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Abstract— Photovoltaic modules suffer from degradations
under operating conditions, and equally during transportation,
installation and maintenance. Among common degradation
modes, cracks represent an important alteration factor for
photovoltaic panels. Actually, their connection to the efficiency
loss of a photovoltaic module has not been well established yet.
In the present study, the impact of the depth of an open crack
within a heterojunction solar cell was studied using a finite
element model. Steady-state simulations of the PN junction were
carried out for a depth ranging from 0 to 5 um. A linear decrease
is obtained for the short-circuit current and, an important drop
of the open-circuit voltage is found between 0 and 0.25 pm
depth. The efficiency is significantly reduced, from 19.97% to
12.94%, with a crack depth of 5 pum.

Keywords — PN junction, heterojunction solar cell (HJ), open
crack, modeling, output parameters

l. INTRODUCTION

The most sensitive component of a photovoltaic (PV)
system is the solar cell, which can be prone to cracking as a
result of various manufacturing processes and operating
conditions [1,2]. Indeed, the presence of cracks can lead to a
decrease in the energy produced over time by a photovoltaic
module and can also induce other degradations such as
corrosion, delamination, hot spots, snail trails or discoloration
[3-6]. They are discernible mainly at the surface of a
photovoltaic cell, at the beginning and at the end of the busbars
or along them [7,8]. The interconnecting ribbon between the
solar cells, another critical part of a solar PV module
assembly, can also be affected by the presence of cracks. This
ribbon failure negatively impacts the performance and
reliability of the entire PV module [9].

Experimental or modeling approaches have been used to
study the microcracks in solar cells in view of determining
their number, orientation, position and frequency, as well as
to relate these parameters to the engendered power loss [10],
[11]. When cracks appear in a solar cell, the parts separated
from the cell might not be totally disconnected. However, the
series resistance across the crack varies as a function of the
distance between the cell parts and the number of cycles for
which the PV module is deformed [12]. Nevertheless, when a
cell part is fully isolated, the current decrease is proportional
to the disconnected area [13].

In the study of Kajari-Schroder et al., a power reduction of
around 25% was attributed to the presence of a single crack
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having a parallel orientation in a silicon solar cell [7]. The
appearance of cracks under the effect of thermal cycles was
observed at the interconnection of the soldering joints in the
study of Subrahmanyan et al., who obtained an increase in the
series resistance which led to a reduction in the fill factor and
the power generated by the solar cells [14]. Moreover, a
simulation study based on field data handled by Morlier et al.
estimated the power loss of multicrystalline silicon modules
between 6 and 22% in the presence of cracks [12]. In another
work, a multi-physics and multi-scale numerical approach
showed that the evolution of microcracks in polycrystalline
silicon solar cells had an impact on their electrical responses
resulting in significant power losses [13]. It was reported, in
particular, that the fill factor decreased from 65% to 15% for
a micro-cracked module.

The case of a heterojunction solar cell (HJ) a-Si /c-Si is
chosen for the present study as this technology offering
intrinsic advantages and better temperature coefficients
compared to a traditional homojunction c-Si cell is promising
[15,16]. In fact, it combines both the performance of a
crystalline silicon cell and the low heat balance of a thin
amorphous silicon layer, owing to which HJ solar cells have
been the focus of intensive research in the field of photovoltaic
solar cells [17]. Unlike crystalline silicon homo-junction
photovoltaic cells where photovoltaic cell cracking has been
moderately addressed, the impact on the performance of
hetero-junction photovoltaic cells is not well known.

The purpose of this study is to investigate the effects of an
open crack on the performance of a heterojunction (HJ) solar
cell composed of a-Si (p) / ¢-Si (n) under the AM 1.5
spectrum. Specifically, the study aims to model the presence
of an open crack with varying thicknesses and analyze its
impact on the output parameters of the solar cell. The study
utilized a 2D finite element model to simulate the degraded
characteristics and to examine the relationship between the
crack depth and the decline in the electrical output parameters.

Il. MODEL OF THE HETEROJUNCTION SOLAR CELL

The structure, the mesh, the equations, the data of the
model and the boundary conditions for the simulation are
depicted in this section. An open crack is considered within a
two-dimensional representation of a PN junction.



11th IEEE INTERNATIONAL CONFERENCE ON SMART GRID

A. Structure

Figure 1 shows the structure of the a-Si/c-Si solar cell
studied which consists of a thin film of highly doped
amorphous silicon a-Si (p) and a moderately doped
monocrystalline silicon wafer c¢-Si (n). The thickness of the
absorber layer c-Si (n) is 300 um and the one of the emitter
layer a-Si (p) is 2 um. A finite element model of the PN
junction was constructed for a healthy junction and for a
junction with an open crack of 1 um width having a depth
ranging from 0 to 5 um. This approach made it possible to
assess the situation for which the crack is inside the emitter
and the one for which it is located both inside the emitter and
in the base. This way, the modified depletion region area is
taken into account.

B. Mesh

The generated mesh of the PN junction is shown in Figure
2 for the case of a healthy cell and for a deteriorated one. The
wide range of carrier concentrations makes the numerical
simulation of the semiconductor equations a difficult task. For
this reason, we carefully generated a denser mesh around the
depletion region, at the anode and at the cathode. The
maximum element size is of 1x10" m? and the mesh has 3684
elements.

C. Equations

The charge carrier continuity and the space-charge effect
are solved by a coupled resolution based on Poisson’s
equation (1), the equation of continuity for electrons (2) and
for holes (3) [17]. The following equations are applied for the
x direction:

—V.(e.V) =q.(p —n+N) )
&t = —q.(Gope — R) @
2 = q.(Gope — R) 3)

where for equation (1), ¥ is the electrostatic potential, n and
p are the electron and the hole concentrations respectively;
€ is the dielectric permittivity; g is the elementary charge;
N represents the fixed charge associated with the ionized
donors. On the other hand, in equations (2) and (3), J,, and J,,
are the electron and hole conduction current densities; Gy, is
the optical generation; R is the sum of band-to-band
recombination and Auger recombination.

The generation of the free carriers is an optical generation
Gopt:

Gope = (1 =7).a(D).¢M) exp (—a(D.x)  (4)

where r is the reflectivity of the front contact, ¢ (4) is the
flux of incident photons of wavelength A, and a(4) is the
spectral absorption coefficient [17].
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D. Physical data

The material properties used in the model are detailed in
Table 1.

E. Boundary conditions

Equations (1)-(3) were solved assuming the continuity of
the electric potential and electric field at the interface (ii). For
boundaries far from the component active zones, the normal
electric field component and the carrier densities were all
taken equal to zero. For electrical contacts, the electric
potential was considered at 0.5 V for boundary (i) touching
metal and at 0 V at the back for boundary (iii). Infinite
recombination velocity on these surfaces was assumed. A
symmetrical condition with null charge was specified for the
side walls (boundary (iv)) as only a portion of the PV cell was
modeled.

TABLE I. MATERIAL PROPERTIES [14]
Parameters a-Si(p) c-Si(n)
Thickness (um) 2 300
Band gap (eV) 1.72 1.124
Auger recombination (éoejfluent 0 2 %103
for electrons (cm®.s™)
Auger recomblnatlorg cgeﬁluent 0 9.9x10%
for holes (cm®.s™)
Direct band-t.ofband reé:o_ermanon 0 11x10%4
coefficient (cm°®.s™)
Electron mobility (cm2.V1.s?) 25 1040
Hole mobility (cm2.V1.s?) 5 412
Dielectric constant 11.9 11.9
— *
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Fig. 1. Structure of the simulated heterojunction solar cell.
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Fig. 2. Mesh of the intact and cracked heterojunction cell.

These conditions were defined for the reference case,
noted (a), of a junction without cracking. The other two
situations were:

. Case (b): depth of crack between 0 and 2 um, in other
words, cracking only in the emitter a-Si layer;

. Case (c): depth of crack superior to 2 um, in other
words, cracking in both layers a-Si (p) and c-Si (n).
For cases (b) and (c), the electric potential is considered at
0.5 V for the crack limit and the choice of the depth of the
crack was chosen arbitrarily up to 5 pm.

IIl.  CALCULATIONS

A. Numerical simulations

The silicon solar cell was simulated under Standard Test
Conditions: an exposure under an atmosphere of Air Mass 1.5
(AM1.5) for which the integral power density is 1000 W/m?
and the cell temperature 25° C.

The solar spectrum was introduced into the simulator by
an input database. Calculations were performed for the steady-
state case. Lagrange quadratic elements (integration order of
4 and constraint order of 2) were used. Calculations were
carried out with the finite-element resolution COMSOL
Multiphysics software, taking into account the electrostatic
and the diffusion modules [18].

B. Calculation of the output parameters

The open-circuit voltage (V) is the maximum voltage that
the solar cell supplies in the absence of a load, and the short-
circuit current (I;.) is the maximum current of the solar cell
with a zero resistance load. The Fill Factor (FF) is the ratio
between the maximum power B, and the product of I, by
Vo
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FF = Imax (5)

ISC'VOC

Considering the short-circuit current and the maximum
densities, noted /.. and J,,,, equation (5) can be written as:

FF = Im/m (6)

]SC'VUC

The power conversion efficiency (PCE) n is the primary
parameter extracted from the I-V curve which describes the
general efficiency of the solar cell that is the ratio of the
generated electricity to the incoming light energy. The
formula to find out the PCE is [19]:

Jsc¢Voc-FF
== 7
Plight )

n

where Py;gp,, is the incident light power (in W/m?).

IV. RESULTS AND DISCUSSION

A. Analysis of the electrical characteristics of the healthy
solar cell

A numerical simulation was first carried out in the absence
of a crack as a reference case. The J () characteristic of the
basic a-Si(p)/c-Si(n) heterojunction cell simulated under the
standard AML1.5 spectrum is given in Figure 3. The output
parameters were extracted from this J(V) characteristic: the
density of short-circuit current J,. was 32.27 mA/cm?, the
open-circuit voltage V,. 0.7867 V, the fill factor FF 77.93%
and the efficiency n 19.79%.

B. Analysis of the electrical characteristics of the cracked
solar cell

The characteristics and the output parameters of the
heterojunction cell with the presence of the crack with the
distinctive depths were calculated. The case of an uncracked
cell is indicated for comparison.

The evolution of the current density versus voltage for the
different depths of the open crack is provided in Figure 4, as
well as the power. A clear deterioration in the output
parameters can be noticed. By increasing the depth of the
crack, the electrical characteristic of the solar cell is degraded.
Jsc decreases significantly according to the depth, whereas V.
remains approximately constant but is reduced compared to
the healthy solar cell. The appearance of a crack causes a loss
in the open-circuit voltage.

The reductions of the short-circuit current density /., the
open-circuit voltage V. and the power conversion efficiency
1 were plotted with respect to the depth of the crack in the
graphs of Figure 5. The relative reduction in the efficiency was
calculated in Table 2 using the expression below:

Reduction of n% = % x 100 ()
0

where 1, is the efficiency of the cell without a crack and 1,
is the efficiency of the cracked cell.
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TABLE II. OUTPUT PARAMETERS OF THE SOLAR CELL WITH
35 T T T T T T T DIFFERENT CRACK DEPTHS.
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Fig. 3. J(V) characteristics of healthy a-Si(p)/c-Si(n) junction.
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Fig. 4. Evolution of the (a) current density-voltage J(V) and crack depth (um)

(b) power—voltage P(V) characteristics according to the crack depths.

The efficiency decreased from 19.79% to 15.19% for the
smallest crack depth (0.5 um) and 12.94 % for the deepest
(5 um) corresponding to a 23.23% and 34.62% reduction. This
could be explained by the fact that in the case of cracking,
there exist inactive or less active zones with fewer carriers
available and also a low incident power of the light to produce
current in the cell.
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Fig. 5. Effects of the crack depth on the performance of the heterojunction
solar cell.

The simulated output results depicted in Figure 5 show
some remarkable behaviors: a strong variation of the output
parameters for crack depths between 0 and 0.25 pm followed
by linear degradations for crack depths between 0.25 and 2
um, the slopes being of -0.0417, -0.00023 and -0.0788 for n,
V,. and J. respectively. The decrease between 2 and 2.5 um
is also regular but more important due to the influence of the
depletion region. Beyond 2.5 um depth, the slopes are of
-0.034, -0.00016 and -0.0656 for n, V. and J. respectively.

These degradations of the output parameters can be
justified with an experimental analysis of the cracks in the
silicon-based cell (mono and polycrystalline) [20,21].
Furthermore, cracks in the HJ cells can cause poor contact
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between the busbar and the fingers, increasing the contact
resistance. In addition, they can engender a raise in the series
resistance [22] and reduce to a small extent the V. [23,24].

The findings of this study will be beneficial for the
management of photovoltaic installations and smart grids in
several ways. Foremost, they will enable the development of
efficient maintenance strategies to mitigate the impact of
cracks, ensure optimal performance and maximize the energy
yield of solar installations. Secondly, the results will
contribute to the design and improvement of solar cell
manufacturing processes, leading to enhanced quality control
measures and durability of solar cells.

Moreover, this study explored the relationship between the
depth of a crack and the decrease in electrical output
parameters, thus providing valuable knowledge to the system
designers and the network operators. This understanding can
guide the implementation of preventive measures, such as
early fault detection systems, to promptly identify and address
issues related to crack-induced performance degradation.

V. CONCLUSION

A heterojunction solar cell of a-Si (p) / ¢-Si (n) under the
AM 1.5 spectrum was modeled with the presence of an open
crack having different thicknesses. A 2D finite element model
was realized to simulate the degraded characteristics.

The results of the simulation show that a crack causes the
lowering of the output parameters of the HJ solar cell. The PV
cell had initially an efficiency of 19.79%, an open-circuit
voltage V,. of 0.7867 V and a density current J,. of 32.27
mA/cm?. For the cracked cell of 5 um depth, the efficiency
was reduced to 12.94%, the open-circuit voltage to 0.6772 V
and the current density to 26.76 mA/cm2 A proportional
relationship between the declination of the electrical output
parameters and the crack depth was found beyond a depth of
0.25 pm.
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