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This study reports on the silicon photovoltaic cells with such an alumina metallization. The photovoltaic cell’s silicon component
was subjected to an effective stress studied using a simulation model built with this information. In order to evaluate the efficiency
of photovoltaic cells on both sides, as well as in two distinct orientations, a four-point bending experiment analysis was carried out
using the model. The side and direction of loading have a significant impact on both strength and fracture. There is tensile stress
going perpendicularly along the busbars; the back side of the test specimen had the lowest measured strength.

1. Introduction

In the collection and management of solar power systems,
mechanical integrity is critical [1]. There is a lot of interest
in fractures in modules because mechanical or thermal
stress can drastically affect the module’s electrical efficiency
and reliability [2]. According to the loads, the tipping point
or ultimate strength for the solar cell fracture must be eval-
uated, despite the fact that there are several factors that
contribute to cell breakdown, but they are only one of them
[3]. This strength is further characterized by the specific
fault structure that emerges during the production method-
ology for cells, which begins the silicon wafering process
[4]. However, defects in silicon wafers and the tensile

strength solar cells have been extensively studied. The inter-
facial fracture behaviour of photovoltaic cells determines
how quickly photoelectric array’s cells break down [5, 6],
with little attention to solar panel quality consideration.
Si, Al, and Ag [7] are all components that can be found
in current silicon solar cells; analyzing each layer’s contri-
bution to cell strength is necessary [8, 9], and the uses of
solar cells are shown in Figure 1.

Due to the overlap in the metallization structure between
the two paste components (AgAl and Al), fire procedures
can have a substantial impact on cell strength. Fracture test-
ing revealed that cracks formed in the AgAl/Al overlap zone,
causing local stress concentrations that eventually led to
fracture at reduced stress levels. Strength tests on typical
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solar cells were carried out by [10] using 4-point bending
and an analytical stress evaluation. Higher drying and lower
firing temperatures could be proven to reduce the back-side
tensile strength of the solar cell. Aluminium back contact
has also been tested for its mechanical qualities [11]. In
order to anticipate the maximum deflection of solar cells
after discharge, [12] devised this model. Mori–Tanaka
homogenization [13] was used to estimate the Al layer’s
mechanical reaction. Although mechanical models of a solar
cell are still lacking, stress 4-point bending tests can be done
to examine them [14].

Solar cell strength is determined using a mechanical
model that mimics the current standard idea using the H-
pattern, Al-BSF [15, 16]. Mechanical homogenization
methods are used to examine several aspects of the solar cell
layer system, including Al, Si, and Al thin film deposition on
the back side [17]. In order to analyze and characterize the
bending behaviour and stress fields in solar cells, finite ele-
ment analysis [18] is utilized, taking into account the differ-
ent material layers. Al-BSF and the H-pattern solar cells are
tested [19] in 4-point bending with varying loads using the
FE model and the Weibull analysis [20]. A simulation model
constructed using this information was used to study the
effective stress on the silicon component of a photovoltaic
cell.

2. Material and Methods

2.1. Samples. Solar cells with a diameter of 160mm, 160mm,
and 220mm (TTV: 30mm) were employed for the strength
evaluations. Al-BSF, H-pattern, and three busbars were used
for the standard concept cells. Material consistency is
ensured because all cells come from the same batch. Contin-
uous Ag-busbars with a width of 4mm and a length of
130mm created the back-side contact. On the sunny side
of the busbars, an alkali perforated coating with an antire-
flection layer was also found (width 2mm, length 160mm)
(front side). Table 1 contains more details on the simulation
model’s material properties.

2.2. Strength Testing. Silicon solar cells can be tested using
the same methods as silicon wafers. However, in the litera-
ture, it is most commonly used to quantify the strength of
wafers. Uniaxial bending moments evenly distribute the
stress across a vast surface area, including the sample’s edges

and surface. A consistent flexural stress is applied to the
sample’s lower portion. With an outer span of 120mm, the
four-point bend configurations in this study used inner rol-
lers that had a diameter of 60mm. Steel rollers with a diam-
eter of 12mm are used in the machine. Among the rollers
and the cells, PTFE foils are utilized to improve contact
behaviour and reduce friction [21]. When comparing the
busbars to the rollers, at the busbars, the rolls feature little
slots. During examination, the cell and roller are not sepa-
rated by foils in the grooves. Table 2 shows the four distinct
testing configurations that were carried out.

Ductile tension is applied to the rear and front sides of
the solar panels, with the busbars parallel and perpendicular
to the rollers. Each design was tested with 60 solar cells. The
universal testing equipment was used to conduct all of the
tests with a 1 kN load cell. The machine’s position was used
to determine the sample’s deflection. It was decided that the
load speed would be 0.1mm/s. During testing, each sample’s
power and bending were recorded. A force of 0.5N was
applied to the photovoltaic array before it was broken. To
prevent the cells from breaking during 4-point bending test-
ing, strips of sticky tape were applied diagonally to the rol-
lers. A mechanical prototype is utilized to compute the
rupture stress during the four-point bending test. To put it
another way, the Weibull modulus is a measure of how
much the fracture stress values vary over time. This method
was used to determine the Weibull parameters using maxi-
mum likelihood estimation (MLE).

3. Modeling

3.1. Layer Properties. Different layers are depicted in Figure 2
as part of the solar cell’s structure. For the solar cell concept
studied here, contact metallizations include screen-printed
silver pastes (busbars and fingers) and aluminium pastes
(back contact). While burning, aluminium diffused into sili-
con, creating the eutectic and the back surface field (BSF).
AlSi particles that are weakly linked are found in the bulk
porous Al layer after fire. Alumina covers these particles.
The crystal structure of the silicon in the cell is cubic,
whereas the BSF has an Al-doped zone. Doped regions are
expected to have identical mechanical properties. Still, the
Ag solution used for transmission lines and fingers has a
more homogeneous microstructure than the Al layer on
the backside. Researchers employed the Mori–Tanaka
approach to conduct theoretical mechanical studies on
eutectic and Al pastes to homogenize the elastic modulus.
According to the theoretical calculations, AlSi has a Young’s
modulus of 74GPa in its eutectic layer.

Modeling silicon relies on continuous elastic properties,
whereas other levels are represented as brittle materials that
can be deformed. Ag paste’s optimal rigidity and production
stresses were found to be at 41.5MPa for Al paste. We can
see how the Al paste fractures on the interface among the
elements and the glass by using a spherical particle as an
example. Furthermore, the weak interparticle forces are
thought to be a result of the porous structure. Thus, it is
hypothesized that the solar cell’s stress behaviour in com-
pression is predominantly influenced by the porous Al,
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Figure 1: Uses of solar cell.
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while the cell’s stress behaviour in tension is more suscepti-
ble to failure. As the system compresses, the AlSi particles
may contribute a little amount of stiffness. To determine cell
breakage, it has been assumed that the silicon layer breaks.
As a failure criterion, the highest possible primary stress is
employed. Further, it is thought that flaws on the silicon
layer’s surface cause fracture at the silicon layer. As a result,
the solar cell’s fracture is not due to another layer in the solar
cell.

3.2. Mechanical Model. Displacements and the photovoltaic
panels under frustration were calculated using the FE casing
structure that was constructed in the ANSYS finite element
(FE) programme and shown in Figure 3. Silicon’s mechani-
cal properties are not affected by the BSF; hence, it is not
shown as a solitary framework. Because the anti-reflective
coating on the top side is so thin, it is not taken into account.
Small grids of Ag on the solar cell’s upper surface are also

ignored because of their inconsequential impact on the cell’s
stiffness and stress distribution. This simulation model does
not take into account residual stresses after thermal process-
ing, the values of which are taken to remain constant
throughout all samples. The calculated stress fields can then
be superimposed with these new stresses. There are nodes,
and the photovoltaic cell’s levels are partitioned in the FE
model’s shell elements. Silicon, on the other hand, is
regarded as a linear elastic isotropic material. As shown in
Table 1, the elastic constants of silicon are represented using
Voigt’s notation for anisotropic linear elastic behaviour
(f100g crystal orientation). Ductile layers’ plastic material
behaviour was ignored since stress levels in the ductile layers
did not exceed yield stresses. The simulation prototype addi-
tionally accounts for nonlinearities as well as massive deflec-
tion contact and friction among the rollers of the four-point
bending test system. To get the best results, choose a coeffi-
cient of friction equal to 0.18.

Table 1: The mechanical model’s material parameters.

Layer Material Young’s modulus E (GPa) Poisson’s ratio ν Thickness of layer t μmð Þ
Front-side busbars Silver 8 0.41 12

Silicon Silicon C11 = 172:6, C12 = 64:86, C44 = 81:24 0.29 ≈215
Eutectic layer Aluminium silicon 76 0.42 4

Back-side Al paste Por. Al 7 0.40 30

Busbars on back side Silver 8 0.41 30

Table 2: Solar cell strength testing in four-point bending is performed using batches and configurations of samples.

Name Side in tensile stress Position rollers to busbars Cell numbers Direction of tensile stress to busbars

SP Sunny side Lateral 60 Transverse

SC Sunny side Transverse 60 Lateral

BP Back side Lateral 60 Transverse

BC Back side Transverse 60 Lateral

BP BC

SP SC

Back
side

Roller

Bus
bar

Sunny
side

Figure 2: Detailed diagrams of all of the configurations used for strength testing.
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4. Results

4.1. Resulting Numbers from Simulation. Deflection, which
characterizes the solar cell’s structural behaviour, serves as
the model’s load parameter. If you compare the same pattern
of pure silicon substrate on a silicon wafer as a silicon layer
within a cell, a 10mm deflection exhibits the maximum
stress (first major stress on the ductile side of the silicon
layer) and as an example of where a silicon wafer’s loading
force compares to a pure silicon substrate. The stiffness
(force) of silicon among a wafer and a cell is reduced by
<3%. There is just a small amount of stress in the surround-
ing metallization layers that affects the maximum stress in
the silicon. When it comes to stress concentrations at metal-
lization–silicon interfaces, however, the shell model cannot
account for them. Despite this, simulations can be used to
predict whether a photovoltaic works using the same
assumptions as for pure silicon wafers. In this case, the frac-
ture stresses were calculated using the mechanical solar cell
model, which took into account the number of cosystem’s
consequences. The roller force vs. deformation curves from
study were analyzed to those from the simulated world in
order to verify the quantitative instances of 4-point bending
tests. The experiment’s nonlinear curve progression can be
characterized via simulation, as can be seen. Experimental
results and computer simulations show that the pastes in
Table 2 have a satisfactory overall stiffness. 0.5N was the
starting point for the experiment’s experimental curve
because of the initial force used.

4.2. The Results of Testing for Strength. Deformation con-
straints were calculated using a simulation framework on
the fracture’s power and diversion. Weibull criteria for the
four topologies illustrated in Table 3 were determined using
these stressors. Fault stresses are sprinkled by the Weibull

modulus, which was not significantly different in any of
the varied designs. Defects are evenly distributed among
all samples as a result of this. Neither significant difference
between layouts across or parallel to busbars when tensile
stress is applied to the sunny side. To put it another way,
rollers perpendicular to busbars have a higher typical frac-
ture stress than rollers parallel to the busbars. Since the
metallization layers are taken into consideration, these frac-
ture stress values can be used to evaluate the absolute
strength of the use of photovoltaics (neglecting residual
stress states). Examination of shattered cells led to the use
of optical tools to inspect the cells. The back-side metalliza-
tion connects each cell even if the sunny side is checked. EL
is more difficult to conduct on the underside of the solar cell,
which shatters more quickly. In the preferred cleavage planes
(112) or (113) of silicon, all cracks propagate in a 460 degree
angle. Many minor cracks were found in a region of continual
flexure (among the red lines) during testing on the sunny side.
If you look closely, you will find two distinct lines of cracks
running in opposite directions on the surface of the busbars,
which is where the cracks originate. For SP design, a single
break can spread across the cell’s thickness. The origin is more
difficult to find if the back side is examined, as large regions are
not electrically connected. Back-side testing shows that cracks

Figure 3: FEM model in quarter symmetry with mesh shell elements and different sections for different layers with busbars parallel to the
roller.

Table 3: Weibull parameters of strength with 90% confidence
bounds were obtained by four-point bending experiments using
solar cells in various configurations.

Tensile stress side Busbar roller positions m σθ MPað Þ
Sunny side Transverse 15 201

Sunny side Lateral 16 204

Back side Transverse 15 246

Back side Lateral 18 172
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commonly spread in two directions from busbars for the opti-
cal inspection, indicating that the transmission lines and the
pore structure are where the cracks begin. As observed in the
EL photos, back-side testing results in a lesser number of
cracks than sunny-side testing.

5. Elaboration

5.1. Loading Direction Affects the Strength of a Load.
Figure 4 shows that the rollers of variant solar cell designs
at 10mm bending have the highest first primary stress and
response force of pure silicon (wafer) of the same thick-
ness. For perforated polycrystalline silicon because of
defects in the silicon, they are unusable in the resin coating
form, since the durability of the sunshine end of solar cells
is irrespective of the beam axis. On the other hand, the
loading direction has a significant impact on the strength
of the back side. The creation of a eutectic layer, however, does
not change the busbar’s direction dependency, despite the fact
that the flaws on the surface have been altered. Figure 5 shows
the rollers’ force vs. displacement curves. The comparison of
the (a) SP configuration specimen in simulation and experi-
ment and (b) all configurations in the experiment.

Figure 6 shows that the local stress concentrations in 3D
models cannot explain the disparity in BC and BP strength.
Busbars and Al paste appear to be controlled by their metal-
lization mechanism. Finding similar statistics on the maxi-
mum load orientation contributes to the effectiveness of
solar cells being not possible. Four-point bending tests on
typical solar cells just for the back and front sides were con-
ducted as in Table 3. They [6] evaluated a variety of ring–
on–ring test configurations of metallizations. It is not possi-
ble to directly compare axisymmetric stress to biaxial stress
in this test because of the nature of the 4-point bending test.
They [22] discovered that the strength of an aluminium bus-

bar differs depending on whether it is perpendicular or par-
allel to the aluminium back paste [23]. Cracks can be found
in the overlap area between the Al and Ag pastes in the BC
configuration. It was tested on a smaller sample of solar cells
and busbars in the BC arrangement. These samples were
shattered into two pieces during shipping. The back-side paste
and busbars were discovered to be the source of the cracks in
these samples. Cracks caused by stress concentrations in the
delamination of material layers were also found to be similar.
These cracks are more likely to form at high-stress circum-
stances, as is the case with the BC framework in 4-point bend-
ing. These overlap cracks, however, may be affected by the
composition of the busbar and rear contact adhesive.

So far, the mechanical model has ignored the effects of
manufacturing residual stresses. Tensile stresses from the
front side of silicon and flexural rigidity stresses on the
rear are expected as a result of heat treatment shear
strength. The rear side might have a substantially minor
crack stress, whereas the front end could take a greater rel-
ative crack stress. Peripheral shear forces, such as those
caused by overlying anodization layers, might have an
effect on the direction of the residual stress components
in a component design. Consider these points in greater
detail. Cell breakage is more pronounced when the same loads
are applied parallel to the busbars. Although soldering and
lamination in modules may have an impact on failure mecha-
nisms, this is not a certainty. Because modules put the entire
cell under tensile stress, it is impossible to compare them.

5.2. Fracture Behaviour Influenced by Layering. Associated
to the back end in tensile stress, the sunny side of the cell
reveals a lot more cracks that do not separate the complete
thickness of the cell, which includes the metal. Cracks were
also seen on the back side of the board when it was arranged
in parallel rather than perpendicular orientation. For example,

Figure 4: Rollers of variant solar cell designs at 10mm bending have the highest first primary stress and response force of pure silicon
(wafer) of the same thickness.
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the elastic energy in a solar cell could explain how a crack
branching or many crack origins can occur. As a result, energy
can be employed to propagate multiple cracks in materials
tested on the sunny side. Back-side tests break the cell, causing
elastic energy to be lost because the silicon pieces are no longer

connected. As a result of the higher energy available, addi-
tional branched cracks will form on the back side in parallel
formation. Cracks appeared close and corresponding to the
busbar in all 4-point bending configurations other than the
SP configuration. If the fracture travels in cleavage planes of

(a)

(b)

Figure 5: The rollers’ force vs. displacement curves. The comparison of the (a) SP configuration specimen in simulation and experiment and
(b) all configurations in the experiment.
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silicon, a fault or remaining stress near the busbar is likely to
be the cause of this particular crack propagation. Despite the
huge crack near the busbar, the two front-side layouts are
indistinguishable in terms of their structural integrity. The
occurrence of two fractures on the back-side arrangement
indicates that a crack originated near the busbars. These cracks
do not propagate similar to busbars, unlike the SP design.

6. Conclusions

The layered structure can be considered in this study; how-
ever, it has only a little influence on the stiffness and stress
distribution of the solar cell. The model, on the other hand,
may be used to correctly and precisely estimate the fracture
stress of solar cells. This model may also be used to

(a)

(b)

Figure 6: Analysis of four-point bending tests using solar cell in various parameters. MLE (a) Weibull drawing and (b) Weibull constraints
with 95% assurance intervals are provided.
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investigate different metallization processes on various solar
cell designs:

(i) Square crystalline silicon solar cells were exposed to
four-point bending examinations with rear and
sunny sides under tensile stress in order to deter-
mine their tensile strength

(ii) The Weibull modulus of all configurations was the
same, which can be taken as a similar defect distri-
bution for all of them. If the rollers are parallel or
perpendicular to busbars, the characteristic fracture
stress is not much different

(iii) Tensile stress on back side of perpendicular rollers
is stronger than that on parallel ones. To put it
another way, the metallization structure of solar
cells appears to have a direct impact on the cell’s
strength

(iv) The loading direction in the current standard solar
cells is unaffected by the direction of the sun.
Because of this, the strength of the back side varies
depending on which way it is being loaded

(v) In future efforts, the Al and Ag pastes overlapping
can be investigated further. Breakage of photovol-
taic modules can be studied by bending the modules
to examine the cracking of solar cells in modules
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