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Abstract 

Solar cells are susceptible to the formation of microcracks throughout different stages of their lifespan. 

Microcracks can lead to power loss through different impacting mechanisms, such as enhancing surface 

recombination or increasing resistive losses, leading to performance loss in solar cells. These operating 

mechanisms can co-occur in a solar cell, which has yet to be studied in detail. In this work, the impact of 

different operating mechanisms of microcracks on the electrical performance of a solar cell has been analysed 

using PSpice simulations. Three scenarios have been considered to assess the effects of microcracks, namely, 

enhanced surface recombination mode, resistive loss mode, and a combination of both. Simulations have been 

performed using a distributed diode model of the solar cell for the three most occurring microcrack 

orientations. The results show that in resistive mode, the power loss is comparatively less for all microcrack 

orientations. For parallel to busbar microcrack, no resistive power loss is observed, and for diagonal and 

perpendicular to busbar microcrack, after a certain threshold resistance, the power loss does not increase due 

to changes in the path of the lateral current flow. The recombinative loss mode results in higher performance 

loss than the resistive loss mode. Further, depending on the presence of stress factors, performance loss due to 

a combination of both loss modes leads to higher performance loss, impacting its reliability. This work 

highlights the possible extent of performance loss due to the different operating mechanisms of microcracks.  
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1. Introduction 

In the modern world, most of our current power consumption is supplied using fossil fuels, which are non-

renewable and not environmentally friendly. Shifting to renewable energy resources like solar, wind, and hydro 

is necessary to meet the future energy needs of the growing population. Out of the available renewable energy 

sources, the photovoltaic (PV) industry has developed into one of the fastest-growing technologies in recent 

decades. This is mainly because the PV modules generally have a comparatively higher lifetime, lower long-

term costs and local as well as grid-level energy generation capability. In the last decade, the weighted average 

of the levelized cost of electricity for commercial-scale solar PV has dropped from 0.381 USD/kWh to 0.057 

USD/kWh (IRENA Renewable Cost Database, 2020), making solar energy the most cost-efficient and viable 

energy source right now. Crystalline silicon (c-Si) PV modules currently dominate the PV market industry due 

to being the most abundant and well-researched. PV modules operate under harsh environmental conditions, 

resulting in defects and degradations, significantly impacting the performance of PV modules in the long term. 

International Technology Roadmap for Photovoltaics (ITRPV) reported a significant reduction in the wafer 

thickness of solar cells to reduce the cost (ITRPV, 2018). However, thinner wafers lowered the robustness of 

the solar cell against thermo-mechanical loads, resulting in a higher chance of cell cracking. Microcracks in 

solar cells are one of the critical forms of defect and degradation in crystalline silicon solar cells, which can 

propagate, resulting in increased severity and leading to other degradation modes. Microcracks can form due 

to thermo-mechanical stress in the cells during manufacturing, transportation, and outdoor operating conditions 

due to temperature variation, hailstorms, snow, wind, etc. Microcracks are invisible to the bare eye as they 

have a width of less than 30μm (Dhimish et al., 2017). They can be detected through imaging processes such 

as electroluminescence (EL) imaging. Herein, microcracks appear as dark lines due to reduced EL emission 

caused by carrier recombination sites created around the microcrack region (Mohammed Niyaz, Meena and 
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Gupta, 2021). Microcracks do not electrically disconnect cell areas; however, they can interrupt fingers along 

the length of the microcrack, increasing the series resistance. Dhimish et al. have reported a power loss of up 

to 20% due to microcracks at the module level (Dhimish et al., 2017). In addition to resistive losses, 

microcracks may also lead to an increase in surface recombination (Buerhop et al., 2012). Herein, the severity 

and area of surface recombination vary with the length, width, depth and orientation of the microcracks 

(Buerhop et al., 2012; Papargyri et al., 2020; Mohammed Niyaz, Meena and Gupta, 2021). While each of the 

aforementioned loss-incurring modes of microcrack has been studied in isolation, they may co-occur under 

outdoor field conditions, which needs to be studied further. In this work, the impact of microcracks based on 

their operating mechanism on electrical performance has been investigated at the cell level using a simulation 

approach. For the simulations, the distributed diode model of solar cells has been used, where the microcracks 

are modelled with local parameter variation depending on the position of the microcracks. Diagonal, 

perpendicular to the busbar and parallel to the busbar orientations of microcracks and three power loss 

incurring mechanisms due to microcracks have been considered for the simulations.  

The further sections of this article are structured as follows. Section 2 describes the three different electrical 

models used for solar cell modelling. Section 3 depicts the detailed model used in the modelling of microcracks 

in this paper. In section 4, the simulation results have been discussed, and finally, section 5 concludes this 

paper. 

2. Electrical modelling of solar cells 

The modelling and simulation approach is helpful in studying the effects of change in parameters due to 

microcracks in a solar cell, which is difficult to change experimentally. There are several electrical models for 

solar cells to accommodate different needs in modelling certain phenomena. The different electrical models 

for solar are discussed in the following sections. 

2.1. Single-diode model of solar cell 

The solar cell can be represented by an equivalent circuit using the single diode model (SDM) shown in Fig. 

1. In this model, the current source, JL, represents the light-generated current density due to the illumination of 

the solar cell. The diode represents the p-n junction in the solar cell. RS is the series resistance due to a 

combination of base-emitter and contact resistance between metals and silicon. Rsh is the shunt leakage 

resistance typically due to manufacturing defects. 

 

Fig. 1: Solar cell equivalent circuit using single diode model 

The current-voltage (I-V) characteristics equation of this solar cell equivalent circuit can be written as  

𝐽 = 𝐽𝐿 − 𝐽0{𝑒𝑥𝑝[
𝑞(𝑉+𝐽𝑅𝑠)

𝑛1𝑘𝑇
] − 1} −

𝑉+𝐽𝑅𝑠 

𝑅𝑠ℎ
                                      (eq. 1) 

Here, n1 is called the ideality factor, K is the Boltzmann constant, and T is the absolute temperature of the solar 

cell. In a single-diode model, the value for the ideality factor is taken as constant. In operating conditions, the 

ideality factor varies as a function of the applied voltage across the solar cell (Kikelj et al., 2021). The ideality 

factor is close to one when the surface and bulk regions dominate the recombinations in the solar cell. However, 

when the recombination around the p-n junction dominates, the ideality factor approaches two. To model the 

junction recombinations, the double diode model is used. 
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2.2. Double-diode model of solar cell 

In the double diode model, a second diode representing junction recombination is added in parallel with the 

first one. Typically, the ideality factor of the diode is taken as two. The circuit of the double diode model is 

shown in Fig. 2. 

 

Fig. 2: Double diode model of solar cell 

JL is the light-generated current density, D1 (n1 = 1, J01) represents the bulk recombination and, D2 (n2 = 2, J02) 

represents recombination in the junction, Rs and Rsh represent the series resistance and shunt resistance of the 

solar cell, respectively. The mathematical expression for the double diode model's output current density (J) 

can be written as given in eq. 2 (PVEducation).  

𝐽 = 𝐽𝐿 − 𝐽01{𝑒𝑥𝑝[
𝑞(𝑉+𝐽𝑅𝑠)

𝑘𝑇
] − 1} − 𝐽02{𝑒𝑥𝑝[

𝑞(𝑉+𝐽𝑅𝑠 )

2𝑘𝑇
] − 1} −

𝑉+𝐽𝑅𝑠 

𝑅𝑠ℎ
                         (eq. 2) 

2.3. Distributed diode model of solar cell 

In single and double-diode models, the complete solar cell is taken as a whole and considers uniform effects 

of all parameters. In reality, there is a non-uniform current generation being different in sites of finger, busbar 

and emitter sheet. Also, due to the lateral flow of current on the surface of the cell, there is a voltage drop 

across the length (Zekry and Al-Mazroo, 1996). To consider these effects and the spatial non-uniformity of the 

solar cell, a 3D model called the distributed diode model is used (Spataru et al., 2015). In the distributed diode 

model, the solar cell is divided into several small elemental areas, which are modelled by the single or double 

diode model. Each elemental area consists of a diode, a shunt resistance and a current source connected in 

parallel. Each neighbouring elementary area is connected with a series resistance. Using this model, anomalies 

in small parts of the solar cell can be detected easily due to modelling such small elemental areas. 

 

Fig. 3: Distributed diode model approach of solar cells 

In Fig. 3, a simple 3x3 distributed diode model is shown, which is extended further in all directions in 3-D to 

model an entire solar cell. In this work, the distributed diode model has been used to model the microcracks in 

solar cells. The model used is discussed in the next section. 

3. Modelling of microcracks 

In the current work, microcracks have been modelled and analyzed for their impact on the performance of solar 

cells. Microcracks can affect the solar cell parameters in a few ways. An air gap is created on the surface of 

the cell along the length of the microcrack due to the width and depth of a microcrack. The air gap hinders 

 
D. Hazra et. al. / SWC 2023 / ISES Conference Proceedings (2023)



lateral current flow on the surface, thus increasing the emitter resistance. Recombination sites form on the 

microcrack location due to dangling bonds. Also, due to higher resistance across the microcrack, the charge 

carriers are blocked. The blocked charge carriers at the edge of the microcracks increase the recombination 

around the p-n junction along the microcrack (Van Mölken et al., 2012; Kasewieter et al., 2014). Also, short-

circuit paths can form in microcrack locations due to the shorting of the p-n junction due to other material 

defects around the microcrack location, increasing the shunt resistance. Microcrack and shunt area due to 

microcrack are directly related, and shunt area increases with the microcrack's length, width and depth 

(Buerhop et al., 2012; Demant et al., 2016; Dong et al., 2018). These different physical phenomenon affects 

different solar cell parameters, thus impacting the performance of the solar cell. 

 

Fig. 4: Schematic of different impact mechanisms of microcrack 

In the current study, the spatial characteristics of microcracks have been modelled using the distributed diode 

model of solar cells. In this model, a grid of 100×100 smaller sub-cells have been created by dividing a healthy 

solar cell with three busbars. Each sub-cell is modelled using essentially the two-diode model using the 

combination of a current source (IL), two diodes (D1, D2), and a shunt resistance (Rsh) to represent the p-n 

junction in the solar cell, as illustrated in Fig. 5(a). Distinct sub-cells (as depicted in Fig. 5(b)) are linked 

through resistive elements such as sheet resistance (Rsheet), finger resistance (Rfinger), and busbar resistance 

(Rbusbar), depending on the sub-cell's spatial location. A standard 15.6 cm x 15.6 cm cell is considered for the 

model, and it is simulated in the PSpice circuit simulator. 

 

Fig. 5 (a) Distributed diode model using different sub-cells (b) Individual sub-cell 

The parameters that are used in the simulations using the above model are depicted in Tab. 1. The parameter 

values here represent a healthy solar cell. The numerical values for the simulation are taken from Meena et al., 

where the values have been experimentally obtained (Meena, Niyaz and Gupta, 2023).  

Value for each sub-cell is calculated the following way, 

𝐼𝑠𝑐(node) =  
𝐼𝑠𝑐(experiment)

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑐𝑡𝑖𝑣𝑒 𝑛𝑜𝑑𝑒𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑐𝑖𝑟𝑐𝑢𝑖𝑡
                                             (eq. 3) 
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𝐼0(node) =  
𝐼0(experiment)

Total number of nodes in the circuit
                                              (eq. 4) 

𝑅𝑠ℎ(node) =  𝑅𝑠ℎ(experiment) × Total number of nodes in the circuit  (eq. 5) 

Tab. 1: Numerical values of different components used in the distributed diode model 

Parameter Value 

Isc (A/node) 1.0996 × 10−3 

n1 1 

n2 2 

J01 (A/cm2) 1 × 10−11 

J02 (A/cm2) 1 × 10−9 

Rsh (Ω/node) 3.603 × 105 

Rsheet (Ω/cm) 90 

Rfinger (Ω/cm) 2.89 × 10−4  

Rbusbar (Ω/cm) 2.58 × 10−5 

The resistive components (Rsheet, Rfinger, Rbusbar) are obtained from the  literature Meena et al., where they 

measured them experimentally. (Meena, Niyaz and Gupta, 2023). To model the microcracks using the 

distributed diode model, the corresponding parameters have been changed accordingly. Microcracks can affect 

the performance of the solar cell through three types of mechanisms which affect different model parameters. 

The three possible mechanisms for power loss due to microcracks are (a) Resistive loss mode, (b) 

Recombinative loss mode, and (c) a combination of both types of loss modes. Also, the orientation of the 

microcracks plays a critical role in affecting the power of the solar cell (Kajari-Schröder et al., 2011). Different 

microcrack orientations can affect the solar cell performance differently. So, the three most commonly 

occurring orientations of microcracks have been studied. Those three microcrack orientations, namely, (a) 

diagonal to the busbar, (b) perpendicular to the busbar and (c) parallel to the busbar, are considered for each 

power loss mode. 

3.1. Resistive loss mode 

The air gap in the cell, due to the microcrack (Fig. 4), hinders the lateral flow of current on the surface, thus 

increasing the sheet resistance. To model this, the sheet resistance is increased according to the length, width 

and depth of the microcrack. Only resistive power loss occurs in this mode as the lateral current must pass 

through higher sheet resistance or flow in an alternate path, increasing the resistance. To model this type of 

crack, the sheet resistance values are increased for the corresponding sub-cells through which the microcrack 

passes for the three different microcrack orientations. 

3.2. Recombinative loss mode 

Microcracks can increase the recombination of charge carriers in solar cells around it. As microcracks are on 

the surface of the cell, they can increase the recombination around the p-n junction along the microcrack due 

to the dangling bond created on the open surface. This can happen without the resistive loss mode. For example, 

if the microcrack is a scratch on the surface, then the air gap is negligible, and so is the resistive loss. However, 

due to the enhanced recombination on the microcrack site, it will still affect the performance of the solar cell. 

In order to model the recombination loss in power due to recombination in the p-n junction due to the 

microcrack, the reverse saturation current density (J02) of the second diode (D2 (n2 = 2) is taken as the variable 

as it directly represents the junction recombination (Van Mölken et al., 2012). Also, as reported in the literature, 

due to material defects in the microcracked location, the Rsh corresponding to the sub-cells decreases, thus 

affecting the output power. These micro-cracks can also enhance another degradation mode, potential induced 

degradation (PID), around their location, further increasing the recombination and shunting (Dong et al., 2018). 

The values for changes in J02 and Rsh are taken from the literature (Van Mölken et al., 2012; Dong et al., 2018; 

Kumar, Puranik and Gupta, 2023). 
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3.3. Combination of resistive and recombinative loss mode 

Under outdoor operating conditions, recombinative and resistive microcrack modes operate simultaneously 

(Mohammed Niyaz, Meena and Gupta, 2021). Herein, the resistive and recombinative loss mode may increase 

in magnitude depending on the external stress conditions promoting power losses. The performance loss in 

solar cells due to the simultaneous occurrence of both loss mechanisms is under-researched. To simulate the 

co-occurrence of both modes, combinations of Rsheet values with different J02 and Rsh values are taken for the 

three microcrack orientations. The results of the simulations have been discussed in the next section. 

4. Results and Discussions 

Microcracks with three different loss-impacting mechanisms with three different orientations have been 

modelled using the distributed diode model, and the circuits are simulated using the PSpice circuit simulator.  

4.1. Resistive loss mode 

Here, the sheet resistance corresponding to the sub-cells along the microcracks is increased, representing the 

increase in resistance due to the air gap. The loss in maximum power due to higher sheet resistance for the 

three orientations of cracks is shown in Fig. 6. It is observed that overall, for all three orientations, the power 

loss is very low (<1%).  

 
Fig. 6: Power loss due to resistive loss mode for different microcrack orientation 

For the diagonal to busbar crack, it is observed that the increase in sheet resistance increases power loss but 

remains almost constant for higher sheet resistances up to cell breakage. This can be explained as the sheet 

resistance increases after a certain point, the current finds an alternate path to the nearest finger (Fig. 7), 

considering that the fingers are not damaged due to the microcrack (Fig. 4). So, after a certain point, increasing 

the Rsheet does not affect the output power of the cell as long as the fingers are not damaged. This also explains 

the power loss due to the perpendicular to the busbar microcracks, where the microcrack is considered closer 

to one finger. So, the power output decreases very slightly due to the additional current path introduced, but 

soon, the lateral current finds the alternative path to the other closest finger; thus, no further decrease in power 

occurs. For parallel to busbar microcracks, there is no power loss, irrespective of the increase in sheet 

resistance. This is due to the fact that as long as the finger remains intact, the parallel to busbar cracks do not 

introduce an additional current path, so the output power is not affected.  

 
        (a)                            (b)             (c) 

Fig. 7: Lateral current flow directions due to higher sheet resistance for (a) Diagonal, (b) Perpendicular to the busbar, (c) 

Parallel to the busbar 
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4.2. Recombinative loss mode 

For recombinative loss mode, the relative power loss for different J02 values is shown in Fig. 8. The power loss 

is negligible for low levels of recombination but increases non-linearly with an increase in J02. The slightly 

higher power loss for the diagonal microcrack can be due to the higher length of the diagonal microcrack. 

 

   

     (a)        (b) 

 

(c) 

Fig. 8: Power loss due to recombinative loss mode for (a) Diagonal, (b) Perpendicular to the busbar, (c) Parallel to the busbar 

The value of J02 has been varied from 10-8 to 10-4 A/cm2 based on the reported values of change in J02 due to 

recombination losses (Van Mölken et al., 2012; Kumar, Puranik and Gupta, 2023). The recombination around 

the microcracks can also increase greatly due to possible PID induction around microcracked sites. Maximum 

power loss of up to 8% is observed due to recombination sites around microcracks for the diagonal to busbar 

orientation. 

4.3. Combination of resistive and recombinative loss mode 

The combined effect of both resistive and recombinative losses has been simulated by varying the J02 for 

different Rsheet values. The results for diagonal microcracks are shown in Fig. 9(a), 9(b) and 9(c) for different 

microcrack orientations, respectively. 
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(a) 

 
(b) 

 
(c) 

Fig. 9: Power loss for combination of recombinative and resistive loss mode due to (a) diagonal, (b) perpendicular to the 

busbar, (c) parallel to the busbar microcrack 
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It is observed that there are significant power losses due to the combination of both loss modes, the highest 

loss being for the diagonal microcrack orientation. The power loss for higher J02 values decreased with higher 

Rsheet values. The maximum power loss due to the microcrack for all orientations is around 6-8% for the 

combination of both resistive and recombinative modes. For higher sheet resistance as the lateral current path 

changes, the recombination of the charge carriers for sub-cells in the path via the microcrack decreases. 

5. Conclusion 

In this work, the effect of different operating mechanisms of microcrack with three most occurring orientations 

on the performance of solar cells has been studied using a simulation approach on a distributed diode model. 

Depending on the electrical parameters affected, the impact of microcracks was classified into resistive mode, 

recombinative mode and combination of resistive and recombinative mode for power loss. The distributed 

diode model of solar cells was used to model the spatial impact of power loss incurring modes of microcracks 

having different orientations. It was observed that for resistive loss mode, power loss increases until a certain 

threshold value of sheet resistance after which, the power output does not get affected as the lateral flow of 

current finds an alternate path with less resistance. For recombinative loss mode, the power loss due to 

recombination in the junction increases non-linearly for high junction recombination. The non-linear increase 

in power loss is due to the non-linear electrical properties of the diodes, which are mainly affected by the 

recombination. The combination of both loss-incurring modes affects the output power the most; however, it 

is not significantly more than the recombinative mode. This spatial impact analysis of microcracks would be 

helpful to predict the power losses due to microcracks and also their long-term impact on the performance of 

solar cells. 
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