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Abstract
Significant electric power losses in the presence of micro-cracks in Silicon-based photovoltaic solar cells have been reported 
in the literature. In this study, the fracture strength and the loss in electric power of Silicon-based solar cells are investigated 
considering the influence of crack size, orientation, type and temperature. Deep machine learning models are developed to 
estimate the fracture strength and the electric power of Silicon-based solar cells with initial cracks. The developed networks 
are trained with the help of data generated from molecular dynamics simulations. Therefore, molecular dynamics simulations 
are performed by considering initial edge/center cracks for ten different sizes, four different orientations, and operating at six 
different temperatures. Later on, results from molecular dynamics simulations are used to train and test the developed deep 
machine learning models. Results are validated by comparing them with the molecular dynamics simulation results, where 
a good agreement is observed. Thus, the proposed deep machine learning models can serve as tools to quickly estimate the 
fracture strength and electric power of Silicon-based solar cells containing initial cracks of arbitrary size, orientation, and 
operating temperatures.

Keywords  Photovoltaic Silicon solar cells · Micro-cracks · High temperatures · Fracture strength · Electric power · Deep 
machine learning · Molecular dynamics simulations

1  Introduction

Microcracks are bound to generate in solar cells based on 
Silicon due to various reasons [1] and influence their perfor-
mance [2, 3]. A program to predict the nature and source of 
flaws and hence, the mechanical strength of cells is provided 
in [4]. Based on the studies in [5] the size, position, and 
orientation of the micro-cracks are found to influence the 
electric power output produced. The authors in [6] demon-
strated the influence of micro-cracks on the carrier lifetime. 
They reported that the micro-cracks can serve as recombi-
nation centers leading to performance degradation of solar 
modules. In [7], the authors reported that the orientation of 

cracks had a significant impact on the PV module perfor-
mance. This means, all cracks do not tend to decrease the 
electrical power output in Silicon solar cells of the same 
amount [8, 9]. The cracks parallel to the bus-bars were found 
to be critical due to increase in the electrically insulated cell 
area. A particular combination of cracks which tend to open 
and propagate with the application of mechanical loads, 
finally leading to the formation of isolated areas and hence 
decrease in electrical power output were investigated in [10]. 
The distribution of mechanical strength of Silicon-based 
photovoltaic (PV) solar cells with micro-cracks is predicted 
with a model which is described in [11]. A statistical fracture 
stress distribution of Silicon PV wafers is discussed in [12].

The fracture performance of solar cells in a given module 
subjected to combined thermal and mechanical loads is stud-
ied in [13]. Behavior of fracture strength and the Young’s 
modulus of photovoltaic cells at room temperature is studied 
in [14]. The room temperature fracture strength of Silicon 
solar cell was found to reduce by half when it is subjected 
to thermal cycling [15]. Thermal loads in combination with 
mechanical, electrical, and chemical loads can influence the 
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performance of the solar module [16, 17]. On the other hand, 
with an increase in the annealing temperature in oxygen, the 
fracture strength of Silicon was observed to be significantly 
increased [18].

The relationship between Silicon wafer surface rough-
ness and mechanical strength was examined in [19] and the 
authors reported that the fracture strength of Silicon wafers 
increased with decreasing size of the pyramids in the surface 
textures. Finite-element modeling and digital image correla-
tion techniques were explored to investigate the mechani-
cal stability of Silicon solar cells in [20], where the authors 
concluded that the strength of crystalline Silicon cell sig-
nificantly increased with the removal of the saw damage. 
The degradation of fracture strength was studied with a 
decrease in temperature, up to -40◦ C in [21] and the regions 
next to the interconnect wires were reported to undergo high 
stresses, apart from the out-of-plane shear stresses exceed-
ing the shear strength of Silicon, leading to nucleation of 
microcracks. To understand the dynamic fracture response 
of single-crystalline Silicon solar cells subjected to cyclic 
stress, an experimental examination is conducted in [22].

Estimation of fracture properties of Silicon using quan-
tum mechanics (QM) and molecular dynamics (MD)-based 
simulations gained advantage to overcome the challenges 
experienced during experimental studies. The mechanical 
performances of Silicon wafers in three different orienta-
tions considering point defect was investigated through 
molecular dynamics simulations in [23], where an expo-
nential reduction in yield strength and the release elastic 
strain energy was reported. The mechanical properties of 
kinked Silicon nanowires in the presence of defects were 
studied using molecular dynamics simulations [24]. In [25], 
the mechanical stress along with the fracture behavior of 
cracked Silicon PV module is characterized using techniques 
based on synchrotron X-ray diffraction. The electric-field-
induced second harmonic generation of phenylpolyenes in 
chloroform solution is estimated using density-functional 
theory in [26]. The influence of temperature (up to 1273 K) 
on fracture properties of single crystal Silicon depending on 
various crystallographic orientations was reported in [27].

On the other hand, a direct solution of any specific prob-
lem involving mathematical–physical description poses 
several challenges due to the involved complexities. There-
fore, approaches using machine learning-based models have 
evolved more recently as intelligent tools for providing quick 
solutions to problems involving recurring experiences [28]. 
For instance, the stress and strain curves of composite struc-
tures can be predicted using a convolution neural network as 
in [29]. The crack propagation can also be predicted using 
a long short term memory [30]. Crack size can be predicted 
using Jaya optimization clubbed with an artificial neural net-
work as in [31]. A general two-stage deep learning frame-
work made of separated training of two pipe-lined predictive 

models to perform the generalization with reduced computa-
tional expenses is proposed in [32]. A neural network-based 
decoupled computational homogenization method for non-
linear elastic materials is introduced in [33]. Different types 
of rail profiles are recognized using a deep convolutional 
neural network in [34]. A variety of fracture problems were 
solved using various deep machine learning (DML) models 
that were proposed in recent times [35].

To the best of authors’ knowledge, estimation of elec-
tric power and the fracture strength of Silicon photovoltaic 
solar cell as a function of thermo-mechanical loads, consid-
ering the initial cracks of different sizes, types, and oriented 
at different angles with the externally applied mechanical 
load using the combined machine learning and molecular 
dynamics approaches is yet to be reported. In the current 
study, models are developed using deep machine learning 
to quickly estimate the fracture strength and the electric 
power of Silicon solar cell. The novelties in the study pre-
sented here are: (i) developing the deep machine learning 
models to estimate the electric power and fracture strength 
of Silicon wafers, (ii) establishment of correlation between 
the effective area available for power production and the 
corresponding electric power output, and (iii) carrying out 
performance analysis to study the influence of the afore-
mentioned parameters on the power output and the fracture 
strength of Silicon solar cell.

The upcoming paragraphs in the article are organized as 
follows. Section 2 is dedicated to discuss the approaches 
involving molecular dynamics to estimate the electric power 
at the fracture along with the fracture strength of Silicon-
based solar cell. Furthermore, the architecture along with the 
performance of the proposed DML model are included. Sec-
tion 3 is dedicated to investigate the performance of Silicon 
solar cell subjected to thermo-mechanical loads. Further-
more, parametric studies and validation of the results of the 
developed two models are discussed. The main findings are 
emphasized in Sect. 4.

2 � Modeling aspects

2.1 � Molecular dynamics model

In this section, an investigation using the molecular dynam-
ics studies is carried out to estimate the power output and 
fracture strength characteristics of PV Silicon-based solar 
cells considering the effect of initial crack and operating 
temperatures. A domain made of Silicon with pre-existing 
edge and center cracks is considered for the simulations, see 
the schematic Fig. 1. Both the cracks are placed at the mid-
height of the domain. Furthermore, the fracture strength and 
power output are estimated as a function of crack size and 
its orientation at different temperatures.
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Therefore, an initial crack of different sizes in the follow-
ing proportionate ratios of width of the domain(w): 2.5%, 
5%, 10%, 20%, 30%, 40%, 50%, 60%, 70%, and 80%, and 
four different orientations: 0 ◦ , 30◦ , 45◦ and 60◦ are con-
sidered for the analysis. Estimates of the fracture strength 
are made in relation to temperature considering six tem-
peratures: 0 K, 300 K, 323 K, 353 K, 600 K, and 900 K. 
Since the typical operating temperatures of solar cells are 
not more than 353 K, the power output is estimated at the 
first four temperatures mentioned above. The group of atoms 
on the domain’s top and bottom regions are subjected to 
displacement loads to study the deformation characteristics. 
The power output characteristics as the domain deforms are 
estimated as follows:

where P is the electric power output, PEf  is the total poten-
tial energy at the time t of the first bond break and PE

0
 is the 

initial total potential energy of the system.
In the present study, the Silicon domain is prescribed 

with a strain rate of ≈ 1 ps−1 , by setting the velocities of 
the boundary atoms. Domains of various sizes varying 
between 97.74Å×48.87Å×21.72 Å and 173.76Å×152.04Å×
43.44Å are considered for convergence tests. When the 
above pristine domains are subjected to the same strain rate 
of 1 ps−1 , the fracture strength is found to converge to ≈ 19 
GPa for domains of sizes greater than or equal to 152.04Å×

119.46Å×32.58Å, at 0 K. Therefore, a domain of size of 
152.04Å×119.46Å×32.58Å  and a strain rate of 1 ps−1 are 
adopted for all simulations. The selected domain size cor-
responds to 28, 22, and 5 unit cells in [100], [010], and 
[001] crystallographic directions, respectively. The Silicon 
domain’s fracture strength is estimated as the stress at the 
instant of first bond break. The charges are estimated with 
the help of energy minimization in LAMMPS. Initially zero 
charge is set on the Silicon atoms. Later on, using charge-
optimized many-body (COMB) potential function [36, 37] 

(1)P =

PEf − PE
0

t

charge equilibration is performed to estimate the charge on 
individual atoms. With an electronegativity precision of 
0.0001, the charge equilibration is performed after every 
100 time-steps. The interactions between the Silicon atoms 
is simulated using ffield.comb potential function. Fur-
thermore, using the pair style comb as a variable charge 
potential and based on the equalization of electronegativity, 
the variable charge-second generation COMB potential [37] 
is evaluated.

2.2 � Deep machine learning

An artificial neural network (ANN)-based computational 
model comprises of three interconnected layers of neurons, 
namely: input, hidden, and output layers. Deep neural net-
works (DNN) are the neural networks with two or more 
hidden layers. In deep machine learning, the connections 
between the neurons can be altered through various learn-
ing methods. The non-linearity to the network is introduced 
through activation functions. In addition, they aid in limiting 
neuron output such that diverging neurons do not lead to 
paralyzing the neural network. Linear activation functions 
[38] and Rectified Linear Unit (ReLU) are considered in the 
present study to develop the networks.

The network’s weights and corresponding biases are ini-
tially set at random. Moreover, with the help of error back 
propagation method, they are changed in an iterative fash-
ion until the total error is minimized. In the current study, 
Adam optimizer [39], a computationally efficient optimiza-
tion algorithm is adopted. The optimized weights and biases 
are evaluated by minimizing the mean squared error (MSE) 
loss function. This loss function is employed to assess how 
well the DNN model is trained. The Python [40] language 
combined with Keras API [41] are used to develop the DNN 
model. Hidden layers are varied to measure their perfor-
mance and construct the neural networks sequentially. The 
number of neurons are maintained constant while varying 
the number of hidden layers until the network parameters 

Fig. 1   Schematics of simulation 
domains, considering an initial 
(a) edge and (b) center cracks, 
subjected to uni-axial tensile 
load
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are optimum. Thus, the obtained neural networks are fur-
ther tested for the robustness. The network’s efficiency is 
assessed with the help of R 2 score on the test data and the 
MSE loss function.

2.2.1 � DML model for fracture strength and power output

The architecture and number of layers of the developed 
DNNs for estimating the fracture strength and gener-
ated electric power from the Silicon domain discussed in 
Sect. 2.1, are shown in Figs. 2 and 3, respectively. Accord-
ing to Fig. 2, to estimate the fracture strength of Silicon, the 
second, third, fourth, and fifth layers are shared with 32, 16, 
8, and 2 number of neurons, respectively. On the other hand, 
as shown in Fig. 3, the hidden layers in the DNN to estimate 
power generation are distributed as follows: second layer-64, 
third layer-32, fourth layer-32, fifth layer-16, sixth layer-8, 
and seventh layer-2 neurons. Molecular dynamics simulation 
results are used to build a data set for training the developed 
DNN. The number of data points available for electric power 
are lesser as compared to the number of data points for frac-
ture strength. Therefore, there are more hidden layers in the 
DNN used to estimate the electric power than that of the 
DNN used for the estimation of the fracture strength.

In total, 402 and 268 data samples are produced using 
MD simulations to estimate the fracture strength and elec-
tric power, respectively. The data set is generated consider-
ing the preliminary crack orientated at 0 ◦ for edge, center 
cracks with varying size and orientation of crack along with 
the domain temperature. The training, testing, and valida-
tion sets are divided up into the data set at random. The test 

data set, which makes up 20% of the overall data set is hid-
den during training and used to assess performance of the 
DML model. The train data set is randomly divided into the 
validation data set at a 90:10 ratio. The neural network can 
understand the characteristics from the sample data by fitting 
the sample set that is trained. In order to avoid the model 
from over fitting, the validation data set aids in setting the 
hyper parameters during training by providing an objective 
evaluation of model fit on the sample data set used for train-
ing the network.

The effects of hyper parameters, such as: batch size, num-
ber of epochs, learning rate, number of hidden layers and 
corresponding neurons, optimization algorithms, and acti-
vation functions are studied before selecting their values. 
To begin with, a batch size of one is considered, where the 
developed model is observed to be specific to the training 
set and the training and testing losses are small. Further-
more, the influence of batch size is tested with double the 
batch size in subsequent cycles. With a batch size of four, 
the losses during training and testing are found to be still 
smaller and the model is ready to be tested on an arbitrary 
system. Thus, a batch size of four is selected in the present 
study, without loss in performance and considerably reduced 
computational cost as compared to the network with a batch 
size of one. To help the model learn and comprehend the 
issue, all the parameters are scaled separately from 0 to 1 
using the min–max method.

Both the extreme network layers employ a linear activa-
tion function, whereas, all other layers use a ReLU function. 
The model is trained using the Adam optimizer [39] and 
MSE loss function. The network has received training on an 

Fig. 2   Architecture and number 
of layers of the developed 
DNN for predicting the fracture 
strength of Silicon
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NVIDIA Corporation TU104GL Quadro RTX 4000 graphic 
card. The network is trained for 500, 1000 epochs with a 
specified learning of 0.001 for 100, 200 epochs, 0.0001 in 
the next 200, 400, proceeded by 0.00001 for the following 
200, 400 epochs for fracture strength and electric power, 
respectively. Therefore, the network is gradually trained for 
reduced error tolerance. This ensures the improved learning 
curve and hence, the robustness.

The proposed DNN is trained using estimates of Silicon 
fracture strength obtained from MD simulations by alter-
ing various parameters. A total of 402 and 268 data sets, 
respectively, containing the fracture strength and electric 
power information, where 322 and 214 sample sets are 
employed for training and validation, and the testing is per-
formed with 80 and 54 data samples. The developed DNN 
is trained for 500, 1000 epochs, for fracture strength and 
electric power, respectively. The loss in relation to epochs 
for fracture strength and power output are shown in Fig. 4a, 
b, respectively.

In Fig. 4, the training loss is found to be drastically 
decreased during the course of first 10 epochs. This indi-
cates that within the first 10 epochs, the model can locate 

a better local minimum. A comparison of training as well 
as validation losses in relation to the epochs number is also 
shown in Fig. 4. The model is observed to be not over pre-
dicting on the sample set used for training, as shown by the 
comparable declining trend in the losses for training and 
validation. In addition, the close-ups of Fig. 4a, b show that 
the peaks in learning and validation losses are found to take 
place at the relevant epochs, further supporting a excellent 
fit. At the end of the training process, the train and test losses 
are, respectively, found to be 0.000458 and 0.000458, for 
fracture strength and 0.000104 and 0.000104 for electric 
power. On the other hand, a loss of 0.001025 and 0.000953 
is observed for fracture strength and electric power, respec-
tively. To choose the best performance, a random sampling 
is run ten times.

An R 2 score of 0.9737 and 0.9851 is found while training 
the fracture strength and electric power networks, respec-
tively. Test data set, signifying the variance in respective 
parameters is explained considering dimension and position-
ing of the crack along with the domain temperature. The 
effectiveness of the developed network for test and train data 
sets is shown in Fig. 5. The fracture strength of Silicon is 

Fig. 3   Architecture and number 
of layers of the developed DNN 
for estimating the generated 
electric power from the Silicon 
domain
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plotted as expected vs. actual values, for sample sets used 
while training and testing, as illustrated in Fig. 5a, b, respec-
tively, where the actual/true values are the outcomes of MD 
simulations. In the similar manner, the MD and predicted 
values during the testing and training of data sets for power 
output are plotted, as shown in Fig. 5c, d.

It is observed that the performance of the developed mod-
els for predicting the fracture strength and the electric power 
of Silicon domain are good. However, a few data points devi-
ate from the reference values taken from MD simulations. 
According to Fig. 5a, b, a maximum deviation of 29.4% in 

the predicted fracture strength results when considering an 
edge crack size equal to 0.025w at 45◦ orientation is noticed 
during testing. Whereas, during training, it is found to be 
17.81% with an initial edge crack size of 0.4w at 45◦ orienta-
tion. Similar maximum deviation of 18.53% in the predicted 
electric power is noticed during testing for a center crack 
of size 0.025w oriented at 45◦ , and 17.72% with an edge 
crack of length 0.1w oriented at 60◦ during training, see 
Fig. 5c, d. A trained DNN is referred to as a DML model 
from here onwards. The resulting DML model is verified 

Fig. 4   Variation of the loss 
function during training and 
validation as a function of num-
ber of epochs, while predicting 
the (a) fracture strength and (b) 
power output of Silicon
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Fig. 5   Fracture strength of 
Silicon plotted as predicted 
from the proposed DML model 
vs. true values based on the MD 
simulations, for the (a) test and 
(b) train data sets. Similarly, the 
power output of Silicon plotted 
as predicted from the proposed 
DML model vs. true values 
based on the MD simulations, 
for the (c) test and (d) train data 
sets
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using a 10-fold cross-validation to confirm its accuracy and 
robustness.

To summarize, the data for training and testing the devel-
oped DML model are generated with the help of MD simu-
lations. In total 670 simulations, by varying the crack size, 
orientation, type and temperature are performed to generate 
the data for training and testing the developed ANN models. 
The fracture strength and electric power considering initial 
cracks are simulated using the COMB potential function, 
which accounts for multiple fields, such as: mechanical, 
thermal and electric fields. The considered multiple fields 
represents the actual physics of Silicon solar cells. There-
fore, a lot of choice in the selection of potential functions 
for solar cells is not possible. Furthermore, the performed 
simulations are believed to be sufficient for estimating the 
fracture strength and electric power of Silicon-based solar 
cells in the presence of an arbitrary crack. Therefore, the 
developed DML model can predict the above parameters 
considering an initial crack. This will avoid executing MD 
codes every time when there is change in domain param-
eters, which saves a significant amount of computational 
time.

3 � Results and discussion

In the present study, the stress at the initial bond break is 
chosen to determine the fracture strength of Silicon-based 
PV solar cells and total generated electric power at that 
instant, respectively. The above parameters are found to be 
significantly influenced by the crack size, position, and ori-
entation, apart from the operating temperature of the solar 
cells.

3.1 � Fracture strength

3.1.1 � Deformed configurations

The variation of stress as function of strain at temperatures 
equal to 0 K, 300 K, 600 K and 900 K, considering an edge 
crack of length 0.4w located at the mid-height and a center 
crack of dimension 0.3w; positioned at the centre of the 
domain and oriented along the horizontal axis are plotted 
in Fig. 6a, b, respectively. Furthermore, closeups of the 
deformed configuration around the crack tip at the stress 
peaks, i.e. at points A, B, C and D are also shown.

Fig. 6   Variation of the stress as 
a function of strain at tem-
peratures equal to: 0 K, 300 K, 
600 K and 900 K, considering 
an initial (a) edge crack of size 
0.4w located at the mid-height 
and (b) a center crack of size 
0.3w, located in the middle of 
the domain; and oriented along 
the horizontal axis. A closeup 
of the atomic configuration 
around the crack tip at the stress 
peaks, i.e. at points A, B, C and 
D are also shown
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Fig. 7   Distribution of stress along the applied load direction at the instant of first bond break in the pristine Silicon domain at temperature equal 
to (a) 0 K, (b) 300 K, (c) 600 K and (d) 900 K
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According to Fig. 6, all the curves are observed to fol-
low a similar pattern, where the peak stresses indicating the 
fracture strength of Silicon are noticed to gradually decrease 
with raise in temperature. This is expected because the ther-
mal mobility of atoms at high temperatures causes the frac-
ture strength to drop as temperature rises. Furthermore, the 
elastic modulus of Silicon estimated from the MD simula-
tions is found to be ≈90 GPa and the simulation setup is 
further extended to predict the fracture strength of Silicon 
considering various combinations of size and positioning of 
the crack along with the domain temperature.

The distribution of stress along the direction of applied 
load at the instant of first bond break in pristine Silicon 
domain at a temperature equal to 0 K, 300 K, 600 K and 
900 K are shown in Fig. 7a–d. Increase in atomic vibrations 
due to the temperature increase is evident in Fig. 7. As a 
result, the deformed configurations are observed to deform 
in the lateral direction, inspite of the boundary conditions to 
suppress the lateral motion. This is mainly due to increase 
in thermal energy with increase in temperature, leading to 
accelerated random atomic vibrations, see Fig. 7c, d. Hence, 
the maximum stress is observed to be a decreasing function 
of temperature.

The distribution of stress along the direction of applied 
load considering an edge crack in the Silicon domain, at 
temperatures ranging from 0 K to 900 K in steps of 300 K 
are, respectively, plotted in the columns: one, two, three, 
and four of Fig. 8. The same distribution considering crack 
length equal to 5%, 10%, 20%, 40%, 60%, and 80% of width 
of the domain are plotted in the first, second, third, fourth, 
fifth, and sixth rows, respectively. Increase in atomic motion 
with temperature is noticed. It is observed that with an 
increase in the crack size as well as domain temperature, 
the fracture strength is decreased. The internal resistance 
of Silicon reduces when the initial crack size is increased, 
which further reduces at higher temperatures.

Similarly, the distribution of stress along the direction 
of applied load considering an initial center crack in the 
Silicon domain, at temperatures ranging from 0 K to 900 K, 
in steps of 300 K are, respectively, plotted in the columns: 
one, two, three, and four of Fig. 9. The same distribution 
with an initial crack orientation equal to zero degree, thirty 
degrees, forty five degrees, and sixty degrees are plotted in 
the first, second, third, and fourth rows, respectively. When 
the initial crack size and domain temperature are increased, 
the fracture strength is found to be decreased.

3.1.2 � Comparison of MD and DML studies

With respect to the crack size factor, the fracture strength 
from MD and DML investigations is compared at tempera-
tures of 0 K, 300 K, 353 K, 600 K, and 900 K., consider-
ing an edge crack positioned along 0 ◦ and 30◦ directions, 
is shown in Fig. 10. An observation of Fig. 10a, b indi-
cates that the DML model findings and the MD simulation 
results match well. Furthermore, a maximum average error 
of 6.83% is observed at 900 K. The distribution of fracture 
strength with respect to the temperature at different crack 
sizes, considering the initial edge crack oriented along 0 ◦ 
and 30◦ is plotted in Fig. 11. According to Fig. 11a, b, the 
fracture strength is observed to be a decreasing function 
of temperature and crack size. Furthermore, it approaches 
the endurance limit at higher temperatures, particularly at 
900 K, irrespective of the crack size considered at the begin-
ning, see Fig. 11b.

The fracture strength is found to decrease by increasing 
the initial crack size. A smooth and almost linear reduc-
tion is noticed when temperature is equal to zero Kelvin for 
all crack orientations, see Fig. 10. However, a sudden drop 
from no crack to small initial crack of size 0.05w is noticed 
at higher temperatures. The trend is observed to be almost 
similar for all crack orientations. However, the drop is seen 
to be increasing with raise in crack orientation, see Fig. 11.

A comparison of fracture strength from MD and DML 
investigations, at temperatures equal to 0 K, 300 K, 353 K, 
600 K and 900 K, considering an initial center crack oriented 
along 0 ◦ , 30◦ , 45◦ and 60◦ directions is shown in Fig. 12. For 
the given crack size, the fluctuation of fracture strength is 
seen to decrease with raise in temperatures up to 600 K. This 
indicates that the fracture strength is significantly effected 
by the crack size and temperature up to 600 K at a given 
constant mechanical strain externally applied. Whereas, 
beyond 600  K, and up to 900 K, it is observed that this range 
remained almost constant, indicating that there is no pro-
portionate change then after, irrespective of crack size. The 
fracture strength drops at higher temperatures as a result of 
significant thermal fluctuations. The kinetic energy and thus 
the total energy of atoms increases with temperature, lead-
ing to unstable conditions, resulting in the bonds breaking 
at relatively lower external loads. Thus, a rapid decay in the 
fracture strength of Silicon is observed.

Similar to the edge crack model, the fracture strength of 
center crack model is found to drop with increase in crack 
length, with a smooth and almost linear reduction when 
temperature is equal to zero kelvin for all initial crack ori-
entations. However, at 0 K, the fracture strength of Silicon 
domain with center crack is found to be higher than the 
domain with an edge crack. On the other hand, a sudden 
drop from no crack to initial crack of size 0.05w is noticed 
at higher temperatures for all orientations, see Fig.  12. 

Fig. 8   Distribution of stress along the applied load direction consid-
ering an initial edge crack in the Silicon domain. The distribution at 
temperatures equal to 0 K, 300 K, 600 K and 900 K are plotted in the 
first, second, third and fourth columns, respectively. Where as, distri-
bution considering initial crack size equal to 0.05w, 0.1w, 0.2w, 0.4w, 
0.6w and 0.8w are plotted in the first, second, third, fourth, fifth, and 
sixth rows, respectively

◂
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Fig. 9   Distribution of stress along the applied load direction consid-
ering an initial center crack in the Silicon domain. The distribution at 
temperatures equal to 0 K, 300 K, 600 K and 900 K are plotted in the 

first, second, third and fourth columns, respectively. Where as, distri-
bution considering initial crack orientation equal to 0 ◦ , 30◦ , 45◦ , and 
60◦ are plotted in the first, second, third, and fourth rows, respectively
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Whereas, the drop is found to be reducing as the initial crack 
orientation increases.

In addition, distribution of fracture strength calculated 
using MD simulations as a function of domain temperature 
at various initial crack sizes is given in Fig. 13, taking into 
account the central crack oriented along 0◦ , 30◦ , 45◦ , and 60◦ 
directions. According to Fig. 13, an exponential decrease 
in fracture strength is seen as the domain temperature and 
crack size increases, approaching an endurance limit around 
4.5 GPa, at higher temperatures, particularly at 900 K, irre-
spective of the initial crack crack size and orientation, see 
Fig. 13. However, the fracture strength of pristine Silicon is 
observed to be much higher than the above endurance limit 
with initial crack. As a result, it is clear that the presence of 
initial crack influences the fracture strength of Silicon.

3.1.3 � Influence of crack location and orientation

To predict the influence of position of crack on the fracture 
strength of Silicon, a comparison of the fracture strength 
variation in relation to the crack orientation, considering an 

edge and center cracks of size 0.3w at 0 K, 300 K, 353 K and 
600 K, is shown in Fig. 14. According to Fig. 14a, Silicon 
fracture strength in the presence of center crack is more than 
≈15% as compared to the same domain with an edge crack. 
The trend is continued even at higher temperatures, see 
Fig. 14b, although the difference is small as compared to 
0 K. Based on Fig. 14, it is found that with increase in crack 
orientation, the fracture strength increases. Additionally, as 
the orientation increases, the time elapsed for the first bond 
to collapse also increases. This reveals that Silicon absorbs 
more stresses as crack orientation increases, which accounts 
for the rise in fracture strength with orientation angle. Fur-
thermore, the crack will experience mixed mode loading 
(mode I and mode II) when it’s orientation angles are other 
than 0◦ , leading to anisotropy in elasticity. The crack growth 
is driven by the effective stress intensity factor, calculated 
as K

eff
 = 

√

K2

I
+ K2

II
 . Higher fracture strength of the Silicon 

results from K
eff

 , which is greater than KI . Regardless of the 
orientation angle, the fracture strength is noticed to decrease 
with the increase in temperature.

Fig. 10   Comparison of fracture 
strength results from MD and 
DML studies as a function 
of crack size, at temperatures 
0 K, 300 K, 353 K, 600 K and 
900 K, considering the initial 
edge crack oriented along (a) 0 ◦ 
and (b) 30◦ directions

(a) (b)

Fig. 11   Distribution of fracture 
strength results from MD 
simulations as a function of 
temperature at different crack 
sizes, considering the initial 
edge crack oriented along (a) 0 ◦ 
and (b) 30◦ directions
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Fig. 12   Comparison of fracture 
strength results from MD and 
DML studies as a function 
of crack size, at temperatures 
0 K, 300 K, 353 K, 600 K and 
900 K, considering the initial 
center crack oriented along (a) 
0 ◦ (b) 30◦ (c) 45◦ and (d) 60◦ 
directions

(a) (b)

(c) (d)

Fig. 13   Distribution of fracture 
strength results estimated from 
MD simulations as a function 
of temperature at different crack 
sizes, considering the initial 
center crack oriented along (a) 
0 ◦ , (b) 30◦ , (c) 45◦ and (d) 60◦ 
directions
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3.2 � Power output

Considering the operating temperatures of Silicon PV cells, 
the influence of initial cracks on the power output charac-
teristics are investigated under operating temperatures up 
to 353 K. Distribution of electric charge at the instant of 
first bond break in pristine Silicon domain at temperatures 
equal to 0 K, 300  K, 323 K and 353 K is shown in Fig. 15. 
In the region of damaged areas, including the boundaries, 
it has been found that the charge distribution fluctuates sig-
nificantly with temperature. Additionally, it is seen that the 
specimen fails through brittle fracture along the borders 
towards the end of the simulation. This is due to the fact 
that damage will start in the over stressed regions, which in 
this instance are near to the boundaries, in the absence of 
initial flaws or imperfections like cracks.

The distribution of electric charge considering initial edge 
crack in the Silicon domain, at temperatures equal to 0 K, 
300 K, 323 K and 353 K, are, respectively, plotted in the 
columns: one, two, three, and four of Fig. 16. The same 
distribution considering crack sizes equal to 5%, 10%, 20%, 

40%, 60%, and 80% of width of the domain are plotted in the 
first, second, third, fourth, fifth, and sixth rows, respectively. 
The atoms near the crack tip are subjected to high stresses, 
see Fig. 8, and had increased random motions with tem-
perature leading to the increase in the charge accumulation 
near the crack tip. The randomness further increased with 
increase in crack size, resulting in further charge accumula-
tion, see Fig. 16.

The distribution of electric charge considering an initial 
center crack in the Silicon domain, at temperatures equal to 
0 K, 300 K, 323 K and 353 K, are, respectively, plotted in the 
first, second, third and fourth columns of Fig. 17. The same 
distribution with various aforementioned crack orientations 
is plotted in the rows: one, two, three and four, respectively. 
Similar to the edge crack case, the stresses near the crack tip 
are relatively higher leading to random movement of atoms 
and thus the charge accumulation. Whereas, with crack ori-
entation, this randomness is reduced leading to the decrease 
in charge accumulation and thus improving the performance 
of solar cell, the details of which are discussed in the upcom-
ing sections.

Fig. 14   Influence of crack ori-
entation on the fracture strength. 
a Comparison of the variation 
of fracture strength results from 
MD and DML studies with 
respect to the crack orienta-
tion, considering an initial edge 
and center cracks of size 0.3w 
at 0 K. b Similar comparison 
without DML results at higher 
temperatures: 300 K, 353 K and 
600 K
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Fig. 15   Distribution of electric charge in pristine Silicon domain at temperatures equal to (a) 0 K, (b) 300 K, (c) 323 K and (d) 353 K
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Fig. 16   Variation of electric 
charge in the solar cell consider-
ing an initial edge crack in the 
Silicon domain. The distribution 
at temperatures equal to 0 K, 
300 K, 323 K and 353 K are 
plotted in the first, second, third 
and fourth columns, respec-
tively. Where as, distribution 
considering initial crack size 
equal to 0.05w, 0.1w, 0.2w, 
0.4w, 0.6w and 0.8w are plotted 
in the first, second, third, fourth, 
fifth, and sixth rows, respec-
tively
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Fig. 17   Variation of electric charge in the solar cell considering an 
initial center crack in the Silicon domain. The distribution at tempera-
tures equal to 0 K, 300 K, 323 K and 353 K are plotted in the first, 

second, third and fourth columns, respectively. Where as, distribution 
considering initial crack orientation equal to 0 ◦ , 30◦ , 45◦ , and 60◦ are 
plotted in the first, second, third, and fourth rows, respectively
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3.2.1 � Comparison of MD and DML results

A comparison of electric power results from MD and DML 
studies as a function of crack size, at temperatures equal 
to 0 K, 300 K, 323 K, and 353 K, considering the initial 
edge crack oriented along 0 ◦ and 30◦ directions, is shown 
in Fig. 18. An observation of Fig. 18a, b shows that the 
DML model results and the outcomes of the MD simulations 
are closely aligned, where a maximum error of 18.53% is 
noticed with only 2.6% of total cases having error percent 

greater than ten. As the crack length increases, the power 
output is seen to decrease. A smooth and almost linear 
reduction is noticed when temperature is equal to zero 
kelvin for all types of crack orientations. However, a sud-
den drop from no crack to small initial crack of size 0.05w 
is noticed at higher temperatures. The trend is noticed to 
be almost similar for all crack orientations. However, the 
drop is noticed to be increasing with increase in orientation 
angles. Furthermore, it is observed that the electric power 
decreased with increase in temperature.

Fig. 18   Comparison of electric 
power results from MD and 
DML studies as a function of 
crack size, at temperatures 0 K, 
300 K, 323 K, and 353 K, con-
sidering the initial edge crack 
oriented along (a) 0 ◦ and (b) 
30◦ directions

(a) (b)

Fig. 19   Comparison of electric 
power results from MD and 
DML studies as a function of 
crack size, at temperatures 0 K, 
300 K, 323 K, and 353 K, con-
sidering the initial center crack 
oriented along (a) 0 ◦ , (b) 30◦ , 
(c) 45◦ , and (d) 60◦ directions

(a) (b)

(c) (d)
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The above procedure is extended to investigate the influ-
ence considering a center crack. A comparison of electric 
power results from MD and DML studies as a function of 
crack size, at temperatures equal to 0 K, 300 K, 323 K, and 
353 K considering the initial center crack oriented along 0 ◦ , 
30◦ , 45◦ and 60◦ directions is shown in Fig. 19. Similar to the 
edge crack model, the power output witnessed a decrease by 
increasing crack size. A smooth and almost linear reduction 

is observed when the temperature is equal to zero kelvin for 
all the above orientation angles. However, at zero kelvin, the 
power output of Silicon domain with center crack is found to 
be higher than the domain with an edge crack. On the other 
hand, a sudden drop from no crack to small initial crack of 
size 0.05w is noticed at higher temperatures for all orienta-
tions, see Fig. 19. Whereas, this drop is found to reduce with 
increase in initial crack orientation.

Fig. 20   Influence of crack ori-
entation on the electric power. 
Comparison of the variation 
of electric power results from 
MD and DML studies with 
respect to the crack orientation, 
considering an initial crack size 
of 0.3w and 0  K, 300 K, 323 K, 
353 K temperatures: (a) edge 
crack (b) center crack
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Fig. 21   Influence of crack ori-
entation on the electric power. 
Comparison of the variation of 
power output results from edge 
and center crack studies with 
respect to the crack orientation, 
considering an initial crack size 
of 0.3w: (a) 0 and 300 K (b) 
300, 323, 353 K
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Fig. 22   Schematic showing 
the increase in intact area with 
increased crack orientation, for 
a given crack size intact area for 00 crack orientation

extra intact area generated with
increase in crack orientation
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In order to predict the influence of initial edge and center 
cracks on the electric power of Silicon solar cell, a com-
parison of the variation of electric power with respect to 
the crack orientation, considering an initial edge and center 
cracks of size 0.3w at 0 K, 300 K, 323 K and 353 K, is shown 
in Fig. 20. The electric power is observed to be decreasing 
with increase in temperature. As the temperature increases, 
the random movement of atoms near the crack tip increases 
leading to increase in charge accumulation, see Fig. 16. As 
a result, the large concentrations of electric potential ener-
gies around the tip are wasted, which lowers the output of 
useful electric power. Furthermore, it is also observed that 
the electric power increased with crack orientation in both 
edge and center cracks. This is due to the reason that as the 
crack is oriented, it is observed that the charge accumula-
tion reduced as compared to 0 ◦ crack case, see Fig. 17. As a 
result the net electric potential energy available for electric 
power increases leading to enhanced performance of the 
solar cell.

3.2.2 � Impact of crack location and orientation

The impact of location and orientation of crack on power 
output is observed by plotting electric power with crack ori-
entation as shown in Fig. 21a, b. It is observed that at 0 K, 
the electric power of Silicon domain with a center crack is ≈
3.8% higher as compared to the same domain with an initial 
edge crack. In most of the cases, center crack case experi-
enced higher electric power than edge crack case. At higher 
temperatures, due to the random fluctuations of electric 
charge and thus the electric potential energies, the associated 
electric power had proportionate fluctuation which can be 
evidenced through Fig. 21b. Furthermore, as the orientation 

angle of these cracks increases, its effect on the power output 
decreases [7], as shown in Fig. 21. This is due to the reason 
that, as we increase the through crack orientation for the 
given crack size, availability of continuous material volume 
without any defect increases, see Fig. 22, leading to decrease 
in obstruction to the free flow of charge within the material. 
It can be observed that, as the crack orientation increases, 
the area/volume available for free flow of charges increases 
by an amount equal to that of the region highlighted in blue 
color, see Fig. 22. As a result, the chances of charge accu-
mulation decreases and the performance enhances. At lower 
temperatures, it is observed that this percent increase in area 
available for free movement of charges is in line with the 
percent increase in electric power as shown in Fig. 23. The 
percentage increase in the power of Silicon domain with 
center crack is increasing with crack size and orientation 
and is in line with the corresponding percentage increase in 
the available area.

4 � Conclusions

A framework has been proposed to estimate the electric 
power and fracture strength of a Silicon solar cell at the point 
of first bond break in the presence of an initial edge and 
center cracks considering their size, orientation, and the tem-
perature of the cell. Fracture strength and the electric power 
are estimated through a combined molecular dynamic simu-
lations and deep machine learning-based approach and the 
corresponding models have been developed. Four alternative 
crack orientation angles: 0 ◦ , 30◦ , 45◦ , and 60◦ and various 
initial crack sizes, ranging from 2.5 to 80% of the domain 
size are adopted in the simulations. The cell temperature has 
also been varied between 0 K and 900 K in steps of 300 K 
along with two other operating temperatures, namely: 323 K 
and 353 K while dealing with the electric power study. Thus, 
a total of 268 and 402 samples have been generated through 
the MD simulations to estimate the electric power and frac-
ture strength of Silicon solar cell.

The outcomes of the MD simulations are used to train 
the DML model. When results from DML and MD are com-
pared, it is found that the DML outputs closely match the 
outcomes of the MD simulations. In comparison to the out-
comes of MD simulations, the maximum deviation in the 
DML model predictions is found to be 18.53% for electric 
power and 29.4% for fracture strength, respectively.

Based on the findings, the impact of different crack 
parameters on fracture strength and electric power is 
examined. It has been established that when the crack 
size increases, both electric power and fracture strength 
decreases. The decrease is particularly noticeable for tiny 
crack sizes when compared to the pristine Silicon. Fur-
thermore, the drop increases with increase in temperature. 

Fig. 23   Comparison of percentage increase in the intact area and 
hence the corresponding increase in electric power with increased 
crack orientation and crack size at 0 K
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On the other hand, with increase in crack orientation, the 
fracture strength and electric power are also found to be 
increasing.

A drop of ≈ 40-50% in electric power has been reported 
with increase in temperature, irrespective of crack size and 
crack orientation. Whereas, at a given temperature and crack 
orientation between 0 ◦ and 60◦ and initial crack sizes vary-
ing between 0.1w and 0.5w, a linear increase in electric 
power has been reported. For instance, for an initial crack 
size equal to 0.2w and a crack orientation angle varying 
between 0 ◦ and 60◦ , the electric power is increased by 20% 
at a given temperature. For crack sizes greater than 0.5w, the 
electric power improved exponentially.

The methods proposed in this work can be used to esti-
mate the fracture strength and electric power of the Silicon 
solar cells. Significant computational times can be saved by 
using the developed DML model for estimating the fracture 
strength as well as electric power output of Silicon solar cell 
considering arbitrary size and orientation of initial cracks, 
as compared to MD simulations.
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