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ABSTRACT

Solar modules are commercially fabricated for more
than 30 years but there is little knowledge about its ther-
momechanical properties. Solid materials shrink or ex-
pand when subjected to temperature changes. The coef-
ficients of thermal expansion (CTE) for silicon and glass
are small compared to the CTE of the polymer sheets.
This CTE-mismatch leads to mechanical stress and
strain which can be critical for the solar cells, the inter-
connects and the polymers. We demonstrate that the
digital image correlation technique (DIC) is capable of
measuring displacements in modules that are within a
climate chamber by an optical measurement through a
transparent back sheet and one layer of encapsulation
material. As a first demonstration the change of the gaps
between adjacent cells is determined at various tem-
peratures for three test laminates with three different in-
terconnection techniques. We find the gap between two
solar cells to deform about 0.4 — 0.6 ym/°C in the tem-
perature range of 0°C to 80°C and slightly less in the
temperature region below 0°C. The results are verified
by a simplified calculation of the gap deformation.

INTRODUCTION

Materials with different thermomechanical properties
elongate or contract to different extent when subjected
to temperature changes. If the material is not con-
strained and may freely expand then no stresses are
created. In layered structures with perfect bonding be-
tween the materials, such as photovoltaic modules, the
expansion is constrained by the adjoining layers which
results in thermomechanical stresses. Besides the coef-
ficients of thermal expansion, which describe the uncon-
strained thermal strain per °C , the stiffness of the mate-
rials affect the build up of local stress and strain. This
problem is referred to as the CTE-mismatch and is one
possible reason for module failures, such as delamina-
tion, failure of interconnects and solders or microcracks
in solar cells. For a detailed analysis of these ther-
momechanical properties of PV laminates a measure-
ment technique is required.

The digital image correlation technique allows contact-
less, non-destructive and full-field displacement and
strain measurements of objects with a speckled surface.
For PV laminate samples with a transparent back sheet
we found the digital image correlation technique with a
stereo camera system (3D-DIC or DISC) to be a well
suited method as the deformation of the embedded solar
cells becomes accessible by viewing through the trans-
parent back sheet and one layer of EVA. We reported
the accuracy of such PV laminate measurements with

DIC to be below 1 um in displacement. Furthermore, the
method is not restricted to special sizes of measurement
regions as it only records relative extents and can thus
be applied to the small regions such as the gap between
to adjacent cells as well a to large regions such as the
whole module. The absolute displacement and strain
values are determined with the help of a calibration pro-
cedure before or after the measurement. The prepara-
tion of the test samples is simple as only one additional
step, i.e. applying a speckle pattern to the rear surface
of the solar cells, is necessary in the usual process of
module manufacturing.

DIGITAL IMAGE CORRELATION TECHNIQUE

The method of digital image correlation technique is a
common measurement method for mechanical engi-
neers in different application fields for example micro-
electronic packaging [1,2,3], polymer engineering [4] or
biomechanics [5]. Its use has increased over the last
years and by now various systems and software are
commercially available. Here we use a system by isi-sys
consisting of two 5 Megapixel CCD cameras and the
vic3D-software by Correlated Solutions.
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Fig. 1. Digital image correlation system with a stereo
camera system. The laminate is measured through the
window of a climate chamber.



Two CCD cameras mounted on a rigid rig take simulta-
neously pictures of the speckled surface of the in-
spected object. Both images are then correlated by a
computer algorithm that calculates a 3-dimensional rep-
resentation of the surface. Displacements are measured
by comparing the 3-dimensional geometric representa-
tion of a reference state to a loaded state of the object.
In order to correlate the stereo images the correlation
algorithm needs information about the orientation and
position parameters of the cameras as well as the intrin-
sic parameters of each camera. These parameters are
determined by a calibration, which is performed by re-
cording a calibration target in various orientations before
the correlation.

For a more detailed description of the method we refer
the reader to publications of Orteu [6] and Sutton [7].

SAMPLE PREPARATION

The application of the DIC method requires a random
speckle pattern on the surface of the measured object.
As we are interested in the deformation of the solar cells
in the laminate, we apply a speckle pattern to the rear
side of the cells before lamination. We use temperature
resistant spray paint to cover the rear surface com-
pletely white. When dry a black pattern is sprayed on the
white background. We found the thickness of the paint
layer to be between 20 and 40 ym. We start the lamina-
tion when the paint is completely dry to avoid the forma-
tion of bubbles and the smearing of the paint. Two test
laminates are prepared. For laminate A we place three
solar cells (125 x 125 mmz) with the applied speckle pat-
tern between two transparent sheets of uncured ethyl-
ene vinyl acetate (EVA, etimex vistasolar 486.00) that
are laid on top of a 4 mm thick glass plate. The cells are
not interconnected. The glass plate, and thus the lami-
nate, is 40 cm by 15 cm in size. We cover the rear side
of the assembly with a transparent back sheet (isovolta
Icosolar T 2754) which is a composite material with a
thickness of 100 pm consisting of polyethylene
terephthalate (PET) and an ethylene tetrafluoroethylene
(ETFE) core. This assembly is laminated at 150°C for 13
min. The EVA cures by crosslinking its molecular chains
and adheres to the cells, the glass and the back sheet.
After lamination the sample has a thickness of 5.0 to 5.2
mm. It is important to assure that the surface of the back
sheet is completely flat and parallel to the speckled rear
side of the cells after lamination. The presence of a sur-
face structure of the back sheet for example in form of
little lenses as shown would influence the optical path
from the speckled and buried surface to the camera and
thus prohibit an accurate measurement.

Fig.2: Three laminates with speckle pattern on the back
side of the solar cells and on the inner surface of the
glass. Laminate A without interconnection, laminate B
with standard interconnection and laminate C with H-
shaped back contact interconnector.

The second PV test laminate (laminate B) contains three
standard interconnected solar cells. Before coating the
rear sides of the cells two copper ribbons (2 mm wide
and 130 pm thick) are soldered to the front and rear side
of each cell. The third test laminate contains 3 back con-
tact solar cells. Each of the two interconnectors is laser-
soldered to two adjacent cells connecting at six solder
points. The connectors are H-shaped, so that two solder
points are connected on a direct path. The rest of the
preparation procedure for laminates B and C is the ex-
actly the same.
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measurement of gap deformation.
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MEASUREMENT

Two temperature sensors are attached to the sample
before placing it in the climate chamber, one on the front
side to the glass and one at the same point on the rear
side of the laminate to the back sheet. We position the
camera system in front of the window of the chamber
facing the rear side of the laminate, where the speckle
pattern is visible through the back sheet and one layer of
the encapsulating EVA. We then set up the optimal illu-
mination of the object by arranging a cold-light source in
front of the window. Once the cameras are focused to



the object, the calibration target is photographed through
the window in various orientations inside the chamber.
Afterwards a reference state at room temperature is re-
corded by the stereo system viewing through the win-
dow. We then begin the experiment by heating the
chamber to 85°C taking a picture approximately every
10°C. The exact temperature of the sample is read from
the attached thermocouples. The sample is then cooled
down to —40°C.
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Figure 4: Inspected AOI's of laminate B. Colours indi-
cate the displacement at 3 different temperatures.

RESULTS

After the measurement we define an area of interest
(AQI) on the images of the inspected surface, where the
strain and the displacement with respect to the refer-
ence state are computed. We choose the cell regions
that are directly next to the gap between two neighbour-
ing cells as AOI's. The rigid body displacement and rota-
tion is removed by an average transformation. Figure 4
shows the AOI's and the displacement values in vertical
direction V for 3 different temperatures. Compared to
room temperature, the regions near the cell gap move
20 pym in vertical direction at 84.8°C. We find the gap to
widen when rising the temperature and the gap to shrink
when lowering the temperature. The opening and clos-
ing of the gap between two cells is computed from the
displacement data of both AOI's by first averaging the
vertical displacement over each AOI and second sub-
tracting these average values. This difference is referred
to as the change of cell gap width. It is shown in figure 5
for different temperatures. The graph has a linear be-
haviour for temperatures above 0°C and a less steep
slope below 0°C.

A (no interconnect)
A B (standard)
= C (back contact)

Change of cell gap width Au [um]

-60 40 -20 0 20 40 60 80 100
Temperature T [°C]

Figure 5: Change of cell gap width at different tempera-
tures (reference state at 20°C) for laminates A, B and C.

DISCUSSION

A detailed study on the accuracy of comparable meas-
urements of photovoltaic laminates with DIC is given in
[8] where the different contributions to systematic errors
such as refraction of the back sheet, the resolution of
the measurement system and the impact of the thick
window of the climate chamber are discussed, proving
an accuracy of 1 um in displacement.
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Figure 6: Scheme for simplified theoretical plausibility
check of laminate measurements

In order to investigate the plausibility of the measured
deformation values, the following basic assumptions are
made. The stiffness of the encapsulating polymer EVA is
3 orders lower than the stiffness of the other materials
glass and silicon. If we neglect the local influence of the
EVA to local strains of the adjoining materials, the de-
formation of the cell gap is only dependent on the ther-
mal deformation of the glass and the silicon. Regarding
the region of the laminate between the midpoints of two
solar cells the change of cell gap is the difference be-
tween the expansion of the glass and the expansion of
the silicon in that region. With a cell width of 125 mm
and a cell gap width of 2 mm at the reference state the



region has a length of 127 mm. Under the assumptions
that the polymers do not contribute to thermal deforma-
tion above 0°C and that the relative thermomechanical
deformation of solar cells relative to the glass almost
zero, the gap deformation is the difference of glass and
cell deformation,

A1Glass — AlSi + AlGaP
AT AT AT

with A1=0{-l.
AT

a is the coefficient of thermal expansion and / is the
length of the undeformed material. This simplified model
is shown in figure 6. Inserting the values from configura-
tion shown figure 6 in the equations above leads to a
glass deformation of 1.02 ym/°C while the half parts of
the silicon solar cells expand only 0.31 um/°C. The dif-
ference 0.71 ym/°C is the calculated change of cell gap.
If we compare this value to the slopes of the measured
gap deformations of laminates A and B above 0°C as
shown in figure 7, we find a reasonable agreement with
the measured data (0.611 ym/°C, 0.511 ym/°C).
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Fig 7: Slope of change in gap width for all three lami-
nates determined by linear regression of data above
0°C.

If we want to fill the gap with a material that matches the
empty gap deformation as calculated above, the CTE of
the material has to be in the range of 352 x 107 1/K ac-
cording to this simple approach. This value is factor 10
to 20 higher than the materials that are suitable for elec-
tric interconnection. According to this model it is there-
fore not possible to realize a stress free interconnection
of under these geometrical circumstances and with
these material properties.

The simplified calculation above has been restricted to
temperatures above 0°C. The reason is, that the encap-
sulating polymer reaches its glass transition at that tem-
peratures below 0°C. Falling below that temperature re-
gion the polymer begins to harden resulting in a much
stiffer material behaviour (around 3 orders of magnitude)

in the glassy state. We observed this typical material
behaviour in a dynamic mechanical analysis of the EVA.
Figure 8 shows the mechanical stiffness in form of the
shear storage modulus. Consequently, the assumption
of a negligible influence from the polymer in the theoreti-
cal investigation above does not hold true for low
temperatures.
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Fig 8: The mechanical stiffness of EVA measured by a
dynamic mechanical analysis. The shear storage
modulus shows a step of 2 orders of magnitude when
falling below —10°C.

CONCLUSIONS

We demonstrated the use of digital image correlation
with a stereo camera system for the thermomechanical
measurement of solar cells in photovoltaic laminates. A
measurement through the window of a climate chamber
and a transparent back sheet of the laminate allows full
field measurements of the speckled rear sides of the so-
lar cells. The gap between two neighbouring crystalline
silicon solar cells opens up when the temperatures in-
crease and shrinks when the temperatures are lowered.
Above 0°C the gap deformation is measured to be 0.611
pm/°C for a standard interconnected laminate (B), 0.511
pm/°C for a non-interconnected cell string (A) and 0.399
pum/°C for a laminate with H-shaped back contact inter-
connectors. A simplified calculation of the cell gap de-
formation is presented leading to a value of 0.71 ym/°C
for non-interconnected laminated cells which is in rea-
sonable agreement with the measured data. According
to this calculation stress-free interconnections are not
possible under the restriction of the fixed geometry and
the use of common laminate materials. Less steep
slopes of the gap deformation measurements are found
at low temperatures which correlates well with the glass
transition of the EVA where the polymeric material be-
comes stiffer by 3 orders of magnitude. The digital im-
age correlation is well suited for validation experiments
to compare the thermomechanics in laminates to solu-
tions from simulation models as well as the evaluation of
new interconnection techniques.
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