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Abstract

Electric models based on a distributed series resistance along the grid line can be used to predict the current through the thickness
of the Silicon solar cell, as well as the current and the voltage along the grid line. In the presence of a crack intersecting a finger,
a localized electrical resistance dependent on the crack opening has to be introduced in that intersection point. In the present
study, a refinement of these electric models is proposed by introducing a sheet resistance dependent on the amount of damage
induced by cracks in the surrounding material. The proposed model is successfully validated in reference to experimental data on
mono-crystalline Silicon solar cells with cracks artificially created by Vickers indentation, providing an insight into the electric
degradation mechanisms caused by crack interaction phenomena.
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1. Introduction

In the last few years, the durability of photovoltaic (PV) modules emerged as an important issue to be debated by
the scientific community [1-3]. International organizations and agencies are interested in the interpretation of
laboratory and field degradation data of PV modules coming from different producers and installed in different
climate zones [4]. For this reason, the understanding of the possible sources of losses in the energy production and
the quantification of the degradation of a PV system are fundamental issues to establish appropriate business plans
accounting for maintenance costs considering warranties when the underperformance of PV modules are above the
producers’ specifics. In addition to this, the durability issue is expected to become even more relevant in the next
few years due to the rapid development of building integrated PV systems. In this work, we focus our attention on
the damage caused by cracks in monocrystalline Silicon solar cells. The effects of cracks on solar cells are manifold,
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including a linear decreasing of the short circuit current by increasing the inactive cell area [1,5,6] and an increase in
the series resistance of the cell [2,7]. Potentially, if a crack crossing a finger (grid line) is sufficiently wide, an
interruption of the electric flow to the busbars, or from the busbar in case of the electroluminescence (EL) test, may
occur. In the present contribution, the one-dimensional model for the current distribution along a grid line in [8] is
further generalized by considering not only the effect of cracks crossing the grid line as in [9], but also a distributed
damaged region around the cracks. This is achieved by introducing a distributed resistance depending on the amount
damage induced by cracks in the surrounding material. Experimental results are proposed to identify the model
parameters and assess the important role of crack interaction on the introduced novel electric parameters.

2. Effect of cracks on the material proprieties of monocrystalline Silicon

Vickers micro-indentation is a suitable methodology to propagate cracks in Silicon solar cells that are similar to
those induced by impacts [10, 11]. The typical shape of a Vickers indenter is a square-base diamond pyramid. The
angle between opposite faces of the pyramid is 136°. This test is also called diamond-pyramid hardness (DPH) test,
due to the shape of the indenter. The Vickers hardness provides a continuous scale of hardness, for a given load,
from very soft metals with a DPH of 5 to extremely hard materials with a DPH of 1500 and, due to the geometric
similarity of impressions made by the pyramid indenter, no matter their size, the DPH is independent of load [12].

After the insertion of cracks with this technique, nano-indentation tests have been performed in [11] to measure
the material hardness in the surrounding region, showing a dependency of this material property on the distance
from the main channel micro-crack, see the dots in Fig. 1, where Hs; denotes the hardness of the undamaged Silicon.
This is the result of the pile up of dislocations in the surrounding material, of higher amplitude in the material region
near the channel crack located at x=0. This experimental trend can be well fitted by an exponential decay of the

type:
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where Hs;=10.5 GPa, H1,i»=7.1 GPa, and a=0.4, see the solid line in Fig. 1.
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Fig. 1. Profile of the hardness near the channel crack located at x=0 (experimental data from [11], fitted by an exponential decay in Eq. (1) by the
present authors, shown with solid line).

3. A one-dimensional electric model for monocrystalline Silicon cells with distributed damage

Under the assumption of an ideal semiconductor, which has homogeneous properties everywhere in the plane of
the solar cell, the two-diode electric model proposed in [8] has been generalized in [9, 13] by considering a localized
crack resistance dependent on crack opening. In this section, that electric model is further generalized in case of
distributed damage in the Silicon solar cell surrounding the main channel cracks. The improved electric model
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allows the prediction of the current I; (&) along the finger, for each position described by the coordinate & ranging
from one busbar to the other (see Fig. 2). According to [8], in fact, the voltage is not constant, but it is a function of
¢ due to a distributed resistance of the grid line, due to metallization and emitter resistances. Finally, for each
voltage V(¢), the current Iy, through the thickness of the solar cell can be predicted by the single diode equation
describing the physics of the semiconductor [9, 13]. In this section, this electric model is generalized by accounting
for one or two intersecting cracks. From preliminary results in [9] it is found that a localized resistance at the
position along the finger crossed by a crack has to be introduced, together with the spatial variation of the grid line
resistance [8], to model experimental trends. By introducing for each finger a local reference frame with axis &
directed along the finger direction and ranging from the first busbar at & = 0 to the second at & = | (see Fig. 2), the
surface density of electric current through the thickness of the solar cell originated in the semiconductor by the
photovoltaic effect, I, (A/cm?), the voltage V (V), and the linear density of current (per unit depth) along the finger,
I; (A/cm), depend on the position & due to a distributed series resistance ps (©/cm?) evaluated as the grid resistance
Rgria (€/cm) divided by the spacing between two subsequent fingers.
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Fig. 2. A sketch of the solar cell with two cracks.

During the electroluminescence test, performed inside a dark room without sunlight and under a direct bias
condition, the following ordinary differential equation relates the linear density of current along the finger to the
variation in the voltage:

T AGE IO @

For continuity conditions on an infinitesimal portion of the grid line and the solar cell behind it, the derivative of the
linear density of current along the finger has to be equal to the surface density of current passing through the solar
cell thickness, i.e.:
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By manipulation of Egs. (2) and (3), the following second order ordinary differential equation is derived:
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The surface density of current through the thickness of the solar cell, Iy, is herein approximated by a single diode

model:
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where lo; is the saturation current density, n;~1 is the diode ideality factor, V; = kgT/e is the thermal voltage
dependent on the absolute temperature T, on the Boltzmann constant kg and on the elementary electron charge e.
The local sheet resistance in series with the diode is herein replaced by R(¢). This is usually treated as a simple
constant in the existing formulations, and the voltage V is just varying along the finger due to the distributed grid
line resistance. Here, we propose to use a non-constant value of R(¢) depending on the distance from the channel
crack. The dependency of R(¢) for each crack can be assumed to be of exponential type, in line with the degradation
of the material properties previously shown for hardness. This assumption leads, for two channel cracks located in
&=¢&,, and £=¢£ ,, to the following expression, where the superposition of the damage effects of each individual
crack is taken into account:
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InEQ. (2), Ry1, Re2s R'hom» @nd k are the free parameters of the model. Furthermore, a localized resistance Rer is
considered at the point where a crack crosses the finger, as in [9].

In the case of an intact cell, it is sufficient to setRy,, Ry, equal to zero and R(¢) = Ry, tO recover the one-
dimensional electric model in [9,13] as special case.

Since Eqg. (5) has an implicit form, the current I cannot be obtained in a closed form, and the Newton-Raphson
incremental-iterative scheme is invoked. Considering 1> = 0.2 mA/cm? as the starting value, convergence is
achieved when the error in the norm of the computed Iy, is less than a prescribed tolerance. Due to the consistent
update of the tangent, the rate of convergence is quadratic and few iterations are needed to achieve an error within
the machine precision.

Numerical integration of the ODE in Eq. (4) is performed by discretizing the grid line in nodes with a regular
spacing d¢. The starting point for the integration is the point at & = & where the voltage is minimum, say V,. For a
finger not intersected by any crack, this point is located in the middle between two busbars (&, = 1/2). For a finger
intersected by a crack, &, is a free parameter to be identified by matching the value of the voltage at the busbars,
which is a known imposed value in the EL test (see Fig. 2). For a tentative value of &, whose initial guess can be &,
= 1/2, and the corresponding voltage, V (&) = V, which is in general lower than the applied voltage at the busbars
(0.7 V for a typical EL test), the integration path is divided into two parts. In reference to Fig.2, the first part is
comprised between & and the busbar on the left (£=0), while the second part ranges from &, and the busbar on the
right (&=1). The current density 14(¢) is assumed to be constant within each integration interval d& Under such a
hypothesis, the voltage profile within each interval d¢ is parabolic and the following equations hold:

V(E+d8) =V(S) +V'(§)d§+T

VI(§+dE) =V (S)+V"(S)ds ()
I¢ (5 +dS) =15 (5) + 14 (S)dS

where (') and (") indicate the first and second order derivatives with respect to & Referring to the integration in the
first region (from & = & to ¢ = 0), the boundary conditions are given by:
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V(&)=Vy, and V'(&)=0 (8)

The vertical current 14() is then computed with the Newton-Raphson algorithm applied to Eq.(5). In the next
step, the voltage V(¢—d¢), its derivative V ' (&—d¢), and the linear density of current along the finger, 1{(&—d¢) are
evaluated at the new integration point &~d¢ according to Eq. (6). The negative sign of d¢ is due to the fact that
integration is performed from =&, >0to ¢=0.

When, in the integration path, the crack crosses the finger at the point & 1, an additional localized resistance R 1
is introduced, dependent on its crack opening [13], in agreement with experimental findings in [10] and recently
confirmed by optical microscope images and electric measurements in [14]. Indeed, the effect of a crack on I was
evident in the EL images reported in [10], being possible to correlate the brightness of the EL image to Iy [15].
Indeed, for a sufficient large crack opening displacement, a discontinuity in the grey-scale of the EL image takes
place [13]. Due to the presence of the concentrated resistance related to the crack, a discontinuity in the voltage
distribution occurs in correspondence of this crack position, &g ;:

V(&er) =V (€er) + Ree bt (Ser) ©)

After this voltage discontinuity, the integration proceeds as previously done before the intersection with the
crack. Regarding the integration in the second region, from & =&, up to & = |, the same procedure as before is applied
to compute V(&+dg), V' (E+dE) and I (&+d¢) in the point with coordinate &+d¢, starting from the boundary condition
imposed at & = &,. Again, in case of another crack crossing the finger at ¢ = & ,, the voltage has a discontinuity in
that point due to the concentrated resistance R .

4. Experimental evidence and validation

Cracks are induced in mono-crystalline Silicon solar cells by Vickers indentation (see Fig. 3a). The EL images
taken before and after the indentation test are shown in Fig. 3b and 3c, respectively.
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Fig. 3. (a) Sketch of the Vickers micro-indenter. (b) EL image of the solar cell before indentation; (c) EL image after indentation.

The proposed electric model is applied to four fingers crossed by the radial cracks, at different distances from the
central point of Vickers indentation. The distribution of the current flowing through the thickness of the solar cell
predicted by the present model, Iy, is shown in Fig. 4 for these fingers. The following parameters are set for all of
the cases: R', . =0.1Qcm? Vr=25mV, p;=0.138 Q, lp; = 1.48x10™ Alcm?, Vo= 0.589 V.
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The predicted current is compared with the experimental value deduced from the EL image according to the
method discussed in [9], see Fig. 4. A fair good agreement between model predictions and numerical results is
achieved. The values of the resistances for the two cracks identified by matching the experimental data are plotted in

Fig. 5 vs. the distance d between the two cracks.
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Fig. 4. Current through the thickness of the solar cell vs. position along the finger. Experimental values are shown with dots, model predictions

with continuous red line.

Results show that the localized resistances Ry and Ry, are almost independent of d (see Fig. 5a), in agreement
with the expectation that they should depend on crack opening only. On the other hand, the resistances Ry and Ry,
are decreasing functions of the distance between cracks (see Fig. 5b), which implies a higher degradation of the
Silicon properties due to the effect of crack interaction enhancing dislocations pile up.
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Fig. 5. Model resistances vs. distance between cracks: (a) localized crack resistances; (b) distributed crack resistances.
5. Comparison with the electric model with localized resistance only

In this section, a comparison between the generalized electric model for distributed damage (DD) and the electric
model which considers the localized resistance at the crack position only (LR) is proposed. The two models are
applied to mono-crystalline Silicon cells embedded in semi-flexible modules made of 2 rows of 5 cells each. Cracks
were induced via impact tests to simulate hail impacts [10]. Loaded and unloaded configurations have been
considered in order to change the stress field in the cells. The application of a bending load to the module
determines an increase of the crack opening displacement of the pre-existing cracks [13]. The distribution of the
current flowing through the thickness of the solar cell predicted by the two models, Iy, is shown in Fig. 6 a finger
crossed by a single crack at &~2.

0.05 - 0.05
« Experimental Data + Experimental Data
—— LR Model — LR Model

0.04 DD Model 0.04 DD Model
< 0.03 <2 0037\
S S
< <
T=0.02 =002

0.01 0.01

4 6 2 4 6

2
£ (cm) £ (cm)
(a) (b)

Fig. 6. Comparison between the predictions of the model with localized resistance only, of the model with also distributed crack resistance, and
experimental data. (a) Undeformed PV module; (b) Deformed PV module due to bending.
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The following parameters have been set for the two models: V+= 25 mV, ps=0.138 Q, lp; = 1.48x107* Alem?,
The values of the other parameters, specific for each model, are collected in Tab.1.

Table 1 Model parameters for the example in Fig. 6.

Model Condition Xmin (CM) Xer1 (CM) Vo (V) Reri (Qcm) Rer2 (QCM?)  Ronm’ (Qem?) k()
LR Undeformed  3.47 1.65 0.581 0.02 - 0.1 -
DD Undeformed  3.47 1.65 0.581 0.02 0.65 0.1 40
LR Deformed 3.47 1.7 0.597 0.35 - 0.1 -
DD Deformed 3.47 1.7 0.597 0.35 0.65 0.1 40

The density of current flowing through the thickness obtained with the LR model (blue solid line) and with the
DD model (red dashed line) is compared with the experimental data along the same grid line (black dots in Figs. 6a
and 6b, for the unloaded and loaded configurations, respectively). As expected, the results in Fig. 6 show that the
model accounting for distributed damage is more accurate in capturing the experimental trend.

6. Conclusions

A novel electric model with spatially varying distributed resistance (DR) accounting for damage in the material
surrounding a channel crack has been proposed to predict the current through the thickness of cracked Silicon solar
cells, as well as the current and the voltage along the grid line. To validate the DR model, Vickers tests on
monocrystalline Silicon solar cells have been performed to generate a configuration where two cracks are crossing
aa finger. The present formulation has been proved to be very accurate in modelling the electric response. Moreover,
in case of a single crack induced by impact loads, the present model is found to be more accurate that the original
model with localized resistance only (LR), both in the simulation of the electric response of the solar cell without
bending deformation, and of the same solar cell loaded in bending to increase the amount of crack opening.
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