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Abstract

The growing demand for utilization of solar photovoltaic (PV) module puts increased pressure on
manufacturers to improve the reliability of PV modules for meeting their lifetime warranty. The PV module
interconnection which is one of the key components of the module is reported to account for about 40% of the
failure of the module. In this study, Finite Element Analysis using ABAQUS software was used to investigate
the creep-fatigue behavior of the solder joints for convectional PV module interconnection with different
dimensions. The exponent factor of the Coffin—Manson—Arrhenius approach for estimating the creep-fatigue
life of the PV module interconnections was determined to be -1.8 and was used to predict the solder joint’s
creep-fatigue life under thermal cycling operating conditions. Our results also suggest that optimal dimensions
for higher creep-fatigue life and PV interconnection reliability are 20pm solder thickness, 40pm-50um silver-
pad thickness, 150um copper thickness and 1mm ribbon width.
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1. Introduction

As the PV Solar module technology is being developed to play a more significant role in the replacement of
fossil fuel sources with renewable energy sources, the challenge to improve the reliability of the PV modules
is getting more attention. According to a recent IRENA (International Renewable Energy Agency) report
(IRENA 2019), solar PV will become the second-largest power generation source by 2050 (just behind wind
power) and will be the catalyst for the transformation of the global electricity sector, generating some 25% of
total electricity needs globally. In order to grow the global share of electricity generation of Solar PV from the
current 3% (IEA, 2020) to the projected 25% by 2050, there is an urgent need for improving the reliability of
PV modules, which have been reported to fail due to adverse operating conditions such as thermal cycling,
damp heat and UV exposure. For example, thermal cycling can cause PV module interconnection solder joint
failures and cracks in solar cells (Ogbomo, et al., 2018).

Solar PV module manufacturers are also keen to achieve higher reliability products in order to match their
offer of power output warranties of 25 years (with early and premature failures covered by the warranty and
the free replacement of the solar PV module). Study of the potential failure modes of PV module have shown
that one of the major PV module’s reliability challenges is the failure of the solder joint materials used for
connecting the ribbon to the cell. This is because the daily power-up and shut-down and the associated heating
and cooling down of the PV module results in thermal cycling and ageing of the PV module. Consequently,
the solder joints used for the PV module interconnection can experience very high stress and strain levels due
to the coefficient of the thermal expansion (CTE) mismatch between the adjacent materials (Itoh, et al., 2014).
The induced stress and strain in the solder joints result in high levels of energy accumulation that can
significantly reduce the creep-fatigue life of the interconnection and the long-term reliability of the PV module
(Ogbomo, et al., 2018). Also, during the high temperature manufacturing processes of the PV module (e.g.
EVA lamination), the CTE mismatch between the materials can cause the micro-cracks in the solder joints,
which can then result in a premature interconnection failure (Majd, Ekere, 2020a).
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The models for estimation of the fatigue life of solder joints can be sub-divided into three categories, namely:
stress-based, strain-based and energy-based approaches. According to the stress-based approach, fatigue
failure occurs when the accumulated stress reaches a trigger threshold (L1, et al., 2017; Han, Han, 2014). The
strain-based approach is the most widely reported method in the literature for the computational study of creep-
fatigue behavior of the solder joints. For strain-based fatigue models, the strain is composed of the elastic
strain, plastic strain, creep strain components, which are not easily distinguishable (Knetch, Fox, 1990). The
Coffin-Manson model and the Total Strain model are two of the most popular strain-based models used for the
prediction of the thermal fatigue life of materials (Li, et al., 2017; Lee, et al., 2000). The Coffin-Manson model
uses the plastic strain amplitude over a cycle to estimate the number of cycles to failure. Several modifications
of the Coffin-Manson model have been used for the prediction of the fatigue life of materials in specific
conditions (Chen, et al., 2017). For example, Yunxia Chen et al. used the modified Coffin-Manson equation
to introduce a coupling damage model considered low-cycle fatigue and creep (Chen, et al., 2021). It was also
found that for strain levels less than 1%, the Coffin-Manson model cannot accurately estimate the creep-fatigue
life, and hence is not recommended, as the strain is mostly composed of creep and elastic strains rather than
plastic strain (Hund, Burchett, 1991). The total strain model was introduced as a modified form of the Coffin—
Manson model to incorporate both the elastic and plastic strain terms (Lee, et al., 2000; Yao, et al. 2017).

In terms of the energy-based models used for predicting the creep-fatigue life of materials, the Morrow Energy
Density model (Andersson et al., 2006; Zhu et al., 2014), is one of the most widely used methods. In this
approach, the plastic strain energy density is used instead of the plastic strain values. The advantage of this
method is that it incorporates the effects of both plastic strain and plastic stress on the cumulative energy. In
the Morrow Energy Density model, the number of cycles to failure (Nf) is a function of the plastic strain energy
density, which is obtained from the hysteresis stress-strain loops for each cycle. In another study, Akay et al.
developed the model for predicting the creep-fatigue life based on the total strain energy, rather than the plastic
strain energy density (Akay, et al., 2003). The stress—strain hysteresis energy is also important for predicting
the fatigue failure life (Steinhorst, et al., 2013)). For example, Darveaux proposed a fatigue model with
consideration of the accumulated stress—strain hysteresis energy in the material to derive the equation for the
crack initiation cycle number and crack propagation rate (Darveaux, 2002).

The strain and the energy terms used in the models discussed above for the estimation of the fatigue life of
materials can be found by using the analytical constitutive models of creep behavior. Examples of the
constitutive models used for the prediction of the creep fatigue life of materials include the following: (a).
Garofalo or Hyperbolic Sine (Syed, 2004; Depiver, et al., 2021), (b). Anand (Baber, Guven, 2017; Cho, et al.,
2018), (c). Johnson-Cook (Halounali, et al., 2020) and (d). Power Law (Zhang, et al., 2008; Ma, 2009).

In this study, the Hyperbolic-Sine creep model in ABAQUS software was used to study the creep behavior of
the solder joints for PV module interconnection with different dimensions. The total dissipated energy
extracted from FEM simulation was used to find the number of cycles to failure for the solder joints using
reliability formulation. For this reliability, a Coffin—Manson—Arrhenius exponent factor was found by
comparing different thermal cycling conditions. Then this factor was used to determine the creep-fatigue life
of the solder joints in PV module interconnection under arbitrary thermal cycling conditions.

2. Methodology

2.1. Creep Investigation Model

Previous studies on the failure of solder materials showed that they exhibit elastic, bilinear kinematic hardening
plastic behavior after yielding (Che, Pang, 2004). The Hyperbolic-Sine creep model is perhaps, one of the most
widely reported in the literature for investigating the effect of temperature and strain rate on the elastic plastic
creep behavior of materials. Amalu, et al. (2016) compared different set of creep parameter values of the lead-
free solder joints to select a suitable constitutive model based on the Hyperbolic-Sine creep model to predict
the accurate creep parameters (Amalu, Ekere, 2016). Equation 1 shows the formula for the Hyperbolic-Sine
creep model.

éer = A(sin h(ﬂa))nexp (— R%) (eq. 1)
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where &, is the scalar creep strain rate, A is Boltzmann's constant, § and n are constants, ¢ is the von-mises
effective stress, Q is activation energy, R is gas constant and T is the absolute temperature. The values of the
parameters in the hyperbolic sine creep equation for popular SAC (Tin, Silver, Copper) solder alloys (e.g.
Sn3.8Ag0.7Cu, Sn3.5Ag0.75Cu and Sn3.5Ag0.5Cu) have been found to be as follows: 5 is 0.02447 1/MPa, n

is 6.41, R is 8.314 J-Mol—1-K—1 and % is 6500 (Schubert, et al., 2003).

2.2. FEM Simulation

In this study, the FEM simulation for different dimensions of the conventional PV module interconnection
ribbon was performed in ABAQUS 2019 and the Hyperbolic-Sine creep model was applied to the solder joint
material. Tab. 1 presents the mechanical properties of the material used for the FEM simulation. As the plastic
behavior of the solder joint material is considered temperature dependent, the values for the coefficient of
thermal expansion of the materials, the Young’s Modulus and the plastic stress for the solder joint material
used for investigating the effect of temperature on the elastic plastic creep behavior of materials are given in
Tab. 2.

Tab. 1: Mechanical Properties of material used in the FEM simulation of PV module interconnection (Majd, Ekere, 2020a).

IMC- IMC- Solder
Copper Silver (SAC) Silver Al Copper EVA | Silicon | Tedlar Glass
(Cu5Sné6) | (Ag3Sn)
Elastic See
Modulus 110 79 69 68.3 121 11 130 2.138 73.0
Tab. 2
(GPa)
Polsson's || 5 03 |035| 0365 | 034 034 | 0499 | 028 | 04 0.235
Ratio
Yield Stress
(MPa) - - - 43 85 121 12 170 41 -
Thermal
Expansion See See See See See See 270 See 73 2.0
Coefficient | Tab. 2 Tab.2 |Tab.2| Tab.2 Tab. 2 Tab. 2 Tab. 2
(ppm/K)
. 121@0.001
Pl?ﬁgafgss ] ] See |43@0.001|85@0.001| 217@0.01 | | 41@0.00 )
Strain Tab. 2|120@0.04|100@0.12 | 234@0.02 55@0.9
248@0.04
Tab. 2: Temperature dependency of the material properties used in the FEM simulation (Majd, Ekere, 2020a).
Young’s | Yield |Plastic Stress
o) Interpolated data for the Coefficient of Thermal Expansion (ppm/K) Modulus | Stress (MPa) at
< (GPa) | (MPa) | 0.065 Strain
g IMC- | IMC-
e Copper Silver Al Silicon | Copper Silver Solder Solder (SAC)
(Cu58n6) | (Ag3Sn)
0 16.22 18.67 | 22.50 2.35 17.7 19 213 49 71 145
30 16.60 18.98 | 23.29 2.63 18 194 21.81 46.9 52 131
60 16.91 19.20 | 23.85 2.87 18.3 19.8 22.32 44.8 16 110
90 17.22 19.42 | 2441 3.04 18.6 20.3 22.83 42.7 - -
120 17.53 19.65 | 24.97 3.20 19 20.7 23.34 40.6 - -
150 17.76 19.91 25.40 3.36 19.8 21.1 23.85 38.5 - -

To increase the computational solution speed, the 2D plane-strain elements were used since the geometry of
the models have a high ratio of the interconnection length to the other dimensions of model. The symmetry
boundary condition was applied to the mid-point of the interconnection section and bottom-end of the Tedlar
material was closed. Fig. 1 is a schematic view of the cross section of the conventional PV module
interconnection showing the applied boundary conditions and the solder joint mesh design used for the FEM
simulation in ABAQUS. The models were subjected to a homogenous thermal cycling load, with time history
in accordance with the IEC 61215-2:2016 standard (the temperature of cycle uniformly changes between the
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minimum temperature (-40°C) and maximum temperature (85°C) with the rate 100°C/hr during 15 minutes
and with 10 minutes dwell time) (International Electrotechnical Commission, 2016). In this study, the thickness
of the materials used for the models (namely, aluminum, silicon cell, EVA, glass and Tedlar layers), were
assumed to be 25pm, 200um, 460pum, 3mm and 190pm, respectively. Also, the thickness of the IMC
(intermetallic compound) layer in the boundaries of the solder joint with the copper and silver-pad materials
is considered to be 4 um. The interconnection width and the thickness of other component parts including
silver-pad, copper, and the solder joints are then varied to investigate the effect of interconnection design on
the creep-fatigue response.

—

<«~— Symmetry

I Glass Il EVA [0 Copper M Silicon IMC_Silver

B Tedlar Al Silver I Solder IMC_Copper

Fig. 1: Schematic view of the simulated conventional PV module interconnection showing the boundary conditions, arrangement
of materials and solder joint meshing style.

2.3. Validation of the Methodology

To validate the methodology used for creep-fatigue investigation in this work (including element type, mesh
size, and the formulation to estimate the creep-fatigue lifetime), the results of a simulation of SAC solder joint
in Wafer Level Chip Scale Packages (WLCSP) were compared with the literature.

Tab. 3 compares the number of cycles to failure (Nf) estimated using the present methodology with the N¢
reported in the literatures. There were good agreements between the estimated Ny using the present
methodology in this study and the Ny reported from the experiment (9.8% error) as highlighted in Tab.3.
Hence, the present practiced methodology to predict the creep-fatigue lifetime of the solder joints can be
reasonably used for the lifetime estimation of the creep-fatigue failure in the PV module interconnection solder
joints.
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Tab. 3: Lifetime model parameters and estimated N for the solder joint used in WLCSP.

Lifetime Model FEM Simulation | FEM Simulation | Present FEM
Parameters (Lee, Chiang, (Tsou, et al., Simulation
Ne = C(Wge)" 2019) 2017)
W (from FEM) 0.35 0.39 0.44
C 145 175 526
n -2 -1.9 -1
Ny 1152 1058 1112
N from experiment (Hsieh, Tzeng, 2014)
Error for the Ny 13.7% | 4.4% | 9.8%

3. Results and Discussion

3.1. Creep Behavior of the PV Module Interconnection Solder Joint

The FEM results of the creep stress/strain for each PV module interconnection configuration investigated in
this study for 5 thermal cycles are discussed in this section. Fig. 2 shows the equivalent creep strain (CEEQ)
distribution in the solder joint of the conventional PV module interconnection with 20um, 40um, 200pm and
1000um in solder, silver, copper thickness and ribbon width, respectively, after 5 thermal cycles (ranging from
-40°C to 85°C). The results showed that the maximum CEEQ in the solder joint is located at the side of solder
joint, and that the middle of the solder joint experiences minimum CEEQ. The location for the maximum
CEEQ found in the solder joint was near to the location of the crack initiation in PV module interconnection
solder joint subjected to the high temperature of lamination process found in previous studies (Majd, et al.,
2019, 2020a, 2020b, 2022).

CEEQ

(Avg: 75%)
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28 61E-03
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19)67E-03
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Fig. 2: Equivalent creep strain distribution (CEEQ) in the PV module interconnection solder joint after 5 thermal cycles.

Fig. 3 shows the plot of the hysteresis stress-strain (creep) in shear direction at the element with maximum
CEEQ for the solder joint shown in Fig. 2. Fig. 3 suggests that the area enclosed by the stress-strain curve
increases marginally with increase in the number of cycles; and this means that the accumulated creep energy
in the solder joint increases with thermal cycling which may cause thermal fatigue failure of the solder joint.
This increase in the accumulated creep energy is more apparent when using the hysteresis plot of the maximum
principle stress via CEEQ for the first 5 thermal cycles, (in Fig. 4) in which the area enclosed by the curve is
almost linearly increases by number of cycles.
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Fig. 3: Plot of the hysteresis shear stress-strain at the element with maximum CEEQ (for 5 thermal cycles).
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Fig. 4: Plot of the hysteresis maximum principle stress-CEEQ (at the element with maximum CEEQ).

Fig. 5 shows the distribution of the creep-dissipated energy per unit volume for the solder joint shown in Fig.
4, for 5 thermal cycles (ranging from -40°C to 85°C). It can be seen that the distribution of the creep dissipated
energy is very similar with the that of the CEEQ (shown in Fig. 2). This indicates that where the CEEQ is
maximum, the creep-dissipated energy exhibits the maximum value and vice-versa. Also, the changes in the
creep dissipated energy (ECDDEN) at the element with the maximum CEEQ during the first 5 thermal cycles
is shown in Fig. 6. As it can be seen in Fig. 5, the side of solder joint exhibits a maximum creep energy and it
increases with an increase of the cycle number. This trend is clearly shown in Fig. 6, where by increasing the

time (cycle number), the magnitude of the maximum creep dissipated energy increases.
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Fig. 5: Distribution of the creep dissipated energy (mJ/mm3) in the solder joints.
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3.2. Fast Cycling Test for Creep-Fatigue Failure Estimation

The empirical models for estimating the creep-fatigue life of SAC (Tin, Silver, Copper) solder alloys joints
have been developed by Syed (Syed, 2004). In this approach, he correlated the creep fatigue damage data
obtained from laboratory experimental studies with the results of the FEM simulation (i.e. accumulated creep
strain and energy density per cycle) to predict thermal creep fatigue life of SAC. His results show that the
number of cycles to failure (Nf) for the solder joints under thermal cycling loads are given by the following

equation:
Nf =W’ Wacc)_1 (eq.2)

where W' is the energy density constant for failure (0.0019 for that SAC solder joints) and w,,. is the average
accumulated creep energy density (per cycle). The average accumulated creep energy density for the solder
joints is then given by the following equation:

YWV,
Wace = ¥ I; . (eq.3)
i

where V; and W; are the element volume and the accumulated creep energy for each element, respectively.

The Modified Coffin—Manson—Arrhenius lifetime model is one of the most widely used approach for studying
the behavior of materials under thermal cycling fatigue; and has been used for predicting the creep life of the
solder joints. The solder joint fatigue failure is the mechanical degradation of the solder material due to
deformation under cyclic loading and this is known to occur at stress levels below the normal yield stress of
solder due to either repeated temperature fluctuations, or mechanical vibrations, or mechanical loads (or
combined temperature fluctuations, vibrations and loading). However, in the Coffin-Manson method, the
cycling temperature is considered as the main parameter that affects the creep fatigue life. Previous studies
have reported on the use of the Modified Coffin-Manson-Arrhenius model for estimating the number of cycles
to failure of solder joints for different cycling temperature ranges (Samavatian, et al., 2020; Guyenot, et al.,
2011). Held, et al. reported on the creep behavior of the solder joints under fast thermal cycling test and they
proposed a descriptive model based on the modified Arrhenius lifetime model for predicting the number of
cycles to failure (Nf) for solder joints. The analytical formula that describes the relation between the number
of cycles to failure, Nf and cycling temperatures (see equation 4) has been reported by Held, et al. (1997)
(Held, et al., 1997).
Ny = A AT® x exp (%) (eq.4)

where, Nf is the number of cycles to failure, AT is the cycling temperature (in Kelvin, R and Q are the
gas constant and internal energy, respectively, Tm is the mean cycle temperature (in Kelvin), « is the
exponent factor (dependent to the design) and A is a constant for the material.

The exponent factor (), can be found by rearranging equation 4 for the Field Conditions (foield) and

the test conditions (N, ,), as follows:

1

Nf . AT ¢;
field __ fleld)a * exp (g(
Nftest ATtest R

Tmpiera  Tmeest

1 N
a=———In T T (eq.6)
ln—fLEId thest* exp (%( -

ATtest Tmgiela TMeest

In this study, the exponent factor (@) for the conventional PV module interconnection under any field condition,
was found by comparing the correlated FEM results for different temperature intervals (AT) with the test
condition. Tab. 4 shows the calculated values of accumulated creep energy density per cycle (wacc) for
different cycling conditions. The values of wacc were calculated (by using equation 3) for the first 5 cycles of
each load cycling scenario, and the average is used to estimate the number of cycles to failure (Nf) (see equation
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2). Then, using equation 6 gives the value of a based on the comparison of the each field thermal cycling
condition with the test thermal cycling condition (temperature ranging from -40°C to 85°C). The results of the
study presented in Tab. 4, shows good convergence in the values of wacc for each of the five cycles used for
investigating the thermal cycling scenarios; and this provides confirmation that the FEM simulation of the PV
module interconnection has been implemented accurately.

To find the generic value of a,, for a given field thermal cycling condition and design, we use the mean value
of the calculated a values (see Tab. 4), which was found to be «,, -1.8. This «a,, (generic value) found for the
conventional PV module interconnection operating under any field thermal cycling condition, can be
substituted into equation 4 to determine the number of cycles to failure (Ny) and the associated the creep-
fatigue life. This generic value for the exponential factor found in this study can be used for evaluating potential
design changes and to facilitate design for reliability validation of different configurations to improve the long-
term PV module system reliability.

Tab. 4: Averaged accumulated creep energy density and a for different thermal cycling condition.

T T v i AT | accumulated creep energy density per cycle ( W) - "
€ | €O | ® | ® | Weey | Waees | Waces | Waces | Waccave |

-40 85 296 | 125 | 0.157 0.158 0.158 0.158 0.158 3333 -
-20 70 298 90 0.088 0.088 0.088 0.088 0.088 5983 | -1.93
-10 70 303 80 0.071 0.072 0.072 0.072 0.072 7351 | -2.11
-10 60 2908 70 0.055 0.055 0.055 0.053 0.055 9530 | -1.90
-10 50 293 60 0.042 0.042 0.042 0.040 0.042 12592 | -1.74
-10 40 288 50 0.030 0.030 0.030 0.030 0.030 17311 | -1.63
-20 60 293 80 0.070 0.070 0.070 0.068 0.070 7271 | -1.70
-20 50 288 70 0.055 0.055 0.055 0.055 0.055 9510 | -1.54

3.3. Creep-Fatigue Lifetime Estimation

The number of cycles per day used for calculating the creep-fatigue life for PV module operating under thermal
cycling has generally been assumed to be 1.5 cycles per day (Guyenot, et al., 2011); and this rate 1.5 cycles per
day was then used with the calculated number of cycles to failure to determine the numbers of years to failure
(Creep-Fatigue lifetime). The effect of different parameters (namely: solder thickness, silver-pad thickness,
copper thickness and ribbon width), on the creep-fatigue lifetime of the conventional PV module
interconnection (operating under 3 different thermal cycling loads, namely: from temperature ranges of 10°C
to 50°C, 0°C to 50°C and 0°C to 60°C) are presented in Fig. 7 to 10. The results showed that for all PV module
interconnection dimensions studied, the creep-fatigue lifetime calculated for the thermal cycling loads
(namely: the 10°C to 50°C and the 0°C to 50°C) were identical. The results indicate that for all cases studied,
the maximum temperature of the cycling load massively impacts the creep-fatigue lifetime; as by increasing
the maximum temperature from 50°C to 60°C, the creep-fatigue lifetimes experience 50% decrease. Equally,
the results showed that the minimum temperature of the cycling load has much less effect on the creep-fatigue
lifetime.

Fig. 7 shows that for solder joints thicker than 20um, there is no or little change in the creep-fatigue lifetime
with increase in the solder joints thickness. The calculated creep-fatigue lifetime of the solder joint of
interconnection under thermal cycling in range of 0°C to 50°C (AT=50°C ) was 26.5 years which is in very
good agreement with the reported life (25 years) for similar configuration studied by Guyenot, et al. (2011)
(Guyenot, et al., 2011). This provides further validation for the methodology used for this study, as reported
in our previous study (Majd, Ekere, 2020a). Fig. 8 shows that the creep-fatigue lifetime increases linearly with
increasing silver-pad thickness. For example, increasing the silver-pad thickness from 20pum to 50pm resulted
in an increase of about 50% in the creep-fatigue lifetime.

Changing the copper thickness and ribbon width had very marginal effect on the creep-fatigue lifetime (less
than 10%) as highlighted by Fig. 9 and Fig. 10. However, for reducing the electrical resistance in the ribbon,
the ribbon should be designed to provide enough cross section of ribbon (at least 0.15mm?). Hence, the
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minimum acceptable copper thickness is considered as 150um when the ribbon width is no less than 1mm.
Alternatively, for the ribbons width with less than 1mm (e.g. 900um), the copper with thickness higher than
150pum should be used. Our results shows that the ribbon with ribbon width of 900um and copper thickness of
175um has about 1% less creep-fatigue life compared to the ribbon with Imm width, and 150um copper
thickness.

In summary, the methodology developed for this study to investigate the effect of the four geometrical
parameters on the creep-fatigue lifetime of conventional PV module interconnection provided the results for
determining the optimal design for long-term reliability. Our results recommend the 20um solder thickness,
40pm-50pm silver-pad thickness, 150pm copper thickness and 1mm ribbon width geometry.
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Fig. 7: Effect of solder thickness on the creep-fatigue lifetime of the conventional PV module interconnection operating under 3
different thermal cycling conditions.
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Fig. 8: Effect of silver-pad thickness on the creep-fatigue lifetime of the conventional PV module interconnection.
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Fig. 9: Effect of copper thickness on the creep-fatigue lifetime of the conventional PV module interconnection.
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Fig. 10: Effect of ribbon width on the creep-fatigue lifetime of the conventional PV module interconnection.
4. Conclusion

The strain and stress induced by the field thermal cycling loads leads to the creep-fatigue failure mode of the
solder joint which adversely affect the reliability of the PV module. An attempt has been made to investigate
the creep behavior of the solder joints for the conventional PV module interconnection with different
dimensions using the FEM simulation in ABAQUS software. Our results showed that the maximum shear
creep strain in the solder joint was located at the corner of the connection area in copper side; and that this
location exhibited the highest propensity for creep fatigue failure during the operation. In the study, the total
dissipated energy was used to find the number of cycles to failure for each of the PV module interconnections
operating under the test and field thermal cycling load. The exponent factor of Coffin-Manson—Arrhenius
approach for determining the Creep-Fatigue life of the PV module interconnections was determined to be -1.8;
and this generic exponent factor value was then used to determine the solder joint’s creep-fatigue life under
thermal cycling operating conditions. It was found that, for all cases studied, the maximum temperature of the
cycling load massively impacts the creep-fatigue lifetime with a 50% decrease in creep-fatigue lifetimes when
the maximum temperature was increased from 50°C to 60°C. On the other hand, the minimum temperature of
the cycling load showed much less effect on the creep-fatigue lifetime. There was little or no change in the
creep-fatigue lifetime with increase in the solder joints thickness for solder joints thicker than 20um. similarly,
changing the copper thickness and ribbon width had very marginal effect on the creep-fatigue lifetime (< 10%)
whereas the creep-fatigue lifetime increases linearly with increasing silver-pad thickness. Our results
recommend the 20pum solder thickness, 40pm-50um silver-pad thickness, 150um copper thickness and 1mm
ribbon width geometry. The presented results of the PV module interconnections study can be used to evaluate
potential design changes and facilitate the design for reliability validation of different configurations for
improving the long-term PV module system reliability.
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