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ARTICLE INFO ABSTRACT

Keywords: Thin ( < 150 um) silicon solar cell technology is attractive due to the significant cost reduction associated with it.
Thin silicon solar cells Consequently, fracture mechanisms in the thin silicon solar cells during soldering and lamination need to be
Fracture fully understood quantitatively in order to enable photovoltaics (PV) systems implementation in both
Stress

manufacturing and field operations. Synchrotron X-ray Microdiffraction (uSXRD) has proven to be a very
effective means to quantitatively probe the mechanical stress which is the driving force of the fracture
mechanisms (initiation, propagation, and propensity) in the thin silicon solar cells, especially when they are
already encapsulated. In this article, we present the first ever stress examination in encapsulated thin silicon
solar cells and show how nominally the same silicon solar cells encapsulated by different polymer encapsulants
could have very different residual stresses after the lamination process. It is then not difficult to see how the
earlier observation, as reported by Sander et al. (2013) [1], of very different fracture rates within the same
silicon solar cells encapsulated by different Ethylene Vinyl Acetate (EVA) materials could come about. The
complete second degree tensor components of the residual stress of the silicon solar cells after lamination
process are also reported in this paper signifying the full and unique capabilities of the Synchrotron X-Ray
Microdiffraction technique not only for measuring residual stress but also for measuring other potential
mechanical damage within thin silicon solar cells.

Synchrotron X-ray microdiffraction

1. Introduction fracture propensity within the solar cells reducing PV module's

reliability and efficiency significantly [3—5].

Silicon materials especially monocrystalline silicon have been used
extensively in the photovoltaics (PV) industry due to high efficiency
capability (~21% conversion efficiency). Recently, there has been a
progress in reducing monocrystalline silicon wafer thickness below
150 um due to significant cost reduction associated with it while
maintaining the same reliability and durability [1,2]. In the northern
hemisphere countries where majority of PV markets exist, some
extreme climatic conditions (i.e. extreme temperature, snow, wind
and thermal cycles) exist and they have major degrading impacts on PV
module reliability in terms of higher stress within the silicon solar cells.
These external/environmental conditions increase the built-in stress,
in addition to the inherent residual stresses developed during the
manufacturing processes such as lamination and soldering.
Consequently, extreme climatic conditions lead to the increase of
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To address this issue, solar PV module lamination materials and
processes need to be fully understood [6,7]. The encapsulant materials,
most commonly called as ethylene vinyl acetate (EVA) used for solar PV
lamination must fulfill specific criteria such as high optical transmis-
sion, good dielectric properties, strong mechanical compliance and
high adhesion strength. However, the sole effect of encapsulant
materials on the silicon solar cell stresses (i.e. the residual and
deviatoric stresses) and the ensuing fracture events have not been
further explored in literature [8,9]. In the recent report by Dietrich
et al. [6], it was clearly shown that higher stiffness encapsulant induces
cell cracks on PV module at lower load and vice versa for lower
stiffness encapsulants. The effect of encapsulation stiffness at cold
environment conditions on fracture propensity within PV module was
reported by Mickiewicz et al. [10]. This preliminary evidence regarding
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the effect of laminating materials and processes motivated us to
understand more into the fundamental fracture mechanisms. Thus,
further research into quantitative investigation of the driving force of
the fracture events, ie. the mechanical stress, will be investigated in this
paper.

Characterizing stress quantitatively on silicon-based PV module
which has been laminated by ~0.5 mm transparent polymer encapsu-
lants on both sides of the module requires a synchrotron X-ray
technique [8,9,11]. Synchrotron X-ray Microdiffraction (uSXRD) is a
unique technique allowing high resolution, non-destructive quantita-
tive stress and microstructure evolution examination of crystalline
materials which has been used effectively and more recently in many
advanced systems and novel technologies, such as in micro/nano-
electronics [12—-15] and nanomaterials/technologies [16—20].

In this article, this technique will again be utilized to unravel
important insights about deformation mechanisms leading to high
stress and thus fracture propensity in encapsulated silicon solar cells as
basic components of PV modules. The corresponding X-ray beam is
capable of reaching the silicon solar cell material (and returning to the
X-ray detector/camera after being scattered by the solar cell) even
though it is buried under ~0.5 mm encapsulation polymer (please refer
to Appendix A for X-ray penetration depth in different materials). This
is a unique capability as it would allow stress and microstructure
evolution examination within silicon solar cells for instance during
high temperature, high pressure lamination process, or even during the
operation (in operando) of the PV systems involving thermal cycle or
mechanical loading. Also, this kind of measurement is not hitherto
possible using charged particle microscopy technique such as Scanning
Electron Microscopy (SEM) and Transmission Electron Microscopy
(TEM) or surface sensitive techniques such as micro-Raman spectro-
scopy. This technique could further lead to unravelling of potentially
important and critical insights about what is really happening in the
silicon solar cell during lamination or what the deformation mechan-
isms are in the silicon solar cells during thermal cycling or mechanical
loading. Our recent study on laminated solar cells using this technique
at the Advanced Light Source (ALS), Berkeley Lab has thus garnered
much attention especially from the industry as illustrated in the
Berkeley science highlight [21] of our work in 2013. Further informa-
tion regarding encapsulated silicon solar cell characterization using this
technique has been successfully published by our group [8]. Therefore
in this paper, the authors would like to demonstrate even further the
capability of the pSXRD technique to predict residual stress (and thus
fracture origins) within silicon solar cells laminated by different
encapsulation materials.

2. Experimental Setup

A series of PV mini modules/laminates (single-cell coupons with
commercially available monocrystalline silicon solar cells) were pre-
pared using the two different encapsulants: an industry standard EVA
(labelled as “Encapsulant A”) and a commercially available thermo-
plastic (labelled simply as “Encapsulant B” due to proprietary reason).
Each of laminated mini module consists of a glass, a front encapsulant
layer, a 125 mmx125 mm SunPower interdigitated back contact (IBC)
solar cell (SunPower Corporation, San Jose, CA) made of monocrystal-
line silicon wafer and a back encapsulant layer. The two samples (i.e.
Sample A, with the Encapsulant A, and Sample B, with the Encapsulant
B) are otherwise nominally the same samples with the same silicon
solar cells and solder joint materials and processing (using high
volume, highly automated stringing process), except for the encapsu-
lant materials. However, different encapsulant materials (especially
one being a thermoset while the other being a thermoplastic), yields
some inevitable difference in the lamination process parameters/
recipes, although the maximum lamination temperatures both samples
experienced in the present were intentionally fixed at the same
temperature. Residual stress measurements in the silicon cell around
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Fig. 1. (a) Image of encapsulated Sunpower IBC silicon solar cell around solder joint and
(b) Schematic layout of the synchrotron X-Ray microdiffraction (uSXRD) beamline at the
Beamline 12.3.2 in the Advanced Light Source, Berkeley Lab [22].

(b)

y
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0

the solder joint (Fig. la) were performed by Synchrotron X-ray
Microdiffraction (uSXRD) at the Beamline 12.3.2, Advanced Light
Source (ALS) of the Lawrence Berkeley National Laboratory [22-24].
The main reason to use mini (single-cell) module is based on the size of
X-ray apparatus stage holder.

2.1. Synchrotron X-ray microdiffraction (uSXRD) experiment

The schematic of the beamline setup was shown in Fig. 1b. The
polychromatic X-ray beam, which is generated by a superconducting
magnet source is re-focused at the entrance of the experimental hutch
(1) by a 700 mm platinum-coated silicon toroidal mirror operating at a
grazing angle of 4.5 mrad (2). Final focusing is performed by
Kirkpatrick — Baez (KB) mirrors (3) consisting of an orthogonal pair
of 100 mm long tungsten coated silicon substrate bent to an elliptical
shape. The mini PV module is mounted on a XY high precision stage
having range of 10 cm (4). As the beam strikes the mini module, it will
be diffracted into multiple beam patterns (5), which are then captured
by Charge Coupled Device (CCD) detector placed at a distance of
140 mm above the module sample (6). The CCD detector (having the
resolution of 0.03° and active area of 179x169 mm?) is comprised of
pixels in which the relative change in position and size of the peak are
extracted [24].

The X-ray penetration depth in a sample depends on the X-ray
energy, the incidence angle and the material parameters of the sample
(chemical formula and density). X-ray beam penetration depths (for a
45° incidence angle and energies, 5-25 keV) for different materials of
the subject PV module samples were plotted in Appendix A. Unlike
standard X-ray diffraction and Raman spectroscopy, X-ray microdif-
fraction offers unique capability by which the high energy polychro-
matic X-ray beam is capable of penetrating encapsulant layer allowing
quantitative stress measurement within laminated silicon solar cells.

The incoming polychromatic X-ray focused beam striking the PV
module sample has diameter approximately 1 uym [22] and energy
ranging from 6 keV to 22 keV. The X-ray is not capable of penetrating
the front glass (~3.2 mm thick) due to absorption and hence the mini
PV module was mounted on the sample stage such that the back
metallization of the cell facing the beam as shown in Fig. 2. For this
reason, only transparent backsheet materials could be used to laminate
modules (with Encapsulants A and B) in our experiments. The X-ray
beam penetrates through the encapsulation layer (~0.5 mm thick) and
back metallization (~10 pm thick) before reaching the underlying
crystalline silicon wafer (~180 pum thick).

Referring to penetration plots in Appendix A, the high energy X-ray
beam practically passes though the full thickness of the silicon cell and
hence the probed volume is roughly cross sectional area times the
thickness of the cell (140 um®). However since the X-ray beam is
polychromatic, penetration depth is a strongly dependent on X-ray
energy and consequently it can be concluded that our measurement is
volumetric although signals from the outer surface of the cell will have
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Fig. 2. (a) The experimental setup using uSXRD, where the mini module mounted on a
XY piezoelectric sample stage tilted at 45°; (b) The incoming X-ray beam capable of
penetrating transparent backsheet and backside encapsulant reaches silicon cell and is
later diffracted into the CCD detector [9].

much stronger influence. Furthermore, the through thickness stress
gradients, which are expected to be smaller as the silicon cell is a thin
wafer are neglected. In addition, it is clear that the encapsulant (EVA)
is completely transparent to X-ray beam. While the back metallization
does not completely block the X-ray beam (please refer to Appendix A),
the intensity of underlying silicon diffraction signal drops considerably
compared to that of bare silicon without metallization. In case of solder
joint/interconnect, as the thickness of the solder joint / interconnect is
much higher, there will be no penetration and hence no diffraction
signal from underlying silicon was detected.

The sample stage was adjusted properly in x-, y- and z- directions to
ensure optimal beam focus (~1 um) on the sample using customized
laser triangulation system [22]. The beam focus is in general insensitive
to small variations (~10 um) in the thickness of the silicon cell as the X-
ray penetrates though the thickness of the cell. Subsequently, auto-
matic pixel-by-pixel raster scan was performed on the selected region
of the sample (Fig. 1a) within the sample yielding Laue diffraction
pattern for each pixel. The spacing between pixels was chosen to be
0.1 mm under a 1.5 s beam exposure to ensure reasonable brightness
of the diffraction pattern. Fig. 3 shows the typical Laue diffraction
pattern for silicon being indexed manually using XMAS software [25]
to identify the miller indices of the planes that produce the diffraction
spots within the pattern. This indexed pattern can then be used to
index the remaining diffraction patterns automatically by XMAS. Once
all diffraction patterns are fully indexed, the information about grain
crystal orientation/deformation, deviatoric stress/strain tensors, sub-

A 4 Detector

X-ray

Sample
Automatic spot by spot raster scan

Matching with diffraction pattern of the
unstrained specimen to calculate
Crystal Orientation, Deviatoric
Strain, Stress etc...

1

Automatic indexing of remaining patterns | “<@==|
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grain structures and cell plane orientation angles can be evaluated
quantitatively.

Recall that the presence of back metallization reduces the intensity
of the diffracted signal from the underlying silicon cell. The XMAS
software was equipped with a specialized algorithm called “Adaptive
Indexing” [25] to overcome such circumstances. Weak silicon diffrac-
tion peaks can be detected and indexed by the adaptive indexing by
digitally removing all the peaks indexed as copper and from the
remaining, XMAS will index as silicon peaks. The experimental setup
in the beamline 12.3.2 provides the capabilities to obtain both
deviatoric and hydrostatic stress components [25—28]. The following
sections will discuss both the residual stress measurement from the
white beam Laue diffraction in detail.

2.2. Residual deviatoric stress evaluation from the white beam Laue
diffraction

Though Bragg's law is the underlying principle for the standard X-
ray diffraction, the specific case of single crystal sample subjected to the
white X-ray beam follows Laue diffraction condition, named after Von
Laue. The resulting diffraction pattern is commonly known as Laue
diagram/pattern (Fig. 3) and each spot inside is called as Laue spot.
Each Laue spot is generated by a specific X-ray energy selected by a
given lattice plane. Recall the specialized software program, XMAS
[25], which can be used to analyze these patterns and index them as
shown in Fig. 3, identifying individual patterns from each grain. From
this analysis, it is possible to determine the crystal orientation of each
grain. As our sample is single crystal silicon, there is only one grain.
Furthermore, the deviatoric strain can be derived from the Laue
diffraction pattern based on the homogeneity property stating that
the coordinates of a given point inside the un-deformed unit cell
remain unaffected in the deformed cell as shown below in the Eq. (1)
[25]:

RoXo=RX (€]

X and X are the coordinate positions of a point, expressed in the
Cartesian coordinate system, attached to the unit cell in the unde-
formed and deformed unit cells respectively whereas Rg and R are the
transformation matrices converting Cartesian coordinates into unit cell
coordinates for the undeformed and deformed unit cell respectively.
Eq. (1) can be rewritten to define the deformation matrix, T, mapping
the undeformed state to the deformed state as shown below

XZR_IRQX():TXO 2)

Now the deviatoric strain can be calculated by the Eq. (3) as given
below

Laue Diffraction Pattern

Typical Diffraction Pattern of Silicon
(1000 to 10000 such patterns will
be generated from the scan)

+R1IASA0, 2, 12,05
0,0 4 b V214845
{4 150 0008 eg 4 3 |

a o Vg

Indexed Peaks in the Diffraction Pattern

Fig. 3. Mapping process of X-Ray microdiffraction and subsequent analysis using XMAS [25].
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, 1
eij':E(I;j+7}'i)_6i]' 3)
where §;; is the Dirac-delta function. The deviatoric stress is then found
using Hooke's law as shown in Eq. (4):

/ ,
6;;=Cijki €1

Q)

Further Refs. [25,29,30] discuss the stress derivation more elabo-
rately.

2.3. Residual normal (hydrostatic) stress evaluation

The actual hydrostatic stress measurements of the laminated silicon
solar cells here would need a monochromatic beam experiment for
each pixel corresponding Laue scan that typically is manual and thus
very time consuming. The total normal stress is the sum of the normal
deviatoric and hydrostatic stress components as shown in Egs. (5) and
(6). However, the magnitude of normal deviatoric stress component are
lower and hence, the hydrostatic stress typically represents the bulk of
the total normal stress which will be the subject of this section. The
notation of the stresses below is based on the standard definition as
described in the literatures [12,29].

ojj = UI-]I»J"O'H(SI'/' (5)
oy= 011+ 0 + 033
3 (6)

ogr is the hydrostatic stress. To produce the typical maps of the
residual deviatoric stresses such as shown later in this manuscript
(Figs. 5-10) for the corresponding hydrostatic stress using monochro-
matic method would require prohibitively much longer time and thus
impractical in synchrotron circumstances. To circumvent this problem,
we adapted to an indirect method of stress approximation using the
crystal plane misorientation angles of the silicon cell wafer (®), as
shown in Fig. 4a, as a measure of curvature. This approach has an
advantage, in addition to being much faster in acquiring the data, the
crystal plane misorientation angle of the silicon cell wafer (@) will be
negligibly affected by the penetration of the X-ray beam across the
sample unlike the stress (or strain), due to the uniformity of the
diffraction volume across the scan. Hence, any error resulting from the
distortion of the diffraction signal will remain constant over the scan
and cancel out during the misorientation angle of the silicon cell wafer
(®) calculation.

As a result, the curvature of the unit cell at any direction can be
calculated by differentiating ® with respect to the spatial coordinate.
For example, the cell misorientation angle about y-axis (in XZ plane),
0, can be obtained as shown in Fig. 4, and then Eq. (7) can be used to
calculate the local curvature of the cell inducing stress in X-direction
(please see Fig. 4a). Similarly curvature causing Y-direction stress can
also be calculated from crystal plane misorientation angle, ®,,,.. Since
the silicon wafer is very thin compared to its planar dimensions, stress
in thickness direction (z-direction) can be neglected.

/ i

Scanned region

(a
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_do,

K=
dx y=const

@)

Further upon calculating the curvatures, the respective bending
strains and stresses in the cell can be approximately calculated using
thin plate theory. Once the directional stresses are known, hydrostatic
stress can be approximated using Eq. (6).

We observed that the absolute values of cell misorientation angles
around the solder joint tend to increase with the increase of distance
from the solder joint, monotonically. This curvature technique, thus in
our specialized geometry of the sample (with the solder joint), could
therefore be simply reduced to the comparison between the maximum
misorientation angles either in the XZ (®.,) or YZ (©,,) planes
following our earlier observations as reported in [8,9,33]. The max-
imum bending stress in the silicon solar cell wafer as observed in the
present study indeed follows the bending pattern as observed in our
earlier studies [8,9,33] in the presence of the given solder joint. The
maximum stress occurs right at the solder joint edge and decays with
the increasing distance from the solder joint. As the solder joint
location is nominally standardized in the silicon solar cells (the solder
joint process here is a high volume, highly automated manufacturing
process), its position thus is nominally at a constant magnitude from
the edges of the silicon solar cells. The maximum misorientation angles
can simply be compared consequently. The higher misorientation (0.,
or 0,,,) would be strongly correlated with the bending stress (in x or y-
direction respectively) in the silicon solar cells. While this technique is
indeed an indirect approximation, we adopt this approach for the
present manuscript to provide fresh insights into the rather pressing
questions of the effects of encapsulations on stress state and fracture
propensity of silicon solar cells. Some encapsulants may be preferred in
the PV industry for higher performance/photon absorption, but could
lead to higher cell crack rates in the laminated systems. Thus, such a
fast evaluation method would prove to be useful and crucial in enabling
further innovation in the next generation PV systems. In the meantime,
the authors have indeed ongoing investigations as well to provide the
direct measurements of the hydrostatic stress state following the direct
measurement methodologies such as detailed in references [25-30]
further for the same samples in the present study.

3. Results and discussion

The following sections present the experimental data, as obtained
from the Synchrotron X-ray Microdiffraction (USXRD) experiments
using both the above methodologies, which is eventually correlated
with the residual stress state within the silicon solar cells laminated by
two different polymer materials, Encapsulants A and B, as defined in
the Experimental Setup section earlier in this manuscript.

3.1. Residual deviatoric stress measurement
The complete stress state (all six components of the second degree

tensor) is important in the study of deformation mechanisms in general
in any complex advanced device/system. The normal stresses usually

Deformed mid-surface

TTSL_ aty=y;
.
; N
i \_—,
=
X X X (mm) e
(b)

Fig. 4. (a) Schematic of solar PV laminate, showing uSXRD scan region, its orientation and associated crystal plane misorientation angles in XZ plane, Oy, and YZ plane, ©y,. (b)

Schematic of local curvature calculation using Eq. (7).
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Y, mm
=N W 01O N W

12345678 9101112131415161718

X, mm
’ X, mm

150
9E 150 13— ;
8 100 8- 147 b e 100
7N 74 A8 g Hidi 50
g 6 0 ¢ g6l K R B ¢ g
ES o = 855 B : ' 0o =
> 4 N > 4] 3 ; ) Xy
3} -50 "© 3 : -50 ©
2 R 2 - .
; 100 1 P ¢ : : -100
-1 4 .
%0 0 - 150

01234567 89101112131415161718

X, mm X, mm
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R kLol 400
Bl 200
S T a i <
G s 1 &
Ful G 0o =
/ ! N3
N o
b -200
o -400

1T T T 17 17T T 1T 1771
8 9101112131415161718
X, mm X, mm

S P

Y, mm
DN W 01N 0O

Fig. 8. Deviatoric stress in the xy plane (a,’(y) in the silicon solar cells (around the solder joint) laminated by (a) Encapsulant A, and (b) Encapsulant B.

34



V.A. Handara et al.

Solar Energy Materials & Solar Cells 162 (2017) 30—40

800 10 8l

600 9 q 600

400 g 1 ' ‘ 400

« B | X

200 % g 6 K F 200 &
3 > ] U "%
-200- I 4 200" OQ

: -400 34 £

3 s M 600 % ] c00

N S R A N A R -800 0- . 2. ; )
12345678 9101112131415161718 S I TR B e S [ TR S ) s ) -800
X, mm 01234567 89101112131415161718
X, mm
Fig. 9. Deviatoric stress in the xz plane (0) in the silicon solar cells (around the solder joint) laminated by (a) Encapsulant A, and (b) Encapsulant B.
b
10 + LB -
1000 9 s 1000
8 | : I
500 < £ 74 I 5 500 <
g & g 6 : S
g 0 = 54 . 0o =
54 & > &
> .5 4 - _o>
500 ° 3 -500
- 24
i 1
: | [ 1000 04 -1000
R e e o e o e

1234567 89101112131415161718
X, mm

LI N B B
01234567 89101112131415161718

X, mm
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lead to fracture events while the deviatoric components could poten-
tially lead to many other mechanical damages such as plastic deforma-
tion, interfacial delamination and surface damages. Figs. 5-10 here
show maps of different components of the deviatoric stresses in the
silicon solar cell samples laminated by Encapsulants A and B as
measured using the methodology described above in Section 2.2. The
location of the scanning is the same for both samples with
Encapsulants A and B as shown in Fig. 1(a) earlier in the manuscript,
i.e. around the solder joint (which is nominally processed for both
samples). However, due to different circumstances during the beam-
times for these two samples, the maps for the two samples differ a little
as shown below. Sample with Encapsulant A was scanned with white-
beam synchrotron XRD in the area approximately 18 mm in length (x-
direction in the figures) and 10 mm in width (y-direction in the
figures), while Sample with Encapsulant B was scanned in the area of
approximately 14 mmx11 mm. As a result, the maps in the Figs. 5-10

below are shown to scale. However, all these maps evidently showed
sufficient information of the stresses around the solder joint (i.e. at
least a few millimeters from the solder joint that is the stress
concentration point).

Fig. 11 represents the variation of deviatoric stress magnitudes in
all six directions from each solar cells laminated by Encapsulant A and
B respectively while Table 1 summarizes the maximum values of
deviatoric stresses for each directions within each solar cells. From
Fig. 11 and Table 1, it is evident that the normal deviatoric stress
values in the directions of xx, yy and zz (o;x,o’yy and 0, respectively)
are not very significant compared to the shear stresses (a’xy’o’xz and
0y2)- This could be because much of the stresses in these directions
belong to the hydrostatic stress, which is not captured by the Laue/
white beam technique (the hydrostatic component will be discussed in
the following section). There is a difference here between the stresses in
the silicon cells laminated by Encapsulants A and B of about one to two
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Fig. 11. Box plots of all the deviatoric stress components in the silicon solar cells (around the solar joint) shown in Figs. 4-9 for (a) Encapsulant A, and (b) Encapsulant B.
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Table 1

Summary of maximum values (as defined by the 99% percentile of all the deviatoric
components as shown in Figs. 5-10 above. Typical deviatoric stress distribution/
histogram in similar samples have been shown in our earlier publication [33].

Deviatoric stress (MPa) Sample A Sample B
Oxe 120.5 87.2

Oyy 282.5 51.9

Oz 136.3 79.5

Oy 448.7 127.8
Oz 805.5 202.4
Oy 1306.9 395.6

hundreds of MPa, but this difference might prove to be not very
significant compared to the potential difference in the hydrostatic
components.

Further localized shear stresses with very high magnitudes were
observed (Figs. 9a and 10a), which can be due to the uncertainties in
the diffraction peak positions and geometric model parameters. Due to
these errors, the shear stress components (YZ and XZ components) of
the deviatoric stress indeed have the possibility of greater uncertainty
[34]. Hence, localized high shear stresses were neglected in our
discussion of results. However, it is evident from the stress maps that
the shear stresses mostly follows the metallization lines on the silicon
solar cell, and they are not necessarily due to the solder joint itself. The
large values of 0., and a’yz are expected to consider the asymmetric
bending of the silicon solar cell inducing shear stresses in XZ and YZ
planes. Interestingly, o’xy is also quite significant given that the biaxial
stress state with the normal stress in one direction is larger than the
other due to the metallization lines that are mostly going in one
direction. In the context of silicon solar cell bending and high stress
concentration near the solder joint, the shear stresses are probably not
a big concern for the silicon material integrity, compared to the large
values of the normal stresses. Especially if the normal stresses are
tensile as they could lead to cracking and fracture of the solar cells. This
problem will be further aggravated if there are micro cracks/defects
(carried forward from the wafer cutting process) in the silicon solar
cell. Thus, accurate estimation of the normal stresses in the solar cell is
of prime importance and the deviatoric stress mapping performed in
this section is not capable of providing complete information of the
normal stresses. The evaluation of the total/hydrostatic normal stress
is given in the following section.

3.2. Residual normal stress evaluation

Figs. 12 and 13 show the crystal plane misorientation angles of the
silicon cell wafer (®) of the single crystal silicon cell in both XZ and YZ
planes in the region of the solar cells in the vicinity of the solder joint in
Samples A and B (i.e. solar cells laminated by the Encapsulants A and
B, respectively) as measured experimentally using the methodology
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described earlier in the Section 2.3. The location of scanning is again
the same for both the samples (i.e. around the solder joint), but the
scanning area differs slightly (Sample A was scanned in the area of
18x10 mm, whereas Sample B in the area of 14x11 mm) and thus the
maps in the Fig. 11 are shown to scale. As in Figs. 5-10, the trace of the
solder joint is also evident in these maps (indeed those pixels
correlated to the solder joint have no signal which are replaced by
zeros for imaging purpose as no diffraction data was actually obtained
here for the same reason as explained earlier).

The crystal plane misorientation angles of the silicon cell wafer (®)
in both the XZ and YZ planes vary significantly on different locations
especially on the solder joint edge where there is a significant contrast
of misorientation compared to that on the area farther away from the
solder joint (the solder joint is indeed a stress concentration point). In
this specialized geometry of the sample, as mentioned earlier in the
manuscript, the in-plane normal stress comparison (between Samples
A and B) could be evaluated in terms of the maximum misorientations,
O either in the XZ or YZ planes, (O, and @,,, respectively). As the
solder joint interconnecting process is a high-volume, highly auto-
mated manufacturing process, the position of the solder joint is
nominally the same with respect to the silicon solar cell edges.
Indeed, for instance, with respect to the 6y, data, the maps in Fig. 13
show the maximum values to be nominally in approximately the same
position (i.e. distance from the bottom edge of the silicon solar cells for
both samples). The maximum values of the misorientations, © either in
the XZ or YZ planes, (O, and @y, respectively) are summarized in
Table 2.

Table 2 and the maps of Figs. 12 and 13 thus show very important
observation in terms of the total/hydrostatic normal stress comparison
between Samples A vs. B, for two key reasons. First, the fact that all
maximum values of O, either in the XZ or YZ planes, (0, and Oy,
respectively) are positive means that all total/hydrostatic normal
stresses are tensile stresses, which we know are more important as
far as the fracture propensity/tendencies and initiation/propagation
are concerned. Second, the measured @y, data of Sample B shows the
maximum value of 2.21°, which is significantly higher (close to three
times) than the maximum value of the @y, data of Sample A which is
0.74°. Tt is also evident that these maximum values occur at the edge of
the solder joint at similar distance in Y-axis to the bottom edge of the
silicon solar cells, which indeed have zero misorientations in terms of
Oy, (which should be expected, as the bottom edge of the cell is a free
surface/edge and thus, the o,,,, which is approximated by ©,, should be
zero). As the @y, max in the Sample B is close to three times that in
Sample A, it is expected the o,,,, in Sample B may be approximated to
be close to three times that in Sample A. In our earlier report [8], the
monochromatic synchrotron X-ray experiments was performed on
Sample A (the sample in [8] is indeed the Sample A in the present
study), mostly for calibration/verification purposes (not for actual
scanning for reasons already explained in this manuscript) and it was
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Fig. 12. The crystal plane misorientation angles of the silicon cell wafer in XZ plane (0,,) in the region of the solar cells in the vicinity of the solder joint in Samples A (a) and Sample B

(b).
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Table 2
The maximum values of the misorientations, © in the XZ and YZ planes.

Maximum misorientations Sample A Sample B
Oy, 1.6401 1.3573
0y, 0.7360 2.2066

obtained that the maximum hydrostatic normal stress of Sample A is in
the range of 300 MPa (which is found to be in good agreement with the
maximum o0, value essentially obtained through the curvature
method [8] which has also been described in Section 2.3 in this
manuscript). Based on this earlier finding, it can be estimated that the
maximum o, value in Sample B may well be in the range of 900 MPa
(i.e. approximated to be close to three times the maximum o,,, value in
Sample A).

This is significant as these tensile normal stresses in Sample B are
now well beyond the range of typical fracture strengths of silicon in the
forms such as used in these samples (i.e. silicon wafers cut from ingot
to thickness of 150—250 pm; the fracture strengths are in the range of
1 GPa [36,37]). These findings also underline the validity of the
assumption that was made earlier about the deviatoric normal stresses
in our samples. Indeed the observed difference in the maximum ¢, in
Samples A vs. B in the present study (about 1-2 hundreds of MPa)
pales in comparison against the difference in the maximum hydrostatic
component of the o, of the same two samples based on our estimation
above (which is about several hundreds of MPa). It is then obvious that
the total normal tensile stresses in Sample B are in general higher than
in Sample A.

The maximum misorientation in the XZ plane (6y,, max), however
did not show significant contrast comparing Samples A vs. B, as shown
in Fig. 12, as well as evident from Table 2. This indicates that the
normal hydrostatic stresses in the XX direction are not much different
in Samples A vs. B. While non-disclosure agreement with our
collaborators who provided samples prevents us from publishing the
actual fracture images of the silicon solar cells in the present study, this
finding is indeed in good agreement with much of the observations in
the literature where many cracks [1-5,35,36], in similar monocrystal-
line silicon samples such as the ones used in the present study, initiated
from the edge of the solder joint, would propagate at least initially
along the X-axis (or in the case of samples with ribbons/busbars,
equivalently perpendicular to the ribbon longitudinal direction), before
later on taking on the weakest paths of the silicon cell crystallographi-
cally (usually along the <111 > directions of the silicon crystal. This
crack propagation thus forms the much known dendritic (or “fern”
form involving many crack lines at usually +/- 45° indicating the <
111 > crystallographic directions in the silicon cells). Such initial crack
propagation is indeed consistent with the one driven primarily by the
0y in the sample setup such as used in the present study (or total
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normal tensile stress in the longitudinal direction of the ribbon/busbar
in the sample setup with ribbons/busbars), and not by the o, as is
approximated by the ©,,,, data.

3.3. Discussion — the roles of encapsulants in the silicon solar cell
stress and fracture

From the findings in the present study, it is clear the stress state of
the silicon solar cells in the two samples, which otherwise are
nominally the same except for the encapsulation materials
(Encapsulants A vs. B), are significantly different. In the past few
years, the observation of different encapsulants leading to substantial
differences in the fracture rates of silicon solar cells in the laminated
form (i.e. PV modules) have become increasingly obvious and widely
accepted [6,7]. Obviously, such different stress states as shown in this
present study, would lead to very different silicon cell crack rates, and
fracture mechanisms in general between Samples A vs. B. In terms of
the normal (total/hydrostatic) tensile stresses, which are more critical
as far as fracture is concerned, Sample B seems to exhibit substantially
much higher crack propensity and thus should lead to substantially
much higher crack rates. In order to verify such expected effects on
fracture rates, we conducted the in-laminate three-point bending/
fracture tests. In this test, two groups of samples, each containing 10
PV mini-modules (one group consisted samples laminated by
Encapsulant A and the other by Encapsulant B) were prepared. The
PV mini module samples were placed on two parallel supporting tabs
with a certain distance and then a uniform quasi static loading was
monotonically applied in the center of the upper side of the PV mini-
module (i.e. the glass side) by means of a loading tab. As the load
increased monotonically, visual inspection was conducted via a camera
transmitting the magnified images to a computer and allowing visual/
manual detection of macroscale cracks in the silicon solar cells. At the
first sight of macroscale cracks in the silicon solar cells, the loading
force was recorded and indicated as “Characteristic Strength” which is
an indication of the sample resistance to macroscale cracks. Details of
this test have been reported elsewhere [9].

The characteristics of fracture load on both Samples A vs. B (i.e. PV
mini-module laminated by Encapsulants A vs. B) as obtained through
the in-laminate three-point bending experiment are shown in Fig. 14.
It indicates that fracture load of 1.2 kN was approximately required to
induce crack formation on silicon cells laminated by Encapsulant A.
This fracture load value drops significantly into approximately 0.3 kN
to induce crack formation on silicon cells laminated by Encapsulant B.
Despite some statistical variations within each group of the samples,
the fracture load results between the two groups of samples are
significantly different. Therefore, PV mini-modules with Encapsulant
A did seem to resist significantly higher external loads before macro-
scale crack propagation became visible. This fracture tests are thus in
good agreement with the synchrotron X-ray stress findings in the
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Fig. 14. Characteristic fracture strengths of Samples A vs. B (i.e. PV mini-module
laminated by Encapsulants A vs. B). [9].

present study. Sample A in the synchrotron study which has much
lower normal (total/hydrostatic) tensile stress compared to Sample B,
did indeed correlate with the PV mini-modules having much higher
resistance towards macroscale crack propagation in the silicon cells as
shown in Fig. 14.

Furthermore, in order to understand the underlying fundamental
mechanism responsible for inducing residual stress during the lamina-
tion process, the authors also studied the mechanical properties of the
two encapsulant materials that we used in the present study (i.e.
Encapsulants A and B), through Dynamic Mechanical Analysis (DMA)
experiments. Fig. 15 compares the storage modulus for both
Encapsulants A and B as obtained from the DMA experiment. The
result shows that at temperatures ranging from 20 to 100 °C,
Encapsulant B has higher storage modulus approximately by two
orders of magnitudes than that of Encapsulant A. Thus, the DMA
experiment confirms that the Encapsulant B is indeed stiffer than
Encapsulant A. We believe this is also including at high temperatures
typically experienced by the PV mini-module during the lamination
process. The DMA data is indeed only valid until 100 °C only, however,
looking at the monotonous and gradual nature of the storage modulus
as a function of temperature (as shown in Fig. 15), it can be concluded
that the Encapsulant B would be stiffer than Encapsulant A even above
100 °C. Consequently, during cooling process from lamination tem-
perature to room temperature, the Encapsulant B is expected to
transfer more warpage load from glass to cell creating higher stress
in the cell than that from Encapsulant A. Also perhaps quite im-
portantly, during lamination process, the module being fabricated was
subjected to a vacuum pressure (~0.1 MPa) in order to remove the air
trapped at the interfaces of different layers (glass, encapsulant, cell).
Because of that, the softened solder bump (at lamination temperature
of ~150 °C) around the interconnect/busbar would get distorted and
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Fig. 15. Dynamical Mechanical Analysis (DMA) experiment of Encapsulants A and B
[9].
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spread around. The level of distortion and spreading is clearly a
function of encapsulant stiffness and viscosity. We observed this in
the samples made of Encapsulant A (EVA) and not so much with
Encapsulant B. This observation is again correlating well with our DMA
conclusion that the Encapsulant B is stiffer than Encapsulant A.

In summary, stiffer encapsulant (i.e. Encapsulant B) transfers more
warpage (during lamination) and external load (upon mechanical
testing / operation) on solar cells. These observations are consistent
with the fracture data characteristics that show Samples A (i.e. with
Encapsulant A) could delay much of the crack initiation and propaga-
tion in the silicon cell up to 1.2 kN of bending force, while Samples B
(i.e. with the stiffer Encapsulant B) was already cracking at much lower
bending force of about 0.3 kN. The increase or decrease of normal
tensile stress concentration due to different encapsulation materials
may be solely attributed to encapsulant stiffness or may be due to local
change of solder joint topology under lamination temperature and
pressure in the presence of a very compliant encapsulation material.
The exact mechanisms predicting the role of encapsulation material
leading to the substantial difference in residual stress and fracture rates
observed in this study are a subject of our continued investigations with
the use of Synchrotron X-ray Microdiffraction. Further in this manu-
script, the authors only focused on the effect of encapsulation material
on the residual stress in silicon cells with identical soldered condition
i.e., nominally same post soldering stress. However, our currently
ongoing investigation is aimed to answer the obvious question of
residual stress evolution during PV module integration process, from
soldering to encapsulation using both Synchrotron X-ray
Microdiffraction experiments and computational simulations.

4. Conclusions

Mechanical stress and microcracks are the origins of failures of the
silicon solar PV during fabrication and field operations. Thus, it is very
important to have the tools to characterize them in a more quantitative
manner. Through the studies in this article, Synchrotron X-ray
Microdiffraction (uSXRD) was used for residual stress evaluation in
encapsulated solar cells and it proved to be a very useful technique with
unique capabilities to characterize stress quantitatively especially once
the solar cells are laminated. Further experiments such as in-situ and
in-operando evaluation of the silicon solar cell modules are thus
enabled using this technique to get the complete understanding of
the stress evolution leading to the catastrophic, macroscale fracture
events in the silicon solar cells inside the modules. The present study
has shown the stress states of silicon solar cells as the result of
lamination using different polymers/encapsulants. While the exact
mechanisms leading to these findings as well as to the known fracture
rate difference are a subject of our continued investigations, this
technique has now opened possibilities for us to understand the
complete evolution of the mechanical stress and how it may thus lead
to lower stress and subsequently lower fracture rates in the silicon solar
cells. With such low-stress and low-cracking rate, encapsulation
technology could lead to next generation of lower cost silicon solar
PV systems.
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In this section, the X-ray penetration depths for different materials used in our PV module samples are plotted. These plots were prepared using
the tool provided by Center for X-ray Optics (CXRO) of Lawrence Berkeley National Laboratory [39], considering X-ray beam of 45° incidence angle
having energy in the range of 5-25 keV (as in the case of our experiments reported in this report). These plots are supplementary information which
forms the basis for our claim that the crystal structure, deformation and residual stress/strain in an encapsulated material can be probed non-
destructively using Synchrotron X-ray microdiffraction technique (Figs. A1-A4).
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X-ray Penetration in Sn-3.5Ag Solder
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