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A B S T R A C T

Fracture in silicon crystalline solar cells has been a long-standing challenge encountered in the photovoltaic (PV)
industry. This occurs as result of stresses developing in the cells due to thermo-mechanical stresses that arise
when there is a mismatch in the coefficient of thermal expansion (CTE) between the different constituent ma-
terials during the manufacturing processes as well as mechanical stresses from hail, snow and wind during field
operations. Through finite element simulations, this paper investigates the effect of interconnect cross-sectional
geometry on stresses developed in silicon cells during the entire PV manufacturing cycle and provides physical
reasoning to its stress evolution. The simulations are performed in a sequential manner whereby the residual
stresses developed at the end of one step is brought forward to the beginning of the next step. It is found that the
highest cell stresses occur at the back surfaces of the cells at the end of the pressure-ramping step during la-
mination. In addition, increasing the thickness of the front interconnects significantly increases the stresses
developed in the cells during lamination. This predicted trend is verified experimentally.

1. Introduction

As the silicon photovoltaic (PV) industry matures, there is a con-
tinuous effort to reduce the production cost by increasing the efficiency
and reliability of PV modules. During the 1990s, these modules needed
a lifetime of about 15–20 years to achieve grid parity when compared to
other conventional energy resources [1]. Recently, with highly auto-
mated production lines and increasing module sizes, manufacturers
have shifted their focus towards reducing the levelized cost of elec-
tricity by means of module design. Some of these new designs include
back-contact cells, multi-busbar cell interconnection and thinner cells
[2–5]. These new designs have an effect on the cracking of silicon cells
which are brittle in nature and intrinsically populated with micro-
cracks. These cracks can further propagate when residual tensile
stresses act on the cleavage planes during the manufacturing, installa-
tion and field operation of PV modules. This is undesirable as such
cracks cause unconnected cell areas which result in significant power
losses over time [6–8]. In this paper, we will focus on the evolution of
stresses in the fabrication of conventional multi-busbar (multi-inter-
connect) wafer-based silicon solar PV module, and the effect of inter-
connect geometry on cell stresses.

1.1. Evolution of stresses in solar PV modules

As the cracking of solar cells is due to stress, the study of thermo-
mechanical stresses induced in solar cells during the manufacturing
processes as well as during field operations has been extensively per-
formed by researchers, both experimentally and computationally. The
process of soldering the interconnect to the cell induces stress in the
silicon cells. Due to the high temperatures required to melt solder, the
differences in coefficient of thermal expansion (CTE) between the cell,
interconnect and solder result in high residual stresses when it is cooled
to room temperature. A study by Kraemer et al. [9] investigated the
effect of such stresses in silicon cells after the soldering of interconnects.
Further, Budiman et al. [5] used synchrotron X-ray microdiffraction to
elucidate the stress concentration due to the solder in the back-contact
design of a SunPower monocrystalline solar cell in the encapsulated
state. This group has since pioneered the systematic study of stress
evolution and thus, crack propensity using the combination of the
synchrotron technique as well as finite element (FE) simulations
[10–14].

There have also been many numerical studies which calculate the
post-lamination residual thermal stresses in PV laminates. These studies
usually assumed a stress-free state of the laminate at the lamination
temperature. For instance, Dietrich et al. [15] carried out finite element
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(FE) simulations to investigate the thermomechanical stresses of en-
capsulated silicon cells after lamination, due to differences in CTE of the
constituent materials.

Lee and Tay [16] performed 3D FE simulations of a full-scale 72-cell
PV laminate to obtain the residual thermal stress distribution in the
laminate after the post-lamination cooldown process. The stress redis-
tributions within the laminate subjected to installation and exposure to
1000W/m2 of direct sunshine were also simulated. They found that the
largest peeling stresses occurred at the edges of the cell-EVA interfaces,
a possible location for the initiation of delamination [17].

The residual stress in a PV laminate is actually the result of the
accumulation of residual stresses from each segment of the manu-
facturing cycle. Although the post-soldering stresses and the post-la-
mination stresses have been calculated in the earlier studies, they have
been calculated separately and not been integrated. To properly obtain
the accumulated stresses in a PV laminate, each step of the laminate
manufacturing cycle should be simulated in a sequential manner
whereby the residual stresses developed at the end of one step is
brought forward to the beginning of the next step. Tippabhotla et al.
[10] performed numerical simulations where the post-soldering stresses
were appropriately integrated with the subsequent lamination stresses
and post-lamination cooldown stresses, in a sequential manner. They
found that high stresses arose due to localised bending of the cells
during the lamination process. They verified their findings by com-
paring with values of stress in the cells measured using synchrotron X-
ray submicron diffraction. However, they have only considered a
single-cell module with a cell design based on a back-contact mono-
crystalline silicon cell from SunPower which is a non-conventional in-
terconnect design and not so prevalent.

1.2. Effect of interconnect geometry on module performance and reliability

It has been established that interconnect (busbar) geometry can
affect the electrical performance of PV modules. The optimisation of
cell performance and busbar configuration was proposed as early as
1978 by Serreze [18]. In his study, Serreze demonstrated that the op-
timal width of a busbar can be achieved when the resistive loss is equal
to the shadowing loss. This led to the finding that a width-tapered
busbar design (Fig. 1) is more optimal than a regular rectangular busbar
as it has lower resistive losses.

It has also been established that decreasing the width of inter-
connects can reduce the footprint of the interconnects and hence reduce
shadowing losses. However, in order to maintain the electrical re-
sistance of the interconnects, the cross-sectional area of the inter-
connect has to be maintained, resulting in an increase in the thickness
of the interconnect. This may result in higher stresses in the cells during

and after lamination. Schneider et al. [19] have carried out experiments
which investigated the effect of interconnect thickness, encapsulant
thickness and lamination pressure on cell reliability. Mini-modules
were subjected to thermocycling and the respective EL images as well as
fill factor (FF) losses were recorded. The findings from the study in-
dicated that a thicker interconnect and a thinner encapsulant had an
adverse effect on cell cracking and finger to busbar interruptions, re-
sulting in significant power losses.

Thus, this paper has been written in order to clarify the effect of
interconnect geometry, in particular its cross-sectional width and
thickness, on the evolution of cell stresses during and after lamination
of a conventional silicon wafer-based PV laminate. The evolution of
such stresses is simulated in a sequential manner whereby the residual
stresses developed at the end of one step is brought forward to the
beginning of the next step, following the manufacturing cycle of the PV
laminate. A parametric study based on varying interconnect widths is
performed. This is followed by an experimental study on the effect of
interconnect thickness on the fracture of solar cells during the lami-
nation process. With this knowledge of effect of interconnect geometry
on stress distributions developed during the various steps of the man-
ufacturing cycle of a PV laminate, it is hoped that we will be able to
design cells which are more resistant to cracking.

2. Structure of a silicon wafer-based photovoltaic laminate and its
manufacturing cycle

A typical PV laminate consists of approximately 150 µm-thick si-
licon solar cells which are connected by copper ribbon interconnects
and encapsulated by EVA, glass and polymeric backsheet. These con-
stituent materials protect the mechanical integrity and provide en-
vironmental protection of the cells.

The integration process of a PV laminate starts with the soldering of
copper ribbon interconnects onto the rear and front sides of the silicon
cells at a temperature of approximately 210 °C, the melting point of lead
free-solder. It is assumed that the stress state of the entire assembly at
this temperature is zero. The interconnected cells are then cooled to
room temperature (25 °C) to allow the solder to solidify before pro-
ceeding to the next step, lamination. The lamination step consists of
stringed cells placed in an assembly of glass, EVA sheets and backsheet.
It is placed in a flatbed laminator as illustrated in Fig. 2.

The heating plate is usually set at 150 °C, the curing temperature of
EVA. However, studies by Li and Honeker [20,21] have found that
placing the laminate immediately onto the table prior to evacuation
will cause bowing of the glass sheet at the corners and as a result, non-
uniform heating and curing of the EVA. To mitigate this problem, a
modified procedure has been suggested where lifting pins are used to
elevate the layup above the heating plate to achieve a more uniform
preheat. For this study, we shall be focusing on this modified procedure
for which the variation of pressure and temperature in the laminator
during the lamination process is shown in Fig. 3 below. As such, the
lamination process can be further classified into 3 stages.

In the preheating and evacuation stage, the assembly is placed on
lifting pins and heated to 50 °C while air in both chambers of the la-
minator is evacuated. The next step is the pressure-ramping where the
assembly is lowered onto the heating plate while the upper chamber is
vented. This causes the flexible membrane to apply an atmospheric

Fig. 1. Design of a width-tapered busbar solar cell [18].

Upper chamber of laminator Flexible membrane

PV laminate

Lower chamber of laminator

Heating plate

Fig. 2. Cross-section of a lamination chamber (not to scale).

W.J.R. Song et al. Solar Energy Materials and Solar Cells 187 (2018) 241–248

242



pressure onto the assembly. As the EVA is still solid at 50 °C, the
pressure load is mechanically transmitted across the assembly. Upon
continued contact with the heating plate, the temperature of the as-
sembly quickly rises to 150 °C. This causes the EVA to liquidify and
encapsulate the cells and interconnects, resulting in a hydrostatic
pressure of 0.1MPa acting on the cell array.

After approximately 10min, the EVA has cured and the laminate is
allowed to cool from 150 °C to 25 °C. Having identified the various
processes in the manufacturing cycle and the critical instances at which
potentially high stresses may be developed in the cells, the finite ele-
ment model will be described in the next section.

3. Finite element modelling and simulation

In this study, the simulations are performed using ABAQUS®. The
plan view of a 6× 11 photovoltaic laminate is shown in Fig. 4.

The thicknesses of the glass, EVA, cell and backsheets are 3.2mm,
0.4 mm, 0.18mm and 0.3 mm, respectively, while the dimensions of the
cells are 156mm x 156mm x 0.18mm. Compared to the cell thickness,
the passivation layer and screen-printed metallisation layers on the cells
are much thinner. Thus, it is assumed that they do not have any sig-
nificant influence on the mechanical behaviour of the cells and are
ignored.

The material properties used in the simulations are obtained from
the literature [22–24] except for the variation of the Young's modulus
of EVA with temperature which was measured by the authors using
DMA and shown in Fig. 5. The copper interconnects are modelled with
elastic-plastic properties while elastic, temperature-dependent proper-
ties are used for the other materials.

Although a full 3D FE model of the PV module would give the most

accurate results, it is almost impossible due to the limitations of com-
puter systems to faithfully model the many thin films and small features
in the cells. However, as far as determining the cell stresses adjacent to
the interconnects is concerned, it can be seen from Fig. 4 that a 2D
plane-strain model of the transverse cross-section A-A should be ade-
quate, especially for the pressure-ramping step. Symmetry is exploited
in the simulations so that only 3 cells on the right half of the module
need be considered. Fig. 6 shows the dimensions of the right half of the
laminate in the transverse cross-section A-A. Fig. 7 shows the detailed
dimensions of the 3-busbar cell design with interconnects of equal
width on the front side and back side of the cell. In all the models,
plane-strain, 8-noded (CPE8) quadratic elements are used and the effect
of gravity is included. Due to the presence of stress concentrations at
the surfaces of the cells adjacent to the corners of the interconnects, the
finite element mesh is discretized into smaller elements of length
0.2 mm along the interconnects, and larger elements of length 0.5mm
elsewhere. A mesh-convergence study has been carried out to verify
that the mesh used is sufficiently accurate.

3.1. Interconnect cross-sectional geometries studied

In this parametric study on the effect of interconnect cross-sectional
geometry on the thermo-mechanical stresses developed in the cells
throughout the typical manufacturing cycle of a PV laminate, it is im-
portant to ensure that changes in this parameter do not affect the other
aspects of photovoltaic performance (e.g. electrical power production).
The electrical resistance and ohmic loss is inversely proportional to the
cross-sectional area of the copper interconnect. Hence, in the para-
metric FE simulations, whenever the width, w, of the interconnect is
changed, the thickness, d, of the interconnect is correspondingly
changed such that the cross-sectional area of the interconnect remains
unchanged and equal to that of the standard interconnect geometry of
width 1.8mm and thickness 0.18mm. The interconnect widths and
respective thicknesses simulated are tabulated in Table 1.

4. Simulation results and discussion

4.1. Evolution of stresses during the manufacturing cycle

For a coherent discussion on the effect of varying interconnect
widths in the later sections, we will first briefly discuss the evolution of
stresses in a PV laminate during the manufacturing cycle for Model 1.0.
A more detailed discussion has been given in our previous publication
[25] for the base case of Model 1.8.

Fig. 8 shows the distribution of maximum principal stress in the cell
around a pair of interconnects in the post-soldering step. It can be seen
that the highest stresses of approximately 155MPa occur on the surface
of the cell, adjacent to the corners of the interconnect (indicated by the
labels “Points 1–4″). For the subsequent processes in the manufacturing
cycle, it is found that the largest stresses occur at these points and is
almost identical for all the cells in the transverse cross-section of the PV

Fig. 3. Pressure and temperature profile in a laminator chamber during the
lamination process.

Fig. 4. Plan view of a conventional 6× 11-cell silicon wafer-based PV lami-
nate.

Fig. 5. Variation of Young's modulus of EVA with temperature.
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laminate. Hence, for our study of the evolution of cell stresses during
fabrication, it is sufficient for us to focus on the maximum principal
stress at Point 1 (on the back surface of the cell) and Point 3 (on the
front surface of the cell).

Fig. 9 shows a close-up view of the simulation results for the region
around a pair of interconnects at the end of the pressure-ramping step.
It is interesting to note that the EVA sheets are not in contact with the
cell on either side of the interconnect where vacuum pockets (gaps) are
observed. The cell is also bent over the front interconnect by the
pressure from the EVA sheet on the back surface of the cell. This gen-
erates additional tensile bending stresses on the back surface of the cell
and compressive stresses on the front of the cell. This causes the stress
at Point 1 on the back surface of the cell to increase to about 360MPa
but that at Point 3 on the front surface of the cell to decrease to about
60MPa.

Once the temperature of the laminate reaches 150 °C, the EVA melts
and exerts a hydrostatic pressure of 0.1MPa on the surfaces of the cell
and interconnects. This causes the bending stresses to be relieved and
the maximum principal stresses in the cell decreases to 20–25MPa at
both Points 1 and 3. After the curing of EVA, the PV laminate is allowed
to cooldown to 25 °C. At this point, there are only thermomechanical
stresses due to the CTE mismatch between the different materials in the
laminate. The stresses at Point 1 on the back surface of the cell has a
final stress value of around 230MPa while the stresses at Point 3 on the
front surface is around 90MPa.

4.2. Effect of varying interconnect width

In Section 4.1 above, the results presented are for simulations car-
ried out for Model 1.0 (Table 1) where the interconnect width is
1.0 mm. In order to study how the stresses developed in the cells during
and after lamination may be affected by the width of the interconnect,
the same simulations are performed for the other Models where the
width of the interconnects, w, is increased by 0.2mm each time till it
reaches 1.8mm. As mentioned before in Section 3.1, in order to
maintain the electrical resistance of the interconnects, whenever the
width is changed, the thickness of the interconnect is also changed such
that the cross-sectional area of the interconnect remains constant. This
implies that when the interconnect width, w, is increased, its thickness,
d, is decreased.

The largest stresses obtained on the back surface of the cells at the
end of each of the important steps in the PV laminate manufacturing
cycle are plotted against interconnect width in Fig. 10, while those for
the front surface of the cells are plotted in Fig. 11.

From Figs. 10 and 11, it can be seen that the highest tensile stresses
occur at the end of the pressure-ramping step no matter what the in-
terconnect width, w, and its magnitude increases with decreasing w.
This trend can be explained by noting that the stress at the back surface

of the cell at the end of the pressure-ramping step is the sum of the post-
soldering stress and the stress due to the bending of the cell under
vacuum pressure. The post-soldering stress is due to the CTE mismatch
between the copper interconnect and the silicon cell and both the
width, w, and thickness, d, have an effect on it. From Figs. 10 and 11, it
can be seen that the largest post-soldering stress increases slightly with
decrease in w. and corresponding increase in d. As for the bending
stress, it is clear from Fig. 9 that when the width of the interconnect is
decreased (i.e. when the interconnect thickness is increased), the tensile
bending stress at the back surface of the cell (point 1 in Fig. 9) in-
creases. Thus, when the interconnect width is decreased, since both the
post-soldering stress and the bending stress at the back surface of the
cell are tensile, their summation will result in the trend of increasing
cell stress at the back surface due to decreasing interconnect width as
observed in Fig. 10. This also accounts for the trend observed in Fig. 11
of decreasing pressure-ramping stress with decreasing interconnect
width at the front cell surface (point 3 in Fig. 9). At point 3, the bending
stress is compressive which will reduce the resultant stress when
summed with the tensile post-soldering stress there. The above trends
are in agreement with Schneider's [19] experimental results which
showed that increasing interconnect thickness will give rise to more cell
cracking.

5. Experimental verification on cell cracking during lamination

The experiment performed in this work is aimed at verifying the
effect of interconnect thickness on cell cracking during the pressure-
ramping step of the lamination process. It has been predicted in Section
4.2 that increasing the thickness of the interconnect on the front surface
of the cell will give rise to increasing bending stresses at the end of the
pressure-ramping step which should increase the incidence of cell
cracking. In order to eliminate the effect of thermomechanical stresses
due to soldering, the ribbon interconnects are taped onto the silicon
cells instead of being soldered. This approach allows the effect of me-
chanical loading to be analysed separately without the influence of
thermal stresses from the soldering step.

Fig. 6. Dimensions (in mm) of PV laminate and cells in the
transverse section.

Fig. 7. Dimensions (in mm) of the a cell and its
interconnects in the transverse cross-section A-
A.

Table 1
Dimensions of interconnects simulated.

Model No. Width, w (mm) Thickness, d (mm)

1.8 1.8 0.1800
1.6 1.6 0.2025
1.4 1.4 0.2314
1.2 1.2 0.2700
1.0 1.0 0.3240
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5.1. Specimen preparation and experimental procedure

All the specimens are checked and verified to be crack-free using an
electroluminescence (EL) tester before the pressure-ramping experi-
ments. Interconnects of various thicknesses (0.16mm, 0.18mm,
0.20mm and 0.25mm) typically used in the industry, are taped with
commercially available 3M-scotch tape (thickness of 0.04mm) over the
middle busbar of a mono-crystalline silicon cell of dimensions

(156mm×156mm × 0.18mm). Thicker values of interconnects used
in this experiment is achieved by stacking 2 ribbons on top of each
other.

The cell with the taped interconnect is placed face down in a layered
assembly of front glass-EVA-cell-EVA-polymeric backsheet as shown in
Fig. 12. The assembly is then placed in a flat-bed laminator and the
evacuation step performed for 300 s by evacuating the air in both the
lower and upper chambers of the laminator. This is followed by the

Fig. 8. Maximum principal stresses around the first pair of interconnects at the end of the soldering step (210–25°C).

Fig. 9. Maximum principal stresses around the first pair of interconnects at the end of the pressure-ramping step.

Fig. 10. Variation of largest back cell surfaces stresses with interconnect width. Fig. 11. Variation of largest front cell surfaces stresses with interconnect width.
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pressure-ramping step when the upper chamber is vented, exerting a
pressure of 0.1 MPa on the assembly through the flexible membrane.
The pressure is applied for 15 s while the temperature is held constant
at 50 °C. This is to mimic the scenario in the flatbed laminator which
uses preheating pins. As the EVA begins to soften only around 70 °C
(Fig. 5), it is expected that the EVA sheets will still be solid during this
experiment and will be able to transmit the pressure load onto the cell.
The cell is then inspected for cracks using an EL tester.

5.2. Experimental results

Table 2 shows a matrix of the different interconnect thicknesses
used in the experiments and the observed occurrence of cracks in the
specimens after the experiments. To allow for a good statistical study,
five cells were tested in the experiments for each interconnect thick-
ness.

From Table 2, it can be observed that cracks start to occur when the
interconnect thickness reaches 0.25mm. Beyond a thickness of
0.34mm, all cells tested cracked. These experimental results verify the

Fig. 12. Front and back view of specimen.

Table 2
Occurrence of cracks with respect to interconnect thickness after the pressure-ramping step.

Interconnect thickness (mm) Specimen 1 Specimen 2 Specimen 3 Specimen 4 Specimen 5

0.16 0 0 0 0 0
0.18 0 0 0 0 0
0.20 0 0 0 0 0
0.25 0 X 0 X 0
0.32 X X X X 0
0.34 X X X X X
0.36 X X X X X
0.38 X X X X X
0.40 X X X X X
0.41 X X X X X
0.43 X X X X X
0.50 X X X X X

Note: The symbol ‘0′ indicates cells in which no cracks were observed after the experiments while the symbol ‘X’ indicates cells in which cracks were observed.

(a) Prior to pressure-ramping. (b) After pressure-ramping.

Fig. 13. Electroluminescence image of silicon cell with 0.32mm thick interconnect (image taken at 2.1 V, 7.5 A, exposure time 3 s).
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trend of cracks occurring in cells with thicker interconnects subjected to
the pressure ramping step. This trend has been predicted from the si-
mulations, which indicate higher bending stresses occurring when
thicker interconnects are used. These higher stresses increase the pro-
pensity for cracks to occur.

The EL images of a cell with a 0.32mm thick interconnect before
and after the pressure-ramping step are shown in Fig. 13. It can be seen
that there were no cracks in the cell prior to the pressure-ramping step.
However, after the pressure-ramping step, cracks with a± 45° or-
ientation can be seen forming adjacent to the middle busbar. These
cracks are not visible to the naked eye when optically inspected but
they show up as dark lines in the EL image.

It is also observed that several cells with thicker interconnects break
apart completely by cracking along the entire length of the middle
busbar as shown in Fig. 14. Once again, this phenomenon can be ex-
plained by the bending stresses that arise as a result of the pressure
ramping while the EVA sheets are still solid, causing the cells to bend
over the interconnect on the front face of the cells. Incidentally, the
experiments also verified a key assumption made in the finite element
simulations that at the start of the pressure-ramping step at a tem-
perature of 50 °C, the EVA sheets are still solid. It is found that after the
pressure-ramping experiments, the EVA sheets could be easily peeled
off the cells. If the EVA sheets had melted and adhered to the cells, this
would not be possible.

6. Summary and conclusion

In this paper, the evolution of stresses in silicon wafer-based solar
cells during each step of the laminate manufacturing cycle is simulated
in a sequential manner whereby the residual stresses developed at the
end of one step is brought forward to the beginning of the next step. It is
found that for the entire manufacturing cycle, the highest stresses in the
cells occur at the end of the pressure-ramping step. This is a significant
finding as very little attention has been given to date to the con-
sideration of stresses that arise during the pressure-ramping step.
Moreover, the highest tensile stresses obtained at the back surface of
the cells at the end of the pressure-ramping step ranged from 270MPa
to 370MPa when the width of the front interconnect is reduced from
1.8 mm (standard) to 1mm.

Another important finding from this study is that for the entire
manufacturing cycle, the stresses at the back surface of the cells are
more than 80% higher than the those at the front surfaces of the cells.
This is good news for manufacturers since the front surface of cells are
usually purposely etched and roughened in order to increase light-
trapping and photovoltaic performance of the cells. However, it also
suggests that they should pay greater attention to improving the
smoothness of the back surface in order to prevent fracture.

It has also been found through simulations and verified by experi-
ments that the stresses at the back surface of the cells increase when the
thickness of the front interconnects in increased. This suggests that even
though a narrower front interconnect gives higher photovoltaic per-
formance, it also gives rise to greater propensity to cell cracking and
fracture. Clearly there is a trade-off here which requires close study.

From the experiments, it is found that silicon solar cells of thickness
0.18mm will crack when the thickness of the front interconnect ex-
ceeds 0.32mm.
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