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Abstract

Raman spectroscopy is used for measuring stress in microelectronic devices [1] as well as in solar cells [2, 3]. However, on PV
module level it has not been examined yet. We transfer the method in order to enable the experimental determination of
thermomechanical stress in PV modules. For this purpose the stress in non-soldered, soldered and laminated solar cells is
measured by a confocal Raman spectrometer. Additionally we simulate the thermomechanical stress induced by soldering and
lamination by finite element modelling. Considering the initial stress state of the solar cells and a linear elastic material model of
EVA, the results show a good agreement. By Raman spectroscopy we find the compressive stress in the solar cell after
lamination to add up to 53 + 6 MPa.

© 2017 The Authors. Published by Elsevier Ltd.
Peer review by the scientific conference committee of SiliconPV 2017 under responsibility of PSE AG.

Keywords: Mechanical stress measurement; Raman spectroscopy; Module production; FEM, Thermomechanics

* Corresponding author. Tel.: +49 (0)761/ 4588-5630; fax: +49 (0)761/ 4588-9630.
E-mail address: Andreas.Beinert@jise.fraunhofer.de

1876-6102 © 2017 The Authors. Published by Elsevier Ltd.
Peer review by the scientific conference committee of SiliconPV 2017 under responsibility of PSE AG.
10.1016/j.egypro.2017.09.282


http://crossmark.crossref.org/dialog/?doi=10.1016/j.egypro.2017.09.282&domain=pdf

Andreas J. Beinert et al. / Energy Procedia 124 (2017) 464—-469 465

1. Introduction

With PV module degradation rates of up to 8% per year due to cracks in solar cells [4], the mechanical stability is
a key factor for the PV module reliability. Hence it is essential to understand the origin of stresses within a PV
module. So far an experimental method for measuring the stress in laminated cells is lacking. However, in
microelectronics Raman spectroscopy is an established method for this purpose [1]. It allows the measurement of
stress without a mechanical contact to the sample, additionally a spatial resolution of the mechanical stress is
possible. In the field of photovoltaics (PV) Raman spectroscopy has been applied to solar cells so far [2, 3]. In this
work we show that confocal Raman spectroscopy is capable of resolving thermomechanical stress in embedded
solar cells within a PV laminate, measuring through the front glass.

2. Theory

The Raman effect describes the inelastic scattering of photons by matter. In silicon solar cells, the photons create
lattice vibrations, so called phonons. If these phonons are not in the ground state when excited or do not relax to the
ground state respectively, the frequency of the emitted photon w,,, is shifted relatively to the absorbed photon @,
by the frequency of the excited state Q,pon: Wem = Waps £ ppon. Where minus denotes Raman (phonon relaxes to
higher energy state, see fig. 1) and plus denotes anti-Raman scattering (phonon is in excited state, see fig. 1). Since
the position of the Raman peak depends on the phonon energy levels, i.e. the lattice structure, the Raman peak
position is a material property. Thus a change in the Raman peak correlates to lattice distortions, like deformation
caused by mechanical stress. For the assumption of a uniaxial stress, the shift of the Raman peak position is
converted into stress by a linear factor. This correlation and its dependency on various factors are examined in detail
by Biichler ez al. in [5]. In this work we use the conversion factor X =-830 + 90 MPa/(rel cm™) given in [5] for
measurements from the sunny side of laminated solar cells.

The Raman peak position is subject to a statistical variation, which can be described by a Gauss-function, as
shown in fig. 1 (b). We therefore use a high number of measurements to obtain reliable results.
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Fig. 1. (a) Schematic energy-level diagram of the Raman shift; w.,: frequency of absorbed photon, w..: frequency of emitted photon and €,
frequency of excited state; not to scale. (b) Peak positions of Raman measurements on a 1-cell mini-module (C-i) with a Gaussian fit to
determine the mean position.
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3. Method

We measure the thermomechanical stress in the solar cells after each module production step by Raman
spectroscopy. In order to assess the obtained stress values, we simulate the soldering and lamination by a finite
element model (FEM). The schematic of the module production process and the characterization steps are shown in
fig. 2.

3.1. Raman measurements

In order to measure the thermomechanical stress from the manufacturing process by confocal Raman
spectroscopy, twelve 1-cell mini-modules are manufactured using industrial processes. The material specifications
are given in table 1. The stress is measured on the non-soldered solar cells (A), after soldering by an automatic
stringer (B) and after lamination (C). In order to compare the obtained stresses with the value after lamination, we
flatten the solar cell by covering it with a glass sheet. Additionally we measure the residual stress from the cell
production by measuring the non-soldered cell also without a glass sheet (A-i). After each step we control the solar
cells for cracks by electroluminescence imaging (EL), using a resolution of 2046 x 1900 pixels per cell.

Since the stress is proportional to a shift of the Raman peak in the order of magnitude of 0.01 rel cm™, the Raman
spectroscopy represents a relative method which requires very precise measurements. Also the exact position of the
Raman peak depends on various factors like temperature or the surface structure, as described in [5]. Therefore it is
crucial to determine the reference peak precisely and under identical conditions as the actual measurements.
Literature values cannot be considered. We use a location at the corner on the sunny side of the cell as the reference
peak position, which is measured at each step. The actual measurement location is between two busbars in the center
of the cell (compare fig. 3 (b)). We measure each position two times, while each measurement consists of 1000
single measurements with an integration time of 0.01 s using a 532 nm laser with a penetration depth of 1 pm. A
Gauss-function is fitted to the obtained peak positions, as shown in fig. 1 (b). We then subtract the Gauss-peak value
of the reference from the corresponding value of the measurement location in order to obtain the Raman peak shift.
Finally we convert the weighted average peak shift of all cells into a stress value by the conversion factor X.
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Fig. 2. Schematic flowchart of the conducted measurements and simulations after each module production step. EL: Electroluminescence
imaging, FEM: Finite element modelling.

3.2. Finite element modelling

The soldering and lamination process of the 1-cell mini-module is simulated within one FEM model consisting of
two computation steps. First the soldering of the solar cell is simulated by cooling down from the solder
solidification temperature of 179 °C to ambient temperature. In the second step the lamination is simulated by
cooling down from 160 °C to ambient temperature. Since the model is linear-elastic, the residual stress from
soldering is reduced during the heating up process before the lamination. Therefore we transfer the stress tensor at
lamination temperature, instead of ambient temperature, to the lamination model as the initial stress values.
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We utilize the symmetry of the mini-module by simulating a quarter of it. The initial stress before soldering in
the cells is set to zero, thereby we neglect stress originating from metallization or other cell production processes.
The silver front busbars and rear side pads are considered, while the aluminum layer is not part of the model. We
use linear-elastic and temperature dependent material models, which are shown in table 1. For the silicon solar cell
an anisotropic material model is considered.

Table 1. Specifications of the mini-module materials with material properties used in the FEM model, *: provided by manufacturer.

Layer Material Dimension Density  Youngs modulus  Poisson’s ratio CTE
(g/lem?’)  (GPa) ) (10°K™)

Frontglass soda-lime glass * 4 mm 2.5 70 0.2 8
Encapsulant EVA [6] 400 um 0.96 T-dep. 0.4 270
Solar Cell Cz-Silicon [6-8]  156x 156x 0.180 mm*  2.329 Elasticity matrix T-dep.
Backsheet TPT [6] 350 pm 2.52 3.5 0.29 50.4
Busbars Silver [9] 145x 1.35x0.014 mm*  10.5 7 0.37 10
Ribbon Copper [9, 10] 1.5x 0.2 mm? 8.7 70 0.35 17

4. Results

The shift of the Raman peak relative to the reference position along with the converted and simulated stress
values are shown in table 2. In the following we will discuss the stress values only.

Due to the cooling down after the metallization process the aluminum layer on the rear side of the solar cell leads
to a small bow of the non-soldered solar cell. For the corresponding initial compressive stress on the surface of the
non-soldered cell (A-i) we obtain 9.3 + 1.0 MPa. If the bow is flattened by placing a glass sheet on the solar cell, the
compressive stress on the front side increases. According to the Raman measurements the flat cell (A-f) shows an
11 MPa higher compressive stress of 21 =2 MPa.

The cooling down from the solidification temperature of the solder during the soldering process further increases
the compressive stress. We measure a compressive stress value on the flat cell (B-f) of 26 £ 3 MPa. Hence the
soldering process induces additionally 5.5 MPa compressive stresses.

During the lamination process the solar cell is connected to the glass by the cross-linking of the EVA. Since this
takes place at elevated temperatures, the solar cell is further compressed during the cooling down. After lamination
(C-i) we measure 53 + 6 MPa, which is an increase of 27 MPa.

From the FEM model of the soldering (B-m) process we obtain a compressive stress difference between the
reference and the measurement position of 4 MPa. This difference increases in lamination (C-m) by 45 MPa to
49 MPa. In fig. 3 (b) the third principal stress oy on the front side of the solar cell after lamination, obtained from
the FEM model, is shown along with the Raman measurements.

Table 2. Results of the Raman measurements and FEM modeling.

Cell process step Raman peak shift Raman stress FEM stress ~ FEM + initial stress
[107 rel cm™] [MPa] [MPa] [MPa]

Non-soldered (A-i)) 11.24+0.15 -93+1.0 0 per def.

?X’_rgs"ldered flat 248+04 212 0 per def.

Soldered flat (B-f) 314+£04 -26+3 -4 (B-m) -25

Laminated (C-i) 64+2 -53+6 -49 (C-m) -69

Since the FEM simulation does not take the initial stress state into account, the obtained FEM values
underestimate the Raman measurements. However if the initial stress state of the flat cell is taken into account the
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FEM value increases to 25 MPa after soldering and 69 MPa after lamination. These values are depicted in fig. 3 (a)
along with all Raman values. Considering the measured initial stress state, the values after soldering agree very well.
For the stress after lamination the values deviate by 16 MPa. We assume that the FEM simulation overestimates the
stress, due to the used linear elastic material model as indicated by Eitner ef al. [6, 11]. However taking the nature of
solar cells with the corresponding statistic scattering of the Raman peak into account, we consider the measured and
simulated stress values to be in a good agreement.

The Raman stress measurements have three different uncertainties, namely on the measured Raman peak
position, on the Gauss fit of the peak position distribution and on the conversion factor. The first two can be reduced
by a high number of samples and measurements. Therefore the latter with about 11% [5] dominates the overall

uncertainty.
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Fig. 3. (a) Third principal stress oy of all measurements and from the FEM model; the FEM values are a superposition of the initial stress of the
flat non-soldered cell (B-f) and the FEM result. The uncertainty of the Raman values are depicted by the whiskers. (b) Results from the FEM
model of lamination (C-m) on the cell surface with the corresponding Raman peak values at the measurement and reference position. Also the
converted Raman peak shift with the corresponding simulated stress difference values are depicted in bold.

5. Conclusion

We demonstrate that confocal Raman spectroscopy can be applied on PV module level for measuring the
thermomechanical stress in silicon solar cells through the front glass and encapsulant layer. In PV mini-modules we
measure a build-up of compressive cell stress after the lamination of 53 = 6 MPa. The same process is simulated by
a FEM model leading to 69 MPa, including the measured initial stress state of the flat solar cell. Considering that the
FEM model uses a linear elastic material model for EVA, these values are in good agreement. With an increase of
the compressive stress in all module production steps, laminated solar cells are more stable against mechanical
loads, than bare solar cells.
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