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ABSTRACT 
 

Standard crystalline silicon photovoltaic (PV) modules are designed to 

continuously convert solar energy into electricity for 25 years. However, the 

continual generation of electricity by the PV modules throughout their 

designed service life has been a concern. The key challenge has been the 

untimely fatigue failure of solder interconnections of solar cells in the 

modules due to accelerated thermo-mechanical degradation. The goal of this 

research is to provide adequate information for proper design of solar cell 

solder joint against fatigue failure through the study of cyclic thermo-

mechanical stresses and strains in the joint. This is carried-out through finite 

element analysis (FEA) using ANSYS software to develop the solar cell 

assembly geometric models followed by simulations. Appropriate material 

constitutive model for solder alloy is employed to predict number of cycles to 

failure of solder joint, hence predicting its fatigue life. The results obtained 

from this study indicate that intermetallic compound thickness (TIMC); solder 

joint thickness (TSJ) and width (WSJ) have significant impacts on fatigue life 

of solder joint. The impacts of TIMC and TSJ are such that as the thicknesses 

increases solder joint fatigue life decreases. Conversely, as solder joint width 

(WSJ) increases, fatigue life increases. Furthermore, optimization of the joint 

is carried-out towards thermo-mechanical reliability improvement. Analysis of 

results shows the design with optimal parameter setting to be: TIMC -2.5µm, 

TSJ -20µm and WSJ -1000µm. In addition, the optimized model has 16,264 

cycles to failure which is 18.82% more than the expected 13,688 cycles to 

failure of a PV module designed to last for 25 years. 



vi 
 

CONTENTS 

 
DECLARATION                                                                                        ii 

DEDICATION                                                                                          iii 

ACKNOWLEDGEMENTS                                                                          iv 

ABSTRACT                                                                                               v 

CONTENTS                                                                                              vi 

FIGURES                                                                                                 xii 

TABLES                 xvii 

N0MENCLATURE                                                                       xix 

CHAPTER 1: Introduction                                                                      1 

1.1 Background          2 

1.2 Research problem                                                                        4 

1.3 Statement of the hypothesis and research questions                        8  

1.3.1 Statement of the hypothesis                                                8 

1.3.2 Research questions                                                             8 

1.4 Motivation for research        9 

1.5 Aim and objectives of the research      12 

1.5.1 Research aim                                        12                                              

1.5.2 Research objectives         12 

1.6 Research Programme                                      13                                                 



vii 
 

1.7 Significant findings        15 

1.8 Thesis overview        17 

1.9 Publications from the study       20 

1.9.1 Journal publications                              20                                                        

1.9.2 Conference publications        21 

CHAPTER 2: Literature Review                                                   22                                  

2.1 Introduction         23 

2.2 PV modules           24 

2.3 Crystalline silicon solar cell assembly      26 

2.3.1 Crystalline silicon solar cells                      27                                                                

2.3.2 Solder joint reliability       29 

2.3.3 Interconnection technology      33 

2.3.4 Challenges of interconnection technology    35 

2.3.5 Interconnection material      39 

2.3.5.1 Solders        39 

2.3.5.2 Intermetallic compounds     40 

2.3.6 Failure of solder joints in PV modules    44 

2.3.7 Theoretical analysis of effect of solder joint thickness on 

Flexural stiffness                                                               54 

2.4 Fatigue life prediction of solder joints      58 



viii 
 

2.4.1 Constitutive model for SnAgCu solder            61                                                                           

2.4.1.1 Creep models       62 

2.4.2 Life prediction models      65 

2.5 Summary          69 

CHAPTER 3: Research Methodology                            71                                                 

3.1 Introduction          72 

3.2 Modelling and simulation       73 

3.2.1 Context                               73                                                        

3.2.2 Finite Element Modelling with ANSYS    74 

3.2.2.1 Background and methodology    77 

3.2.2.2 Materials and their properties    80 

3.2.2.2.1 Constitutive solder model   81 

3.2.2.2.2 Loads and boundary conditions   81 

3.2.3 Model validation       82 

3.3 Taguchi’s approach to design of experiments     83 

3.3.1 Introduction to Taguchi method of DOE       83 

3.3.2 Concept of signal-to-noise ratio     87 

3.4 Summary          89 

 

CHAPTER 4: Evaluation of Thermo-mechanical Reliability of  

Solder Joints in Solar Cell assembly              91 



ix 
 

4.1 Introduction          92 

4.2 Theoretical analysis of effect of IMC layer in solder joint  95 

4.3 Results and discussion       98 

4.3.1 Mesh sensitivity study      98 

4.3.2 Creep strain study on solder joints with and without IMC     108 

4.3.3 Effect of IMC layer on creep strain behaviour of solder  

joints                                                                             113 

4.3.4 Analysis of strain energy and strain energy density in solder 

joints                114 

4.3.5 Effect of IMC layer on solder joint fatigue life          115 

4.4 Conclusions                  117 

 
CHAPTER 5: Study of the Effect of Inter-metallic Compound 

Thickness on Thermo-mechanical Fatigue Life of 

Solder Joints in Solar Cell Assembly            119 

5.1 Introduction                 120 

5.2 Results and discussion              125 

5.2.1 Study on equivalent stress              126 

5.2.2 Study on equivalent creep strain             133 

5.2.3 Evaluation of hysteresis loop of solder joints          138 

5.2.4 Evaluation of accumulated strain energy density         142 

5.2.5 Effect of IMC layer on solder joint fatigue life          145 

5.3 Conclusions                  148 

 

 



x 
 

CHAPTER 6: Evaluation of the Effect of Solder Joint Thickness  
on Thermo-mechanical Fatigue Life of Solder  
Joints in Solar Cell Assembly                          150 
 

6.1 Introduction                 151
               

6.2 Results and discussion              155 

6.2.1 Effect of solder joint thickness on flexural stiffness              156 

6.2.2 Study on stress and strain of solder joints in solar cell  

assembly               159 

6.2.3 Study on creep strain energy density in solder joints            171 

6.2.4 Effect of solder joint thickness on solder joint fatigue life     173 

6.3 Conclusions                  175 

 

CHAPTER 7: Evaluation of the Effect of Solder Joint Width on 
Thermo-mechanical Fatigue Life of Solder Joints  
in Solar Cell Assembly                          177

  

7.1 Introduction                 178 

7.2 Results and discussion              182 

7.2.1 Study on stress and strain of solder joints in solar cell  

assembly               183 

7.2.2 Study on creep strain energy density in solder joints         195 

7.2.3 Effect of solder joint width on solder joint fatigue life         197 

7.3 Conclusions                  199 

CHAPTER 8: Optimization of Thermo-mechanical Reliability of 

Solder Joints in Solar Cell Assembly          201 

8.1 Introduction                202 

8.2 Application of Taguchi method of DOE               203 



xi 
 

8.3 Results and discussion              206 

8.3.1 Results of FEM of optimization models           206 

8.3.2 Evaluation of main effects and interaction          211 

8.3.3 Comparison of the optimal design with the worst design     213 

8.4 Conclusions                 217 

CHAPTER 9: Conclusions and Recommendations           220 

9.1 Introduction                221 

9.2 Conclusions                221 

9.3 Recommendations for further work            225 

9.3.1 General recommendations              225 

9.3.2 Specific recommendations              225 

References                    227 

Appendix A: Minitab 17 Analysis of Variance (ANOVA) for 
Optimization of Solder Joints                                           239 

 

Appendix B: Published Journal Papers                                              240 

Appendix C: Conference Papers Presented                                      241 

 

 

 

 



xii 
 

FIGURES 

Page 

Figure 1.1 Typical PV module installations                                             3 

Figure 1.2 Schematic of cross-section of typical crystalline Si solar 
        cell assembly showing IMC thickness, solder joint thickness  

      and width                                                                             8 
 

Figure 1.3 Programme of PhD research work     14 

Figure 2.1 Classification of solar cells and range of conversion efficiency 25 

Figure 2.2 Distribution of PV modules production by major solar cell  
            manufacturing companies      26 

 

Figure 2.3 Schematic of a crystalline silicon solar cell     28 

Figure 2.4 Primary processing steps of wafer-based monocrystalline  
            silicon PV module       29 

 

Figure 2.5 Typical packaging of crystalline silicon PV module   29 

Figure 2.6 Bathtub curve for a well-designed PV module   32 
 
Figure 2.7 Typical solder joint in crystalline silicon solar cell assembly  
             sandwiched between copper ribbon and silver bus-bar  34 

 

Figure 2.8 Crystalline silicon solar cells interconnected in series with  
tabbing ribbon        35 

 

Figure 2.9 Types of PV module field failures observed    36 

Figure 2.10 Schematic of cross-section of typical crystalline Si solar cell  
             assembly showing encapsulated solar cell assembly and  
             soldered interconnects including IMC layers   42 

 



xiii 
 

Figure 2.11 Effects of accumulating fatigue damage in solder 
Structure         50 

 
Figure 2.12 SEM image of solder in solar cell assembly subjected to long- 

term field exposure showing significant solder fatigue damage 52 

 

Figure 2.13 Schematic of solder joint in solar cell assembly for load  
analysis                 56 

 
Figure 2.14 Typical creep curve of solder joint under constant  

stress condition                60
        

Figure 3.1 Modelling and simulation process used in ANSYS    76 

Figure 3.2 Cross-section of encapsulated crystalline Si solar cell assembly 
model                                                                                  78 

 
Figure 3.3 Full geometric model of crystalline Si solar cell assembly  

showing meshed solar cell assembly and two interconnecting  
ribbons             79 

 
 
Figure 3.4 Plot of temperature profile of thermal load test condition used  
            in the crystalline Si solar cell assembly    82 
 
 
Figure 4.1 Schematic cross-section of solar cell assembly showing regions  

of solder and IMC layers       95 

 

Figure 4.2 Meshed models of crystalline Si solar cell          102 

Figure 4.3 Effect of mesh element size on strain energy density        104 

Figure 4.4 Predicted solder joint fatigue life of models and others  
versus mesh type              107 

 

Figure 4.5 Cross-section of crystalline Si solar cell assembly showing  
models with and without IMC             110 

 

Figure 4.6 Creep strain damage distribution showing models with  
and without IMC              112 

 



xiv 
 

Figure 4.7 Plot of equivalent creep strain on solder joint against  
      temperature profile step                                                     113 

 

Figure 4.8 Plot of strain energy density against temperature profile 
              step                                                                           115 

 

Figure 5.1 Cross-section of solar cell model showing IMC thickness         122 

Figure 5.2 Plot of solder region volume against IMC thickness        124 
 

Figure 5.3 Damage distributions of equivalent stress on the whole  
solder joints in models              129 

 
Figure 5.4 Damage distributions of equivalent stress on the solder  

only region               133 

 

Figure 5.5 Damage distributions of equivalent creep strain on whole  
solder joint               137 

 

Figure 5.6 Relationship between stress and creep strain in the solar  
cell models               141 

 

Figure 5.7 Plot of strain energy density for models against temperature 
               profile step                                                                         144 
 

Figure 5.8 Plot of predicted solder joint fatigue life versus IMC thickness  146 

 

Figure 5.9 Plot of predicted solder joint fatigue life of models versus  
IMC layer thickness compared with test and expected values   148 

 

Figure 6.1 Cross-section of solar cell model showing solder joint  
thickness                                                                           153 

 
Figure 6.2 Plot of solder volume in whole joint against solder joint  
               thickness                                                                            155 
 

Figure 6.3 Plot of flexural stiffness against solder joint thickness             157 

 



xv 
 

Figure 6.4 Equivalent stress damage distributions on solder joint with  
varied thickness               162 

 

Figure 6.5 Equivalent creep strain damage distribution on solder joint  
with varied thickness              166 

 

Figure 6.6 Plot of equivalent creep strain on solder joint against  
               temperature profile step                                                      167 

 
Figure 6.7 Relationship between stress and creep strain in solder joint  

for models with varied thickness            170 
 

Figure 6.8 Plot of strain energy density in solder joint against  
              temperature profile step                                                       173 

 

Figure 6.9 Plot of predicted solder joint fatigue life versus solder joint 
thickness                                                   175 

 

Figure 7.1 Cross-section of solar cell model showing solder joint width     179       
 
Figure 7.2 Plot of solder volume in whole joint against solder joint  
               width                                                                                 181 

 

Figure 7.3 Plot of solder volume in solder only region against solder  
               joint width                                                                          182 

 

Figure 7.4 Damage distributions of equivalent stress on solder joint  
with varied width              187 

 

Figure 7.5 Damage distributions of equivalent creep strain on solder  
joint with varied width              191 

 

Figure 7.6 Plot of equivalent creep strain on solder joint against  
               temperature profile step             192
  
Figure 7.7 Relationship between stress and creep strain in the solder  

joint of solar cell models             195 

 

Figure 7.8 Plot of strain energy density in solder joint against  
               temperature profile step                                                      197 
 



xvi 
 

Figure 7.9 Plot of solder joint fatigue life versus solder joint width        199 

 

Figure 8.1 Damage distributions in solder joint of solar cell assembly       209 

 

Figure 8.2 Cracked solder joint in crystalline solar cell assembly              209 

 

Figure 8.3 Plot of change in accumulated creep strain energy density  
against designed model              210 

 
Figure 8.4 Main effect plot of IMC thickness, solder joint width and  

solder joint thickness              213 
 

Figure 8.5 Comparison between accumulated creep strain energy of  
original design and optimal design              215 

 

Figure 8.6 Predicted solder joint fatigue life of design models compared  
with expected and test values             217 

 

 

 

 

 

 

 

 

 

 

 

 

 



xvii 
 

TABLES 

Page 

Table 2.1 Typical component materials used in encapsulated crystalline 
silicon PV modules       49 

 

Table 2.2 Constitutive relations for SnAgCu solder    62 

 

Table 2.3 Garofalo creep parameters for Sn3.8Ag0.7Cu solder   65 

 

Table 2.4 Predictive creep fatigue life models for SnAgCu solder  67 

 

Table 3.1 Mechanical properties of materials in crystalline Si solar cell 

assembly         80 

 

Table 3.2 Signal-to-noise ratio for Taguchi DOE     88 

 

Table 4.1 Parameters of models for mesh sensitivity study   99 

 

Table 4.2 Creep strain energy density and predicted life of meshed  
models                103 

 

Table 4.3 Description of mesh dependent problems                               105 

 

Table 4.4 Effect of IMC on solar cell solder joint fatigue life          116 

 

Table 5.1 Parameters of solder joints containing varied IMC thickness      123 

 

Table 5.2 Predicted fatigue life for models with varied IMC layer  
thickness                        145 

 



xviii 
 

Table 6.1 Parameters of models with varied solder joint thickness           154 

 

Table 6.2 Values of flexural stiffness for varied solder joint thickness       157 

 

Table 6.3 Average change in creep strain energy density per cycle in  
varied solder joint thickness             172 

 

Table 6.4 Effect of solder joint thickness on fatigue life           174 

 

Table 7.1 Parameters of models with varied solder joint width                 180 

 

Table 7.2 Average change in creep strain energy density per cycle in  
varied solder joint width              196 

 

Table 7.3 Effect of solder joint width on fatigue life                                198 

 

Table 8.1 Control factors and levels             204 

 

Table 8.2 Table of Taguchi DOE (Orthogonal array L9)           206 

 

Table 8.3 Experimental results and S/N ratio             211 

 

Table 8.4 S/N response and rank               213 

 
Table 8.5 Comparison of change in accumulated creep strain energy  

density in worst original and optimal designs           215 

 

 

 



xix 
 

NOMENCLATURE 

(a) ABBREVIATION 

3D  Three-dimensional 

Ag  Silver 

ALT  Accelerated life 
testing 

ANOVA Analysis of 
variance 

ARC Anti-reflection 

coating 

ATC Accelerated 

thermal cycling 

CdTe Cadmium telluride 

CIGS Copper indium 
gallium selenide 

c-Si Crystalline silicon 

CTE Coefficient of 
thermal expansion 

Cu Copper 

DOE Design of 

experiments 

FE Finite element 

FEA Finite element 

analysis 

FEM Finite element 

modelling 

HPC High-performance 
computation 

IEC International 
electro-technical 

commission 

IR Infra-red 

IMC Inter-metallic 

compound 

LFC Laser fired contact 

LHS Left hand side 

MTTF Mean time to 

failure 

N-type Negative type 

NEMI National 
electronics 
manufacturing 

initiative 

P-type Positive type 

Pb Lead 

PoF Physics of failure 

PV Photovoltaic 

R&D Research and 

development 

RHS Right hand side 

SEM Scanning electron 

microscope 

Si Silicon 

SnAgCu Tin-Silver-Copper

 

 



xx 
 

(b)  NOTATION 

a-Si:H Hydrogenated 
amorphous silicon 

β Shape parameter; 
volumetric expansion 

coefficient 

b Solder joint thickness 

CꞋ Inverse of creep 

ductility 

C1, C2, C3, C4 Constants in 
Garofalo-Arrhenius 

creep model 

δθ Range of temperature 

cycling limit 

𝛿𝑉𝑇 Change in total volume 

of solder layer 

∆W Change in strain energy 

∆ωacc Change in accumulated 
creep energy density 

per cycle 

aveW  Averaged change in 

strain energy density 

E Young’s modulus 

𝐸𝐼𝑀𝐶 Effect of IMC 

Ej Effect of factor j 

ɛ Creep strain 

휀𝑎𝑐𝑐     Accumulated creep 

strain per cycle 

 휀�̇�𝑟  Creep strain rate 

F Force 

Fjmax, Fjmin Maximum and 
minimum value of 

factor j 

G Elastic shear 
modulus 

h Solder joint 

width 

I Second moment 

of area 

i Model number; 

value number 

j Control factor 

k Flexural stiffness 

𝐿 Component 

length 

L9 Orthogonal array 
with nine 
designed 
parameter 

settings 

µc-Si:H Hydrogenated 
microcrystalline 
silicon 

M Model 

m Mean of signal-

to-noise ratio 

𝑁𝑓  Number of 

repetitions or 

cycles to failure 

σ Equivalent stress 

 

σSR Equivalent stress 
in solder only 

region 

σWJ Equivalent stress 
in whole joint 



xxi 
 

Q/R Activation 
energy/Boltzmann’s 
constant 

R Universal gas constant 

S/N Signal-to-noise 

T Absolute temperature 

TIMC IMC thickness 

TSJ Solder joint thickness 

ν Poisson ratio 

𝑉1, 𝑉2, 𝑉3 Solder volume in region 

1, 2 and 3 respectively 

iV1 , iV2  Volume of element at 

the start point and end 
point of one cycle 

respectively 

𝑉𝑇 Volume of element i 

𝑉𝑇 Total volume of three 
regions in whole solder 

layer 

WꞋ  Creep energy density 

for failure 

𝑤𝑎𝑐𝑐  Accumulated creep 
energy density per 

cycle 

WSJ Solder joint width 

iW1 , iW2  Total accumulated 

strain energy density in 
one element at the 
starting point and the 
end point of one 
thermal cycle 

respectively 

y Deflection 

 

Z Shape of 
soldered 
interconnector 
connecting front 
of one solar cell 
to back of 
another cell 



1 
 

 
 
 
 

CHAPTER 1 
 

INTRODUCTION 
 
 
  



2 
 

Chapter 1 
 
Introduction 
 
 
1.1 Background 
 
The reality that the on-going climate change has a devastating effect on our 

planet has dawned on governments and people globally. The main cause of 

climate change is attributed to the ongoing profuse and unrestrained burning 

of fossil fuels. Renewable energy systems such as photovoltaic (PV) and 

wind energy systems present an alternative option to fossil fuel systems. In 

line with the foreseeable future trend of renewable energy utilization, some 

developing countries are investing more on renewable energy infrastructure 

and in low-carbon fossil fuel schemes thereby avoiding high-carbon fossil 

fuel systems being decommissioned in the developed world. Among the 

renewable energy systems, PV systems have gained wider acceptance 

worldwide and currently, there is an accelerated production and installation 

of PV systems for electric power generation as an alternative to fossil fuel 

systems. Unlike fossil fuel systems which release harmful substances to the 

environment during operations, PV systems use solar energy which is 

sustainable and environmentally friendly for electric power generation. 

Interestingly, the PV industry has been booming with high growth rate for 

more a decade (Aberle, 2009) producing a variety of PV systems. The PV 

systems are now used to supply power to several critical and non-critical 

devices and systems in various sectors such as: Telecommunication – to 

power satellites, radio/television relay stations, and remote stations for data 
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acquisition and transmission; Agriculture – to power water pumps and 

greenhouses; Health – to power refrigerators and also for lighting especially 

in remote locations; Public services - on-grid and off-grid electric utility, 

street lighting, and traffic lights; Residential – to power household devices 

and systems and Transportation – for power augmentation in some tricycles, 

cars and trucks. Figure 1.1 shows some typical PV installations in field 

operations. The failure of the PV systems to deliver power, especially to 

critical devices and systems in operations can cause accident with 

catastrophic and life-threatening consequences. It is therefore imperative to 

obtain proper understanding on how and when PV systems fail in order to 

avoid their premature and catastrophic failures. 

 

Figure 1.1 Typical PV module installations showing:  
(a) electric power utility plant (b) residential systems  

(c) street lighting systems 
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A typical PV system consists mainly of interconnected and encapsulated solar 

cells which form a module. Most PV modules are made with wafer-based 

crystalline silicon (c-Si) solar cells while the rest are made with thin-film solar 

cells. Wafer-based cells are made of either monocrystalline or multicrystalline 

silicon. On the other hand, thin-film solar cells are mostly made of either 

hydrogenated amorphous silicon (a-Si:H), hydrogenated microcrystalline 

silicon (µc-Si:H), cadmium telluride (CdTe), or copper indium gallium 

selenide (CIGS). Furthermore, crystalline silicon solar cells have higher 

energy conversion efficiency when compared with thin-film solar cells. Also, 

larger quantities of crystalline silicon solar cells are produced globally 

compared with other types. For instance, in 2014, the global PV module 

production using crystalline silicon solar cells was 90.737% of the total 

production (Burger, et al., 2015). This clearly shows that crystalline silicon 

solar cells dominate the global market and this trend is expected to continue 

for years as durability of new module types made of thin-films are yet to be 

fully tested in the field. Therefore crystalline silicon PV modules have been 

chosen for this study due to their massive applications worldwide and higher 

efficiency.  

 

1.2 Research problem 

According to IEC standard 61215, typical crystalline silicon photovoltaic (PV) 

modules should be able to continuously convert solar energy into electricity 

for 25 years (Arndt and Puto, 2011). However, the premature field failures of 
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these modules have been a concern. Analysis of failed modules indicate that 

failure of interconnects is a key type of field failure observed. Crystalline 

silicon PV modules contain interconnects such as silicon semiconductor 

wafer, silver (Ag) electrodes and long ribbon strips, usually made of copper 

(Cu) and coated with solder material. The Ag electrode is used as bus-bar 

and deposited on the silicon wafer. The Ag bus-bar is interconnected to the 

Cu ribbon strip by soldering them together thereby forming a solder joint 

between the Ag bus-bar and the Cu ribbon strip. This arrangement enables 

electrical, thermal and mechanical connection to the module interconnects. 

Therefore, when the silicon wafer generates electricity, it is transmitted via 

the Ag electrode and the solder joint to the Cu ribbon strip which finally 

delivers it to the desired point. Likewise, the solder joint provides a thermal 

conduit for heat generated during operations to be dissipated away from the 

silicon wafer. Still, the solder joint acts as a mechanical support to hold the 

interconnect components together. The ribbon strip interconnects each solar 

cell to the adjacent one while carrying the generated electric current. 

However, untimely failure of solder joints has been identified as a key 

thermo-mechanical reliability issue in crystalline silicon PV modules 

(McCluskey, 2010; Cuddalorepatta et al., 2010). Therefore, the research 

problem is improvement of thermo-mechanical reliability of solder 

interconnection in crystalline silicon PV modules so that they can perform up 

to the desired lifespan of 25 years. 
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As has been mentioned, materials interconnected together consist of silicon 

wafer, Ag electrode, solder joint and Cu ribbon. Each of these 

interconnection materials has a different coefficient of thermal expansion 

(CTE). When the PV module is in use during the daily field service, the solder 

joints experience cyclic thermo-mechanical loads due to expansion and 

contraction of interconnect materials as a result of CTE mismatch of the 

materials. The cyclic thermo-mechanical loads cause weakening of the solder 

material, that is, the solder material undergoes fatigue. Thermal cycling is 

the main cause of fatigue in solder joint and with every thermal cycle, there 

is a progressive and localized structural damage of the solder material. 

Thermo-mechanical fatigue loads have significant effect on the solder joint in 

PV module and cause accelerated thermo-mechanical degradation. Over 

time, the damage accumulates eventually resulting in failure of the solder 

joint. The accelerated thermo-mechanical degradation of the solder joint 

material has been identified as the critical reliability issue of the PV module 

assembly (McCluskey, 2010). A reliable solder joint is the ability of the solder 

interconnection to maintain functionality in the PV module where in use. The 

functionality of the solder joint is affected by daily thermal cycling as well as 

the effect of passing clouds. The daily thermal cycling and effect of passing 

clouds experienced by the PV module during service life is the cause of the 

thermo-mechanical degradation of the solder joint in the module. 

Furthermore, when 95.5Sn3.8Ag0.7Cu solder is used, Ag3Sn and Cu6Sn5 

intermetallic compounds (IMC) are formed at the interface joint between 

solder and Ag electrode as well as between solder and Cu ribbon respectively 
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during soldering for interconnection. These IMCs continue to grow and 

increase in thickness as the PV module operates eventually reaching a 

threshold when solder joint cracks and finally fails. The effect of IMC on the 

thermo-mechanical reliability of solder joint needs to be evaluated in-depth 

for more understanding and reliability improvement. Parameters of solder 

joint such as solder joint thickness and width on the thermo-mechanical 

reliability also need to be evaluated for improved solder joint parameter 

setting. 

 

Proper understanding of the effect of IMC and solder joint parameters on the 

thermo-mechanical reliability of solder joints will enable optimization of 

solder joint parameter setting for improved thermo-mechanical reliability in 

the PV modules. Optimizing the solder joint parameter setting enables the 

provision of adequate solder material to withstand thermo-mechanical 

loading thereby avoiding premature failure. Therefore, in-depth 

understanding of the thermo-mechanical degradation of the solder joints is 

necessary to enable accurate reliability prediction of PV modules. It is 

necessary to identify the critical mean-time-to-failure (MTTF) of solder joints 

in PV modules. When the MTTF is known, adequate plans can be made for 

schedule maintenance either for system repairs, component replacement or 

for a combination of system repairs and component replacement.  
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1.3 Statement of the hypothesis and research questions 

The statement of the hypothesis and research questions is in the following 

sub-sections. 

 

1.3.1 Statement of the hypothesis 

Optimizing the parameters of lead-free solder interconnection in crystalline 

silicon PV module can improve the thermo-mechanical reliability of the 

assembly. 

1.3.2 Research questions 

Solder joint in crystalline silicon solar cell assembly interconnects Cu ribbon 

and Ag bus-bar as mentioned earlier. Presented in Fig. 1.2 is a schematic 

cross-section of typical crystalline Si solar cell assembly showing IMC 

thickness, solder joint thickness and width. 

 

 

Figure 1.2 Schematic of cross-section of typical crystalline Si solar cell 
assembly showing IMC thickness, solder joint thickness and width 
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Based on the statement of hypothesis and with reference to Fig. 1.2, the 

research questions for this study are as follows: 

 Does the formation and presence of intermetallic compound (IMC) in 

solder joints of PV module impacts its reliability significantly? 

 What is the effect of IMC thickness on fatigue failure of solder 

interconnection in PV module? 

 What is the effect of solder joint thickness on thermo-mechanical 

reliability of the solder joint in PV module?  

 What is the effect of solder joint width on thermo-mechanical reliability 

of the solder joint in PV module? 

 What is the optimal parameter setting of solder joint in PV module for 

thermo-mechanical reliability improvement? 

 

1.4 Motivation for research 

The photovoltaic market is growing fast. Global cumulative installed PV 

capacity was nearly 40 GWp (Wp, is peak power produced under standard 

test conditions) in 2010 (Ardani and Margolis, 2011). This was an increase of 

16.6 GWp or 131% when compared with the installed capacity in 2009. 

Furthermore, it was nearly seven times the 2.4GWp installed capacity of 

2007. The fast market growth is expected to continue in years to come. It is 

expected that around year 2020, the world annual production of PV cells will 

be around 100 GWp (Saga, 2010). To meet this demand, silicon solar cells 

stand out as the most viable option suitable to meet the target volume 
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production (Saga, 2010). However, crystalline silicon PV systems experience 

degradation during field operations just like many other systems, most often 

culminating in system failure. It has been reported that the continual 

generation of electricity by crystalline silicon PV modules in the field for a 

minimum life span of 20 years has been a concern (Saga, 2010; Jeong, at 

al., 2010; Gress, et al., 2010; Klengel, et al., 2011). One of the key 

challenges is untimely failure of crystalline silicon solar cells interconnection 

in the modules (Sakamato, et al., 2012). Solder joints are the critical part of 

c-Si PV interconnections and they fail and crack as a result of thermo-

mechanical cyclic loads. The crack results in discontinuity and loss of 

connection between adjacent solder materials in the interconnection. 

Consequently electricity generated in the affected solar cell cannot be 

transmitted via the solder interconnection to a neighbouring solar cell in a PV 

module. This is a concern because failure of the solder interconnections 

implies that the PV module cannot deliver generated electricity to critical 

devices and systems. PV module failure is so critical that even very low 

failure rates of less than 1 in 10,000 are noticeable and unacceptable 

(Wohlgemuth, et al., 2008). The main failure mechanism responsible for the 

failure of solder interconnection in PV modules is thermal fatigue and the 

resulting failure mode is loss of connection.  McCluskey (2010), reported that 

in a BP study, of all the types of failure observed, 40.7% were due to cell or 

interconnect breakage. The findings reported by McCluskey, in addition to 

other similar findings by Han et al. (2012) and Kato (2012), have identified 
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the reliability of PV interconnections as the main challenge in PV modules 

performance in the field.  

 

Furthermore, intermetallic compounds (IMCs) are formed at the solder-

ribbon interface during the soldering process for interconnection of solar 

cells. These IMCs play a crucial role in solder joint deformation where 

inhomogeneous and local strains develop at the interface. As mentioned in 

Section 1.1, during the field service life of the PV modules, the IMCs 

continue to form and increase in thickness. When the IMC thickness reaches 

a particular threshold, failure of the solder joint occurs. This author did not 

come across modelling and simulation information in literature on the effect 

of IMC thickness on solder joint reliability in crystalline silicon PV modules. 

There were, however, information on IMC growth obtained from 

experiments. Therefore, the effect of IMC thickness on mechanical strength 

of solder joint reliability needs to be investigated using finite element 

analysis (FEA). In addition, the effects of solder width and thickness on 

solder joint reliability need to be investigated. This will enable the 

determination of optimum parameter setting for solder joint geometry which 

can ensure thermo-mechanical reliability of solder interconnections in 

crystalline silicon PV modules. 

 

The goal of this study is to contribute to knowledge and understanding of 

solder interconnection in solar cell assembly of crystalline silicon PV modules 
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through: determination of the contribution of the formation, presence and 

critical thickness of IMC to the thermo-mechanical reliability of solder joints 

in crystalline PV modules; evaluation of the effect of solder joint thickness 

and width on solder joint thermo-mechanical reliability; prediction of cycles 

to failure of the solar cell solder joint in the PV module and setting optimum 

parameters for solder joints in PV modules.  

 

1.5 Aim and objectives of the research 

The research aim and objectives are presented in the following two parts. 

 

1.5.1 Research aim 

The aim of this research is to study the thermo-mechanical reliability of lead-

free solder interconnections in crystalline silicon PV modules. 

 

1.5.2 Research objectives 

The objectives of this research are to: 

(a) Study the failure mode and identify the failure mechanisms of the solder 

joints in crystalline silicon solar cells of PV modules 

(b) Establish the contribution of thickness of IMC on the interconnection 

failure 
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(c) Evaluate the effect of solder joint thickness and width on the 

interconnection   failure 

(d) Predict the mean time to failure of the solar cell solder joint in the PV 

module     

(e) Optimise parameter settings of solar cell solder joint in crystalline silicon 

PV modules 

 

1.6 Research Programme 

The research programme is presented in Fig. 1.3. It gives an overview of the 

plan used for this study. 
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Figure 1.3 Programme of PhD research work 

Case 2: 

Thicker 

solder joint 

reduces 

fatigue life 

 

Case 3: 

Wider 

solder joint 

increases  

fatigue life 

 

Design of 

Experiments (DOE) 

Case 4:  

10G Models 

 Parameter 

optimization 

 Simulation 

of optimized 

model 

Case 1:  

6G Models 

 IMC not 

included 

 IMC included 

 IMC 

thickness 

varied 

Case 2:  

5G Models 

 Solder joint 

thickness 

varied  

Case 3:  

5G Models 

 Solder joint 

width varied  

Modelling 

employing ANSYS 

FEA software:  

Meshing geometric 

models; applying 

materials models, 

boundary 

conditions and 

thermal loads. 

Analysis and 

results. 

Case 4: 

Optimized 

solder joint 

determined 

 

Study 

4 Gaps in 

Knowledge 

identified 

Analysis 

4. Effect of 

solder joint 

parameters 

on solder 

joint damage   

3. Effect of 

solder joint 

width on 

solder joint 

reliability 

2. Effect of 

solder joint 

thickness on 

solder joint 

reliability 

1. Effect of 

IMC in solder 

joint 

Methodology 

Creep 

deformation 

Stress 

Solder joint 

fatigue life 

Results 

 

Strain 

energy 

density 

Case 1: 

IMC reduces 

fatigue life 

Literature 

Review 

 Analysis and 

Results 

Strain 



15 
 

1.7 Significant findings 

This study has considered several factors that impact the thermo-mechanical 

reliability of solder joints in solar cell assembly. In doing that, various 

parameters of solder joints were analysed and some findings obtained. 

Listed in the following are findings deemed as significant in this study: 

(i) The study establishes that the presence of IMC in solder joints of solar 

cell assembly significantly affects solder joint fatigue life. Comparative 

analysis of models of solar cell assembly shows that solder joint 

containing IMC has a predicted fatigue life of 15317cycles to failure 

while that of solder joint without IMC is 32493 cycles to failure. This 

shows a 52.85% change of predicted fatigue life from solder joint 

without IMC. Therefore, the inclusion of IMC layer in solder joint 

models for the study of thermo-mechanical reliability of the joints is 

crucial to ensure accurate modelling and simulation results. 

(ii) Still on IMC, the study reveals that as IMC thickness increases in the 

solder joint of solar cell assembly, predicted fatigue life of the joint 

decreases. Simulation results obtained indicate that when IMC 

thickness is 1µm, predicted fatigue life is 15317 cycles to failure, while 

when the thickness increases to 4µm, the predicted fatigue life 

decreases to 13023 cycles to failure. Subsequently, it is essential that 

solder joints should be designed to have adequate capacity to 

withstand IMC thickness throughout the duration of the PV module 

lifetime. 
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(iii) Also, the study establishes that solder joint thickness impacts solder 

joint fatigue life such that the thicker the joint, the shorter the fatigue 

life. From the study results, when solder joint thickness is 20µm, 

predicted fatigue life is 14174 cycles to failure, while when the 

thickness increases to 30µm, the predicted fatigue life decreases to 

10794 cycles to failure.  For that reason, appropriate solder joint 

thickness should be used in solar cell assembly in order to reduce 

thermo-mechanical stresses in the joint and extend fatigue life of the 

joint. 

(iv) In a related finding, the study shows that the wider the solar cell 

solder joint, the longer the fatigue life. The study results demonstrate 

that when solder joint width is 1000µm, predicted fatigue life is 14174 

cycles to failure, while when the width increases to 1400µm, the 

predicted fatigue life increases to 15729 cycles to failure. On the other 

hand, wider solder joints increase shadowing losses of the solar cell 

thereby reducing the cell efficiency. Consequently, compromise is 

required between increase in solder joint width and shadowing losses 

as well as desired fatigue life.  

(v) Moreover, the findings outlined above demonstrate that geometric 

parameters of solder joint in solar cell assembly have significant 

impacts on thermo-mechanical reliability of the joints. Therefore, 

optimization of solder joint parameter setting is crucial to obtain a 

joint which accumulates minimal creep strain energy density and 

potential for longer fatigue life. 
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(vi) Optimization conducted reveals that solder joint thickness has the 

most significant effect on the thermo-mechanical reliability of solder 

joints. Analysis of results selected towards thermo-mechanical 

reliability improvement shows the design with optimal parameter 

setting to be: solder joint thickness - 20µm, solder joint width - 

1000µm, and IMC thickness – 2.5µm. Furthermore, the optimized 

model has the least damage in the solder joint and shows a reduction 

of 47.96% in accumulated creep strain energy density per cycle 

compared to the worst case original model. Moreover, the optimized 

model has 16264 cycles to failure compared with the expected 13688 

cycles to failure of a PV module designed to last for 25 years. Thus, 

the fatigue life of the optimized model is 18.82% longer than that of 

the design expectation. 

 

1.8 Thesis overview 

This thesis consists of nine chapters. Chapter 1 presents the introduction to 

the thesis. It outlines the research background, motivation for the research 

as well as aim and objectives of this study. Furthermore, the research 

programme, significant findings, thesis overview as well as publications from 

the study are also presented in this chapter. The review of relevant literature 

covering PV modules, crystalline silicon PV module assembly including brief 

overview of crystalline silicon solar cells, solder joint reliability, 

interconnection technology as well as interconnection material are contained 
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in Chapter 2. Also in this chapter is a discussion on failure of solder joints in 

PV modules and fatigue life prediction of solder joints. Methodology for this 

research is presented in Chapter 3 and it includes a brief description of 

modelling and simulation with ANSYS Academic Research software and a 

concise overview of Taguchi’s approach to design of experiments. Chapter 4 

deals with evaluation of thermo-mechanical reliability of solder joints in solar 

cell assembly. The chapter explains the modelling and simulation of solder 

joints in solar cell assembly with and without IMC. It further discusses 

simulation results of creep strain and strain energy as well the effect of IMC 

on solder joint fatigue life. In Chapter 5, study of the effect of intermetallic 

compound thickness on thermo-mechanical fatigue life of solder joints in 

solar cell assembly is presented. The modelling and simulation of solder 

joints in solar cell assembly with various IMC thicknesses are presented in 

this chapter. Moreover, the chapter discusses creep strain and stress on the 

various IMC thicknesses of solder joints. The discussion in this chapter 

progresses to explain the evaluation of hysteresis loop of the solder joints. 

Likewise in this chapter is the study on strain energy and evaluation of 

accumulation of strain energy density. Lastly, the chapter presents a study 

on solder joint fatigue life to determine the effect of IMC thickness on the 

thermo-mechanical reliability of solder joints. Evaluation of the effect of 

solder joint thickness on thermo-mechanical fatigue life of solder joints in 

solar cell assembly is presented in Chapter 6. This chapter considers 

modelling and simulation of solder joints in solar cell assembly with various 

solder joint thicknesses. Results and discussion on the study of stress, creep 
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strain and creep energy density in solder joint are also presented. In 

addition, the chapter presents a study on the effect of solder joint thickness 

on solder joint fatigue life.  An evaluation of the effect of solder joint width 

on thermo-mechanical fatigue life of solder joints in solar cell assembly is 

contained in Chapter 7. Modelling and simulation of solder joints in solar cell 

assembly with various solder joint widths are discussed in this chapter. This 

chapter also contains results and discussion on the study of stress, creep 

strain and creep energy density in solder joint. Analysis of the effect of 

solder joint width on solder joint fatigue life is presented as well in this 

chapter. Chapter 8 focusses on evaluating the critical design parameters of 

solder joints that impact thermo-mechanical reliability of the joints in 

crystalline silicon solar cell assembly in order to optimize their designs. 

Design of experiments using the Taguchi approach and signal-to-noise ratio 

are presented in this chapter. Also, finite element modelling and simulation 

carried out and results obtained are also presented. Besides, discussion of 

results is presented too and consists of characterization and quantification of 

damage on various solder joint parameter settings, evaluation of main effect 

and interaction and also comparison of the optimal design with the worst 

design. The conclusions drawn from this study and recommendations for 

further work are presented in Chapter 9. The recommendations are 

presented in two categories and consist of general recommendations as well 

as specific recommendations. 
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1.9 Publications from the study 

The output from this study was used to write seven (7) Journal and 

Conference papers. The lists of papers in journal and conference publications 

are presented in the following sub-sections. 

 

 
1.9.1 Journal publications: 
 

1. M.T. Zarmai, N.N. Ekere, C. F. Oduoza, E.H. Amalu. Optimization of 

thermo-mechanical reliability of solder joints in crystalline silicon solar 

cell assembly. Microelectronics Reliability (Elsevier) – 59 (2016), 117-

125.  

 

2. M.T. Zarmai, N.N. Ekere, C. F. Oduoza, E.H. Amalu. A review of 

interconnection technologies for improved crystalline silicon solar cell 

photovoltaic module assembly. Applied Energy (Elsevier), 154 (2015), 

173-182.  

 

3. M.T. Zarmai, N.N. Ekere, C. F. Oduoza, E.H. Amalu. Effect of 

intermetallic compounds on thermo-mechanical reliability of lead-free 

solder joints in solar cell assembly. International Journal of Mechanical 

Engineering (IJME), Vol. 4. Issue 6, (2015), 29-38. 
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4. Musa T. Zarmai, N.N. Ekere, C.F. Oduoza, Emeka H. Amalu. 

Evaluation of thermo-mechanical damage and fatigue life of solar cell 

solder interconnections. Robotics and Computer-Integrated 

Manufacturing (Elsevier), article under review.  

 
 
 
1.9.2 Conference publications: 
 

1. M.T. Zarmai, N.N. Ekere, C. F. Oduoza, E.H. Amalu. Effect of IMC 

thickness on thermo-mechanical reliability of lead-free solder joints in 

solar cell assembly. Proceedings of TechConnect Conference, 

Washington DC, USA, 2015, Vol. 4, pp. 286-289. 

 

2. M.T. Zarmai, N.N. Ekere, C. F. Oduoza, E.H. Amalu. Thermo-

mechanical reliability of lead-free solder joints in solar cell assembly. 

Proceedings of the 25th International Conference on Flexible 

Automation and Intelligent Manufacturing (FAIM), Wolverhampton, 

UK, 2015, Vol. 1, pp. 640-647. 

 

3. M.T. Zarmai, N.N. Ekere, C. F. Oduoza, E.H. Amalu. Effect of 

intermetallic compounds on thermo-mechanical reliability of lead-free 

solder joints in solar cell assembly. Proceedings of Asia-Pacific 

Conference on Engineering & Applied Sciences (APCEAS), Osaka, 

Japan, 2015, Part 1, pp. 328-336. 
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Chapter 2 
 
Literature Review 
 
 
2.1 Introduction 
 
Presented in this chapter is the review of relevant works previously carried 

out on PV modules. The review proceeds to focus on crystalline silicon PV 

module assembly and its  solder joint reliability challenges as well as fatigue 

life prediction of the joint. The review of PV modules is focussed on their 

classification in terms of  constituent material. In addition, available 

information on global module production and installation are provided. 

 

The conventional assembly procedure of crystalline silicon (c-Si) PV module 

is briefly described. Interconnection technology used for solar cells  to form 

the c-Si PV module is reviewed and the interconnection challenges 

mentioned. Interconnection material as well as solder joint reliability are 

reviewed to identify key factors impacting on the solder joint reliabilty.  

 

Fatigue life prediction of solder joints for c-Si PV modules is briefly discussed 

including constitutive model for lead-free 95.5Sn3.8Ag0.7Cu (SnAgCu) solder 

alloy. This is necessary for identifying a comprehensive description of solder 

behaviour from creep models as well as life prediction models for solder 

joint. The aim is to obtain a robust life prediction model that will produce 

more accurate results for solder joints in c-Si PV modules. 



 

24 
 

2.2 PV modules 
 
A PV module is a packaged assembly of interconnected solar cells mounted 

on a supporting structure. The PV module can be used as a single unit in a 

PV system or as a combination of several modules to form a larger PV 

system to generate and supply electricity in several applications. PV modules 

are known by the type of solar cells used in forming them. Solar cells are 

classified according to the constituent material used in fabricating them. The 

major types of solar cells manufactured commercially are wafer-based cells 

made of monocrystalline silicon (mono c-Si) and multicrystalline silicon (multi 

c-Si) as well as thin-film cells made of hydrogenated amorphous silicon (a-

Si:H), hydrogenated microcrystalline silicon (µc-Si:H), cadmium telluride 

(CdTe) and copper indium gallium selenide (CIGS). Presented in Fig. 2.1 are 

the classification of major commercial solar cells and their range of solar 

energy conversion efficiencies. It can be observed from Fig. 2.1 that wafer-

based crystalline silicon solar cells, consisting of mono c-Si (Saga, 2010) and 

multi c-Si (Saga, 2010), have higher energy conversion efficiency when 

compared with thin-film solar cells consisting of a-Si:H (Sunshot Initiative, 

2013a), µc-Si:H (Shah, et al., 2004), CdTe (Sunshot Initiative, 2013b) and 

CIGS (Sunshot Initiative, 2013c). Usually, solar cell efficiency is higher than 

its PV module efficiency due to losses arising from interconnection of the 

cells to form the module.  

 

 

 

http://en.wikipedia.org/wiki/Solar_cell
http://en.wikipedia.org/wiki/Solar_power
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Depicted in Fig. 2.2 is the distribution of global PV modules production in 

terms of technology by major solar cell manufacturing companies in 2014. 

The figure shows that crystalline silicon solar modules make up the major 

production by the manufacturing companies accounting for about 43.1GWp 

of total production or 90.737%. The market dominance of crystalline silicon 

PV modules is expected to continue for years as durability of new module 

types are yet to be fully tested in the field. Therefore, since crystalline silicon 

PV modules are the dominant modules produced globally with massive 

applications worldwide as well as higher efficiency compared to other 

module types, they have been chosen for this study.  

Wafer-based Thin-film 

Solar cells 

Mono c-Si 
 

 
 
Efficiency: 
  16-18%  
(Saga, 
2010) 

Multi c-Si 
 

 
 
Efficiency: 
  15-17% 
(Saga, 
2010) 

 

a-Si:H 
 

 
 
Efficiency: 
  6-9%  
(Sunshot 
Initiative, 
2013a) 
 

µc-Si:H 

 

 
 
Efficiency: 
 8.5-
10.9%  
(Shah, et 
al., 2004) 
 

CdTe 

 

 
 
Efficiency: 
  10-13% 
(Sunshot 

Initiative, 
2013b) 
 

CIGS 

 

 
 
Efficiency: 
 12-14% 
(Sunshot 

Initiative, 
2013c) 
 

Figure 2.1 Classification of solar cells and range of conversion efficiency 
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It was stated earlier in section 1.2 that global cumulative installed PV 

capacity was nearly 40 GWp in 2010. In that same year 2010, global solar 

cell and module revenue increased by 85% from $16.8 billion in 2009 to 

$31.1 billion (Ardani and Margolis, 2011). The huge amount of money 

invested in the PV industry is a testimony to the viability of the industry and 

the seriousness accorded it by investors.  

 
 
2.3 Crystalline silicon solar cell assembly  
 

This sub-section presents a discussion on crystalline silicon solar cell 

assembly in four parts. These four parts are: crystalline silicon solar cells, 

solder joint reliability, interconnection technology and interconnection 

material. 

 
 

Figure 2.2 Distribution of global PV modules production in terms of 

technology by major solar cell manufacturing companies (Burger, et 
al., 2015).  
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2.3.1 Crystalline silicon solar cells 
 
Wafer-based crystalline silicon solar cells are the most common and widely 

used solar cells with a production history of over 60 years. The solar cells 

have a high global capacity for production and also deliver the highest 

efficiencies of energy conversion. Silicon is the primary feedstock used in the 

fabrication of crystalline silicon wafers for use in making solar cells. The 

manufacturing process of solar cells begins with the use of silicon wafer as a 

base. A layer of emitter material is deposited on this base on which a layer 

of an anti-reflection coating (ARC) is in turn deposited on. Two layers of 

silver in grid form are then printed on the cell’s semiconductor material such 

that the metallization penetrates the ARC layer and makes contact with 

silicon wafer to form the front metal contact and collect electric current 

generated. The printed contacts are fired. Typically, aluminium contacts are 

also printed at the back surfaces of the cell material. The typical structure of 

a c-Si solar cell is shown in Fig. 2.3 and consists basically of seven layers. As 

can be seen from the figure, a back contact material supports a positive type 

(P-type) semiconductor layer which also has a negative type (N-type) 

semiconductor layer on it. The ARC is overlaid on the latter and ensures 

passage of all light to the silicon crystalline layers while minimizing reflection. 

A transparent adhesive is deposited on the overlaid coating. This layer is 

secured by a protective glass cover (Dirjish, 2012).  
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When the cells have been fabricated, they are then interconnected with 

other cells in series and parallel to form a PV module of the required voltage 

and current. Presented in Fig. 2.4 is the primary processing steps of wafer-

based monocrystalline silicon PV module (Goodrich, et al., 2013) while Fig. 

2.5 depicts a typical Packaging of Crystalline Silicon PV Module (Webb and 

Hamilton, 2011). 

 

 

Figure 2.3 Schematic of a crystalline silicon solar cell (Dirjish, 2012). 

http://electronicdesign.com/content/content/73937/73937-Fig1.gif
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2.3.2 Solder joint reliability 
 
The manufacturing of the PV module should ensure the solder joint 

maintains integrity and reliability through subsequent manufacturing 

processes as well as during service conditions. The enhancement of 

reliability, availability and durability of PV module components is now more 

critical especially for mission critical systems. The generation of electricity 

from PV modules depend on local weather which also affects their lifetime. 

For instance, a module in desert weather is expected to have a shorter 

Figure 2.4 Primary processing steps of wafer-based monocrystalline silicon 
PV module (Goodrich, et al., 2013). 

Figure 2.5 Typical packaging of crystalline silicon PV module  
       (Webb and Hamilton, 2011). 

 



 

30 
 

lifetime compared to the one in either a tropical or temperate weather as 

reported by Han et al. (2012).  Thus, the higher temperatures in the desert 

which cause faster degradation of PV modules suggest that temperature has 

effect on PV module components. Furthermore, studies by various 

researchers such as Jeong et al. (2011), Sakamoto et al. (2012), Jeong et al. 

(2012), Skoczek et al. (2009)  and Granata et al. (2009) indicate that diurnal 

temperature cycle impacts on the PV modules during field operations causing 

degradation which eventually result in failure of the PV module. Irrespective 

of weather condition, PV modules undergo degradation whenever they are 

exposed to daily sunlight due to thermal loading. In addition, Betts (2004) 

reported that in the majority of situations, passing clouds often cause more 

than 20oC temperature variation multiple times during the day, while the 

diurnal temperature cycle causes in the range of 12oC variation once over a 

24 hour period. The effect of these variations is cyclic thermo-mechanical 

fatigue loading on solar cell solder interconnection resulting in the formation 

and growth of IMC in the solder joint. Such loading degrades the solar cell 

assembly and eventually PV module failure occurs.  

 

Photovoltaic modules failure and reliability can be analysed with regards to 

field service operations. When PV modules are deployed for service 

operations, their behaviour can be described using reliability “bathtub” curve 

(Pregelj, et al., 2001; Kumar and Sarkar, 2013). Figure 2.6 shows a bathtub 

curve for a well-designed PV module. It can be observed from the figure that 
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during service operations, the module undergoes three stages of behaviour. 

At stage 1 commonly known as ‘infant mortality,’ the failure rate is high but 

decreases over time. The next stage is stage 2 known as ‘useful life’ where 

the failure rate is constant over a relatively long period of time. The final 

stage is stage 3 known as the ‘wear-out period’ where the failure rate 

sharply increases as the module comes to the end of its designed lifetime. 

Furthermore, the use of mean time to failures (MTTF) as a random variable 

is a common approach in reliability engineering which is also applied in the 

case of PV modules (Pregelj, et al., 2001). It can be assumed that the MTTF 

can be modelled as Weibull distributed variable and used to predict the 

failure rate of the PV modules during their field operations. The Weibull 

distribution is widely used in reliability analysis mainly due to its flexibility 

and ability to represent the three different periods discussed.  

 

The Weibull distribution is a continuous probability distribution. The 

probability density function of a Weibull random variable, for instance X, is 

(Klutke, et al., 2003; Teimouri and Gupta, 2013): 

𝑓𝑋 (𝑥) =  
𝛽

𝛼
(

𝑥−𝜇

𝛼
)

𝛽−1

𝑒−(
𝑥−𝜇

𝛼
)

𝛽

                                                              (2.1) 

for 𝑥 > 𝜇, 𝛽 > 0,  and 𝛼 > 0. The parameters 𝛽, 𝛼 and 𝜇 are known as the 

shape, scale and location parameters respectively. If the quantity X is a 

“time-to-failure”, the Weibull distribution gives a distribution for which the 

failure rate is proportional to a power of time.  In using the Weibull 
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distribution, the shape parameter β, is assigned to provide more information 

about the nature of failure mode. As shown in Fig. 2.6 if β<1, the PV module 

is at stage 1, the burn-in/infant mortality stage with high initial failures. 

Nonetheless, if β=1, the module is at stage 2, the useful life stage with 

failures occurring randomly and independent of time. However, if β>1, the 

module is at stage 3, the wear-out stage with high frequent failures till the 

end of the projected lifetime of the module. 

 

                      

 

 

Among the components of crystalline silicon PV modules, solder joint is the 

most critical. The thermo-mechanical reliability of solder joints in crystalline 

silicon PV modules is of paramount importance as the failure of solder joints 

implies non-delivery of generated electricity.  It is for this reason that there 

is more concern on the reliability of solder joint compared to the other 

components in the PV module. The reliability of solder joints can be affected 

Figure 2.6 Bathtub curve for a well-designed PV module  

      (Pregelj, et al., 2001) 
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by a variety of application conditions such as vibration, mechanical shock, 

thermo-mechanical fatigue, thermal aging and humidity (Lechovič, et al., 

2009). However, the focus on thermo-mechanical reliability of solder joints is 

due to the detrimental effects of thermo-mechanical loading on the joints 

during service operations. For instance, factors such as passing clouds and 

diurnal temperature cycle cause temperature fluctuations severely impacting 

the solder joints although the joints are designed to have the capacity to 

function effectively within a temperature range of -40oC to 85oC (Grunow, 

2010). Therefore, it is crucial that solder joints are properly designed to 

provide adequate interconnection throughout the functional lifetime of 

crystalline silicon PV modules.  

 

 
2.3.3 Interconnection technology 
 
Solder joints are used to interconnect Cu tabbing ribbon with Ag bus-bar in 

crystalline silicon solar cell assembly as shown in Fig. 2.7. Moreover, 

crystalline silicon solar cells are interconnected with each other using the 

conventional ‘Z’ interconnection technology as presented in Fig. 2.8. In order 

to carry out the interconnection of the solar cells, printed contacts at the 

front and back surfaces of the cells are soldered to highly conductive ribbon 

strips for current transfer from the front of one cell to the back of a 

neighbouring cell in a series connection (Jeong, et al., 2011). By soldering 

the solar cells in this form the solder joints function as electrical connection, 

mechanical support and thermal conduit which make the reliability of the 

joint multi-faceted. Consequently, the reliability of solder joints can be 
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affected by a variety of application conditions such as vibration, mechanical 

shock, thermo-mechanical fatigue, thermal aging and humidity (Lechovic, et 

al., 2013). 

 

               

 

       

              

 

 

Figure 2.7 Typical solder joint in crystalline silicon solar cell assembly 
sandwiched between copper ribbon and silver bus-bar 
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This interconnection technology has been used for decades with lead-based 

solder as the interconnection material. The current situation is that there is a 

transition from the use of lead-based solder to lead-free solder. This became 

necessary in order to avoid hazardous lead-based solder which is harmful. 

Consequently, more understanding of lead-free solder joints in PV modules is 

crucial to ensure reliable solder interconnection in the modules.  

 

2.3.4 Challenges of interconnection technology 
 

McCluskey (2010) and Cuddalorepatta et al. (2010) reported that the 

soldered interconnect joint is the most susceptible part of the assembly. 

Moreover, in a BP Solar study of PV module field failures, Wohlgemuth 

(2008) reported that cell/interconnect break accounted for 40.7% of all 

types of field failures observed. Presented in Fig. 2.9 are all types of field 

failures observed in that study. The substantial failure of interconnects 

Figure 2.8 Crystalline silicon solar cells interconnected in 
series with tabbing ribbon 
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demonstrate their crucial role and the need to provide urgent solution to this 

critical challenge. 

 

 

 

                                        
 

 

 
 

 

In addition, the current trend of crystalline silicon solar cells production 

involves the use of thinner and wider silicon wafers. When cells are made 

wider, thicker interconnection ribbon is required to conduct larger currents. 

The thickness of ribbon wire is limited by built-up stresses in the soldered 

joint.  Furthermore, there is a transition from lead-based solders to lead-free 

solders. Lead-free solders have higher melting points which imply higher 

thermal stresses on the solder interconnection of solar cells during soldering. 

These are some of the challenges to the existing soldering technology used 

Figure 2.9 Types of PV module field failures 

observed (Cuddalorepatta, et al., 2010). 
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for the interconnection of solar cells; hence in-depth study of PV module 

solder joint is required to improve reliability. 

 

 
The assembly of crystalline silicon solar cells results in other associated 

challenges which limit the quantity of energy generated as well as imparts 

the thermo-mechanical reliability of PV modules. These challenges include 

series resistance, shadowing losses and induced thermo-mechanical stress in 

the solar cells.  

 

Series resistance losses are one of the major challenges associated with the 

interconnection of solar cells to form PV modules. These losses are created 

due to metallization for contact formation and the subsequent tabbing for 

current collection. In order to reduce these losses, new concepts are being 

developed with additional objectives of providing contacts for thinner wafers. 

This objective is aimed at: reducing material cost, ensuring low-stress 

interconnection between cells and enabling the ease of modules 

manufacture (Löffler, et al., 2010). However, many of the new concepts are 

not yet viable or commercially acceptable. 

 

Another key challenge of interconnection technology is shadowing losses. 

When cells are made wider, thicker interconnection ribbon is required to 

conduct larger currents. It is reported in (Kerschaver and Beaucarne, 2010) 

that increase in the width of interconnection ribbon cross-section increases 

the shadowing losses proportionally. The thickness of ribbon strip is limited 
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by built-up stresses in the soldered joint. The differences in coefficient of 

thermal expansion between ribbon interconnection materials and silicon 

account for this stress accumulation (Kerschaver and Beaucarne, 2010; 

Bultman, et al., 2000).  Furthermore, stress occurrence at the edge of the 

wafers due to bending of the interconnection ribbon strip which connects the 

front side with the rear of the neighbouring wafer (Bultman, et al., 2000) 

impacts the reliability of the assembly. This situation entails that the 

interconnection technology makes a compromise between width and 

thickness of ribbon strip. Apart from shadowing losses, there are also 

recombination losses which are not influenced by interconnection 

technologies. However, reduction of these losses is desirable to enhance 

solar cell efficiency. This reduction can be achieved through the use of Laser-

Fired Contact (LFC) process, particularly for the rear surface, to fabricate 

solar cells with a high quality rear surface (Mette, 2007; Zeman, 2009).  

 

Induced thermo-mechanical stress in the solar cells is another challenge 

associated with the manufacture of solar cells in the current form. The 

manufacturing process of interconnecting wafer-based silicon solar cells 

involves the use of infra-red (IR) reflow soldering. The soldering process 

consists of two phases. These are stringing or tabbing as well as bussing. 

The former involves the interconnection of solar cells with each other to form 

strings while the later deals with the assembly of the strings of solar cells to 

form PV module (Chen, 2012; Grunow, 2010). However, this interconnection 

procedure is difficult and the IR soldering induces high mechanical stress in 
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the solder joint which accelerates fatigue related damage. Eventually, 

module failure occurs during field operations thereby halting energy 

generation.  

2.3.5 Interconnection material  
 
Solders, which are used as interconnection material in PV modules, are 

reviewed to understand their behaviour when undergoing daily thermal 

cycling. Since IMC has a significant effect on the integrity of solder joint 

during the daily thermal cycling, it is reviewed in order to obtain adequate 

information for a more reliable solder joint.  

 
2.3.5.1 Solders 
 
Solders are used extensively as electrical interconnects in PV modules for 

interconnecting solar cells. Similarly, solders are also used in microelectronics 

packaging for attaching electronic components to circuit boards.  Eutectic or 

near eutectic tin-lead solders have been the most widely used solder 

materials because of  their low melting temperature, high ductility and good 

wetting to other metals. On the other hand, the presence of lead in lead-

based solders makes the solders toxic with consequences of health and 

environmental impacts. This concern caused the European Union and Japan 

to adopt legislation aimed at phasing out lead usage in the electronics 

industry. In compliance with the recommendation of the National Electronics 

Manufacturing Initiative (NEMI) (Che, et al., 2005), lead-free solder alloys 

are now mainly used in the industry as electrical interconnects. Though there 

are various types of lead-free solders, the most studied and widely used 

solder materials are SnAg and SnAgCu alloy (Pei and Qu, 2005). When solder 
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alloy is subjected to thermo-mechanical loading, the alloy undergoes elastic 

and inelastic deformation. The solder alloy is known to display nonlinear 

visco-plastic behaviour. Solder deformation primarily comprises elastic, 

plastic and creep strains (Cuddalorepatta, 2010). The constitutive behaviour 

of the solder can be represented by constitutive models made from 

combination of elastic, plastic, viscoelastic and visco-plastic/creep models 

(Sitaraman and Kacker, 2005).  Some researchers have used 96.5Sn3.5Ag 

solder alloy for soldered assemblies employing shear and tensile loading 

such as in PV modules (Sitaraman and Kacker, 2005). However, 

Cuddalorepatta (2010) reported that while modelling a PV module solder 

interconnection, the relevant partitioned constitutive and durability constants 

for Sn3.5Ag were not available in literature. Hence constants for near 

eutectic Sn3.8Ag0.7Cu (SnAgCu) were used because of the similarity of the 

SnAgCu to Sn3.5Ag. It is vital to use a model that accurately describes the 

lead-free solder together with appropriate model constants. This is 

imperative because the thermo-mechanical reliability of PV modules depends 

mainly on the fatigue and creep behaviour of solder joints. 

 

 
2.3.5.2 Intermetallic compounds 
 
Solder joints in crystalline silicon PV modules are sandwiched between silicon 

solar cell wafer and interconnection ribbon commonly made of copper. In 

this study, Pb-free 95.5Sn-3.8Ag-0.7Cu solder alloy is used. When this solder 

is used in the soldering process for solar cells interconnection, intermetallic 

compounds (IMCs) are formed at the solder-copper ribbon interface as well 
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as at the solder-silver interface through diffusion processes and continue to 

grow in size through the service lifetime of the module as it operates in the 

field (Schmitt, et al., 2012; Yang et al., 2014). Predominant IMCs formed in 

Sn3.8Ag0.7Cu solder joints are Cu3Sn and Cu6Sn5 at the solder/Cu interface 

and Ag3Sn at the solder/Ag interface (Schmitt, et al., 2012; Che and Pang, 

2012a). Factors that the IMC mostly depends on are the composition of 

solder, temperature and time (Schmitt, et al., 2012). The growth of IMC in 

the joint has detrimental effects on the quality of the joint and its reliability 

(Schmitt, et al., 2012). In an experimental study, Schmitt et al. 2012) 

reported that IMCs decrease the performance and reliability of solder joints 

in PV modules. As the IMC grows, it increases in thickness and creates a 

diminishing solder volume, hence less reliability of the solder joint. These 

IMCs play a crucial role in solder joint deformation where inhomogeneous 

and local strains develop at the interface. When the IMC thickness reaches a 

particular threshold, failure of the solder joint occurs. This indicates that the 

development and growth of IMC at the interface of solder and bond region 

affects the structural integrity of solder joints (Che and Pang, 2012a). 

Therefore, IMCs are critical in terms of solder joint reliability and need to be 

considered in reliability analysis. Further study of the effect of IMC thickness 

on thermo-mechanical fatigue life of solder joint is crucial because the global 

production of PV modules is predominantly made with wafer-based 

crystalline silicon solar cells. For instance, in 2013, wafer-based crystalline 

silicon PV modules accounted for about 90.956% of global module 

production (Burger, et al., 2014). There is the vital need to improve the 
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reliability of wafer-based crystalline silicon PV modules which account for 

greater percentage of PV module production. Figure 2.10 shows a schematic 

of cross-section of typical crystalline Si solar cell assembly. Specifically, Fig. 

2.10(a) shows a typical encapsulated crystalline silicon solar cell assembly 

with the different components made of various materials. On the other side, 

Fig. 2.10(b) shows soldered interconnects including IMC layers for the 

solder-copper and the solder-silver interfaces.  

 

 

 

   

 

 

A number of researchers have conducted previous studies on the effect of 

formation and growth of IMC on reliability of solder joints in crystalline silicon 

solar cells. These researchers include references (Schmitt et al, 2012), (Jung 

and Kontges, 2013) and (Yang, et al., 2014). The investigations involved the 

use of experimental methods and also the study of the effect of IMC on the 

 (a) (b) 

Figure 2.10 Schematic of cross-section of typical crystalline  

           Si solar cell assembly showing:  
           (a) Encapsulated solar cell assembly  

                     (b) Soldered interconnects including IMC layers 
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mechanical strength of solder joints as well as adhesion and durability of the 

joints. Previous experimental studies by other researchers such as Schmitt et 

al. (2012) and Yang et al. (2014) on the formation and growth of IMC layers 

in crystalline silicon solar cells, results indicated that IMC layer thickness can 

grow from 0 to 12µm depending on type of solder (lead-based solder or 

lead-free solder), thermal cycling and other factors. However, this gradual 

IMC growth cannot be modelled dynamically through finite element 

modelling. In order to overcome this issue, the usual approach is to build 

individual geometric models each with a different IMC layer thickness from 

the other and then simulate each model separately as was done by Che and 

Pang (2012a). This approach approximates the gradual growth of IMC in the 

solder joint over time; hence it is adopted and used in this study. The 

determination of IMC layer thickness to be used in this study was in 

accordance with values obtained experimentally by other researchers. 

Literature on research employing finite element modelling to study reliability 

of interconnection in PV modules which incorporates IMC is scarce - 

notwithstanding that FEM method is a valuable tool for product design and 

development (Chiou, et al., 2011) and far less costly. Also, in the 

experimental investigation conducted by Schmitt et al. (2012) on lead-free 

SnAg3.5 solder, it was found that IMC layer thickness grew up to 4µm. 

Hence, in this study, IMC layer thicknesses ranging from 1µm to 4µm are 

used to build geometric models as these values are within the experimental 

range. The FEM method is used in this study to simulate the non-linear creep 

deformation of solder joints in crystalline silicon solar cell assembly because 
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many researchers have employed similar method in their investigations on 

solder joints in other electronic devices. In particular, modelling and 

simulation study with IMCs included in the geometric models is needed for 

the determination of damage caused by thermo-mechanical loading on 

solder joint during thermal cycling and field operations. Such a study where 

effect of IMC on fatigue damage is determined will enable solder joint 

fatigue life prediction. Therefore, the unavailability of such a study indicates 

that there is a gap in knowledge with respect to the effect of IMC on 

thermo-mechanical reliability of solder joints in crystalline silicon solar cell 

assembly.  

 

 
2.3.6 Failure of solder joints in PV modules 
 
In Fig. 2.10, it can be observed that solders are used as interconnect 

material between ribbon and silicon wafer via busbar. For many years of 

crystalline silicon solar cell production, lead-based solders were used for the 

interconnection. However, lead (Pb) based solder is hazardous to health, 

hence the need for a transition from Pb-based solder to Pb-free solder as 

interconnection material as mentioned earlier. Some typical lead-free solders 

used in industry for PV module production are listed in Table 2.1. Likewise, 

Table 2.1 shows other component materials used in encapsulated crystalline 

silicon modules, material type, thickness and coefficient of thermal expansion 

(CTE). As the table shows, the CTE of ribbon, solder, bus-bar and Si cell are 

different. The range of CTEs for module component is from 2.6×10-6/K for 

monocrystalline silicon cell to 30×10-6/K for Tedlar backsheet. This indicates 
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a range of CTEs of magnitude more than 10 times from component with 

least value of CTE to the one with highest value of CTE. The variation causes 

large mismatch in the thermal expansion and contraction that occur during 

module operations and which induce mechanical stresses in the module 

(Saga, 2010).  

 

Manufacturers of crystalline silicon solar cells produce cells of various surface 

area dimensions. Interestingly, the manufacturers have been increasing the 

standard surface area of the cells. In earlier times, the standard surface area 

of crystalline silicon solar cells was 100 × 100 mm2 (Xakalashe and 

Tangstad, 2011). Eventually, the surface area of the cells was increased to 

125 × 125 mm2. Currently, majority of the cells predominantly multi-

crystalline, are manufactured with a surface area of 156 x 156 mm2. Still, it 

is expected that in the near future, the surface area of the cells will increase 

further to 210 x 210 mm2 (Jong, 2006; Erath, 2010). When solar cells are 

made wider, thicker interconnection ribbons are required to conduct larger 

currents. For instance, solar cells with dimensions of 125 × 125 mm2, 156 x 

156 mm2 and 210 x 210 mm2 generate 4-5A, 7-8A and 13-14A of current 

respectively (Jong, 2006). However the thickness of ribbon strip is limited by 

built-up stresses in the soldered joint which occur during solder reflow 

process as well as thermo-mechanical stresses caused by CTE mismatches 

during thermal cycling. The built-up stresses are commonly known as 

residual stresses and have been known to affect the flexural strength of 
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solder joints. Depending on the solder joint thickness, warpage of the solar 

cell assembly can occur (Lai, et al., 2013). Preferably, solder joint thickness 

should have adequate capacity to transfer generated current with minimal 

residual stresses in the joint. In addition, the solder joint should have 

enough thickness to properly function as a mechanical support as well as a 

thermal conduit. Furthermore, it can be observed from Table 2.1 that solder 

joint thickness varies from 0.5µm to 50µm which indicates a wide range in 

thickness. Considering that the same size of solar cell surface area is used by 

the manufacturers of either monocrystalline or multi-crystalline silicon solar 

cells, the wide variation in solder joint thickness shown in Table 2.1 indicates 

the existence of a gap in knowledge. Predominant solder joint thicknesses 

used by different manufacturers are usually between the range of 10µm and 

40µm (Rogelj, et al., 2012). Based on this range of values, this study used 

solder joint thickness in the range of 20µm and 30µm in the models. 

 

Another key solder joint parameter is its width. Determining the appropriate 

solder joint width is critical as there are some associated challenges. One of 

the challenges associated with solder joint width is its effect on solar cell 

efficiency. Current solar cells energy conversion efficiencies are remarkable 

when compared with what was obtainable some years back. For instance, 

the efficiency of crystalline silicon solar cell was 4% in 1954 (Cutter, 2012, 

p.31) but increased considerably to lab cell efficiency of 25.6% and 20.8% 

in 2014 for monocrystalline and multi-crystalline solar cells respectively 

(Burger, et al., 2015).  In order to maximize the solar cell efficiency, the 
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surface area of the solar cell must have minimal obstruction of the sun rays 

which is required to generate electricity. However, the conventional 

interconnection technology of crystalline silicon solar cells requires two or 

three Cu ribbon strips of a particular width to be soldered unto the surface of 

the solar cell. The consequence is that the soldered Cu ribbon strips take up 

valuable surface area of the solar cells thereby casting shadows and 

reducing the surface area of the cells. The implication of this situation is that 

the capacity of the solar cells to generate energy from the covered surface is 

lost. Thus one of the key challenges of conventional interconnection 

technology is shadowing losses. Kerschaver and Beaucarne (2010) reported 

that increase in the width of interconnection ribbon cross-section increases 

the shadowing losses proportionally. The differences in coefficient of thermal 

expansion between ribbon interconnection materials and silicon account for 

this stress accumulation (Kerschaver and Beaucarne, 2010; Bultman, et al. 

2012) Furthermore, stress occurrence at the edge of the wafers due to 

bending of the interconnection ribbon strip which connects the front side 

with the rear of the neighbouring wafer (Bultman, et al. 2012) impacts the 

reliability of the assembly. This situation entails that conventional 

interconnection technology makes a compromise between width and 

thickness of ribbon strip. However, the ribbon strip is coated with solder 

which is reflowed during soldering to form a joint with Ag bus-bar as 

mentioned several times. Consequently, the width of the ribbon strip 

determines the minimum width of the solder joint. It is desirable that solder 

joint width is minimized to reduce shadowing losses because the wider the 
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solder joint, the wider the shadow on the solar cell and the lesser the 

amount of current generated by the solar cell. An appropriate solder joint 

width is therefore required to minimize shadowing losses and increase solar 

cell efficiency. Manufacturers and researchers used various solder joints in 

crystalline silicon solar cell assembly. The solder joint width used ranges 

from 1000µm to 3000µm (Cuddalorepatta, 2010; Klengel, et al., 2011; 

Gierth, et al., 2012). The solder joint width selected for the models in this 

study are from 1000µm to 1400µm. These solder joints widths were selected 

so as to minimize shadowing losses which will otherwise occur if wider ones 

are selected. 

 

Hence, from the foregoing, two gaps of knowledge have been identified 

thus: the effect of solder joint thickness as well the effect of solder joint 

width on solder joint thermo-mechanical reliability needs to be investigated 

in order to obtain more knowledge and understanding towards reliability 

improvement.  
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Table 2.1. Typical component materials used in encapsulated crystalline 

silicon PV modules  

Component Typical Material Thickness 
(µm) 

CTE  
(10-6/K) 

Solar cell  

(Saga, 2010; Jong, 2006) 

Monocrystalline Si 

Multicrystalline Si 

160-240 

200-300 

2.6 

3.5 

Cover plate (Illuminated side) 

(Willeke and Weber, 2013, 

p.144; Webb and Hamilton, 
2011)  Glass 

3000-
4000 10 

Encapsulant 
(Cuddalorepatta, et al., 2010) EVA 460-500 15 

Anti-reflective coating (ARC) 

(Sopori, et al., 2004; Diebold, 
2003; Nagel, et al.,1999; 

Chuang, et al., 2004) 

Titanium Oxide 
(TiO2) 

Silicon Nitride (SiNx) 

0.05-0.1 

0.07-0.1 

8-10 

1.67-2.3 

Solder 
(Wirth, 2010; Rogelj, et al., 

2012; Moyer, et al. 2010) 96.5Sn/3.5Ag 
95.5Sn/3.8Ag/0.7Cu 

10-40  
10-40 

20.2-
21.7 

17.6-
23.2 

Tabbing ribbon 

(Wiese, et al., 2010) Copper (Cu) 75-200  16.5-17 

Bus-bar (Front contact) 
(Zemen, et al., 2012; Moyer, 

et al. 2010, Wiese, et al., 
2010) Silver (Ag)  8-28  9.8-18 

Rear contact 

(Chen, et al., 2008; Wiese, et 
al., 2010) 

Aluminium/Silver 
(Al/Ag)  15-40  11.9 

Back sheet 

(Armstrong and Hurley, 2010; 
Arangu, et al., 2014) Tedlar  100-325 30 

 

Solder joints are inhomogeneous and consist of different materials. While in 

field operations, PV modules are exposed to daily thermal cycling which 

affect the solder material. The repeated thermal cycling results in the 

accumulation of strain energy in the joint. Solder material is made up of 

grain structure which is inherently unstable (Engelmaier, 1997). Under 

thermal loading, the grain structure reduces the accumulated internal energy 

of a fine-grained structure by growing in size. Elevated temperatures and 

induced strain energy enhances the grain growth process. As the grains 

grow, contaminants concentrate increasingly at the grain boundaries thereby 
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weakening these boundaries. Figure 2.11 shows the effects of accumulating 

fatigue damage in solder joint structure. It can be observed from the figure 

that at the initial stage, the solder material is made up of fine-grained 

structure. After about 25% of the fatigue life has been consumed, micro 

voids can be found at the grain boundary intersections. Over time, these 

micro-voids grow into micro-cracks after about 40% of the fatigue life. 

Eventually, these micro-cracks grow and coalesce into macro-cracks leading 

to total fracture.  

 

    

 

 

 

This failure mechanism is caused by thermo-mechanical fatigue loading of 

the joint and it is time-dependent. Figure 2.12 shows a SEM image of fatigue 

damage in solder interconnection which has been subjected to long-term 

field operations. Fatigue degradation in solder interconnects is caused by 

repeated operational and environmental elevated temperature excursions 

(Saga, 2010). These excursions induce cycles of stress in the joint. The 

induced stress is occasioned by the differences in CTE of the bonded 

Figure 2.11 Effects of accumulating fatigue damage in solder joint structure 

(Engelmaier, 1997)  
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materials which includes ribbon, busbar and solder materials. Thus, the 

parameter of solder joint should be designed with consideration of the 

differences in CTE such that minimal stress is induced in the solder joint 

during expansion and contraction of the joint. It is important to avoid high 

flexural stiffness which inhibits adequate expansion and contraction of the 

joint during thermal cycling. The flexural stiffness depends on the thickness 

of solder joint such that the thicker the joint, the stiffer it is. Therefore, 

proper solder joint thickness should be used to prevent inducing high cycles 

of stress arising from the cyclic loading. There are many observable 

phenomena associated with this type of loading. The interconnection could 

experience metal segregation, grain boundary coarsening/cracking, 

increased series resistance and heating. These observations cause loss of 

connection (Klengel, et al., 2011; Schmitt, et al., 2012) which has been 

classified as a type of failure mode. This situation is worse when the solder 

bond is poor. Thus, proper solder bond need be formed especially with lead-

free solders which have about 40oC higher melting point than lead-based 

solders (Schmitt, et al., 2012).  
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Solder joint fatigue damage is critical to the thermo-mechanical reliability of 

the joint. Therefore, the determination of accurate fatigue damage is 

essential for improving the number of cycles to failure of solder joints in 

order to ensure reliable PV module performance. Wohlgemuth et al. (2010) 

recommended the use of multiple solder bonds on each tabbing ribbon as 

well as the use of softer ribbon and provision for stress relief as ways for 

alleviating solder bond failures. However, by knowing and quantifying the 

fatigue damage in solder joints, the joints can be designed and built to 

withstand the damage and avoid premature failures. The design of the 

solder joint involves using appropriate parameters especially solder joint 

thickness and width in addition to consideration for IMC thickness. 

Furthermore, it is necessary to analyse the effect of solder joint thickness on 

flexural stiffness in order to avoid constraining the joint from suitable 

expansion and contraction during thermal cycling. In addition, the effect of 

the combined parameters on solder joint damage needs to be investigated. 

Therefore, there is a gap in knowledge on the effect of solder joint 

Figure 2.12 SEM image of solder in solar cell assembly 

subjected to long-term field exposure showing 
significant solder fatigue damage (Saga, 2010). 
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parameters on solder joint fatigue damage. The acquisition of this 

knowledge will be useful in the prediction of solder joint fatigue damage and 

in the design of robust solder joints in PV modules thereby ensuring thermo-

mechanical reliability and quality assurance.   

 

As discussed earlier, crystalline silicon PV modules have remain dominant 

due to their advantages such as decades of proven technology, higher 

efficiency than most of their thin-film competitors, decreasing cost of 

production as well as increasing demand. Since this trend is expected to 

continue for a long time, certain aspects of the manufacturing technology of 

crystalline silicon PV modules such as solder joint interconnection still need 

to be improved especially with the module expected to last up to 25 years. 

Hence, this situation warrant optimization of solder joint design parameters 

particularly solder joint thickness and solder joint width as well consideration 

of IMC thickness at the solder interfaces. It is desirable that solder joint 

width is minimized to reduce shadowing losses because the wider the solder 

joint, the wider the shadow on the solar cell and the lesser the amount of 

current generated by the solar cell. Conversely, the solder joint thickness 

should have adequate capacity to transfer generated current to the desired 

point with minimal stress. Moreover, it is desirable that optimal solder joint 

thickness and width are such that minimal accumulation of creep strain 

energy density occurs in the solder joint in order to enable longer fatigue 

life. 



 

54 
 

It is known that accelerated thermal cycling (ATC) tests are usually used to 

experimentally determine the thermo-mechanical reliability of a package 

(Huan, 2010). However, the process consumes time and is costly. A better 

option is numerical analysis of thermo-mechanical reliability of devices as 

performed by several researchers such as Ladani (2010) and also Yang and 

Tan (2010). Such numerical evaluation enables faster, low-cost and efficient 

determination of thermo-mechanical reliability of solder joints before the 

device or product is manufactured. Therefore, in this study, numerical 

evaluation is carried out to optimize solder joint design parameters with 

focus on solder joint thickness and solder joint width as well IMC thickness 

which forms and grows at the solder interfaces. This will enable the design 

of an optimal solder joint in solar cell assembly with the required thermo-

mechanical reliability.  

 

2.3.7 Theoretical analysis of effect of solder joint thickness on 

flexural stiffness 

 

As mentioned earlier, during the thermal cycling of solder joints in solar cell 

assembly, the joints undergo expansion and contraction. In effect, the solder 

joints experience bending moments and deflection under loading. The 

deflection of the solder joint under loading is dependent on its flexural 

stiffness. The flexural stiffness of solder joint is a measure of its resistance to 

bending. Basically, flexural stiffness of solder joint is the product of the 

material stiffness (E, which is Young’s modulus of elasticity) and the second 
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moment of area (I, which describes the stiffness generated by the cross-

sectional geometry of the solder joint); rephrased from reference (Etnier, 

2001). The flexural stiffness of the solder joint depends on its material 

properties and geometry. The geometry of solder joint in solar cell assembly 

is assumed to be rectangular consisting of solder joint thickness, width and 

length. However, the critical dimensions of solder joint are the thickness and 

width which form the cross-sectional area where load is applied.  Depending 

on the flexural stiffness of solder joints, deflection of the joints maybe severe 

especially if the solar cell assembly is subjected to large thermo-mechanical 

load. Therefore, the relationship between flexural stiffness and solder joint 

thickness and its effect on the thermo-mechanical reliability of solder joint is 

investigated using the varied solder joint thicknesses. This theoretical 

analysis is aimed at putting into perspective the effect of solder joint 

thickness on flexural stiffness and relating it to the subsequent simulation 

results. 

 

Figure 2.13 shows a schematic cross-section of solar cell assembly. Figure 

2.13(a) portrays the assembly in a horizontal position while Fig. 2.13(b) 

shows the assembly as a cantilever carrying concentrated load. Furthermore, 

Fig. 2.13(b) indicates the path of deflection when the concentrated load is 

applied. 
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Considering the configuration of solder joint shown in Fig. 2.13 as a 

cantilever carrying a concentrated load F, the deflection is given as (Benham, 

et al., 1996, p.190): 

𝑦 =
𝐹

2𝐸𝐼
(𝐿𝑥 −

𝐿3

3
)                                                                               (2.2) 

Figure 2.13 Schematic of solder joint in Si solar cell assembly showing: 

(a) Assembly in a horizontal position 

(b) Assembly as a cantilever carrying a concentrated load  
(c) Simple cantilever of the solar cell assembly  

(a) (b) 

(c) 
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where E is Young’s modulus and I is second moment of area of solder joint. 

But at the point of load application, x is component length, L. Therefore, 

replacing x with L in Eq. 2.2 gives:  

𝑦 =
𝐹

2𝐸𝐼
(𝐿3 −

𝐿3

3
)  

Thus  

𝑦 =
𝐹𝐿3

3𝐸𝐼
                                                                                            (2.3) 

From Fig. 2.13, the component length, L corresponds to the solder joint 

thickness which is designated as TSJ. Replacing L with TSJ and substituting 

into Eq. 2.3 the following equation is obtained for solder joint deflection: 

𝑦 =
𝐹(𝑇𝑆𝐽)

3

3𝐸𝐼
                                                                                       (2.4)  

It is vital to determine the flexural stiffness of solder joint in order to assess 

its effect on thermo-mechanical reliability of the joint. As stated earlier, 

flexural stiffness of solder joint is the product of the Young’s modulus of 

elasticity E, and the second moment of area I. Thus, the flexural stiffness 

can be expressed as follows: 

𝐹𝑙𝑒𝑥𝑢𝑟𝑎𝑙 𝑠𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠, 𝐾 = 𝐸 × 𝐼                                                            (2.5) 

But I   is the second moment of area about the centroid and is given by: 

𝐼 =
𝑏ℎ3

12
                                                                                            (2.6) 
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where in Fig. 2.13 b is solder joint thickness, TSJ and h is solder joint width 

which is designated as WSJ. Substituting I in Eq. 2.5 with Eq. 2.6 gives: 

𝐾 = 𝐸 ×
(𝑇𝑆𝐽)(𝑊𝑆𝐽)

3

12
  

Let 𝐶 =
𝐸

12
 then flexural stiffness in solder joint of solar cell assembly is: 

𝐾 = 𝐶(𝑇𝑆𝐽)(𝑊𝑆𝐽)
3
                                                                             (2.7) 

 
 
 
 
2.4 Fatigue life prediction of solder joint 
 
Thermo-mechanical reliability of solder joints in PV modules is crucial in 

ensuring continuous power supply by the module. During service operations, 

PV module components including solder joints are subjected to daily 

temperature fluctuations caused by solar energy and heat dissipation in the 

module package. This develops thermally-induced stresses in the module 

components causing thermal expansion mismatch between the different 

materials of the assembly thereby impacting the solder joint. Due to the daily 

diurnal temperature variation arising from the rotation of the sun as well as 

passing clouds, the thermal loading on the solder joint is cyclic resulting in 

stress reversals with the potential of inelastic strain accumulation in the 

solder joint. This inelastic strain accumulates with repeated cycling causing 

weakness and structural damage in the solder joint, resulting in creep 

deformation and fatigue. The mechanism of creep depends on temperature 

and stress. For low cycle fatigue loadings with low temperature ramp 
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velocities solder creep is the most important contributor to deformation. In 

this study, the stress and strain values will be obtained from simulation 

results. A typical deformation characteristic of solder joint is usually 

presented in graph form. Figure 2.14 shows a typical creep curve of solder 

joint under constant stress condition. It can be observed from Fig. 2.14 that 

under constant stress, the solder joint undergoes deformation in four stages. 

The first stage consists of the initial elastic and plastic strain in the solder 

joint due to the initial application of load. As time goes on, the joint 

experiences a gradual increase in strain at the second stage also known as 

the primary creep stage. At that stage the strain rate is relatively high, but 

slows with increasing time. This is due to work hardening in the joint.  The 

third stage is the secondary creep stage where the creep rate eventually 

reaches a minimum and becomes almost constant. This stage is also known 

as steady-state creep. Ultimately, the fourth stage is reached which is the 

tertiary stage where the creep rate accelerates exponentially with stress due 

to necking phenomena. This leads to final fracture of the solder joint.  

 

The solder materials in solar cell assemblies are subjected to thermo-

mechanical loads during accelerated thermal cycling tests as well as in 

service operation. The resultant effect of the loads is deformation of the 

solder material. This is due to mismatch of coefficient of thermal expansion 

(CTE) of silicon wafer, silver bus-bar, solder, copper ribbon strip and other 

components. The mismatch leads to thermo-mechanical induced non-linear 
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deformation in the solder joint of solar cell assembly. The induced 

deformations in the solar cell assembly cause the solder materials to develop 

cyclic inelastic plastic and creep strains which cause cumulative fatigue 

damage resulting in failure of the solder joints (Pang, 2012; Hund and 

Burchett, 1991). This occurs when the cyclic strain increases to a particular 

high value and the ensuing damage in the solder material cause fatigue 

cracking in the solder joints thereby resulting in premature failure of the PV 

module’s functional life (Hund and Burchett, 1991). Creep of a solder 

material is often characterized by its steady state creep strain rate (Pang, 

2012). According to Che and Pang (2004), the steady state creep model of 

solder is of major concern due to its contribution to total creep deformation. 

                       

 

Solders have fatigue lifetime such that as the thermal loading continues, the 

ultimate resultant effect is solder joint cracking and interconnect failure. 

Fatigue life prediction has become necessary with the migration from lead-

Figure 2.14 Typical creep curve of solder joint under constant  

     stress condition (Dwayne, 2009) 
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based solders to lead-free solders in the electronics industry. In the PV 

industry, the use of SnAgCu solder alloy has become widespread for 

interconnecting solar cells, hence the need for proper prediction of fatigue 

failure of SnAgCu solder joints. Additionally, the use of fatigue life prediction 

lessens design cycle time thereby reducing the use of experimental testing to 

evaluate reliability of solder joints. However, in order to carry out prediction, 

life prediction models are needed to evaluate reliability at the solder joint 

design stage. Consequently, appropriate fatigue models are used in 

predicting the service lifetime of solder joints in PV modules. In this 

situation, four key factors that should govern fatigue life prediction are: 

material behaviour, simulation techniques, fatigue life prediction 

methodology and test data. The material constitutive model for lead-free 

SnAgCu solder alloy is vital in the development of thermo-mechanical model 

for fatigue prediction. The constitutive model for lead-free SnAgCu solder 

alloy usually consists of creep and visco-plastic models for describing solder 

behaviour (Sitaraman and Kacker, 2005). Appropriate constitutive models 

are used to predict number of cycles to failure of solder joint, hence 

predicting fatigue life of the joint.  

 

2.4.1 Constitutive model for SnAgCu Solder 

This sub-section presents a discussion on the constitutive material model for 

SnAgCu solder used in this research to study solder joints in crystalline 

silicon solar cell assembly.  
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2.4.1.1 Creep models 

Solder joints in solar cell assemblies undergo thermo-mechanical loading 

during accelerated thermal cycling tests as well as in field service. Creep 

deformation occurs in a solder joint when thermo-mechanical loading is 

imposed on the solder joint and it deforms over time to reduce the load. 

Several researchers have developed constitutive models to describe the 

elastic and inelastic deformation behaviour of solder alloys. In particular, a 

number of researchers have proposed constitutive models for SnAgCu solder 

alloys. Some of these proposed constitutive relations for SnAgCu solder 

alloys were compiled by Syed (2004) and are presented in Table 2.2.  

 

Table 2.2 Constitutive relations for SnAgCu solder (Syed, 2004) 

 

Proponent Constitutive model Parameter and value 

Wiese et 
al. (2003)  ɛ̇𝒄𝒓 = 𝑨𝟏𝒆𝒙𝒑 (

𝑯𝟏

𝒌𝑻
) (

𝝈

𝝈𝒏
)

𝒏𝟏
  

        + 𝑨𝟐𝒆𝒙𝒑 (
𝑯𝟐

𝒌𝑻
) (

𝝈

𝝈𝒏
)

𝒏𝟐
 

A1=4E-7s-1, H1/k=3223(K), n1=3.0, 

A2=1E-12s-1, H2/k=7348(K), n2=12, 
σn= 1Mpa, E(MPa)=59533-

66.667T(K) 

Schubert 

et al. 
(2003) 

�̇�𝒄𝒓

= 𝑨𝟏[𝒔𝒊𝒏𝒉(𝜶𝝈)]𝒏𝒆𝒙𝒑 (
−𝑯𝟏

𝒌𝑻
) 

A1=277984s-1, α=0.02447MPa-1, 

n=6.41, 
H1/k=6500(K), E(MPa)=61251-

58.5T(K), 
CTE=20.0ppm/K, Poisson’s 

ratio=0.36 

Zhang et 
al. (2003) �̇�𝒄𝒓

= 𝑨𝟏[𝒔𝒊𝒏𝒉(𝜶𝝈)]𝒏𝒆𝒙𝒑 (
−𝑯𝟏

𝒌𝑻
) 

A1=143.4s-1, α=0.108MPa-1, 

n=3.7884, 
H1/k=7567(K), E(MPa)=24224-

0.0206T(K) 

Morris et 
al. (2003) 

ɛ̇𝒄𝒓 = 𝑨𝟏𝒆𝒙𝒑 (
𝑯𝟏

𝒌𝑻
) (

𝝈

𝝈𝒏
)

𝒏𝟏
  

        + 𝑨𝟐𝒆𝒙𝒑 (
𝑯𝟐

𝒌𝑻
) (

𝝈

𝝈𝒏
)

𝒏𝟐
  

H1/k=11425(K), n1=6.6, 
H2/k=9020(K), n2=10.7, 

G(MPa)=27360-40.5T(K) 

 

According to Syed (2004), the constitutive relation proposed by Wiese et al. 

(2003) shown in Table 2.2 consists of two identified mechanisms for steady 
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state creep deformation for bulk Sn4.0Ag0.5Cu solder. The mechanisms 

were attributed to climb controlled or low stress and combined glide/climb or 

high stress behaviour which represents steady state creep behaviour using 

double power law model.  

Also in Table 2.2 is the constitutive model proposed by Schubert et al. 

(2003) after testing several SnAgCu solder compositions as follows: 

Sn3.8Ag0.7Cu, Sn3.5Ag0.75Cu, Sn3.5Ag0.5Cu and CastinTM. Syed (2004) 

explains that two regions for stress-strain rate behaviour were identified by 

Schubert et al. (2003) where they postulated the high stress region as power 

law break-down region, and chose hyperbolic sine function to simulate creep 

behaviour. 

 

Similarly, the constitutive model proposed by Zhang et al. (2003) in Table 

2.2 is a hyperbolic sine function and data was generated from single lap 

shear specimen of Sn3.9Ag0.6Cu solder alloy as stated by Syed (2004). 

Furthermore, Zhang et al. (2003) also postulated power law break-down at 

high values of stress using hyperbolic sine function to model the steady state 

creep behaviour of the solder. The fourth constitutive model in Table 2.2 was 

proposed by Morris et al and it is also a double power law model like the first 

model. As explained by Syed (2004), it was developed using single lap shear 

specimens of Sn3.0Ag0.5Cu solder joints. In this case, for the low and high 

stress regions, the stress exponents of 6.6 and 10.7 respectively were 

suggested. One of the solder constitutive models commonly used in finite 
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element analysis (FEA) is the Garofalo-Arrhenius creep model. The Garofalo-

Arrhenius creep model is basically the Schubert et al. (2003) model shown in 

Table 2.2 and is also known as hyperbolic sine creep equation. Creep of a 

solder material is often characterized by its steady-state creep strain rate 

(Pang, 2012). The solder is assumed to exhibit elastic, bilinear kinematic 

hardening after yield. 

 

A number of researchers such as Cuddalorepatta et al. (2010) and Kraemer 

et al. (2013) in their study on durability of solder interconnect in PV cells and 

mechanical integrity of different types of PV modules respectively used the 

hyperbolic sine creep equation for modelling and simulation. Thus in this 

study, the hyperbolic sine creep equation is used to simulate the creep 

behaviour of Sn3.8Ag0.7Cu solder joints. The steady state creep strain rate 

is given by (Syed, 2004): 

  휀�̇�𝑟 = 𝐴1[𝑠𝑖𝑛ℎ(𝛼𝜎)]𝑛𝑒𝑥𝑝 (
−𝐻1

𝑘𝑇
)                                                    (2.8) 

This equation is then re-written into equation (2.9) in the required format of 

input for implicit Garofalo-Arrhenius creep model: 

  휀�̇�𝑟 = 𝐶1[𝑠𝑖𝑛ℎ(𝐶2𝜎)]𝐶3𝑒𝑥𝑝
−𝐶4

𝑇⁄                                                    (2.9) 

The constants C1, C2, C3 and C4 are parameters for Sn-3.8Ag-0.7Cu solder 

and are presented in the Table 2.3:       
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Table 2.3 Garofalo creep parameters for Sn3.8Ag0.7Cu solder (Syed, 2004)  

 

Parameter C1 (1/s) C2 (MPa)-1 C3 C4 (K) 

Value 2.7798E+05 2.447E-02 6.41 6500 

 

2.4.2 Life prediction models 

The fatigue life of solder subjected to thermal cycling is usually predicted 

using fatigue life prediction models. One of the commonly used fatigue life 

prediction models is the hyperbolic sine constitutive equation. The hyperbolic 

sine constitutive equation is a damage mechanism-based life prediction 

model. The primary damage mechanism for SnAgCu solder during thermal 

cycling is creep and it is used to simulate the material behaviour. Therefore, 

the life prediction model has to be theoretically based on creep deformation 

(Syed, 2004). The creep deformation is stored internally throughout the 

volume of the solder joint as creep strain energy. Creep strain energy per 

unit volume of material is referred to as creep strain energy density. Creep 

damage accumulates in the solder joint in the form of creep strain and creep 

strain energy density. Life prediction models containing creep strain and 

creep strain energy density have been developed to predict fatigue life of 

solder joints subjected to thermal cycling loading. There are two common life 

prediction models used to predict fatigue life of solder joints. One of the 

models contains accumulated creep strain while the other contains 

accumulated creep strain energy density. Fatigue life of solder joints are 

determined using number of repetitions or cycles to failure. The fatigue life is 
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also referred to as mean-time-to-failure (MTTF). Table 2.4 outlines creep 

fatigue life models for SnAgCu solders. 

 

Syed (2004) reports that both accumulated creep strain and energy density 

models were obtained through experimental studies and can be used for life 

prediction with acceptable results. Therefore these two models are hereby 

further described. The number of repetitions or cycles to failure using 

accumulated creep strain is given by (Syed, 2004): 

 𝑁𝑓 = (𝐶 Ꞌ휀𝑎𝑐𝑐)−1                                             (2.10)     

Similarly, number of repetitions or cycles to failure using accumulated creep 

energy density per cycle is given by (Syed, 2004):  

           𝑁𝑓 = (𝑊 Ꞌ𝑤𝑎𝑐𝑐)−1                                                    (2.11) 

Where, 𝑁𝑓 = Number of repetitions or cycles to failure 

 휀𝑎𝑐𝑐 = Accumulated creep strain per cycle 

         ɛ𝑓= Creep ductility or the strain at the onset of failure 

 𝐶′= 1 ɛ𝑓⁄  inverse of creep ductility 

         𝑊′= Creep energy density for failure 

 𝑤𝑎𝑐𝑐 = Accumulated creep energy density per cycle 
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Table 2.4 Predictive creep fatigue life models for SnAgCu solder (Syed, 2004)  

 

 S/No Name of creep fatigue life model Model 

1 

Partitioned accumulated strain (Double 

power) 

𝑵𝒇 = (𝟎. 𝟏𝟎𝟔𝓔𝒂𝒄𝒄
𝑰 + 𝟎. 𝟎𝟒𝟓𝓔𝒂𝒄𝒄

𝑰𝑰 ) 

2 Total accumulated strain 𝑵𝒇 = (𝟎. 𝟎𝟒𝟔𝟖𝓔𝒂𝒄𝒄)−𝟏 

3 Creep energy density 𝑵𝒇 = (𝟎. 𝟎𝟎𝟏𝟓𝒘𝒂𝒄𝒄)−𝟏 

4 Accumulated creep strain (Hyperbolic) 𝑵𝒇 = (𝟎. 𝟎𝟓𝟏𝟑𝓔𝒂𝒄𝒄)−𝟏 

5 Creep energy density (Sine) 𝑵𝒇 = (𝟎. 𝟎𝟎𝟏𝟗𝒘𝒂𝒄𝒄)−𝟏 

 

The value of the accumulated creep strain induced or accumulated creep 

energy density per cycle in a solder joint is calculated and used to determine 

the number of cycles to failure. The constants 𝐶′ and 𝑊′ have been 

experimentally determined to be 0.0513 and 0.0019 respectively (Syed, 

2004). Though both Eq. 2.10 and Eq. 2.11 predict number of cycles to failure 

of solder joint, Eq. 2.11 is preferable as it gives more accurate results 

compared with Eq. 2.10 (Syed, 2004). This is because creep strain energy 

density used in Eq. 2.11 is a robust damage indicator of solder joint as it is 

based on the deformation internally stored throughout the volume of the 

joint during thermal loading hence creep strain energy density captures the 

entire deformation in the joint. On the other hand, creep strain accumulates 

in the solder joint over three different stages of creep and the accumulated 

creep strain value obtained is less adequate as a damage indicator when 

compared with creep strain energy density. Therefore, in this study, Eq. 2.11 

is used for prediction of solder joint fatigue life. In practice, the averaged 

value of change in accumulated creep energy density per cycle (∆ωacc) is 

commonly used for calculating cycles to failure. To obtain the averaged 

accumulated creep energy density per cycle (∆ωacc), the average change in 
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strain energy density, ∆Wave, is calculated from simulation results and must 

be normalized by the volume of the solder elements used for fatigue 

analysis. The volume-averaged method has been widely used by other 

researchers such as Syed (2004), Pang and Che (2006) and Che and Pang 

(2012b) for the calculation of the accumulated creep energy density per 

cycle in solder joints. The use of volume averaging technique minimizes the 

effect of mesh sensitivity as well as stress concentration on solder joint 

fatigue life prediction. The averaged change in strain energy density 

obtained through the volume-averaged method is given as (Pang and Che, 

2006; Che and Pang, 2012b): 
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                                                             (2.12) 

Where iW2 , iW1  is the total accumulated strain energy density in one element 

at the end point and the starting point of one thermal cycle respectively, iV2 , 

iV1 is the volume of element at the end point and start point of one cycle 

respectively, and n is the number of selected elements to calculate averaged 

strain energy density. Furthermore, it is known that the averaged strain 

energy density is sensitive to the elements selected for fatigue analysis. This 

is because the peripheral area of the solder joint interface has higher stress 

concentration under thermal cycling loading compared to the centre area of 

the interface. It is due to this situation that solder joint crack initiation 

commences from the peripheral area and propagates to the centre of the 
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joint eventually resulting in complete failure of the joint. Hence, the 

outermost elements are selected for averaging volume of solder joint for 

fatigue life prediction. Generally, the damage in solder joint is averaged over 

10% of volume consisting of the elements in the critical site (Ladani, 2008). 

Such approach provides adequate values in the prediction of solder joint 

fatigue life.  

 

2.5 Summary 

In this chapter, a review of relevant literature on PV modules including the 

various types of solar cell was presented. The review focussed particularly on 

crystalline silicon solar cell assembly and its solder joint interconnection. It 

revealed that there are associated challenges with the predominant 

interconnection technology used in the manufacture of crystalline silicon 

solar cell assembly which involves soldering of copper ribbon on the surface 

of the cells. This interconnection technique is not ideal because the soldering 

process induces thermo-mechanical stresses in the cells as well as in the 

solder joints. In addition, interconnecting copper ribbon on the front-to-back 

surface of solar cells results in significant series resistance and shadowing 

losses. During the field operations of crystalline silicon PV modules, the 

solder joints experience thermo-mechanical loading, IMCs are formed and 

continue to grow; solder joints degrade and shadowing losses caused by 

solder joint width reduce solar cell efficiency. As the thermo-mechanical 

loading continues, solder joints may eventually fail sometimes prematurely. 
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In order to avoid premature failure of solder joints, the geometry of the 

joints must be properly designed and optimized taking into consideration the 

issue of IMC growth as well as solder joint thickness and width. Moreover, 

exact solder joint damage determination is vital for accurate fatigue life 

prediction. 

  

Based on the review results, four gaps in knowledge were identified 

highlighting the effects of: 

 Intermetallic compound (IMC) on thermomechanical reliability of solar 

cell solder joint.  

 Solder joint thickness on the thermo-mechanical reliability of the joint. 

 Solder joint width on the thermomechanical reliability of the joint. 

 Solder joint parameters on solder joint damage. 

 

Subsequent study of the four cases will provide more knowledge and 

understanding on the damage of solder joints which is needed for fatigue life 

prediction of the joints. In view of this, a review of fatigue life prediction of 

solder joints was carried out in order to identify the proper solder 

constitutive and life prediction models to be utilized in this study. Accurate 

prediction of solder joint fatigue life is crucial for the fabrication of solder 

joints with adequate thermo-mechanical reliability throughout the useful life 

of the PV module.  In order to study the effect of thermal load on thermo-

mechanical reliability of solder joints, a systematic approach was developed 

and is presented as research methodology in the next chapter. 
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Chapter 3 
 
Research Methodology  
 
 
3.1 Introduction 
 
In the preceding chapter, it was pointed out that thermo-mechanical 

reliability of solar cell interconnection in PV module is dependent primarily on 

the solder joint capacity to withstand degradation throughout the useful 

lifetime of the PV module. In order to carry out a thorough study of thermo-

mechanical reliability of solder joints in crystalline silicon solar cell assembly, 

a research methodology was developed and is hereby presented in this 

chapter. The chapter outlines a brief overview of the modelling and 

simulation approach used in this study as well as the FEA software code. The 

FEA software code used in this study is ANSYS Academic Research Release 

14 and it is used to build the geometric models and to simulate the thermal 

cycling on solder joints in solar cell assembly. The properties of materials 

required for ANSYS modelling and simulation are also presented in this 

chapter. Furthermore in this chapter is a discussion on experimental design 

required to obtain in-depth understanding of the effects of varying solder 

joint parameters. This is achieved by properly designing experiments which 

can capture various phenomena detrimental to solder joint thermo-

mechanical reliability. Thus, a concise outline of Taguchi method of design of 

experiments used in this study is presented.  The discussion on Taguchi 

method used to design experiments which were carried out virtually through 
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modelling and simulation includes the concept of signal-to-noise ratio and 

how it is used to achieve experimental objectives.  

 
 
3.2 Modelling and simulation 
 
This sub-section consists of a brief introduction as well as a discussion on 

finite element modelling (FEM) with ANSYS.  

 
3.2.1 Context 
 
An appropriate modelling and simulation approach is required to obtain 

accurate results. In this study, the modelling approach for reliability 

prediction is based on the Physics of Failure approach (PoF). The PoF 

approach uses knowledge of root-cause failure processes to prevent failure 

by incorporating reliability into the design process (Cartwright, et al., 1999). 

The approach involves: identifying potential failure mechanisms of the PV 

module, failure site in the module interconnection and failure modes of the 

solder joint; fatigue modelling; determining the changeability effect for each 

design parameter; calculating the effective reliability function; and accepting 

the design if the estimated mean time to failure meets or exceeds the 

requirement. Solder joint is a critical item of the PV module assembly and its 

failure, mainly as a result of fatigue, limits the lifetime of the entire 

assembly. Therefore solder joint must be properly designed against fatigue 

failure. The methodology for fatigue modelling consists of four process steps 

(Lee, et al., 2000). The process steps, viz: definition of a constitutive 

equation which forms the basis for modelling; translation of the constitutive 
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equation into a Finite Element Analysis (FEA) software programme, model 

creation and simulation; the use of FEA results for the creation of a model to 

predict the number of cycles to failure; and the testing as well as verification 

of the model using thermal cycling data. Analysis of the solder joint is carried 

out using finite element models. A brief outline of the finite element method 

and the modelling and simulation process using ANSYS is outlined in sub-

section 3.2.2. 

 

 
3.2.2 Finite Element Modelling with ANSYS 
 
Many engineering problems have complex material properties, boundary 

conditions and structures. Interconnected solar cells which are encapsulated 

to form a PV module present such a case. In such cases, analytical solutions 

are difficult to obtain hence not suitable. The finite element method was 

developed to provide a solution to this type of problem. At the centre of the 

finite element method is the accurate representation of complex geometry 

using an assemblage of subdomains called finite elements. As a numerical 

technique, the finite element method connects many simple element 

equations over many small finite elements, to approximate a more complex 

equation over a larger domain to find approximate solutions. The finite 

element modelling software developed by ANSYS has been successfully used 

by several researchers to carry out modelling and simulation of solar cell 

solder joint thermo-mechanical reliability. The simulation carried out by these 

researchers is aimed at static structural analysis of solder joint in solar cell 

assembly. Some of the researchers that have successfully used ANSYS 
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software code to study solar cells in PV modules include Wiese et al. (2010), 

Thakur et al. (2012), Lai et al. (2013), Kraemer et al. (2013) and Park et al. 

(2014). Based on the positive results obtained by these researchers, this 

software has been adopted in this study and used to carry out modelling and 

simulation of solder joints in solar cell assembly. The ANSYS software is 

being used in this study to calculate stresses, strains and creep strain energy 

values for solar cell solder joints in PV modules under simulated conditions. 

In order to achieve this, geometric models of crystalline silicon solar cell 

assembly are built and assigned the exact dimensions of a physical 

assembly. Furthermore, material properties of the assembly components are 

assigned appropriately to the models. Virtual experiments are then carried 

out using the ANSYS Workstation to simulate the physical conditions and for 

analysis of the solar cell assembly. In particular, ANSYS DesignModeler is 

used to build the geometric models and ANSYS Static Structural code is used 

for analysis.  

 

The general modelling and simulation process used in ANSYS is presented in 

Fig. 3.1. The process commences with the creation of a proper geometric 

model of the solar cell assembly which can be modified to meet desired 

requirements. Other process steps include definition of element type, 

material properties, mesh and refining as well as boundary conditions and 

loads. When the process steps are deemed satisfactory, the running of the 

simulation can be initiated. Finally, the results obtained are processed and 

checked to ensure the values are generally as expected.  
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As mentioned earlier, the modelling software used in this study is ANSYS 

Academic Research Release 14. Due to the huge computation involved in 

simulating the solar cell assembly, a work station computer was used to 

carry out High Performance Computation (HPC). The work station computer 

used in this study to carry out the HPC was Bespoke Desktop ANSYS 

Workstation with a RAM of 65,452MB located in the School of Engineering, 

University of Wolverhampton, UK. In particular, the ANSYS software used 

throughout this research is ANSYS Release 14.0 simply known as ANSYS 14. 

This study utilized three-dimensional (3D) models so as to capture the 

complete solid model of solder joint interconnection. The use of 3D models 

enabled a more precise solder joint damage simulation. 

 
 
 

Running the simulation 

 

Creating and modifying geometry 

 

Results post processing and checking 

 

Defining element type 

 

Defining material properties 

 

Mesh definition and refining 

 

Defining boundary conditions and loads 

 

Figure 3.1 Modelling and simulation process used in ANSYS  
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3.2.2.1 Background and Methodology 
 
In this study, a full model of crystalline silicon solar cell assembly was built 

using ANSYS DesignModeler. The model represents a part of a crystalline PV 

module and consists of a single solar cell with all the basic components of 

the module such as cover glass, interconnection ribbon, solder layer, bus-

bar, silicon wafer, rear contact, back-sheet and others as shown in Fig. 3.2. 

Presented in Fig. 3.3 is the full geometric model of the solar cell assembly 

built for this study which is based on the schematic configuration shown in 

Fig. 3.2. The dimension of the geometric model is 156 x 156mm2 which is 

the same with the dimensions of a real multicrystalline silicon solar cell 

assembly which is the main type of solar cell in production globally (Jong, 

2006; Chen, et al., 2008; Grunow, 2010; Erath, 2010). Figure 3.3(a) shows 

the meshed solar cell assembly while Fig. 3.3(b) shows two interconnecting 

ribbons soldered to the surface of the solar cell wafer just as it is in the real 

solar cell assembly. Work station computer was used to carryout High 

Performance Computation (HPC) involved in simulating the assemblies. 

Quarter symmetry of the geometric model was simulated to lessen modelling 

time and disc space.   
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Figure 3.2 Cross-section of encapsulated crystalline Si solar cell 
assembly model 
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Figure 3.3 Full geometric model of crystalline Si solar cell assembly showing:  
(a) Meshed solar cell assembly (b) Two interconnecting ribbons 

 

(b) 

(a) 
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3.2.2.2 Materials and their properties 
 
The cross-section of solar cell assembly presented in Fig. 3.2 and more 

details presented in Fig. 2.10 shows that the solar cell assembly consists of 

various materials with dissimilar properties. The main interconnection 

materials are Sn3.8Ag0.7Cu solder, Cu ribbon, Ag bus-bar, IMCs and Si 

wafer. These materials and their corresponding properties are assigned to 

the geometric models built for this study. The mechanical properties of these 

materials such as Young’s modulus, CTE, Poisson ratio and shear modulus 

are presented in Table 3.1. 

 
 
 
 
Table 3.1 Mechanical properties of materials in crystalline Si solar cell 

assembly   
 

Component 

Young’s  

modulus  
E (GPa)  

CTE 

α 
(10-6/ oC) 

Poisson 

ratio 
ν 

Shear  

modulus 
 G (GPa) 

Glass  

(Webb and Hamilton, 
2011) 73.3    8.5 0.21 30.289 

Eva encapsulant  

(Eitner, et al., 2011) 0.011    270 0.4999 0.00367 

Cu ribbon  

(Amalu and Ekere, 2012) 129    17 0.34 48.134 

IMC  
(Amalu and Ekere, 2012) 110    23 0.3 42.308 

Solder-Sn3.8Ag0.7Cu  

(Amalu and Ekere, 2012) 43    23.2 0.3 16.538 

Ag busbar  

(Engineering Toolbox, 
2015) 72.4   10.4 0.37 26.423 

Si wafer  

(Hopcroft, et al., 2010) 130   3.5 0.22 53.279 

Al rear contact  
(Engineering Toolbox, 

2015) 69   11.9 0.33 25.94 

Tedlar backsheet  

(Wiese, et al., 2012) 1.4   30 0.4 0.5 
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3.2.2.2.1 Constitutive solder model 
 
The Sn3.8Ag0.7Cu Solder alloy is modelled as visco-plastic material in solar 

cell assemblies experiencing both rate-dependent and rate-independent 

inelastic deformation as it undergoes thermo-mechanical loading during 

accelerated thermal cycling tests (ATC), accelerated life testing (ALT) as well 

as in field service. The solder is assumed to exhibit elastic, bilinear kinematic 

hardening after yield. It was earlier mentioned in Section 2.4.1.1 that the 

elastic and inelastic deformation behaviour of the solder alloy is described by 

constitutive models and that the Garofalo-Arrhenius hyperbolic sine creep 

equation has been successfully utilized by numerous researchers for 

simulation. Thus in this study, the Garofalo-Arrhenius hyperbolic sine creep 

equation is employed in the finite element analysis (FEA) to simulate the 

creep behaviour of the Sn3.8Ag0.7Cu solder joints.  

 
 
 
3.2.2.2.2 Loads and boundary conditions 
 
In order to simulate the behaviour of PV modules in field operations, 

geometric models of crystalline silicon solar cell assembly are subjected to 

accelerated thermal cycling utilizing International Electro-technical 

Commission (IEC) 61215 standard for photovoltaic panels (Arndt and Puto, 

2011) to simulate thermal stresses on the materials of the models. The 

models are subjected to six accelerated thermal cycling (ATC) in 25 load 

steps between -40oC to 85oC. The temperature loading starts from 25oC, 

ramped up at a rate of 3oC/min to 85oC, where it has hot dwell for 20 min. It 
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is then ramped down to -40oC at a rate of 6oC/min, where it has cold dwell 

for 20 min. The thermal cycling profile is presented in Fig. 3.4 and it is 

utilized to simulate actual cycling profile used during thermal load test. 

 

 
 
 
 

Several outputs may be obtained from the simulation of solder joints in solar 

cell assembly and in this study, the key desirable outputs are equivalent 

stress, equivalent strain and strain energy density. 

 
3.2.3 Model Validation 
 
In order to confirm the accuracy and effectiveness of the developed finite 

element models, validation of the models are done by comparing simulation 

results with experimental results or in the alternative with experimental or 

simulation results obtained by other researchers. This second option has 

become the only option in this case due to limited availability of test 

facilities. Thus, the preferable option of design, fabrication and assembly of 

interconnected solar cell assembly test vehicle and subjecting the test vehicle 
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Figure 3.4 Plot of temperature profile of thermal load test condition used in 
the crystalline Si solar cell assembly (Amdt and Puto, 2011) 



 

83 
 

to limited accelerated thermal cycling experiments is not possible in this 

study. Hence, to validate simulation results from this study, comparison is 

made with results obtained by other researchers.  

 

3.3 Taguchi’s approach to design of experiments 
 
This sub-section discusses the concept of design of experiments with a 

particular focus on Taguchi approach. The sub-section contains two parts: 

Introduction to Taguchi method and signal-to-noise (S/N) ratio. 

 

3.3.1 Introduction to Taguchi method of DOE 

Design of experiments (DOE) is a tool used by engineers and scientists to 

design and develop products as well as to develop and improve processes 

(Montgomery, 2013, pp.8-11). The DOE is a systematic method used to 

determine the relationship between factors affecting a product or process 

and the output of that product or process. It can be said that DOE is used to 

find cause-and-effect relationships. The information on the relationship is 

required to manage product or process inputs in order to optimize the 

output. In an ordinary experiment, one or more product/process variables 

(or factors) are changed in order to observe the effect the changes have on 

one or more response variables. The DOE is an efficient procedure for 

planning experiments so that the data obtained can be used for analysis to 

produce valid and objective conclusions. The DOE commences with the 
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determination of the objectives of an experiment. This is followed by 

selection of product or process factors to be used in the study. Thus in an 

experimental design, detailed experimental plans are laid out in advance 

before doing the experiment. Moreover, a well-planned design of experiment 

enables maximum amount of information to be obtained for a certain 

amount of experimental effort.  

 

There are several types of DOEs in use. The main types of DOEs are full 

factorials, response surface analysis, mixture experiments, evolutionary 

operations, fractional factorials and screening experiments (Montgomery, 

2013, pp.5-7; JMP® 8, 2009). Full factorial experiments completely consider 

all factors included in the experimentation and can require many 

experimental runs if many factors at many levels are investigated. Response 

surface analysis is used on series of full factorial experiments to map 

response and generate mathematical equations that describe how factors 

affect the response. Mixture experiments are to study how changes in a 

formulation affect the final properties of a material. Evolutionary operations 

are optimization techniques which usually use two factors to study small, 

step changes in factor levels to incrementally explore the operating bounds 

of the process. Fractional factorial designs are derived from full factorial 

matrices but they consider more factors with fewer runs. Screening 

experiments are crucial fractional factorial experiments. These experiments 
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screen the factors or variables in the process and determine which of the 

critical variables affect the process output.  

Although there are numerous DOE tools in use, yet, Taguchi method is 

popularly used in diverse fields because it is aimed at improving quality as 

well as allowing the effects of several factors to be determined 

simultaneously and efficiently (Taguchi, 1995). Taguchi DOE was developed 

by a Japanese engineer and statistician whose full name was Dr Genichi 

Taguchi. His approach to DOE is based on screening experiments. The 

Taguchi DOE is a designed experiment which allows the choice of a product 

or process that is robust such that it performs more consistently in the 

environment in which it is used. Also, it can be reiterated that Taguchi 

method for DOE is based on quality philosophy aimed at the development of 

products and processes that are robust to environmental factors and other 

sources of variability (Montgomery, 2013, pp.8-21; Davies, et al., 2015). 

Robustness in this context is a measure of the ability of the product or 

process to perform consistently with minimal effect from the uncontrollable 

noise factors due to operation or manufacturing. In Taguchi DOEs it is 

known that while some factors that cause variability can be controlled, there 

are other factors that are uncontrollable. The uncontrollable factors are 

called noise factors. The identification of controllable factors (control 

factors) that minimize the effect of noise factors is paramount in Taguchi 

DOEs. In the course of experimentation, noise factors are controlled to force 

variability to occur. Thereafter, optimal control factor settings that make the 

process or product robust or resistant to variation from the noise factors are 
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determined. A product designed using this approach will be robust and 

deliver more consistent performance regardless of the operating 

environment. Furthermore, the use of Taguchi method for DOE substantially 

reduces product and process development lead time and cost. The benefit 

of this method is that products and processes are developed which perform 

better in the field and have higher reliability than those developed using 

other methods. Taguchi DOEs use orthogonal arrays to structure the 

experiments. Orthogonal arrays are matrices of numbers made up of 

columns and rows. In every matrix of the array, each column represents a 

factor which affects the outcome of the process under study while the row 

represents a level of the factor. The orthogonal arrays are used to estimate 

the effects of factors on the response mean and variation with focus 

primarily on main effects. Furthermore, orthogonal arrays are balanced in 

respect to the settings of the factor levels which are weighted equally such 

that every factor level occur an equal number of times in each column 

regardless of the size of the array. Due to this, each factor can be assessed 

independently of all the other factors. Therefore, the effect of one factor 

does not affect the estimation of a different factor. This can reduce the time 

and cost associated with the experiment when fractional factorial designs 

are used. In order to make a product robust, the Taguchi approach 

generally uses 8-process steps to optimize the parameters of the product 

(Chomsamutr and Jongprasithporn, 2012). The following are the eight 

steps. 
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 Identification of the performance characteristics (responses) to optimize 

and product parameters to control (test). 

 Determination of the number of levels for each of the tested parameters. 

 Selection of an appropriate orthogonal array and assigning each tested 

parameter into the array. 

 Conducting an experiment based on the arrangement of the orthogonal 

array 

 Calculation of the S/N ratio for each combination of the tested 

parameters. 

 Analysis of the experiment result using the S/N ratio and ANOVA test. 

 Finding the optimal level for each of the process parameters. 

 Conducting the confirmation experiment to verify the optimal product 

parameters. 

The Taguchi method of DOE has been successfully used by several 

researchers to design experiments for solder joint thermo-mechanical 

reliability. Some of the researchers that have successfully applied Taguchi 

method for DOE include Zhang et al. (2015), Shu et al. (2012), Yan and Tan 

(2011), Kim et al. (2010) and Ye et al. (2010). Based on the desired and 

satisfactory results obtained by such researchers, the Taguchi method of 

DOE has been adopted and used in this study. Application of Taguchi 

method for DOE in this research enables the selection of the best matching 

combination of geometric parameters for improving the thermo-mechanical 

reliability of solder joints in solar cell assembly under thermal cycling. 
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3.3.2 Concept of signal-to-noise ratio 

The Taguchi method utilizes the concept of signal-to-noise ratio for analysis. 

The concept of signal-to-noise (S/N) ratio is used to measure how the 

performance response varies relative to the desired value under different 

noise conditions. Thus, the S/N ratio provides a measure of the impact of 

noise factors on performance. The larger the S/N ratio, the more robust the 

product is against noise. Taguchi DOE applies S/N ratio to quantify the factor 

effect to a desired performance response. Accordingly, calculation of the S/N 

ratio depends on the experimental objective. There are three standard S/N 

ratios in use and each is suitable for a particular objective. Table 3.2 

presents these ratios employed in Taguchi DOE. The terms y, n and s are 

response, number of data points and standard deviation respectively. 

   
Table 3.2 Signal-to-noise ratio for Taguchi DOE (Davies, et al., 2015)  

 

Performance Response Signal-to-noise ratio 

Smaller the Better 

(Minimization): 

Used for making the system 

response as small as possible 

S/NS = -10 log 
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As shown in Table 3.2, whenever the desired performance response is 

required to be as small as possible, then minimization is carried out and the 

smaller-the-better expression of the signal-to-noise ratio is used. Likewise 

nominalization is carried out to reduce variation around a target and the 

nominal-is-best expression of signal-to-noise ratio is utilized. Similarly, the 

larger-is-better expression of signal-to-noise ratio is utilized whenever 

maximization is desired in order to make the system response as large as 

possible. The case in this study concerns thermo-mechanical reliability of 

solder joint under thermal loading where creep damage in the joint is 

prevalent. Consequently, minimization of creep damage in the solder joint of 

solar cell assembly is essential to ensure longer fatigue life. A robust 

indicator of creep damage of solder joint is creep strain energy density which 

is based on the deformation internally stored throughout the volume of the 

joint during thermal loading. Therefore, in order to minimize creep damage, 

the performance response slated for this study is minimization of creep strain 

energy density in the solder joint. Hence, the smaller-the-better expression 

of the signal-to-noise ratio is utilized for computation. The computed values 

of signal-to-noise ratio are subsequently employed to determine the optimal 

parameter setting of solder joints in solar cell assembly.  

 

3.4 Summary 
 
The research methodology developed for the study of thermo-mechanical 

reliability of solder joints in crystalline silicon solar cell assembly was 
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presented in this chapter. The methodology involves the use of FEA software 

code for modelling and simulation as well as the use of Taguchi method of 

DOE for experimental design and optimization. Following a concise overview 

of Finite Element Modelling, the process of modelling and simulation with 

ANSYS FEA software code used in this study was discussed. Furthermore, 

ANSYS DesignModeler is used to build virtual geometric models of solar cell 

assembly for subsequent simulation. The geometric models of solar cell 

assembly consist of various components; hence the material properties to be 

assigned to each component of the assembly were presented. In addition, 

the constitutive solder model used as well as the loads and boundary 

conditions to be imposed on the models to simulate the thermal cycling on 

solder joints were also presented. Several outputs may be obtained from the 

simulation of solder joints in solar cell assembly such as equivalent stress, 

equivalent strain and strain energy density.  Besides, Taguchi method of 

DOE was introduced highlighting the process steps used in its application. 

The concept of signal-noise-ratio was also discussed including mathematical 

expressions for desired performance response such as minimization, 

nominalization and maximization. In this study, the objective is to minimize 

the fatigue damage in solder joint, thus the desired performance response is 

minimization; hence the corresponding mathematical expression is utilized 

accordingly. In the following chapter, an evaluation of thermo-mechanical 

reliability of solder joint in solar cell assembly is presented. The evaluation 

utilizes ANSYS software code to model and simulate solder joint behaviour 

when subjected to thermal loading. 
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Chapter 4 
 

Evaluation of Thermo-mechanical Reliability of 

Solder Joints in Solar Cell Assembly  

 
4.1 Introduction 

This chapter presents the evaluation of solar cell solder joint thermo-

mechanical reliability. This is necessary because the mismatch of coefficient 

of thermal expansion (CTE) of Si wafer, Ag bus-bar, solder, Cu ribbon strip 

and other components, leads to thermo-mechanical induced non-linear 

deformation in the solar cell assembly. Therefore, an investigation of steady 

state creep for non-linear deformation of SnAgCu solder joints in crystalline 

silicon solar cell assembly is needed to obtain more understanding of the 

degradation of solder material with particular focus on the effect of IMC 

formation at the interfaces. The IMC layer formed at the interfaces is as 

shown earlier in Fig. 2.10(b). In particular, the effect of IMC in solder joint is 

analysed to determine the extent of degradation caused by it in the joint. 

 
The study in this chapter employs finite element modelling (FEM) to simulate 

the non-linear deformation of SnAgCu solder joints in two models of 

crystalline silicon solar cell assembly. One of the models contains IMC in the 

interface joints between solder and copper ribbon while the other, which is 

the control, does not contain IMC in the joints. The Garofalo-Arrhenius 

steady state creep constitutive model for SnAgCu solder will be used in this 

study to simulate the degradation of solder material. Therefore, presented in 
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this chapter is the methodology used for the study of the effect of IMC on 

the thermo-mechanical reliability of solder joints as well as results obtained 

from modelling and simulation followed by discussion. The methodology 

describes the solder joint parameters used, including IMC thickness.  

 

The methodology used for this study comprises theoretical analysis of effect 

of IMC layer in solder joint as well as modelling and simulation. In the case 

of modelling and simulation, the study utilizes FEM discussed in section 

3.2.2.1 for this investigation. Also, Garofalo-Arrhenius creep model discussed 

in section 3.2.2.2 was used in this study. Furthermore, this study utilizes 156 

x 156 mm2 multi-crystalline silicon solar cell assembly.  The study of induced 

strain in solar cell assembly is carried out using commercial ANSYS Academic 

Research Finite Element package. Due to the magnitude of computations 

involved, the High Performance Computation (HPC) was executed using a 

Bespoke Work Station computer in the School of Engineering. In order to 

lessen modelling time and disc space, quarter symmetry of the geometric 

models were simulated.  

 

As discussed in section 3.2.2, meshing is one of the key process steps in 

finite element modelling and simulation. Mesh density has effect on the 

accuracy of simulation results. It is for this reason that other researchers 

such as Che and Pang (2012b) carried out mesh sensitivity study in order to 

determine appropriate mesh density of solder joint in the package under 
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study. Therefore, mesh sensitivity study is carried out in this study to 

investigate the effect of element size on simulation results. In order to carry 

out the investigation, three models of 156 x 156 mm2 multi-crystalline silicon 

solar cell assembly were built using ANSYS DesignModeler. Though various 

solder joint thickness ranging from 10µm to 40µm are in use, typical solder 

joint thickness used is 20µm (Rogelj, et al., 2012; Wiese, et al., 2009). Thus 

each of the models has whole solder joint thickness of 20µm with 1µm IMC 

thickness at the two interfaces. The models were meshed with element size 

of 850µm, 1200µm and 1700µm and named Fine, Medium and Coarse 

respectively. The three models were subjected to six accelerated thermal 

cycling in 25 load steps between -40oC to 85oC. The temperature loading 

started from 25oC, ramped up at a rate of 3oC/min to 85oC, where it had hot 

dwell for 20 min. It was then ramped down to -40oC at a rate of 6oC/min, 

where it had cold dwell for 20 min. The thermal cycling profile presented in 

section 3.2.2.2.2 was used to simulate actual cycling profile used during 

thermal load test. The simulation results obtained are used to determine 

appropriate mesh element size that should be used to mesh subsequent 

models. The use of appropriate mesh element size enables the production of 

accurate simulation results for other models being studied. 

 

Subsequent study in this chapter involves determination of the effect of IMC 

on the thermo-mechanical reliability of solder joint. Design of experiments 

was carried out based on the aim and objectives. In order to determine the 
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effect of IMC on solder joint, a model without IMC but with the same 

dimensions and parameters as the models in the preceding paragraph was 

built and simulated. Results of simulation are compared with that of the 

model with IMC and the effect of IMC analysed.  

 

4.2 Theoretical analysis of effect of IMC layer in solder joint 

The effect of IMC layer on thermo-mechanical reliability of solder joint can 

be determined through numerical analysis. Figure 4.1 depicts schematic 

cross-section of crystalline Si solar cell assembly showing regions of solder 

and IMC layers. Region 1 shows IMC layer between solder layer and copper 

ribbon; Region 2 shows solder layer; Region 3 shows IMC layer between 

solder layer and silver bus-bar.  

          

 

Figure 4.1 Schematic cross-section of solar cell assembly 

               showing regions of solder and IMC layers 
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The underlying physics of thermo-mechanics involved in the creep strain 

deformation is governed by the equation (Amalu and Ekere, 2012): 

𝑑𝑉𝑇

𝑑𝜃
=𝛽𝑇                                                                                           (4.1) 

where 𝑑𝑉𝑇 is the change in total volume of solder layer as a result of thermal 

cycling and 𝑉𝑇 is the total volume of the three regions in whole solder layer. 

Also, β, θ and dθ represent volumetric expansion coefficient, angle of solder 

joint in Fig. 4.1 and range of temperature cycling limit respectively.  

Considering the whole solder joint geometry and configuration shown in Fig. 

4.1,  

𝑉𝑇=𝑉1+𝑉2+𝑉3                                                                                   (4.2) 

where 1, 2 and 3 designate the three regions of the whole solder layer 

respectively consisting of region 2 which is solder only region while regions 1 

and 3 are IMC layers. 

For solder only composition: 

𝑉𝑇,(𝑠𝑜𝑙𝑑𝑒𝑟 𝑜𝑛𝑙𝑦)=𝑉𝑟𝑒𝑔𝑖𝑜𝑛 1+𝑉𝑟𝑒𝑔𝑖𝑜𝑛 2+𝑉𝑟𝑒𝑔𝑖𝑜𝑛 3                                           (4.3) 

For solder + IMC composition: 

𝑉𝑇,(𝑠𝑜𝑙𝑑𝑒𝑟+𝐼𝑀𝐶)=𝑉𝐶𝑢 𝐼𝑀𝐶+𝑉𝑟𝑒𝑔𝑖𝑜𝑛 2+𝑉𝐴𝑔 𝐼𝑀𝐶                                              (4.4) 

Therefore, change in volume is: 

𝑑𝑉𝑇,(𝑠𝑜𝑙𝑑𝑒𝑟 𝑜𝑛𝑙𝑦)=𝛽𝑑𝜃(𝑉𝑟𝑒𝑔𝑖𝑜𝑛 1+𝑉𝑟𝑒𝑔𝑖𝑜𝑛 2+𝑉𝑟𝑒𝑔𝑖𝑜𝑛 3)                                 (4.5) 



 

97 
 

𝑑𝑉𝑇,(𝑠𝑜𝑙𝑑𝑒𝑟+𝐼𝑀𝐶)=𝛽𝑑𝜃(𝑉𝐶𝑢 𝐼𝑀𝐶 + 𝑉𝑟𝑒𝑔𝑖𝑜𝑛 2 + 𝑉𝐴𝑔 𝐼𝑀𝐶)                                 (4.6) 

Rearranging Eq. 4.5: 

𝑑𝑉𝑇,(𝑠𝑜𝑙𝑑𝑒𝑟 𝑜𝑛𝑙𝑦)

𝑉𝑟𝑒𝑔𝑖𝑜𝑛 1+𝑉𝑟𝑒𝑔𝑖𝑜𝑛 2+𝑉𝑟𝑒𝑔𝑖𝑜𝑛 3
= 𝛽𝑑𝜃                                                             (4.7) 

Similarly, rearranging Eq. 4.6 gives: 

𝑑𝑉𝑇,(𝑠𝑜𝑙𝑑𝑒𝑟+𝐼𝑀𝐶)

𝑉𝐶𝑢 𝐼𝑀𝐶+𝑉𝑟𝑒𝑔𝑖𝑜𝑛 2+𝑉𝐴𝑔 𝐼𝑀𝐶
= 𝛽𝑑𝜃                                                               (4.8) 

But there is negligible deformation in the IMC, thus all changes are from 

region 2. Therefore, Eq. 4.8 reduces to: 

𝑑𝑉𝑟𝑒𝑔𝑖𝑜𝑛 2

𝑉𝐶𝑢 𝐼𝑀𝐶+𝑉𝑟𝑒𝑔𝑖𝑜𝑛 2+𝑉𝐴𝑔 𝐼𝑀𝐶
= 𝛽𝑑𝜃                                                               (4.9) 

Equation 4.7 may be rewritten as: 

𝑑𝑉𝑟𝑒𝑔𝑖𝑜𝑛 1+ 𝑑𝑉𝑟𝑒𝑔𝑖𝑜𝑛 2+𝑑𝑉𝑟𝑒𝑔𝑖𝑜𝑛 3

𝑉𝑟𝑒𝑔𝑖𝑜𝑛 1+𝑉𝑟𝑒𝑔𝑖𝑜𝑛 2+𝑉𝑟𝑒𝑔𝑖𝑜𝑛 3
= 𝛽𝑑𝜃                                                      (4.10)   

Applying volume constancy condition, equations 4.3 and 4.4 combine to 

give: 

𝑉𝑇=𝑉𝑟𝑒𝑔𝑖𝑜𝑛 1+𝑉𝑟𝑒𝑔𝑖𝑜𝑛 2+𝑉𝑟𝑒𝑔𝑖𝑜𝑛 3=𝑉𝐶𝑢 𝐼𝑀𝐶+𝑉𝑟𝑒𝑔𝑖𝑜𝑛 2+𝑉𝐴𝑔 𝐼𝑀𝐶                    (4.11) 

Combination of equations 4.9, 4.10 and 4.11 yields: 

𝑑𝑉(𝑟𝑒𝑔𝑖𝑜𝑛 2)

𝑉𝑇
|

𝑠𝑜𝑙𝑑𝑒𝑟+𝐼𝑀𝐶
≠

𝑑𝑉(𝑟𝑒𝑔𝑖𝑜𝑛 2)

𝑉𝑇
+

𝑑𝑉(𝑟𝑒𝑔𝑖𝑜𝑛 1)+𝑑𝑉(𝑟𝑒𝑔𝑖𝑜𝑛 3)

𝑉𝑇
|

𝑠𝑜𝑙𝑑𝑒𝑟 𝑜𝑛𝑙𝑦
            (4.12) 

The term 
𝑑𝑉(𝑟𝑒𝑔𝑖𝑜𝑛 2)

𝑉𝑇
 in Eq. 4.12 is the effect of IMC. Furthermore, it can be 

deduced from Eq. 4.12 that the smaller the IMC thickness in solder joint, the 
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closer the volume in region 2 to total solder volume in the joint.  In other 

words, if the thickness of IMC tends to zero, in solder + IMC model, 

𝑑𝑉(𝑟𝑒𝑔𝑖𝑜𝑛 2) ≈ 𝑑𝑉𝑇 and thus the difference between the LHS and RHS will be 

minimized. Consequently, the smaller the IMC thickness in the solder joint 

the marginal its effect on the joint. 

 

4.3 Results and discussion 

In order to further study the effect of IMC on solder joint, modelling and 

simulation is carried out. This section discusses the results obtained from 

modelling and simulation in five parts. These parts are: mesh sensitivity 

study, creep strain study on solder joints with and without IMC, effect of IMC 

on creep strain behaviour of solder joints, study on strain energy and strain 

energy density of solder joints and effect of IMC on solder joint fatigue life. 

 

4.3.1 Mesh sensitivity study  

The accuracy of simulation results depends on mesh density as earlier 

mentioned in chapter 3. In other words the suitability of a mesh for 

simulation is very vital as it can have an effect on the simulation solution. 

The simulation solution can be either mesh-independent or mesh dependent. 

The mesh-independent solution is obtained when the number of mesh 

elements has no effect on the simulation solution (Alawadhi, 2010, pp.381). 

On the other hand, the mesh dependent solution is obtained when different 



 

99 
 

numbers of mesh elements produce different simulation solution (Sigmund 

and Petersson, 1998). This necessitated mesh sensitivity study to investigate 

the effect of mesh element size on simulation results of three geometric 

models.  Presented in Table 4.1 are parameters of the three geometric 

models with mesh element size of 850µm, 1200µm and 1700µm and named 

Fine, Medium and Coarse respectively.  

 

Table 4.1 Parameters of models for mesh sensitivity study 
 

Model 

name 

IMC 

thickness  

(µm) 

Solder joint  

thickness 

(µm) 

Solder joint  

Width 

 (µm) 

Solder 
joint  

volume  

(mm3) 

Mesh 
element  

size  

(µm) 

Fine 1 20 1000 1.56 850 

Medium 1 20 1000 1.56 1200 

Coarse 1 20 1000 1.56 1700 

 

The number of mesh elements in Fine model is higher than in Medium model 

and the number in Medium model is higher than in Coarse model. The 

meshed models are shown in Fig. 4.2. From the figure as well as from Table 

4.2, it can be observed that Fine model has smallest mesh element size 

while Coarse model has the largest mesh element size.  
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(a) Fine model with mesh element size of 850µm 
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(b) Medium model with mesh element size of 1200µm 
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Figure 4.2 Meshed models of crystalline Si solar cell assemblies showing:  

                (a) Fine model (b) Medium model (c) Coarse model 

(c) Coarse model with mesh element size of 1700µm 
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The effect of mesh density on the solder joints in the models are determined 

by simulating the three models and obtaining their creep strain energy. The 

volume-averaged method discussed in section 2.4.2 is used to compute the 

creep strain energy densities. Results of creep strain energy density (ωacc) 

for the models are presented in Table 4.2. An observation of Table 4.2 

shows that Fine model has the least accumulated strain energy density while 

Coarse model has the highest accumulated strain energy density. The results 

of solder joint average accumulated change in creep strain energy density 

per cycle (∆ωacc) are used to compute fatigue life of the solder joint in terms 

of cycles to failure. Equation 2.11 is used for the computation of cycles to 

failure which gives the predicted fatigue life of the three models. The 

predicted fatigue lives of the three models are also presented in Table 4.2. 

The results indicate that predicted fatigue life for Fine, Medium and Coarse 

models are 33587, 15317 and 8597 cycles to failure respectively. In addition, 

Fine model consumed the largest amount of computing time of 101719 

seconds while Coarse model consumed the least time of 22068s. 

 

Table 4.2 Creep strain energy density and predicted life for meshed 
models 

 

Model 

name 

Mesh 

element  

size (µm) 

∆ωacc  
(mJ/mm3) 

Predicted 

fatigue 

life (cycles) 

Computing time 

(s) 

Fine 850 0.01567 33587 101719.000       

Medium 1200 0.03436 15317 39287.000       

Coarse 1700 0.06122 8597 22068.000       
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Figure 4.3 shows effect of mesh element size on strain energy density of the 

three models. It can be observed from the figure that the Fine model, which 

has the least accumulated strain energy density, has the highest predicted 

fatigue life. Conversely, the Coarse Model which has the highest 

accumulated strain energy density has the least predicted fatigue life. 

      

 

The analysis of simulation solution for each of the models indicates that the 

solution is mesh dependent as there is no unique solution common to at 

least two of the three models.  Sigmund and Petersson (1998) stated that 

mesh dependent problem is one of the key numerical problems encountered 

in topology optimization discretized by finite elements. Presented in Table 

4.3 is description of mesh dependent problems including numerical 

experience and prevention techniques sourced from Sigmund and Petersson 

(1998). It can be observed from the table that the second type of mesh 

dependent problem is the same type of problem in this sensitivity study. 

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

Fine model Medium model Coarse model

C
re

e
p

 s
tr

ai
n

 e
n

e
rg

y 
d

e
n

si
ty

 (
m

J/
m

m
3  

) 

Model 

Figure 4.3 Effect of mesh element size on strain energy density 
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However, as shown in the table, there is no prevention technique for this 

type of mesh dependent problem. This implies that in a situation like this, a 

critical look at mesh quality is required in order to ensure the use of 

appropriate number of mesh elements to give desired simulation solution. 

 

Table 4.3 Description of mesh dependent problems  
(Sigmund and Petersson, 1998) 

 

Numerical 
Experience 

Mathematical 
problem 

Physical 
explanation 

Prevention techniques 

a. Necessarily 

finer and 
finer 

structure 

Non  

existence 

Convergence 

to 
microstructure 

Relaxation, Perimeter, 

Global/local gradient 
constraint, mesh independent 

filtering 
b. Possibly 

finer and 
finer 

structure 

 Non 

 uniqueness 

Ex.: uniaxial 

stress 

Nothing 

(maybe manufacturing 
preference) 

 

Mesh quality problems have been a challenge for a while and it has not been 

possible to solve all the problems. It was for this reason that United States 

Department of Defence (DoD) High Performance Computing Modernization 

Program (HPCMP) hosted a workshop on Mesh Quality as reported by 

Thornburg (2012) in Chawner (2012). The workshop summarised the current 

state of affairs to include: “A mesh as an intermediate product has no 

inherent requirements and only needs to be sufficient to facilitate the 

prediction of the desired result.” Furthermore, “The mesh must capture the 

system/problem of interest in a discrete manner with sufficient detail to 

enable the desired simulation to be performed.” Consequently, a good mesh 

is the mesh that enables the achievement of project objectives. Besides, 

modelling and simulation are meant to emulate physical phenomena. 
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Therefore mesh quality in the long run depends on the solution to the 

physical problem and excessive fine mesh may lead to larger computational 

errors and unphysical solutions (Knupp, 2007; Shengwei, 2011). In view of 

this condition, it is necessary to analyse the physical performance of PV 

modules during their field operations. 

 

The physical performance of crystalline silicon PV modules during field 

operations is expected to be up to 25 years. Guyenot et al. (2011) estimated 

that for 1.5 thermal cycles per day with a temperature change of about 50 

oC, expected life of solder joints in the modules for 25 years is 13688 cycles 

to failure. However, Kohl et al. (2009) in SunPower (2013) reported that in a 

German four-year project, a group of PV modules from 7 different 

manufacturers were subjected to damp heat ageing test. The results showed 

significant performance degradation such that projected lifetime was less 

than 20 years (10950 cycles to failure). Similarly, Kumar and Sarkar (2013) 

conducted a single constant stress accelerated life test on 20 PV modules for 

stress failure and obtained the least survival life to be 21 years (11497 cycles 

to failure). Figure 4.4 presents a plot of predicted solder joint fatigue life of 

Fine, Medium and Coarse models compared with the test lives obtained by 

Kohl et al. (2009) and Kumar and Sarkar (2013) as well as expected life 

determined by Guyenot et al. (2011). 
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The results in Fig. 4.4 indicate that the predicted fatigue life of Fine model 

(33587 cycles to failure) is exaggerated while that of Coarse model (8597 

cycle to failure) is underestimated.  However, predicted fatigue life of 

Medium model is 15317 cycles to failure which is close to expected life of 

13688 cycles to failure as projected by Guyenot et al. (2011) and 

experimental test lives of 10950 and 11497 cycles to failure as obtained by 

Kohl et al. (2009) and Kumar and Sarkar (2013) respectively. Therefore, the 

mesh element size of Medium model (1200µm) has provided accurate 

simulation result. The result obtained for the Medium model is due to the 

mesh element size defined for it. This indicates that appropriate definition 

and refining of mesh is essential to obtain accurate simulation results. In 

addition, the Medium model consumed lower computing resources compared 

with the Fine model. Hence, the mesh element size of Medium model is 

chosen for meshing subsequent models.  
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4.3.2 Creep strain study on solder joints with and without IMC 

In the preceding section 4.3.1, three models containing IMC were simulated 

and results obtained for creep strain energy. Other results obtained are 

equivalent stress and creep strain induced in solder joints. A comparison of 

model containing IMC with a model that does not contain IMC is desirable to 

get an understanding of the effect of IMC on the solder joint. Hence, a 

model without IMC was built and meshed with similar mesh element size as 

the Medium model with IMC shown in Fig. 4.2. Presented in Fig. 4.5 are the 

models of crystalline Si solar cell assemblies with interconnected 

components. The model in Fig. 4.5(a) contains only solder without IMC while 

the model in Fig. 4.5(b) contains both solder and IMC. The IMC layer 

thickness is 1 µm at the solder/cu ribbon interface as well as at the 

solder/Ag bus-bar interface. The model containing only solder was simulated 

under the same thermal conditions as the model containing IMC. Simulation 

results of creep strain energy, equivalent stress and creep strain were 

obtained. Creep strain, equivalent stress and creep strain energy are all 

induced in solder joints as a result of subjecting the solar cell assembly to 

accelerated thermal cycling. The damage distribution of creep strain on the 

solder joints is one of the simulation outputs and is used to identify areas 

with the greatest damage in the solder joint.  
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(a) Model with interconnected components without IMC (solder only) 
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Figure 4.5 Cross-section of crystalline Si solar cell assemblies showing:  
            (a) Model with interconnected components without IMC (solder only) 

            (b) Model with interconnected components of solder + IMC 

(a) Model with interconnected components of solder + IMC 
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The results of simulation are presented in Fig. 4.6 which shows damage 

distribution of creep strain on the solder joints for both the model without 

IMC, Fig 4.6(a), and the model with IMC, Fig. 4.6(b). In Fig. 4.6(a) showing 

solder joint composed of solder only, it can be observed that the worst 

damage is at the two ends of the solder joint while in Fig. 4.6(b) showing 

solder joint composed of solder + IMC, the damage is along the longitudinal 

section of the solder joint in addition to the damage at the ends of the joint.  

     

Presented in Fig. 4.7 is a plot of equivalent creep strain on solder joint 

against load step. The plot shows that the solder joint in the model with 

solder only and that of the model containing IMC both experience creep 

strain deformation in varying degrees. The model containing IMC has larger 

magnitude of deformation compared to the solder only model.  Likewise, 

there is a substantial difference in creep strain response in the two solder 

joint compositions. The solder joint containing solder only experienced a 

sharp increase in creep strain at the first temperature ramp up followed by a 

decrease downwards as the temperature was ramped downwards. This trend 

of creep strain response continued in the pattern of thermal cycling profile. 

In addition, it can be observed that the creep strain gradually increased from 

a minimum value at the beginning of the first thermal cycling to a maximum 

at the end of the sixth thermal cycling.  
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Figure 4.6: Creep strain damage distribution showing: 
               (a) Creep strain on solder only (b) Creep strain on solder + IMC 

(a) 

(b) 
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4.3.3 Effect of IMC layer on creep strain behaviour of solder joints 

The creep strain behaviour of solder joint is affected by the presence of IMC 

in the solder joint as can be observed in Fig. 4.7.  Contrary to the behaviour 

of solder joint without IMC, the solder joint containing IMC appears to have 

strain hardened from the onset of thermal loading and stabilised through 

stress relaxation with fairly constant homogenous amplitude of deformation 

throughout the thermal cycles. The comparison of creep strain profiles of the 

two models indicates that the deformation amplitude in the solder joint 

containing IMC is higher than that in the solder only joint. This indicates that 

the presence of IMC in the model with IMC enables predominance of fatigue 

failure mechanism than in the model without IMC.  
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4.3.4 Analysis of strain energy and strain energy density in solder 

joints 

The thermal loading on the solar cell solder joint induces creep deformation 

in the joint. The deformation is stored internally throughout the volume of 

the joint as creep energy. Creep strain energy per unit volume of material is 

referred to as creep strain energy density. In this study, the creep strain 

energy was obtained from simulation results and converted to accumulated 

strain energy density for each of the two models The plots of strain energy 

density against load step for both the model with solder only and that with 

solder +IMC are presented in Fig. 4.8. It can be observed from the plot that 

the solder joint containing solder + IMC has a peak strain energy density of 

about O.01mJ/mm3 while that of solder only joint is about 0.008mJ/mm3. 

This indicates that solder joint containing solder + IMC has about 25% 

higher strain energy density compared to solder only joint. This infers that 

the presence of IMC in the solder joint significantly impacts the joint. Thus, 

the solder joint containing IMC is more susceptible to fatigue failure than the 

joint without IMC. 

 

 



 

115 
 

       

          

 

4.3.5 Effect of IMC layer on solder joint fatigue life  

The service life of solar cell solder joints can be predicted using fatigue life 

models as discussed in section 2.4.2. In this study, accumulated strain 

energy density model for life prediction is used. This is because Syed (2004) 

reported that the accumulated strain energy density model captures high 

stress effects better than the creep strain model. To compute the fatigue life 

of solder joint, the values of average accumulated change in creep strain 

energy density per cycle (∆ωacc) obtained from simulation of the models are 

inputted into Eq. 2.11. The computed value obtained for cycles to failure 

indicates the predicted fatigue life of the solder joint.  

 
The computed cycles to failure are quantified in Table 4.2 which shows the 

effect of IMC on solar cell solder joint thermal fatigue life. Furthermore, in 
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field operations, crystalline silicon PV modules are expected to last up to 25 

years. As mentioned earlier, Guyenot et al. (2011) estimated that for 1.5 

thermal cycles per day with a temperature change of about 50 oC, expected 

life of solder joints for 25 years is 13688 cycles to failure. This value of 

expected life is also presented in Table 4.4. The table shows that 

accumulated creep strain energy density for solder joint containing solder + 

IMC is higher than that of the joint containing solder only. Moreover, the 

predicted thermal fatigue life or cycles to failure of solder joint with solder + 

IMC is 15317 which is shorter than that of 32488 for the joint with solder 

only. This indicates that there is a percentage change of predicted life from 

solder only joint of 52.85%. Furthermore, when the value of expected life is 

compared with the values of the two models, it can be seen that solder only 

model has a value of more than double the expected lifespan while the 

predicted life of solder + IMC model has a value close to expected life. 

 

Table 4.4 Effect of IMC on solar cell solder joint fatigue life 
 

Model  WꞋ 

∆ωacc 

(mJ/mm3) 

Predicted 
life 

(cycles) 

Expected 

life 
(cycles) 

% change of  

predicted life 
from  

solder only joint 

Solder only 0.0019 0.01620 32493 13688 0 

Solder + IMC 0.0019 0.03436 15317 13688 52.85 
 

 

The results presented indicates that the predicted thermal fatigue life or 

cycles to failure of solder joint with IMC is much shorter than that of the 

joint with solder only. Besides, the model containing IMC predicts life more 

accurately compared to the model without IMC in solder joint. The 
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implication is that when solder joint contains IMC at the joint interface, the 

likelihood of fatigue failure is much higher compared to the joint without 

IMC.  Consequently, the thermo-mechanical reliability of the solder joint is 

significantly impacted by the presence of IMC in the joint. 

 

4.4 Conclusions 

The study presented in this chapter is on the effect of intermetallic 

compound on thermo-mechanical reliability of lead-free solder joints in multi-

crystalline silicon solar cells using finite element analysis.  The results of the 

study shows that creep deformation gradient in the model of solder joint 

with IMC accumulates along the longitudinal section of the joint while for the 

solder only joint; the deformation gradient is at the two ends of the joint. 

This demonstrates that the solder joint containing solder + IMC experiences 

greater induced non-linear deformation than the solder only joint. The 

deformation amplitude in the solder joint containing IMC is higher than that 

in the solder only joint. This indicates that the presence of IMC in the model 

enables predominance of fatigue failure mechanism than in the model 

without IMC. Furthermore, the solder joint containing solder + IMC have 

considerable higher strain energy density compared to the joint with solder 

only. Moreover, the predicted thermal fatigue life or cycles to failure of 

solder joint with IMC is much shorter than that of the joint with solder only. 

This implies that fatigue failure is dependent on solder joint composition 

such that the presence of IMC in the solder joint significantly impacts the 
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thermo-mechanical reliability of the solder joint. Based on the results of the 

study, the author proposes that IMCs should be included in the geometric 

models employed to investigate the thermo-mechanical reliability of solder 

joints which consist of Sn-based solder and interconnection copper ribbon. 

The inclusion of IMCs will improve the accuracy of results from such study.  

Furthermore, IMC in solder joint increases in thickness during thermal 

loading with damaging effect on the solder joint. Therefore, a study on the 

effect of IMC thickness on thermo-mechanical fatigue life of solder joint is 

presented in the next chapter to gain more understanding. 
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CHAPTER 5 
 

STUDY OF THE EFFECT OF INTER-
METALLIC COMPOUND THICKNESS ON 
THERMO-MECHANICAL FATIGUE LIFE 

OF SOLDER JOINTS IN SOLAR CELL 
ASSEMBLY  
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Chapter 5 
 

Study of the Effect of Inter-metallic Compound 
Thickness on Thermo-mechanical Fatigue Life of 

Solder Joints in Solar Cell Assembly  

 

5.1 Introduction 

The study on detrimental effect of IMC on solder joint thermo-mechanical 

reliability was presented in the preceding chapter. Further study of IMC 

effect is carried out in this chapter with particular focus on the effect of IMC 

thickness on thermo-mechanical fatigue life of solder joint in solar cell 

assembly. This study utilizes five geometric models of solar cell assemblies 

with different IMC thickness layers in the range of 1 to 4µm. The models 

were subjected to accelerated thermal cycling from -40 oC to 85 oC utilising 

IEC 61215 standard for photovoltaic panels (Amdt and Puto, 2011). The 

study evaluates the quantitative damage of the solder joints using the 

concept of hysteresis loop. Furthermore, the study evaluates the thermally 

induced creep deformation stored in solder joint as strain energy and its 

effects in the whole joint with IMC layer as well as in the solder region. The 

values of creep strain energy density were determined and used to predict 

the service lifetimes of the models. Hence, this chapter presents the 

methodology adopted for this study followed by modelling and simulation 

results obtained and discussion. The presentation of results and discussion is 

made up of the following six sub-sections: study on equivalent stress, study 

on equivalent creep strain, evaluation of hysteresis loop of solder joints in 
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solar cell assembly, evaluation of accumulation of strain energy density and 

effect of IMC on solder joint fatigue life.   

 

The methodology adopted in this chapter is similar to the one used in 

chapter 4 where FEM discussed in section 3.2.2.1 is utilized to investigate 

the effect of IMC layers on the thermo-mechanical reliability of solder joints 

in multi-crystalline silicon solar cell assembly. Likewise, Garofalo-Arrhenius 

creep model discussed in section 3.2.2.2 was used for this study. The study 

of induced strain in 156 × 156mm2 multi crystalline silicon solar cell 

assembly was carried out using commercial ANSYS Academic Research Finite 

Element package. Just as in chapter 4, the solar cell assembly has two 

printed Ag bus bars on its front surface and on the bus-bars, copper ribbon 

strips are soldered. Work station computers were used to carryout High 

Performance Computation (HPC) involved in simulating the assemblies. 

Quarter symmetry of the geometric model was simulated to lessen modelling 

time and disc space.  The static structural response of the geometric models 

subjected to accelerated thermal cycling utilising IEC 61215 standards for 

photovoltaic panels were simulated. Presented in Fig. 5.1 is a cross-section 

of solar cell model showing IMC thickness. 
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The geometric models used in this study are similar to the one shown in Fig. 

4.5 which had IMC layers at the two solder joint interfaces. The thickness of 

the IMC layers at the two sides of solder layer is assumed to be the same. 

Based on the experimental findings discussed in chapter 2, this study utilized 

five finite element geometric models of solar cell assembly with IMC layer 

Figure 5.1 Cross-section of solar cell model showing IMC Thickness   
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thickness of 1µm, 2µm, 2.5µm, 3µm and 4µm as presented in Table 5.1. 

These IMC layer thicknesses used in the models are within the range of 

thicknesses obtained experimentally by Schmitt et al. (2012) and Yang et al. 

(2014). The models were assigned numbers 1, 2, 3, 4 and 5 respectively and 

simulated separately. All the five models have the same solder joint 

thickness of 20µm as well as same solder joint width of 1000µm. Thus the 

total volume in the whole solder joint for all the models is the same 1.56 

mm3
. In all the geometric models, the whole solder joint comprises of three 

regions: IMC layer at the interface joint between solder and Cu ribbon; 

solder region; and IMC at the interface joint between solder and Ag bus-bar. 

The parameters of all the five models are presented in Table 5.1. An 

observation of the table shows that each model has a different IMC thickness 

from the other such that as the IMC thickness increases, volume in solder 

region reduces.  

 

Table 5.1 Parameters of solder joints containing varied IMC thickness 
 

Model IMC Solder joint 
Solder 

joint 

Whole 

joint 

Solder 

region 

number 
thickness 

(µm) 

thickness 

(µm) 

width 

(µm) 

Vol. 

(mm3) 
Vol. (mm3) 

1 1.0 20 1000 1.56 1.404 

2 2.0 20 1000 1.56 1.248 

3 2.5 20 1000 1.56 1.170 

4 3.0 20 1000 1.56 1.092 

5 4.0 20 1000 1.56 0.936 

 

The data in Table 5.1 is used to plot solder region volume against IMC 

thickness and is presented in Fig. 5.2. It can be observed in Fig. 5.2 that as 
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thickness of IMC layer increases from the low value in Model 1 to the high 

value in Model 5, the solder region volume decreases accordingly.  Thus, for 

the thin IMC thickness in Model 1, solder volume is large whereas for the 

thick IMC thickness in Model 5, solder volume is small. Moreover, it can be 

noted that the plot of IMC thickness and solder region volume intersect just 

about Model 4. The point of intersection implies a crucial transition where 

further increase in IMC thickness could result in critical solder region volume 

and potential solder joint failure. After the intersection, the IMC thickness 

continues to increase while the solder region volume decreases further.   

 

   

 

The five models were subjected to six accelerated thermal cycling in 25 load 

steps between -40oC to 85oC. The temperature loading started from 25oC, 

ramped up at a rate of 3oC/min to 85oC, where it had hot dwell for 20 min. It 

was then ramped down to -40oC at a rate of 6oC/min, where it had cold 
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Figure 5.2 Plot of solder region volume against IMC thickness 
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dwell for 20 min. The thermal cycling profile presented in section 3.2.2.2.2 

was used to simulate actual cycling profile used during thermal load test. 

 

In the analysis of simulation results, model based on whole joint is termed 

model i whole solder joint while model based on solder region is termed 

model i solder region. The “i” designates models 1-5 used in this study. The 

creep strain, stress and strain energy of whole joint models as well as solder 

region models are evaluated and comparatively analysed. Furthermore, 

accumulated creep strain energy density in the solder joints of each model 

was determined and compared. Moreover, the average accumulated creep 

strain energy density in the solder joint was used for life prediction 

computation of the joint in each model.    

 

5.2 Results and discussion 

This section presents analysis and discussion of simulation results. The 

section consists of six sub-sections as follows: study on equivalent stress, 

study on equivalent creep strain, evaluation of hysteresis loop of solder joint 

in solar cell assembly, study on strain energy of solder joints evaluation of 

accumulation of strain energy density and effect of IMC layer on solder joint 

fatigue life. 
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5.2.1 Study on equivalent stress  

Induced stress in solar cell solder joint is studied for all five models. The 

stress is analysed for both the whole solder joint inclusive of IMC layers at 

the two interfaces as well as solder only region exclusive of IMC layers. 

Presented in Fig. 5.3 are the five models showing damage distribution of 

equivalent stress on the whole solder joint. The Figs. 5.3(a), 5.3(b) and 

5.3(e), reveal that Models 1, 2 and 5 have maximum stress at the end of the 

right hand side of the longitudinal section of the solder joint. However, 

Models 3 and 4 as shown in Figs. 5.3(c) and 5.3(d) respectively have 

maximum stress at the ends of the left hand side of the longitudinal section 

of the solder joints. Furthermore, it can be observed that the values of 

induced stress in the solder joints are different for all the models. Model 4 

has the largest maximum stress of 10MPa while Model 1 has the smallest 

maximum stress of 6.62MPa. Besides, the damage distribution seems to be 

uniformly spread along the entire longitudinal section of the solder joints for 

all the five models.  
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(b) Stress on model 2 whole joint 

 

(a) Stress on model 1 whole joint 
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(d) Stress on model 4 whole joint 

 

(c) Stress on model 3 whole joint 
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While the damage in the whole solder joint appears to be mild as shown in 

the preceding models of Fig. 5.3, the actual situation in the solder only 

region is different. Figure 5.4 shows the damage in the solder only region in 

the five models subjected to stress. In all the five models, the damage in the 

solder only region is more pronounced than in the whole solder joint. 

Consequently, models with whole solder joint which include IMC may give a 

false impression of the damage in the solder joint. Therefore, it is crucial to 

separately study the solder only region which provides the critical 

interconnection for solar cell assembly. The maximum stress in the solder 

Figure 5.3 Damage distributions of equivalent stress 

on the whole solder joint in models showing:  

(a) Stress on model 1 whole joint 
(b) Stress on model 2 whole joint  

(c) Stress on model 3 whole joint 
(d) Stress on model 4 whole joint 

(e) Stress on model 5 whole joint 

(e) Stress on model 5 whole joint 
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joint of Models 1 and 5 presented in Figs. 5.4(a) and 5.4(e) is located at the 

end of right hand side of the solder joint and the damage spreads along the 

longitudinal section of the joints; whereas for Model 2 shown in Fig. 5.4(b) 

the damage is more pronounced at both ends of the joint with the maximum 

stress located at the end of the right hand side of the joint. Moreover, 

Models 1 and 5 show a more pronounced damage distribution over a long 

stretch of the mid-section of the longitudinal section of the solder joint 

compared to Model 2. In the case of Models 3 and 4 as presented in Figs. 

5.4(c) and 5.4(d) the maximum stress is located at the end of the left hand 

side of the longitudinal section of the solder joint. Additionally, whereas the 

damage distribution in Models 1 and 5 is more pronounced over a long 

stretch of the longitudinal section of the solder joint, that of Models 2, 3 and 

4 is more severe around the left and right hand side end of the solder joints. 

 

Furthermore, a close observation of the IMC layers shows that the IMC layer 

at the Ag bus-bar/solder interface has greater damage distribution compared 

to the IMC layer at the Cu ribbon/solder interface. This is consistent with 

experimental findings by Schmitt et al. (2012).  Accordingly, the differences 

observed in the two sets of models for whole solder joint and solder only 

regions further justifies the need to study the effect of IMC inclusion in 

solder joint models for accurate prediction of solder joint fatigue life.  
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(b) Stress on model 2 solder only region 
 

(a) Stress on model 1 solder only region 
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(c) Stress on model 3 solder only region 
 

(d) Stress on model 4 solder only region 
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5.2.2 Study on equivalent creep strain 

Figure 5.5 shows five geometric models of solder joint in solar cell assembly 

showing damage distribution of equivalent creep strain on solder joint. 

Figure 5.5(a) shows the maximum creep strain in solder joint of Model 1 

located a few millimetres to the right hand side of the joint and the damage 

spread along the longitudinal section whereas for Model 2 shown in Fig. 

5.5(b) the maximum creep strain is located at about the end of the left hand 

Figure 5.4 Damage distribution of equivalent stress 
on the solder only region showing:  

(a) Stress on model 1 solder only region 

(b) Stress on model 2 solder only region 
(c) Stress on model 3 solder only region 

(d) Stress on model 4 solder only region 
(e) Stress on model 5 solder only region 

(e) Stress on model 5 solder only region 
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side of the solder joint with a milder damage along the longitudinal section 

of the joint. The maximum creep strain on solder joint of Model 3 as shown 

in Fig. 5.5(c) is located close to the end of the right hand side of the joint 

and the damage mildly spread along the longitudinal section of the joint. 

Model 4 in Fig. 5.5(d) has maximum creep strain located a few millimetres to 

the left hand side of the joint and the damage spread along a large portion 

of the longitudinal section of the joint. Yet, Model 5 presented in 5.5(e) has 

maximum creep strain located at the end of the right hand side of the joint 

and the damage is more obvious at the two ends of the solder joint.  
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(b) Strain on model 2 whole joint 
 

(a) Strain on model 1 whole joint 
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(d) Strain on model 4 whole joint 

 

(c) Strain on model 3 whole joint 
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The damage distribution of equivalent creep strain on whole solder joints of 

all the five models presented in Fig. 5.5 show that the largest maximum 

equivalent creep strain is 9.7517E-04m/m in Model 5 as shown in Fig. 5.5(e). 

This is not surprising because Model 5 has the largest IMC thickness of 4µm 

and thus, the smallest solder region volume of 0.936mm3 as can be seen in 

Table 5.1. On the other hand, Model 1 has the least maximum equivalent 

creep strain of 4.3448E-04m/m as shown in Fig. 5.5(a). This is expected as 

Figure 5.5 Damage distribution of equivalent creep 

strain on the whole solder joint showing:  
(a) Strain on model 1 whole joint 

(b) Strain on model 2 whole joint  
(c) Strain on model 3 whole joint 

(d) Strain on model 4 whole joint 

(e) Strain on model 5 whole joint 

(e) Strain on model 5 whole joint 
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Model 1 has the smallest IMC thickness and the largest solder region volume 

of 1.404mm3. The foregoing results further confirm that bigger IMC 

thickness in solder joint compels the joint to experience larger strain. 

Conversely, smaller IMC thickness in solder joint compels the joint to 

experience lesser strain. Thus IMC thickness significantly impacts solder joint 

in solar cell assembly. 

 

5.2.3 Evaluation of hysteresis loop of solder joints in solar cell 

assembly 

The damage distribution of stress and creep strain on solder joint of five 

models have been presented in Figs. 5.3, 5.4 and 5.5. Figure 5.3 shows the 

stress in the whole joint of the models whereas the stress in solder only 

region is presented in Fig. 5.4. However, the stress values in the whole joint 

are different from the stress values in the solder only region. For instance, 

the stress in the whole joint of Model 4 is 10MPa as shown in Fig. 5.3(d) 

which is higher than the stress in solder only region which is 7.7125MPa for 

the same Model 4 shown in Fig. 5.4(d). In order to highlight the differences 

in stress values between whole joint and solder only region, a plot of the 

relationship between stress and creep strains in the solder joints is made 

using values obtained from simulation results. Figure 5.6 shows the plot of 

the relationship between stress and creep strains in the solder joints of solar 

cell models for both the whole joint and solder only region. The figure shows 

five hysteresis loops each for models of whole joint and solder region which 
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formed as a result of thermal cycling. The area of each hysteresis loop 

represents the visco-plastic energy density per cycle or simply the fatigue 

damage accumulating per cycle in the models. As can be seen in the figure, 

each model has a different hysteresis loop; therefore, the fatigue damage in 

each model is different from the other.  In addition, it can be observed that 

induced stress in models of whole joint is higher than in models with solder 

region only due to the presence of IMCs in the whole joint.  
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(c) Stress and strain relationship in whole joint and solder region for model 3  
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Figure 5.6 Relationship between stress and creep strain in the solar cell 

models showing: 
(a) Stress and strain relationship in Model 1  

(b) Stress and strain relationship in Model 2  
(c) Stress and strain relationship in Model 3  

(d) Stress and strain relationship in Model 4  

(e) Stress and strain relationship in Model 5  

(d) Stress and strain relationship in whole joint and solder region for model 4  
 

(e) Stress and strain relationship in whole joint and solder region for model 5  

 



 

142 
 

Furthermore, it can be observed from Fig. 5.6 as well as from Figs. 5.3 and 

5.4 that values of equivalent stress for models of whole joints are higher 

than those of solder only region. For instance, the least maximum equivalent 

stress in whole solder joint is about 6.6204MPa while the largest maximum 

equivalent stress is about 10MPa as can be observed in Fig. 5.3(a) and Fig. 

5.3(d) respectively. On the other hand, the least maximum equivalent stress 

in solder only region is about 6.6204MPa while the largest maximum 

equivalent stress is about 7.7546MPa as shown in Fig. 5.4(a) and Fig. 5.4(e) 

respectively. Thus induced stress in whole solder joint is higher than that of 

solder only region. This suggests that the presence of IMC in whole solder 

joint results in larger induced stress in the solder joint compared with solder 

only region. 

 

5.2.4 Evaluation of accumulation of strain energy density 

Induced creep deformation is stored internally throughout the volume of the 

solar cell solder joint as creep strain energy during thermal cycling. The 

volume average method discussed in chapter 2 was used to convert the 

creep strain energy obtained from simulation results into accumulated strain 

energy density for each of the five models. In order to get accurate results, 

average accumulated strain energy density values are used for 

computations. Presented in Fig. 5.7 is a plot of accumulated strain energy 

density in mJ/mm3 against temperature profile step. It can be observed in 

Fig. 5.7(a) that at the commencement of thermal cycling, Model 5 with 4µm 
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IMC thickness has the highest accumulated strain energy density in whole 

solder joint. However, as thermal cycling continues, it appears that Model 4 

with 3µm has the peak accumulated strain energy density in the solder joint. 

However, average accumulated strain energy density values for whole joint 

indicate that Model 5 has the largest value of 0.040412mJ/mm3 while Model 

1 (1µm thickness) has the smallest value of 0.03436mJ/mm3. Similarly, the 

situation in solder only region as shown in Fig. 5.7(b) is that Models 1 and 5 

have the least and highest average values of accumulated strain energy 

density in the solder only regions as 0.03818mJ/mm3 and 0.06735mJ/mm3 

respectively. Moreover, comparison of Fig. 5.7(a) and Fig. 5.7(b) indicates 

that accumulated strain energy density is higher in solder only regions than 

in whole solder joints. The average values of accumulated strain energy 

density in the whole joint as well as in solder only regions are presented in 

Table 5.2. This implies that as IMC thickness increases, accumulated strain 

energy density increases as well in the solder regions. This further confirms 

that solder joints are affected by the presence of IMCs. 
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5.2.5 Effect of IMC layer on solder joint fatigue life  

The solar cell solder joint service life for the five geometric models can be 

predicted using fatigue models such as Syed’s model presented in Eq. 2.11. 

The values of average change in accumulated creep strain energy density 

per cycle (∆ωacc) of the models are inputted into Eq. 2.11 to compute fatigue 

life of each model. The fatigue life is also stated as mean-time-to-failure 

(MTTF) or cycles to failure. The results of the fatigue life computation for the 

five models are presented in Table 5.2 consisting of predicted life for whole 

solder layers as well as predicted life for solder only regions. The results in 

Table 5.2 indicate that Model 1 with IMC thickness of 1µm has the highest 

fatigue life of 15317 cycles to failure and the corresponding fatigue life for 

solder region is 13785 cycles to failure. Likewise, Model 5 with IMC thickness 

of 4µm has the lowest fatigue life of 13023 cycles to failure and the 

corresponding fatigue life for solder region is 7814 cycles to failure. 

Moreover, these results are used to analyse the effect of IMC layer on solder 

fatigue life prediction. 

 

Table 5.2 Predicted fatigue life for models with varied IMC layer thickness  
 

Model 
No. 

IMC 

thickness 
(µm) 

Whole 

solder  

∆ωacc  
(mJ/mm3) 

Solder 

region 

∆ωacc  
(mJ/mm3) 

Whole solder  

predicted life 
(cycles) 

Solder 

region 

predicted 
life (cycles) 

1 1.0 0.03436 0.03818 15317 13785 

2 2.0 0.03567 0.04458 14756 11806 

3 2.5 0.03713 0.04950 14176 10632 

4 3.0 0.03927 0.05609 13405 9383 

5 4.0 0.04041 0.06735 13023 7814 
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Results of fatigue life in Table 5.2 are plotted in Fig. 5.8 showing whole joint 

life and solder region life versus IMC thickness. It can be observed from Fig. 

5.8 that as IMC thickness increases, fatigue life for both the whole solder 

joint and solder region decreases. Moreover, fatigue life for solder region is 

lower than that of whole solder joint.  

              

 

It has been reported by several researchers that numerous PV modules fail 

during field operations or accelerated life testing. According to an IEA report 

on field study of PV modules in operation for 8 years, Kontges et al. (2014) 

reported that 2% of the modules were expected to fail after 11-12 years due 

to defective interconnections. Similarly, DeGraaff et al. (2011) reported that 

a field observation of PV modules produced by 21 different manufacturers 

revealed that about 4% of the modules showed signs of failure during the 

first 15 years. Furthermore, Kohl et al. (2009) in SunPower (2013) reported 

that in a German four-year project, a group of PV modules from 7 different 
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Figure 5.8 Plot of predicted solder joint fatigue life versus IMC thickness 
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manufacturers were subjected to damp heat ageing test. The results showed 

significant performance degradation such that projected lifetime was less 

than 20 years (10950 cycles to failure). Likewise, in an experimental study, 

Kumar and Sarkar (2013) subjected 20 PV modules to a single constant 

stress accelerated life test and computed the least life to be 21 years (11497 

cycles to failure). This accelerated life test result together with ageing test 

result is used alongside whole solder joint predicted fatigue life for the five 

models as well as the expected 25 years lifetime or 13688 cycles to failure 

(Guyenot, et al., 2011) mentioned in section 4.3.5 to plot Fig. 5.9. The Fig. 

5.9 is a plot of IMC layer thickness versus predicted solder joint fatigue life 

of the five models compared with test and expected life. The plot of the 

figure reveals that fatigue life of Models 1, 2 and 3 are close to the expected 

fatigue life of solder joint while Models 4 and 5 have shorter fatigue lives. 

Experimental test life is the shortest and the reason for this could be due to 

several factors such as solder joint design, solder composition, experimental 

set-up or other factors. The reason for the longer fatigue life when IMC 

thickness is smaller is because as IMC thickness increases, solder volume 

decreases thereby limiting the capacity and integrity of the solder joint to 

provide the desired interconnection. Consequently, the solder joint becomes 

greatly damaged and ultimately results in fatigue failure of the joint. 

Therefore, the MTTF of the assembly solder joints depends on the thickness 

of IMC layer. Hence, thin IMC layer is better for the solder joint than thick 

IMC layer. For that reason, solder joints in solar cell assembly should be 

designed in such a way that minimal IMC layers will develop throughout the 
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lifespan of the joints irrespective of the thermo-mechanical loading applied. 

This will ensure that the solder joint fulfil their functional life before the IMC 

layers become detrimentally thick. 

 

 

 

5.3 Conclusions 

In this chapter, the study of the effect of IMC thickness on thermo-

mechanical reliability of solar cell solder joint was presented. The study 

demonstrates that hysteresis loop of the whole joint has larger area than 

that of solder region. It might be due to more dissipation of accumulated 

creep strain energy density per cycle in the whole joint which has larger 

volume compared to that accumulated in the solder region which has smaller 
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volume. Since the creep energy is a damage measurement index, the higher 

the energy accumulated in a joint without dissipation, the higher the damage 

on the joint. Furthermore, the modelling and simulation results indicate that 

average accumulated strain energy density values for whole joint in Model 5 

is the largest with a value of 0.040412mJ/mm3 while Model 1 has the 

smallest value of 0.03436mJ/mm3. Also, Models 1 and 5 have the least and 

highest average value of accumulated strain energy density in the solder 

only region with value of as 0.03818mJ/mm3 and 0.06735mJ/mm3 

respectively. This shows that the solder only region accumulates more 

damage than the whole joint due to the presence and growth of IMC in the 

solder joint. Therefore, it can be concluded that the presence and growth of 

IMC in the joint decreases its thermo-mechanical reliability. This conclusion is 

further strengthened and confirmed by the result of the study on fatigue life 

of the joints. The finding from analysis of the results demonstrates that the 

rate of degradation of the joints depends on the thickness of layer of IMC. It 

can be concluded from this result that the fatigue life of solder joints 

containing IMC layer decreases linearly as the IMC thickness grows 

arithmetically during assembly operations as well as during service lifetime of 

the solar cell assembly. Other critical parameters of solder joint are its 

thickness and width. Solder joint thickness is affected by thermo-mechanical 

stresses during service operations and can lead to fatigue failure of the 

joints. Therefore, in the following chapter, the study of the effect of solder 

joint thickness on thermo-mechanical fatigue of solder joint in solar cell 

assembly is presented.  
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Chapter 6 
 

Evaluation of the Effect of Solder Joint Thickness 
on Thermo-mechanical Fatigue Life of Solder 

Joints in Solar Cell Assembly  

 

6.1 Introduction 

The study on the effect of IMC thickness on solder joint thermo-mechanical 

fatigue life was presented in the previous chapter. The impacts of IMC 

thickness on solder joint fatigue life necessitates a study of the geometric 

parameters of solder joint especially solder joint thickness and width. In 

addition, during PV module service operations, thermo-mechanical stresses 

develop in solder joint and depending on its thickness fatigue failure of the 

joints can occur. Therefore an evaluation of the effect of solder joint 

thickness is presented in this chapter. It is necessary that solder joints have 

a thickness that accumulates minimal creep strain energy density in order to 

ensure longer fatigue life. In view of the foregoing, this study evaluates the 

effect of solder joint thickness on thermo-mechanical reliability of solder 

joints as well as establishes a basis for determination of appropriate solder 

joint thickness for solar cell assembly.  

 

This chapter describes the approach used for the study, presents a 

theoretical analysis of effect of solder joint thickness on flexural stiffness and 

results obtained from modelling and simulation as well as discussion. The 

results and discussion are presented in three sub-sections as follows: study 
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on stress and strain of solder joints in solar cell assembly, study on creep 

energy density in solder joints and effect of solder joint thickness on thermo-

mechanical reliability of solder joints in solar cell assembly.  

 

In order to study the effect of solder joint thickness on thermo-mechanical 

reliability of solder joints in solar cell assembly, a theoretical analysis of 

effect of solder joint thickness on flexural stiffness is carried out and in 

addition FEM discussed in section 3.2.2.1 is utilized for this investigation. 

This study is carried out using commercial ANSYS Academic Research Finite 

Element package. Due to the magnitude of computations involved, the High 

Performance Computation (HPC) was executed using a Bespoke Work 

Station computer in the School of Engineering. In order to lessen modelling 

time and disc space, quarter symmetry of the geometric models were 

simulated. Also, Garofalo-Arrhenius creep model discussed in section 3.2.2.2 

is used for this study. Furthermore, the study utilizes 156 x 156 mm2 

multicrystalline silicon solar cell assembly. Presented in Fig. 6.1 is a cross-

section of solar cell model showing solder joint thickness. 
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Though 156 x 156 mm2 size of multicrystalline silicon solar cell assembly is 

universally used, the dimension of solder joint thickness is not standardized. 

Consequently, several researchers and manufacturers use various solder 

joint thickness in the range of 10µm to 40µm (Wirth, 2010; Rogelj, et al., 

2012; Jung and Kontges, 2012; Wiese et al., 2009 and Chen, et al., 2008). 

Figure 6.1 Cross-section of solar cell model showing solder joint thickness  
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In this study, solder joint thickness of 20µm, 22µm, 25µm, 27µm and 30µm 

are used in five separate geometric models which are assigned numbers 1, 

2, 3, 4 and 5 respectively. Also, each of the models has an IMC thickness of 

2.5µm and a solder joint width of 1000µm. This implies that the solder joint 

volume in each model is varied such that as solder joint thickness (TSJ) 

increases solder joint volume increases as well. The parameters of the five 

geometric models with varied solder joint thicknesses are presented in Table 

6.1. 

 

Table 6.1 Parameters of models with varied solder joint thickness 

 

Model IMC Solder joint 
Solder 
joint 

Whole 
joint 

Solder 
region 

number 
thickness 

(µm) 

thickness 

(µm) 

width 

(µm) 

Vol. 

(mm3) 

Vol. 

(mm3) 

1 2.5 20 1000 1.560 1.170 

2 2.5 22 1000 1.716 1.326 

3 2.5 25 1000 1.950 1.560 

4 2.5 27 1000 2.106 1.716 

5 2.5 30 1000 2.340 1.950 

 

 

Using the data in Table 6.1, Fig. 6.2 is plotted which is a plot of solder 

volume in whole joint against solder joint thickness for each corresponding 

model. The figure shows that as model number increases from Model 1 (TSJ 

20µm) to Model 5 (TSJ 30µm), solder joint thickness and solder volume in 

whole joint increases as well. 
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Using the approach implemented in previous chapters, the five geometric 

models were subjected to six accelerated thermal cycling in 25 load steps 

between -40oC to 85oC. The temperature loading started from 25oC, ramped 

up at a rate of 3oC/min to 85oC, where it had hot dwell for 20 min. It was 

then ramped down to -40oC at a rate of 6oC/min, where it had cold dwell for 

20 min. The thermal cycling profile presented in section 3.2.2.2.2 was used 

to simulate actual cycling profile used during thermal load test. 

 

6.2 Results and discussion 

This section discusses the results obtained from analysis of flexural stiffness 

as well as modelling and simulation carried out. The section is presented in 

three sub-sections as follows: study on stress and strain in solder joints of 
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solar cell assembly, study on creep energy density in solder joints, and effect 

of solder joint thickness on fatigue life. 

 

6.2.1 Effect of solder joint thickness on flexural stiffness 

Determination of solder joint flexural stiffness is essential to know the 

relationship between it and solder joint thickness in particular. This is 

necessary in order to avoid inducing cyclic stress in the solder joint 

excessively which occurs when the flexural stiffness is too high. Therefore, 

the relationship between flexural stiffness and solder joint thickness and its 

effect on the thermo-mechanical reliability of solder joint is investigated 

using the varied solder joint thicknesses of the geometric models shown in 

Table 6.1. From Table 6.1, solder joint thickness and width are obtained and 

inputted into Eq. 2.7 to compute the value of flexural stiffness for each of 

the models. Also used in Eq. 2.7 is the value of Young’s modulus, E which 

value is 43GPa as shown in Table 3.1. The results obtained are presented in 

Table 6.2 where 𝐶 =
𝐸

12
 is constant for all the five models. 
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Table 6.2 Values of flexural stiffness for varied solder joint thickness 

 

Model 

number 

Solder joint 

thickness (µm) 

Solder joint 

width (µm) 
C 

(GPa) 

Flexural stiffness 

(N·m2 × 10-6) 

1 20 1000 3.58 0.0716 

2 22 1000 3.58 0.0788 

3 25 1000 3.58 0.0895 

4 27 1000 3.58 0.0967 

5 30 1000 3.58 0.1074 

 

The results presented in Table 6.2 are used to plot flexural stiffness against 

solder joint thickness as shown in Fig. 6.3.  

           

 

The plot shown in Fig. 6.3 indicates that as solder joint thickness increases, 

flexural stiffness increases. For instance, a solder joint thickness of 20µm 

corresponds to a flexural stiffness of 0.0716 × 10-6 N·m2 while for a solder 

joint thickness of 30µm, the flexural stiffness is 0.1074 × 10-6 N·m2. It can 

be inferred from the results that increase in solder joint thickness produces 

greater resistance to bending. Hence greater resistance to bending implies 
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increase in residual stress during thermal cycling. This result is consistent 

with solder joint behaviour in similar findings by other researchers.  Lai et al. 

(2013) in a related study on crystalline silicon solar cells, found that at hot-

air temperature, increase in solder joint thickness results in residual stress 

increase. Similarly, it was also found that increase in solder joint width 

results in residual stress increase. Likewise, Wang et al. (2004) in an 

experimental study discovered that residual stress induced during solder 

reflow process affects the flexing strength of solder joints such that the 

bending force declines and the strain becomes severe after a long time of 

baking. 

 

The foregoing analysis suggests that increase in solder joint thickness affects 

interconnect flexibility of solder joint which can result in failure of the solder 

joint interconnection. The failure of solder joint interconnection implies non-

delivery of generated electricity to the required point. Hence, more study is 

required to obtain greater understanding on the effect of stress, strain and 

strain energy during thermal cycling. Strain energy result is used to obtain 

strain energy density which is in turn used to predict the fatigue life of solder 

joint. Therefore, the study of solder joint equivalent stress, equivalent strain 

and strain energy density was carried out by modelling and simulation of the 

five geometric models with varied solder joint thicknesses of 20µm, 22µm, 

25µm, 27µm and 30µm. The results obtained were analysed and discussed 
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accordingly. The results and discussion are presented in the following 

sections. 

6.2.2 Study on stress and strain in solder joints of solar cell 

assembly 

It is essential that stress and strain in solder joint are studied with regards to 

solder joint thickness (TSJ) for better understanding of the fatigue failure of 

the joint under induced stress and strain. The five geometric models being 

studied were simulated and Fig. 6.4 shows damage distribution of equivalent 

stress on the whole solder joint of the five geometric models. It can be 

observed from the Figs. 6.4(a), 6.4(b) and 6.4(c) that Models 1 (TSJ 20µm), 

2 (TSJ 22µm), and 3 (TSJ 25µm) respectively have maximum stress around 

the end of the longitudinal left hand side section of the whole solder joint 

with values of 9.147MPa, 8.883MPa and 8.8406MPa respectively. Models 4 

(TSJ 27µm) and 5 (TSJ 30µm) as shown in Figs. 6.4(d) and 6.4(e) respectively 

have maximum stress at the end of the right hand side section of the joints 

with values of 7.9909MPa and 8.0538MPa respectively. This is because 

Models 1 to 3 have smaller TSJ as different from those of Models 4 and 5 

which are bigger. Moreover, the damage distributions in all the five models 

seem to be uniformly spread along the entire length of the solder joint. This 

suggests that as the solder joint thickness increases, maximum stress 

position changes probably due to solder grain boundary dislocations resulting 

from thermal effects as well as expansion and contraction of solder joint and 

other interconnects.  
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(a) Stress on model 1 whole joint 

 

(b) Stress on model 2 whole joint 
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(d) Stress on model 4 whole joint 
 

(c) Stress on model 3 whole joint 
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Figure 6.5 shows the creep strain damage distribution in the whole solder 

joint for the five models. In all the models presented in Fig. 6.5, the 

maximum creep strain is located towards the end of the longitudinal right 

hand side (RHS) section of the whole solder joint. In Figs. 6.5(a) and 6.5(b), 

the creep strain damage distribution in the corresponding Models 1 and 2 

seems to be mild along the longitudinal section of the solder joints with 

maximum values of 6.8854E-04m/m and 6.6284E-04m/m respectively.  

However, that of Models 3, 4 and 5 shown in Figs. 6.5(c), 6.5(d) and 6.5(e) 

Figure 6.4 Equivalent stress damage distribution on 

solder joint with varied thickness showing:  
(a) Stress on model 1 whole joint 

(b) Stress on model 2 whole joint  

(c) Stress on model 3 whole joint 
(d) Stress on model 4 whole joint 

(e) Stress on model 5 whole joint 

(e) Stress on model 5 whole joint 
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respectively, appears to be more severe and evenly spread along the entire 

longitudinal section of the solder joints with maximum creep strain values of 

6.3546E-04m/m, 6.4073E-04m/m and 6.4159E-04m/m correspondingly. 

These foregoing results clearly show that various solder joint thicknesses 

impact solder joint behaviour such that as the joint thickness increases, more 

creep strain is induced in the joint. Consequently, a thicker solder joint in a 

solar cell assembly may result in an earlier fatigue failure compared with a 

thinner solder joint.  
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(b) Strain on model 2 whole joint 
 

(a) Strain on model 1 whole joint 
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(c) Strain on model 3 whole joint 

 

(d) Strain on model 4 whole joint 
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Figure 6.6 shows a plot of equivalent creep strain in solder joint against 

temperature profile step. The figure shows that at the end of 25 load steps, 

creep strain progressively increased in solder joint of all the five models as 

thermal cycling increased from a value of 0m/m to a maximum accumulated 

value of almost 9E-04m/m. Furthermore, a close observation of the plot in 

Fig. 6.6 reveals that the strain profile for Model 1 has more pronounced 

displacement compared with that of the other four models. Also, the 

Figure 6.5 Equivalent creep strain damage 
distribution on the solder joint showing:  

(a) Strain on model 1 whole joint 

(b) Strain on model 2 whole joint  
(c) Strain on model 3 whole joint 

(d) Strain on model 4 whole joint 
(e) Strain on model 5 whole joint 

(e) Strain on model 5 whole joint 
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displacement of the strain profile of other models progressively decreases to 

the minimum in Model 5. However, the strain profiles of Model 5 have larger 

amplitudes than those of the other models and progressively decrease to the 

minimum in Model 1. This result suggests that Model 5 has the highest 

damage than the other models with a maximum accumulated creep strain 

value of almost 9E-04m/m whereas in the other models the damage 

decreases leading to the minimum damage in Model 1 with a maximum 

accumulated creep strain of about 7E-04m/m. 

 

 

 

The relationship between the stress and creep strain in solder joints of the 

five models with varied solder joint thickness is presented in Fig. 6.7 as 

hysteresis loop. The fatigue damage accumulating per cycle in the solder 
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joint of each model can be computed from the area of its hysteresis loop. 

Therefore, as can be seen in Fig. 6.7, each model has a unique hysteresis 

loop and corresponding fatigue damage. Also from the figure, it can be seen 

that all the five Models have maximum induced stress in the whole solder 

joint with values ranging from 135MPa to 140MPa. This further implies that 

all the various solder joint thicknesses undergo fatigue damage in the joint in 

a similar manner. 
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(b) Stress and creep strain relationship in solder joint of Model 2  

(c) Stress and creep strain relationship in solder joint of Model 3  
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Figure 6.7 Relationship between stress and creep strain in solder joints for 
models with varied solder joint thickness showing: 

(a) Stress and strain relationship in solder joint of model 1 
(b) Stress and strain relationship in solder joint of model 2 

(c) Stress and strain relationship in solder joint of model 3 
(d) Stress and strain relationship in solder joint of model 4 

(e) Stress and strain relationship in solder joint of model 5 

(d) Stress and creep strain relationship in solder joint of Model 4  

(e) Stress and creep strain relationship in solder joint of Model 5  



 

171 
 

6.2.3 Study on creep energy density in solder joints 

The principal damage mechanism in solar cell solder joint is the accumulation 

of creep–fatigue damage which over time eventually leads to crack initiation 

and propagation. As mentioned previously, accumulation of creep strain 

energy density is used to measure the damage in solder joint. Presented in 

Table 6.3 is average change in creep strain energy density per cycle for 

various solder joint thicknesses. It can be seen from Table 6.3 that Model 1 

has the least average creep energy density per cycle of 0.03713mJ/mm3 

while Model 5 has the highest with a value of 0.04876mJ/mm3. Furthermore, 

from Table 6.3, average creep energy density per cycle increases 

progressively from the least value in Model 1 followed by values of Models 2, 

3, 4 and 5 which are 0.04007mJ/mm3, 0.04383mJ/mm3, 0.04594mJ/mm3 

and 0.04876mJ/mm3respectively. Thus, the average creep energy density 

per cycle increases from the least value in Model 1 to the highest value in 

Model 5 as solder joint thickness increases from 20µm to 30µm. This result 

indicates that since Model 1 accumulates the least creep strain energy 

density in the solder joint, it has the least damage and is the least likely joint 

to fail among the five models. On the other hand, Model 5 has the highest 

creep strain energy density in the solder joint, which implies that it has the 

largest damage among the five models and is the most likely joint to fail. 

This result is consistent with the general expectation that as solder joint 

thickness increases in solar cell assembly, the joint becomes stiffer and 

cannot deflect easily during expansion and contraction when subjected to 
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thermal cycling. Hence, more cyclic stresses which cause damage are 

induced in a thicker solder joint than in a thinner solder joint. 

 

Table 6.3 Average change in creep strain energy density per cycle in varied 
solder joint thickness 

  
Model 

number 
Solder joint 
thickness 

(µm) 

 Solder volume 

in whole joint 

(mm3) 

 Average change in creep strain 

energy density per cycle, ∆ωacc 

(mJ/mm3) 

1 20 1.560 0.03713 

2 22 1.716 0.04007 

3 25 1.950 0.04383 

4 27 2.106 0.04594 

5 30 2.340 0.04876 

 

Figure 6.8 shows a plot of strain energy density in solder joint against load 

step for six thermal cycles. The plot shows that Model 5 has the highest 

accumulated strain energy density of about 0.014mJ/mm3 in the solder joint 

followed by Models 4, 3, 2 and 1 with values of about 0.0137mJ/mm3 

0.013mJ/mm3 0.0122mJ/mm3 and 0.0117mJ/mm3 respectively. This result 

confirms the discussion in the preceding sub-section, such that the highest 

accumulated strain energy density in Model 5 indicates highest fatigue 

damage while Model 1 with the least accumulated strain energy density has 

the lowest fatigue damage in solder joint. Therefore Model 5 has the highest 

likelihood of fatigue failure due to its highest fatigue damage accumulation 

whereas Model 1 has the least likelihood of fatigue failure due to its lowest 

fatigue damage accumulation. 
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6.2.4 Effect of solder joint thickness on fatigue life of solder joints 

The fatigue life of solar cell solder joint for each of the five joint thicknesses 

is predicted using fatigue models. The results of the computation are 

obtained and then compared to determine the effect of solder joint thickness 

on the fatigue life of the solder joints. The average accumulated change in 

creep strain energy density per cycle (∆ωacc) presented in Table 6.3 is used 

in Eq. 2.11 to compute the number of cycles to failure for each of the five 

models and the results are presented in Table 6.4. The results indicate that 

Model 1 with solder joint thickness of 20µm has the highest fatigue life of 
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14174 cycles to failure whereas Model 5 with solder joint thickness of 30µm 

has the lowest fatigue life of 10794 cycles to failure.  

 

Table 6.4 Effect of solder joint thickness on fatigue life 
 

Model 

number 

Solder joint 

thickness(µm) 

∆ωacc 
(mJ/mm3) 

Predicted life 

(cycles) 

1 20 0.03713 14174 

2 22 0.04007 13134 

3 25 0.04383 12008 

4 27 0.04594 11456 

5 30 0.04876 10794 

  

Furthermore, Fig. 6.9 shows a plot of predicted solder joint fatigue life 

against solder joint thickness. The plot shows that the fatigue life of the 

solder joint in the models decreases as the solder joint thickness increases. 

This is expected due to the fundamental failure mechanism of solder joint 

fatigue failure. The reason is because as the solder volume increases, the 

solder joint becomes stiffer and provides stronger support to the 

interconnects. However, as the solder joint becomes stiffer and rigid, the 

joint accumulates more stresses during thermal cycling resulting in faster 

fatigue failure. Conversely, as solder volume reduces, the solder joint 

becomes more flexible thereby accumulating less stresses during thermal 

cycling and slower fatigue failure. Besides, this result is consistent with 

similar results obtained by other researchers such as Fan et al. (2010) in 

their study on wafer level packaging.  
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Therefore, the result implies that solder joint thickness has significant impact 

on the thermo-mechanical fatigue life of solder joints in crystalline silicon 

solar cell assembly. Consequently, the solder joint thickness is a critical 

parameter of the joint and should be taken into consideration during the 

design of solder interconnection of solar cell assembly to ensure thermo-

mechanical reliability of the joint. 

                

6.3 Conclusions 

An evaluation of the effect of solder joint thickness on thermomechanical 

reliability of solder joints in crystalline silicon solar cell assembly was 

presented in this chapter. The results obtained from this study show that 

solder joint thickness of solar cell assembly have significant effect on solder 
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joint thermo-mechanical reliability. This is due to increase in thermo-

mechanical stresses induced in the joints during thermal loading as the 

solder joint thickness increases. Therefore, appropriate solder joint thickness 

should be used in solar cell assembly in order to reduce thermo-mechanical 

stresses in the joint and extend fatigue life of the joint. The other critical 

geometric parameter of solder joint is the width. The solder joint width 

provides contact interface area between the solder layer and the other 

interconnects in solar cell assembly. However, wider solder joint, increase 

shadowing losses of solar cell. Hence the study of the effect of solder joint 

width on thermo-mechanical fatigue life of solder joint in solar cell assembly 

is presented in the following chapter. 
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CHAPTER 7 

 
EVALUATION OF THE EFFECT OF 

SOLDER JOINT WIDTH ON THERMO-
MECHANICAL FATIGUE LIFE OF SOLDER 

JOINTS IN SOLAR CELL ASSEMBLY  
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Chapter 7 
 

Evaluation of the Effect of Solder Joint Width on 
Thermo-mechanical Fatigue Life of Solder Joints in 

Solar Cell Assembly  

 

7.1 Introduction 

In the foregoing chapter, the effect of critical solder joint geometric 

parameters commenced with the study of effect of solder joint thickness on 

thermo-mechanical fatigue life of solder joints in solar cell assembly. 

Following up on that study this chapter presents the study of effect of solder 

joint width on thermo-mechanical fatigue life of solder joints in solar cell 

assembly. It is desirable that solder joint width is minimized to reduce 

shadowing losses because the wider the solder joint, the wider the shadow 

on the solar cell and the lesser the amount of current generated by the solar 

cell. On the other hand, it is crucial to ensure that solder joint width is 

adequate in order to enable minimal accumulation of creep strain energy 

density thereby facilitating longer fatigue life. This situation lends credence 

to the need for the study of the effect of solder joint width on the thermo-

mechanical fatigue life of solder joints in solar cell assembly. Presented in 

this chapter is the methodology employed in this study. Furthermore, results 

obtained from modelling and simulation as well as discussion are presented 

in three sub-sections as follows: study on stress and strain of solder joints in 

solar cell assembly, study on creep energy density in solder joints and effect 

of solder joint width on fatigue life. 
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This study utilized FEM discussed in section 3.2.2.1 for this investigation. 

Also, Garofalo-Arrhenius creep model discussed in section 3.2.2.2 was used 

for this study. Presented in Fig. 7.1 is a cross-section of solar cell model 

showing solder joint width. 

 

 

 

Figure 7.1 Cross-section of solar cell model showing solder joint width  
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It should be noted that numerous researchers and manufacturers use 

various solder joint widths ranging from 1000µm to 3000µm 

(Cuddalorepatta, et al., 2010; Klengel, et al., 2011; Gierth, et al., 2012). 

However, it is desirable that smaller solder joint widths are used for solar cell 

interconnection in order to minimize shadowing losses on the solar cell. 

Minimized shadowing losses results in greater surface area of the solar cell, 

hence more quantity of electricity can be generated. In this study, solder 

joint width selected for five separate geometric models are 1000μm, 

1100μm, 1200μm, 1300μm and 1400μm and the models are assigned 

numbers 1, 2, 3, 4 and 5 respectively. Correspondingly, each of the models 

has an IMC thickness of 2.5µm and a solder joint thickness of 20µm. 

Consequently, the solder joint width in each model is varied such that as 

solder joint width increases solder joint volume increases as well. The 

parameters of the five geometric models with varied solder joint width are 

presented in Table 7.1. The table shows that as solder joint width increases 

solder volume in whole joint increases as well.  

 

Table 7.1 Parameters of models with varied solder joint width 
 

Model IMC Solder joint 
Solder 

joint 

Whole 

joint 

Solder 

region 

number 
thickness 

(µm) 

thickness 

(µm) 

width 

(µm) 

Vol. 

(mm3) 
Vol. (mm3) 

1 2.5 20 1000 1.560 1.170 

2 2.5 20 1100 1.716 1.287 

3 2.5 20 1200 1.872 1.404 

4 2.5 20 1300 2.028 1.521 

5 2.5 20 1400 2.184 1.638 
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Figure 7.2 is a plot of solder volume in whole joint against solder joint 

thickness while Fig. 7.3 is a plot of solder volume in solder region against 

solder region volume respectively. Figure 7.2 shows that as solder joint 

width increases solder volume in whole joint increases as well. Similarly, Fig. 

7.3 shows that solder volume in solder only region increases as solder joint 

width increases.      
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Figure 7.2 Plot of solder volume in whole joint against solder joint 
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The five geometric models of 156 x 156 mm2 multi-crystalline silicon solar 

cell assembly were simulated by subjecting them to six accelerated thermal 

cycling in 25 load steps between -40oC to 85oC. The temperature loading 

started from 25oC, ramped up at a rate of 3oC/min to 85oC, where it had hot 

dwell for 20 min. It was then ramped down to -40oC at a rate of 6oC/min, 

where it had cold dwell for 20 min. The thermal cycling profile presented in 

section 3.2.2.2.2 was used to simulate actual cycling profile used during 

thermal load test. 

 

7.2 Results and discussion 

This section presents results and discussion based on the modelling and 

simulation implemented. The section is comprised of three sub-sections 

which are: study on stress and strain in solder joints of solar cell assembly, 
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study on creep energy density in solder joints, and effect of solder joint 

width on fatigue life. 

 

7.2.1 Study on stress and strain of solder joints in solar cell 

assembly 

Stress and strain induced in solder joint of solar cell assembly can cause 

fatigue failure of the joint. The implication is that energy generated by the 

solar cell will not have passage access to Cu ribbon strip for onward delivery 

to the required point. For that reason, it is crucial that a study of stress and 

strain in solder joint is carried out to obtain proper understanding of the 

failure of solder joint with regards to solder joint width (WSJ). Figure 7.4 

presents the five models showing damage distribution of equivalent stress on 

the whole solder joint. Model 1 shown in Fig. 7.4(a) has the least solder joint 

width of 1000µm while Model 5 shown in Fig. 7.4(e) has the widest joint of 

1400µm.  The figure shows that all the five models have maximum stress at 

the left end of the longitudinal section of the whole solder joint. 

Furthermore, the damage distribution is evenly spread along the longitudinal 

section of the whole joint. However, it appears on close observation, that as 

the solder joint width increases, the damage distribution becomes milder. 

Thus the damage distribution in Model 1 (WSJ 1000µm) shown in Fig. 7.4(a), 

seems to be more severe than that of Model 2 (WSJ 1100µm) shown in Fig. 

7.4(b) as observed in the colour variation. This trend of reduced severity 

continues in the remaining Models 3 (WSJ 1200µm), 4 (WSJ 1300µm) and 5 
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(WSJ 1400µm) as shown in Figs. 7.4(c), 7.4(d) and 7.4(e) respectively. It can 

also be observed that the minimum stress is located on the right hand side 

(RHS) of Models 1 and 5 as shown in Figs. 7.4(c) and 7.4(d) respectively. 

However, the minimum stress is located on the left hand side (LHS) of 

Models 2, 3 and 4 as shown in Figs. 7.4(b), 7.4(c) and 7.4(d) respectively. 

The reason for this change in location of the stress as the solder joint width 

increases is not yet understood. This indicates that the stress induced in the 

solder joints varies with the increase in joint width in the manner that as the 

width increases, less stress is induced in the joint. This is due to the increase 

in solder volume which increases the capacity of the joint to dissipate stress 

in the joint as the width increases. In addition, the position of solder joint 

width is along the horizontal axis which makes it less affected with the 

expansion and contraction of the joint during thermal cycling as opposed to 

the situation of the joint thickness which is positioned in the vertical axis. 

Therefore, this result suggests that the wider the solder joint, the lower the 

possibility of fatigue failure. 

 

 

 

 

 

 



 

185 
 

 

 

 

 

(a) Stress on model 1 whole joint 

 

(b) Stress on model 2 whole joint 
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(c) Stress on model 3 whole joint 

 

(d) Stress on model 4 whole joint 
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Figure 7.5 shows the creep strain damage distribution in the whole solder 

joint in the five models. In all the models, the damage distribution is towards 

the two ends of the whole joints. The maximum creep strain is towards the 

right side end of the joint in Models 1, 2, 3 and 4 with values of 6.8854E-

04m/m, 5.9248E-04m/m, 6.0335E-04m/m and 5.583E-04m/m as shown in 

Figs. 7.5(a), 7.5(b), 7.5(c) and 7.5(d) respectively. Conversely, maximum 

creep strain is towards the left side of the joint in Model 5 with a value of 

4.9321E-04m/m as shown in Fig. 7.5(e).  As previously mentioned the 

reason for this change in location is not yet clear. However, it can be 

Figure 7.4 Damage distribution of equivalent stress 

on solder joint with varied width showing:  
(a) Stress on model 1 whole joint 

(b) Stress on model 2 whole joint  
(c) Stress on model 3 whole joint 

(d) Stress on model 4 whole joint 

(e) Stress on model 5 whole joint 

(e) Stress on model 1 whole joint 
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inferred from these results that the maximum creep strain affects the whole 

length of the solder joint and can be located at any of the two ends of the 

joint depending on the solder joint width. This is consistent with what is 

observed practically as solder joints in solar cell assembly generally fail at the 

ends. 
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(a) Strain on model 1 whole joint 

 

(b) Strain on model 2 whole joint 
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(c) Strain on model 3 whole joint 

 

(d) Strain on model 4 whole joint 
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Figure 7.6 shows a plot of creep strain in solder joint against temperature 

profile step. The plot shows that as thermal loading on the solder joint 

progresses, creep strain increases in the joint. In addition, it can be 

observed from the figure that at the end of the 25 load steps, Model 1 has 

the highest accumulated creep strain of more than 8E-04m/m while Model 5 

has the least value of about 7.5E-04m/m. Therefore, it can be inferred from 

these results that the smaller the solder joint width, the higher the creep 

strain damage. Conversely, the wider the solder joint width, the lower the 

Figure 7.5 Damage distribution of equivalent creep 
strain on solder joint with varied width 

showing:  
(a) Strain on model 1 whole joint 

(b) Strain on model 2 whole joint  

(c) Strain on model 3 whole joint 
(d) Strain on model 4 whole joint 

(e) Strain on model 5 whole joint 

(e) Strain on model 5 whole joint 
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creep strain damage in the joint but the larger the shadowing losses on the 

solar cell surface area. 

 

 

 

The plot of stress and creep strain in solder joint of the five models is 

presented in Fig. 7.7. For each of the models in the figure, hysteresis loop is 

formed. Thus the area of the loop which represents fatigue damage 

accumulating per cycle in solder joint is formed for each model. It can be 

noted in the figure that the profile of the hysteresis loops are related to each 

other which implies that the difference in fatigue damage accumulated in 

their joints is within a range. In particular, it can be observed from Fig. 7.7 

that the equivalent stress of the five models is within a range of about 

135MPa to 145MPa. The study of creep strain energy density for each model 

is presented next in section 7.2.2 with further analysis. 
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Figure 7.6 Plot of equivalent creep strain on solder joint against   
temperature profile step 
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(b) Stress and creep strain relationship in solder joint of Model 2  

(a) Stress and creep strain relationship in solder joint of Model 1  
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(c) Stress and creep strain relationship in solder joint of Model 3  

(d) Stress and creep strain relationship in solder joint of Model 4  
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7.2.2 Study on creep energy density in solder joints 

In order to get a better understanding of the effect of solder joint width on 

thermo-mechanical reliability of solder joint, it is absolutely essential to study 

the creep strain energy density of the joints in the five models. Presented in 

Table 7.2 is accumulated average change in creep strain energy density per 

cycle of solder joint for various solder joint widths. A close observation of 

Table 7.2 reveals that Model 1 has the largest accumulated average change 

in creep energy density per cycle with a value of 0.03713mJ/mm3 while 
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Figure 7.7 Relationship between stress and creep strain in the solder 

joint of solar cell models showing: 
(a) Stress and strain relationship in solder joint of model 1 

(b) Stress and strain relationship in solder joint of model 2 

(c) Stress and strain relationship in solder joint of model 3 
(d) Stress and strain relationship in solder joint of model 4 

(e) Stress and strain relationship in solder joint of model 5 
 

(e) Stress and creep strain relationship in solder joint of Model 5  
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Model 5 has the lowest value of 0.03346mJ/mm3. This implies that since 

Model 1 has the largest creep strain energy density in the solder joint, it is 

the most likely joint to fail among the five models because it incurred the 

largest damage. In the case of Model 5, it has the lowest creep strain energy 

density in the solder joint with a value of 0.03713mJ/mm3 as stated earlier, 

which implies that it is the least likely joint to fail due to the least damage 

incurred among the five models.  

 

Table 7.2 Average change in creep strain energy density per cycle in varied 

solder joint width 

  

Model 
number 

Solder joint  

width (µm) 

Solder volume 

in whole joint 
(mm3) 

Average change in creep strain 

energy density per cycle, ∆ωacc 

(mJ/mm3) 

1 1000 1.560 0.03713 

2 1100 1.716 0.03676 

3 1200 1.872 0.03495 

4 1300 2.028 0.03411 

5 1400 2.184 0.03346 

 

Figure 7.8 shows a plot of strain energy density in solder joint of the five 

models against temperature profile step. The plot shows that Models 1 and 2 

have the highest and almost the same accumulated strain energy density in 

their solder joints with value of about 0.012mJ/mm3 while Model 5 has the 

lowest value of about 0.0065mJ/mm3. The implication of this is that higher 

accumulated strain energy density in Models 1 and 2 indicates higher 

likelihood of fatigue failure due to fatigue damage accumulated in the solder 

joints. Conversely, the lowest accumulated strain energy density in Model 5 
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implies lower likelihood of fatigue failure due to the lower fatigue damage 

accumulated in the solder joints. Therefore, from this result, it can be 

inferred that the wider the solder joints in solar cell assembly, the lower the 

fatigue damage in the joint. 

 

 

 

7.2.3 Effect of solder joint width on fatigue life  

The solar cell solder joint fatigue life for each of the five models with varied 

widths is predicted using fatigue models as was done previously. The 

computation results obtained are then compared to determine the effect of 

solder joint width on the fatigue life of the solder joints. Therefore, the  

average change in accumulated creep strain energy density per cycle (∆ωacc) 

of solder joint for various solder joint widths presented in Table 7.2 are used 
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for fatigue life prediction. The fatigue model stated in Eq. 2.11 is used to 

compute the number of cycles to failure of the five models and the results 

are presented in Table 7.3. The computation results in Table 7.3 indicate 

that Model 1 with solder joint width of 1000µm has the least fatigue life of 

14174 cycles to failure while Model 5 with solder joint width of 1400µm has 

the highest fatigue life of 15729 cycles to failure. 

 

Table 7.3 Effect of solder joint width on fatigue life 
 

Model 

number 

Solder joint width 

(µm) 

∆ωacc 

(mJ/mm3) 
Predicted life 

(cycles) 

1 1000 0.03713 14174 

2 1100 0.03676 14317 

3 1200 0.03495 15059 

4 1300 0.03411 15429 

5 1400 0.03346 15729 

 

Figure 7.9 shows a plot of solder joint fatigue life versus solder joint width. 

The plot demonstrates that as the solder joint width increases, fatigue life 

increases as well. This is due to the wider interface area between the solder 

joint and the Si wafer. Thus, the result is consistent with the fact that the 

wider the solder joint, the larger the solder volume and hence the longer it 

takes for crack propagation along the width of the joint. Moreover, this 

confirms that solder joint width has significant impact on the thermo-

mechanical fatigue life of solder joints in crystalline silicon solar cell assembly 

such that wider solder joints accumulate less fatigue damage than narrow 

ones. Therefore, the solder joint width is a critical parameter of solder joint 



 

199 
 

which should be taken into consideration during the design of the joint in 

order to ensure adequate thermo-mechanical reliability of solar cell 

assembly. However, in so doing, a compromise must be made between a 

wide solder joint and the shadowing losses arising therefrom. This is 

necessary to avoid significant reduction in solar cell efficiency due shadows 

cast by wide solder joints/Cu ribbons on the surface of the cell.             

 

         

 

7.3 Conclusions 

The effect of solder joint width on thermo-mechanical fatigue life of solder 

joint in solar cell assembly was studied in this chapter. The study shows that 

the wider the solar cell solder joint, the longer the predicted fatigue life. The 

reason for this is that the wider solder joint increases the total interface 

area; hence it takes a longer time for solder crack propagation to go through 
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Figure 7.9 Plot of solder joint fatigue life versus solder joint width 
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the contact interface. However, wider solder joints increase shadowing 

losses of the solar cell thereby reducing the cell efficiency. Therefore, 

compromise is required between increase in solder joint width and 

shadowing losses so that the desired thermo-mechanical fatigue life can be 

achieved. 

 

In the previous two chapters, the effects of IMC thickness and solder joint 

thickness on thermo-mechanical fatigue life of solder joint in solar cell 

assembly were studied respectively. The results of the previous studies as 

well as the study conducted in this chapter indicate that IMC thickness, 

solder joint thickness and solder joint width impact the thermo-mechanical 

fatigue life of solder joint. It is therefore vital that these factors are studied 

together in order to come up with the best combination of solder joint 

geometric parameters that can enhance solder joint fatigue life. This is 

achieved through optimization aimed at improving the thermo-mechanical 

reliability of the joints. Accordingly, presented in the following chapter is the 

optimization of thermo-mechanical reliability of the solder joints in solar cell 

assembly. 
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Chapter 8 
 

Optimization of Thermo-mechanical Reliability of 

Solder Joints in Solar Cell Assembly 

 

8.1 Introduction 

In the preceding three chapters, the study of the effects of IMC thickness, 

solder joint thickness and solder joint width on thermo-mechanical fatigue 

life of solder joint in solar cell assembly were presented. To ensure adequate 

solder joint thermo-mechanical reliability, this chapter presents optimization 

of these solder joint parameters in solar cell assembly to provide useful 

knowledge for the manufacture of crystalline PV modules. Therefore in this 

chapter, just as it was done in previous chapters, finite element modelling 

(FEM) and simulation is employed for this optimization. Furthermore, the use 

of the concept of design of experiment (DOE) facilitates robust design of 

solder joints thereby enhancing thermo-mechanical reliability of solder 

interconnects. As discussed in chapter 3, there are numerous DOE tools in 

use, yet, Taguchi method is popularly used because it is aimed at improving 

quality as well as allowing the effects of several factors to be determined 

simultaneously and efficiently (Taguchi, 1995). Application of Taguchi 

method for DOE in this research enables the selection of the best matching 

combination of geometric parameters for improving the thermo-mechanical 

reliability of solder joints under thermal cycling. 
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Based on the foregoing, FEM and Taguchi method for DOE are employed in 

this study to evaluate the thermo-mechanical reliability of solder joints with 

various sets of parameters and subjected to thermal cycling. The effects of 

IMC thickness (TIMC), solder joint width (WSJ) and solder joint thickness (TSJ) 

on the thermo-mechanical reliability are also investigated for optimal 

parameter setting of the solder joints in crystalline silicon solar cell assembly. 

The solder joint formed using optimal parameter setting accumulates 

minimal creep strain energy density which leads to longer fatigue life due to 

the robustness of the joint. 

 

8.3.1 Application of Taguchi method of DOE  

 

This study utilized Taguchi method for DOE as discussed in chapter 3 to 

study the thermo-mechanical reliability of solder joints in solar cell assembly 

for optimal parameter design of the joints. The following three control 

factors were chosen: IMC thickness (TIMC) with values of 1µm, 2.5µm and 

4µm, solder joint width (WSJ) with values of 1000µm, 1200µm and 1400µm 

as well as solder joint thickness (TSJ) with values of 20µm, 25µm and 30µm. 

Also, three DOE variables or levels designated as 1, 2 and 3 which stand for 

low level, intermediate level and high level respectively are used in this 

study. These control factors and levels are presented in Table 8.1.  
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Table 8.1 Control factors and levels 

 

Control factor Units Level 1 Level 2 Level 3 

A   IMC thickness (IMCT) µm 1 2.5 4 

B   Solder joint width (SJW) µm 1000 1200 1400 

C   Solder joint thickness (SJT) µm 20 25 30 

 

Solder joint damage indicator is needed as a quality or response factor in 

Taguchi DOE for optimization. In this case creep strain energy density can 

be utilized as solder joint damage indicator. Creep strain energy density is a 

robust damage indicator of solder joint as it is based on the deformation 

internally stored throughout the volume of the joint during thermal loading. 

As a result, accumulated creep strain energy density is used in solder joint 

life prediction models (Syed, 2004). In this study, the change in accumulated 

creep strain energy density ∆ωacc, of the solder joint is chosen as the quality 

or response factor and used in the Taguchi DOE for optimization. The 

objective of this optimization is to minimize the accumulated creep strain 

energy density ∆ωacc, in the solder joint as the decrease in ∆ωacc means the 

enhancement of thermo-mechanical reliability. Minimization of ∆ωacc aims at 

making the system response as small as possible by obtaining the smaller-

the-better signal-to-noise ratio. To achieve this aim, the absolute magnitude 

of the smaller-the-better signal-to-noise (S/N) ratio is chosen and is 

mathematically defined (Huan, 2010; Davies, et al., 2015) and shown in 

Table 3.3. In this case, the value of the quality characteristic is taken to be y 

≡ ∆ωacc. Besides, since a numerical analysis does not create data variations, 

then n = 1. Hence, the equation of the signal-to-noise ratio transforms to:  
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S/N=-10 log (∆ωacc)
2                                                                         (8.1)  

 

The calculation of the chosen S/N ratio is through the Taguchi DOE method 

based on orthogonal arrays. Orthogonal array is an arrangement of numbers 

in columns and rows in such a way that each column represents a factor 

while the rows represent levels of the factors (Davies, et al., 2015). The 

factors affect the outcome of the process under study. In this study, the L9 

(33) orthogonal array is applied to Taguchi DOE to investigate the effects of 

IMC thickness (TIMC), solder joint width (WSJ) and solder joint thickness (TSJ)  

on the thermo-mechanical reliability of solder joints. Presented in Table 8.2 

is a table of Taguchi DOE (Orthogonal array with nine designed parameters - 

L9) showing nine models and their respective solder joint parameter level. 

ANSYS DesignModeller was used to build the geometric model of each 

designed model using their respective parameter setting.  

 

In order to obtain the optimal parameter setting of solder joint in solar cell 

assembly, a main experiment must be implemented. The implementation of 

the main experiment commences with setting the parameter for each 

experimental run. Thus, each design of the solder joint is assigned its 

respective parameter setting as shown in Table 8.2. The geometric models 

of the solar cell assembly containing the solder joint are subsequently built 

with the appropriate parameter setting. 
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Table 8.2 Table of Taguchi DOE (Orthogonal array L9) 

 

Model 

number 
Factor and level Parameter 

setting 
A  B  C  

1 1(1) 1(1000) 1(20) A1B1C1 

2 1(1) 2(1200) 2(25) A1B2C2 

3 1(1) 3(1400) 3(30) A1B3C3 

4 2(2.5) 1(1000) 2(25) A2B1C2 

5 2(2.5) 2(1200) 3(30) A2B2C3 

6 2(2.5) 3(1400) 1(20) A2B3C1 

7 3(4) 1(1000) 3(30) A3B1C3 

8 3(4) 2(1200) 1(20) A3B2C1 

9 3(4) 3(1400) 2(25) A3B3C2 

 

8.3 Results and discussion 

This section presents results and discussion on optimization of solder joint 

parameter setting in three sub-sections. These are results of FEM of 

optimization models, evaluation of main effect and interaction and 

comparison of the optimal design with the worst design.  

 

8.3.1 Results of FEM of optimization models 

It has been stated severally that solder interconnect in the solar cell 

assembly is the critical constituent for consideration of thermo-mechanical 

reliability of the assembly. Therefore, optimizing the geometry parameters of 

solder joint is key to enhancing the thermo-mechanical reliability of the 

solder interconnects. Accordingly, the response of solder joint to thermal 

cycling is required to provide an insight to solder behaviour. Based on results 

of FEM, characterization and quantification of damage on various solder joint 

parameter settings is carried out. Thus simulation results showing stress, 
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creep strain and strain energy provide useful information on the behaviour of 

solder joints. In this study, nine original geometric models were built and 

simulated using ANSYS Academic Research Finite Element package. 

Presented in Fig. 8.1 are simulation results of damage distribution of solder 

joint in solar cell assembly for one of the models. The figure shows 

equivalent stress, equivalent creep strain and strain energy in the solder 

joint. The maximum damage distribution is at the right side edge, towards 

the right side edge and at the mid-section of the solder joint for stress, creep 

strain and strain energy respectively. This indicates that crack initiation and 

propagation is most likely to occur at the mid-section of the solder joint and 

will eventually lead to fatigue failure at that preferential failure site. A close 

observation of Fig. 8.1(b) reveals that the maximum creep strain damage is 

located at the lower side of the solder joint adjacent to silver (Ag) bus-bar 

which is at a similar location to a cracked solder joint in crystalline solar cell 

assembly shown in Fig. 8.2. 
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(a) Equivalent stress of solder joint in model 

(b) Equivalent creep strain of solder joint in model 
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Figure 8.1 Damage distribution in solder joint of solar cell assembly showing: 

(a) Equivalent stress (b) Equivalent creep strain (c) Strain energy   

(c) Strain energy of solder joint in model  

Figure 8.2 Cracked solder joint in crystalline solar 
cell assembly (Jeong, et al., 2012)   
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The plot of change in accumulated change in creep strain energy density 

against designed model is presented in Fig. 8.3. It can be observed from Fig. 

8.3 that model number 2 has the largest average accumulated change in 

creep strain energy density per cycle (∆ωacc) with a value of 0.06218mJ/mm3 

compared to all the other models. This implies that the solder joint in model 

number 2 is the most susceptible to failure compared to the others. 

Therefore, model number 2 has the most critical solder joint consisting of 

1µm IMC thickness, 1200µm solder joint width and 25µm solder joint 

thickness; hence, is the worst original design compared to the other models.  

 

 
 

 

The geometric models were simulated and accumulated creep strain energy 

density determined from simulation results for each design. The predicted 
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results as well as the computed S/N ratio for each design are presented in 

Table 8.3. 

 

Table 8.3 Experimental results and S/N ratio 

 

Model 
number 

Factor and level 

 

Quality/Response S/N ratio 

A B C   ∆ωacc (mJ/mm3)  
1 1 1 1 

 
0.03436 29.28 

2 1 2 2 
 

0.06218 24.13 

3 1 3 3 
 

0.05750 24.81 

4 2 1 2 
 

0.04384 27.16 

5 2 2 3 
 

0.05028 25.97 

6 2 3 1 
 

0.03613 28.84 

7 3 1 3 
 

0.04303 27.32 

8 3 2 1 
 

0.04002 27.95 

9 3 3 2 
 

0.05061 25.92 

Average       
  

26.82 

 

8.3.2 Evaluation of main effect and interaction 

The focus of this analysis is minimization of the response which is desired for 

average accumulated change in creep strain energy density per cycle (∆ωacc) 

in the solder joint. The averaged effect response for S/N ratio of each factor 

was investigated to determine the contributions of IMC thickness, solder 

joint width and solder joint thickness on the solder joint thermo-mechanical 

reliability. Minitab 17 statistical software was used to carry out analysis of 

variance (ANOVA) on the data presented in Table 8.3. The main effect plots 

from ANOVA are shown in Fig. 8.4 and consist of the plot for IMC thickness, 

solder joint width and solder joint thickness. Also, presented in Table 8.4 is 

the S/N response and rank for the three factors. 
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The means (averaged values) of S/N ratio presented in Table 8.4 and plotted 

in Fig. 8.4 are obtained using the data in Table 8.3 and applying Eq. 8.2 for 

each factor. 

 
in

j j
ij

n

j

i

i
,1

1



                                                                                (8.2) 

Where j may be designated as A, B or C represent factor and i stand for 

values 1, 2 or 3 represent the level. The symbols ij and n are the mean of 

S/N ratio and the number of level in the experiment respectively. The sign 

ij ,
 denotes that Eq. 8.2 is evaluated at j and i values. These means 

represent the factor average effects at each level. Furthermore, with 

reference to Table 8.4, the effect of a factor (Ej) is the observed range in its 

level. It can be represented as: 

ijjj FFE


 minmax
                                                                            (8.3) 

Where Ej, is effect of factor j and Fjmax and Fjmin, are maximum and minimum 

value of factor j, respectively. The sign 
i
designates that Eq. 8.3 is 

evaluated across the level.                                                                                                                         
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Table 8.4 S/N response and rank 

 

 

Factor and level 

  A B C 

Level 1 26.07 27.92 28.69 

Level 2 27.32 26.02 25.74 

Level 3 27.06 26.52 26.03 

Effect 1.25 1.90 2.95 

Rank 3 2 1 

  

8.3.3 Comparison of the optimal design with the worst design  
 

Results from Fig. 8.4 and Table 8.4 indicate that the most significant 

parameter for the thermo-mechanical reliability of solder joint is Factor C 

(solder joint thickness) as it has the largest effect, hence is ranked 1st. 

Figure 8.4 Main effect plot of IMC thickness, solder joint width and solder joint   
thickness 
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Factor A (IMC thickness) is the least significant as it has the least effect, 

hence ranked 3rd.  Factor B (solder joint width) has the second largest effect 

as it is ranked 2nd. Furthermore, from Table 8.4, the optimal parameter 

setting based on maximum values is deduced to be A2B1C1 which reveal 

that the solder joint should have an IMC thickness of 2.5µm, width of 

1000µm and thickness of 20µm. 

 

A geometric model of solar cell assembly containing solder joint with the 

optimal parameters was built and simulated in order to provide results for 

confirmation and comparison with worst original design (Model 2). 

Accumulated creep strain energy density was computed from the simulation 

results of the optimal design and S/N ratio was computed as well. Presented 

in Fig. 8.5 is comparison of accumulated creep strain energy density of worst 

original design and optimal design. It can be observed from Fig. 8.5 that 

accumulated creep strain energy density in solder joint of worst original 

design is higher than that of optimal design. This implies that the optimal 

design makes the solder joint more robust than the worst original design. 

Comparison of the average accumulated change in creep strain energy 

density per cycle (∆ωacc) and the S/N ratio of the worst original design and 

the optimal design is presented in Table 8.5. It can be observed from Table 

8.5 that the optimal design has the smallest average accumulated change in 

creep strain energy density per cycle (∆ωacc) compared to all the other 

original designs. Furthermore, the optimal design reduces the ∆ωacc by 
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47.96% compared to that of the worst original design thereby improving the 

thermo-mechanical reliability of the solder joints in crystalline silicon solar 

cell assembly.  

 

 

 

 

 
Table 8.5 Comparison of ∆ωacc in worst original and optimal designs 

 

 

Factors and level 
∆ωacc 

(mJ/mm3) 
S/N 
ratio 

  A B C 
 

  

Worst original design  1 2 2 0.06218 24.13 

Optimal design 2 1 1 0.03236 29.80 

Reduction       47.96%   

 

 

 

 

Furthermore, Eq. 2.11 was used to compute fatigue life of the solder joints 

in worst original design as well as in optimal design. The computation results 

show that the optimized model is predicted to have 16264 cycles to failure 
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Figure 8.5 Comparison between accumulated creep strain energy 
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while the worst design model is predicted to have 8464 cycles to failure. 

These results are shown in Fig. 8.6. The predicted fatigue life of the 

optimized model is higher than the expected 13688 cycles to failure of a PV 

module designed to last for 25 years by 18.82%. In addition, the expected 

life of PV modules which is 13688 cycles to failure (25 years) is included in 

Fig. 8.6. Besides, in an experimental study, Kumar and Sarkar (2013) tested 

20 PV modules for stress failure and obtained the least survival life to be 21 

years (11497 cycles to failure). Similarly, in a study of field exposed PV 

modules, Park et al. (2013), predicted fatigue life of lead-based 

62Sn36Pb2Ag solder joint as 4764 cycles to failure. However, it should be 

noted that the characteristic lifetime of lead-free solder is much longer and 

more reliable than that of lead-based solder at temperatures below 100oC as 

found by other researchers such as Meilunas et al. (2002) and Osterman et 

al. (2006). Therefore, it is not surprising that the fatigue life of 62Sn36Pb2Ag 

solder is much shorter than that of Sn3.8Ag0.7Cu solder which is used in this 

research. Hence, the PV module experimental test life as well as the field life 

of PV module with Pb-based solder is also presented in Fig. 8.6 for the sake 

of comparison.  
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It can be observed from Fig. 8.6 that the predicted solder joint fatigue life of 

the optimal design is almost double that of the worst original design and 

higher than the expected life of PV modules. This implies that the solder 

joint of the optimal design has uppermost thermo-mechanical reliability when 

compared to the others which is very desirable for the PV modules. 

 

 
8.4 Conclusions 
 

An investigation of the thermo-mechanical reliability of solder joints in 

crystalline silicon solar cell assembly using finite element modelling (FEM) 

and Taguchi method for DOE was presented in this chapter. The 

investigation aimed to study the effect of intermetallic compound (IMC) 
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thickness, solder joint width and solder joint thickness on the thermo-

mechanical reliability of Sn3.8Ag0.7Cu solder joint with various sets of 

parameters and subjected to thermal cycling. The focus of this investigation 

was to minimize accumulated change in creep strain energy density and 

optimize the parameter setting of solder joint towards the enhancement of 

thermo-mechanical reliability of the joint. 

The results of simulation carried out reveal that the maximum damage 

distribution is at the mid-section of the solder joint for stress, creep strain 

and strain energy. The maximum creep strain damage is located at the lower 

side of the solder joint adjacent to silver (Ag) bus-bar. This indicates that 

crack initiation and propagation is most likely to occur at the mid-section of 

the solder joint and will eventually lead to fatigue failure at that preferential 

failure site.  

 

Furthermore, the outcomes of this investigation show that the magnitude of 

accumulated change in creep strain energy density depends on the 

parameter setting of solder joint. Comparison of the main effects of IMC 

thickness, solder joint width and solder joint thickness on the thermo-

mechanical reliability of the solder joint indicates that solder joint thickness 

has the most significant effect.  

 

The analysis of parameters selected towards thermo-mechanical reliability 

improvement of solder joint produced an optimal parameter setting which 

will make the joint robust. The optimal parameter setting for the solder joint 
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is that the solder joint thickness is 20µm, solder joint width is 1000µm and 

IMC thickness is 2.5µm. Also, the optimal parameter setting improves the 

performance of the solder joint by 47.96% compared to the worst case 

original parameter setting. Interestingly, the optimized model is predicted to 

have 16264 cycles to failure which is 18.82% higher than the expected 

13688 cycles to failure of a PV module designed to last for 25 years.  

 

In this chapter, optimization has been carried out which bring to a 

culmination the study of thermo-mechanical reliability of solder joints 

parameters in crystalline silicon solar cell assembly. The next chapter is on 

the conclusions drawn from the whole study and recommendations for 

further studies.  
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Chapter 9 
 

Conclusions and Recommendations  

9.1 Introduction 

In the preceding chapter, optimization of solder joint parameters selected 

towards thermo-mechanical reliability improvement of solder joint was 

presented. This chapter outlines conclusions drawn from the whole research 

as well as recommendations for further work.  

 

9.2 Conclusions 

The study of thermo-mechanical reliability of solder joints in multi-crystalline 

silicon solar assembly using finite element modelling has been presented in 

this thesis. In the study, geometric models of solar cell assembly were built 

and simulated to study fatigue damage of solder joints so as to enable 

acquisition of scientific knowledge necessary to improve solder joint 

reliability of photovoltaic modules to meet their designed lifetime during field 

service. Based on the findings of this study, the following conclusions can be 

drawn: 

 

(i) The study establishes that the presence of IMC in solder joints of solar 

cell assembly significantly affects solder joint fatigue life. Analysis of 

models of solar cell assembly shows that solder joint containing IMC 

has a predicted fatigue life of 15317 cycles to failure while that of 



 

222 
 

solder joint without IMC is 32493 cycles to failure. This is a 52.85% 

change of predicted fatigue life from solder joint without IMC. The 

reason for this is that IMC reduces solder volume; hence the capacity 

of solder joint to dissipate induced strain energy is reduced thereby 

shortening the fatigue life of the joint. Therefore, the result 

establishes that solder joint containing IMC has a considerable shorter 

fatigue life compared with the one without IMC. Furthermore, the 

results indicate that modelling solder joints in solar cell assembly 

without IMC layer exaggerates the joints predicted fatigue life which 

may lead to unexpected failures during service operations. Hence it is 

crucial to include IMC layer in solder joint models for the study of 

thermo-mechanical reliability of the joints to ensure accurate 

modelling and simulation results. 

(ii) Another finding reveals that as IMC thickness increases in the solder 

joint of solar cell assembly, predicted fatigue life of the joint 

decreases. Results obtained indicate that when IMC thickness is 1µm, 

predicted fatigue life is 15317 cycles to failure, while when the 

thickness increases to 4µm, the predicted fatigue life decreases to 

13023 cycles to failure. The decrease in solder joint predicted fatigue 

life is due to decrease in solder volume which reduces the capacity of 

the solder joint to dissipate strain energy and provide the desired long 

fatigue life. Thus, solder joints should be designed to have adequate 

capacity to withstand IMC thickness throughout the duration of the PV 

module lifetime. 
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(iii) The study also establishes that solder joint thickness impacts solder 

joint fatigue life such that the thicker the joint, the shorter the fatigue 

life. From the study results, when solder joint thickness is 20µm, 

predicted fatigue life is 14174 cycles to failure, while when the 

thickness increases to 30µm, the predicted fatigue life decreases to 

10794 cycles to failure.  This is due to thermo-mechanical stresses 

induced in the solder joints during thermal loading which accelerate 

fatigue damage in the joints as thickness increases. Therefore, 

appropriate solder joint thickness should be used in solar cell 

assembly in order to reduce thermo-mechanical stresses in the joint 

and extend fatigue life of the joint. 

(iv) The study also shows that the wider the solar cell solder joint, the 

longer the fatigue life. The study results demonstrate that when 

solder joint width is 1000µm, predicted fatigue life is 14174 cycles to 

failure, while when the width increases to 1400µm, the predicted 

fatigue life increases to 15729 cycles to failure. The reason for the 

increase in predicted fatigue life can be attributed to decrease in 

accumulated strain energy density due to the increase in total 

interface area of the solder joint. It is for this reason that when a 

crack develops in the solder joint, it takes a longer time for solder 

crack propagation through the contact interface of a wider solder joint 

than a narrow one. However, wider solder joints increase shadowing 

losses of the solar cell thereby reducing the cell efficiency. Therefore, 
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compromise is required between increase in solder joint width and 

shadowing losses as well as desired fatigue life.  

(v) Furthermore, the findings outlined above demonstrate that geometric 

parameters of solder joint in solar cell assembly have significant 

impacts on thermo-mechanical reliability of the joints. For that reason, 

optimization of solder joint parameter setting is essential to obtain a 

joint which accumulates minimal creep strain energy density and 

potential for longer fatigue life. 

(vi) Results from optimization conducted indicate that solder joint 

thickness has the most significant effect on the thermo-mechanical 

reliability of solder joints. Analysis of results selected towards thermo-

mechanical reliability improvement shows the design with optimal 

parameter setting to be: solder joint thickness - 20µm, solder joint 

width - 1000µm, and IMC thickness – 2.5µm. Furthermore, the 

optimized model has the least damage in the solder joint and shows a 

reduction of 47.96% in accumulated creep strain energy density per 

cycle compared to the worst case original model. Moreover, the 

optimized model has 16264 cycles to failure compared with the 

expected 13688 cycles to failure of a PV module designed to last for 

25 years. This indicates that the optimized model has 18.82% longer 

fatigue life to design expectation.  

 

Based on these findings, the author recommends that manufacturers of 

wafer-based crystalline silicon photovoltaic modules use this study to analyse 



 

225 
 

and optimize their designs in order to enhance the thermo-mechanical 

reliability of solder joints.  

 

9.3 Recommendations for further work 

In order to further improve the research carried out, some recommendations 

are presented in the following two sub-sections: General recommendations 

and specific recommendations.  

9.3.1 General recommendations 

Several sets of simulation were carried out in this research and the results 

obtained should be validated accordingly. Therefore, it is proper to conduct 

experiments based on the simulations carried out in order to validate the 

simulation results. Additionally, this work can further be expanded to include 

varying the thickness of silicon wafers. This is necessary because the current 

trend is towards manufacture of thinner silicon wafers. Results obtained from 

such studies will be beneficial to both PV module manufacturers and 

researchers. 

9.3.2 Specific recommendations 

In addition to the general recommendations presented in the preceding 

section, the following are specific recommendations for future improvement 

of this work: 

(i) Although an optimized model was developed through DOE and virtual 

experiments via simulation, it is necessary to design practical 
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experiments to determine fatigue damage in the solder joints so as to 

validate simulation results. Such experimental validation of the 

optimized model will provide valuable insight on the deviation or 

otherwise of the experimental and simulation results. 

(ii) The fatigue model used in this study was developed by Syed (2004) 

for microelectronics solder joints. However, solder joints in solar cell 

assembly have a much larger area than the joints in electronic 

devices. Therefore, it is recommended that fatigue model be 

developed and experimentally validated for the large area solder joints 

in solar cell assembly. This will improve the accuracy of results in this 

study. 
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Appendix A: Minitab 17 Analysis of Variance (ANOVA) for 
Optimization of Solder Joints      

 

Method 

 

Factor coding  (-1, 0, +1) 

 

 

Factor Information 

 

Factor                      Type   Levels  Values 

IMC thickness (A)           Fixed       3  1, 2, 3 

Solder joint width (B)      Fixed       3  1, 2, 3 

Solder joint thickness (C)  Fixed       3  1, 2, 3 

 

 

Analysis of Variance 

 

Source                        DF   Adj SS  Adj MS  F-Value  P-Value 

  IMC thickness (A)            2   2.6102  1.3051     9.50    0.095 

  Solder joint width (B)       2   5.8301  2.9150    21.21    0.045 

  Solder joint thickness (C)   2  15.8681  7.9340    57.73    0.017 

Error                          2   0.2749  0.1374 

Total                          8  24.5832 

 

 

Model Summary 

 

       S    R-sq  R-sq(adj)  R-sq(pred) 

0.370720  98.88%     95.53%      77.36% 

 

 

Coefficients 

 

Term                          Coef  SE Coef  T-Value  P-Value   VIF 

Constant                    26.820    0.124   217.04    0.000 

IMC thickness (A) 

  1                         -0.747    0.175    -4.27    0.051  1.33 

  2                          0.503    0.175     2.88    0.102  1.33 

Solder joint width (B) 

  1                          1.100    0.175     6.29    0.024  1.33 

  2                         -0.803    0.175    -4.60    0.044  1.33 

Solder joint thickness (C) 

  1                          1.870    0.175    10.70    0.009  1.33 

  2                         -1.083    0.175    -6.20    0.025  1.33 

 

 

Regression Equation 

 

S/N ratio = 26.820 - 0.747 IMC thickness (A)_1 + 0.503 IMC thickness (A)_2 

            + 0.243 IMC thickness (A)_3 + 1.100 Solder joint width (B)_1 

            - 0.803 Solder joint width (B)_2 -

 0.297 Solder joint width (B)_3 

            + 1.870 Solder joint thickness (C)_1 -

 1.083 Solder joint thickness (C)_2 

            - 0.787 Solder joint thickness (C)_3 
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