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ABSTRACT

Fracture of silicon crystalline solar cells has recently been observed in increasing percentages especially in solar
photovoltaic (PV) modules involving thinner silicon solar cells (<200 μm). Many failures due to fracture have been
reported from the field because of environmental loading (snow, wind, etc.) as well as mishandling of the solar PV modules
(during installation, maintenance, etc.). However, a significantly higher number of failures have also been reported during
module encapsulation (lamination) indicating high residual stress in the modules and thus more prone to cell cracking. We
report here, through the use of synchrotron X-ray submicron diffraction coupled with physics-based finite element
modeling, the complete residual stress evolution in mono-crystalline silicon solar cells during PV module integration
process. For the first time, we unravel the reason for the high stress and cracking of silicon cells near soldered
inter-connects. Our experiments revealed a significant increase of residual stress in the silicon cell near the solder joint after
lamination. Moreover, our finite element simulations show that this increase of stress during lamination is a result of highly
localized bending of the cell near the soldered inter-connects. Further, the synchrotron X-ray submicron diffraction has
proven to be a very effective way to quantitatively probe mechanical stress in encapsulated silicon solar cells. Thus, this
technique has ultimately enabled these findings leading to the enlightening of the role of soldering and encapsulation
processes on the cell residual stress. This model can be further used to suggest methodologies that could lead to lower stress
in encapsulated silicon solar cells, which are the subjects of our continued investigations. Copyright © 2017 John Wiley &
Sons, Ltd.
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1. INTRODUCTION

In photovoltaic (PV) modules, made of crystalline silicon
solar cells, cracking of silicon near soldered metallic inter-
connects has been widely observed and reported [1–5]. In
order to identify the cause of cell cracking, the module

integration process needs to be thoroughly understood and
magnitudes of the residual stress at different process steps
need to be evaluated. In a typical PV module-making
process, cells (both generic and back contact, Figure 1a)
will first undergo stringing (the process of inter-connecting
cells with copper ribbons by soldering) at ~ 220 °C as
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illustrated in Figure 1b. The stringed/soldered cells will be
subsequently laminated (at ~ 150 °C) with other constituent
materials of different coefficients of thermal expansion
(CTE) as illustrated in Figure 1c to form the modules. At
these high temperatures of soldering and lamination (also
called encapsulation), because of mismatch of CTE,
constituent materials tend to develop differential thermal
strain and thus high residual stress. These internal residual
stresses are detrimental to the reliability of the solar cells
and modules as they act as stress localization centers and
initiate cracking and failure during the operation of the
module [1–5]. Further, with the thinning of the silicon
wafer to reduce cost, the silicon cell becomes even more
susceptible to cracking because of higher residual stresses
[2,3]. Hence, the mechanics of stress evolution in the
silicon cells during module fabrication needs to be
thoroughly understood in order to reduce stress, improve
the design life and reliability of the solar PV modules
incorporating thinner silicon cells.

Researchers have used different experimental and
numerical simulations to evaluate the residual thermal
stress due to soldering and lamination, and stresses due
to operational loads [4–16]. Gabor et al. [4] and Wendt
et al. [5] used analytical methods to evaluate soldering-
induced stresses. Chen et al. [6] used finite element
analysis (FEA) to simulate residual stress and bow of the
cell due to soldering and showed that thinner cells crack
because of high stress during soldering. Dietrich et al. [7]
used FEA and bending tests on modules with five cell
strings to investigate different metallization layouts and
their effect on cell stress. Their findings conclude that
neglecting soldering-induced stresses will lead to

incomplete fracture characterization of encapsulated cells.
Sun et al. [8] used analytical modeling to calculate stresses
due to lamination and thermal loading, but this model did
not consider cell stress/bow due to soldering. Lee and
Tay [9,10] used FEA to determine thermal stresses induced
in PV modules post-lamination and also during operation.
Several other researchers have studied stresses due to
lamination and thermo-mechanical loading using both
FEA and experiments [11–16], but these studies either
ignored effects of soldering in subsequent lamination
process or considered only soldered state of the cells.
Budiman et al. [17–19] demonstrated for the first time
the use of Synchrotron Scanning X-ray Micro-diffraction
(μSXRD) to characterize the residual stress in the solar
cells of PV laminates made of mono-crystalline silicon
cells with back metallization technology. The μSXRD
technique [17–19] was shown to be capable of quantifying
the stress distribution in the encapsulated silicon solar
cells. However, this work did not provide any insights into
how the stresses evolved or the causes. This survey of the
literature has clearly shown a knowledge gap as apparently
no reports have yet been made that show the stress
evolution during complete module fabrication
incorporating soldering and lamination processes
sequentially. The residual stress and deformation induced
in the silicon cells in a PV module is a result of sequential
processing from soldering/stringing to encapsulation. The
deformation and residual stress state in the cells after
soldering forms the initial condition for the subsequent
encapsulation process. Hence, the final residual stress in
the cells depends on this initial condition. In such a
scenario, it is necessary to evaluate the residual stress at

Figure 1. Journey of typical silicon cells in solar PV module integration process (all the pictures were taken from public domain).
[Colour figure can be viewed at wileyonlinelibrary.com]
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each step of module fabrication and investigate the
physical reason behind change of stress, which is the
fundamental objective of this work. Only such evaluation
will provide insights into the mechanics of the residual
stress evolution in the silicon cells during module
fabrication and help to characterize the effect of material
and process parameters on it. Such characterization will
thus enable optimization of the PV modules for higher
fatigue life and reliability. Furthermore, it will also help
to identify and mitigate the major risk factors, currently
being faced by the PV industry in sustaining the advanced
technologies such as ultra-thin silicon cells, different
encapsulation materials for cost reduction or changes in
module fabrication processes for ease and cost reduction
and others.

In this manuscript, we quantify the residual stress
distribution in crystalline silicon back-contact solar cells,
post-soldering (before encapsulation), and post-
encapsulation through our μSXRD experiments and for
the first time provide insights into the evolution of the
residual stress during the module integration process,
starting from soldering to encapsulation. While our
experiments quantify the stress at different process states,
our FEA simulations provide physical reasoning for the
stress evolution. Our experiments and FEA simulations,
explained in the following sections, are expected to bridge
the knowledge gap identified in the literature survey and
help the PV industry to address the associated module
reliability issues.

2. SYNCHROTRON SCANNING
X-RAY
MICRO-DIFFRACTION—
EXPERIMENTAL SETUP AND
PROCEDURE

2.1. Introduction to synchrotron X-ray
micro-diffraction beamline

Following Bragg’s Law [20], the μSXRD technique
utilizes a high-brilliance polychromatic X-ray radiation,
generated by the synchrotron source, to characterize the
crystal geometry of materials in the volume below the
surface exposed to the X-ray beam [21]. It can be used to
measure the crystal orientation, structure, and, partially,
its distortion (deviatoric strain) [22]. For the case of solar
PV modules, unlike laboratory X-ray diffraction
techniques, high-brilliance synchrotron X-ray beam can
penetrate through its encapsulation and thin layers of
metallization and reach the cell. Hence, we can observe
the crystalline state of the encapsulated cell without
damaging it mechanically [17–19]. Moreover, synchrotron
X-ray beam can be focused to a submicron resolution, thus
allowing a high spatial resolution for the cell
crystallographic characterization. High spatial resolution
of μSXRD is essential to understand the distribution of
residual stress in the cell, because the stress is highly

localized and concentrated around the small areas near inter-
connects (Refs. [17–19], and as also confirmed again by our
measurements and simulations in the present manuscript).

For our experiments, we have used the μSXRD setup in
the beamline 12.3.2 [23,24] of Advanced Light Source,
Lawrence Berkeley National Laboratory, Berkeley,
California, USA. A schematic of the beamline layout is
shown in Figure 2. In the beamline, polychromatic X-ray
beam of energy range from 5 to 20 keV is used. The beam
is focused to a diameter of 0.8 μm. X-ray scattering is
measured using a Pilatus 2D X-ray detector. A
monochromator is available in the setup, which can be
engaged optionally to get a monochromatic beam of
particular energy for energy scan or powder diffraction.
In this work, only polychromatic beam was used. The
beamline also allows an automatic raster scanning of the
sample with single Laue pattern acquisition time below
1 s [23–26]. Hence, Laue patterns for the points laying
on the large area scan grid can be characterized within a
reasonable time (for example, 1 cm × 1 cm area was
scanned in ~7 h using 100-μm grid spacing). The
orientation and deviatoric strain maps for the scanned area
can be constructed using the measured sequence of Laue
patterns via XMAS software package as shown in Figure 3
[26]. Complete description about the technique in
Advanced Light Source, beamline 12.3.2, has been
described elsewhere [23–26].

2.2. Experimental sample preparation and
procedure

The experiments performed in this work are aimed at
quantifying the stress state in the crystalline silicon solar
cells at different stages of the module-making process from
cell stringing to encapsulation. A soldered string of two
typical 125 × 125 mm mono-crystalline back-contact solar
cells of thickness 180 μm, joined by a typical tin-coated
copper inter-connect as shown in Figure 4a was selected
for the experiment. The inter-connect (thickness
~100 μm) joins the cells with six solder joints (three on
each cell) as shown in Figure 4b. Only the region around
one of the solder joints as shown in Figure 4c was
subjected to μSXRD as scanning the entire sample is very
time-consuming and thus impractical considering the
typical limited beam time allocation in synchrotron
facilities. The nominal thickness of the solder pad in the
solder joint shown in Figure 4c is ~100 μm. However, it
can be noticed that the solder is spread around the joint
in small zone where the solder thickness varies from 100
to 0 μm. Figure 4d shows typical back metallization lines
(thickness 10 – 20 μm) on the silicon cell. The same cells
were later encapsulated in the solar PV laminator with a
tempered front glass sheet and EVA encapsulation
polymer at 150 °C and 1 bar (0.1 MPa) vacuum pressure.

The approximate lamination recipe is shown in Figure 4e,
and the mini module thus fabricated is shown in Figure 4f.
A portion of one of the cells was removed in order to fit
the two-cell string into a 200 × 200-mm mini module, as
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a bigger module could not be mounted on the μSXRD
sample stage. Figure 4g shows the actual μSXRD scan
region after encapsulation. It can be noticed that the region
scanned before and after encapsulation is approximately
the same. Furthermore, the back sheet was not used in

the mini module as it blocks Xrays from reaching solar
cells in the module.

Figure 5a shows a schematic micro-diffraction setup of
the mini solar module, and Figure 5b shows a picture of the
actual setup. The sample was mounted on the stage with its

Figure 3. Typical process map of automated μSXRD at ALS BL-12.3.2 and subsequent analysis using XMAS [26]. [Colour figure can be
viewed at wileyonlinelibrary.com]

Figure 2. Elevation and plan view of the 12.3.2 micro-diffraction beamline at the advanced light source (courtesy of M. Kunz et al. [23]).
[Colour figure can be viewed at wileyonlinelibrary.com]
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Figure 4. (a) Soldered string of two solar cells subjected to μSXRD, (b) zoomed-in picture of inter-connect showing six solder joints,
three with each cell, (c) picture of actual scanned region with solder joint, (d) zoomed-in picture showing back metallization lines
(thickness 10 – 20 μm) on the cell, (e) lamination recipe (approximate), (f) mini solar module (with same cell string) subjected to μSXRD,

and (g) picture of actual scanned region after lamination. [Colour figure can be viewed at wileyonlinelibrary.com]
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back (metallization side of the solar cell) facing the X-ray
beam. This is because Xrays cannot penetrate the front
glass because of absorption. The sample stage that is
capable of moving in X-, Y-, and Z-directions was adjusted
to focus the X-ray beam on the sample as required by the
experiment. The sample lies in the XY plane, and the Z-
direction is normal to the sample plane [26], so that
movement in the XY plane does not break the focus of
the X-ray beam. Then, the sample was scanned using a
100-μm displacement step along the X- and Y-directions.

A typical Laue diffraction pattern from the encapsulated
solar cell sample before indexing is shown in Figure 5c,
and the same pattern after manual indexing using XMAS

program [26] is shown in Figure 5d. XMAS uses a peak
fitting routine to calculate the crystal plane orientations of
the diffraction peaks. The accuracy of the fit depends on
the number of peaks indexed. Hence, we use all the peaks
for analysis. The indexed Laue pattern in Figure 5c has 32
peaks, and the associated fitted peak parameters were
presented in Table I. In general, there will be around
20–35 silicon peaks in a typical Laue graph of the single
crystal silicon cell used in our analysis. It should be noted
that the number of peaks depends on the position, area, and

sensitivity of the detector employed in the beamline. The
number of peaks decreases because of the attenuation of
X-ray beam in the presence of obstacles such as back
metallization and solder. In the case of thin (10–20 μm)
back metallization, the intensity of the diffraction peaks
from underlying silicon will be very low compared with
bare silicon. In such a scenario, XMAS can still identify
and index them using a routine called adaptive indexing
[26]. In adaptive indexing, approximate positions of the
peaks corresponding to a grain (entire cell is one grain in
single crystal silicon) will be identified by indexing the
Laue pattern from bare silicon (where there is no back
metallization), and then these known silicon peak positions
will be used to detect the low intensity peaks to index the
Laue patterns from silicon below metallization. As a thumb
rule, the scan point with a Laue pattern having less than 20
indexed peaks will be treated as no signal (hence no result).
In case of thicker obstacle such as solder joint/inter-
connect, the Xray is completely blocked from silicon,
practically giving no peaks at all.

The measured sequence of Laue patterns can be
automatically analyzed by XMAS to obtain the
corresponding crystal orientation and deviatoric stress

Figure 5. (a) Schematic of solar module μSXRD setup, (b) actual picture of the test setup, (c) typical Laue pattern before indexing, and
(d) Laue pattern after indexing. [Colour figure can be viewed at wileyonlinelibrary.com]
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tensor maps (Figure 3). However, the X-ray beam used
penetrates all the way, although the thickness of the silicon
cell [27]. Therefore, the obtained maps show the average
stress and orientation over the thickness of the cell at each
point. However, the calculated stresses are actually
weighted average over the thickness of the cell. We say
weighted average, as the silicon outer surface facing the
X-ray beam diffracts more than the inner silicon as the
X-ray beam get attenuated while passing through the cell
and the weight function is unknown. In such a scenario,
the accuracy of the deviatoric stress components directly
calculated by XMAS is not certain. Moreover, bending of
the cell is the major reason for stress, which gets affected
because of averaging over the cell thickness. Further, it
was recently found that the shear stress components
calculated by XMAS are prone to uncertainties because of
uncertainties in the diffraction peak positions and
associated geometric modeling [28]. Because of the
aforementioned reasons, the deviatoric stress maps directly
calculated from XMAS were not presented. Alternatively,
we calculated the directional stress components in the
plane of the solar cell, using the crystal plane

misorientation angles. The orientation of silicon crystal
does not vary significantly through the depth of cell
because of its small thickness (~180 μm) compared with
planar dimensions (125 mm × 125 mm), and hence, the
calculation is almost independent of the averaging
diffraction signal across the cell thickness. Knowing the
orientation map, the deformed shape of the cell in the
scanned region can be calculated. Later, it can be used to
calculate the stress state in silicon using the theory of thin
plates [29] as explained in the following subsection.

2.3. Data analysis (residual stress
evaluation)

The XMAS program automatically calculates the
misorientation angles of the cell in the XZ plane, namely,
φy (bending around the Y-axis) and the YZ plane, and φx
(bending around the X-axis). Using these angles, the local
curvature of the cell about the X- and Y-axes, κxx and
κyy, can be calculated [29–31] as shown in Figure 6 using
Equations (1) and (2). The negative sign in Equation (1) is
because the X-ray beam is fixed and the sample stage

Table I. List indexed silicon peaks of the Laue pattern shown in Figure 5d.

Peak no. h k l Energy (keV) 2theta (deg) Intensity (counts)

1 0 0 8 13.04 88.90 1.05E + 06
2 0 �2 6 16.43 52.14 4.81E + 05
3 4 0 12 21.98 82.16 1.05E + 06
4 �2 0 6 10.75 84.39 8.82E + 05
5 1 �1 5 11.14 64.33 1.05E + 06
6 �1 �1 5 10.96 65.54 1.05E + 06
7 2 �2 8 19.89 58.29 4.23E + 05
8 �2 �2 8 19.45 59.74 5.28E + 05
9 3 �1 7 16.35 64.89 7.98E + 05
10 1 �1 7 13.97 71.40 1.05E + 06
11 �1 �1 7 13.81 72.36 9.43E + 05
12 �3 �1 7 15.81 67.36 5.10E + 05
13 0 �2 10 21.27 66.36 1.26E + 05
14 2 0 10 17.07 86.03 9.75E + 05
15 �2 0 10 16.84 87.47 7.92E + 05
16 1 �1 9 17.02 75.34 6.57E + 05
17 3 �1 9 18.81 70.74 2.25E + 05
18 �1 �1 9 16.88 76.09 8.41E + 05
19 �3 �1 9 18.36 72.78 2.89E + 05
20 �1 1 9 13.46 101.20 1.05E + 06
21 1 1 9 13.55 100.29 1.05E + 06
22 3 1 9 14.95 93.49 6.55E + 05
23 �3 1 9 14.66 95.93 4.90E + 05
24 �1 �1 11 20.02 78.48 1.20E + 05
25 �3 �1 11 21.18 76.20 3.30E + 04
26 �1 1 11 16.64 99.12 2.55E + 05
27 1 1 11 16.73 98.39 3.29E + 05
28 3 1 11 17.91 93.67 1.95E + 05
29 �3 1 11 17.62 95.71 1.94E + 05
30 �1 1 13 19.84 97.64 3.87E + 04
31 3 1 13 20.96 93.56 1.37E + 04
32 �3 1 13 20.67 95.31 1.36E + 04

h, k, and l are the miller indices of the diffracting plane.
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moves forward in the X-direction during XRD scanning,
which is equivalent to beam travel in the opposite direction
(negative X-direction).

κxx ¼ � ∂φy
∂x

����
y¼const

;φy in radians (1)

κyy ¼ ∂φx
∂y

����
x¼const

; φx in radians (2)

Once the local curvatures are calculated, the respective
bending strains on the surface of the cell can be evaluated
using the following assumptions similar to the ones used in
the Kirchhoff plate model [29].

• The cell is thin (thickness is much smaller than
characteristic length: 180 μm ≪ ~125 mm);

• The cell thickness does not vary over the area of cell
(t ~ 180 μm);

• The cell is symmetric about the mid-surface (its
neutral plane is equivalent to the mid-surface);

• All the loads are distributed over surface areas greater
than t/2;

• There is no significant extension of the mid-surface in
the regions, which are not covered by thick layer of
solder (the layers are considered to be thin if the
solder is significantly thinner than t).

Using the assumptions, bending strains on the surface
of the cell of thickness ‘t’ can be calculated as shown in
Equations (3) and (4).

εxx ¼ � t
2
κxx; (3)

and εyy ¼ � t
2
κyy (4)

The strains can be used to calculate the stresses using
Hooke’s law. As the silicon cells in the samples are made
of single crystalline silicon of <100> orientation (i.e. the
surface is the {100} plane), the anisotropic elastic tensor
(component magnitudes in GPa) was used as shown in
Equation (5) [32].

C ¼

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

2
666666666664

3
777777777775

¼

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

2
666666666664

3
777777777775

(5)

According to Hooke’s law, using plane stress assumption
and the assumptions stated earlier, the directional stresses
in Si can be calculated as follows:

σzz ¼ 0 (6)

σxx ¼ C11 � C2
12

C11

� �
εxx þ C12 � C2

12

C11

� �
εyy (7)

σyy ¼ C12 � C2
12

C11

� �
εxx þ C11 � C2

12

C11

� �
εyy (8)

As explained in Section 2.2, the thickness of the copper
inter-connect is 100 μm and the nominal thickness of the
solder pad below inter-connect is around 100 μm.
Therefore, the solder joint is nominally 200-μm thick and
there is a solder spread zone (Figure 4c and g) around the
joint where the solder thickness varies from 100 to 0 μm.
It should be noted that the X-ray penetration depth into
solder is less than 150 μm [27]. Hence, the maximum
solder thickness where we can still get the scattered signal
from Si is less than 75 μm. Therefore, the equations earlier
can be applied to calculate the stresses at any point where
we can obtain the Laue pattern and orientation. The stress
maps calculated using the experimental procedure are
presented later in Section 4.

Figure 6. (a) Schematic of solar PV laminate, showing μSXRD scan region and its orientation and associated crystal plane
misorientation angles in XZ plane, φy and YZ plane, φx, and (b) schematic of calculation of local curvature using Equations (1) and

(2). [Colour figure can be viewed at wileyonlinelibrary.com]
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3. FINITE ELEMENT MODELING AND
SIMULATION

In the present study, both 2D and 3D finite element (FE)
models have been developed using commercial FE code,
ABAQUS (Version 6.14), to simulate the stress evolution
in silicon cells. The 2D FE model is plane-strain
approximation of a generic single cell module with a single
inter-connect, aimed at elucidating the fundamental
physics of residual stress evolution during PV module
fabrication. The 3D FE model represents the experimental
mini-module sample shown in Figure 4f and is aimed at a
direct comparison with the experimental results. The
details of both the FE models are presented in the
following subsections.

3.1. 2D finite element model

The 2D FE model is plane-strain approximation of a
single back-contact silicon cell mini module with a

single inter-connect solder joint as shown by the
schematic in Figure 7a. However, it is very fundamental
in nature as it models evolution of deformation and
stress of a single silicon cell because of a single inter-
connect/solder joint during module integration process
from soldering to encapsulation. Because the deformation
of the cells after soldering is quite common in generic
silicon solar cells [4–6], this 2D model is applicable to
generic silicon solar cells as well. Actual FE model and
mesh details are shown in Figure 7b. Solder between
inter-connect and the cell was not modeled in this
simulation. All the materials used in the model were
assumed to be isotropic and linearly elastic as shown in
Table II [15,16,33]. Linear elastic but temperature-
varying material properties were assumed in this
simulation in order to understand the fundamental
physics of the problem. The use of advanced material
properties (such as viscoelasticity of encapsulation
polymers) would increase the complexity of the model,
and hence, it would be difficult to simulate and explain

Figure 7. (a) Schematic of the 2D FE model showing dimensions of different components of the mini PV module in mm (not to scale)
and (b) actual FE model with mesh details at inter-connect region in the zoomed-in images. [Colour figure can be viewed at

wileyonlinelibrary.com]

Probing and modeling residual stress evolutionS. K. Tippabhotla et al.

Prog. Photovolt: Res. Appl. (2017) © 2017 John Wiley & Sons, Ltd.
DOI: 10.1002/pip

http://wileyonlinelibrary.com


the basic mechanisms more effectively. The advanced
material properties can be implemented upon solid
understanding of basic physics of the problem.

The module integration process was simulated as
explained in the following two steps.

(1) Cell-to-inter-connect soldering: CTE mismatch
from soldering temperature, 210 °C (actual
soldering temperature is ~220 °C at which the
solder will be in molten state) to room temperature,
25 °C. Only the cell and inter-connect were present
in this step of the simulation.

(2) Module lamination: The lamination process was
simulated in the following four sub-steps on the
basis of the lamination recipe shown in Figure 4e.

(a) Preheating to 50 °C
(b) Vacuum pressure (0.1 MPa) application
(c) Heating to lamination temperature, 150 °C
(d) Cooling to room temperature, 25 °C

Steady state conditions were assumed in all the
simulation steps, and transient effects were not considered.
The soldering step is important in the simulation as it
simulates the initial bowing/bending of the silicon cell
before lamination. During the lamination process, the bent
cell is flattened by the vacuum pressure, leading to higher
tensile stresses in the cell region near the inter-connect.
The encapsulation polymer softens at elevated
temperatures, but it rather acts as a highly viscous
adhesive and still is able to transfer the pressure load to
the cells to flatten them. Further, because of its high
viscosity and adhesive nature, it also transfers the
constraints from glass to the cells at high temperature
and hence keeps them flattened even after the pressure
was removed. This phenomenon was commonly observed
and verified during PV module sample lamination process
in our laboratory.

The FE model was meshed with four-node quadrilateral
elements, and mesh convergence was studied by decreasing
the element size along the length of the cell while keeping
the element size across the thickness of the cell constant
(0.0225 mm). Converged results were obtained at an
element size of ~0.1 mm along the cell length.

3.2. 3D finite element model

The 2D FE model explained earlier provides fundamental
understanding of the basic physics during module
integration. However, a 3D FE model was further
developed and analyzed in order to show a better
correlation with the experimental results for the given
design of PV module. The 3D FE model shown in
Figure 8 is a numerical representation of the experimental
sample (Figure 4f). The FE model was meshed with eight
node linear brick elements throughout the model, and the
mesh details are shown in Figure 9. The inter-connect
geometry was approximately modeled to keep the mesh
size within limits. Solder tabs between inter-connects and
cells at all the six solder joints were modeled. Anisotropic
stiffness (Equation (5)) of silicon was considered in this
simulation. Material properties of the components were
taken from Table II. Further in this simulation, plasticity
of the copper inter-connect as shown in Table III [16]
was considered to accommodate the stiffness changes of
inter-connect upon yielding during the process, which
seemed to affect the cell out of plane deformation
significantly. In this model, the back metallization of the
silicon cells was omitted as the design and process
parameters of it were not available in the public domain,
and also incorporating such minute detail will make the
FE model computationally expensive. Similar to the 2D
simulation, linear elastic but temperature-varying material
properties were assumed for solder and encapsulation
polymer in the 3D simulation also to understand and

Table II. Material properties of components used in the FE model [15,16,33].

Material

Young’s modulus, E (GPa)
Poisson’s

ratio

CTE (mm/mm/°C)

Value Temperature (°C) Value Temperature (°C)

Silicon 130 (refer Equation (5) for
anisotropic elastic tensor, C)

— 0.28 1.72E-06 �53
2.23E-06 �13
2.61E-06 27
2.92E-06 67
3.34E-06 147

Copper (Inter-connect) 91.5 �40 0.3 1.70E-05 —

85.7 25
82 125
79.2 225

Solder (Sn-Ag-Cu) 53 0 0.35 2.10E-05 —

45 100
36 200

Glass 73 — 0.235 8.00E-06 —

Encapsulant (EVA) 0.1 �20 0.4 2.70E-04 —

0.0065 100
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explain the effect of more fundamental parameters such as
elastic modulus and CTE on the cell residual stress
effectively. Linear elastic and temperature-varying material
model for these materials is expected to serve as a good,
first-order approximation to explain the fundamental
physics and worst-case scenario without introducing further
complexities. The simulation procedure followed was
exactly same as the 2D FE model explained earlier, and
the results are discussed in the following section.

4. RESULTS AND DISCUSSION

Synchrotron X-ray micro-diffraction has been used to
evaluate the residual stresses in single crystalline silicon
cells before and after encapsulation process. The crystal
plane misorientation maps of the scanned regions
(Figure 4c and g) are shown in Figure 10. The gray regions
in the misorientation maps indicate inter-connect/thick
solder layer, which the X-ray beam could not penetrate
and hence no signal. These misorientations were the direct
output of the experiment, and the cell residual stresses were
calculated as explained in Section 2.3 using these

misorientations. The corresponding stress maps are shown
in Figure 11 (The white regions in the stress maps indicate
inter-connect/thick solder layer, which the X-ray beam
could not penetrate and hence no signal). It is evident from
the stress maps that the magnitude of the post-lamination
residual tensile stress in the cell near the solder joint region
is much higher than the post-solder residual stress.
Comparing Figure 11a and c shows that the maximum
value of the tensile residual stress in X-direction after
soldering (before lamination) is ~50 MPa, which increased
to ~90 MPa after lamination. Similarly, in Y-direction, the
maximum value of the tensile residual stress after soldering
(Figure 11b) is ~50 MPa, which increased to above
100 MPa after lamination (Figure 11d). This finding
confirms that the local curvature of the cell in the vicinity
of the solder joint indeed increases after the lamination
process. However, these results cannot provide a physical
reasoning for this behavior, which the FE simulations can.
It can also be observed from Figure 11a and b that there is
a large value of compressive residual stress (40–100 MPa)
around the solder joint after soldering, which is due to the
solder spread zone around the joint (refer Figure 4c).
However, after lamination, this compressive stress was

Figure 8. (a) 3D FE model, showing dimensions of different components of the sample PV module (the encapsulation layer over the
cells and inter-connect was removed from the picture to add clarity), (b) cross-section of the model at mid-portion of inter-connect
(section A-A in (a)), showing inter-connect and solder thicknesses. The thicknesses of the rest of the parts is the same as in the 2D

FE model shown in Figure 7. [Colour figure can be viewed at wileyonlinelibrary.com]
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relaxed to a smaller value or became tensile (Figure 11c and d)
because of the change in local curvature of the cell. Further,
we can notice that the effect of back metallization of the cell
is very significant in the stress maps and it is higher in post-
lamination stresses.

Displacement contours of the cell from the 2D FE
simulation are shown in Figure 12, and the corresponding
residual stress contours along the cell are shown in
Figure 13. It can be noticed from Figure 12a that the cell
below the inter-connect was considerably warped post-
soldering because of CTE mismatch and the rest of the cell
was translated following the curvature of the cell below the

inter-connect. Consequently, the cell region interfacing the
inter-connect was in maximum compressive bending stress
(~�220 MPa) and the outer face of the cell was in
maximum tensile bending stress (~90 MPa) as shown in
Figure 13a. The cell region adjacent to the inter-connect
shows small tensile stress (~50 MPa) due to contraction
of adjacent material (cell below inter-connect). During
lamination process, the cell was forced to become flat by
the interfacing material in the module as shown in
Figure 12b. However, highly localized cell deformations
in the close vicinity of inter-connect were observed
(zoomed-in image of Figure 12b) even after lamination
process. Physical reason behind this deformation can be
explained using the flexural stiffness. The flexural stiffness
(characterized by the product of Young’s modulus and
moment of inertia, EI) of the soldered cell is not uniform.
At the solder joint, the flexural stiffness is different from
rest of the cell because of the presence of the copper
inter-connect. Hence, there is a jump of flexural stiffness
at the edge of the inter-connect as shown in Figure 12c.
Further, the compressively stressed silicon surface

Figure 9. (a) Mesh details near inter-connect of 3D FEmodel, (b) mesh details around mid-portion of the inter-connect, (c) mesh details
around end portion of the inter-connect, (d) mesh details below mid-portion of the inter-connect showing solder pads, and (e) cross-
section showing mesh details across different layers of the model at mid-portion of inter-connect (ref. section A-A in Figure 8a).

[Colour figure can be viewed at wileyonlinelibrary.com]

Table III. Plastic properties of copper inter-connect [16]

Yield stress (MPa) Tangent modulus (MPa) Temperature (°C)

116.2 1000 �40
95.1 1000 25
82 1000 125
79.2 1000 225
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Figure 10. Crystal plane misorientation angles (deg) in the silicon cell from μSXRD, (a) post-solder misorientation in XZ plane (φy), (b)
post-solder misorientation in YZ plane (φx), (c) post-lamination misorientation in XZ plane (φy), and (d) post-lamination misorientation in
YZ plane (φx). Note: gray regions inside the maps indicate inter-connect/thick solder layer, which the X-ray beam could not penetrate

and hence no signal. [Colour figure can be viewed at wileyonlinelibrary.com]

Figure 11. Residual stresses (MPa) in the 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, and (d) post-lamination residual stress in the
Y-direction. Note: white regions inside the maps indicate inter-connect/thick solder layer, which the X-ray beam could not penetrate

and hence no signal. [Colour figure can be viewed at wileyonlinelibrary.com]
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interfacing the inter-connect can only partially relax when
the bent cell becomes flat. This is due to the kinematic
boundary condition imposed on it by the inter-connect.
This localized deformation causes high bending stress in
the cell, which is evident from the post-lamination residual
stress contours along the cell (Figure 13b). The cell region
adjacent to the inter-connect is in maximum tensile
bending stress around 300 MPa.

Because the increase of the stress is considerably high,
this result is very significant and cannot be ignored. More
importantly, it unfolds actual physical phenomenon,
leading to the raise of stress magnitude near the inter-
connect from soldering to lamination observed in the
experimental results. Further, it can also be noticed form
this analysis that the main cause of stress is the localized

bending around the cell during lamination process, which
is resulted from the soldering-induced deformation of the
cell, and hence, it is important to consider the soldering
process in the simulation of the PV module integration
process to estimate the actual magnitude of the stress in
the cells. Merely superposing the stresses from separate
soldering and lamination process simulations will not be
able to unfold this phenomenon.

Figures 14 and 15 show the displacement and stress
contours in the cell from the 3D FE simulation. These
results confirm the 2D FE analysis results and also can be
directly compared with the experimental results. In order
to make the comparison more meaningful, stress contours
were shown only for the region of μSXRD scan so that the
regions match geometrically. Comparing the stress maps

Figure 12. Vertical (Z-direction) displacement contours of silicon cell in mm, (a) post-soldering Z-displacement (scaled 5×), (b) post-
lamination Z-displacement (scaled 5×, the other components have been removed for clarity and full length of the cell is not shown),
and (c) schematic of the variation of flexural stiffness (EI) of the cell near the soldered inter-connect. [Colour figure can be viewed

at wileyonlinelibrary.com]
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from the μSXRD (Figure 11) and stress contour from the FE
analysis (Figure 15) shows that they are in good agreement,
especially in terms of the high stress regions and overall

behavior of the stress. Magnitudes of stresses as obtained
in the simulation are different form the experimental values
because of the simplifications used in the FE analysis such

Figure 13. Residual stress (in X-direction) contours along the cell in MPa (a) post-soldering and (b) post-lamination (only cell and
inter-connect are shown in zoomed-in plots). [Colour figure can be viewed at wileyonlinelibrary.com]

Figure 14. Vertical (Z-direction) displacement contours of silicon cell in mm, (a) post-soldering Z-displacement and (b) post-lamination
Z-displacement. Note: the other components have been removed for clarity. [Colour figure can be viewed at wileyonlinelibrary.com]
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as idealized solder joint geometry, omitting back
metallization and approximate material properties.

It can be noticed from Figure 15a and c that the
maximum of X-direction stress (along the inter-connect)
in the cell is occurring right at the edge of the solder joint.
Moreover, the corresponding region in experimental stress
maps (Figure 11a and c) has no stress value. This is
because in the actual sample (Figure 4c and g), solder
was spread around the inter-connect, blocking the Xray.
Hence, comparison of peak values is not appropriate in this
case. Alternatively, a comparison of X-direction stress
magnitude at the edge of the solder zone in the
experimental stress maps (refer markings in Figure 11a
and c) with the corresponding regions in the FEA stress
contours (refer markings in Figure 15a and c) showed very
good agreement of stress magnitudes as well.

Back metallization of the silicon cells was omitted in this
analysis as the design and process parameters of it were not
available in the public domain, and also incorporating such
minute detail will make the FE model computationally
expensive. Further, we notice that the highest stress in the
cell under back metallization is concentrated close to the
solder joint. Hence, it can be attributed to the increased cell
local curvature near the solder joint. The metallization tends
to resist the local curvature of the cell and thereby induces
high stress in it. In such a case, we believe that the physics
behind the highest stress in the cell was adequately captured
in our model even without the back metallization. Bulk of
the back metallization lines was aligned with Y-direction
(perpendicular to the inter-connect), and they are expected

to show higher influence on Y-direction stress. The same
can be noticed from the experimental stress maps
(Figure 11b and d), especially in the post-lamination state.
Therefore, the post-lamination Y-direction stress
magnitudes in experiment are not comparable with those
of FEA (Figure 15d). However, it can be noticed that
the high stress zones are still matching well, leaving aside
the metallization influence. Hence, the stress field in the
vicinity of the inter-connect solder joint is showing the
same behavior and trend.

This model can be extremely useful as a tool to evaluate
the effects of thinning silicon wafer, different encapsulation
materials on the residual stress, and fracture initiation
locations in the encapsulated solar cells. The
experimentation, although very effective and accurate,
cannot be performed on a large number of samples because
of limitation of time and resources. Simulations based on
our validated FE model can further be used to down select
the critical samples (material/process combinations) that
need to be tested for higher impact. Methodologies can then
be suggested to reduce residual stress and cell cracking,
which are the subjects of our continued investigations.

5. CONCLUSIONS

Mechanical stress and fracture are the origins of failures of
the solar PV cells during their fabrication as well as their
operation in the field. Thus, it is very important to have
the tools to characterize them in a more quantitative

Figure 15. Residual stresses (MPa) in the silicon cell from 3D FEA, (a) post-solder residual stress in X-direction, (b) post-solder residual
stress in Y-direction, (c) post-lamination residual stress in X-direction, and (d) post-lamination residual stress in Y-direction. [Colour

figure can be viewed at wileyonlinelibrary.com]
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manner. Through the studies in this paper, μSXRD was
used for residual stress evaluation in soldered and
encapsulated solar cells. This tool has been proved to be a
very useful technique with unique capabilities to
characterize stress quantitatively and perhaps the only
practical technique that could characterize the stress in
encapsulated silicon solar cells. Our experiments revealed
a significant increase of residual stress in the silicon cell
near the solder joint after lamination.

Further in this work, the fundamental physics of the
residual stress evolution in the silicon solar cells was
explained by virtue of FE analysis. The local cell curvature
near the solder joint has been found to be the actual reason
for high residual stress after encapsulation, the most
important result of this work, which was not reported so
far. This explains the reason why the residual stress in
encapsulated cells is considerably higher than that of the
soldered cells (before encapsulation). The results obtained
using the 3D FE simulations conform this observation
and also demonstrate a good agreement with results of
μSXRD. Furthermore, the 2D FE model, which was
actually used to demonstrate the localized bending with a
silicon cell and single inter-connect, is very generic in
nature and not limited to any specific solar cell technology.
Because the deformation of the cells after soldering is quite
common [4–6] in generic silicon solar cells also, our 2D
model is well applicable to generic silicon solar cells.

Further experiments such as in situ and in-operando
evaluation of the solar cell modules can be devised using
the μSXRD technique to get a complete understanding of
the stress evolution and fracture initiation of the solar cells
in PV modules. The FE analysis methodology presented in
this work can be extended to evaluate fatigue life by
performing subsequent thermal cycling and mechanical
loading simulations. Further, the FE simulations can also
be used to perform sensitivity analysis to evaluate effect
of different materials, geometrical, and process parameters
on the residual stresses in the solar cells. The accuracy of
the FE simulations can be further improved by using
advanced nonlinear material models, especially for the
encapsulation polymers.

Finally, the residual stresses resulted from the PV
module integration processes in the silicon cells, especially
near the solder joints, are highly localized and possibly act
as fracture initiation sources. The key findings (both
experimental and simulations) of this work in
characterizing them provide unique, useful insights in
designing lower stress solder joints/inter-connects and thus
help the PV industry to produce a more robust and highly
reliable next generation PV modules.
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