the solder joint’s creep-fatigue life under thermal cycling operating conditions. The 

results show that for all cases studied, the maximum temperature of the cycling load has a significant impact 

on the creep-fatigue lifetime; for example, by increasing the maximum temperature from 50°C to 60°C, the 

creep-fatigue lifetime decreases by 50%. Similarly, the results show that the minimum temperature of the 

cycling load has no significant effect on the creep-fatigue lifetime (~5%). 

8.2.5. Recommended Configurations for the PV Module Interconnection Designs 

To provide high thermo-mechanical reliability of the PV module interconnection, the optimum 

configurations of the different designs are found by comparing their creep-fatigue lifetime correlated with 

the XFEM results. It was found that the MBB interconnection has higher thermal creep-fatigue age 

compared to the CR and the LCR interconnections (up to 15%). The results also showed that the MBB 

interconnection with 15 ribbons of 20µm solder thickness, with 20µm silver-pad thickness and with copper 

diameter of 276µm (0.9𝑚𝑚2 cross-section area of the copper) has 𝑁𝑓 of 3808 cycles which is higher than 

𝑁𝑓 determined for the other PV module interconnection designs evaluated in this study. This configuration 

is recommended as the optimum design of the PV module interconnection, and it can guarantee service life 

of 30 years and 15 years for the solder joint operating under thermal cycling conditions with temperature 

ranging from 0°C to 50°C and 0°C to 60°C, respectively. Another benefit of the MBB interconnection is 

that its use results in lower material consumption and lower manufacturing costs. 



129 

 

Furthermore, the results showed that the best configuration for the CR interconnection is the 5 ribbons 

with 900µm ribbon width, with 200µm copper thickness (0.9𝑚𝑚2 cross-section area of the copper), with 

20µm solder thickness and with 40µm silver-pad thickness. This configuration exhibited a 4.0% cracked 

section (due to the lamination process), and it was reliable for 3331 thermal cycles with temperature ranging 

from -40°C to 85°C (26.2 years; temperature ranging from 0°C to 50°C). The results also showed that the 

LCR interconnection using 5 ribbons with 1000µm ribbon width, with 187µm copper thickness 

(0.75𝑚𝑚2 total cross-section area of the copper), with 20µm solder thickness and with 40µm silver-pad 

thickness is the optimum configuration of this interconnection design. This recommended configuration 

can guarantee 25.8 years for operating under thermal cycling condition with temperature ranging from 0°C 

to 50°C. 

The findings of the PV module interconnections research can be used to evaluate potential design 

adjustments and to assist design for reliability validation of various configurations in order to enhance the 

long-term reliability of PV module systems. 

8.3. Main Contribution to Knowledge 

For the first time, this research used the XFEM technique (previously used for crack analysis in structural 

materials) to determine the crack initiation temperature, crack location, crack direction and growth rate in 

the solder joint of PV module interconnection. Furthermore, the number of cycles to creep-fatigue failure 

for all PV module interconnection designs studied in this research was determined using the Morrow 

Energy Density lifetime model (with considering the standard thermal cycling condition based on the IEC 

61215-2:2016); and then the Coffin–Manson–Arrhenius lifetime model is used as a handy formulation that 

can be applied easily to determine the solder joint’s creep-fatigue life under different lifecycles of the 

module. In addition, the research combines the numerical results of XFEM and creep fatigue analysis to 

determine the thermal failure lifetime of PV Module interconnection solder joints under high temperature 

lamination process and thermal cycling to consider both thermal loading scenarios. The research defined 

the optimised PV module interconnection configurations for CR, LCR and MBB interconnection designs 

and the results show that the MBB interconnection design provides higher reliability (up to 15%) compared 

to other designs. The research also determined a new generic exponent factor (-1.8) for the Coffin–Manson–

Arrhenius lifetime model to estimate the creep-fatigue lifetime of PV module interconnections under 

different thermal cycling conditions. This analytical model is developed an it facilitates the fast thermal 

cycling estimation for PV module interconnection reliability. 
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The results of this research can be used by PV module manufacturers for evaluating potential design 

changes and to facilitate design for reliability validation of different configurations to improve the long-

term PV module system reliability. Also, the results of the study will also be useful for researchers in 

evaluating the impact of the solder region boundaries on solar PV module reliability and in developing 

design-for-reliability guidelines. 

8.4. Limitations of Research and Recommendations for Future Work 

Despite developments and new knowledge generated in this thesis, there remains significant scope for 

improvement of PV module designs. The limitations of the research and the recommendations for future 

work are presented in the sub-sections below. 

8.4.1. Limitations of Research  

The limitations of this research are as follows:  

1. This study used advanced finite element modelling with consideration of the nonlinearities such as 

temperature dependent and elastic-plastic behaviour of materials. The investigations of this study 

was limited to simulate the PV module interconnection on the one silicon cell to find the thermal 

failure of PV module solder joint interconnections.. Although the results from the 2D simulation 

is checked with the a results from 3D simulation for a case study and there was good agreement 

between the results, however, this work faced a limitation for 3D modelling of the PV module with 

considering all silicon cells and the ribbon interconnection bend between the cells. This is because 

3D modelling of the PV module is more computationally demanding, and it requires larger meshes 

in the simulations, which in turn will limit the scope of the parametric study. For this reason, 2D 

simulations of the PV module interconnection are used in order to increase the computational 

solution speed 

2. This study used the XFEM technique (to find the crack initiation and propagation during the 

lamination process) and the nonlinear FEM approach (to estimate the creep-fatigue lifetime under 

thermal cycling conditions) separately, for the investigation of the thermal failure of PV module 

solder joint interconnections. Ideally the methodology should combine the XFEM technique and 

the creep failure investigation is one study to facilitate determination of the optimum PV module 

interconnection design. Unfortunately, ABAQUS software cannot still use both approaches in one 

simulation study, since the XFEM technique does not provide the features for modelling the certain 

nonlinear failure mechanism such as creep-fatigue. 
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8.4.2. Recommendations for Future Work 

The following are recommendations for future work: 

1. Although the numerical approach used in this study can produce reasonable and accurate 

answers to the questions regarding the failure mechanisms of solder joints in solar PV 

interconnections, further experimental work is required to verify the FEM simulation results. 

The availability of the experimental verification results will facilitate improved damage-

lifetime correlation based on the use of 2D and 3D model results. 

2. Investigation of the effect of micro-scale defects on the reliability of the PV module (this should 

include the voids in the solder joint due to evaporation of solvents and additives; in particular, 

this should also include study of the effect of voids on crack initiation in the PV module solder 

joint interconnections). 
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