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ABSTRACT 

Fracture of crystalline silicon (c-Si) solar cells in photovoltaic modules is a big concern to the 
photovoltaics (PV) industry. Cell cracks cause performance degradation and warranty issues to the 
manufacturers. The roots of cell fractures lie in the manufacturing and integration process of the cells 
and modules as they go through a series of elevated temperature and pressure processes, involving 
bonding of dissimilar materials, causing residual stresses. Evaluation of the exact physical mechanisms 
leading to these thermomechanical stresses is highly essential to quantify them and optimize the PV 
modules to address them. We present a novel synchrotron X-ray microdiffraction based techniques to 
characterize the stress and fracture in the crystalline silicon PV modules. We show the detailed stress 
state after soldering and lamination process, using the synchrotron X-ray microdiffraction experiments.
We also calculate the maximum tolerable microcrack size in the c-Si cells to sustain the residual stress 
after lamination. We further demonstrate the effect of these residual stresses on the cell fractures using 
the widely accepted fracture (4-point bending) tests. These test results show that the soldering and 
lamination induced localized residual stresses indeed reduce the load-carrying capacity of the c-Si cells. 
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1. INTRODUCTION: 

Fracture of crystalline silicon (c-Si) solar cells in photovoltaic (PV) modules is a well-
known issue and a major concern to the PV industry [1-10]. Crystalline silicon solar cells 
contain microcracks (length < 1 mm) that originated from the wafer slicing process,
which reduces their mechanical strength [11-13]. Etching processes are used to minimize
the defects or microcracks in the as-cut wafers, leading to the increased mechanical 
strength of the etched silicon wafers [14, 15]. However, it should be noted that the 
complete removal of defects or microcracks is not possible, due to processing time and 
cost limitations. The PV module integration processes, soldering, and encapsulation 
induces thermomechanical deformations and residual stresses in PV modules and cells 
[5-10]. Apart from these residual stresses, loads due to mechanical handling of cells 
during various operations could also cause momentary high stresses and lead to the 
propagation of microcracks [16]. However, the high residual stresses due to soldering 
and lamination could act as crack localization points to propagate the microcracks in the 
c-Si cells upon further loading due to handling, transportation, installation and operation 
of the modules [6, 8-10]. Especially in the case of thin c-Si wafer (< 180 μm) cells, the 
effect of these residual stresses is much more intense due to the increased fragility of the 
thin cells [7, 9]. In this scenario, the quantitative characterization of these residual 
stresses is highly necessary to estimate their effect on the cell fractures and damage 
tolerance, and also to identify the physical mechanism that drives these high residual 
stresses. There are only a few quantitative stress characterization techniques that exist for 
the c-Si wafers and cells [17-19]. However, these techniques are not proven to 
quantitatively probe the stresses in the encapsulated c-Si cells, except the very recently 
reported Raman based technique [20]. Synchrotron scanning X-ray microdiffraction 
(μSXRD) was recently proven by our group to be capable of penetrating the encapsulated 
c-Si cells to probe the stress in silicon [21, 22]. We developed a μSXRD based stress 
evaluation methodology, which could probe the localized stress in the encapsulated c-Si 
cells. Using this method, the highly localized stress near the solder joints in the c-Si cells
could be quantitatively determined and we demonstrated the elegance of this method in 
the case of interdigitated back contact (IBC) c-Si cells in our earlier reports [23, 24]. 
Apart from the microdiffraction, various other synchrotron X-ray probing techniques 
were used by research groups in the world to characterize the solar cells and PV modules 
[25-33]. For e.g. Colli et al., 2016 [30], Meng et al., 2017 [32], and Meng et al., 2018 
[33] used X-ray topography to correlate the defects and deformations of the encapsulated 
silicon cells. 

In this research paper we report the residual stress near soldered copper ribbons in the 
generic design single crystalline silicon (sc-Si) cells, for post-soldering and post-
lamination conditions, using the μSXRD technique. Further, we present simplified linear 
elastic fracture mechanics (LEFM) based calculations to evaluate the maximum tolerable 
crack length of the c-Si cells to sustain the residual stresses, based on our quantitative 
residual stress characterization. Finally, we show the significant effect of residual stress 
on the cell fracture strength through the widely accepted fracture testing procedure.  
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2. MATERIALS AND METHODS:

2.1 Experimental Samples 

In this experimental study we used standard generic design sc-Si solar cells of thickness 
0.18 mm, with three busbars (3BB). The cell has continuous silver busbars and grid of 
silver finger on the front side and aluminium back surface field (Al-BSF) contact layer 
on the backside, as shown in Figure 1(a). The cells were soldered on an automatic solar 
cell stringer machine, with a typical lead-free solder (Sn3.9Ag0.6Cu) coated Cu ribbons. 
The thickness and width of the ribbon are 0.18 mm and 1.8 mm respectively. The 
thickness of the solder layer over the ribbon is ~0.02 mm.  Single-cell PV module 
samples, as shown in Figure 1(b), were later prepared by encapsulating these soldered 
cells in a semiautomatic photovoltaic module laminator at 150 oC under 0.1 MPa vacuum 
pressure. The front layer of the sample PV modules is made of tempered glass sheet of 
thickness 3.2 mm and the encapsulant is EVA. A detailed description of the lamination 
process is given in our earlier report [23]. Further, we also prepared two different sets of 
mini PV modules with soldered and unsoldered (pristine) cells for fracture testing, as 
shown in Figure 2. 

Figure 1: Samples of silicon cells and mini PV modules used in μSXRD experiments 

Figure 2: Sample mini PV modules used in fracture testing 
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2.2 Experimental Setup of Synchrotron Scanning X-ray Microdiffraction 

The synchrotron scanning X-ray microdiffraction (μSXRD) experiments were conducted 
at the beamline 12.3.2 at the advanced light source (ALS) of Lawrence Berkeley national 
laboratory (LBNL), Berkeley [34, 35]. The energy bandpass of the X-ray beam at this 
beamline is 5 keV to 25 keV. A schematic of the experimental setup of synchrotron X-
ray microdiffraction of a PV module sample is shown in Figure 3(a) and the actual 
experimental setup is shown in Figure 3(b). In this technique, the sample is subjected to a
high intensity polychromatic X-ray beam of submicron size (~ 0.8 μm) and the resulting 
diffraction pattern is recorded by the X-ray detector mounted over the sample stage. This 
is a reflection experiment, where the detector is perpendicular to the incident X-ray beam 
and the sample is mounted at 45o to the incident X-ray beam as shown in Figure 3(a).
The samples are raster-scanned over a grid of points in the scanned regions (refer to 
Figure 1). The distance between each scanned point in X and Y directions is 0.1 mm and 
the exposure time at each scan point is ~ 90 sec. This calls for a scan time of ~ 3 – 4
hours for a scan area of 10 x 8 mm2. The sample is scanned from the backside of the cell, 
as the front glass in the sample PV module absorbs X-rays.  

Figure 3: μSXRD setup of mini PV module (a) Schematic, (b) Actual picture 

The polychromatic (Laue) diffraction patterns, recorded at each scan point are pre-
processed (indexed) using a specialized software XMAS [36]. This gives the crystal 
structure, crystal plane misorientation and deviatoric stress in the silicon cells, at each 
scanned point. During mounting the soldered cells on the sample stage, no change in the 
as-soldered deformation and stress state of the cells was ensured to get accurate results. 
No such precautions are required for encapsulated cells (sample PV modules). A more 
detailed description of the experimental procedure is presented in our earlier reports [22,
23]. Further, a more detailed description of the beamline construction and the 
experimental procedure is available elsewhere [34 - 36].

2.3 Curvature Based Stress Evaluation from μSXRD Data 

Figure 4(a) shows a schematic of the μSXRD scan region and the crystal plane 
misorientation angles x and y about the X and Y axes respectively. The pre-processing 
of the μSXRD scans gives the crystal plane misorientation angles, as explained in the 
previous section. As stated earlier, we developed a curvature-based stress evaluation 
methodology to accurately characterize the residual stress in the sc-Si cells [23], which is 
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briefly explained here. As shown in the schematic in Figure 4(b), the crystal plane 
misorientation angle about X-axis, x defines the change of orientation of the deformed 
crystal plane of the sc-Si cell with respect to the undeformed silicon. From this, we can 
calculate the curvature of the cell in the YZ plane (around X-axis) using equation 1. 
Similarly, we can calculate the curvature of the cell in the XZ plane (around Y-axis) 
from the misorientation angle y, as shown in equation 2. Note that the negative sign in 
equation 2 is because of moving the sample stage while keeping the X-ray beam 
constant. 

Figure 4: (a) Schematic of μSXRD scan region, showing crystal plane misorientation angles, (b) Schematic of deformed 
mid-surface of the c-Si cell across the Cu ribbon. 

φx in radians        (1) 

φy in radians        (2) 

From these curvatures, the respective bending strains in the cell can be calculated using 
equations 3 and 4. 

        (3) 

         (4) 

As the sc-Si cell is an anisotropic material with its sides parallel to <100> and <010> 
crystal directions and the surface normal to <001> direction, its elasticity tensor is 
defined by equation 5, where the individual modulus values are in GPa. 

C

C11 C12 C13
C21 C22 C23
C31 C32 C33

0 0 0
0 0 0
0 0 0

0 0 0
0 0 0
0 0 0

C44 0 0
0 C55 0
0 0 C66

166 64 64
64 166 64
64 64 166

0 0 0
0 0 0
0 0 0

0 0 0
0 0 0
0 0 0

80 0 0
0 80 0
0 0 80

  (5) 

The stresses in the cell in X and Y directions can be calculated from these strains using 
Hooke’s law. As the cell is thin (thickness 0.18 mm) compared to its surface area (156 x 
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156 mm2), it can be assumed to have a plane stress condition, leading to the stress in the 
normal direction to be zero, as given in equation 6. Substituting equations 3, 4, 5 and 6 in 
Hooke’s law, we can calculate the bending stresses in the cell in X and Y directions, as 
shown in equations 7 and 8. 

          (6) 

       (7)
      

       (8) 

We subject the backside of the sample to the X-ray diffraction. The synchrotron X-ray 
beam passes through the thickness of the silicon cell. However, the energy of the beam 
gets attenuated as it passes through the silicon and hence, the diffraction signal is more 
biased towards the backside of the sample. As we use the crystal plane misorientation 
angles, which remain the same throughout the thickness of the deformed cell, our 
curvature-based stress evaluation is free from the averaging of tensile and compressive 
stresses. In fact, we adopt this methodology for the very reason as the deviatoric stress, 
directly evaluated from the Laue-diffraction analysis is affected by the averaging of 
stress in the probe volume. 

2.4 Fracture Testing 

Figure 5(a) shows a schematic of the fracture testing by 4-point bend (4PB) setup. The 
loading span, l is 80mm and the support span L is 170 mm. Figure 5(b) shows the actual 
4PB test setup on Instron 5982 mechanical tester. This setup is used to test the fracture 
strength (load at fracture) of the sc-Si cells in mini PV modules shown in Figure 2. The 
change of slope in the load-deflection curve, as indicated in Figure 5(c) is used to 
identify the cell cracks. In the case of samples with soldered cells, electroluminescence 
(EL) imaging is performed before and after fracture testing to visualize the cracked cells. 

Figure 5: (a) Schematic and (b) Actual picture of the 4-point bending test of mini PV module sample on Instron 5982 
mechanical tester, (c) Typical load-deflection curve, indicating silicon cracks and final module fracture. 
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3. RESULTS AND DISCUSSION: 

3.1 State of Residual Stress after Soldering and Lamination 

Figures 6(a) and 6(b) show the residual stress maps of the backside of the scanned region 
in the soldered cells. The maximum residual tensile stress in both X and Y directions is 
~30 MPa after soldering. These stress maps correspond to a region where the cell is 
soldered to the Cu ribbons on both front and back sides. Due to the symmetry of the Cu-
Si-Cu solder joint, the soldering induced CTE mismatch (differential contraction of 
silicon and copper) leads to compressive stress in the silicon in the joined region (white 
region in the experimental stress maps with no stress measurement due to the blockage of 
the X-ray beam from the silicon cell by the copper ribbon). 

Figure 6: Residual stresses (MPa) in the generic design silicon cell from μSXRD, (a) Post-solder residual stress in the X-
direction, (b) Post-solder residual stress in the Y-direction, (c) Post-lamination residual stress in the X-direction, (d) Post-

lamination residual stress in the Y-direction. Note: Positive stress is tensile and negative stress is compressive, white 
regions inside the maps indicate interconnect/thick solder layer, which the X-ray beam could not penetrate 

Interestingly, a band of compressive stress (~ -20 MPa) is seen above the Cu ribbon 
(white region) in the Y-direction stress map (Figure 6(b)). It could be due to a slight 
misalignment of the front and back ribbons during the soldering process. The rest of the 
regions in the post soldered stress maps show negligible small stress, randomly varying 
from +10 MPa (tensile) to -10 MPa (compressive), which is due to the effect of porous 
aluminium back surface layer (Al-BSF) on the silicon cell. This effect of the Al-BSF is 
seen in all the subsequent stress maps also. 

Figures 6(c) and 6(d) show the residual stress maps of the scanned region 1 (refer Figure 
1(b)), corresponding to the scanned region in the encapsulated cells. Not much change is 
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noticed in the X-direction stress, but the Y-direction stress increased to ~ 50 MPa which 
is concentrated along the edge of the Cu ribbon as shown in Figure 6(d). This is because, 
the cell bends over the front ribbon under the action of vacuum pressure, during the 
lamination process [37, 38]. Subsequently, due to the melting of the encapsulant, the 
bending of the cell reduces, and the overall appearance of the encapsulated cell remains 
flat. However, near the edges of the interconnect, the cell is still bent slightly, leading to 
tensile residual stress of ~ 50 MPa on the backside surface of the cell. This is a 
considerable increase in stress and could lead to cell cracks upon further loading during 
handling, transportation, installation, and operation.  

Near the edges of the cells, either the front ribbon or the back ribbon is slightly shorter 
(refer Figure 1), leading to an asymmetric one-sided Cu-Si solder joint. In such a case, 
the CTE mismatch induces bending stress due to curvature induced by the differential 
contraction between Cu and Si [39]. This is because, at the interface of the Cu-Si joint, 
they are constrained to have the same strain. But, at the outward surfaces, they are free to 
contract (or expand) according to their own CTE value. This induces a bending moment 
across the joined region, leading to curvature of the joint. This curvature induces bending 
stress both in Si and Cu. In the case of Si, it leads to compressive stress at the joined 
surface and tensile stress on the opposite surface [39]. Figure 7 shows residual stress 
maps of the scan region 2 (Figure 1(b)) in the encapsulated cells. This region is near the 
edge of the cell, where the backside Cu ribbon is shorter compared to the front side Cu 
ribbon. As explained above, this asymmetry of the solder joint causes high residual stress 
and warpage of the cell after soldering. We did not perform a μSXRD scan of soldered 
cells in this region due to cracked samples.  

Figure 7: Residual stresses (MPa) in the generic design silicon cell from μSXRD, near edge of the cell (refer scan region 
2 in Figure 1(b)), (a) Post-lamination residual stress in the X-direction, (b) Post-lamination residual stress in the Y-

direction. Note: Positive stress is tensile and negative stress is compressive, region covered by the back ribbon has no 
result from μSXRD. 

However, the post soldering condition can be simulated with reasonable accuracy using 
finite element analysis (FEA) [23, 24]. We performed a simulation of post-soldering 
cooldown to room temperature, RT (25 oC) using a 3D FEA sub-model of the cell 
covering the μSXRD scan region in Figure 7, using the modelling procedure and material 
properties from our recent earlier report [40]. Figure 8 shows the simulated post-
soldering residual stresses in the region near the edge of the cell with an asymmetric 
solder joint. The stress contours are comparable with the post-lamination stress maps 
shown in Figure 7. The maximum stress after soldering near the edge of the cell is 
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around ~ 90 – 130 MPa, which increases to ~100 – 200 MPa due to flattening of the cell 
during the lamination process [23]. This experimental observation of high residual stress 
is in good agreement with the reported crack initiation observed in the encapsulated cells 
during mechanical testing and thermal cycling [10] and previously reported coupon level 
simulations [10, 41, 42].  

Figure 8: Residual stresses (MPa) in the generic design silicon cell from 3D FEA, near edge of the cell (corresponding to 
scan region 2 in Figure 1(b)), (a) Post-soldering residual stress in the X-direction, (b) Post-soldering residual stress in the 

Y-direction. Note: Positive stress is tensile and negative stress is compressive, the front and back Cu ribbons are not 
shown, only the region covered by them is marked for clarity 

In a full-size module, the nominal residual stress in the cells (ignoring the interconnects) 
varies with the location of the cell and the size of the module [43]. However, the stresses 
shown in this manuscript are the localized stresses in the cell, around the soldered Cu 
ribbons. In this case, the residual stress is sensitive to the soldering temperature, 
lamination conditions, and Cu ribbon geometry, and less sensitive to the overall 
deformation of the PV module as shown in our previous studies [37, 38].  

To date, these high stresses were not quantitatively characterized in the generic design 
cells by experimentation. Such high stresses significantly affect the fracture of c-Si cells 
during operation and could lead to premature failures of PV modules. In the case of thin 
silicon cells, the stresses at these locations could further aggravate and could lead to cell 
fractures even during soldering and lamination. 

3.2 Estimation of Damage Tolerance 

These high residual stresses also tend to propagate the existing microcracks in the c-Si
cells, leading to a reduction of damage tolerance. We estimated the maximum tolerable 
microcrack length to sustain the lamination process, using the experimentally observed 
stresses.  Figure 9 shows the map of the mode-I stress intensity factor, KI of a straight 
edge crack in a silicon cell for different crack lengths and stress magnitudes. The stress 
intensity factor is calculated for the given stress and crack length using 2D finite element 
simulations, as explained in the Appendix-A. The fracture toughness (KIC) values of 
monocrystalline silicon range from 0.62 MPa.m1/2 to 1.29 MPa.m1/2 [44 - 46]. Figure 7 
shows that the residual stress in the cell varies from 100 to 200 MPa. But the maximum 
value of 200 MPa is highly localized. Hence, we considered the average value of 150 
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MPa for calculation of the upper limit of tolerable crack length. Using these values, the 
maximum tolerable crack lengths to sustain the post-lamination residual stress is 
calculated to be between 4.5 μm to 11 μm, as highlighted in Figure 9. Note that this is an 
approximate analysis considering the worst-case condition, ignoring the complexities 
like the inclination of the crack to the wafer surface and anisotropy of fracture toughness 
in the sc-Si cells. A more accurate calculation, considering the initial and propagating 
angles of angled cracks is possible [47]. However, our estimates show that the stress 
intensity factors, and the tolerable crack lengths shown in Figure 9 are comparable with 
such advanced calculations. 
As the silicon wafers and cells contain randomly distributed microcracks, their fracture 
strength is probabilistic and depends on the longest microcrack (across the wafer 
thickness) in them [11-14]. In such a scenario, the above-presented estimation of the 
tolerable crack sizes under the given stress levels is essential to evaluate the probability 
of wafer or cell fractures [13]. Especially, in the case of altered wafer slicing processes or 
wafer thickness which leads to deeper microcracks, the probability of fracture could be 
readily estimated with this methodology even before the actual manufacturing of the 
cells and modules. Further, this methodology could be extended to the through-thickness 
surface cracks in the encapsulated silicon cells in PV modules to evaluate the probability 
of cell breakage under different external loading conditions. 

Figure 9: Variation of mode-I stress intensity factor with crack length “a” and stress “ ” for a c-Si cell with a straight 
edge crack with marking of the maximum tolerable crack length to sustain lamination process 

In the case of a thinner c-Si cell, the damage tolerance will be much lesser due to the 
reduced thickness. Based on standard linear elastic fracture mechanics concepts, the 
mode-I stress intensity factor of an edge crack in a finite thickness wafer is a function of 
the crack length to thickness ratio (a/t) as shown in equation 9 [47]. Hence, the stress 
intensity of a thinner cell for a given crack length exceeds the fracture toughness of the 
material at lower stress levels. 

          (9) 
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3.3 Effect of Residual Stresses on the Fracture Strength of Cells 

Figure 10 shows load-deflection plots of 4-point bend (4PB) testing of mini PV modules 
with soldered and unsoldered (pristine) generic design sc-Si cells. In all the four samples 
with soldered cells (Figure 10(a)), the cells fractured but at different loads between 862 
N to 1472 N. Such variation of strength among the samples is common in c-Si cells due 
to the random size and distribution of microcracks in them [48]. In the case of samples 
with unsoldered cells (Figure10(b)), none of the cells broke, even at 2 kN (maximum test 
load). In these samples, the localized residual bending stresses due to soldering induced 
deformation and subsequent flattening of the cell are absent, as we used unsoldered cells. 
This test clearly indicates that the soldering and lamination induced localized residual 
stresses in the cells significantly reduce the cell fracture strength [49, 50]. This is 
because, the distribution of microcracks in the cells, resulting from the wafer cutting 
process [11 -13] and subsequent damage-etch treatments [14, 15] dictates the fracture 
strength of the cells. Later processes like handling, screen printing, firing, soldering, and 
lamination induce residual stresses but need not necessarily cause microcracks (< 1 mm 
long) [49].  
However, we do agree that the residual stresses could go to higher magnitudes, in the 
case of the poorly controlled processes (e.g. overheating, excessive soldering time, 
ribbon misalignment, etc.) and may cause microcracks or even severe cracking of the 
cells, which is not the subject of the current manuscript. 

Figure 10: Load-deflection plots from 4-point point bending of mini PV modules with generic design mono c-Si cells, (a) 
Soldered, (b) Unsoldered. 

The stresses induced during these processes could propagate the existing microcracks 
into macro size cracks (> 1 mm), which could then be visible under inspection techniques 
such as electroluminescence (EL). In the case of a well-controlled soldering process of 
standard generic design c-Si cells, the residual stress levels are ~ 100 MPa, which are not 
sufficient to form fresh microcracks. The remaining possibility is the existence of 
microcracks in the highly stressed regions in the soldered cells, leading to the 
propagation and thus reduction of the cell strength. In this case, the residual stress 
reduces as well due to the release of strain energy. However, in such a case, the crack 
should generally extend to millimeter size and should be visible in the EL imaging. The 
EL images of the samples with soldered cells did not show any cracks before 4PB 
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(Figure 11(a)). Therefore, the soldering and lamination process did not lead to the 
propagation of microcracks in these samples. Hence, the reduction of the fracture load of 
the soldered cells can be attributed to the residual stresses [49, 50]. To be precise, the 
fracture strength of the cell may be unaffected (assuming no microcrack propagation 
during the soldering and encapsulation processes). But the external load carrying 
capacity of the cell reduces significantly, due to these  pre-existing bending (tensile) 
residual stresses. Thus, the soldered and encapsulated cell fractures at a much lower load 
(862 N to 1472 N) compared to the encapsulated pristine cell (> 2000 N), as shown by 
these 4PB test results. This result reinforces the importance and necessity of our 
experimental measurements and simulations of the residual stresses in the sc-Si cells.  

The post-test EL images (Figure 11(b)) show fractured sc-Si cells with dendritic crack 
patterns, which are similar to those reported in the literature [1, 2]. The density of cracks 
is high at the edges of the middle Cu ribbon (within the loading span), indicating higher 
bending stress. The density of cracks is higher near ends of the middle ribbons in all the 
samples, indicating good agreement with the high residual stresses shown by 
experimental stress maps at these locations (refer Figure 7). Another interesting 
observation from these cracked cells is that the density of the cracks appears to be 
directly proportional to the fracture load. This may be due to the higher strain energy 
release at higher fracture loads [51, 52]. This observation could be useful to control 
fracture in the c-Si cells and needs to be studied further with more experiments. 

Figure 11: Electroluminescence images of the sample PV modules with soldered cells, (a) Before 4PB test, (b) After 4PB 
test. 

In order to compare the magnitudes of the residual stresses in the sc-Si cell (Figures 6 
and 7) with the mechanical stresses in the sc-Si cell during the 4PB tests of the sample 
PV modules (Figure 10(a)), we performed a simple 2D plane-strain FE simulation, 
ignoring the residual stresses. The variation of maximum stress in the sc-Si cell with the 
4PB load is shown in Figure 12. The stress in the silicon cell is ~ 50 MPa at 1000 N load 
and it is ~ 170 MPa at 2000 N load. Note that these stresses do not include residual 
stresses. The fracture load of the cells in our tests ranged from 862 N to 1472 N, 
corresponding stress values range from 35 MPa to 110 MPa.  
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Figure 12: Variation of maximum stress in the silicon cell with the 4-point bending load (F) from a 2D plane strain FE 
simulation, ignoring residual stresses. 

Clearly, the stress of 35 MPa is not sufficient to propagate the microcracks in the cells. 
Superposing the residual stress (~100 MPa), we get the actual stress range from ~135 
MPa to 210 MPa, which is in good agreement with the reported fracture stress values by 
other groups [48, 50]. However, lower fracture stress values were reported in the case of 
bigger module coupons with multiple cells and full-size modules due to size effect [51]. 
Hence, it is clear that the residual stresses due to the soldering and lamination process are 
of considerable magnitude compared to the stress due to external loading [42]. However, 
the 4PB test needs to be correlated with a realistic loading case, such as snow load. A 
heavy snow load corresponds to 5.4 kPa pressure on the front glass of a full-size PV 
module, which leads to ~ 80 MPa tensile stress on the backside of cells at the corners of 
the modules (ignoring the residual stress) [51]. This corresponds to a 4PB load of 1.3 kN 
in our coupon level test as shown in Figure 12. 

4. CONCLUSIONS:  

Residual stresses in the generic design sc-Si cells are quantitatively characterized in this 
manuscript for the first time, using synchrotron X-ray microdiffraction experiments and 
subsequent curvature-based stress evaluation. The results show that the residual stress 
magnitude in the cell, near the edge of the Cu ribbons, increases during the lamination 
process. Further, the post-lamination stress maps near the edge of the cell shows high 
residual stress (~ 100 – 200 MPa). This is due to the CTE mismatch induced stress and 
warpage of the cell after soldering, as revealed by our 3D FE simulations. These residual 
stresses are very high and could lead to premature cell fractures and associated 
performance degradation in PV modules. In the case of thin silicon cells, these stresses 
could be fatal and could lead to cell fractures during module manufacturing. We 
estimated the tolerable crack length to sustain these high stresses using simple LEFM 
methodology, which shows that the tolerable crack length ranges between 4.5 μm to 11 
μm, based on the minimum value of the fracture toughness of sc-Si. Our fracture testing 
results further reinforce that the soldering induced localized residual stress and 
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deformation leads to high residual stress in the cells after the lamination process and 
reduces the fracture strength (load-carrying capacity of the cells before fracture) of the 
cells. These results show the significance and necessity of accurate quantitative 
characterization of the residual stress in the encapsulated c-Si cells, which we presented 
for the first time in this manuscript. 
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Appendix-A: 2D Finite Element Simulation of Straight Edge Cracks 

A schematic of the 2D plane strain FE model used for simulation of c-Si wafer with a 
straight edge crack is shown in Figure A.1(a). The corresponding FE mesh with details at 
the crack tip is shown in Figure A.1(b). This model is meshed by quadrilateral elements 
with 8 nodes (CPE8R). Special elements with quarter point singularity were used at the 
crack tip to model the stress intensity accurately [53]. The silicon wafer was assumed to 
be isotropic in this simulation. The silicon wafer in a solar cell is oriented such that, the 
edges (along the X and Y directions) are parallel to the (100) and (010) crystal planes 
and the surface is normal to the (001) crystal plane. For such a case, the wafer is actually 
orthotropic and the equivalent elastic modulus and Poisson’s ratio in X, Y and Z 
directions are 130 GPa and 0.28 respectively [54]. These values work as good 
approximations for the multi c-Si cells as well. Simulations of 4-point bending were 
performed for different crack lengths using this model, to evaluate the mode-I stress 
intensity factor (KI) of the edge crack, under a pure bending load. Based on the theory of 
the linear elastic fracture mechanics (LEFM), the KI of a straight edge crack of length ‘a’ 
can be calculated by the Equation A.1 [47].  

                     (A.1) 

Where, Y is the geometric factor of the crack geometry and  is the applied bending 
stress. When KI exceeds the fracture toughness (KIC) of the material, crack propagation 
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occurs, leading to fractures in brittle materials [47]. The geometric factor Y is a function 
of the plate dimensions, crack length and loading.   

Figure A.1: 2D plane strain FE model of a c-Si wafer with an edge crack. (a) Schematic (not to scale) showing 
dimensions and loading setup (b) Full FE model with mesh details. 

Figure A.2(a) shows the variation of the maximum principal stress field in the vicinity of 
the crack tip. We used the resulting variation of ‘Y’ with ‘a’ from the finite element 
simulations to fit an empirical formula for ‘Y’, as shown in the Figure A.2(b). The later 
was then used to calculate a map of KI for any crack length, under the given bending 
stress, as shown in Figure 9 of the main manuscript. 

Figure A.2: (a) Simulated crack tip stress field. (b) Variation of geometric factor (Y) with crack length. 
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