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ABSTRACT

A computational method for the simulation of intergranular and transgranular cracking in
Silicon solar cells is proposed. To model crack propagation, an interface element compatible
with 2D plane stress linear triangular or quadrilateral continuum elements has been coded in
the finite element programme FEAP. The constitutive relation of the element is formulated by
using a cohesive zone model (CZM) accounting for Mixed Mode effects. To study how grain
boundary and Silicon bulk properties influence the crack pattern, an intrinsic CZM strategy is
pursued. Interface elements are automatically inserted in the FE mesh from the beginning of
the simulation, preserving the geometry of the material microstructure (grain boundaries).
Different fracture properties can be assigned to the interface elements placed along the grain
boundaries or inside the grains. Numerical results show a prevalence of transgranular over
intergranular cracking for a wide range of interface fracture properties, in general agreement
with experimental observations. Grain boundary decohesion takes place only for very weak
grain boundary toughness. Mesh refinement leads to smoother stress and displacement fields
and a smearing out of strain localization. However, the crack pattern appears to be almost
independent of mesh size.

INTRODUCTION

Photovoltaics (PVs) based on Silicon semiconductors is one the most growing technology in
the World for renewable, sustainable, non-polluting, widely available clean energy sources.
Commercial PV modules are composite laminates with very different layer thicknesses. Thin
Silicon cells are embedded into an encapsulating polymer layer (EVA), covered by a much
thicker tempered glass [1]. The majority of solar cells available on the market are made of
either monocrystalline or polycrystalline Silicon. Solar cells are separated in their plane by a
certain amount of EVA. Two main semiconductors, called busbars, electrically connect the
cells in series. Very thin Aluminum conductors perpendicular to the busbars, called fingers,
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are also present to collect the electrons originated by the photovoltaic effect from the surface
of the semiconductor to the busbars. The microstructure of a typical polycrystalline Silicon
cell is shown in Fig. 1, where the two busbars and the geometry of polycrystals are displayed.

Fig. 1: photo of the microstructure of a polycrystalline Silicon solar cell [2].

The quality control of these composites is of primary concern from the industrial point of
view. On the one hand, the aim is to develop new manufacturing processes able to reduce the
number of cells or modules rejected. On the other hand, even if all the damaged cells are
theoretically discarded during manufacturing, it is impossible to avoid the occurrence of
microcracking during the subsequent stages. Sources of damage in Silicon cells are transport,
installation and use (in particular impacts, snow loads and environmental aging caused by
temperature and relative humidity variations) [3-6]. Since microcracking can lead to large
electrically disconnected areas, there is an urgent need to understand the origin of this
phenomenon and find new technical solutions to improve the durability of PV modules.

To investigate the effect of mechanical loading on cracking in solar cells, mini-modules of
10 cells disposed along two rows (5 cells per row) have been subjected to 4-point bending in
[6] (see Fig. 2a). The force-displacement curve obtained from this test is depicted in Fig. 2b
and shows brittle failure as soon as cracking propagates. Microcrack patterns, impossible to
be detected by a naked-eye inspection of solar cells, have been monitored by using the
electroluminescence (EL) technique, see Fig. 3 [6]. These images refer to the portion of the
modules where the bending moment is constant. Cracks develop along some preferential lines
almost parallel to the direction of line loading. In case of horizontal busbars perpendicular to
the line of loading, Fig. 3a, a diffuse crack patter is observed with the apprearance of crack
branching. For vertical busbars parallel to the line of loading, Fig. 3b, single cracks propagate
and lead to large electrically disconnected black areas. The orientation of busbars and of the
thin electric fingers has therefore a role on the crack pattern at failure [6]. Both transgranular
and intergranular cracks are present and should be considered in numerical models, although a
qualitative visual inspection of Fig. 3 suggests that transgranular cracking is more frequent
than the intergranular one.
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Fig. 2: Setup of the experimental test on mini-modules (adapted from [6]) and load-displacement curve (b).
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Fig. 3: Microcrack patterns of mini-modules made of polycrystalline Silicon tested according to the test in
Fig. 2 (adapted from [6]). (2) Line loading perpendicular to busbars; (b) line loading parallel to busbars.

From the modelling point of view, a multi-physics and multi-scale computational model
has been proposed by the present authors in [2]. The original idea is to couple elastic, thermal
and electric fields to achieve a predictive stage. To simulate fracture in solar cells of a
commercial PV module (composed of up to 60 cells), structural analysis has been performed
by using the finite element method and considering the laminate as a multi-layered plate. The
computed in-plane displacements at the boundaries of the cells are transferred to the micro-
models of the individual cells, where the actual material microstructure is considered. In [2],
intergranular cracking has been simulated by inserting cohesive interface elements along the
grain boundaries, see an example in Fig. 4 corresponding to the image in Fig. 1. Further
progress has been presented in [7], where coupling between the elastic and the thermal fields
has been accounted for by developing a staggered solution scheme.
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In the present study, transgranular cracking, i.e., cracking through the grains, is also
considered in addition to the intergranular one. To this aim, a Matlab pre-processor has been
coded to automatically generate finite element (FE) meshes with cohesive interface elements
inserted between all the FE edges. Different fracture parameters can be associated to the
interface elements depending on their position (along the grain boundaries or inside the
grains). Numerical examples are provided to show the applicability of this computational
approach to polycrystalline Silicon solar cells. Depending on the cohesive properties
associated to the grain boundary and grain interior cracks, the computed crack patterns are
compared and general trends are determined.

GENERATION OF FINITE ELEMENT MESHES

Finite element meshes are generated according to the following procedure. First, a digital
photo of a solar cell is analyzed and its microstructure identified with a Matlab code
developed in house. Grain boundaries and grain geometries are stored in topological entities
called edges and vertices. This data structure is then passed in input to the free software
GMSH [8] for meshing the grains as if they were joined. This operation can be done with
linear triangular or quadrilateral finite elements with a prescribed mesh density. The output of
GMSH is then elaborated by another Matlab code developed in house. This programme
duplicates all the nodes of the finite elements and inserts interface elements all around them.
The properties of the interface elements can be finally attributed depending on their position
(inside the grains or along the grain boundaries). The final output is represented by the list of
nodal coordinates and the elements connectivity matrix in a format suitable for running a
simulation with the finite element analysis programme FEAP [9]. Other formats used by
commercial FE softwares like Abaqus or Ansys can also be easily produced.

In the present study, we focus our attention on a model problem consisting of 4 grains
(lateral size of about 1 cm). Three different FE mesh densities are considered, see Fig. 4. An
initial crack is introduced inside one of the grains to localize the deformation. This
microstructure is tested under vertical displacement control to simulate crack propagation in
tension. Using this intrinsic cohesive fracture approach, where all the interface elements are
inserted in the model from the beginning of the simulation, we expect the following features
according to the state-of-the-art literature on this subject [10-14]:

(1) Increase of deformability by refining the mesh size.

(2) The fixed orientation of the interface elements can induce mesh-dependent crack
patterns for very coarse meshes.

(3) Fine meshes are in general required to resolve the stress field at the crack tip.

The first drawback can be avoided by incresing the initial stiffness of the interface element. In
the present study, since we are mostly interested in the crack path, this effect will not be
corrected. The second issue is examined by checking the sensitivity of the crack pattern to the
mesh size. Finally, the finest mesh size used in this study is expected to provide a reasonable
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approximation to the stress field, according to the criteria proposed in [11,13].

(a) Coarse mesh (b) Intermediate mesh (c) Fine mesh

Fig. 4: FE meshes with different mesh densitites used in the numerical tests. Note the initial crack inserted in
the orange grain (see the online version of the article for colours).

FINITE ELEMENT FORMULATION

As a first approximation, it is assumed that the in plane displacements are responsible for
cracking in PV modules and that bending of the cell can be neglected. Hence, the deformed
configuration can be confused with the undeformed one. As a result of this assumption, the
actual tridimensional problem is simplified into a bidimensional one. The principle of virtual
work reads:

[, (Vou)'adV — js og'tdS= [ osu'fds, (1)

av

where the first term on the Lh.s. is the classical virtual work of deformation of the bulk V and
the r.h.s. is the virtual work of tractions acting on the boundaries of the cell 0V, if any. The
second term on the 1.h.s. is the contribution to the virtual work of the vector of the normal and
tangential cohesive tractions t=(c,t)" for the corresponding relative opening and sliding
displacements g=(gx,gr)" at all the element boundaries S.

According to the cohesive zone model (CZM), tractions normal and tangential to an
interface are opposing to the relative opening and sliding displacements evaluated at the
interface level. Here, the Mixed Mode formulation by Tvergaard [15] is adopted, since it is
suitable for modelling grain boundary decohesion in polycrystalline materials. The nonlinear
equations relating the cohesive tractions to the normal and tangential relative displacements
are:

o =ENp(y), (22)
INc
— A & P
U= /ITC P(7), (2b)
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where:

P(2) = 270 max(1 — 2.+ 1%) /4 (3a)
> / . .

=1/ [gN/"'Nclz + [gT/JTr}z- (3b)

The FE discretization of the micro-model is performed by using linear triangular elements for
the grains and compatible linear interface elements for the interfaces [16,17]. The discretized
interface contribution in Eq. (1) becomes:

AdWin = ou'R" / B'tds. )
JS
where 6u=[u1,v1,...,u4,v4]T is the displacement vector, R is the rotation matrix of the interface

element, and the matrix B contains its shape functions:

Ny, 0 -N, 0 N, O N, O

(%)
0 -N; 0 -N, 0 N, 0 N,

Due to the nonlinearity of the interface constitutive relation given by the CZM, the
Newton—Raphson scheme is used, which allows to achieve a quadratic convergence in the
computation. The reader is referred to [17] for more details about the computational issues. In
this context, linearization of Eq.(22) yields

AW,y = ou'R’ / B'CBRuds. (©)
4SS

where C is the tangent constitutive matrix of the interface element containing the partial
derivatives of the cohesive tractions w.r.t. the opening and sliding relative displacements [17].

NUMERICAL RESULTS

Two sets of numerical simulations are performed by selecting different fracture properties of
the interface elements. The portion of the material microstructure whose geometry is shown in
Fig. 4 is subjected to a tensile test in the vertical direction under displacement control.
Regarding the computational effort, the finest meshes require approximately 1 hour of
computing time.

In the first set, all the interface elements have the same fracture properties, regardless of
their position. For the coarse mesh, Fig. 5(a), the initial defect propagates inside the orange
and blue grains by crossing their grain boundary. When the crack impinges into the triple
junction between the green, yellow and blue grains, it deviates along the grain boundary
between the green and the yellow grains (refer to Fig. 4 for the grain color). By refining the
mesh, localization is spread out across a larger band, with non zero opening displacements in
all the interface elements in the band around the main crack path, which is almost the same as
in case (a). The homogenized stress-displacement curves, normalized by dividing the plotted
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values by the peak stress and displacement values of the coarse mesh simulation, are shown in
Fig. 5. The response is quite brittle, due to the appearance of instabilities in the material
microstructures (snap-back instabilities) that cannot be controlled under displacement control.
The peak stress is slightly reduced by refining the mesh size.

(a) Coarse mesh (b) Intermediate mesh (c) Fine mesh

Fig. 5: contour plot of the vertical displacements at failure, showing displacement discontinuities and a reduction
of strain localization by refining the FE mesh.
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Fig. 6: dimensionless stress-displacement curves corresponding to the FE simulations in Fig. 5. The coarser the
FE mesh, the stiffer the mechanical response (less interface elements embedded in the FE mesh).

In the second set, to simulate the phenomenon of intergranular cracking, the fracture
properties of the interface elements along the grain boundaries are progressively reduced.
Grain boundary decohesion is observed for very weak grain boundaries (fracture toughness
less than one fifth of that associated to the grains). In this case, the initial defect does not
propagate, whereas debonding of the grain boundary between the orange and the blue grains
takes place (see Fig. 7). The final crack pattern shows grain boundary decohesion regardless
of the mesh size. The dimensionless stress-displacement curves are shown in Fig. 8 and have
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a peak stress about 1/3 of that in Fig. 6 for transgranular cracking.

(a) Coarse mesh (b) Intermediate mesh (¢) Fine mesh

Fig. 7: contour plot of the vertical displacements at failure, showing displacements discontinuities. The crack
pattern is almost independent of mesh refinement.
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Fig. 8: dimensionless stress-displacement curves corresponding to the FE simulations in Fig. 7. The coarser the
FE mesh, the stiffer the mechanical response (less interface elements embedded in the FE mesh).

CONCLUSIONS

A computation]l framework for the study of intergranular and transgranular cracking in
monocrystalline and polycrystalline Silicon solar cells has been proposed in the present work.
To this aim, a specific Matlab pre-processor has been developed in house and has been used
to generate FE meshes with embedded interface elements. At present, a full Newton-Raphson
technique has been used to solve the nonlinear boundary value problem. However, to capture
unstable branches and follow the post-peak response, other special control procedures will be
exploited in future work.
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Numerical results show a clear prevalence of transgranular cracking over intergranular
fracture, as also observed in experimental tests [6]. Pure intergranular cracking is expected
only for very weak grain boundaries. This pinpoints the necessity of simulating transgranular
cracking in real solar cells, although the computational cost and convergence problems are
enhanced.

Indeed, further research is required for the study of convergence issues depending on the
CZM stiftness and mesh size. The presence of fingers and busbars will also be accounted for
as a global toughening effect. Identification of CZM parameters is also expected to be crucial
for reproducing the experimental stress-displacement curves in close detail.
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