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I Abstract

Stress in solar cells plays a crucial role in the reliability of photovoltaic (PV) mod-
ules. The influences on stress are as diverse as the number of different materials
in a PV module and become more and more complex with the growing variety
of PV modules for different applications. The aim of this work is to derive a set
of thermomechanical design rules to support and accelerate future PV module
developments. For this purpose, three methods are developed and applied:

1. Thermomechanical finite element method simulations of PV module de-
signs (FEM).

2. p-Raman spectroscopy of laminated solar cells (u-Raman).

3. Solar cell integrated stress sensors (SenSoCell®).

Furthermore, the concept of specific thermal expansion stiffness: £, = E - « -
A; - h is introduced. The product of the Young’s modulus E, the coefficient of
thermal expansion a, the joint area A; and the materials height h is a measure of
how much thermal strain one material can induce in another.

The basis of the 15 Thermomechanical Design Rules is a comprehensive pa-
rameter sensitivity study of different PV module components and material prop-
erties. The study is carried out by FEM simulations and supported by experimental
validations. For this purpose, a 3D-FEM model is developed, which models the
PV module geometry in detail from busbar and ribbons up to the frame including
the adhesive and realistic mounting conditions. The FEM simulation covers the
soldering, lamination and mechanical load at various temperatures. A special fo-
cus is placed on singularities, which occur around the busbars and ribbons due
to their geometric shape. The stress intensification by this model singularity is
reduced by excluding the area within 50 ym around the busbar in the stress eval-
uation.

Confocal y-Raman spectroscopy of planar silicon surfaces is extended to tex-
tured solar cell surfaces by adapting the measurement procedure and determin-
ing a new conversion coefficient (£ =-(1.19 + 0.07) rel. cm™ /GPa). The meas-
urement procedure is successfully applied to single-cell laminates, which enables
for the first time a spatially resolved p-Raman stress measurement on solar cells
after soldering and lamination. The FEM simulations performed along with the
measurements agree well within the measurement uncertainty.
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The idea of solar cell integrated stress sensors is to measure stress directly in
the solar cell itself and hence to eliminate the interference with other PV module
materials, as it may occur e.qg. for foil strain gauges. Silicon based piezoresistance
sensors are well known in the field of microelectronics. This work successfully
transfers the principle to solar cell wafer by using only photovoltaic production
technologies. In the development phase, different sensor designs are developed.
The design with a sensitivity S, of (-47.41 £ 0.14) %/GPa is subsequently imple-
mented on a solar cell wafer. Two of such SenSoCells® (Sensors integrated in
Solar Cells) are integrated into a PV module at different positions. The stress of
the SenSoCells® is successfully measured during an experimental Mechanical
Load Test. With a deviation of 4 MPa at 2400 Pa load, the geometric nonlinear
FEM simulation agrees well with the measured stress.




I Zusammenfassung

FUr die Zuverlassigkeit von Photovoltaikmodulen spielt die mechanische Span-
nung eine wichtige Rolle. Die Einflisse auf die mechanische Spannung sind so
vielfaltig wie die Anzahl verschiedener Modulmaterialien und sie werden durch
die stetig wachsende Vielfalt an PV-Modulen fir unterschiedlichste Anwendun-
gen immer komplexer. Das Ziel dieser Arbeit ist es daher einen Satz von Thermo-
mechanischen Designregeln herzuleiten, um zukinftige PV-Modulentwicklun-
gen zu unterstiitzen und zu beschleunigen. Dazu werden drei Verfahren entwi-
ckelt und angewendet:

1. Thermomechanische Finite-Elemente-Simulationen von PV-Modulde-
signs (FEM).

2. p-Raman-Spektroskopie von eingebetteten Solarzellen (u-Raman).

3. Solarzellen-integrierte Spannungssensoren (SenSoCell®).

Zudem wird das Konzept der spezifischen Warmeausdehnungssteifigkeit
E,=E-a- A; - h eingeflhrt. Das Produkt des E-Moduls E, thermischen Ausdeh-
nungskoeffizienten a, Kontaktflache A; und Materialdicke h wird als MaB dafur
verwendet, wie viel thermische Dehnung ein Material in einem anderen induzie-
ren kann.

Die Basis der 15 Thermomechanischen Designregeln ist eine umfassende Pa-
rametersensitivitatsstudie von verschiedenen PV-Modul Komponenten und Ma-
terialeigenschaften, welche mit FEM-Simulationen durchgefihrt und durch ex-
perimentelle Validierungen unterstitzt wird. Hierflr wurde ein dreidimensiona-
les FEM-Modell entwickelt, welches die PV-Modulgeometrie detailgetreu model-
liert, beginnend bei den Busbars und Zellverbindern bis zum Rahmen inklusive
Rahmenkleber unter Berlcksichtigung realistischer Montage-Randbedingungen.
Die FEM-Simulation umfasst die Solarzellverschaltung, Modullamination und me-
chanische Last bei verschiedenen Temperaturen. Ein besonderer Fokus wird auf
die Singularitaten gelegt, welche um die Busbars herum auf Grund deren Geo-
metrie entstehen. Die hieraus resultierende Spannungstiberhéhung wird dadurch
reduziert, dass ein Bereich von 50 ym um den Busbar herum bei der Auswertung
der mechanischen Spannung nicht berlcksichtigt wird.

Die konfokale p-Raman-Spektroskopie auf planaren Siliciumoberflachen wird
auf texturierte Solarzellenoberflachen erweitert, indem das Messverfahren ange-
passt und ein neuer Umrechnungsfaktor bestimmt wird (2 =-
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(1.19 £ 0.07) rel. cm™' /GPa). Das Messverfahren wird im Rahmen dieser Arbeit
erfolgreich auf Einzell-Laminate angewandt, so dass die mechanische Spannung
erstmals nach Verléten und Lamination ortsaufgelost auf der Solarzelle gemessen
werden kann. Die Messwerte stimmen im Rahmen der Messunsicherheit sehr gut
mit den durchgefihrten FEM-Simulationen Uberein.

Die Idee der Solarzellen-integrierten Sensoren ist es, die mechanische Span-
nung direkt in den Solarzellen zu messen und damit viele Nachteile Ublicher me-
chanischer Verfahren zu vermeiden, wie z.B. bei Dehnungsmesstreifen die Wech-
selwirkungen mit anderen PV-Modulmaterialien. Siliciumbasierte piezoresistive
Sensoren sind in der Mikroelektronik wohlbekannt. Diese Arbeit Gbertragt das
Prinzip erfolgreich auf Solarzellenwafer, wobei ausschlieBlich Herstellungstech-
nologien aus der Photovoltaik zur Anwendung kommen. In der Entwicklungs-
phase werden zunachst verschiedene Designs entwickelt. Das Design mit einer
Sensitivitdt S, von (-47.41 = 0.14) %/GPa wird dann in einen Solarzellenwafer
implementiert. Zwei solcher SenSoCells® (Sensors integrated in Solar Cells) wer-
den an zwei Positionen in ein PV-Modul integriert. Die mechanische Spannung
der SenSoCells® wird erfolgreich wéahrend eines experimentellen Mechanischen
Belastungstests gemessen. Mit 4 MPa Abweichung bei 2400 Pa Oberflachenlast,
stimmt die geometrisch nichtlineare FEM-Simulation sehr gut mit der gemesse-
nen mechanischen Spannung Uberein.
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1 Introduction

1.1 Motivation

To achieve the targets of the Paris Agreement [Unit15] and most importantly to
keep the global warming below 1.5 °C to 2 °C relative to the pre-industrial level,
we need to master a unprecedented energy-system transition [Roge16]. One po-
tential scenario to keep the global warming well below 2 °C is developed by Shell
[Shel18]. As Figure 1.1 demonstrates, solar energy is the most important piece in
this so-called Sky scenario. It predicts that with 111 PWh/a solar energy will cover
40 % of the worldwide primary energy in 2100. Comparing this to the currently
annually produced 1.7 PWh, shows the dimension of this needed transition.
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Figure 1.1: Worldwide primary energy production since 1980. The simulated prediction is
the so called Sky scenario by Shell [Shel18]. It is a scenario of an energy mix, which keeps
the global warming well below 2 °C.

To achieve such an immense solar energy production, not only the efficiency
of photovoltaic (PV) modules but also the reliability is one important factor. Alt-
hough PV module manufactures nowadays offer a linear performance warranty
of up to 25 years and sometimes even higher [Rodr18], there are still failures
seen in the field. Also, the fast price decay [ITRP20] and the resulting attempt to
reduce the material costs generate new challenges with regard to the reliability.
Every change in a PV modules bill of material requires intensive and time con-
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suming testing and re-engineering. Although reliability tests are part of the cer-
tification procedure, some effects only appear in the field or in extended tests.
The reason is that the certification tests are designed in a way to test one impact
only, e.g. either temperature or mechanical load but not the combination. How-
ever, as it will be shown in this work, it is often the combination of several impact
which is critical. Some of the most common failures are defective by-pass diodes,
solar cell cracks, potential induced degradation (PID) and discoloration of the
encapsulant [K6nt17]. Some of them originate from a not optimized module de-
sign and material choice, some are related to incorrect handling and installation.
This shows the need for a deeper understanding of the thermomechanics of PV
modules and a set of general thermomechanical design rules. This work focusses
on solar cell cracks, which is the dominating failure induced by high thermome-
chanical tensile stress [Kaul14, Ként11]. They can account for PV module degra-
dation rates of up to 8 % relative power loss per year [KOnt17]. Power loss again
accounts for a higher levelized cost of electricity (LCOE) of the PV system, i.e. a
more expensive energy transition. The thermomechanical design rules developed
in this work target a longer PV module lifetime and thus to a lower LCOE and a
faster energy transition.

1.2 Objectives

The objective of this work is a detailed and systematic investigation of the ther-
momechanical processes in conventional crystalline silicon PV modules and there-
fore to gain a deeper understanding of the PV modules thermomechanics. Based
on which, thermomechanical design rules are derived, with the aim of reducing
the stress in solar cells, induced by external mechanical loads.

To investigate the thermomechanical stress within the solar cells a combina-
tion of finite element method (FEM) simulations and experimental methods are
used. The FEM simulations determine crucial influences on the thermomechani-
cal stress by a parameter sensitivity study. Experimental methods validate the
FEM simulations.

Since only a few methods for stress measurement in laminated solar cells
exist, one major part of this work is the development of reliable stress measure-
ment methods. Two paths are followed: A non-invasive method which allows
measurements without contact to the sample and no special sample preparation.
With the drawback, that a field of view to the sample is needed during loading
conditions. Since this is not the case in some experiments, the second path is an
invasive method using a PV module inserted sensing probe. Usually that modifies
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the thermomechanical behavior. Therefore, a method is developed, which re-
duces the influence to a minimum.

1.3 Conventional PV Module Design

Within this Section, the conventional PV module design is briefly described. For
a more detailed description it is referred to the literature like [Krau06, Quas15,
Wirt16].

A conventional PV module consists of five layers, the frontglass, the solar cells
embedded in two layers of encapsulant and a backsheet (Figure 1.2). The silicon
solar cells are interconnected by solder coated copper ribbons connecting the
top of one solar cell with the back of the next one. In over 60 % of the industrial
modules, six of such strings with ten solar cells are interconnected in series to
form a 60-cell module with a size of about 1x1.6 m2 [ITRP20]. However, there is
a trend to more solar cells, like 72 (1x2 m2) and to use half-cells instead of full-
cells. The frontglass is usually a tempered low-iron soda-lime glass with a high
transmittance. Above 65 % of the solar cells are made of monocrystalline silicon
with a trend to above 80 % [ITRP20]. The most common encapsulant material
with a market share of over 90 % is the copolymer Ethylene-vinyl acetate (EVA).
Most backsheets are multilayered, with a Polyethylene terephthalate (PET) core
layer. The combination with Polyvinylidene difluoride (PVDF) is with over 50 %
the most common one followed by Polyvinyl fluoride (PVF) with around 25 %.
[ITRP20]

front (“sunny”) side single
solar cell

£ Junctjq,
nb
y~\L'x X wl back side

Figure 1.2: Structural setup of a conventional PV module with 60 crystalline silicon solar
cells.
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The PV module is produced in a lamination process at around 150 °C
[Krau06, Quas15, Wirt16], in which the laminate is formed. Afterwards, the junc-
tion box for external electrical connection and the frame for mounting and sta-
bility are attached. In this work, the term laminate defines the sandwich of front-
, backsheet, encapsulant and solar cells after lamination. The term PV module
defines a laminate including a mounting structure, like a frame. The vast majority
of silicon PV modules are built with the setup shown in Figure 1.2 or a slight
variation of it, like a glass instead of a backsheet [ITRP20]. The latter one is re-
ferred to glass-glass modules.

1.4 Thermal Expansion Stiffness

High tensile stress may result in solar cell cracks. These cracks affect on one hand
the electrical performance of the solar cells. On the other hand they can induce
further failures like snail trails [Dola16], which again reduce the power output.
With up to 8 % relative power loss per year [Kont17], solar cell cracks can se-
verely affect the PV module power. In the following a broad overview of the
origin of thermomechanical stress within PV modules is given.

Within this work, the phrase thermal stress refers to stress originating from
thermal loads, i.e. temperature changes. The phrase mechanical stress refers to
stress originating from mechanical loads. Finally, thermomechanical stress refers
to stress originating from combined thermal and mechanical loads.

Thermal stress is observed whenever the PV module undergoes temperature
changes due to the mismatch of the coefficients of thermal expansion (CTE) of
the single layers. Examples are cooling down after lamination from 150 °C to
room temperature and day-night as well as summer-winter operating tempera-
ture changes. Thermal stresses can be divided in two effects: One which arises
from the CTE mismatch of the laminate materials with the reference temperature
being the lamination temperature. The second effect arises from the interaction
of the mounting structure, like an aluminum frame, with the laminate. Here, the
CTE mismatch is between the mounting structure and the laminate. Since the
mounting structure is usually attached to the laminate at room temperature, the
reference temperature of the PV module is room temperature.

Mechanical stress occurs when the PV module is exposed to external me-
chanical loads like wind or accumulation of snow. Since this usually happens at
temperatures different from the reference temperatures, this mechanical stress
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superposes with thermal stress. Therefore, the origin of a PV modules stress is
mostly thermomechanical.

To characterize materials according to their potential to induce thermal
stress, the coefficient of thermal expansion a alone has a limited significance. For
example, the encapsulant EVA has a relatively high CTE of 270 10°K™" but due
to the low Young's modulus E of 7.9 MPa, it acts as a buffer for the solar cells.
Therefore, Carroll et al. [Carr76] introduced the so called thermal expansion stiff-
ness E, for PV modules as the product of Young's modulus E and coefficient of
thermal expansion a:

E,=E-a. (1)

This work extends the concept of thermal expansion stiffness by introduction
of two extended factors, which incorporate the materials geometric shape. The
first factor, called volumetric thermal expansion stiffness E,, is meant for a global
description of the PV modules thermomechanics, for example the curvature after
lamination due to the different expansion behavior of the PV module materials.
Therefore, the volumetric thermal expansion stiffness E, is defined as the ther-
mal expansion stiffness E, multiplied volume V of the inspected material:

E,=E, V. 2)

Table 1.1 shows these properties at room temperature for materials used in
a conventional PV module. According to the thermal expansion stiffness E,, the
ribbon has the highest impact on thermal stress of solar cells. However, due to
the small volume of the ribbon, this is a highly local influence occurring only
around the ribbon itself. This is represented by the low value of the volumetric
thermal expansion stiffness E,. In a more global perspective, the frontglass dom-
inates the thermal behavior of the PV module with the highest volumetric ther-
mal expansion stiffness E,. Solar cells show a high thermal expansion stiff-
ness E,, however due to their much smaller size, the impact on the global be-
havior is limited. Hence, the material with the second strongest influence is the
backsheet. The extremely low thermal expansion stiffness value of EVA, shows
its property as buffer layer at room temperature. Its volumetric thermal expansion
stiffness E,, is just slightly larger than the one of the much smaller solar cells.

As this discussion shows, thermomechanical stress within a PV module is
complex. Because of the different layer dimensions and the corresponding influ-
ence on other layers, it has to be distinguished between local and global effects.
The small PV module components might have a high, but only local impact. For
local effects the volumetric thermal expansion stiffness E, is not a reasonable
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measure. Therefore, the second factor introduced in this work, called specific
thermal expansion stiffness Eg, is a refinement of the volumetric thermal expan-
sion stiffness E, by taking only the joining surface area A; and materials height h
rather than the whole volume into account. It describes how much thermal force
a material can apply to another material in direct contact:

Eq=Eq-A;-h (3)

Figure 1.3 illustrates the difference exemplarily for a PV module glass. For the
discussion of the stress within the solar cell, the specific thermal expansion stiff-
ness E, will be used. When discussing the influence on the entire PV module,
the volumetric thermal expansion stiffness E, is used.

The international standard for design qualification and type approval,
IEC 61215 [Inte16], which defines a test sequence PV modules have to pass, con-
siders the thermal and mechanical stress in its test procedures separately. Ther-
mal stress is tested by the “thermal cycling test” (TC), which defines at least 200
temperature cycles between -40 °C and +85 °C. Mechanical stress is tested with
“Static Mechanical Load Test” (ML), which defines a minimum homogenous load
of 2400 Pa [Inte16]. A second standard, which covers inhomogeneous snow
loads (IML) [Inte20], also considers the mechanical load only at room tempera-
ture. Therefore, there is no test procedure for the combination of thermal and
mechanical stresses.

Volumetric thermal expansion stiffness £,

glass

encapsulant

Figure 1.3: lllustration of the volume taken into account for the volumetric (green box)
and specific (yellow box) thermal expansion stiffness on the example of glass with regard
to the solar cell, not to scale
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Table 1.1: Young's modulus E, coefficient of thermal expansions a, the product of them
E, and the volumetric thermal expansion stiffness E, taken to the dimensions of the ref-
erence PV module (section 3.3) of the PV module layers at room temperature, ®: provided
by manufacturer, ®: measured.

Layer Material Young's Coeff. of ther- Therm.  Vol. therm.
Modulus mal expan- exp. stiff- exp. stiff-
E sion ness ness
& 61 Eq 1 Eq 1
[GPa] [10°K™"] [kPaK'] [Pam?® K]
Frontglass  Soda- 742 9a 666 3529
Lime
Glass
Encapsulant EVA 0.0085> 270 2.3 1.7
[Eitn11¢]
Solar Cell Cz-Silicon 130 2.62 340 1.5
[Wies12] [Lyon77]
Backsheet  TPT 3.5 50.4 176 102
[Eitn11a] [Eitn11a]
Busbars Silver 7 10 70 0.0002
[Kohn07] [Rend16a]
Ribbon Copper 70 17 1190 0.05

[Wies12]  [Wies12]

1.5 Structure of the Work

This work is based on three different approaches to determine stress in solar cells:
one approach consists in numerical simulations by the finite element method,
two approaches are to validate the simulations experimentally:

1. p-Raman spectroscopy.
2. Solar cell integrated sensors.
3. FEM simulations.

The development of these three approaches is separately discussed throughout
the entire work. Accordingly, each chapter is structured regarding to them.

Chapter 1 introduces the framework within this work and its objectives (Sec-
tion 1.2). It also introduces the conventional PV module design (Section 1.3) and
the specific thermal expansion stiffness E, (Section 1.4).

Chapter 2 is a concise overview of the state of the research.

Chapter 3 describes the approach and used methods within this work.




1 Introduction

Chapter 4 comprises the main results and findings of this work. First, it shows
the results of the developed experimental stress determination methods (Sec-
tions 4.1 and 4.2). Followed by results of the investigation of singularities in the
FEM model as well as the validation by mechanical load tests in Section 4.3. The
following Sections show the stress within the PV module: Section 4.4 describes
the stress from PV module production and comprises the p-Raman measure-
ments as well as FEM simulations. Section 4.5 describes stresses originating from
mechanical load as well as temperature differences by FEM simulations. The last
Section 4.6 within Chapter 4 shows the results of a comprehensive parameter
sensitivity study.

Chapter 5 discusses the results, again first the development of the stress deter-
mination methods in Section 5.1, followed by the discussion of influences on the
stress within the solar cells in Section 5.2. Within this section thermomechanical
design rules are derived, which are summarized in Section 5.3.

Finally, Chapter 6 summarizes the work and gives an outlook.




2 State of the Research

In this chapter, the state of research is discussed on the basis of the most relevant
publications. Since this work covers different areas, with each having a broad
spectrum of publications, the discussed references are chosen to give an over-
view of the relevant scientific achievements in each area.

The basis for today’s PV technology was developed in the Flat-Plate Solar
Array Project [Call86], which was started in 1975 and conducted by the Jet Pro-
pulsion Laboratory. In this 10-year research project, it was investigated how pho-
tovoltaics developed for space applications can be transferred for terrestrial use.
Although todays PV modules have a different design, the technology is still
strongly influenced by the eight reports covering different components of PV
modules [Brig86, Call86, Cudd86, Gall86, Leip86, Lutw86, McGu86, Ross86].
An important aspect was degradation of PV modules and factors influencing it.
The influences of stress in solar cells for example was investigated by parameter
variations of a FEM model simulating a temperature change of 100 K [Carr76].
From these results also first design rules were derived. However, the investigated
PV module design differs from today’s conventional design (see Section 1.3) in
two aspects: 1. As back layer an Aluminum substrate was used. 2. No encapsul-
ant was used between substrate and solar cells. Instead, solar cells were adhered
to the substrate by an adhesive. Also, for most parameter variations, the front
cover was neglected. Therefore, today only the design rule for encapsulants is
applicable. It recommends thermally soft encapsulant, i.e. encapsulants with a
low thermal expansion stiffness E,. Although, most of the design rules them-
selves are not applicable anymore, the methodology is still valid. Nevertheless,
no other publications covering general thermomechanical design rules explicitly
could be found. Since this work focuses on thermomechanical design rules, the
following Sections cover the state of the research regarding thermomechanical
stress in solar cells within a PV module.

2.1 Thermomechanical Stress

Degradation of PV modules is still a subject of research [Ferr12, Jord13, Jord16,
Koént16, Ként17], where mechanical stability is one important aspect [Kont11,
Ping09]. There are several publications focusing on thermomechanics, e.g.
[Diet10, Eitn11a, Eitn11b, Eitn11c, Krae14, Krae15, Lee11, Lee12, Pagg13b,
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Thak12] and on mechanical loads, e.g. [ABmu17a, ABmu17b, Lee13, Mick11,
Muilh13, Sand13, Schn17, Suzu18]. The most relevant publications will be briefly
introduced below. Mostly, the focus is just on one part of the PV module, like
ribbons [Krae13] or different metallization layouts [Diet13b].

Mickiewicz et al. [Mick11] have shown on 9-cell laminates that the drastic
increase of EVA’s Young's modulus at temperatures below 0 °C leads to an in-
crease in cracks in the solar cells during mechanical load. Even though Muhlhofer
et al. [Mlh13] found, that the higher stiffness of the encapsulant at low tem-
peratures results in a lower bending, they confirmed Mickiewicz observations
also for 60-cell modules.

Gabor et al. [Gabo16] compared different PV modules setups and mounting
structures in mechanical load. They found that reducing the strain gradients re-
duces the amount of cell cracking. Also, they showed that solar cells in glass-
glass modules are exposed to very low stresses due to the position in the neutral
axis.

2.1.1 Experimental Stress Determination

Experimental methods for determination of stress within PV modules can be di-
vided into non-invasive and invasive methods, as depicted in Figure 2.1. In the
following, methods which are relevant for this work are summarized, for more
details it is referred to literature, like [Shar08]. For each method examples of ap-
plication on solar cells are given. The two methods used in this work, py-Raman
spectroscopy and piezoresistive stress sensors, are covered in more detail.

Raman
spectroscopy
x-Ray foil
diffraction . - stress - y strain gauge
digital measurement piezoresistive
image correlation (CMOS) sensor
infrared
photoelasticity

Figure 2.1 Overview of experimental stress determination techniques relevant for PV mod-
ules.

2.1.1.1 Non-Invasive Stress Determination

Most non-invasive stress measurement methods comprise methods utilizing the
interaction of any kind of electromagnetic waves with matter. The advantage of
such methods is that usually they do not require a special sample preparation.
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The limiting requirement for such methods is the need of a direct field of view
from the radiation source to the detector, which is not possible for all setups.

Eitner et al. [Eitn09, Eitn10b] used the digital image correlation with two CCD
stereo cameras to measure the cell gap displacement of a three-cell PV laminate
from thermal loading. An accuracy of 1 um was achieved and the method was
used to validate a FEM model.

Wong et. al [Wong97] used Infrared (IR) photoelasticity to measure the stress
in solar cells due to silicon oxide and aluminum layers. Zheng et al. [Zhen02] used
phase stepping to obtain the magnitude and orientation of stress in solar wafers.
Since IR photoelasticity is a transmissive method, application in PV modules is
only possible, if all materials are IR transparent.

Another optical stress measurement method is X-ray microdiffraction, which
has been established in recent years. There are two different approaches in the
literature:

1. The measurement of deflection by a laboratory X-ray setup, called X-ray
topography: Meng et al. [Meng16, Meng18] applied the method to
quantify the bending and stress of a 31.8x31.8 mm?2 solar cell due to
lamination. Since the stress is obtained from the deflection measure-
ment, X-ray topography is limited to processes involving a deflection.

2. Microdiffraction using a synchrotron X-ray source: Budiman et al.
[Budi14] apply the method to measure the stress of a 125x125 mm?
back-contact solar cell within a PV laminate with a transparent back-
sheet. Due to limited penetration depth, the measurement has to be
performed through the backsheet and requires a synchrotron X-ray
source. Nevertheless, the same group used the method to investigate
stress after soldering and lamination in a 125x125 mm?2 back-contact
solar cell [Tipp17] as well as the influence of two different encapsulants
on stress after lamination [Hand17]. Recently, the method was trans-
ferred to multicrystalline solar cells by the same group [Tipp19].

Raman Spectroscopy

Raman spectroscopy is a well-established method for stress determination in the
field of microelectronics [Anas70, Gane70, Loud64, Wolf96a]. It allows spatially
resolved measurement of stress without a mechanical contact to the sample,
which is explained in detail in Section 3.1. In the following, some examples for
the application in the field of photovoltaics are given. However, there was no
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work about the application of Raman spectroscopy in laminated solar cells within
a PV module available at the start of this thesis.

Gundel et al. [Gund11a, Gund11b] used p-Raman spectroscopy to identify
stress from laser-induced doping. They measured in cross sections of floatzone
silicon solar cells. Within the same group first attempts were taken to incorporate
surface topology of silicon solar cells for a more accurate measurement of doping
concentration [Hein12, Hein14]. These works were the foundation of the meas-
urement procedure developed within this work. Also on cross sections of mono-
crystalline silicon wafers, Schmid [Schm10] measured stress from different met-
allization pastes. She experimentally determined the Raman peak position of the
investigated samples as (520.44 = 0.05) cm™ and the correlation of the Raman
peak shift to stress for a <100> surface as (300 + 30) MPa/cm™' using a 3-point-
bending setup. Muhleisen et al. [MUhI15] measured the stress around the busbar
end from solar cell interconnection on the surface of multicrystalline solar cells.
They used 520.5 cm™ as the silicon reference peak value and conversion factors
from literature. From the same group, Neumaier et al. [Neum16] used the same
method to measure stress in mono- and multicrystalline solar cell strings. They
did not take different crystal orientations in multicrystalline solar cells and the
structure pyramids of monocrystalline solar cells (see Section 3.1) into account.
Therefore, their results scatter significantly. A more thorough investigation of the
effect of multicrystalline solar wafers was done by Pogue et al. [Pogu18]. They
used Raman spectroscopy and photoelasticity to measure residual stress within
grains and on grain boundaries from casting and wire sawing. Using polarized
p-Raman spectroscopy, they resolved each crystal in the multicrystalline silicon
wafer individually. The polarized p-Raman spectroscopy was established by
Becker et al. [Beck07]. Popovich et al. [Popo11] also investigated residual stress
in multicrystalline solar cells in the different production steps from wire sawing
until metallization. They used different monocrystalline conversion factors from
literature for cross-sectional and surface samples independent on grain crystal
orientation.

2.1.1.2 Invasive Stress Determination

Invasive methods require a special sample preparation or modification with the
benefit, that no field of view is necessary. Therefore, they can be used in a wider
range of applications than non-invasive methods. However, the drawback of the
sample preparation is that it often modifies and interacts with the investigated
effects.
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One of the conventional techniques for the measurement of stress in lami-
nates are foil strain gauges [Ifju08]. These utilize the dependence of the re-
sistance on strain. A metal is usually attached to a carrier foil in a meander style.
However, in PV modules they are rarely used because of several disadvantages
[Eitn10b]. For example, the strain gauge adheres to the encapsulant as well as
the solar cell, therefore the strain in the gauge cannot be appointed to one layer
specifically, which is particularly a drawback for thermal stress. In addition, in-
serting the strain gauge into the laminate usually requires a special sample prep-
aration, which modifies its thermomechanical properties. Nevertheless, Hirschl et
al. used strain gauge rosettes to measure strain in a one-cell PV laminate during
lamination and subsequent thermal cycles [Hirs12]. They concluded that the de-
viation of the measurement to a FEM simulation originates from the anisotropic
material behavior of the encapsulant.

Piezoresistive Stress Sensors

The piezoresistive effect of semiconductors, like silicon, is well known [Kand82,
Kand91, Smit54]. It correlates a strain to a resistance change, which allows the
measurement of strain within the semiconductor itself. First sensors were devel-
oped by Edwards, Spencer et al. [Edwa83, Spen81]. Since then silicon based pi-
ezoresistive stress sensors play an important role in the field of microelectronics
[Gree88, Jaeg94], there are several text books covering different aspects, for ex-
ample [Doll13, Shar08, Swee93, Tran14, Volk06]. In research, the applications
range from the investigation of process steps [Lemk11] to analysis of the elec-
tronic packaging [Bitt91, Suhl01]. Especially the investigation of the stresses ap-
plied by the packaging to all kind of sensors is in the focus of many publications,
as indicated by the review of Barlian et al. [Barl09]. Further applications are pres-
sure and force sensors [Barl09]. The majority of today’s piezoresistive stress sen-
sors are complementary metal-oxide—semiconductor (CMOS) based sensors
[Barl09]. Often they consist of a set of four sensors, connected in a Wheatstone
bridge configuration [Gies11].

However, so far there are no applications using solar cell production pro-
cesses and implementations on silicon solar cells or even within PV modules
known.

2.1.2 Finite Element Modelling of PV Modules

The finite element method offers the possibility to assess the full physical state
of the PV module. Since this is a huge advantage compared to the experimental
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stress determination, FEM simulations are a convenient alternative to experi-
ments. However, due to the large aspect ratio of the planar dimensions to height,
FEM modelling of PV modules requires an enormous computational effort for
absolute values, which also have to be validated. Therefore, just with the im-
provement and price decline of simulation hardware in recent years, the use of
mechanical FEM simulations increases. In the following, the most relevant works
are summarized.

Eitner et al. [Eitn11a, Eitn11b, Eitn11c] investigated the thermomechanical
stress after lamination at 150 °C and one temperature cycle to -40 °C of a frame-
less 60-cell glass-foil PV laminate without ribbons systematically. For each PV
module component, they have investigated the materials with regard to the ma-
terial model. They conclude that except of the EVA, all components can be sim-
ulated using linear elastic material models. For EVA they propose a generalized
Maxwell model with 26 arms [Eitn10a]. They found the third principal stress oy
in the solar cells of the glass-foil laminate at -40 °C between -14.4 MPa
and -84.4 MPa. Their model was validated using a minimized 2D FEM model of
a three cell string where the cell gap displacement was compared to a measure-
ment with a digital image correlation [Eitn09, Eitn10b].

Dietrich et al. [Diet10] investigated the influence of the height of solar cells
and EVA on the stress from thermal cycling and mechanical load from 4-point
bending of a frameless PV laminate consisting of one 5-cell string. Both param-
eters strongly influence the bending of the laminate. They found that the highest
stress occurs at the end of the busbar. For all materials linear elastic material
models were used. The FEM model was validated by measuring the deflection in
a 4-point bending test. In further works, they showed that the aluminum back
side metallization has no significant influence on stress in solar cells and extended
the FEM model to a 60 cell PV module including a frame [Diet14]. The FEM model
includes ribbons on the solar cells but not in the cell gaps. With the 60-cell model,
they simulated lamination and 2400 Pa mechanical load, where a line mounting
along either the long or short side is used [Diet12]. With the same FEM model,
they showed that non-uniform load leads to a different stress distribution and
consequently the mounting type plays an important role [Diet13al.

Linholm et al. [Lind20] investigated the solder joint fatigue in thermal cycling
on a framed 72-cell module, which includes busbars and ribbons in a submodel.
Except of the solder, for which an Anand’s viscoplastic creep model was used, all
materials were linear elastic. Glass-foil modules induce higher strains than glass-
glass modules and also EVA than polyolefin. The higher accumulated plastic work
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within EVA modules is attributed to its lower Young’s modulus in the investi-
gated temperature range.

Paggi et al. [Pagg13a] proposed multi-scale numerical model of a PV module,
which also covers the grain structure of a multicrystalline solar cell. In the global,
model a frameless 60-cell PV laminate without ribbons was simulated using the
assumption of small deflections. In the sub model, only one solar cell was mod-
elled in full detail, including the polycrystalline microstructure. This sub model
also includes fracture mechanics to compute crack patterns, which are then used
to compute electrically inactive areas and their impact on the electrical perfor-
mance of the solar cell.

ABmus et al. [ABmu17a] derived approximations for different non-uniform
and non-orthogonal load distributions. They used the extended layerwise theory
approach to model a 60-cell PV laminate without ribbons and without a frame
with linear elastic materials. With the same FEM model, they investigated differ-
ent geometrical aspect ratios according to their deflection [ABmu17b].

Schicker et al. [Schi14] showed that if the frame is not considered explicitly,
the used boundary conditions have a significant influence on the deformation of
the module and the stress of the solar cells.

Hartley et al. [Hart20] focused on realistic screw-mounting conditions of a
60-cell PV module without ribbons. They considered the friction between the PV
module frame and the supporting beam as well as the screw. Also, corner con-
nectors were considered with friction to the frame. They used latin hypercube
sampling and the comparison to mechanical load tests up to 2400 Pa to find
realistic friction coefficients. The model assumes geometric linearity with linear
elastic isotropic materials. Within two standard deviations of the mean, deter-
mined by the latin hypercube sampling, the simulation matches the measure-
ments within the uncertainty. The identified the frontglass and the rubber inlay
as components with the highest influence on the deflection.

Kramer et al. [Krae15] showed that stress in solder bonds of 60-cell glass-
glass frameless PV laminates exposed to thermal cycles is significantly higher
compared to glass-foil PV laminates. They also compared the accumulation of
plastic creep strains in back-contact PV modules to conventional glass-backsheet
and glass-glass modules [Krae13, Krae14]. According to their simulation, the
value in conventional solder joints is half the value of back-contact modules and
for both interconnection technologies higher in glass-glass modules than in
glass-backsheet modules. In both studies, for the solar cells, EVA and glass linear
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elastic models were used for all other material bilinear elastoplastic material mod-
els. The FEM model was not validated.

Owen-Bellini et al. [Owen17a, Owen17b] simulated thermal cycling of mini-
laminates with six solar cells incorporating a viscoelastic EVA model. They found
compressive stress in the solar cells and shear stress in the ribbons.

Lee et al. [Lee11] developed a non-validated FEM model of a 60-cell framed
PV module without ribbons using linear elastic material models. The FEM model
covers lamination and subsequent thermal stress caused by the temperature dis-
tribution in operation. According to the FEM simulation the maximum first prin-
cipal stress oy in the solar cells is 29 MPa. With the same FEM model, they simu-
lated a maximum first principal stress a; of 106 MPa at a homogeneous mechan-
ical load of 5400 MPa [Lee13].

Li et al. [Li19] performed a comparative study of busbar solar cells and smart
wire interconnection technology (SWCT) solar cells. The FEM simulation covers
soldering, lamination, transport and subsequent static and dynamic mechanical
loading as well as thermal cycling. As materials they used temperature depend-
ent linear elastic and for the copper ribbons elastoplastic models. The frame was
represented by fixed constraints on the module edges. According to their non-
validated simulations, the stress in solar cells is lower for SWCT modules than for
busbar modules for all investigated loads. For busbar solar cells, dynamic loading
induces slightly higher stress in the solar cells than static loading.

Rendler et al. [Rend16a, Rend16b] simulated the soldering process. They
chose a solar cell stripe as a symmetry element and used bilinear elastoplastic
material models for the copper ribbon. The FEM simulation was validated by the
deflection of a single-side soldered solar cell stripe [Rend15]. They found the
maximum first principal stress ay in the extension of the busbar.

Lai et al. [Lai13] conducted a parameter study of the soldering process, com-
paring different geometry parameters, on a single solar cell. The FEM modell
used bilinear plastic material and elastoplastic material models. They also found
the maximum residual stress in the extension of the busbar. The stress increases
for a decrease of solar cell thickness as well as for an increase in ribbon thickness
and width. They performed a plausibility check by measuring the bow of a sol-
dered solar cell, which was smaller than the simulated one. They extended the
FEM model by crack simulations to take the singularity at the ribbon end into
account. The evaluation of the stress intensity factors confirmed the previous
findings of the stress dependence [Lai14].
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Shiin et al. [Shin18] investigated the influence of soldering and the flattening
of the solar cell during lamination. They performed a parameter study for the
number of busbars, solar cell thickness and different solder alloys on a single
solar cell. The flattening process during lamination was simulated by an applied
pressure. According to their non-validated simulation, the residual soldering
stress slightly decreases by the flattening process.

Song et al. [Song18] used a two dimensional FEM model to simulate the
stress during soldering and the different phases of lamination. They modelled
the cross-section of three three-busbar solar cells as a representation of the cross-
section through the short symmetry plane of a 66-cell PV module. They used
linear elastic, temperature dependent material models for all materials except of
the copper ribbons, which were modelled elastoplastically. The melting of the
encapsulant was modelled by using a temperature dependent Young'’s modulus.
According to the non-validated FEM simulation, the highest stress in the solar
cells occurs in the pressure ramping up phase during lamination.

Knausz et al. [Knau15] showed that the process parameters in the encapsul-
ant production and later in lamination have a significant influence on the thermal
expansion behavior of the foils.

2.1.2.1 Handling Singularities

Stress singularities of sharp corners are well known in the literature, one of the
first who described the singularity of angular corners of plates was Williams
[Will52]. England [Engl71] found that the boundary conditions have a strong in-
fluence on the singularity and determine its type. Also, the geometry strongly
influences the magnitude of the singularity. Sinclair extended the mathematical
framework [Sinc99, Sinc00]. Several works have investigated similar singularities
and found that a typical behavior is the proportionality to r=* with 7 being the
distance to the singularity and A the eigenvalue also called order of the singularity
[Koto06, Mayl12, SincO4a, SincO4b]. With the establishment of the finite ele-
ment method, singularities were investigated using FEM. Whitcomb et al.
[Whit82] revealed that the finite element method is not able to describe the stress
in two mesh elements adjacent to the singularity correctly because the stress
tensor is not symmetric at the position of a stress discontinuity or singularity.
Apart for the two adjacent mesh elements, the stress can be determined correctly
by FEM. Therefore, by minimizing the size of the first two mesh elements, the
influence of the singularity can be localized to a small area. Levy [Levy91] con-
firmed these findings.
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Suganuma et al. [Suga84] discovered that in a ceramic-metal joint the maxi-
mum stress of the singularity decreases with interlayer thickness.

Munz et al. [Munz92] discovered that for thermal loading, the stress near the
singularity is independent of its order. In a later work on ceramic-metal joints
with an interlayer Munz et al. [Munz95] discovered that close to the singularity
the stress is dominated by the interface of the interlayer with the ceramic/metal.
Beyond a critical distance, the influence of the interlayer vanishes and only the
properties of the ceramic and metal determine the stress. Between these two
regions there is a transition zone and far away from the singularity, the stress is
not related to the ceramic-metal joint anymore. The stress magnitude calculated
by FEM close to the edge depends on the material parameters of the layers. For
small differences it converges to a finite value, for large differences it tends to
infinity.

Alam et al. [Alam09] investigated intermetallic compounds of solder joints by
FEM. They concluded that due to the asymmetry of the elastic and plastic prop-
erties there might be always a singularity at the interface between solder and the
intermetallic compound.

Since the FEM-modelling of solar cells is a relatively new topic, there are just
a few authors covering the handling of singularities in the FEM models, apart
from fracture mechanical approaches. Rendler et al. [Rend19] are among the first
mentioning how the singularities are treated. They chose the approach to neglect
the mesh element adjacent to the singularity according to Whitcomb et al.
[Whit82]. Hsiao et al. [Hsia19] modified the geometry by introduction fillets to
avoid the singularities at the regions of interest.




3 Stress Determination Methods in
Encapsulated Solar Cells

The basis of thermomechanical design rules is a detailed understanding of
stresses within a PV module. In module production process residual stress is build
up, which is mainly compressive and locally tensile, e.g. at the end of the busbars.
Therefore, it is important to consider these stresses when investigating stress
from external loads, like mechanical or thermal loads. For a fundamental under-
standing it is desirable to consider residual stress from production and stress from
external loads separately. This option is provided by the finite element method.
Additionally, it gives the possibility to examine the stress globally, hence to iden-
tify locations of highest stress. Moreover, it allows to split the stress tensor in its
components to obtain a comprehensive understanding. In this work a three-di-
mensional FEM model of a PV module is built in the commercial software COM-
SOL Multiphysics v5.4 and v5.5 (see Section 3.3). The FEM model simulates a
rudimental soldering process followed by the lamination., then a frame is added
to the laminate and the stress from the production is transferred and used as an
initial stress state. Finally, mechanical load at temperatures from -40 °C to +85
°C is simulated as well as purely thermal load with the same temperatures. Cru-
cial material parameters, like the temperature dependent Young’s modulus of
the encapsulant are measured by a dynamic mechanical analyzer (DMA 242 C by
Netzsch). The remaining parameters are taken from literature. The FEM model is
validated experimentally. Finally, parameter variation studies are conducted to
investigate influences of material properties and geometric dimensions.

As a brittle material, silicon solar cells can fail under tensile stress. Therefore,
tensile stress is converted into a probability of cell fracture P¢ using the two pa-
rameter Weibull distribution considering size effect (see Section 3.3.3.1).

For the validation of the FEM model stress measurement methods, which are
applicable in a laminate structure are identified. Since only a few methods for
the stress or strain measurement in PV modules exist so far, a focus is put on the
improvement of existing and development of new methods. Two approaches are
used: a non-invasive and invasive. The non-invasive stress measurement utilizes
the dependence of the Raman scattering on the strain in silicon (see Section 3.1).
The p-Raman spectroscopy is widely used in the field of microelectronic, also
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some applications on silicon solar cells are reported. However, so far the surface
topology of silicon solar cells have not been taken into account. Also, no appli-
cation on laminated solar cells within a PV module are reported. Therefore, a
methodology which considers the surface topology of monocrystalline silicon so-
lar cells is developed. This method is then transferred to laminated solar cells,
taking the frontglass and encapsulant into account. The developed method is
used to measure residual stress after soldering and lamination in PV laminates.
The measurement results are compared to the FEM simulation and accordingly
the FEM simulation is validated by them.

So far, no invasive stress measurement method exists, which measures the
stress in the solar cell directly. Foil strain gauges for example, which are attached
to the solar cell surface are in the interface between the solar cell and the encap-
sulant. Thus, they measure a superposition of the strain within the solar cell and
the encapsulant. Therefore, an attempt to integrate a stress sensor into the sili-
con solar cell is made. Different sensor designs are developed, which utilize the
piezoresistance of highly doped silicon by measuring the resistance of a local
highly doped sensing part (see Section 3.2). Along with the sensor design, the
processing is developed and the sensors are produced at the Fraunhofer ISE. The
developed solar cell integrated stress sensors are used to validate the FEM model
by measuring the stress during mechanical load.

3.1 p-Raman Spectroscopy

u-Raman spectroscopy is a method for stress determination in the field of micro-
electronics. Hence, it is well understood for planar silicon surfaces and different
crystal orientations. However, for silicon solar cells there are two differences: 1.
the surfaces are textured and 2. in a PV module, the solar cells are encapsulated
and covered by a frontglass. Consequently, the measurement procedures de-
scribed in the literature are not applicable. To develop a measurement procedure
for laminated textured solar cells, first the influence of the texturing and after-
wards of frontglass as well as encapsulant are investigated. In the following the
general measurement set-up (Section 3.1.2) followed by the developed meas-
urement procedure (Section 3.1.3) is described.

The content of this Section as well as corresponding results have been pub-
lished in the journal Solar Energy Materials and Solar Cells [Bein19]. The method
development has been a collaboration with Andreas Blichler. He conducted the
y-Raman measurements, while my task has been conversion into stress as well
as the silicon pyramid FEM simulation.
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3.1.1 Relation of Strain and Raman Signal

The Raman spectroscopy measures the phonon energy in a crystal by the inelastic
scattering of light [Rama53, Smek23]. Using a laser for excitation, the scattering
spectra shows several peaks. The most prominent is the Rayleigh peak, which is
generated by light with the same wavelength as the laser and results from elastic
scattering. The peak is flanked by two strong peaks that are equidistant on an
energy scale to the Rayleigh peak. These peaks are related to an inelastic scatter-
ing process of photons that involves annihilation or generation of lattice vibra-
tions (phonons). Therefore, the photons causing these peaks, either absorb
(Stokes peak) or release (Anti-Stokes peak) energy in the scattering process, as
depicted in Figure 3.1. The Stokes peak is called Raman peak for a one-phonon
generation. The energetic gap between Rayleigh peak and Raman peak equals
the phonon energy. Commonly, the frequency scale, represented by the wave-
number, is used rather than the energy scale and normalized to the position of
the Rayleigh peak. Then the position of the Raman peak, which follows the shape
of a Lorentzian distribution, defines the Raman wavenumber. If the excitation
laser is focused onto the sample in a micrometer range, it is commonly referred
to as p-Raman.

Mechanical strain induces distortions in the crystal lattice and thus a shift of
the Raman wavenumber. For planar surfaces it can be shown that there is a linear
correlation between strain and shift of the Raman wavenumber [Anas70,
Wolfo6al].
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Raman  Rayleigh
(elastic)

Figure 3.1: Schematic energy-level diagram of the Raman shift; wabs: wavenumber of ab-
sorbed photon, wem: Wavenumber of emitted photon and 2phen: Wavenumber of excited
phonon state. The shift due to strain is indicated by the grey lines; not to scale; modified
after [Bein19].
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3 Stress Determination Methods in Encapsulated Solar Cells

3.1.2 Measurement Set-up

The used p-Raman spectrometer consist of a confocal microscope with an x-y
translation sample stage, a Si-CCD detector and a fiber coupled Nd:YAG laser of
532 nm wavelength for the Raman excitation. The laser has a penetration depth
in silicon of about 1 um. The spot diameter of the focused beam is about 0.5 pm.
The laser power is set to 1 mW. The measurements are performed in scanning
mode, which allows for subsequent measurements of several spectra along a
defined line or within a defined area. An algorithm fits each Raman peak in the
measured spectra by a Lorentzian function. The fit parameter of the center of
the Lorentzian is used as the measurement result for the Raman wavenumber. A
3-point bending stage can be placed on the x-y stage to apply a well-defined
stress in silicon (see Figure 3.2).

Raman
spectrometer

IR

532 nm laser

measurement

\

:y X solar cell stripe
Figure 3.2: Sketch of the 3-point bending setup within the p-Raman spectrometer to

measure on the vertex. The setup can be tilted to measure on the cross-section, not to
scale, modified after [Bein19].

3.1.3 Measurement Procedure

3.1.3.1 Determination of Conversion Factor for Textured Sur-
faces

Due to potassium hydroxide (KOH) etching, the surface of monocrystalline silicon

solar cells exhibits randomly distributed pyramids with (111) flanks. A typical pyr-

amid size is in-between 3-5 pym. The (100) surface is only exposed in the valleys

between the pyramids. Therefore, the light is mainly scattered and emitted on
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3.1 y-Raman Spectroscopy

(111) surfaces. On the other hand, the lattice deformation and the phonon vi-
brations happen also in the (100) plane. Therefore, the phonon vibrations, i.e.
the stress sensing, and the photon back scattering may happen in different crys-
tal planes. Additionally, the stress distribution within the texture pyramids on the
stretched solar cell is inhomogeneous. Using a simple FEM simulation of one sil-
icon square-based pyramid (base: 5x5 um2, height: 5 um, Figure 3.3, material
properties Table 3.2), which edge is displaced on its base, the stress distribution
within the texture pyramids is simulated. If the base of the pyramid is stretched,
tensile stress appears all over the volume close to the base. In comparison on the
upper part of the pyramid the two flanks that are parallel to the direction of the
stretch show tensile stress, while the two flanks perpendicular to the stretch
show compressive stress (see Figure 3.3). With an increasing displacement of the
base, the tensile stress in the flanks parallel to the deflection increases close to
the base. However, close to the tip, compressive stress increases. Thus, the vari-
ation of the stress magnitude along the surface near the bulk increases, as well
as the magnitude of the average (tensile) stress.

Since the spot-size of the used laser is small compared to the pyramid size,
u-Raman spectroscopy resolves the inhomogeneous stress distribution within the
texture pyramids. This means that y-Raman measures tensile and compressive
stress on the surface of solar cell stripes, depending on the laser beam position
on the pyramid. The following consequences from the simulation are relevant
for the formulation of a measurement procedure on textured surface on a silicon
bulk that is under tensile stress:

1. Volume close to the pyramid tips is mainly in compressive stress.

2. Volume close to the pyramid base is mainly in tensile stress.

3. Seen from top-view perspective, the area fraction of tensile stress is large
compared to the compressive stress volume along the pyramid tip. Thus,
if the Raman frequencies within an area bigger than the pyramid size are
averaged the influence of tensile stress dominates.

4. Since tensile and compressive stress increase with increasing deflection,
the variation of measured Raman frequencies in such an area increases.

For the experimental verification it is referred to [Bein19, Blch17]. As the
results in Figure 3.3 show, the induced stress in the bulk leads to different stress
values in the pyramid. Therefore, the measurement values depend on the used
optics, more precisely on the depth of focus compared to the pyramid height. A
high numerical aperture (NA) lens allows for spatially resolved analyses of the
local stress distribution, as the depth of the confocal plane is small with respect
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3 Stress Determination Methods in Encapsulated Solar Cells

to the pyramid texture height. A low NA lens detects light from the whole py-
ramidal shaped surface, as the whole texture lies within the confocal plane. Con-
sequently, a low NA objective is used for textured surfaces.
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Figure 3.3: Top left: sketch of a simulated silicon pyramid. Top right: normal stress in x-
direction in the cross-section of the pyramid (indicated in petrol) that results if the base
edge is displaced in the direction indicated by the black arrows. Both modified after
[Bein19]. Bottom left: normal stress in x-direction along the evaluation line (indicated in
yellow); Bottom right: normal stress in x-direction at the two evaluation points (indicated
in green and orange).

To determine a conversion coefficient for textured silicon surfaces, identically
processed industrial crystalline silicon solar cells are split into stripes of 10x1 cm2.
The Young’s modulus is determined measuring the force-deflection-curve of 20
stripes on a universal testing machine zwicki Z0.5 TN with an identical 3-point
bending stage to the one in the p-Raman spectrometer. For these probes, the
maximum stress on the surface of the solar cell strip at the vertex is determined
in dependence of the deflection within the linear elastic limit (Figure 3.4).
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3.1 y-Raman Spectroscopy

Using the 3-point bending stage within the py-Raman setup, the Raman spec-
tra on the surface of the textured solar cell stripes at the vertex position is meas-
ured for different deflections. The bending set-up has been installed to induce
tensile stress on the measured surface. For each deflection 1000 Raman spectra
are measured within an area of 10x30 pm?2, that is small compared to the sample
size but large in respect to the surface texture pyramids. The distribution of the
1000 evaluated Raman frequencies for each deflection is summarized in histo-
grams (see Figure 3.4, right). Finally, the distribution in the histograms is fitted
with a Gaussian function. The mean of the Gaussian is used as the measurement
result for the average Raman wavenumber at the respective deflection and the
variance of the Gaussian as a measure for the variation. For each deflection, the
peak shift is plotted in respect to the reference measurement (measurement at
no deflection) in Figure 3.5 right. Until 10 mm, the average peak-shift is a linear
function of the deflection. For higher deflections, the function becomes nonlin-
ear due to sliding.
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Figure 3.4: Left: Calculated maximum stress values in the vertex of a 10x1 cm2 solar cell
stripe for different deflections in 3-point bending test. Right: Measured distributions of
Raman frequencies for different deflections in 3-point bending test. Each histogram is fitted
with a Gaussian. Both modified after [Bein19].

To determine the conversion coefficient, for each deflection the calculated
maximum stress is plotted versus the average peak shift of the 1000 measure-
ments. By a linear regression, the slope of the line was obtained, which defines
the conversion coefficient 2.
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Figure 3.5: Left: Average peak shift for each deflection in 3-point bending test compared
to the reference measurement; please note, that the error bars are too small to be visible.
Right: Gaussian variance of the measured Raman peak shift for each deflection in 3-point
bending test. Both modified after [Bein19].

3.1.3.2 Influence of Frontglass

To investigate the influence of the frontglass of a module on the stress determi-
nation via p-Raman spectroscopy, a glass sheet (height: 3.2 mm) is placed be-
tween a solar cell stripe (10x1 mm?2) on the bending stage and the microscope
lens. Since the confocal microscope focusses on the silicon surface, light interac-
tion with the glass sheet is not measured by the py-Raman Spectrometer. Thus,
any residual stress from lamination does not impact the measurement. However,
the optical losses (reflection and absorption) have to be compensated by increas-
ing the laser intensity, which is adjusted to induce a Raman peak intensity of
approximately equal height with and without glass. For several deflections the
same sample is measured 1000 times in an area of 10x30 um? at the same spot
with and without the glass sheet. The peak shifts are plotted in histograms and
the Gaussian fits of the obtained distributions for 0.5 mm and 1 mm deflection
are compared.

3.1.3.3 Laminated Solar Cells

To determine the thermomechanical stress from each module production
step on the sunny side of the solar cell, twelve single-cell laminates have been
built using industrial processes. Monocrystalline three busbar solar cells, with
continuous busbars on the front and six solder pads on the back (see Figure 3.7
and Table 3.2 for the material specifications) are used. Since the residual stress
would be relieved by crack formations, the solar cells are controlled for cracks by
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3.1 y-Raman Spectroscopy

electroluminescence imaging (EL) after soldering and lamination. Figure 3.6 illus-
trates the performed investigations after each production step.

p-RS Soldering p-RS p-RS

I

Initial
3BB cell

FEM FEM

Figure 3.6: Schematic flowchart of the conducted measurements and simulations after
each module production step. EL: Electroluminescence imaging, Y-RS: y-Raman spectros-
copy, FEM: Finite element modelling. Modified after [Bein19].

Figure 3.7: Investigated solar cell layout with the positions of y-Raman measurements. The
area scan is additionally enlarged in the insertion. The back side is overlaid on the right.

Temperature influences the Raman peak-position but the measurement set-
up did not allow an accurate control of the solar cell temperature. Therefore, a
measurement procedure that is invariant to changes in the solar cell temperature
has been used. A reference wafer position, that has the lowest stress change
during processing, is defined. This reference position is measured before and
after each p-Raman measurement on the actual region of interest. The stress in
the region of interest is then determined based on the average difference of the
Raman peak position detected in the measurements on the reference wafer po-
sition and the measurements within the region of interest. The corner of the solar
cell is used as reference position, since it is expected to be the wafer position
with the lowest stress [Eitn11a]. This and all other used measurement locations
are depicted in Figure 3.7. To capture the overall residual stress, a measurement
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3 Stress Determination Methods in Encapsulated Solar Cells

in the center of the solar cell between two busbars is performed after each pro-
duction step. The measurement position is labeled by “point” in Figure 3.7. The
reference and actual stress measurement consist of 1000 single measurements
distributed within an area of 10x30 pm2 with an integration time of 0.01 s.

Metallization and Soldering

In order to determine the residual stress from the cell production processes, like
metallization, the stress on the solar cell before soldering has been measured.
Solar cells come with a small bow but are flattened in the lamination process,
therefore, the metallized and soldered solar cells have been flattened by covering
it with a glass sheet, used for module production. The metallized solar cells are
measured additionally without a glass sheet to determine the stress induced by
the flattening.

For the soldering of the solar cell, the semi-automated contact-soldering plat-
form SOMONT CONSOL, which contacts both sides of the solar cell simultane-
ously, has been used. The temperature of the hotplate on the solar cells backside
is set to 175 °C, while the solder tip on the sunny side to 235 °C with a contact
time of 3 s. After the soldering and EL inspection, the residual stress of the flat-
tened solar cell is recorded.

Lamination

The soldered solar cells are then laminated using a conventional module setup,
with two layers of commercially available low UV-cut-off Ethylene-vinyl acetate
(EVA), a trilayer composite Tedlar-Polyethylene-Tedlar (TPT) backsheet and a
frontglass. A maximum lamination temperature of 160 °C is used. After the lam-
ination process, the residual stress is measured again at the same position as the
soldered cell. Additionally, a quarter of the solar cell is scanned, labelled by “cell
scan” in Figure 3.7. Here, the Raman signal is measured each 200 pm in x and y
direction on an area of about 85x85 mm?2, which sums up to 180,625 measure-
ment positions. To reduce the measuring time, only 10 Raman spectra are meas-
ured at each position. The obtained peak positions are fitted with a Gauss-func-
tion. To overcome the thermal drift during the long measurement, three charac-
teristic positions (indicated in Figure 4.15) have measured before and, as a con-
trol, also after the area scan. With these values the peak shift due to temperature
is determined and the area scan values are shifted accordingly. A second area
scan at the end of the busbar is performed, labelled by “area scan” in Figure 3.7,
measuring the Raman signal again 10 times every 20 ym on an area of about
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3.1 y-Raman Spectroscopy

6x6 mm2, which sums up to 129,600 measurement positions. The thermal drift
correction is also applied.

For the line scan, 1000 Raman spectra have been recorded each 50 ym along
the diagonal of the solar cell, labelled with line scan in Figure 3.7. This results in
1000 measurement positions. Afterwards a mean over 35 neighboring points
has been drawn and then the peak shift has been converted into stress. Since
the line scan is much faster than the area scan, no thermal drift correction is
required.

3.1.4 Stress Components Measured by p-Raman

De Wolf [Wolf96a] showed that depending on the crystal orientation of the sili-
con surface different modes of the Raman signal are observed. On textured sur-
faces the (111) plane dominates, while also (100) planes might be present. Ad-
ditionally, the Raman wavenumber shift depends on the crystal plane in which
phonons propagate, which is the (100) plane and not the plane of main absorp-
tion and emittance for textured surfaces. Therefore, it is not straight forward to
determine which Raman modes are involved in the scattering process on textured
surfaces. Conveniently, for the determination of the conversion coefficient,
there’s no need to know which crystal planes are involved in the Raman scatter-
ing, because it correlates a measured peak shift to a measured stress. However,
in order to compare the FEM simulation described in Section 3.3.4.1 to the p-
Raman measurements, the stress components detected by p-Raman spectros-
copy must be known. In the FEM simulation, the surface texture is not considered
and the solar cell has a planar (100) surface. For such a (100) surface only the
third Raman mode is observed. The modes represent the eigenvalues 1 of the
secular equation [Anas70, Gane70]:

PEx t q(gy + gz) -4 ngxy 27y,
2Téeyy, pey +qlex+¢&,)— A 2rey, @
2Ty, 2rey, pe; + q(ex + ey) -2
=0 )

where g;; are the components of the strain tensor and p, g and r are the phonon
deformation potentials, which are material constants for constant temperatures.
According to FEM simulations it can be assumed that for the investigated loading
cases, soldering and lamination, &, and &y, are negligible and equation (4) sim-
plifies to
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pEy + q(ey + sz) -1 2T Eyy 0
2Téeyy, pey +qlex+¢&,)—2 0 5)
0 0 psz+q(sx+sy)—l
=0.

From this, the third eigenvalue (13) is obtained as:
A3 = qex + qey + pe; . (6)

Since only the third one is observed during Raman measurements, 4, and 4, are
not shown here. According to De Wolf [Wolf96a], this eigenvalue corresponds
to the third Raman mode:

A
Awz = w3 — w39 = 3 (7)
! 20)3’0
A 1
S A v = (qex + qey +pe2), (8)

2(,03'0 2(,03'0

with w3 ¢ being the stress free and w3 being the shifted wavenumber of the third
Raman mode. Therefore, the wavenumber shift can be related to the stress com-
ponents using the inverse constitutive equation € = § - g, with the inverse 6x6
elasticity tensor § and the strain vector ¢. Please note that tensors are printed in

bold:
gx Sll 512 512 O O 0 UX
&y S12 S11 S12 O 0 0 /Uy\
gZ _ 512 512 511 0 0 0 . I 0 I (9)
0 “10 0 0 Sy O 0 o |-
0 0 0 0 0 S, O \0 /
2exy 0 0 0 0 0 Suy Oxy

It is assumed, that o, oy, and gy, are negligible, as confirmed by the FEM simu-
lations for the investigated load cases. With equations (8) and (9) it follows:

1
Awz = o (q(S11 + S12) + pS12) (Ux + Uy)- (10)
w30

Equation (10) corresponds to the result from De Wolf [Wolf96a] for a biaxial and
a uniaxial stress. Therefore, the conversion coefficient holds for all investigated
load cases. From equation (10) it follows that Raman scattering on a (100) sur-
face measures a superposition of the normal stress in x- and y-direction. In the
literature [Wolf96a] it is common to define the stress as:
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O'=%(O‘x+0'y). (11

Consequently, when comparing FEM simulation results to py-Raman measure-
ments, the stress is evaluated according to equation (11).

3.2 Solar Cell Integrated Stress Sensor

In the previous chapter, u-Raman spectroscopy has been introduced as a method
for stress determination. Since it is based on the interaction of an electromag-
netic wave with an atom in a crystal lattice causing lattice vibrations, which in
turn perturb the other electron shells, the measurement has to be performed
with a special, darkened setup and usually in a laboratory. Consequently, in-situ
measurements are very challenging for this method. To overcome these issues, a
piezoresistive stress sensor, which is integrated into the silicon solar cell wafer
has been developed in this work. It measures stress in the solar cell itself without
interfering with it.

After a successful development phase, described in Section 3.2.1, the chosen
sensor has been implemented into a solar cell wafer and used for the validation
of the FEM model, which is described in Section 3.3.4.2.

3.2.1 Development

The sensor is based on the piezoresistance effect of doped silicon similar as in
sensor applications in the field of microelectronics [Gies10, Gies11, Spen81,
Suhl01]. The method is transferred to p-type monocrystalline silicon solar cell
wafers and lab-scale silicon solar cell production technologies are used. The stress
sensor is realized as a rectangular piezoresistive resistor using high local n-doping
by ion-implantation and subsequent silver metallization, as depicted in Figure
3.8. The same process is used to generate local passivated contacts in silicon solar
cells. To shield the sensor from the electrons generated in the adjacent silicon, a
highly p-doped shielding guard-ring (set to ground in the characterization meas-
urements) is implemented around the sensor.

Since silicon based piezoresistive stress sensors are well known in the field of
microelectronics, it is referred to textbooks like [Doll13, Lau93, Tran14, Volk06]
for a detailed description.
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[ guard ring

x, [010]
Figure 3.8: Schematic drawing of a piezoresistive stress sensor integrated in solar cells. a:
Cross-sectional view, the sensor consists of a highly n-doped area within the p-doped sub-
strate and a highly p-doped shielding guard-ring. Both are contacted by Ag metallization.
b: Top view: the p-doped area of the shielding is hidden by the metallization. The dotted

line indicates the shape of the piezoresistive sensor part, which is hidden by the SiO: layer.
Not to scale, modified after [Bein20a].

3.2.1.1 Piezoresistance of Silicon

This Section gives an overview of the piezoresistance effect of n-doped silicon
focusing on the physics needed for the sensor development. If not further spec-
ified, the content is based on the textbooks of Doll et al. [Doll13], Trénkler et al.
[Tran14] and Volklein et al. [VOIk06].

The resistance R, of a rectangular sensor depends on the sheet resistance Ry
of the n-doped layer, its length | and width w:

l
Roo = Ro—. (12)

If an external stress is applied to the sensor, the change of resistance AR, can be
expressed in first order approximation by the piezoresistive tensor 7, which also
reflects the anisotropy of silicon [Suhl01]:

ARy = Rso TG, (13)
with & being the stress vector in the so-called Voigt notation.

For a uniaxial stress, which is the case for a four-point bending test, the stress
vector g has one component a, and equation (13) reduces to
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ARO- = RO’,O 110y . (14)
By correlation an external stress to a resistance change, this relation defines the

sensitivity S, of a piezoresistive sensor:

AR, (15)
Ro‘,O Ox .

So =Ty =

The piezoresistive coefficient ;; depends on the temperature T and the charge
carrier density N, which can be described by the dimensionless factor P
[Kand91].

my1(T,N) = T11,ref P(T,N), (16)

where 111 ref IS the piezoresistive coefficient at room temperature and a given
charge carrier density Ny.or. With equations (12) and (16), the change in re-
sistance AR, due to a uniaxial stress becomes

l
4R = Ry — M1 ref P(T,N) oy . (17)

Hence in addition to stress the resistance change AR, is influenced by the sheet
resistance Ry, the aspect ratio a = I/w, the charge carrier density N and the tem-
perature T. The latter dependence vanishes for sufficiently high charge carrier
densities (> 10%° cm3) [Kand91]. From these parameters different design varia-
tions is derived in the next Section.

3.2.1.2 Design Development

With equation (17) the geometric dimension of the piezoresistive sensor is de-
rived. The resistance R, is chosen in a way that the resulting current for an
applied voltage of 1V is in the range of micro- to milliampere. The sheet re-
sistance Ry is set to a target value of 100 Q/sq. Also, the width w is set to a
target value of 30 um. Therefore, the variables in equation (17) are reduced to
two, the length [ and the charge carrier density N. For the length [ three differ-
ent values are chosen to obtain resistance values for R of 500 , 1000 Q and
5000 Q. For the charge carrier density N two values are chosen. This gives a total
of six different design variations, which are shown in Table 3.1.

The sensors were produced by the group Innovative Cleanroom Technologies
at Fraunhofer ISE on p-type float zone etched silicon solar wafers with a specific
resistance of 1 Qcm and a thickness of 250 um. On each wafer, 40 sensors are
placed in a way that the wafer can be cut into stripes of 10x100 mm? containing
four sensors. The sensors are aligned along the [010]-axis of the (100)-Wafer.
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Due to the cubic crystal-structure of Silicon, the [010] direction is equal to the
[001] and [100].

Table 3.1: Design variations of the piezoresistive stress sensor.

Varia- Charge carrier den- Aspect ratio Lengthl Widthw Resistance
tion sity N a Rso
[cm?] -] [um] [um] [Q

S.1 1% 10" (N%) 5 150 30 500

5.2 1% 10" (N*) 10 300 30 1000

5.3 1% 10" (N+) 50 1500 30 5000

5.4 5x 10" (N+) 5 150 30 500

.5 5x 10" (N+H) 10 300 30 1000

.6 5x 10" (N++) 50 1500 30 5000

Figure 3.9 shows the process flow with the relevant process parameters. The first
process step is the boron (B) implantation for the shield guard-ring. A boron dose
of 5x10"° cm2 is used with an annealing at 1050 °C (80 min, Oz atmosphere).
In the second step the phosphorous (P) implantation takes place. Two different
doses are used:

a) 5.25x10"* cm2 with an annealing at 1050 °C (80 min, Oz atmosphere),
labeled N*.

b) 9%10"* cm2 with an annealing at 950 °C (30 min, Ar atmosphere), la-
beled N**,

In the last step the metal is evaporated (e-gun). The metallization consists of
a stack of titanium, palladium, silver with layer thicknesses of 50, 50 and
1000 nm respectively. For all structures, a positive photoresist is used in photoli-
thography. All implantations as well as the evaporation are done on a beamline
implanter (VlISta HC, Applied Materials). For annealing a centrotherm tube fur-
nace is used.

The doping profiles are analyzed using electrochemical capacitance-voltage
measurements (ECV), see Figure 3.9 right. For the N*-profile a charge carrier

surface density of 1x10'° cm™ and for the N**-profile a surface density of
5x10'? cm™3 is measured.
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Figure 3.9: Left: Process flow of stress sensor fabrication. P: phosphorus, B: boron, e-gun:
electron beam physical vapor deposition, TiPdAg: titanium, palladium, silver. Right: with
ECV measured doping profiles of N* (dark red) and N** (red) profile of the piezoresistor
and the boron profile of the shield guard-ring (green). Both modified after [Bein20a].

3.2.1.3 Sensitivity

The relation of the measured resistance change to the stress within the sensor is
called sensitivity S, is determined by a four-point bending characterization. For
this, the wafers are split into single stripes of 10x100 mm? using a laser. Each
stripe contains four different sensor variations. The current-voltage characteris-
tics is measured for two sensors at a time. The distance of the four-point bending
supports is set so that both sensors are exposed to the same stress. For a more
detailed description of the used four-point bending bridge it is referred to
[Beck15]. In pretests, it is found that the sensor stripes fracture at around
90 MPa, therefore the test range is limited to 65 MPa and subdivided into 13
load steps. At each load step the current at an applied voltage of 1 V is measured
by an electrical four-wire measurement. From the data, the change of re-
sistance AR, is calculated relative to the load of O MPa. The relative resistance
change AR,/R is then plotted over the uniaxial stress oy, (see Figure 4.3). Fi-
nally, the sensitivity S, of the sensor, which corresponds to the piezoresistive co-
efficient 7y is evaluated by performing a linear fit according to equation (15):

AR,

S, ==
o RO’,O AUX

(18)

Between 10 and 19 sensors of each design variation are characterized.

35



3 Stress Determination Methods in Encapsulated Solar Cells

3.2.1.4 Laminate Integration

Of the chosen sensor design a wafer stripe is laminated using a conventional PV
module setup (Figure 3.10), with a 14.7x10.5x0.01 cm? glass, EVA and a TPT
backsheet. The resistance change AR, during a three-point bending test to fail-
ure is measured and interconverted to stress using the sensitivity determined in
Section 4.2.1.1.

glass

c-Si(p+)

Ag SiO,
¢-Si(p) -
encapsulant

Figure 3.10: Setup of the laminated sensor stripe. A standard glass-foil setup is used with
EVA as encapsulant and a 1 mm thin glass, not to scale.

3.2.2 Stress Sensors Integrated in Solar Cells
"SenSocCell"

To measure stress within solar cells of a fullsize module during mechanical load
the developed stress sensors are implemented on a solar cell wafer to be inte-
grated into the PV module production. Accordingly, the samples should have the
size of the solar cells within the used PV module, which have an edge length of
156 mm. The exact setup is described in Section 3.3.4.2. However, it has been
turned out that with the available equipment the processes on such wafer sizes
has not achieve the needed quality and stability, for example the photosensitive
coating used in the photolithography, can not be applied with a homogenous
thickness. Therefore, the sensors are integrated on the wafers used before with
an edge length of 125 mm. Figure 3.11 shows the schematic design as well as a
picture of a SenSoCell. The wafer is aligned so that the [010]-direction corre-
spond to the x-axis in the FEM model and the [001]-direction to the y-axis. The
flat defines the bottom right corner as depicted in Figure 3.11. A pair of the
chosen sensor design S.5 is implemented at six different positions of the solar
cell wafer. At each position one sensor is aligned along the x-axis and one along
the y-axis. Since the stress sensor has a temperature dependence a temperature
sensor is developed simultaneously and also implemented in the SenSoCell (see
Figure 3.11). The temperature sensor is a resistance thermometer utilizing the
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3.2 Solar Cell Integrated Stress Sensor

resistance temperature coefficient a; of the silver metallization. It is used to de-
termine the solar cell temperature exactly. Details about the temperature sensor
can be found in the appendix B. Additionally, a capacitance moisture sensor is
developed. It utilizes the moisture dependence of the encapsulant itself. As elec-
trodes silver metallization is used. However, since the focus of the work is on
thermomechanics, the moisture sensor is not further discussed.

moisture

y, [001]

S snnnfennnnnnnfuonninnnn
[—>x,[010]

20 mm

Figure 3.11: /eft: schematic layout of a cell with integrated piezoresistive stress (red), tem-
perature (orange) and moisture (blue) sensors, not to scale, modified after [Frau20]. At
each position of the stress sensor, two sensors perpendicular to each other are imple-
mented as indicated by the insert. The stress sensors are numbered in clockwise direction,
starting with the top left sensor. Right: picture of a SenSoCell used in the validation exper-
iments.

The SenSoCell is produced with the same processes described above (Sec-
tion 3.2.1.2). For the temperature and moisture sensor only the last two process
steps in Figure 3.9 are applied (see also Figure B.6.4 in appendix B.1). Also for
the busbar and finger metallization these process steps are used with the differ-
ence, that the SiO: layer is opened before to establish an electrical contact to the
silicon bulk.

3.2.2.1 Sensitivity of SenSocCell

The Sensitivity of the stress sensors is verified by 4-point bending on three sam-
ples of sensor pair 6 (Figure 3.11). The 4-point bending test is conducted accord-
ing to DIN SPEC91351:2017-04 [DIN 17] on a zwicki Z0.5 TN by ZwickRoell using
a 50 N force gauge. The roller distance is set to 40 mm and 80 mm with a pre
load of 1 N and a speed of 0.05 mm/s. In order to prevent fracturing, the maxi-
mum stress is set to the same value of 65 MPa as for the sensor stripes. The
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resistance of the stress sensor is measured by a four-wire configuration using the
datalogger Agilent 34970A with a 20-channel relay multiplexer Agilent 34901A.
Each sample is measured 10 times consecutively. Equivalent to Section 3.2.1.3,
the sensitivity S,; is determined for each sensor direction by plotting the relative
resistance change AR,/R,, over the uniaxial stress oy and performing a linear
fit. The mean is drawn over the 10 measurements of each sample and then over
three samples.

3.2.2.2 Stress Components Measured by SenSoCe//

In Section 3.2.1.1 the assumption of a uniaxial stress is made, which holds for
the case of 4-point bending. The stress in a laminated solar cell is mostly biaxial,
thus above derived relation between the resistance change AR, and the stress o
does not hold anymore. More generally, the piezoresistance consists of the lon-
gitudinal and transversal effect, which are defined by the orientation of the
stress to the electric field E:

e Longitudinal: ; Il E,
e Transversal: g; L E.

Due to the low sensor height, the electrical field component along the sensor
height is negligible. Therefore, equation (13) can be written as:

AR, = Ry (m0y + m,0y), (19)

with m and =, being the longitudinal and transversal piezoresistive coefficients
and gy and o; the longitudinal and transversal stress components. As opposed to
uniaxial stress state in a biaxial state, the resistance change is influenced not by
just one stress component but both. In the following, relations for each sensor
orientation are derived.

o, I E and oy L E, (20)
m, =M, and m, = Ty, (21)
o, =0, and oy = 0. (22)

Similarly, for the stress sensor aligned along the y-axis it is:

o, I E and o, L E, (23)
T =y, and T = Ty, (24)
o, =0y and 0y = 0. (25)
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For lightly (1 o'e cm3) n-doped silicon, the literature value of piezoresistive coef-
ficient along [100] are ;= =102 107" 'Pa”'and mry = 53.4 107 'Pa”" [Smit54]. This
allows the assumption:

T = —2 - . (26)
With this, the resistance change AR, (equation (19)) becomes:
1
AR; =Ry (al - Em). (27)

Inserting the relations (20), (21) and (24), (25) gives the resistance change AR,
for the sensor along the x-axis and y-axis:

1
ARO’.X = Ro,O,x ] (Ux - Eo—y); (28)
1
ARa,y = Ro,O,y T (_EUX + Uy)- (29)

Now, adding the resistance changes of both sensor orientations results in the
following relation between the measured resistance change and the stress within
the solar cell:

1 (AR AR 1
<ﬂ + i) = E(O'x + O'y). (30)

T \Rg0.x Ra.O.y

This relation is used for the validation of the FEM model by using the sensitivity S,
determined in Section 4.2.1.1 for the longitudinal piezoresistive coefficient ;.

3.3 Finite Element Modelling of PV
Modules

After a short introduction to the finite element method, the challenges of FEM
modelling of PV modules are described followed by the approach used to handle
these challenges. Finally, the developed FEM model is presented.

3.3.1 Finite Element Method

The finite element method is a numerical method to solve physical problems that
are mathematically formulated as partial differential equations (PDE). As opposed
to an analytical solution, the problem is split into a set of problems, by splitting
the geometry into a mesh of finite elements. For each mesh element integration
points are defined on which the problem is solved numerically by using mostly
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polynomial shape functions. The accuracy of the solution increases with the de-
gree of the polynomial function as well as with the number of mesh melements.
However, both comes with an increase of unknown coefficients in the PDEs,
called degrees of freedom (DoF) of the system, which again increases the com-
putational effort, i.e. solution time and needed memory. Therefore, FEM model-
ling is always a trade-off between an accurate solution and minimizing DoF. In
the following the most fundamental equations will be given, for a more detailed
description it is referred to literature like [Eitn11c, Hart07, Klei12, Wagn17].

For the mathematical description of structural mechanics problems, first the
constitutive equations, which describe the relation between stress and strain,
have to be defined. Here, a linear elastic isotropic material is assumed for sim-
plicity. Then for a three-dimensional problem, the Hooke's law is:

ag=C-§ @31
with the elasticity matrix C:
1—-v v v 0 0 0
v 1—v v 0 0 0
v v 1—v 0 0 0
E | 0 0 0o =% 0 |
C=———— 2 , (32)
(1+V)(1—2V) 1—2v
0 0 0 0
2
0 0 0 0 1-2v
2

where v is the Poisson’s ratio and E the Young’s modulus. For materials with a
cubic crystal symmetry, as it is the case for silicon, the elasticity matrix € can also
be expressed by the three elastic constants Cy4, C;, and C4y4, Which are specified
later in Section 3.3.2.1:

| Ca Cp Gy O 0 0 |
=0 0 0 Cu 0 0] (33)
0 0 0 0 Cy O
0 0 0 0 0 Cu

In equation (31), the stress and strain are written as vectors in the Voigt notation:
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Oxx Exx
Oyy &yy
- Ozz - €
o= and £=| **|. (34)
Txy Vxy
Tyz Yyz
TZX yZX

The strain again is the partial derivative of the displacement vector & = (u, v,w)T:
E=D-u, (35)

with the differential-operator-matrix D:

dx 0 O
0 ady O
10 0 oz
D= gy ox o0 | (36)
0 0z 0dy
dz 0 o0x

Equations (31) and (35) fully describe elastostatic problems together with the
balance of forces:

DT-6—-p=0, (37)
where the vector p = (py, Dy, pZ)T incorporates the external loads.

Inserting Equation (35) in Equation (31) and again in Equation (37) describes the
balance of forces by the displacement vector u:
DT-(C-§=D"-(C-(D-0) = p, (38)
To determine stress for a certain external load p, the displacement vector u
has to be computed by solving this differential equation. Usually, no analytic so-
lution exists and an approximation method has to be used. Here, the variational
formulation is used, which is based on the principal of virtual work. It states that
an elastic body is in equilibrium if the internal virtual work is equal to the external
virtual work:
SW; = 8W,. (39)
We focus on the made approximation of the displacement vector u by the prod-
uct of the row matrix G with the displacement of each node d:

i=6-d. (40)

With this, the principal of virtual work can be expressed by one linear system
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K-d=f, @1

which is the basic function of the finite element method. The vector f incorpo-
rates all external forces of the physical problem, which are set as boundary con-
ditions. The element stiffness matrix K contains the material parameters and
models.

Building the linear system (41) is often very time and memory consuming. There
are two approaches to solve the problem: direct and iterative. For the direct ap-
proach, which is used within this work, a common method is the LU-factoriza-
tion, which decomposes the Matrix K into an upper U and a lower triangular
matrix L:

K=1U. (42)

Due to the triangular shape of these matrixes the linear system (41) is easy to
solve. This approach is robust but associated with a large computational effort.

Less computational resources are needed for the iterative approach. Here the

solution of d is approximated starting from a trial function d,. After the first iter-
ation, the trial function is slightly modified and then the linear system is solved
again. The iterations go until the difference between the (n — 1) and n-th solu-
tion is smaller than a given deviation threshold margin. This method relies on the
convergence of the trial function to the “real” solution, which either might not
occur due to a bad choice of the trial function or a local optimum is found instead
of the global. Therefore, the iterative approach is less stable.

3.3.2 FEM Model of a 60-Cell PV Module

The DoF and hence computational effort increases with number of mesh ele-
ments a geometry is separated in. At the same time, mesh elements should have
an aspect ratio of planar dimensions to height between one and 20 for an accu-
rate solution. Since the aspect ratio of solar cell length (156.75 mm) to height
(0.18 mm) is 867, a very fine mesh is required for an accurate solution. For very
thin structures, an alternative to 3D elements is the use of plate or shell elements.
Here, thin layers are modelled as a 2D structure and stress along height is calcu-
lated using assumptions, e.g. that there are no significant changes perpendicular
to the plane or only a linear stress gradient. Due to this assumption, plate or shell
elements are not applicable to PV modules, because especially the encapsulant
has significant changes along the height. Therefore, only 3D elements are used
within this work. Since all layers of the laminate are rectangular, the use of a
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rectangular mapped mesh which is extruded over the height is a convenient
choice. The resulting hexahedral mesh is the most efficient mesh for rectangular
structures and leads to more robust solutions. Since the stress in the solar cells is
the main focus of this work, the solar cell mesh must be fine rnough to resolve
the stress. Therefore a mesh sensitivity study is conducted below (Sec-
tion 3.3.2.3). The stress in the front- and backsheet plays a minor role, therefore
it is sufficient to resolve the displacement correctly and a coarser mesh can be
used. This is realized by splitting the PV module into two fully coupled compo-
nents, as depicted in Figure 3.12:

1. The interconnected solar cell matrix embedded in the encapsulant.
2. The front- and backsheet connected to the frame with a rubber inlay.

The geometry is build up starting with the backsheet from the symmetry planes
with the origin of the coordinate system being on the back side of the backsheet
at the crossing of the symmetry planes, as indicated in Figure 3.12. All simula-
tions performed in this work, the same coordinate system is used. Also all figures
use this coordinate system.

To further reduce the computational effort assumptions and simplifications are
made:

= The twofold symmetry of the PV module is utilized by modelling a quarter
PV module (see Figure 3.14). In fact the PV module is not perfectly sym-
metric along the long side, because the ribbons go from the top of one
cell to the back of the next cell. However, the inaccuracy by assuming a
symmetry is negligible.

» The rounded edges of pseudo-square wafers are neglected by modelling
the solar cells as full-square wafer.

= The front side finger and back side aluminum metallization is neglected,
since it has no significant influence [Diet14].

= A linear elastic temperature dependent material model is used for the
encapsulant.

= The solder coating (a few micrometers) of the ribbon is neglected and a
linear elastic material behavior is used for copper.

» The composite nature of the backsheet is neglected by modelling it as
one single layer instead of typically three composite layers. The material
properties are measured for the composite, therefore an effective mate-
rial model is used.

= The frame geometry is simplified by reducing it to rectangular elements
and neglecting details with no influence on the mechanical behavior.
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* The mounting of the frame to the supporting structure is modelled by a
fixed constraint at the typical contact area on the bottom of the frame.

= A stationary linear analysis with a linear approximation for the strain is
used.

solar cell

coordinate system |

Figure 3.12: Geometric representation of the reference PV module. Left: component 1:
the solar cell matrix embedded in the encapsulant with a detail-view of the cell gap (inserts).
Right: component 2: the front- and backsheet with the frame. The symmetry planes are
highlighted in green. The origin of the coordinate system is on the back side of the back-
sheet where the symmetry planes cross. The contact area on the frame top is highlighted
in orange. Z-direction 10x enlarged.

156 mm

The FEM model covers a simplified soldering process, lamination and mechanical
load at different temperatures. The stress tensor from each study is transferred
to the subsequent study, as further explained in Section 3.3.2.2.

In the following the developed FEM model of a 60-cell PV module is described
starting with the used material models for each material. Secondly, the simula-
tion studies with used boundary conditions are introduced. Finally, the discreti-
zation into a FEM mesh is explained.

3.3.2.1 Material Models and Characterization

Table 3.2 shows for each PV module layer/component the used material and
corresponding material properties in the FEM simulation of the reference mod-
ule. In the following for each material the chosen parameters are discussed.
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3.3 Finite Element Modelling of PV Modules

Table 3.2: Material properties and layer height of the module materials used in the refer-
ence FEM model, *: provided by manufacturer, *: measured, see Figure 3.13.

Component Material Height Density Young's Poisson’s CTE a
h modulus E ratio v
[mm]  [gem?]  [GPal] -] [10° K]
Frontglass soda-lime 3.2 2.53* 74% 0.24* 9*
glass
Encapsulant  EVA 0.45 0.96 T-dep.t 0.4 270
[Eitn11a] [Eitn11a]  [Eitn11a]
Solar Cell Cz-Silicon  0.18 2.329 Elasticity matrix T-dep.
[Eitn11a] [Gree88] [Robe81,
Robe82]
Backsheet TPT 0.35 2.52 3.5 0.29 50.4
[Eitn11a]
Busbars Silver 0.014  10.5* 7 0.37* 10
[Kohn07] [Rend16a]
Ribbon Copper 0.2 8.7* 70 0.35* 17
[Wies12] [Wies12]
Frame Aluminum varying 2.7 70 0.33 23
[Hayn14]
Rubber inlay ~ Rubber 1.15 0.067*  0.0074* 0.3* 769*
Glass

The glass used for PV modules is a soda-lime float glass with a very low iron
content to reduce absorption and thereby increase transmission. The mechanical
properties of glass are taken from the literature [Duff94, Munz01]. Below its glass
transition temperature T; of 550 °C [Duff94] glass has a purely elastic behavior.
The material parameters used in this work are provided by the manufacturer
f | solar of the used soda-lime float glass f | solarfloat.

Encapsulant

The most used encapsulant in PV modules is EVA, which shows viscoelastic prop-
erties [Eitn10a). Eitner proposed the use of a generalized Maxwell model with 26
Maxwell arms [Eitn11c] and showed in FEM simulations of the cell gap change
within one thermal cycle, that this gives the most accurate representation of the
experimental data. However, in the used Software COMSOL Multiphysics, each
Maxwell arm adds five additional degrees of freedom per mesh node. For the
proposed generalized Maxwell model of Eitner, this corresponds to 133 DoF per
mesh node, instead of three. Within this work it has been attempted to create a
new generalized Maxwell model, with less Maxwell arms. Due to the complexity
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of the material behavior, the number of Maxwell arms could only be reduced to
20 Maxwell arms, which still corresponds to 103 DoF per mesh node. The imple-
mentation in an FEM simulation of lamination has shown that the stress value at
room temperature converges to the value using a temperature dependent mate-
rial model. However, the computation time and used memory increases drasti-
cally. Therefore, a temperature dependent Young's modulus is used in order to
allow for extensive parameter variations within a reasonable computation time.

The temperature dependent Young’'s modulus is extracted from dynamic me-
chanical measurements at 1 Hz in the range from -100 °C to +160 °C using the
DMA 242 C by Netzsch. Figure 3.13 shows the obtained data for the EVA STR
PHOTOCAP 15585, which is used as a reference, and one experimental thermo-
plastic Polyolefin (TPO), used in the material variation study.

Solar Cell

Silicon solar cells exhibit a cubic symmetric material behavior. The linear elastic
properties are expressed by the elasticity matrix € (see equation (33)). Due to the
cubic crystal symmetry, three values are enough to fully describe the elasticity
matrix C. The values taken from the literature [Gree88] are: C,;=164.8 GPa3,
C,,=63.5 GPa and C,44,=79.0 GPa. The coefficient of thermal expansion a is tem-

perature dependent [Robe81, Robe82] and is 2.62x10° K at 25 °C.
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Figure 3.13: Measured temperature dependent Young's modulus at 1 Hz of two encap-
sulants. For clarity not all data points are shown, the line is a guide to the eye.
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Backsheet

Most backsheets are multi-layer materials with usually three layers. Typically, the
inner layer is by far the thickest and therefore the outer layers have a minimal
impact on the thermomechanics of the PV module. Therefore, the backsheet is
simplified to just one layer with an effective linear elastic material model. The
material parameters of the used backsheet Isovoltaic Icosolar 2442 are docu-
mented in the literature [Eitn11a]. This backsheet has a PET core with PVF outer
layers. For other backsheet used in the parameter variation, tensile tests on a
universal testing machine zwicki Z0.5 TN by ZwickRoell are performed to deter-
mine the Young's modulus at room temperature.

Busbars and Ribbon

The busbars consist of a screen printed and tempered silver paste, the ribbons of
solder coated copper. Since the solder coating of the ribbons is thin compared
to the copper core, the ribbons are simplified to pure copper. To reduce the
computational effort, a linear elastic material behavior is used instead of a plastic,
which holds for strains below 1 % [Wies09]. It is noteworthy, that the Young's
modulus of ribbons is due to the fabrication process lower than for conventional
bulk copper [Wies09]. Also, for the silver paste, the assumption of a linear elastic
material model is taken to reduce the computational effort.

Frame

The frame is made of extruded aluminum. It is assumed that the strains within
the frame stay in the elastic regime. Accordingly, the frame is modelled by a
linear elastic material model, with data taken from the literature [Hayn14].

3.3.2.2 Studies

Figure 3.14 illustrates the simulated processes and how they are implemented as
simulation studies. Each step is introduced in the following subsections. For all
studies static simulations are performed.

Soldering

Prior to the lamination a simplified soldering process is simulated to consider the
stress from soldering in the subsequent processes. For this simulation step only
the solar cells with busbars and the ribbons are considered. A homogeneous
temperature distribution is assumed and the cooling down from the solder solid-
ification temperature of 179 °C to room temperature is simulated in one single
step. To suppress rigid body motion and at the same time simulate the flattening
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of the strings during the lamination process, the out-of-plane translation is sup-
pressed (roller constraint) on the back side of each ribbon. Additional roller con-
ditions are placed on the side of the first ribbon in the first solar cell of a string
and on the cross-section of the ribbons in the short symmetry plane.

N

uy uu
179 °C > 150 °C

Soldering ) ® ® ® ® ® ®
) Q. @ ® ® ® ®

symmetry axes

150 °C > 25 °C

R ¥’ B’ &
2400 Pa & 5400 Pa x| ® ® ® ® ® ®
Mechanical @ +85...40 °C fix/(;%constraint onJrear side of;;%r;we
Load y —
156 mm

Figure 3.14: Jeft: Processes covered by the FEM model. From each study, the stress tensor
is transferred as input condition to the next study. Due to the use of linear elastic material
models, the soldering process is simulated to the lamination temperature, rather than
25 °C. Right: Boundary conditions used in the mechanical and thermal load study steps.
The orange rectangles indicate the position of the fixed constraints on the bottom side of
the frame and the green lines the symmetry axes. The constant pressure normal to the
glass front side is indicated by the light blue ®. Modified after [Bein20b].

Lamination

In the lamination process, all laminate materials are considered. It is assumed that
the materials can deform independently from each other until the cross-linking
of the EVA starts at 150 °C. Therefore, the stress relief in the soldered solar cells
prior the cross-linking is considered by transferring the soldering stress tensor at
150 °C, rather than at room temperature, to the lamination simulation step. A
homogeneous temperature distribution is assumed for all materials and the cool-
ing down from the lamination temperature to 25 °C is simulated in a single step
by setting the reference temperature to 150 °C. The resulting stress tensor is
then transferred to the (thermo-)mechanical load simulation step. Translational
symmetry conditions are placed on all surfaces in the symmetry planes (see Figure
3.14). The front side of the frontglass is constrained by a roller to suppress the
rigid body motion and additionally simulate the flattening of the laminate when
the frame is attached.
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(Thermo-)mechanical Load

For the simulation of mechanical and thermal load, a frame is added to compo-
nent 2 (see Figure 3.12). The mounting of the frame on a rack is simulated by
applying fixed constraints on the bottom side of the long side of the frame. The
distance to the edge is 20 % of the module length, as shown in Figure 3.14. This
corresponds to model 3 in [Schi14] and is widely used for industrial PV modules.

In this simulation step, the mechanical, thermal as well as the combination —
thermomechanical — loads are simulated. For this purpose, a thermal strain con-
straint is applied to all layers with a reference temperature of 25 °C, which is the
temperature at which the frame is attached to the laminate. A homogeneous
temperature distribution is assumed. The mechanical load is then simulated by
setting the module temperature Ty0q to 25 °C. The mechanical load is applied
as a constant pressure normal to the surface py, on the front side of the
frontglass. Loads of 2400 Pa and 5400 Pa are simulated. To simulate mechanical
load at different temperatures, the module temperature Ty,oq is Varied under the
previous loads. And to simulate thermal loads, the applied mechanical load ppy,
is set to 0 Pa while the module temperature Ty,0q is varied between -40 °C and
85 °C.

3.3.2.3 Mesh

For both components, hexahedral mesh elements with a quadratic serendipity
shape function are used. Where hexahedral elements are not applicable, also
prisms, four-sided pyramids and tetrahedra are used. Table 3.3 shows the num-
ber of mesh elements used for each mesh type and the next Subsection covers
mesh sensitivity studies for crucial domains.

Table 3.3: Number of elements used for the different type of mesh elements in both com-
ponents.

Hexahedra  Prisms Pyramids Tetrahedra

Component 1 824,724 1,428,484 8,640 987,939
Component2 98,520 - - -

In component 1, the focus is put on the mesh of the solar cell in order to
resolve the stress exactly. To build an efficient mesh with a minimum of nodes,
a high node distance is chosen at locations of low stress gradients, which is then
decreased with increasing stress gradients. The maximum node distance of
5.2 mm is determined in the mesh sensitivity study below. Due to the rectangular
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shape, hexahedral elements are used. The next critical domains, which require a
fine mesh, are the busbars and ribbons. These are the smallest layers in compo-
nent 1 and are enclosed by the encapsulant for which the hexahedral mesh from
the solar cell is continued with three elements in the thickness. To avoid more
mesh elements in the encapsulant but allow a fine hexahedral mesh element in
the rectangular busbar and ribbon, a mesh transition zone of the ribbon width
is introduced. Within this zone prisms are used for the transition from the fine
hexahedral mesh of the busbar and ribbon to the coarser encapsulant mesh. The
last critical point is the crimp of the ribbon in the cell gap, where the ribbon goes
from the top of one cell to the bottom of the next. The crimp itself is meshed
with prisms, while for the transition zone tetrahedra are used. Figure 3.15 shows
these different mesh elements in a detailed view along with the mesh of the
whole component 1.

z

V\T/,x 156 mm

Figure 3.15: Mesh of component 1 (embedded solar cell matrix). The insert (same coordi-
nate system) shows a mesh detail at the position where the ribbon (orange) goes from the
front of one solar cell (blue) to the back of the next. The encapsulant (light blue) is removed
partially to allow a view on the solar cell and ribbon.

Figure 3.16 shows the mesh wo component 2, which consists of rectangular
domains without any enclosures. Accordingly, solely hexahedral mesh elements
are used. The backsheet and frontglass are meshed with a maximum node dis-
tance of 10.4 mm. For the frame a finer mesh is used, with a focus on the inlay
to allow a correct deformation of the inlay as well as the frame.
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Figure 3.16: Mesh of component 2 (frame with front- and backsheet). The insert shows a
detailed view of the frame with inlay.

Mesh Sensitivity Study

A mesh sensitivity study is carried out to identify a suitable mesh, which yields
reasonable results and uses as little resources as possible. The study is carried out
in three subsequent steps. Firstly, the sensitivity of the minimum third principal
stress ayp; in the lamination study step as well as the maximum first principal
stress o7 at 5400 Pa in the mechanical load study step on the number of elements
in the solar cells is investigated. Secondly, the sensitivity of the maximum first
principal stress o7 at 5400 Pa on the number of elements in the frame is investi-
gated. In order to focus on the solar cell and to reduce the computational effort,
busbar and ribbons are not yet included in the FEM model for these two studies.
Thirdly, the sensitivity of the maximum first principal stress gy at the end of the
busbar at 5400 Pa on the number of elements in busbar and ribbons is investi-
gated. Figure 3.17 shows that below 30 elements along the solar cell edge the
stress values change significantly. Therefore, at least 30 elements are used per
solar cell edge, which corresponds to 2700 elements per solar cell or a node
distance of 5.2 mm.

Figure 3.18 shows that below 90 mesh elements along the frame length, the
maximum first principal stress o; in the solar cells decreases significantly but
shows no significant change above. Therefore 90 elements are chosen, which
corresponds to an average node distance of 9.5 mm. On the long side of the
frame, the mesh elements become finer with a ratio of the node distance to the
next element (element ratio) of three towards the fixed constraint at the clamp-
ing position. At the short side of the frame, 30 equidistant elements are used.
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Figure 3.17: Mesh sensitivity study for the number of elements on the solar cell edge. The
left axis shows the extrema of the principal stresses (green) in the solar cells and the right
axis the needed RAM (orange) and solution time (yellow). The grey dotted line indicates
the chosen number of elements. Left: for lamination. Right: for 5400 Pa in mechanical
load.
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Figure 3.18: Mesh sensitivity study with the maximum first principal stress a; (green, left
axis) in the solar cells at 5400 Pa in mechanical load and the needed RAM (orange, right
axis) and solution time (yellow, right axis). The grey line indicates the chosen number of
elements. Left: The maximum first principal stress o; in the solar cells for the frame length.
Right: The maximum first principal stress oy at the end of the busbar for the number of
elements along the busbar length (y-diection).

Figure 3.18 shows the sensitivity of the maximum first principal stress o at
the busbar end position on the number of elements per busbar length. Here the
stress shows an oscillating convergence to a value of around 235 MPa. The os-
cillation most likely originates from singularities which arise at the busbar corners.
25 mesh elements are chosen, which corresponds to an average node distance

52



3.3 Finite Element Modelling of PV Modules

along the y-axis of 5.8 mm with a smaller distance towards the edge with an
element ratio of seven. For the width (not shown) five elements (0.3 mm node
distance) are chosen. For the stress between the busbars, both numbers of ele-
ments don’t have a significant influence.

3.3.2.4 Parameter Sensitivity Study

To gain a deeper understanding of the thermomechanics in the PV module and
as a basis for the thermomechanical design rules, two different parameter sensi-
tivity studies are carried out with the developed FEM model:

1. Variation of the PV module and solar cell size and format (see Table 3.5
and Figure 3.19).
2. Variation of the used materials (see Table 3.6, Table 3.7 and Table 3.8).

For the first variation, the focus is on size effects. Rendler et al. [Rend19]
showed that the maximum tensile stress from the solder joint occurs at the end
of the busbar. If the busbar end has a distance larger than 8 mm to the cell edge,
the maximum tensile stress is independent of the solder joint length. This implies
that for the performed variations - assuming the same metallization layout for all
variations - the contribution of the solder joint to the total stress is approximately
constant. Accordingly, to study the influence of the size effects, the ribbons and
busbars can be neglected, which reduces the computational effort significantly.
For the second variation, the full FEM model is used. For both variations, the
reference setup is a glass-foil PV module with 60 full format 156.75x156.75 mm?
solar cells, a cell gap of 3 mm and the material properties given in Table 3.2. The
total size is 1.664x0.997 m2, all dimensions are listed in Table 3.4. In the follow-
ing, the two parameter sensitivity studies are explained.

Table 3.4: Dimensions of the 60-cell PV module reference FEM model (without symmetry).

Frontglass Encapsul- Solar cell Back- Busbars Ribbon
[mm] ant [mm] sheet [mm] [mm]
[mm] [mm]
Lengthl 1,664 1,664 156.75 1,664 151.25 151.25
Widthw 997 997 156.75 997 1.5 1.5
Heighth 3.2 0.45 0.18 0.35 0.014 0.2

To investigate size effects the number of solar cells, solar cell size and solar
cell format are varied independently from each other with the parameters shown
in Table 3.5. The influence on size is sketched to scale in Figure 3.19. Each con-
figuration is simulated as a glass-foil and a glass-glass setup (Figure 3.20). For
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the glass-glass setup, the backsheet is replaced by glass, with the front and back
glass having a thickness of 2 mm. Please note, that both setups have a frame for
a better comparability. The variation of the number of solar cells is composed of
an increase of the number of strings (6, 8, 10) per module and an increase of the
number of solar cells per string (10, 12, 14).

(a)

strings/module
© o

[e)}

(b)
161.75 mm (M4)
156.75 mm (M2)
156.0 mm (M1)

®
B

78 mm

()

uII cell

-y 10
156 mm reference

12

14

cells/string

quarter cell

thlrd cell

half cell

Figure 3.19: lllustration of the size sensitivity study; a: module sizes for the different num-
ber of solar cells per module. The grey shading indicates the increase in cells per string and
the green shading indicates the increase in strings per module; b: solar cell sizes and c:
solar cell formats. The reference value is printed in light green.

Table 3.5: Parameters varied for the investigation of size effects. The reference parameters
are underlined. All Parameters are simulated for glass-foil and glass-glass modules.

Parameter Values
Numberofcells 60 72 84 80 96 112 100 120 140
strings 6 6 6 8 8 8 10 10 10
cells/string 10 12 14 10 12 14 10 12 14
Cell size [mm] 156.00 (M1) 156.75 (M2) 161.75 (M4)
Cell format full  half third quarter
(a) (b)
glass-foil glass-glass

z [ [ —

L

Figure 3.20: Schematic illustration of glass-foil (a) and glass-glass (b) module setups, not

to scale.
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The second parameter variation is again separated in three different varia-
tions:

i. A dependent variation of crucial material parameters of a glass-foil PV
module (Table 3.6).
ii. Anindependent variation of crucial material parameters and layer height
of a glass-foil PV module (Table 3.7).
ii. Anindependent variation of the front- and backsheet material and height
of a symmetric “glass-glass” PV module setup (Table 3.8).

The ranges of the parameters are chosen to be within realistic materials.

The dependent material parameter variation is supposed to investigate the
influence of the Young’'s modulus E and the CTE a of the PV module layers. In
this variation only glass-foil modules are considered. The frontglass CTE is varied
in a range representing values of borosilicate and soda-lime glass as well as pol-
ycarbonate. For the encapsulant two different measured temperature dependent
Young's moduli are used (see Figure 3.13). For the backsheet the Young’s moduli
of particularly soft, normal and stiff backsheets are used as well as the CTEs of
possible other backsheet materials, like soda-lime glass or polycarbonate.

Table 3.6: Material parameters used in the dependent parameter variation of glass-foil
modules. The reference parameters are underlined; *: measured, see Figure 3.13.

Frontglass Encapsulant Backsheet

CTE a Young’'s modulus E Young’s modulus E  CTE a
[10° K™ [GPal [GPal [10° K"
3 T-dep (TPO) 0.410 9

9 T-dep (EVA)* 3.5 50.4

65 6.36 65

In the independent parameter variation, the focus is mainly on the
height of the frontglass, encapsulant and the solar cell. Here, also only
glass-foil modules are considered. Additionally, the Young'’s modulus of the en-
capsulant is varied between the measured values at -40 °C, 25 °C and +150 °C.
At last, the material of the frame is varied between Aluminum, stainless steel and
wood.

55



3 Stress Determination Methods in Encapsulated Solar Cells

Table 3.7: Parameters used in the independent parameter variation of glass-foil modules.
The reference parameters are underlined; ™: measured, see Figure 3.13; ©: see Table 3.9.

Frontglass Encapsulant Solar Cell Frame

Height Height Young’s modulus E  Height Material

[mm] [um] [MPa] [um]

2 250 12427 80 Aluminum®

3.2 450 8.57 120 Steel”

4 600 0.2* 180 Wood™
800

In the last variation, the symmetric PV module setup of a glass-glass setup is
investigated. The height of the front- and backsheet is varied and the soda-lime
glass is replaced by much lighter polycarbonate.

Table 3.8: Parameters used in the independent variation for symmetric PV modules. The
reference parameters are underlined; P: see Table 3.9.

Front- and backsheet Height

material [mm]
Soda-lime glass” 1
Polycarbonate™ 2

3.2

Table 3.9: Material parameters of materials used in the parameter sensitivity study. *: pro-
vided by manufacturer.

Material Density  Young’s modu- Poisson’s ra- CTE a
lus E tiov

[g/cm®]  [GPa] (-] [10° K]
soda-lime glass 2.53* 74% 0.24* 9*
Polycarbonate 1.2* 2.35*% 0.37* 65*
Aluminum [Hayn14] 2.7 70 0.33 23
Stainless Steel 7.9 200 0.3 16
[Kuch07]
Wood [Kuch07] 0.538 12.3 0.29 3.8

3.3.3 Evaluation of Stress and Strain

Due to the rectangular busbars, singularities at the end of the busbars overesti-
mate the stress strongly. The approach of Whitcomb et al. [Whit82] to neglect
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3.3 Finite Element Modelling of PV Modules

adjacent mesh elements is used and extended. This approach has the disad-
vantage, that the stress from solar cell interconnection is relevant for the cell
fracture probability. Therefore, special attention has to be paid on how much is
excluded. The aim is to find a good balance between considering the stress from
interconnection and excluding singularities. To define the areas to be neglected,
the singularity is investigated in the reference FEM model. First the areas to be
neglected are defined as the area of the busbar plus an additional margin of
size § around, as depicted in Figure 3.21. Different margin sizes are investigated
between 12.5 pm < § < 5 mm, with the same number of mesh elements. The
stress in the extension of the busbar, starting at its corner is evaluated on the
backside of the solar cell along a line indicated by the yellow arrow in Figure
3.21.

evaluation
point

evaluation[path

Mbusbar 1
Aq

Figure 3.21: Left: sketch of the non-evaluated box around the busbar with the distance
between the busbar and the box edge §, the yellow arrow indicates the line along which
the stress is evaluated. Right: Segmentation of the solar cell into surfaces for the evaluation
of maximum values. The dark red areas Bi-Bs around the busbars are not evaluated to
exclude singularities. All other values (not maxima) are evaluated at the indicated evalua-
tion point; not to scale.

The detailed results are presented in Section 4.3.1. However, in order to de-
scribe how the stress and strain are evaluated, the overall result of the singularity
investigation is anticipated here: the margin size is chosen to be 50 ym, i.e. the
mesh elements within 50 ypm around the busbar are ignored for the evaluation
of the stress and strain. This defines three areas, labelled with B1-Bs in Figure
3.21, which are excluded from the evaluation. For practical reasons, the remain-
ing part of the solar cell is segmented into six rectangular areas, labelled with As-
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Asin Figure 3.21. Because singularities have a minor impact on stress integration,
the probability of cell fracture Pg, which is introduced in the following, is evalu-
ated on the whole solar cell surface.

Silicon solar cells have statistically distributed micro-cracks with varying
lengths between 10-15 ym, which originate from the wafer and solar cell pro-
cessing [MOoII05]. As a brittle material, Silicon follows linear elastic fracture me-
chanics. Since the micro-cracks are usually perpendicular to the surface, silicon
solar cells fail in loading mode |, i.e. tensile stress in the surface plane [Munz01].
For a triaxial stress, it is common to use the first principal stress o7 as a tensile
stress equivalent. The principal stresses are the invariants of the stress tensor. It
is a convention to sort the invariants according to their values, where the largest
value is appointed to the first principal stress a; and the lowest to the third prin-
cipal stress ayy;. Because the third principal stress ayy; often has negative values,
it is the compressive stress equivalent. The second principal stress ay; usually has
values around zero and therefore is not relevant [Gros17]. For the analysis of the
FEM results, the first and third principal stress are used, depending on if tensile
or compressive stress is dominant. Both values are evaluated in the solar cell in
the center of the module. The highest stress usually occurs in the center of the
solar cell. Since the middle busbar of the three busbar solar cell is in the center,
the stress is evaluated between the first and second busbar, as indicated by the
evaluation point in Figure 3.21. For both also, the largest value on the front and
back side of all solar cells is evaluated in the areas Ai-As by taking the maximum
of the first principal stress gy and the minimum of the third principal stress ayy;
respectively. Additionally, the Weibull distribution considering the size effect is
used to convert the maximum of the first principal stress a7 into a probability of
cell fracture P¢. In the following first the general Weibull distribution is intro-
duced and then applied to silicon solar cells. When describing the general Weibull
distribution, the wording probability of failure is used, while for solar cells, the
probability of cell fracture is used. This distinction is done because a crack in a
laminated solar cell does not necessarily result in a failure of the solar cell.

3.3.3.1 Weibull Distribution

Due to the above mentioned statistically distributed micro-cracks of silicon solar
cells, they do not have a well-defined fracture stress but a statistical fracture
probability. In the literature the Weibull distribution [Weib39] is often used to
describe the probability of failure P¢(a) for silicon [Bagd03]. In the following the
two-parameter Weibull distribution is given, for the details and the derivation it
is referred to literature, like [Munz01, Weib39, Weib51].
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The probability of failure P¢(c) depends on the characteristic fracture stress ag
and the Weibull modulus m:

Pr(0) =1—exp (- (Uie)m) . (43)

The Weibull modulus m is also called shape factor of the distribution. A high
value corresponds to a steep gradient of the probability function P¢(c) on a dou-
ble logarithmic scale. This is the case for a homogeneous defect distribution,
because all samples fracture at similar stress. In contrast to an inhomogeneous
defect distribution, which corresponds to a low m-value. Here, the samples frac-
ture at very different stress values depending on the defect severity in the
stressed area. The characteristic fracture stress ayg is defined as the stress at which
63.2 % of the specimens would fail.

Above distribution is only valid for a unit volume with a homogenous stress
distribution. To take the stressed size and inhomogeneous stress distributions
into account equation (43) has to be expressed by an integral over the volume.
However, since solar cells fracture due to surface defects, a surface integral dA
over the area stressed in tension is sufficient:

Pr(o) =1—exp <-f (@)m dA ) , (44)

0

where g, is the geometry independent Weibull scale factor. The stress distribu-
tion a(x,y) can be written as a constant stress value o, which depends on the
applied load and a dimensionless geometric stress shape function g(x,y):

ax,y)=0-gxy). (45)
With equation (45), the negative exponential in equation (44) becomes:
alx, Y\ o\™
_— =|(— m . 46
f( o ) dA (00> fg (x,y) dA (46)
The integral is called the effective area Aqgs:
Aesr = f g"(x,y) dA. (47)
Hence, the probability of cell fracture in equation (44) becomes:
o m
Pr(0) =1—exp (- Agsr (U_o) ) . (48)
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The effective area Ae¢r gives the relation between the Weibull scale factor g, and
the characteristic fracture stress gg:

0y = Ai}}n oy (49)

Cell Fracture Probabilities of Solar Cells

There are several publications focusing on the strength of solar cells and how the
manufacturing process influences it, e.g. [Bein05, Haas18, Kohn09, Pogu18,
R6th15]. Table 3.10 gives an overview of selected Weibull parameters found in
the literature for silicon wafer and cells. Comparing the values for wafer and
solar cells reveals, that the production process reduces the characteristic fracture
stress. No significant difference is found between monocrystalline (c-Si) and mul-
ticrystalline (mc-Si) silicon [Barr14, Kaul17] and between AIl-BSF and PERC solar
cells [Kaul17] (not shown in Table 3.10). However, the direction of the applied
load on the backside of the solar cell has a significant influence. If the tensile
stress is parallel to the busbars (BB), i.e. roller perpendicular to the busbars, the
characteristic fracture stress ag is reduced by 31 % compared to tensile stress
perpendicular to the busbars [Kaul14]. In the same range the reduction for solar
cell splitting using the laser scribing with cleaving (LSC) process is found. Here,
the decrease depends on the scribing side. If the scribing side is under tension
the reduction is up to 36 %, while the non-scribed side has a reduction of 10 %.
A less harmful splitting process is the thermal laser separation (TLS), which shows
no significant impact [Kaul18].

In the following, the probability of cell fracture P¢(a) (equation (44)) is ap-
plied to solar cells within a PV module and an expression to convert measured or
simulated stress into a cell fracture probability is derived. As described in the
previous paragraph, the probability of cell fracture depends on the surface under
stress. For solar cells within a PV module, the stress on the front (sunny) and back
side is usually in the same order of magnitude. Therefore, both surfaces have to
be considered when calculating the probability of cell fracture:

1. Sunny side (S-F)
2. Back side (B-F)
The integral in the geometric dependent probability of failure P¢(a) in equa-

tion (44) has to be drawn for each side and the exponent becomes the sum over
these:
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(50)
Pf(a)—l—eXp<Zf<GS:)Y)> A >'

with i = B-F, S-F. This expression corresponds to the determination of the effec-
tive area Aegr; for each side individually, therefore equation (48) becomes:

e (51)
Pe(o) =1—exp <'ZAeff,i (%) ) .

In equation (47), the effective area Aeg is calculated by integration of the
geometric stress shape function g(x,y). Since solar cells fail under tensile stress,
the maximum first principal stress oy may is Used as a failure criterion. Accordingly,
the probability function in equation (51) is evaluated for gy max and the geometric
stress shape function is then the ratio of the first principal stress to its maximum:

01 (X, Y) (52)

O, max

gixy) =

with the distribution of the first principal stress o7(x,y). Finally, the probability
for a solar cell fracture within a PV module is:

i (53)
Pe=1—exp <' E Aergi (U;TX> > .
i !

The Weibull parameters for the different sides are taken from Kaule et al.
[Kaul18] (print bold in Table 3.10).

Please note, that the fracture probability expresses the likelihood of at least
one crack in at least one solar cell within a PV module. It strongly depends on
the maximum first principal stress oy max. As mentioned in the beginning of Sec-
tion 3.3.3, the rectangular busbar shape overestimates the maximum stress
strongly. Accordingly, the fracture probability is also overestimated in the param-
eter sensitivity study presented in Section 4.6.
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Table 3.10: Overview of Weibull parameters for solar cells and wafer in the literature. All
values are obtained from 4-point bending tests. c-Si: monocrystalline silicon; mc-Si: mul-
ticrystalline silicon; Al-BSF: Aluminum back-surface-field; BB: busbar; S: sunny side in ten-
sion; B: back side in tension; P: roller parallel to BB; C: roller perpendicular to BB; F: full cell;
LSC: laser scribing with cleaving half cell; TLS: thermal laser separation half cell. bold: used
in this work.

Publication Specimen Char. Weibull  Scale fac-
fracture  modu- tor g,
stressag lusm
[MPa] [-] [MPa-m?]

Barredo et al. mc-Si etched wafer 228.21 6.84 108.64

[Barr14] 156x156x0,17 mm3

c-Si etched wafer 230.95 7.19 113.50
156x156x0.17 mm3

quasi mono etched wafer 223.83 5.22 84.25
156x156x0,167 mm3

Schonfelder et al.  c-Si isotextured wafer 262 9 167

[Scho07] 156x156x0.18 mm3

Kaule et al. c-Si Al-BSF 3BB cell 197 14 140

[Kaul14] 156x156x0.2 mm3, SP-F

c-Si Al-BSF 3BB cell 199 15 145
156x156x0.2 mm3, SC-F
c-Si Al-BSF 3BB cell 242 14 172
156x156x0.2 mm3, BP-F
c-Si Al-BSF 3BB cell 166 17 125
156x156x0.2 mm3, BC-F

Kaule et al. mc-Si Al-BSF 4BB 180.0 6.9 91.1

[Kaul18] 156x156 mm?, BP-F

mc-Si Al-BSF 4BB 116.1 17.5 88.8
156x78 mm?, BP-LSC

mc-Si Al-BSF 4BB 176.4 7.9 97.3
156x78 mm?, BP-TLS

mc-Si Al-BSF 4BB 184.0 7.8 100.8
156x156 mm?, SP-F

mc-Si Al-BSF 4BB 166.4 8.7 97.0
156x78 mm?, SP-LSC

mc-Si Al-BSF 4BB 177.5 8.5 102.1

156x78 mm?2, SP-TLS
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3.3.4 Validation

For the validation of the developed FEM model the two developed methods for
stress measurement are applied. The p-Raman spectroscopy is used to validate
the FEM simulation of soldering and lamination. For the validation of the me-
chanical load simulation, the solar cell integrated stress sensors are used.

3.3.4.1 Raman Spectroscopy

In the results (Section 4.6.5, Figure 4.33), it will be shown that the size of the
laminate has a minor influence on the stress after lamination. Therefore, the val-
idation of the lamination model is done with a one-cell laminate, in order to
reduce computational effort. Accordingly, the FEM model described above is re-
duced to one single solar cell with the dimensions in Table 3.11. The adapted
FEM model is described in the following.

Table 3.11: Dimensions of the one-cell laminate built for the validation using p-Raman
spectroscopy.

Frontglass  Encapsulant Solar cell Backsheet Busbars Ribbon

[mm] [mm] [mm] [mm] [mm] [mm]
Lengthl 177.23 177.23 156 177.23 145 150.7
Widthw  175.38 175.38 156 175.38 1.35 1.5
Heighth 4 0.4 0.18 0.35 0.014 0.2

The FEM model consists of two computation steps. The first step simulates
soldering of solar cell by cooling down from the solder solidification temperature
of 179 °C to room temperature. The second step simulates lamination by cooling
down from 160 °C to room temperature. Linear elastic and temperature depend-
ent material models are used, which are shown in Table 3.2. For the silicon solar
cell an anisotropic material model is utilized. To mimic the production process of
PV laminates, the residual soldering stress tensor is transferred to the computa-
tion of the lamination process. The residual stress from soldering is reduced dur-
ing the heating up process before the lamination. Therefore, the stress tensor is
transferred to the lamination model at lamination instead of room temperature.
The laminates twofold symmetry is utilized by simulating a quarter of the single-
cell laminate. Consequently, translational symmetry boundary conditions are
placed at the symmetry surfaces. The model considers the silver front busbars
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and back side pads, while the silver fingers and aluminum layer on the back side
are not part of the model.

The mesh consists of mainly hexahedra with some prisms, for example at the
pseudo-square corner of the solar cell. Each layer has at least three elements in
the thickness with a maximum of five layers for the silicon solar cell, as depicted
in Figure 3.22. In total the mesh consist of about 530,000 elements. The solder-
ing and lamination is simulated by utilizing the thermal expansion with setting
the stress free temperature to the solders solidification of 179 °C temperature
and lamination temperature of 160 °C respectively. To prevent rigid-body dis-
placement, a point fixed constraint is placed on the back side of the solar cell at
the symmetry edge for the soldering process. Additionally, a the out-of plane
translation is suppressed on the back side of the solar cell in the soldering simu-
lation to simulate the flattening of the soldered solar cell for the y-Raman meas-
urements. In lamination, the frontglass is fixed at the symmetry point on the front
side, which simulates, that the laminate cools down with the sunny side down.
The initial stress in the solar cell before soldering is as a first approximation set
to zero.

Figure 3.22: Symmetry corner of the laminate with the used mesh. The enlargement (a)
shows the mesh in more detail. Enlargement (b) shows additionally a detail of the next
solder pad, which is not present in (a). Modified after [Bein19].
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3.3.4.2 Stress Sensors Integrated in Solar Cells “SenSoCell"

Module Setup and Production

From the initial FEM simulations (Figure 4.18) two characteristic positions of the
stress distribution at mechanical load are identified. They are in the center of the
module as well as at the corner. At these positions SenSoCells are integrated into
the PV module for validation of the FEM simulation. The SenSoCells are placed
so that the sensors are on the back side facing the backsheet. The other solar
cells are interconnected in series by the automated tabber stringer Rapid ONE by
Somont using 1.6x0.15 mm2 interconnectors and 5x0.3 mm?2 crossconnectors.

Figure 3.23 shows the setup of the PV module produced for validation, which
differs from the reference setup (described in Section 3.3.2) in the following
points:

= The two SenSoCells are not electrically connected to the other solar cells
and bypassed by cross-connectors. Accordingly, the FEM model without
interconnectors is used in order to simplify the model geometry. It is ver-
ified (Appendix C, Figure C.6.6) that the influence of the interconnectors
on the deflection is negligible.

= A different backsheet (Coveme dyMat PYE white, 218 pm height, Table
3.12) is used.

= A larger (1.7x1.0 m2) and different glass (Interfloat GMB Sina TT,Table
3.12) is used.

= A different frame is used as depicted in Figure 3.23 . In the parameter
sensitivity study, a simplified geometry is used in order to use a hexahe-
dral mesh. In the validation experiment, the frame is simulated in full de-
tail.

= A different adhesive to join the frame to the laminate is used. The
Young's modulus of the used PV-804 Neutral Sealant from Dow Corning
is not available, therefore the value of the equivalent adhesive PV-8080
Neutral Sealant also from Dow Corning is used in the FEM simulation.

= Measurement values (not shown) for the position of the laminate within
the frame are taken, rather than positioning it vertical symmetrical.

* Instead of a homogenous surface load, the vacuum suction cups of the
mechanical load test stand are modelled by a 2D Gaussian load distribu-
tion (see equation (54) and Figure 3.25), which slightly decreases the de-
flection.

65



3 Stress Determination Methods in Encapsulated Solar Cells

glass
not to scale

EVA

ialﬁr ﬁ”i

| —

Figure 3.23: /eft. picture of one validation module. Center: cross section of the module
illustrating the cabling through the backsheet, not to scale. Right: Cross-section with the
mesh of the frame (dark grey) and asymmetric adhesive (light grey) used in the validation.

Table 3.12: Material properties and layer height of the module materials used in the vali-
dation FEM model which are different from the reference FEM model, *: provided by man-
ufacturer, : measured.

Compo- Ma- Heighth Density Young’s modu- Poisson’s ra-
nent terial lus E tiov
[mm] [g cm™] [GPa] -]

Frontglass soda- 3.2 2.5% VER 0.24*

lime

glass
Backsheet PET  0.218 1.3*% 2.357 0.3*
Adhe- sili- varying 0.067* 0.00043* 0.49*

sive/inlay  cone

Three laminates are laminated using the hydraulic vacuum membrane-plate
laminator Blirkle YPSATOR122-5 HKV with an evacuation time of 4 min, a press-
ing time of 8 min with 900 mbar and passive cooling at ambient temperature.
After lamination a black anodized Aluminum (EN AW 6060 T6 - C35) frame with
a height of 40 mm is attached to the laminates. The frame consists of four miter
cut parts, which are connected with a corner connector depicted in Figure 3.24.
During the framing the short frame parts with the preassembled corner connect-
ors are pressed into the long parts. Simultaneously, the laminate is bonded to
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3.3 Finite Element Modelling of PV Modules

the frame using the silicone Dow PV-804 by Dow Corning. After framing, the PV
modules are inspected for cell cracks by electroluminescence imaging.

= _":_- Sl i o § E

Figure 3.24: Preassembled frame corner connector pressed in the short side of the frame
in diagonal view (left) and side view of the miter cut (right).

Mechanical Load

The Mechanical Load Tests are conducted on a custom made pneumatic Me-
chanical Load Test stand, fulfilling the requirements of the IEC 61215 standard
[Inte16]. The PV modules are mounted on a profile of 40 mm width by four
100 mm long frame clamps Schletter 400440. The center of the frame clamp has
a distance of 34.2 mm (20 % frame length) to the frame corner. The load is
applied by 32 vacuum suction cups, of which four are clustered in a square, as
illustrated in Figure 3.25. The total load is the pressure of all vacuum cups aver-
aged over the PV module area. The radius 7, of the vacuum cups is 48 mm. The
center-to-center distance between two vacuum cups is 21.5 cm along the long
side (y-axis) of the module and 26.8 ¢cm along the short side (x-axis). The distance
to the module edge of the outer vacuum cups is 10 cm.

In the FEM model, the vacuum cups are represented by a 2D Gaussian distri-
bution, which applies the normalized force equivalent E, at the positions of the
vacuum cups:

4,8

2 2

F, Z exp| — (X — posx'i‘j) + (y - posy‘i']-)
Tuc)? & Tyc)?

2n (%) T 2(%)

where F, is the force equivalent to the surface load normalized to the number

of vacuum cups, i is the index for the vacuum cup along the short side of the

module and j for the long side, posy;; and posy;; are the x and y positions of

the i, j-vacuum cup. The surface integration of this distribution over the PV mod-
ule area gives the applied surface load py.. Figure 3.25 shows a picture of the

(54)

p(xy) =

’
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3 Stress Determination Methods in Encapsulated Solar Cells

test stand and the corresponding load distribution in the FEM model according
to equation (54).

Test Stand FEM Model

displacement sensor
T

SenSoCell 50 100 150

Vacuum suction cup
: Amplitude of Gaussian load distribution [kPa]

Figure 3.25: /eft: Picture of the Mechanical Load Test stand, right: Gaussian load distribu-
tion of the vacuum suction cups implemented in the FEM model.

The displacement of the module is measured by an optical displacement sen-
sor in the center of the module. In the FEM model, the displacement is evaluated
at the same position.

The tare load by the vacuum cups is approximately 500 Pa. This is compen-
sated before the test, so that the displacement of the module is 0 mm. Then the
load is applied continuously with about 15 Pa/s until 2400 Pa. To inspect the
modules for new cell cracks by EL-imaging, the load is released. After the EL
imaging, the modules are loaded again until 5400 Pa followed by EL-imaging.

The resistance of the SenSoCells is measured during the load test by a 4-
terminal probe using an Agilent 34970A with a 20-channel relay multiplexer Ag-
ilent 34901A. The change relative to 0 Pa load is converted into a stress using
the sensitivity S, of (-47.41 + 0.14) %/GPa determined in Section 4.2.1.1.

Simplified Model

The validation experiments on the PV modules shows a significant deviation be-
tween measured and simulated deflection (see Figure 4.8, Section 4.3.2.1). To
find the root cause of this deviation, a simplified geometry is investigated in order
to reduce the degrees of freedom in the FEM simulation. The geometry is re-
duced to only the glass sheet with the frame and adhesive. The same material
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3.3 Finite Element Modelling of PV Modules

and processes as for the PV module are used. Two such framed glass sheets are
produced for two different experiments depicted in Figure 3.26:

1. The same Mechanical Load Tests as for the PV module are performed
with a focus on the deformation of the frame corner and the frame
clamp. Both are filmed during the whole test. Additionally to the Me-
chanical Load Test on the PV module, a second available displacement
sensor is used to measure the displacement on the center of the short
edge of the glass sheet.

2. Same as 1. but with support of the frame corner by two additional frame
clamps and a diagonal mounting rail.

For both experiments, the FEM model is adapted to simulate the exact exper-
imental setup. Additionally, sensitivity analyses are carried out on different pa-
rameters, like the laminate positioning within the frame, material properties of
glass, adhesive and frame as well as different boundary conditions for the frame
mounting.

displacement sensor “edge”

x 50 e b upported corner BTy

Figure 3.26: Setup of simplified validation experiment 1 on a framed glass sheet (left) and
experiment 2 with supported frame corner (right).
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4 Thermomechanical Stress in PV
Modules

Sections 4.1 - 4.3 present the results of the developed stress determination meth-
ods. Their application on investigating the stress within solar cells is covered in
Sections 4.4 - 4.6.

4.1 p-Raman Measurement Technique

4.1.1 Conversion Coefficient

In order to obtain a conversion coefficient for the investigated monocrystalline
silicon solar cells between the Raman peak shift and stress, the measured peak
shift & is plotted versus calculated maximum tensile stress at the same deflection
in Figure 4.1. The slope defines the conversion coefficient ¥ and is obtained as:
2 =-(1.19 £ 0.07) rel. cm™' /GPa. Since the surface topology is very specific for
each solar cell design, the conversion coefficient has to be determined for each
solar cell design individually.

T T T T T T T T T
= measurement| |
linear fit

S o o o o

i - = o o

=} o o a S
T

Peak shift 5[rel. 1/cm]

025} 2

0 25 50 75 100125150175 20
Uniaxial stress o, [MPa]

Figure 4.1: Measured average Raman peak shift § versus maximum uniaxial tensile
stress gy at the same deflection in an identical 3-point bending stage. The red line is a linear
fit to the data. Modified after [Bein19].

71



4 Thermomechanical Stress in PV Modules

4.1.2 Influence of Frontglass

Figure 4.2 shows exemplarily the peak shift wavenumber within 1000 measure-
ments as histograms for two different deflections. Each diagram shows meas-
urement results obtained with and without glass. The difference in average peak
position is (-0.001 = 0.006) rel. cm™', which corresponds to a stress difference of
(0.8 = 5) MPa. Comparing the uncertainty of the difference in Raman peak posi-
tion with and without glass to the obtained difference, shows that the uncer-
tainty is six times larger and thus the glass sheet does not impede the p-Raman
measurement. Similar results are obtained for other 3-point bending deflections
as well (not shown).
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Figure 4.2: Distribution of measured Raman peak positions of the solar cell stripe for two
different deflections in a 3-poinz bending stage (left: 0.5 mm, right: 1 mm) measured with
and without glass sheet in front of the sample. Modified after [Bein19].

4.2 Solar Cell Integrated Sensor Calibration

4.2.1 Development

4.2.1.1 Sensitivity

Figure 4.3 (left) exemplarily shows the relative resistance change of one sensor
from variation S.5. As expected from equation (17), the resistance shows a linear
dependence on the applied stress.

Sensitivities of all six design variations are depicted as box plots in Figure 4.3
(right). The sensitivity decreases with increasing aspect ratio a as well as with
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4.2 Solar Cell Integrated Sensor Calibration

increasing charge carrier density V. From equation (12) and (17) (Sec-
tion 3.2.1.1), based on a linear approximation, the sensitivity S, should be inde-
pendent of both factors. However, silicon’s piezoresistance is based on the elec-
tron and hole transport in which the charge carrier density N plays a crucial role.
The neglected higher-order terms, which can be found in [Doll13], incorporate
charge carrier density N as well as aspect ratio a. Therefore, the results show,
that for a more precise description higher-order terms have to be considered.
However, for the design phase of the sensors, the linear approximation is a good
first order approach.

The best reproducibility is achieved with design variation S.5 (a = 10/1,
N =5x10"° cm3) with a sensitivity S, of (-47.41 £ 0.14) %/GPa. Therefore, this
design is used for the laminate integration and is implemented in the SenSoCell.
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Figure 4.3: Left: Relative resistance change vs. uniaxial stress for one exemplary sensor
from variation S.5. The solid red line is a linear fit to the data from which the sensitivity S,
is obtained. Right: Sensitivity box plot of the six different stress sensor variations. On the
ordinate are the aspect ratio a and the charge carrier density V. The box represents the
standard deviation, the line within the box is the median and the square is the mean, the
whiskers show the minimum and maximum values. Modified after [Bein20al].

4.2.1.2 Laminate Integration

Figure 4.4 shows the rel. resistance change and the corresponding calculated
stress during 3-point bending test of the laminated sensor stripe. A linear corre-
lation between deflection and relative change in resistance is obtained. The in-
terconversion into stress reveals that the silicon stripe is in compressive stress.
The step at around 0.6 mm deflection originates most likely from a sudden
change of the resistance due to a small fracture in a solder joint or metallization.
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4 Thermomechanical Stress in PV Modules

The successful measurement of bending stress proves that the proposed sensor
is capable to determine stress within a PV module setup.
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Figure 4.4: Stress measured in a laminated sensor stripe as a function of deflection d in
three-point bending. The stress is calculated from the relative resistance change AR, /Ry,
using a sensitivity S, of -47.41 %/GPa. The insert shows the three-point bending setup
schematically. Modified after [Bein20a].

4.2.2 Sensitivity of SenSocCell/

This Section presents measurements on the full solar cell wafer. Exemplarily, Fig-
ure 4.5 shows the relative resistance change AR, /R, for one of the tested Sen-
SoCell sensor pairs along with the values of the sensor stripe shown in Figure 4.3
left. It seems like the SenSoCell's resistance has a slight nonlinearity. However, in
the range of values measured within this work, the linear fit is a reasonable de-
scription of the curves slope. The mean value of the longitudinal sensor over all
tested SenSoCells is (-47.3 + 0.3) %/GPa. The difference of 0.11 %/GPa to the
mean value of the corresponding sensor stripes is smaller than the error. There-
fore, the sensitivity of the sensor stripes is also valid for the SenSoCell. The mean
value of the transversal sensor over all tested SenSoCells is (23 + 0.6) %/GPa. In
Section 3.2.2.2 the assumption is made, that the transversal sensitivity is the neg-
ative value of half the longitudinal sensitivity

1 (55)
So’,t = _ESG',I'
For the measured values it is:
Sgr = —(0.49£0.01) - ). (56)

Therefore, the made assumption are reasonable.
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4 T T T
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3H SenSoCell transversal i
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2 F—— SenSoCell linear fit
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Figure 4.5: Relative resistance change vs. measured uniaxial stress for one exemplary Sen-
SoCell sensor pair in longitudinal (black symbols) and transversal (orange symbols) direction
as well as the sensor stripe shown in Figure 4.3 (grey symbols). The solid red line is a linear

fit to the data from which the sensitivity S is obtained. Please note, that the error bars are
too small to be visible.

4.3 Finite Element Model

As described in Section 3.3.3, the rectangular shape of busbars and ribbons in-
tensifies the stress at the busbar end within the solar cells. Therefore, firstly the
investigation of the singularity around the busbars is analyzed, followed by the
validation of the simulation.

4.3.1 Singularity around Busbars

To find a good balance between the exclusion of stress singularities and consid-
ering the stress from interconnection in the evaluation, the singularity around
the busbars is evaluated for the first simulation step, which is soldering, in order
to avoid the superposition of several loads. The first principal stress o7 along the
evaluation path (Figure 3.21) is plotted for all investigated margin sizes in Figure
4.6. In the double-logarithmic representation, the stress curve changes its shape
at around 50 pm away from the busbar end. A similar behavior is described by
Munz et al. [Munz95] for a ceramic-metal joint with an interlayer. They found
that the ceramic-interlayer interface influences the stress only to a certain dis-
tance. After this distance the stress is only influenced by the ceramic-metal inter-
face, which also influences the stress magnitude in the first region. Transferred
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4 Thermomechanical Stress in PV Modules

to the silicon-ribbon joint with the metallization defined as interlayer, the curve
can be divided into two regions:

1. < 50 um: the silicon-metallization interface dominates the stress.
2. > 50 uym: the silicon-ribbon interface dominates the stress.

However, the silicon-ribbon interface influences also in region 1 the magnitude
of the stress. Additionally, the insert in Figure 4.6 reveals a dependence of the
stress on the mesh element size. Since each margin size has the same number of
elements within the margin, an increase in margin size corresponds to a mesh
element size increase. For margin sizes below 300 um the stress curves depend
on the margin size and are discontinuous at the margin border with a sudden
stress increase. For 10 um and 12.5 ym margin sizes, this is particularly well seen
in Figure 4.6 highlighted by the grey circle. When going to large margin sizes
(6 > 300 um), there are less than two mesh elements within the first 50 pm, i.e.
the influence of the silicon-metallization interface is limited to the first one or
two mesh elements. Therefore, the stress resulting from the silicon-metallization
interface is not resolved for margin sizes > 300 um and the stress curve is inde-
pendent of the margin size. While for lower margin sizes the strength of the
silicon-metallization interface influence depends on the mesh element size.
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Figure 4.6: First principal stress a; on the back side of the solar cells after soldering in
double-logarithmic representation for all margin sizes (left) and outside the margins for
margin sizes § > 50 um (right). The different margin sizes are indicated by different symbols
and colors, the grey lines indicate the chosen margin size § of 50 um. The insert on the left
is an enlargement of the black box. The grey circle highlights the discontinuity at the margin
border exemplarily for the margin sizes § 10 ym and 12.5 pym.

Evaluating the stress only outside the margins (Figure 4.6 (right)), i.e. in the
areas Ai-As (Figure 3.21), reveals that starting from a margin size of § = 50 ym,
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the curves are also independent of the margin size. Therefore, the first principal
stress gy is independent of the mesh element size for margin sizes § > 50 ym
and for distances larger than 50 ym away from the busbar end. Consequently, a
margin size of 50 ym is the smallest margin size, which removes the influence of
the FEM mesh and the silicon-metallization interface. Consequently, 50 pm are
chosen as a margin size around the busbar in which the stress and strain are not
evaluated.

However, the influence of the silicon-ribbon interface is still relatively strong, i.e.
the singularity due to the rectangular shape of the busbar and ribbon is reduced
by this approach but not completely removed, i.e. the obtained values for the
stress are exaggerated compared to a realistic geometry with rounded edges.

Now, the maximum stress value is determined in the areas Ai-As (Figure
3.21), but since the stress is integrated in the probability of cell fracture P¢ the
exaggeration might not be that crucial. To investigate this, the probability of cell
fracture P¢ of the center solar cell is compared for different approaches:

Evaluation on the whole cell area (A1-A6 and B1-B3);

Evaluation only on A1-A6;

Evaluation only on B1-B3;

Determining a singularity function for the stress curve within B1-Bs and
evaluation of the probability of cell fracture P¢ only within B1-Bs.

AwnN =

The last approach is motivated by the observation, that the stress converges to a
finite value when approaching the busbar end, although theoretically the stress
should diverge to infinity when approaching a sharp edge [Sinc99, Sinc00,
Will52]. Several works have investigated similar singularities and found that a
typical behavior is the proportionality to r=* [Koto06, Mayl12, SincO4a, Sinc04b].
Therefore, what is called “singularity” before is not a “real” singularity in terms
of this definition. The reason for the stress convergence might lie in the similar
Young's moduli of the joint layers (see Table 3.2) [Munz95]. However, in Figure
4.6 it can be seen, that the stress curve has a linear part (in the double-logarith-
mic representation) between around 10 ym and 50 pym distance from the busbar
edge, which is a r=* behaviour. Accordingly, the stress behaves like a pure sin-
gularity in this range and by fitting a = function to it, a singularity function can
be obtained:

() ==, 57)
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with s being a scale factor. Substituting this function into the geometric stress
shape function (equation (52)) gives an expression for the probability of cell frac-
ture Ps for a real singularity:

m; mj (58)
Pe=1—exp <-Z J <#) dA; <°'I(.Tr:éx> ) .
- , max )1

Therefore, approach 4 compares the probability of cell fracture P¢ obtained from
the FEM model (approach 3) to the probability of cell fracture P; for a real singu-
larity by evaluating equation (58) instead of (53) on the areas B1-Bs.

Figure 4.7 shows the values of the four approaches. It is clearly visible, that
the probability of cell fracture P¢ is dominated by the stress within B:-Bs and that
the stress exaggeration is much lower compared to a real singularity. Therefore,
the evaluation of the probability of cell fracture P¢ within B1-Bs results in exag-
gerated values compared to a realistic geometry with rounded edges. However,
compared to a singular stress behavior, the value is much lower. Since the stress
within Bi-Bs is indeed relevant for the fracture probability, as a trade-off, the
probability of cell fracture Py is evaluated on the whole solar cell area (A1-As and
B1-Bs3) using the maximum first principal stress oy determined only on As-As.
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Figure 4.7: probability of cell fracture P for different evaluation approaches, please note
that the y-axis is logarithmic to resolve the low values.

78



4.3 Finite Element Model

4.3.2 Validation of FEM Model

4.3.2.1 Deflection

As a first validation variable, the deflection of the PV module as a function of the
applied mechanical load as depicted in Figure 4.8, is analyzed. The results show
that the used linear approximation strongly overestimates the measured deflec-
tion, although it shows a linear behavior. At 2400 Pa the deviation is 28 mm
(134 %) and at 5400 Pa 69 mm (161 %). Including geometrical nonlinearity in
the simulation leads to a better agreement but also to a non-linear deflection
curve which is in contrast to the measurement. Due to this different behavior,
the deflection divergates for loads above 3000 Pa. At 2400 Pa the deviation is
0.6 mm (2.9 %) and at 5400 Pa 9.3 mm (21.7 %). Sensitivity analyses of differ-
ent parameters and boundary conditions, showed now significant change in the
curve shape. To find the root cause of the deviation, the parameters are reduced
by using only a framed glass. With this the same Mechanical Load Test is per-
formed. Due to technical problems in this experiment, the recording of data
starts at the pre-load of the vacuum cups (~500 Pa). The result is depicted in
Figure 4.9.
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Figure 4.8: Mean measured deflection of the 3 validation modules (dark green) and FEM
simulation with a geometric non-linear study (green) and linear study (light green). Please
note, that the error bars of the measured deflection are too small to be visible.

The framed glass sheet shows the same behavior as the PV module with a
larger overall deflection of up to 14 % at 5400 Pa. A second displacement sensor
is available in this experiment to measure the deflection in the center of the short
edge. At the edge, the experiment shows a slight non-linearity until about
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1700 Pa and then a linear shape. Several sensitivity analyses of different param-
eters and boundary conditions show only a small influence on the FEM simulation
outcome and had no significant influence on the deviation to the measurement.

The video analysis of the frame corner reveals that the long and short parts
translate and rotate relative to each other above around 1000 Pa. Figure 4.9 il-
lustrates this exemplarily at 5400 Pa load. After unloading the deformation re-
mains, which is an indication for a plastic deformation of the corner connector
and presumably of the frame wall. The findings of this experiment indicate that
the linear deflection shape is due to the frame torsion, which amplifies the de-
flection. This hypothesis is tested by trying to suppress the frame torsion in the
next experiment on a new framed glass sheet. Here, the frame corner is sup-
ported by two additional frame clamps (shown for one corner in Figure 3.26),
which still allows to observe the corner. Figure 4.10 shows the outcome.
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Figure 4.9: Left: Measured deflection of framed glass sheet in center (dark green) and
edge (green) along with FEM results (center: orange, edge: yellow). Please note, that the
error bars of the measured deflection are too small to be visible. Right: Translation and
rotation of frame corner at 5400 Pa load, indicated by the red area.

Suppressing the frame torsion and translation leads to the expected non-
linear center deflection, with the FEM simulation having less than 2.2 mm devi-
ation (above the pre-load of the vacuum cups). However, the video analysis re-
veals a small translation of the short relative to the long frame part, which shows
no movement at the frame corner. The translation is almost completely reversible
after unloading. Accordingly, there is only a small plastic deformation, maybe
even none because the translation could originate from the tolerance between
the corner connector and frame. Since the translation is on the short side of the
frame, the deflection of the glass sheet edge is more affected than the center,
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which explains the larger deviation between experiment and FEM simulation at
the edge. Therefore, it is concluded that the deviation of the simulated to the
measured deflection of the PV module originates from the frame torsion and
translation.

The deviation could be reduced by including the corner connector in the FEM
model. However, to significantly improve the accuracy, the FEM simulation has
to include the plasticity of the corner connector and frame as well as the friction
between both. This again increases the degrees of freedom and hence the com-
putational resources immensely. Considering that the deviation is well under-
stood and relatively small for loads below 3000 Pa, implementing the corner con-
nector seems not reasonable.
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Figure 4.10: Measured deflection of the framed glass sheet with additionally supported
frame corner in the center (dark green) and edge (green) along with FEM results (center:
orange edge: yellow). Please note, that the error bars of the measured deflection are too
small to be visible.

4.3.2.2 Stress

As a second validation variable, stress in the solar cells of the PV module tested
without additional corner support, is analyzed. Firstly, the stress in the center
SenSoCell is discussed, which is depicted in Figure 4.11. As expected from the
deflection, the linear FEM simulation strongly overestimates the measured stress.
The deviation is 19 MPa (88 %) at 2400 Pa and 49 MPa (122 %) at 5400 Pa.
Until 1800 Pa, the geometric non-linear FEM simulation is in good accordance
with the measured stress. The deviation above originates from the frame torsion
and is 4 MPa (20 %) at 2400 Pa and 15 MPa (38 %) at 5400 Pa. Because the
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stress follows the curvature k¥ = A(i, which has a steeper gradient than the de-
flection (see Appendix C, Figure C.6.7), the intercept of the measured and sim-
ulated stress is at lower loads compared to the intersection of measured and
simulated deflection in Figure 4.8.
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Figure 4.11: Stress calculated from resistance change of the SenSoCell within the PV mod-
ule (dark colors) along with the nonlinear FEM simulation (normal colors) and linear FEM
simulation (light colors) as well as the x-curvature from the geometric non-linear FEM sim-
ulation (right axis, yellow). Left: in the center SenSoCell (green). Right: in the corner Sen-
SoCell (red).

Secondly, the stress in the corner SenSoCell is discussed. As opposed to the
center, the linear FEM simulation strongly underestimates the stress. The devia-
tion at 2400 Pa is 15 Pa (88 %) and 30 MPa (86 %) at 5400 Pa. The reason is
the different deflection shape of a linear simulation. Figure 4.12 illustrates the
spatial distribution of the deflection shape for the linear and geometric non-lin-
ear simulation. Because the direction of the applied force does not change with
increasing load in the linear simulation, the displacement of the corners is under-
estimated. Whereas in the more realistic geometric non-linear simulation, the
updating of the force direction with each load step leads to a more homogene-
ous and stronger displacement on the PV modules short edge as well as corner.
The different displacement shape also affects the curvature x depicted for the
geometric non-linear FEM simulation in Figure 4.13.

The two relevant curvatures are along x and y. The butterfly shaped x-curva-
ture Kk, shows that in the middle line of the short side (x-direction) the curvature
is relatively small and that the curvature in the corner is in the same range as in
the center cells. The y-curvature k, is relatively small except at the short edge
and corner. The reason is the stiffness of the frame corner, which leads to a high
bending moment close to the corner. This together leads to a similar stress in the

82



4.3 Finite Element Model

corner and center solar cells, which overall is relatively low and does not lead to
a significant amount of cell cracks in the EL-imaging (not shown).
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Figure 4.12: Deflection shape at 5400 Pa mechanical load of PV module of linear (left) and
geometric non-linear FEM simulation (right). The displacement is plotted in the glass and
frame, the white lines are equidistant lines of identical deflection.
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Figure 4.13: Simulated distribution of curvature of the solar cells at 5400 Pa load in x-
direction (left) and y-direction (right). The positions of the sensors are indicated

Examining Figure 4.11 again, shows that the geometric non-linear FEM sim-
ulation is in reasonable accordance to the measured stress. The deviation at
2400 Pa is 4 Pa (26 %) and at 5400 Pa the deviation is smaller than the meas-
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4 Thermomechanical Stress in PV Modules

urement uncertainty. In contrast to the center, the frame torsion leads to a flat-
tening of the stress curve above 3000 Pa because the frame torsion reduces the
curvature increase.

To conclude the validation experiments, the relevant findings are summarized
along with their implication for the FEM model and the parameter sensitivity
study.

1. The long and short parts of the used frame translate and rotate relative
to each other. This results in a linear PV module deflection as a function
of applied load.

2. The FEM model assumes a perfect bonding of the frame parts.

3. The linear FEM simulation strongly overestimates deflection and stress in
the center and underestimates stress in the corner.

4. The geometric non-linear FEM simulation underestimates deflection and
stress in the center for high loads. In the corner the simulated stress it is
in good accordance to measurements.

5. Good accordance exists between geometric non-linear FEM simulation
and measurement for suppressed frame torsion for framed glass sheet.

Therefore, it is concluded that the deviation between the geometric non-
linear FEM simulation and experiment originates from the differences in the
frame bonding, which is specific for each frame. The purpose of this work is to
obtain a general understanding of the PV modules thermomechanics and hence
to develop a FEM model as general as possible. The approach of Hartely et al.
[Hart20]to include the frame corner connector and its friction to the frame is too
computational resource intensive when combined with geometric non-linearity,
which is needed for higher loads. Accordingly, the assumption of perfectly
bonded frame parts is kept.

Now, comparing the linear and geometric non-linear FEM simulation, above
results clearly show that the geometric non-linear simulation reflects a more re-
alistic description of the measurements. However, this comes with a huge in-
crease in computational resources. For the validation model the geometric non-
linear models needs twice the memory (518 GB instead 262 GB) and 91 times
the solution time on a faster CPU (172 h instead of 1.9 h) compared to the linear
model. Taking into account, that in the validation model the metallization and
ribbons are neglected and only the mechanical load at one temperature instead
of seven are simulated, the solution time of the linear model increases to 27 h.
With a total of 72 parameter combinations carried out, the solution time of the
geometric non-linear model is out of the scope for this work (7371 days instead
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4.4 Stress from PV Module Production

of 81 days for all parameters). Therefore, the strong deviation of the linear model
is accepted in favor of a broader parameter variation and hence a broader insight
in the thermomechanics of PV modules. This implies that the absolute values
presented are strongly overestimated and only the relative values should be taken
into consideration.

To conclude the validation experiments, the geometric linear simulation over-
estimates the measured results but the linear approximation is an efficient ap-
proach for a comparative identification of different influences and hence to gain
a fundamental understanding of the PV module thermomechanics.

4.4 Stress from PV Module Production

4.4.1 Single-Cell Laminate

In this Section, the results of the p-Raman spectroscopy measurements on single-
cell laminates are presented along with the FEM simulation results.

4.4.1.1 Metallized Solar Cells

Table 4.1 summarizes the results of the point y-Raman measurements on solar
cell and module level. The measured shift of the Raman peak is depicted relative
to the reference position at the solar cell corner along with the converted and
simulated stress values. In the following, only the stress values will be discussed,
which are additionally illustrated in Figure 4.14.

The larger contraction of the aluminum layer on the back side of the solar
cell during cooling down leads to a small bow of the metallized solar cell. For the
corresponding residual compressive stress on the surface of the metallized solar
cell (-9.3 £ 1.0) MPa are measured. By covering it with a glass sheet the stress
increases by -12 MPa to (-21 + 2) MPa.

Table 4.1: Comparison of results of point p-Raman measurements and FEM simulation
between first and second busbar. Stress values are additionally illustrated in Figure 4.14.

Cell process Raman peak Raman FEM stress FEM + initial
step shift stress stress

[107 rel cm™] [MPa] [MPa] [MPa]
Metallized 11.24 £0.15 -93+1.0 0 per def.
Metallized flat 24804 212 0 per def.  -21
Soldered flat 31.4+£04 -26+3 -1 -22
Laminated 64 + 2 -53+6 -48 -57...-69
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4 Thermomechanical Stress in PV Modules

4.4.1.2 Soldered Solar Cells

Due to the higher coefficient of thermal expansion (CTE) of copper, the ribbon
contracts much stronger during the cooling down from the solidification tem-
perature than the silicon solar cell. This induces a compressive stress on the solar
cell, which is measured with (-26 + 3) MPa on the flattened solar cell. Hence, the
soldering process induces an additional compressive stress of -5 MPa (measured).
From the FEM simulation of the soldering process a compressive stress difference
between the reference and the measurement position of -1 MPa is obtained. To
compare the values, the initial stress of the metallized solar cell and the flattened
configuration needs to be considered for the simulation. Therefore, the meas-
ured initial stress of the flattened metallized solar cell is added to the FEM value,
which leads to -22 MPa. This simple approximation leads to a good agreement
between FEM simulation and the p-Raman measurement. The difference origi-
nates most likely from the roller boundary condition on the back side of the solar
cell in the FEM model.
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Figure 4.14: Relative stress ¢ of all y-Raman point measurements and relative stress
1/2(ox+a0y) from the FEM simulation; the FEM values are a superposition of the residual
stress of the metallized solar cell and the FEM result. The whiskers depict the uncertainty
of the Raman values. Modified after [Bein19].

4.4.1.3 Laminated Solar Cells

Local Stress
During the lamination process, the EVA cross-links and thereby connects the so-
lar cell to the frontglass and the backsheet. Since this takes place at elevated
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4.4 Stress from PV Module Production

temperatures, the solar cell compression after soldering is further increased dur-
ing the cooling down after lamination by the higher contraction of the glass and
backsheet compared to the solar cell. After lamination a residual compressive
stress of (-53 + 6) MPa is measured, which is an increase of -27 MPa compared
to the residual soldering stress. From the FEM simulation, a residual compressive
stress of -48 MPa (without initial stress) is obtained. In this case, the comparison
to the measured stress is less straightforward, since the solar cell still exhibits a
small bow after lamination [Meng18]. According to the FEM simulation, this bow
is about 70 pm, which is smaller than the initial bow. Hence, the initial bow from
metallization is not removed completely by lamination. Therefore, the actual ini-
tial stress is expected to be between the values of the non-flattened (minimum)
and flattened metallized (maximum) solar cell. Accordingly, this range is repre-
sented by the shaded area in Figure 4.14 with the maximum compressive stress
being the value of the FEM results after lamination plus the initial stress of the
flattened solar cell as a shaded area. Additionally, the FEM simulation overesti-
mates the stress, due to the used linear elastic material model for the encapsulant
as indicated by Eitner et al. [Eitn11a, Eitn11b].

Large Area Scan of a Quarter Laminate

Figure 4.15 shows the stress mapping relative to the reference point indicated in
Figure 3.7 of a quarter solar cell within a laminate. Along with the y-Raman stress
map, Figure 4.15 shows the results from the FEM simulations of soldering and
lamination, also indicating the stress at the characteristic positions. The pre-
sented relative stress from FEM simulations (ox+0y)/2 is shown relative to the
reference point. Please note, that for the stress mappings, no initial stress is
added to the FEM results, because no stress mappings are performed on metal-
lized solar cells.

The finger metallization in the FEM model is neglected, which however, is
visible in the y-Raman stress map by thin dark lines. Since the metallization is not
sensible for y-Raman spectroscopy, no Raman peaks are detected. The lines are
not continuous because the fingers are thinner than the used distance between
two measurements. The discontinuous soldering on the back side of the solar
cell is clearly visible in the FEM results by the areas of higher compressive stress,
indicated by white dotted boxes in Figure 4.15, which represent the solder pads.
In the p-Raman stress map these areas are slightly visible. Both stress mappings
show that apart from the corner and close to the busbar, the solar cell is under
compression. The difference left of the busbar comes most likely from the ne-
glected metallization in the FEM model and the thermal drift of the Raman signal.
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Figure 4.15: Left y-Raman cell scan. The color code represents the interconverted stress
relative to the reference point indicated in Figure 3.7. Black lines are metallization fingers
and busbars, where no Raman spectra are measured. Right: Relative stress (ox+oy)/2 from
FEM simulation of the same area. Please note, that metallization is not part of the FEM
model. Dotted white boxes indicate the position of back side metallization pads. [Bein19]

Due to the textured surface, the py-Raman stress map is quite noisy. As dis-
cussed above (Section 3.1.3.1), the pyramids have a highly inhomogeneous
stress distribution, which is reflected by the variance of the Gaussian. With in-
creasing stress, the variance increases parabolic-like (see Figure 3.5). For the
stress maps, 10 spectra are measured for each pixel. Therefore, the mean of the
Gauss fit has a limited accuracy, which can be increased significantly by taking
more Raman spectra for each pixel. However, this comes with a drastic increase
of the measurement time and also an active temperature control of the sample
stage is required. Also, a mean of neighboring point can be drawn, as we do for
the line scan in Figure 4.16.

The stress gradient over the diagonal of the laminated solar cell is shown in
Figure 4.16. Both, the p-Raman and the FEM results show a steady increase of
the compressive stress from the corner to the center of the solar cell, with inter-
ruptions at the busbars, where the Raman measurements are not reliable. The
highest relative compressive stress is measured in the center of the solar cell with
y-Raman spectroscopy as -50 MPa. The same value comes from the FEM simula-
tion. Both values correlate with the point measurements presented above. From
the corner of the cell to the first busbar the p-Raman and FEM results show a
very similar trend. Between the first and the second busbar the p-Raman stress
shows a steeper slope than the FEM stress. Presumably, the reason for the dif-
ference lies in the neglected back side aluminum metallization in the FEM model.
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Figure 4.16: Relative stress o from p-Raman measurement and relative stress (ox+ay)/2
from FEM simulation after lamination on the diagonal of the solar cell. The grey boxes
indicate the position of the busbars. The insert on top is a guide to the eye showing the
position along the line in Figure 4.15. Modified after [Bein19].

Area Scan of the End of one Busbar

Figure 4.17 shows a detailed area scan of one busbar end after lamination. Here
the p-Raman stress mapping resolution is 10x the resolution of the cell scan in
Figure 4.15, hence the fingers are fully resolved and visible by the thin dark lines.
Also, the busbar and the ribbon, which is slightly overlaying, are visible.
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Figure 4.17: Left: p-Raman area scan of the end of busbar. The color code represents the
interconverted stress relative to the reference point indicated in Figure 3.7. The black lines
are the metallization fingers and busbar/ribbon, where no Raman spectra are measured.
Right: Relative stress (ox+ay)/2 from the FEM simulation of the same area. Please note,
that the metallization is not part of the FEM model. [Bein19]

Please note that the rectangles at the end of the busbar lead to singularities in
the FEM simulation which overestimate the absolute stress value in the circular
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4 Thermomechanical Stress in PV Modules

areas around the busbar end. Since this is a modelling artefact, the mapping is
compared qualitatively. However, the overall shape of the stress distribution is
valid. The stress of the p-Raman measurements and the FEM simulation show a
similar spatial distribution. The area of tensile stress in the extension of the busbar
originates from the superposition of the overall compressive stress after lamina-
tion and from the local tensile stress due to the stronger contraction of the ribbon
compared to the silicon cell in the soldering process.

4.4.2 60-Cell Module

Figure 4.18 left shows the third principal stress oy after lamination on the rear
side of solar cells within the 60-cell reference configuration.
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Figure 4.18: Simulated spatial stress distribution on the back side of the solar cells of the
reference configuration; left: third principal stress oy, after lamination; center: first principal
stress ag; at 2400 Pa (top) and 5400 Pa (bottom) push load, without transferring the lami-
nation stress tensor to the mechanical load study; right: first principal stress o; at 2400 Pa
(top) and 5400 Pa (bottom) push load, with transferring the lamination stress tensor to the
mechanical load study.
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4.5 Stress from Mechanical Load

As the stress after lamination is dominated by the interaction of the solar cell
with the front- and backsheet, the stress distribution of one solar cell within a
60-cell module is almost identical to the one of a single cell laminate. The value
between the first and second busbar is -81 MPa. Please note, that this value is
not directly comparable to above value for the single laminate, because different
stress values are evaluated and above relative values are presented.

4.5 Stress from Mechanical Load

4.5.1 Stress of Reference Module

The push load in the Mechanical Load Test induces tensile stress in the solar cells.
As mentioned in Section 4.4, after lamination the solar cells are in compression.
Therefore, the residual compressive lamination stress partly compensates the ten-
sile stress in mechanical load. The FEM model takes this into account by transfer-
ring the stress tensor from the lamination study to the mechanical load study. To
demonstrate how effective the stress compensation is, in one simulation of the
reference configuration the stress tensor is not transferred. Figure 4.18 shows
the result of this simulation along with the stress after lamination and at me-
chanical load with the residual lamination stress.

0 5 10 15 20 25 30 35 40 45 50
Displacement d [mm]

Figure 4.19: Simulated displacement distribution of the reference configuration at 2400 Pa
push load.

If the stress tensor is not transferred, the first principal stress oy follows the cur-
vature indicated by the displacement field from the applied mechanical load
shown in Figure 4.19. The highest stress occurs in the center cells and is around
90 MPa at 2400 Pa. After lamination the compressive stress in the solar cells is
around -80 MPa. Now, when transferring the stress tensor from lamination, the
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4 Thermomechanical Stress in PV Modules

first principal stress gy vanishes almost completely and the dominating stress is
compressive (not shown). Only in the center cells remains a low first principal
stress. Increasing the load to 5400 Pa, increases the first principal stress oy in the
solar cells. The stress distributions shape remains unchanged in the case without
the residual lamination stress. The highest stress is again in the center cells with
around 210 MPa. Transferring the lamination stress tensor, reveals that the ten-
sile stress is also reduced but due to the higher stress level only compensated in
a few cells. Therefore, the dominating stress is tensile in most of the solar cells.

4.5.2 Temperature Influence

All results in this and the next Sections are presented in fourfold graphics con-
taining the most relevant quantities to explain the first principal stress o; and the
corresponding probability of cell fracture P¢ for the module at mechanical load,
which are always in the top row. Two values of the first principal stress oy are
shown: the maximum value, which is used to calculate the cell fracture probabil-
ity P, and the value between the busbars in the center cell (see Figure 3.21),
which is independent of the interconnection and hence free from singularities.
Please note, that due to the singularities from the rectangular busbar shape, the
maximum first principal stress oy max and accordingly the cell fracture probabil-
ity P¢ are overestimated. This results in cell fracture probabilities P¢ of around
100 % for most of the investigated parameters. Also, the cell fracture probabil-
ity P¢ expresses the likelihood of at least one crack in at least one solar cell within
the PV module and not how many cracks appear. Therefore, this does not nec-
essarily imply that the solar cells would be strongly damaged. In the bottom row
the third principal stress ay;; between the busbars of the center cell after lamina-
tion is shown as well as the deflection d between the busbars of the center cell
at mechanical load. All values evaluated between the busbars of the center cell
are denoted by “center cell values” in the legends. The varied parameter is rep-
resented by the value itself on the ordinate and with the specific thermal expan-
sion stiffness £, at 25 °C with respect to solar cell area.

The IEC 61215 [Inte16] test norm for PV modules specifies the temperature
of the Mechanical Load Test as (25 + 5) °C. However, most encapsulants and
EVA particularly, have a temperature dependent Young's modulus E (see Figure
3.13) and hence a temperature dependent specific thermal expansion stiff-
ness E, .. Figure 4.20 shows how this influences the behavior of the PV module
in the mechanical load test at 2400 Pa and 5400 Pa as well as without load to
investigate the pure temperature influence.
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Specific thermal expansion stiffness encapsulant £, . [Pa m* K]
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Figure 4.20: Temperature influence in mechanical load for the reference at 0 Pa (only tem-
perature) (light red), 2400 Pa (red) and 5400 Pa (dark red). Top row: left: maximum value
(open circles) and value between the busbars (filled squares) of the center cell of the first
principal stress gy, right: corresponding probability of cell fracture (triangles); bottom row:
left: third principal stress oy after lamination, right: deflection. Please note, that the bot-
tom ordinates depict temperature T and the top ordinates the corresponding specific ther-
mal expansion stiffness Eg ..

Firstly, the pure temperature dependence (0 Pa) is discussed. The compressive
stress after lamination dominates the overall stress at room temperature. There-
fore, the first principal stress o7 between the busbars is negligible for all temper-
atures. However, the stronger contraction of the ribbon compared to the solar
cell leads to a non-zero maximum tensile stress oy max at the end of the ribbon.
When going from room temperature, where the frame is attached, to higher
temperatures, the maximum tensile stress o max decreases because the residual
strain from lamination is reduced. When applying to lower temperatures, the
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maximum tensile stress oy may increases until -20 °C because of the stronger dif-
ference in contraction of the solar cell and ribbon. In this range until -20 °C, the
specific thermal expansion stiffness E, . is relatively low which implies a low in-
teraction of the solar cell with the front- and backsheet. Therefore, the stress
from the stronger ribbon compression dominates. Around -20 °C EVA has a glass
transition which increases the specific thermal expansion stiffness £, . and sur-
passes the value of the solar cell (1.5 Pa m3 K'). Now, the coupling of the solar
cell to the front- and backsheet is much stronger and additionally the compres-
sion of the encapsulant is no longer negligible. The ribbon is hindered in its con-
traction and therefore induces less stress in the solar cell. The reason is that the
solar cell CTE a. is smaller than the frontglass CTE ags but the ribbon CTE a; is
larger (a. < ag < a;) and additionally, the ribbon is closer to the front-/back-
sheet. Furthermore, the solar cell is stronger compressed by the larger contrac-
tion of the front-/backsheet and encapsulant, which increases the compressive
stress in the solar cell. This effect reduces the cell fracture probability P¢ signifi-
cantly.

Adding 2400 Pa push load increases the stress but the overall temperature
dependence of all values is unchanged. This stress increase reveals the tempera-
ture dependence of the center cell first principal stress a; which arises from two
effects: firstly, the deflection depends on the temperature: between -40 °C
and -20 °C it increases due to the decrease in the encapsulants Young's modu-
lus E.. After the glass transition around -20 °C the Young's modulus E, de-
creases less and so the deflection increases also less. Around 80 °C, the EVA
starts to melt, accordingly, the Young's modulus E, decreases stronger again and
the deflection increases also stronger. Secondly, the strain absorption of the EVA
increases with decreasing Young's modulus E,, i.e. with increasing temperature.
This decreases the bending stress as well as the thermal compressive stress.
Therefore, the tensile stress peaks at -10 °C. Below, the tensile stress decreases
due to the lower deflection and becomes simultaneously compensated by the
stronger compressive stress. For higher temperatures, the increasing absorption
of the bending strain becomes the dominating effect.

Lastly, increasing the push load to 5400 Pa further increases the stress and
reveals another phenomenon: due to the increase of the bending strain absorp-
tion for lower Young's moduli of the encapsulant, the influence of the deflection
on the solar cell strain vanishes in the center. Contrarily, the deflection increases
for lower Young's moduli of the encapsulant. Therefore, the displacement of the
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solar cells increases and accordingly the ribbons become stretched which in-
creases the tensile stress at the interface to the solar cell.

4.6 Parameter Sensitivity Study

In the following, the results of the parameter sensitivity study are presented in
the fourfold graphic introduced in the previous Section. Most graphics include
results at 25 °C as well as -40 ° and 85 °C. However, the discussion will focus
mainly on the 25 °C results, unless the results of the other temperatures are re-
markably and not covered by the discussion of the general temperature depend-
ence in Section 4.5.2. The results are subdivided by PV module layer and varied
property.

4.6.1 Front/Back Cover

4.6.1.1 Frontglass Height

In a glass-foil configuration, the frontglass is the supporting element of the PV
module. Therefore, its height plays a crucial role for the stability in the mechanical
load test. Figure 4.21 shows that for increasing glass height, the deflection de-
creases significantly. However, the lower slope exceeding 3.2 mm indicates that
between 2 mm and 3.2 mm a critical value is reached. For much lower heights,
the deflection will increase strongly, while for higher values, the deflection de-
creases much less. The same behavior is seen in the stress values. The maximum
stress decreases with increasing glass height as well as the tensile stress between
the busbars in the center cell, which becomes negligible for 4 mm glass. How-
ever, the change in cell fracture probability P¢ is minimal, due to high maximum
stress values.

Interestingly, the glass height has almost no influence on the third principal
stress oy after lamination. Because the specific thermal expansion stiffness E,
of glass is about 25 times the one of solar cells, the impact of the glass on the
solar cell does not change significantly with increasing height (for hg > he).
More relevant are the material properties of the front- and backsheet, which are
presented in the next Subsection.
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Figure 4.21: Results from frontglass height h¢ variation at 2400 Pa push load for -40 °C
(blue circles), +25 °C (green squares) and +85 °C (red triangles). Top row: left: maximum
value (open symbols) and value between busbars of the center cell of the first principal
stress gy, right: corresponding probability of cell fracture; bottom row: left: third principal
stress ay;; after lamination; right: deflection. Please note, that bottom ordinates depict
height h¢, and top ordinates the corresponding specific thermal expansion stiffness £, .

4.6.1.2 Material Properties

Frontsheet CTE

Due to the CTE-mismatch of front- and backsheet, the laminate has a bow after
it is cooled down to ambient temperature after lamination, which increases for
larger CTE differences. The investigated values represent different glass types as
well as polycarbonate as a glass alternative. If the backsheet CTE (50.4x10°¢ K)
is larger than the frontsheet CTE (aps > ays), the laminate curvature is convex,
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while a smaller backsheet CTE (ays < ag) yields a concave curvature, which is
depicted in Figure 4.22.

aps > gt convex bow aps < g5 concave bow

Av

Figure 4.22: Sketch of bow after the laminate is cooled down to ambient temperature in
lamination induced by the CTE mismatch of front- and backsheet for different CTE ratios.
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Figure 4.23: Results from variation of frontsheet CTE ay, at 2400 Pa push load at -40 °C
(blue), +25 °C (black) and +85 °C (red). Top row: left: maximum value (open circles) and
value between busbars of center cell (filled squares) of the first principal stress gy, right:
corresponding cell fracture probability (triangles); bottom row: left: third principal stress gy
after lamination, right: deflection. Please note, bottom ordinates depict CTE a¢ and top
ordinates the corresponding specific thermal expansion stiffness £, ¢, both in linear scale.
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4 Thermomechanical Stress in PV Modules

Since in mechanical load the PV module curvature is also concave, a concave
bow after lamination amplifies the deflection d in mechanical load. This is re-
flected in Figure 4.23 by the much larger deflection d for the CTE of 65x10% K-
. At -40 °C the larger temperature difference further increases the temperature
induced concave bow, which amplifies this effect. Accordingly, the -40 °C curve
crosses the other temperature curves.

However, the higher deflection does not affect the center cell first principal
stress oy because the magnitude of the third principal stress ayy; after lamination
also increases for increasing frontsheet CTE ag. For the lowest CTE (3x106 K),
which matches the solar cell CTE of 2.6x10¢ K' well, the third principal stress
oy after lamination is almost negligible. Therefore, in mechanical load a slight
first principal stress oy is observable. Due to the CTE matching of frontsheet and
solar cell, the solar cell is almost unaffected by the contraction of the frontsheet
and accordingly the backsheet contraction dominates. This is reflected by the
direction of the first principal stress a; depicted in Figure 4.24. After soldering,
the principal stress directions are in the cell plane only. After lamination, the ori-
entation changes towards the backsheet for the lowest frontsheet CTE (3x10¢
K"). Increasing the frontsheet CTE to 9x 106 K!, changes the orientation towards
the frontsheet. Accordingly, the influence of the frontsheet dominates which
leads to a slight decrease of the maximum first principal stress oy max. Further
increasing the frontsheet CTE to 65x10% K, the solar cells are further com-
pressed and pushed together. This leads to a bending of the ribbon in the cell
gap and a strong local deformation of the solar cell. This together with the strong
deflection in mechanical load leads to the strong increase of the maximum first
principal stress oy yax for high frontsheet CTEs.

Due to the high maximum first principal stress oy max, the cell fracture prob-
ability is 100 % for all frontsheet CTE's. Only for -40 °C and 85 °C it decreases
for lower CTE's due to the effects explained above in Section 4.5.2.
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direction of frontsheet compression
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Figure 4.24: Direction of the first (red arrows) and third (blue arrows) principal stress after
soldering (top) and after lamination for the three different frontsheet CTEs. The length of
the arrows is not to scale. Deformation of cell and ribbon is to scale. Bottom right: local
deformation of solar cell and ribbon in cell gap for the frontsheet CTE of 65x10° K.

Backsheet CTE

The CTE of the backsheet has a very similar influence on the solar cell as the CTE
of the frontsheet, but due to the lower height much smaller. Figure 4.25 shows
the results for three different CTE's, which cover the range between soda-lime
glass and polycarbonate.

The center cell first principal stress a; decreases for increasing CTE due to the
increasing magnitude of the third principal stress oy after lamination. Addition-
ally, the deflection decreases because the opposed convex bow after lamination
increases with increasing CTE. As for the frontsheet, the maximum first principal
stress o max iNCreases with the CTE increase due to the stronger compression
after lamination. Finally, the cell fracture probability P¢is 100 % for all CTE's and
is only reduced by the change in temperature.
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Figure 4.25: Results from the variation of backsheet CTE ay,¢ at 2400 Pa push load at -40
°C (blue), +25 °C (black) and +85 °C (red). Top row: left. maximum value (open circles) and
value between the busbars of the center cell (filled squares) of the first principal stress oy,
right. corresponding probability of cell fracture (triangles); bottom row: left: third principal
stress ayy; after lamination, right: deflection. Please note, that the bottom ordinates depict
CTE ays and the top ordinates the corresponding specific thermal expansion stiffness £, s,
both in linear scale.

Backsheet Young's Modulus

Figure 4.26 shows the results of the variation of the backsheet Young's modu-
lus Eps. The chosen values cover the range between extremely soft and stiff back-
sheets.

The magnitude of the third principal stress oy after lamination increases for
stiffer backsheets and the mechanical load deflection d decreases due to the
stronger convex curvature after lamination and higher bending resistance.
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Therefore, the center cell first principal stress o; decreases with increasing
Young's modulus Epg.

Specific thermal expansion stiffness backsheet £, [Pa m® K]
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Figure 4.26: Results from the variation of backsheet Young's modulus E,s 2400 Pa push
load at -40 °C (blue), +25 °C (black) and +85 °C (red). Top row: left: maximum value (open
circles) and value between the busbars of the center cell (filled squares) of the first principal
stress gy, right: corresponding probability of cell fracture (triangles); bottom row: left: third
principal stress ay;; after lamination, right: deflection. Please note, that the bottom ordi-
nates depict Young's modulus Ey,s and the top ordinates the corresponding specific ther-
mal expansion stiffness E, s, both in linear scale.

The maximum first principal stress o7 max Shows a similar behavior as in the
variation of the frontsheet CTE. For the lowest backsheet Young's modu-
lus Eps (Egps < Eqc < Egy) the maximum first principal stress oy may is domi-
nated by the ribbon-solar cell interaction. Increasing the backsheet Young’s mod-
ulus Eps to 3.5 GPa increases the impact on the solar cell (Eyps & Eqc < Eqp),
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4 Thermomechanical Stress in PV Modules

which increases the solar cells compression by the backsheet and in turn de-
creases the relative compression by the ribbon, accordingly the maximum first
principal stress oymayx is slightly reduced. Further increasing the backsheet
Young's modulus Eps (Eqps > Eqc < Esr) the backsheets contraction amplifies
the ribbons contraction, i.e. the maximum first principal stress o mayx in the solar
cell increases again. At +85 °C the coupling of the backsheet to the solar cell and
front glass is generally weak, so that the influence of the backsheet is small for
all Young's moduli and therefore the stress is mainly influenced by the stronger
deflection for softer backsheets.

At -40°C, the encapsulants specific thermal expansion stiffness E, .
(3.71 Pam? K" is larger than the backsheets (E, > Eqps). Accordingly, the
backsheet has a minor influence on the solar cell and again the dominating effect
is again the deflection.

4.6.1.3 Symmetric Setup

Using a symmetric PV module setup, i.e. having the same front- and backsheet,
changes the thermomechanics of the solar cell fundamentally. In a symmetrical
setup, the solar cells are in the neutral axis of the laminate, while in a glass-foil
setup, the solar cells are in the tensile range at push load. Figure 4.27 shows the
variation of the front- and backsheet height (1 mm, 2 mm and 3.2 mm) for two
symmetrical setups with soda-lime glass and polycarbonate (PC).

Due to the position of the solar cells in the neutral axis, the first principal
stress a7 between the busbars of the center cell is negligible for all heights and
both materials. In fact, due to the high magnitude of the third principal stress oy
after lamination, the dominating stress is compressive even at 5400 Pa push load
(Appendix C.1, Figure C.6.20). Since the maximum first principal stress oy max
arises mainly from the interaction of the ribbon with the solar cell, it is non-zero.
For soda-lime glass, the value is only slightly dependent on the height, similarly
to the third principal stress oy after lamination. The specific thermal expansion
stiffness £, is even for 1 mm 10 times higher than the one of the solar cell and
three times higher than the one of the ribbon. Therefore, a change from 1 mm
to 3.2 mm has only a marginal impact. Whereas the specific thermal expansion
stiffness E, of polycarbonate at 1 mm is only about twice the value of the solar
cell and therefore the height has an influence. The higher specific thermal ex-
pansion stiffness £, of soda-lime glass compared to polycarbonate originates
from the much higher Young's modulus E although the CTE is much smaller,
which is also reflected in the much stronger increase of deflection d.
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Figure 4.27: Results from the variation of front-/backsheet height hg,s of a symmetric mod-
ule setup at 2400 Pa push load at +25 °C for soda-lime glass (green) and polycarbonate
(orange). Top row: left: maximum value (open) and value between the busbars of the cen-
ter cell (filled) of the first principal stress gy, right: corresponding probability of cell fracture
(triangles); bottom row: left: third principal stress oy, after lamination;, right: deflection.
Please note that for clarity, the results for -40 °C and +85 °C are depicted in separate Fig-
ures in Appendix C.1 (Figure C.6.8 and Figure C.6.9). Please note, that the bottom ordi-
nates and the top ordinates the corresponding specific thermal expansion stiffness E, g
of glass (left, green) and polycarbonate (right, orange).

At 1 mm, the maximum first principal stress oy max is amplified by the huge de-
flection, accordingly it decreases slightly at 2 mm although the contraction from
the back-/frontsheet increases. Please note, that for Polycarbonate, due to its low
stiffness, the assumption of geometric linearity overestimates the deflection and
stress stronger than for soda-lime glass. For 3.2 mm the deflection decreases
further and the dominating effect on the maximum first principal stress oy max is
the contraction after lamination. Both materials specific thermal expansion
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stiffness E, values are larger than the ribbons value (Ey g > Eqpc > Eqr) but the
CTE of soda-lime glass is smaller than the ribbons while the polycarbonates is
larger (ag < ar < apc). Therefore, soda-lime glass reduces the ribbons contrac-
tion, while polycarbonate increases it. Accordingly, the maximum first principal
stress oy max fOr polycarbonate increases, while for soda-lime glass it decreases
slightly. For this reason, the maximum first principal stress oy mayx is overall much
higher for polycarbonate than for soda-lime glass. Accordingly, the cell fracture
probability P¢ of soda-lime glass is lower, while for polycarbonate it is 100 % for
all heights.

4.6.2 Encapsulant

4.6.2.1 Young's modulus

The sensitivity study of the encapsulants Young's modulus E, in Figure 4.29 in-
vestigates on one hand the behavior for a fixed Young's modulus with values of
EVA’s Young's modulus from -40 °C until 150 °C. On the other hand it compares
two different encapsulants (EVA and TPO, see Figure 3.13) with a strongly tem-
perature dependent Young'’s modulus.

Firstly, the fixed Young'’s moduli are discussed: At 150 °C, EVA is extremely
soft with a specific thermal expansion stiffness E, . for the solar cell area of
0.0006 Pa m? K. Accordingly, its capability of strain absorption is high. With
increasing Young's modulus, the specific thermal expansion stiffness E, . in-
creases to 0.03 Pa m3 K" at +25 °C and becomes 3.7 Pa m3 K at -40 °C, which
is more than twice the value of the solar cell (1.5 Pa m? K'"). The magnitude of
the third principal stress oy after lamination reflects this by increasing strongly
with increasing Young's modulus Ee. Similarly, the deflection after mechanical
load decreases with increasing Young's modulus E,. The center cell first principal
stress a7, which is influenced by these two, should decrease accordingly. How-
ever, it first slightly increases and then decreases again. To better understand this
behavior, the compressive stress after lamination is neglected as well as the de-
creasing deflection. For this purpose, the FEM simulation is modified to have the
same deflection for all Young's moduli and the lamination stress tensor is not
transferred. Figure 4.28, shows the result of this simulation. The largest strain in
the encapsulant is shear strain in yz-direction y,, it strongly decreases with in-
creasing Young's modulus E, of the encapsulant. As the strain decreases, it ab-
sorbs less bending strain. Accordingly, the solar cell is exposed to more bending
strain and the first principal stress gy increases in the same manner as the shear
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strain Ty, in the encapsulant decreases. Now, taking the compressive lamination
stress and the lower deflection at -40 °C into account, results in a decrease of
the first principal stress o7 towards -40 °C and accordingly in the curve in Figure
4.29.
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Figure 4.28: Results from the variation of encapsulant Young's modulus E, 2400 Pa push
load at -40 °C (blue), +25 °C (black) and +85 °C (red). Top row: left: maximum value (open
circles) and value between the busbars of the center cell (filled squares) of the first principal
stress gy, right: corresponding probability of cell fracture (triangles); bottom row: left: third
principal stress ay;; after lamination, right: deflection.

The strain absorption capability of the encapsulant also dominates the maxi-
mum first principal stress oy yay: for a low Young's modulus, the solar cell and
ribbon contraction is almost uncoupled from the other layers. The larger the en-
capsulants Young’'s modulus becomes, the stronger becomes the coupling to the
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frontglass, which CTE is about half the CTE of the ribbon and therefore reduces
the contraction of the ribbon and accordingly the stress. When the Young’'s mod-
uls further increases and the encapsulants specific thermal expansion stiff-
ness E, . surpasses the one of the solar cell and at the same time becomes close
to the ribbon value (Eq ¢ < Eqe < Eqy), both become additionally compressed
by the much larger CTE of the encapsulant. Accordingly, the maximum first prin-
cipal stress oy max iNCreases again.
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Figure 4.29: First principal stress g; between the busbars of the center cell (green) and the
shear strain in yz-direction 7,, within the EVA (yellow) above the solar cell for different
Young's moduli of the encapsulant at mechanical load.

The cell fracture probability P¢ does not follow the maximum first principal
stress oy max, D€CaUSe the stronger compressive stress for higher Young'’s moduli
leads to lower effective area values, which results in the lowest value for the
highest Young'’s modulus.

Finally, the result of the two temperature dependent Young's moduli reflect
the results of the fixed values. The higher Young’s modulus for temperatures
above -25 °C of the TPO (see Figure 3.13) yields a higher compressive stress after
lamination and lower tensile stress in mechanical load. This underlines that due
to the multiple influences on the thermomechanics, a higher Young’s modu-
lus E . reduces the cell fracture probability.

4.6.2.2 Height

Figure 4.30 shows the results of the encapsulant height variation between
250 pm and 800 pm. The magnitude of the third principal stress ayy; after lami-
nation decreases with increasing encapsulant thickness. Also, the gradient of the
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third principal stress oy decreases for thicker encapsulants. This implies that for
a very thin encapsulant the encapsulant couples the solar cell strongly to the
front- and backsheet and the thicker the encapsulant becomes, the weaker be-
comes the coupling. The lower compressive stress after lamination of thicker en-
capsulants is also the reason for the increase of the center cell first principal
stress gy for thicker encapsulants, despite the slight decrease in deflection. The
deflection decrease originates from the weaker coupling of the front glass to the
backsheet and additionally the laminate becomes thicker and accordingly the
bending resistance increases.
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Figure 4.30: Results from the variation of encapsulant height h, 2400 Pa push load at -40
°C (blue), +25 °C (black) and +85 °C (red). Top row: left: maximum value (open circles) and
value between the busbars of the center cell (filled squares) of the first principal stress oy,
right: corresponding probability of cell fracture (triangles); bottom row: left: third principal
stress ay;; after lamination, right: deflection. Please note, that the bottom ordinates depict
height h, and the top ordinates the corresponding specific thermal expansion stiffness Eg .
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The maximum first principal stress oymax Shows a different behavior. For
250 pm thick encapsulant, there is only 50 pm encapsulant between the 200 pm
thick ribbon and the front-/backsheet. Accordingly, the higher CTE of the back-
sheet additionally contracts the ribbon which increases the maximum first prin-
cipal stress oy mayx. Contrarily, the frontglass hinders the contraction of the ribbon.
For thicker encapsulant, the encapsulant absorbs more strain and so the coupling
between the front-/backsheet and the ribbon becomes weaker. Therefore, the
maximum first principal stress oy ymay first decreases slightly from 250 um thick-
ness to 450 um and then increases again because the ribbon contraction is less
influenced by the front-/backsheet.

At -40 °C the encapsulant becomes very stiff which changes the thermome-
chanics. Firstly, the deflection decreases stronger with increasing encapsulant
thickness, because the overall stiffness of the PV module increases. Secondly, the
specific thermal expansion stiffness E, . of the encapsulant increases. At 250 pm
height it is with 2.1 Pa m3 K" slightly higher than the 1.5 Pa m? K" of the solar
cell. With increasing height of the encapsulant also the specific thermal expan-
sion stiffness E,  increases and so the impact on the solar cell. Since the CTE of
the encapsulant is about 10 times the one of the solar cell, it becomes com-
pressed. This in turn reduces the maximum first principal stress oy max. Finally, the
cell fracture probability P follows the trend of the maximum first principal
stress oy max and decreases strongly at -40 °C. At +25 °C it slightly increases,
however since the value is already for 250 um thick EVA 98 %, the increase is
not significant

At 85 °C the encapsulant is very soft for which reason, the coupling of the
solar cell and ribbon to the front-/backsheet is only for 250 pm relevant, where
the ribbon contraction is amplified by the backsheet contraction. Above the max-
imum first principal stress oy max Slightly decreases following the deflection de-
crease.

4.6.3 Solar Cell Height

Figure 4.31 shows the results of the solar cell variation from 80 pm to
180 pm, which increases the specific thermal expansion stiffness £, . from 0.7 to
1.5 Pa m? K. Accordingly, the magnitude of the third principal stress oy after
lamination decreases with increasing height. However, this has a minor effect on
the center cell first principal stress ay. Also the deflection decreases just minimally,
because of the low specific thermal expansion stiffness E, . compared to the one
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of glass (B, < Eggs). The increasing specific thermal expansion stiffness Eg ¢ is
also the reason for the decrease of the maximum first principal stress oy may, be-
cause the impact of the ribbon on the cell becomes lower. Taken with respect to
the ribbon joint area, the specific thermal expansion stiffness E, . increases from
0.006 to 0.014 Pam3 K", which is about a fourth of the ribbons value of
0.05 Pa m? K. This is only partly reflected in the cell fracture probability, which
first decreases slightly for 120 ym but then increases again, because of the lower
compressive stress after lamination, the tensile stress level is higher and accord-
ingly the effective area as well.
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Figure 4.31: Results from the variation of solar cell height h, 2400 Pa push load at -40 °C
(blue), +25 °C (black) and +85 °C (red). Top row: left: maximum value (open circles) and
value between the busbars of the center cell (filled squares) of the first principal stress oy,
right. corresponding probability of cell fracture (triangles); bottom row: left: third principal
stress ay;; after lamination, right: deflection. Please note, that the bottom ordinates and
the top ordinates the corresponding specific thermal expansion stiffness Eg .
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4.6.4 Mounting Structure

In the performed variation of the frame material, depicted in Figure 4.32, the
frame geometry is unchanged and only the material is varied. The strongest in-
fluence of the frame material is on the deflection. With steel having the lowest
deflection followed by Aluminum and wood, which follows their Young's moduli
(see Table 3.9).
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Figure 4.32: Results from the variation of frame material 2400 Pa push load at -40 °C
(blue), +25 °C (black) and +85 °C (red). Top row: left: maximum value (open circles) and
value between the busbars of the center cell (filled squares) of the first principal stress oy,
right. corresponding probability of cell fracture (triangles); bottom row: left: third principal
stress ayy; after lamination;, right: deflection.
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Since the third principal stress oy after lamination is independent of the
frame, the center cell first principal stress oy directly depends on the deflection.
With a higher deflection leading to a higher stress and the same for the maxi-
mum first principal stress oy max. However, the impact on the cell fracture prob-
ability P¢ is minimal and it is almost 100 % for all frames.

4.6.5 Module Dimension & Aspect Ratio

Please note, that due to the reasons explained in the Section 3.3.2.4 the metal-
lization and ribbons are neglected in the simulations in this Subsection. This leads
to much lower stress and effective area values. Accordingly, the cell fracture
probabilities are lower compared to the ones in the sections before and might
not reflect the real fracture behavior, which is strongly influenced by the inter-
connection. The results at 25 °C, which are published in the IEEE Journal of Pho-
tovoltaics [Bein20b], are shown below. The results at -40 °C and +85 °C are de-
picted in Figure C.6.10 to Figure C.6.15 in Appendix C.1.

4.6.5.1 Number of Cells / Module Size

Figure 4.33 shows the results of the cell number variation from 60 to 140 cells.
The magnitude of the third principal stress oy after lamination for glass-foil
modules increases slightly for increasing cell number. The slight dependence of
the cell number originates from the increase in module size with the number of
added cells times the cell gap.

Due to the CTE mismatch of the front glass and backsheet, glass-foil modules
exhibit a small convex bow after lamination (see Figure 4.22), which adds up to
the above mentioned stress originating from the compression of the solar cells
by the front- and backsheet. Moreover, the bow increases with an increasing
module size and hence the stress from the bow. For six strings the difference is
very small and hardly visible. For an increasing number of strings, the bow be-
comes more prominent and hence the difference in the compressive stress be-
comes more significant.

Since the glass-glass module stack is vertically symmetric, it doesn’t exhibit a
bow after lamination and hence there is no dependence of the number of cells.
However, it shows a higher compressive stress. This higher compressive stress
relates to the higher specific thermal expansion stiffness £, of glass compared
to backsheet. While the glass has a value of 3725 Pa m* K, the backsheet has a
much lower value of 102 Pa m3 K.

111



4 Thermomechanical Stress in PV Modules

PV module size [m?]

(o2} D D (SO § (U <t [o2] D AN oS N < <
2 oM o0 O Q Q I R T - ©
O O vO T— <« <« - S O O v <« < -
X X X X X X X X X X X X X X X X X X
© @ ©O 0 o o © @ OO W0 o © o
© 0 oM o9 @ 9 @ 8 o om 99 © 9 @
= -~ = & = o - o - ~ v v~ o - SN
N T —TT T — T T —TT T — ™
S 160 | 2400 Pa |25 °C 4 2400 Pa|25°C A 100 I
= 90 =
S8 [ 1 T 1 =
p 140 [ 180 %
o 120} 1 I 170 3
® ©
< 100 1 160 £
o =
g o} 11 1503
k= [ A ] et
& eof ] 40 5
@ r 130 =
= 40 O ] 20 B
IS o [ ] ®©
2 200 1 / {10
S <)
® ot 4 L _AA—AK lo o
£ . N L L . n rallira an ralliin n
‘ maximum A module ‘ glass-foil glass—glass‘
T — T — T T — T — — 0
P lamination
Fosr 1 te 50
= “TQ Yq
& -84k N/ 1T \/\ 17 £
2 ) SN, ) =
2 ) o - Q 1-150 ©
=1 )
»  -86} e \ o] S
4 I \ 1-200 3
2 - @
o =
c
£ -s8f 11 {250 §
e g
£ s \ 1-300
= 90 E
2400 Pa|25°C
P —— = = P——— = - -350
o N O NO < N < o N O NO < N <
XX XX XX X X% x XX XX XX X X %
© [ e(e] 0O ® O o © O 0 0O © O o
e @ L Q =4 e ¢ 2 =
o N O [ g (S g ~ o N O g N g
© N 0000 () - O o © N~ 0000 (o)) - O o
o ~ N < o ~ <

Number of cells (stringsxcells per string) [-]

Figure 4.33: Results from the variation of the number of cells within a PV module at
2400 Pa push load and 25 °C for glass-foil (green) and glass-glass modules (orange). Top
row: left: maximum first principal stress oy, right: corresponding probability of cell fracture;
bottom row: left: third principal stress ay;; after lamination, right: deflection. Modified after
[Bein20b].

The deflection during mechanical load increases with the module size for
both glass-foil and glass-glass modules. As the compressive stress after lamina-
tion changes minimally (for glass-glass not significantly), the deflection domi-
nates the first principal stress ay. For glass-foil modules both, the deflection d
and the first principal stress gy increase strongly, which however effects the cell
fracture probability only for more than 84 solar cells. Before it is negligible due
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to the low first principal stress a;. This shows, that the mounting has to be
adapted for modules with a large area. As shown in [Bein16], the chosen mount-
ing structure has a huge influence on the stress in solar cells.

Comparing the different number of strings, e.g. the stress for 80 cells (8
strings with 10 cells) and 84 cells (6 strings with 14 cells) shown in Figure 4.34,
shows that adding extra cells to existing strings is thermomechanically more ben-
eficial than adding an extra string. Besides the stronger change of the aspect
ratio, the reason is the mounting on the long side of the module. Adding an
extra string increases the width of the module without further support, which
changes the deflection and curvature. Further, comparing modules with 96 cells
(8 strings with 12 cells) to 100 cells (10 strings with 10 cells) as shown in Figure
4.34 reveals, that a quadratic module shape increases the number of cells with
high tensile stress. Both have an almost identical maximum first principal stress oy
but the more quadratic module with 100 cells has a higher effective area Aeg
and hence a higher cell fracture probability Pg.

N
)
First principal stress o, [MPa]

Figure 4.34: First principal stress g; on the backside of the solar cells for modules with a
similar number of cells but a different number of strings. The orange rectangle indicates
the position of the frame mounting. [Bein20b]

Due to the symmetric setup of glass-glass modules, the solar cells are in the
neutral axis [Gabo16]. Accordingly, the dominating stress is the residual com-
pressive stress from lamination and the cell fracture probability P¢ is negligible,
as is reported before, e.g. [Gabo16], even for the modules with a high number
of cells.

4.6.5.2 Cell Size

Figure 4.35 shows the results of the solar cell variation from 156.0 mm to
161.75 mm. The magnitude of the third principal stress ayy; after lamination in
the glass-foil configuration slightly increases, which originates on the one hand
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from the increase of the module size as described above and on the other hand
from the larger cell size itself. Since the cell is larger, also the cell compression by
the front- and backsheet is larger. The latter also applies to glass-glass modules.
Here, the increase is slightly larger due to the higher specific thermal expansion
stiffness Eg ¢ of the glass compared to backsheet.
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Figure 4.35: Results from the variation of cell size at 2400 Pa push load and 25 °C for
glass-foil (green) and glass-glass modules (orange). Top row: left: maximum first principal
stress gy, right: corresponding probability of cell fracture; bottom row: left: third principal
stress ayy; after lamination, right: deflection. Please note, that the bottom ordinates depict
cell size and the top ordinates the corresponding specific thermal expansion stiffness .
Modified after [Bein20b].

With the increase in module size, deflection increases and consequently first prin-
cipal stress g;. However, for the glass-glass configuration the first principal
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stress gy does not increase significantly, due to the solar cells being in the neutral
axis. All stress values correspond to a negligible cell fracture probability Ps.

4.6.5.3 Cell Format

Figure 4.36 shows the results of the solar cell format variation from full to quarter
cells. The magnitude of the third principal stress oy after lamination in the glass-
foil configuration decreases due to the decrease of the cell length, as described
above. The same applies to glass-glass modules. Again, due to the higher specific
thermal expansion stiffness £, the dependence is stronger.
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Figure 4.36: Results from the variation of cell format at 2400 Pa push load and 25 °C for
glass-foil (green) and glass-glass modules (orange). Top row: left: maximum first principal
stress gy, right: corresponding probability of cell fracture; bottom row: left: third principal
stress ayy; after lamination, right: deflection. Please note, that the bottom ordinates depict
cell format and the top ordinates the corresponding specific thermal expansion stiff-
ness E, .. Modified after [Bein20b].
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4 Thermomechanical Stress in PV Modules

Due to the additional cell gaps, the module size increases for smaller cell
formats, accordingly, the deflection in mechanical load increases. This combined
with the lower compressive stress after lamination leads to an increase of the
first principal stress o7 for smaller cell formats. However, all stress values corre-
spond to negligible cell fracture probabilities Py.

For glass-glass modules the deflection increases less, hence the increase in
tensile stress is lower. Therefore, a second effect appears: The solar cell follows
the curvature of the PV module. Consequently, a cut solar cell with a shorter
length is less bowed by the PV module’s deflection. Thus, the tensile stress
slightly reduces with decreasing cell format. For glass-glass modules this effect is
slightly stronger than the influence of the PV module size, which leads to a very
slight decrease of tensile stress.
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5 Thermomechanical Design Rules

Firstly, the three stress determination methods used within this work are dis-
cussed and compared (Section 5.1). Secondly, the influences on the stress within
the solar cells are discussed for each different module layer (Section 5.2).

5.1 Stress Determination Methods

5.1.1 p-Raman Spectroscopy

For all presented data, the y-Raman measurements are in good agreement with
the FEM simulation and all data could be reproduced. Therefore, the developed
measurement procedure with the determined conversion coefficient X, indeed is
suitable to measure stress in laminated textured solar cells. In turn, the y-Raman
measurements validate the developed FEM model for a one-cell laminate.

The novelty on the developed measurement procedure compared to the lit-
erature is that the procedure is developed to measure on the surface of textured
solar cells rather than on the cross-section. Therefore, is takes the surfaces crys-
tal-orientation as well as topology into account. Accordingly, the conversion co-
efficient X is also not determined theoretically or on the solar cells’ cross-section,
as it is done before in the literature, but on its surface. This results in lower a
conversion coefficient X of -(1.19 + 0.07) rel. cm™' /GPa as compared to values
measured in the literature between 2...4rel.cm™'/GPa[lLuca97, Sara08,
Schm10, Wolf96b]. Only one measured value in the same range
(1.0 rel. cm™ /GPa) [Anas70]) is found in the literature. The obtained value cor-
responds very well to the 1.21 rel. cm™ /GPa value theoretically determined by
Ganesan et al. [Gane70]. Therefore, it is concluded, that the developed meas-
urement procedure correctly measures the stress within solar cells with textured
surfaces.

However, there is still a potential to improve the accuracy of the measure-
ments by actively controlling the sample temperature, hence keeping it constant
to avoid a thermal drift. The used temperature correction only captures the ther-
mal drift on distinct locations but not the overall drift. Another impact on the
accuracy is the number of Raman spectra measured per stress value. In the point
and line scan measurements, 1,000 spectra are taken, while for the area scans
only 10 to shorten the measurement time. Comparing the results, it is concluded,
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that 10 spectra are sufficient to get a qualitative mapping. However, for an ac-
curate quantitative mapping more spectra are needed, which increases the meas-
urement time significantly. Consequently, then also the thermal drift might in-
crease, hence an active temperature control is essential for stress mappings with
a high accuracy.

The advantage of the p-Raman spectroscopy is that it is contactless, non-
destructive and no special sample preparation is needed. Compared to other
non-invasive methods this allows a wider use. For example IR photoelasticity used
by Wong et al. and Zheng et al. [Wong97, Zhen02] is limited to IR-transparent
materials. X-ray topography used by Meng et al. [Meng16, Meng18] is limited to
processes involving solar cell bending. X-ray p-diffraction used by the group of
Budiman et al. [Budi14, Hand17, Tipp17, Tipp19] requires a synchrotron X-ray
source and is limited to measurements through the backsheet due to a limited
penetration depth. Like these methods, y-Raman spectroscopy needs an optical
path to the sample. This is not always the case, which limits the application.
Another drawback is the strong sensitivity of the Raman peak to factors like tem-
perature and doping concentration of the solar cell. These factors shift the Ra-
man peak in the same order of magnitude as the stress. Hence, they must be
known very well and kept constant during a measurement to obtain absolute
values. Without knowing these factors, y-Raman spectroscopy is still capable of
measuring stress qualitatively.

In this work, only excitation lasers with 532 nm or lower wavelengths are
available. These have a very low penetration depth in Silicon and therefore the
surface topology plays an important role. By using an excitation laser with a
wavelength higher than about 1200 nm within the near infrared spectrum,
higher penetration depths might be achieved which could improve the method
further.

5.1.2 Solar Cell Integrated Stress Sensor

The presented data show, that a locally highly doped area within a solar cell can
be used as a piezoresistive stress sensor. This allows for the first time an in-situ
and non-invasive measurement of the stress within a PV module directly in the
solar cell without the need of an attached probe. This proof-of-concept can be
utilized as a starting point for further development and still many improvements
can be done. As an example: the resistance depends on the temperature, even
for the high charge carrier concentration of 5x10'° cm= (see appendix A.1). The
only way to handle this dependence is by a temperature calibration of the sensor.
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In this work, all measurements are done at constant ambient temperature, there-
fore the temperature dependence can be neglected within this work.

Another improvement to be done is the guard ring, which has not been func-
tional (see appendix A.2), i.e. the stress sensor is sensitive to irradiation. In this
work, all measurements are done either in the dark, or indoor at constant artifi-
cial illumination. Hence, the sensors resistance is measured before the measure-
ment in unloaded state. Since the stress is calculated from the resistance change
the irradiation influence can be neglected. This is the case for the most research
applications, which allows the application of the sensors in research and devel-
opment. Differently is the situation in the field with changing irradiation. Possible
strategies to handle the irradiation dependence are either by improving the
guard-ring, or by an irradiation calibration. The first one is the preferred method,
because it removes the irradiation influence completely and correlations to the
temperature calibration are avoided.

The same longitudinal sensitivity S, of the wafer stripes and the SenSoCell
shows that the sensor production is reproducible. On the other hand, the Sen-
SoCell production has also shown, that the production is challenging, although
the sensor itself is relatively simple. The challenge is to keep the positioning pre-
cision, which is needed for the small sensor size and the metallization alignment,
over the full wafer size. Especially for larger wafer sizes, the current tools availa-
ble at Fraunhofer ISE reach their precision limit. To overcome this, the sensing
area could be increased, which might come with a decrease of the accuracy,
which has to be investigated.

Overall, the integration of sensing parts into solar cell wafers as well as the
integration of SenSoCells into PV modules are successful. The sensors resolve the
stress within the PV module, which enabled the first validation of a thermome-
chanical PV module FEM model according to the stress in the solar cell.

5.1.3 Finite Element Model

The finite element method allows a much deeper and broader analysis of the
thermomechanical effects of the PV module than the experimental methods
above do. For example it is possible to resolve the stress within the solar cell in
full detail and to determine the full stress tensor rather than only single or mixed
components. Also, extensive parameter variations could not be done experimen-
tally. This makes it possible to reveal phenomena, which cannot be explained
without FEM simulation. For instance how the stress after lamination compen-
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sates the stress in mechanical load (Figure 4.18) can only be fully shown by sim-
ulating the mechanical load without initial stress from lamination. Another ex-
ample is the temperature influence (Section 4.5.2): FEM modelling allows to sep-
arately simulate the influence of the changing material properties and the ther-
mal expansion, which is not possible experimentally.

However, as most simulations, FEM simulations come with approximations
which might not reflect the real behavior. Therefore, each approximation must
be taken with care and, if possible, be verified. The validation experiments (Sec-
tion 4.3.2) showed, that the used geometric linear approximation has a large
deviation to the measurements especially for high loads. A geometric non-linear
approach allows a more realistic simulation. However, this approach is associated
with a drastic increase in needed memory and even more in computational time.
In order to identify the impact of design parameters, however the geometric lin-
ear approximation is sufficient. Therefore, the linear approach is chosen in favor
for a broader sensitivity study. In consequence, the obtained results overestimate
the real values strongly. Accordingly, the obtained absolute values are used to
compare one parameter set to another.

The obtained maximum first principal stress ojmax values are much larger
than the first principal stress o7 in the center of the cells and dominate the cell
fracture probability P¢ in all results. The reason is the singularity around the bus-
bars due to the geometrical shape and the differences in material properties. The
investigation of the singularity (Section 4.3.1) showed that the chosen approach
- to exclude in the evaluation of the maximum first principal stress ojmax the
stress within 50 pm around the busbar - reduces the stress exaggeration but does
not remove the singularity completely. Therefore, the obtained maximum
stress oy max and accordingly the cell fracture probability P¢ represent the non-
realistic rectangular busbar and ribbon geometry, which is the upper limit of a
realistic geometry with round edges. Nonetheless, within the parameter sensitiv-
ity study, the values are comparable and allow relative conclusions about the
thermomechanical behavior.

Another approximation, which can have a large influence, is the material
model of the encapsulant. Eitner et al. [Eitn11a, Eitn11b] showed, that a linear
elastic material model does not correctly simulate the cell gap change in a ther-
mal cycling test. However, in this work, the findings of the validation experiments
suggest, that the temperature dependent Young’s modulus is a good approxi-
mation for the mechanical load simulation. However, due to the frame torsion
and the resulting deviation at higher loads, this has to be further investigated.
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5.2 Influences on Stress

The analysis of the simulated stress within the solar cells of the reference PV
module configuration reveals that there are two major influences:

1. The mismatch of the thermal expansion when exposed to temperature
differences.
2. The curvature of the module and cells when exposed to mechanical loads.

The first one is responsible for the compressive stress of the solar cells after
lamination as well as high tensile stress at the end of the ribbon, which domi-
nates the cell fracture probability P¢. Both findings are in accordance with find-
ings in the literature, e.g. Either et al. found the stress in the solar cells after
lamination and subsequent cooling to -40 °C to be compressive [Eitn11a,
Eitn11b, Eitn11c]. They have not included ribbons in the FEM model, which is
done by Dietrich et al. [Diet10], who found the largest tensile stress at the end
of the ribbon. However, they do not mention how they handled the singularities
occurring at the very same positions. Although measures are taken in this present
work, to reduce the influence of the singularities at the busbar and ribbon cor-
ners, the stress exaggeration dominated the maximum first principal stress oy max
as shown in Section 4.3. However, it is known, that the regions around the bus-
bar and especially at its end are prone to solar cell cracks [Lai14, Rend19]. There-
fore, the amplitude of the stress around the busbar might not reflect the stress
guantitatively correct but qualitatively it does. Consequently, the simulated max-
imum first principal stress oy max Vvalues are overestimated and accordingly the
probability of cell fracture as well. Since no other work treating singularities in
PV modules were found, this has to be verified by future works.

The second one is responsible that the solar cell in the corner of the PV mod-
ule with a conventional frame exposed to mechanical load shows tensile stress
although the deflection is minimal (see Figure 4.18 and Figure 4.19). For different
mounting solutions, like frameless modulus with laminate clamps it could be
shown that the highest tensile stress even occurs at the position of the largest
curvature instead of the largest deflection [Bein16]. These findings correlate to
the findings of Gabor et al. [Gabo16].

For both, the material properties play a crucial role. In the following, these
influences are discussed in detail for each PV module layer and design rules will
be derived, which are also summarized in Section 5.3.

121



5 Thermomechanical Design Rules

5.2.1 Encapsulant

The encapsulant connects the solar cells with the front- and backsheet, which
makes it a crucial module component and the thermomechanics of the PV mod-
ule is strongly influenced by its properties. Since most of the industrial encapsul-
ants have temperature dependent properties, in this work two frequently used
encapsulant types with temperature dependent Young's moduli are investigated.
The values change in the order of four magnitudes (Figure 3.13) within the tem-
perature range of a PV module. Additionally, the large temperature difference of
190 K from the lamination temperature to -40 °C induces high thermal stresses
which overlay with the impact of the changing Young's modulus. Accordingly,
the thermomechanics at high and low temperature differ and are discussed sep-
arately in the following.

Above Room Temperature

High temperatures refer to temperatures around 85 °C, the upper temperature
in the thermal cycling test within the IEC 61215 [Inte16] test sequence. Around
this temperature, the encapsulants exhibit a low Young’'s modulus. Therefore,
the coupling of the solar cell to the front- and backsheet is relatively weak and
the coupling of the solar cell to the ribbon dominates the stress within the solar
cell. This arises from the different contraction of the ribbon and the solar cell,
which mainly comes from the cooling process after soldering and lamination. At
lamination temperature, there is just a low stress level remaining from the sol-
dering process. Just when the encapsulant starts to connect the solar cells to the
front- and backsheet the lamination stress starts. From that moment, the maxi-
mum stress in the solar cells is a composition of solar cell-ribbon interaction and
the solar cell-front-/backsheet interaction. The latter one hinders the first one
depending on the strength of the coupling. The strain absorption capacity of the
encapsulant is larger for low Young's moduli (Figure 4.28), therefore the cou-
pling is stronger for higher Young's moduli, which results in a lower maximum
stress. This coincides with a higher accumulated plastic work within the solder
during a TC cycle, simulated by Lindholm et al. [Lind20]. If the Young's modulus
is too large (E,e = E, ), the stress increases again due to the high CTE of the
encapsulant in the cell-encapsulant interaction, as shown in Figure 5.1.

So, two points, which reduce the stress in solar cells, can be concluded:

1. A sharp melting point of the encapsulant with a sudden increase of the
Young's modulus E, below it.
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2. The encapsulants specific thermal expansion stiffness £ . should be be-
tween the ribbon E, . and solar cell E, ¢ value: B, < Ege < Egp.
These points are an extension of the design rule by Carroll et al. [Carr76]

recommending thermally soft encapsulant, i.e. encapsulants with a low thermal
expansion stiffness E,,.
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Figure 5.1: Maximum first principal stress oy .« in solar cells at 2400 Pa push load and
+25 °C versus the specific thermal expansion stiffness of the encapsulant E,, the dotted
lines indicate the corresponding value of the ribbon (yellow) and solar cell (blue).

Below Room Temperature

At room temperature, the encapsulantisin a solid state connecting the solar cells
to the front- and backsheet. Also, the thermal stress from cooling increases due
to the larger temperature difference. Accordingly, the influence of the encapsul-
ant properties increase. When reaching lower temperatures, the thermal stress
further increases. At the same time the Young'’s modulus increases, reducing the
deflection in the mechanical load, which correlates with the experimental find-
ings of Mihlhofer et al. [MUlh13]. They found more cracks at low temperatures,
which confirms the findings of Mickiewicz et al. [Mick11]. Both conclude that
the lower strain absorption of the encapsulant is responsible, which is also im-
plied by Figure 4.28. However, the stress temperature dependence in Figure 4.20
shows that also without applied mechanical load, the maximum stress oy pmax in-
creases, so the dominating effect is thermal stress from the solar cell-ribbon in-
teraction. The mechanical load further increases the stress value, which is the
reason, why this effect is less critical in thermal cycling without mechanical load.
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Another effect, which is only revealed by the FEM simulation: the stress and
therefore the crack probability reduces again below -30 °C to values below the
ones at room temperature in case of EVA. For the POE the difference is less
strong. The reason is the steeper increase of the Young's modulus of EVA at the
glass transition temperature. Due to this it keeps its strain absorption capability
to lower temperatures and at the same time increases the coupling of the solar
cells to the encapsulant and front- and backsheet. The following point can be
concluded for stress reduction in solar cells:

3. A sharp glass transition of the encapsulant with a sudden increase of
the Young’'s modulus E,.

The encapsulants height has a similar impact as its Young’s modulus. It de-
fines the coupling of the solar cells to the front- and backsheet. If the coupling
is too weak, the stress increases, therefore thinner encapsulants are beneficial.
However, there is a limit: when there is too little encapsulant between the ribbon
and the front- and backsheet. The conclusion is:

4. Thin encapsulants reduce the stress, given that there is sufficient mate-
rial between the ribbon and the front- and backsheet.

However, this holds only if the stress from the solar cell-ribbon interaction
dominates the cell fracture probability. In this work, this stress is overestimated
by singularities due to the rectangular busbar and ribbon shape. For lower stress
overestimation, other interactions might be relevant, like the displacement of the
cells and the corresponding stretching of the ribbon in the cell gap.

5.2.2 Front- and Backsheet

In the previous Section, it was shown that the coupling of the solar cell to the
front- and backsheet is crucial for the thermomechanics of the PV module. So,
the next question rises about the influence of the front- and backsheet.

In the asymmetric glass-foil module design, the glass sheet is mechanically
the dominating layer, with by far the highest specific thermal expansion stiff-
ness E"a,g(SZ Pa m3 K1). Therefore, its properties determine the PV modules de-
flection in mechanical load. The results revealed that there is a thickness of glass
around 3 mm, above which a further increase is less effective.

5. At least one stiff layer is needed with a minimum thickness. For soda-
lime glass this is around 3 mm.

124



5.2 Influences on Stress

The large difference of the specific thermal expansion stiffness E, to the solar

cells value of 1.5 Pam?3 K™ is also the reason why the glass’ height has almost
no influence on the thermal stress in the solar cell. Differently, the frontsheet
CTE strongly influences the thermal stress. For CTE values lower than the CTE of
the ribbon the thermal stress in the solar cells decreases. Much larger CTE values
lead to extremely critical stresses and cell fracture probabilities. To visualize this,
the relative specific thermal expansion stiffness Eg ¢ is introduced. It is the spe-
cific thermal expansion stiffness but instead of the CTE the difference of the CTE
to the ribbons values is used:

Ea,rele'(a_ar)'Aj'h (59)

Figure 5.2 shows the maximum first principal stress oy max in the solar cells
versus the relative specific thermal expansion stiffness of the backsheet £y re1ps
relative to the ribbons CTE (17-10¢ K'). The backsheet values are chosen instead
of the frontsheet values, because more variations are done, which gives a better
visualization. The backsheet has the same impact as the frontsheet, even for
glass-foil modules the impact is just smaller. This correlates to the findings of
Kramer et al. [Krae15] that the stress in solder bonds during thermal cycling is
higher in glass-glass modules than in glass-foil modules.

However, a CTE larger than the solar cell is beneficial, because the thermal com-
pressive stress after lamination decreases the tensile stress in mechanical load:

6. The CTE of stiff layers (e.g. front- and backsheet) should have a value
between the one of the solar cell and the ribbon: a. < a < a,.

Another effect of the front and backsheet CTE is the direction of the curva-
ture due to thermal strain (Figure 4.22). Since critical high push loads mostly
occur due to a heavy accumulation of snow and ice, i.e. at low temperatures,
the bow from the thermal strain is opposed to the bow from the snow load and
therefore reducing it. Figure 5.2 clearly shows the decrease of the center cell first
principal stress gy with an increasing relative specific thermal expansion stiffness
of the backsheet E, o115 relative to the frontsheet CTE:

7. A larger CTE of the backsheet is advantageous with regard to push
loads: aps > ags.
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Figure 5.2: Left: Simulated maximum first principal stress o yax in solar cells at 2400 Pa
push load and +25 °C versus the relative specific thermal expansion stiffness of the back-
sheet E, .¢ps relative to the ribbons CTE. Right: Simulated first principal stress o; between
the busbars of the center cell at 2400 Pa push load and +25 °C versus the relative specific
thermal expansion stiffness of the backsheet E, . ps relative to the frontsheet CTE.

The results of this work reflect the finding of Gabor et al. [Gabo16] that sym-
metric module designs, e.g. glass-glass modules, are extremely robust against
mechanical loads. The reason is that the solar cells are in the neutral axis. There-
fore, the dominating stress is thermal stress. As mentioned above, this is larger
compared to glass-foil modules. Accordingly, in symmetric designs the material
of the front- and backsheet should have a low CTE:

8. Placing the solar cell in the neutral axis, e.g. by a symmetrical module
design, for minimal bending stress.

9. Rule 6 isin symmetric module designs more important than for asym-
metric designs (glass-foil).

5.2.3 Solar Cell

In fact, the possibilities to reduce the stress within the solar cell by modifying it
are limited to the size. The material properties are determined by its function as
a semiconductor and are predominately the ones of Silicon. However, the size
has three different influences.

Firstly, the height. It influences the specific thermal expansion stiffness E . and
hereby the solar cells resistance to external strain. Accordingly, thicker solar cells
are exposed to less stress. However, as also shown by Lai et al. [Lai13, Lai14], the
stress around the ribbon from soldering decreases non-linearly with increasing
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5.2 Influences on Stress

cell thickness, while the compressive stress from lamination decreases almost lin-
early. Since the compressive stress compensates tensile stresses during mechan-
ical load, the cell fracture probability has a minimum around 120 pm cell thick-
nesses. However, since this minimum strongly depends on the other module ma-
terials and especially the ribbons, it is different for each module design.

10. Thicker solar cells are exposed to less stress.

Secondly, the solar cell area. Increasing the solar cell area without adapting
the frame, leads to stronger deflection and accordingly higher stresses in the
solar cells. Additionally, a string of small solar cells can follow the inhomogene-
ous frontglass curvature (Figure 4.12 and Figure 4.13) better than a string of
large solar cells. To illustrate this, a string of solar cells is compared with a bicycle
chain: a solar cell corresponds to a chain element and the interconnectors in the
cell gap to the flexible interconnection by pin and roller. Such as the bicycle
chains with smaller elements can follow steeper socket curvatures, smaller solar
cells can follow steeper inhomogeneous frontglass curvatures. Accordingly,
smaller solar cells have a smaller curvature, hence less stress, at the same
frontglass curvature.

11. Smaller solar cell edge length decreases stress.

Thirdly, the size effect. The defects in solar cells are statistically distributed
[M&II05], i.e. the probability for critical defects increases with the solar cell area.
Accordingly, the cell fracture probability increases with increasing solar cell area.

Concluding the size effects, a simple way to reduce the stress and the solar
cell fracture probability is to split the solar cells into smaller cells, for example half
or third cells, and align the shorter side of the solar cells along the higher curva-
ture. To demonstrate this effect, the FEM simulations of the cell format (Sec-
tion 4.6.5.3) is extended to simulate half-cells which are oriented with the long
edge parallel to the long PV module edge. The resulting first principal stress oy is
compared to half-cells with the long edge along the short PV module edge and
full cells as shown in Figure 5.3. While the first principal stress oy in the mechan-
ical load slightly increases (due to the smaller compressive stress after lamination),
when going from full-cells to half-cells, it strongly decreases when aligning the
half-cells along the short side of the PV module. Accordingly, the cell fracture
probability P with the Weibull parameters for full-cells also strongly decreases
from 78 % to 3 % at 5400 Pa push load. A similar behavior is observed by Pod-
lowski et al. [PodI20] in Mechanical Load Tests on different PV modules with
shingled solar cells. Modules with strings aligned along the short side of the PV
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5 Thermomechanical Design Rules

module showed much less or no cracks compared to strings aligned along the
long side. However, the cell splitting process might induce additional flaws to
the splitting edge depending on the technology used [Kaul18]. Kaule et al. claim
that the thermal laser separation does not influence the fracture probability,
therefore this one is recommended for cell splitting.

12. Cut cells: Alignment of the shorter side along the higher curvature re-
duces stress.
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Figure 5.3: First principal stress on the back side of the solar cells at 5400 Pa push load
with the corresponding cell fracture probability P with the Weibull parameters for full-

cells. Left: full-cells; Center: half-cells aligned along the long side of the module, right: half-
cells aligned along the short side.

5.2.4 Mounting Structure and Module Dimension

For glass-foil modules, the frame is an essential module component for the rigid-
ity of the PV module. The shape and dimensions have a crucial role in the deflec-
tion and curvature [Gabo16, Schi14, Tumm?22]. The results of this work show,
that the frames dimension and shape have to be adapted for different materials.

13. The higher the frames stiffness, the better.

Accordingly, it is essential to include the frame as a geometrical component in
the FEM simulation rather than as boundary condition as it is a common practice
in the literature. For example Dietrich et al. used a line mounting [Diet12], and
Kramer, Wiese et al. [Krae13, Krae15] as well as Li et al. [Li19] made the assump-
tion of an ideally stiff frame by placing fixed constraints on the module edges
along the entire thickness.
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5.3 Thermomechanical Design Rules

The results of this work show that the frame has to be adapted to larger
module areas and aspect ratios. The deflection of the PV module is not con-
strained in order to study the influence of the module design solely. However,
module manufacturers often recommended the use of a rail below the module
for high loads. Such a rail limits the deflection to the height of the lower part of
the frame and therefore the stress in the solar cells. Other options to reduce the
deflections are additional or different mounting positions of the frame to the
rack.

14. Smaller module area decreases stress.
15. Frame design has to be adapted to specific module design.

The results also showed that the aspect ratio of the PV in module strongly
influences the deflection and hence the stress in the solar cells. Assuming, that
due to practical reasons, the mounting of the module takes place only along one
side, long modules lead to lower stresses compared to wide modules with a sim-
ilar number of solar cells, i.e. power.

16. Module aspect ratio: longer modules instead of wider modules (for
mounting on long side and non-extreme ratios).

5.3 Thermomechanical Design Rules

This Section gathers the thermomechanical design rules derived in Section 5.2.
The design rules are clustered according to the respective component. The aim
of the design rules is to give a compact overview of the influences on the stress
within the solar cells and the PV modules cell fracture probability. Other aspects
of the PV module design, such as power efficiency, cost and aesthetics may have
opposite requirements. However, this is out of the scope of this work.

The aim of this work is to derive general thermomechanical design rules, with
a focus of conventional ribbon interconnected solar cells. Most of the rules are
also applicable to other solar cell technologies, such as back-contact or shingle
solar cells. However, some rules are very specific to the solar cell and intercon-
nection technology and have to be adapted in future works.
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5 Thermomechanical Design Rules

Table 5.1: Summary of the derived Thermomechanical design rules clustered by compo-
nent. The magnitude of the influence on the stress within the solar cells is given in the last
column, with increasing magnitude from + to +++.

Component Design Rule Influ-
ence

Sharp melting point with a sudden increase of the Young's +
modulus E, below.

The encapsulants specific thermal expansion stiffness Eope ++
should be between the ribbon E, . and solar cell £, value:

Eqr <Ege <Ege.
Encapsulant - . :
Sharp glass transition with a sudden increase of the Young’'s  +

modulus E,.

Low thickness, given that there is sufficient material between — +
ribbon and front- and backsheet and that the critical stress
originates from the solar cell-ribbon interaction.

At least one stiff layer is needed with a minimum thickness. ++
For soda-lime glass around 3 mm.

The CTE of stiff layers should have a value between the one of +++
the solar cell and ribbon: a. < a < a,. In symmetric module
Front/Back  gesigns more critical.

Cover
A larger CTE of the backsheet is advantageous for push loads: +
QAps > s
For minimal bending stress: Place the solar cells in the neutral ~ ++
axis, e.g. by a symmetrical module design.
High solar cell thickness. ++
Solar Cells Small solar cell edge length.
Cut cells: Alignment of the shorter side along the higher curva- +
ture.
Smaller module area decreases stress.
PV Module . . .
Size Module aspect ratio: longer modules instead of wider modules +
(for mounting on long side and non-extreme ratios).
The higher the frames stiffness, the better.
Frame i . )
Frame design has to be adapted to specific module design. +

130



6 Summary and Outlook

There are many and often entangled influences on stress within solar cells, which
are summarized in the derived 15 Thermomechanical Design Rules. Additionally,
three factors are introduced to characterize PV module materials easily and
straightforwardly according to their influence on the thermomechanics.

1. Thermal expansion stiffness E, = E - a, the product of the Young's mod-
ulus E and the coefficient of thermal expansion «, first introduced by
Carroll et al. [Carr76] but somehow not used since then. It is a measure
of how much thermal strain a material can induce.

2. Volumetric thermal expansion stiffness E, = E, - V, which takes the dif-
ferent volume V of the PV module materials into account.

3. Specific thermal expansion stiffness £, = E, - A; - h, which takes the join-
ing surface 4; and the height h of two joined materials into account. It is
a measure of how much thermal strain one joining material can induce
in the other.

The design rules are derived from a comprehensive parameter sensitivity
study using a manifold approach: FEM simulations complemented by two differ-
ent experimental methods, p-Raman spectroscopy and solar cell integrated sen-
sors. Both methods are developed within this work. The FEM simulations enabled
a wide and in-depth analysis of the PV modules thermomechanics by parameter
variations, while the experimental methods validate the FEM simulations. The
developed FEM model covers the PV modules geometry in great detail, from the
busbar metallization until the frame. The analysis of the parameter sensitivity
study results show that some phenomena are only revealed by this multi-scale
approach. One example is that the higher stress at temperatures below 0 °C is
mainly due to the thermal stress from the solar cell-ribbon interaction, which is
amplified by the lower strain absorption capability of the encapsulant as it is as-
sumed by the literature [Mick11, Milh13].

6.1 p-Raman Spectroscopy

Confocal p-Raman spectroscopy is successfully applied to measure the stress of
laminated solar cells. The new method extends the existing procedures by taking
the topology of textured solar cells into account. The texture pyramids cause an
inhomogeneous stress distribution on their flanks. Additionally, the different
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crystal planes of stress propagation and light scattering influence the Raman sig-
nal. The presented results indicate that the procedure covers both influences and
is capable of providing a conversion factor £ =-(1.19 £ 0.07) rel. cm™'/GPa,
which holds for uniaxial and biaxial stress states, as well as the stress originating
from the PV module production.

The developed procedure measures the thermomechanical stress in the PV
laminate production processes soldering and lamination. The measured stress
values are in good accordance with the stress simulated by a FEM model. The
simulated stress after lamination agrees within the measurement uncertainty
with the measured value. Furthermore, the p-Raman spectroscopy is capable of
measuring stress mappings and hence resolving the stress in great detail, de-
pending on the chosen resolution.

As a further improvement, an active temperature control of the samples is
proposed to avoid a temperature-induced shift of the Raman peak. Also, a Ra-
man excitation laser, with a higher penetration depth would decrease the meas-
urement noise.

6.2 Solar Cell Integrated Stress Sensor

A new approach for the measurement of stress in laminated solar cells has been
developed: a silicon solar cell integrated stress sensor. The advantage of a solar
cell integrated sensor is that the stress is measured directly in the solar cell by the
solar cell itself.

The sensor is manufactured using only silicon solar cell production processes
and utilizes the piezoresistance effect of silicon by high local doping. The sensing
part consists of a highly n-doped area. Six different designs with varying aspect
ratio a and charge carrier density N are compared. All designs resolve the stress
in the test specimens and have sensitivities in the range be-

tween -45 %/GPa and -65 %/GPa. The lowest scattering is achieved for the de-
sign with a=10/1, N=5 x1019cm'3, which has a sensitivity of (-47.41 =
0.14) %/GPa.

The concept is successfully transferred on a solar cell wafer which are inte-
grated into a PV module. The in-situ stress measurement during a Mechanical
Load Test shows that the sensors are capable of resolving the stress within en-
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capsulated solar cells. At the same time the results are the first direct stress meas-
urements of encapsulated solar cells without an external probe and, therefore,
the first validation of a thermomechanical FEM simulation according to stress.

Further investigations are needed on the guard-ring, which has not been
functional as intended. Within this work, this could be compensated by perform-
ing all measurements at constant illumination. However, generally the radiation
might change during measurements, especially when applied for in-situ meas-
urements in the field. For such an application also a wireless data transmission
and a self-powering approach has to be developed in the future.

For the concept of solar cell integrated sensors a patent is submitted, which
is currently pending [Bein18].

6.3 FEM Simulation

A three-dimensional thermomechanical FEM model has been developed, which
covers the PV module in great detail from busbar to frame. The findings of this
work show that in the Mechanical Load Test interconnection and frame have a
crucial role on the stress within the solar cells. The busbar and ribbon determine
the residual stress after soldering, which show tensile stress at the end of the
busbar. Due to their geometry, they are prone to singularities, which overesti-
mate the stress locally. These singularities are investigated thoroughly, with the
result that stress within 50 um around the busbar is not evaluated within this
work. However, the obtained stress values are still overestimated also due to the
used geometric linear approximation, which is revealed in the validation experi-
ments. In these experiments it is found that the frame parts rotate and translate
relative to each other due to the tolerance of the corner connector and presum-
ably plastic deformation of it. This leads to a larger deflection and accordingly
larger stress in the solar cells, which could be shown by additionally support the
frame corners. Here, the geometric non-linear simulation of the FEM model is in
good accordance with the measurements by deviating less than 2.2 mm (7 %)
in the deflection, which validates the FEM model. However, the geometric non-
linear simulation increases the computational resources immensely. Therefore,
the geometric linear approximation is used for the parameter sensitivity study to
allow for a systematic parametric study of the PV module thermomechanics.

It is shown that the ribbons play a crucial role in the PV modules thermome-
chanics. The FEM model will be further improved by splitting the different scales
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of the PV module geometry and modelling the ribbons in a sub-model. This al-
lows a much more detailed modelling, such as rounded corners and non-linear
material models. Also, the computational effort might decrease by splitting the
scales, which in turn allows a geometric non-linear analysis.

The FEM model can be further improved by a more detailed description of
the soldering and lamination process. In this work, the cooling down process is
simulated for both linear elastically. By implementing a time-dependent study
and non-linear material models more realistic process simulations could be
achieved. Additionally, the lamination process could be extended by inhomoge-
neous temperature distributions as well as the applied pressure by the laminator.

Lastly, in this work the residual stress from the solar cell production, like met-
allization process is not considered at all. Therefore, extending the FEM simula-
tion by the metallization process would improve the results to more realistic val-
ues. To obtain reasonable results, exact material models of the used metallization
paste play a crucial role.
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List of Acronyms

Al-BSF
BB
CCD
CMOS
C-Si
CTE
DMA
DoF
EL
EVA
FEM
IML

IR

KOH
LCOE

LsC
mc-Si
ML

NA
Nd:YAG

PC
PDE
PERC
PET
PID

Aluminum back-surface-field; solar cell technology
busbar

charge-coupled device

Complementary metal—-oxide semiconductor
monocrystalline silicon

coefficient of thermal expansion

dynamic mechanical analysis, dynamic mechanical analysis
Degree of Freedom

Electroluminescence imaging

Ethylene-vinyl acetate

Finite Element Method

static inhomogenous mechanical load

Infrared: part of the light spectrum with longer wavelengths than
the visible light.

potassium hydroxide, used for selective etching of silicon

levelized cost of electricity: costs of the energy conversion into
electricity

laser scribing with cleaving; solar cell splitting technology
multicrystalline silicon

static homogenous mechanical load

numerical aperture

neodymium-doped yttrium aluminum garnet (Nd:Y3AlsO12) crystal
used in solid-state lasers

Polycarbonate

partial differential equation

Passivated Emitter Rear Contact; solar cell technology
Polyethylene terephthalate

Potential Induced Degradation
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List of Acronyms

Pt100

PV
PVDF
PVF

Si
SWCT
TC
TLS
TPT

Platinum based resistance thermometer with a nominal resistance at
0 °C of 100 Q.

Photovoltaic

Polyvinylidene difluoride

Polyvinyl fluoride

Silicon

smart wire interconnection technology

themal cycling test according to IEC 61215

thermal laser separation; solar cell splitting technology

trilayer composite of Tedlar-Polyethylene-Tedlar
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List of Symbols

Symbol Typical unit Description

a 10 k! coefficient of thermal expansion

ar 103 K resistance temperature coefficient

Br 107 K second order temperature coefficient

&j - components of strain tensor

K m-"’ curvature, defined as the second partial derivative

of the deflection: & = Ad

A cm™2 Eigenvalues of the Raman secular equation

v - Poisson’s ratio

T GPa™ piezoresistive tensor

11 ref GPa' piezoresistive coefficient at room temperature

p Q mm specific resistance

X rel. cm™ GPa' conversion coefficient for the conversion of the

Raman peak shift into stress

0o MPa m? geometrically independent Weibull scale factor
ol MPa first principal stress

ol MPa second principal stress

ol MPa third principal stress

O MPa components of stress tensor

o) MPa characteristic fracture stress

1) rel. cm™ Raman wavenumber relative to excitation laser
Wabs cm™! wavenumber of absorbed photon

Wem cam™! wavenumber of emitted photon
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List of Symbols

Symbol Typical unit Description

Qphon cm! wavenumber of excited phonon state

A = aspect ratio

Aeff m? effective area

A; mm? joining surface of two materials

c MPa elasticity matrix

D - differential-operator-matrix

d mm displacement of PV module

d mm node displacement vector

E MPa Young's modulus

E, kPa K thermal expansion stiffness

Egreal Pam3K' relative specific thermal expansion stiffness

E, Pam3 K specific thermal expansion stiffness

E, Pam3 K volumetric thermal expansion stiffness

f N vector incorporating all external forces

E, N Force equivalent to the surface load pm. normal-
ized to the number of vacuum cups

G - row matrix

gixy) - geometric stress shape function

mm height

K Nm’ element stiffness matrix

l mm length

L Nm’ lower matrix of the LU factorization

m - Weibull modulus
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List of Symbols

Symbol Typical unit Description

N cm3 charge carrier concentration

P - dimensionless P-factor

p,qr cm2 phonon deformation potentials (material con-
stants)

P+ (o) % probability of cell fracture

pmL Pa applied mechanical load

POSx,ij mm x-positions of the i,j-vacuum cup

POSy,i mm y-positions of the i, j-vacuum cup

Ro Q sheet resistance

Rt Q resistance of temperature sensor

Rto Q Nominal resistance at 0°C

Toc mm radius of the vacuum suction cups of the ML test
stand

Rs0 Q resistance of stress sensor

So GPa™’ sensitivity of the stress sensor

St 103 K’ sensitivity of the temperature sensor

T °C temperature

Tmod °C temperature of the module

U - upper matrix of the LU factorization

|4 m3 volume

w mm width
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List of Definitions

backsheet
busbar
bending stress

element ratio

finger

frontsheet
frontglass
glass-foil module

glass-glass module
hexahedron

laminate

laminate-stress

mechanical stress

mounting-stress

mounting structure

prism
PV module
pyramid

SenSoCell
string

tetrahedron

layer on the back side of a laminate
metallic contact and current collector of solar cells
stress originating from the deflection

ratio of the node distance of two neighoring mesh
elements

metallic current collector and conductor, perpendic-
ular to busbars and much thinner

layer on the front side of a laminate
glass sheet on the front side of a laminate

PV module with a glass as frontsheet and a
polymerbased backsheet foil.

PV module with a glass as front- and backsheet
extruded rectangular mesh element

encapsulated solar cells after lamination (without a
mounting sstructure)

thermal stress occurring from the CTE mismatch of
the laminate materials

stress originating from mechanical loads

thermal stress occurring from the CTE mismatch be-
tween the mounting structure and the laminate

structure attached to the laminate, which is used
for mounting the PV module to a rack. In conven-
tional modules: a frame.

extruded triangluar mesh element
laminate with a mounting structure, e.g. frame

mesh element in the shape of a pyramid with four-
sided base

solar cell with integreated sensors
solar cells interconnected in series

mesh element in the shape of a pyramid with trian-
gular base
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List of Definitions

thermal stress

thermomechanical stress

stress originating from thermal loads, i.e. tempera-
ture changes

stress originating from combined thermal and me-
chanical loads
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Appendix

A Solar Cell Integrated Stress Sensor

A.1 Temperature Dependence

A.1.1 Method

The temperature dependence of the stress sensors can be separated into two
effects [VOIk06]:

1. Temperature dependence of the resistance.
2. Temperature dependence of the sensitivity, i.e. of the piezoresistive coef-
ficient.

Therefore, the temperature dependence is investigated with two different
experiments described in the two following Sections.

A.1.1.1 Temperature Dependence of the Resistance

The temperature dependence of the resistance is expressed by the resistance
temperature coefficients a; and By:

Ry(T) = Ryyef(1 + ap T + Br T?), (60)

where Rrref is the resistance at a reference temperature. Since the stress
sensors are used at room temperature the reference temperature is set to 25 °C.

From each charge carrier density, sensors of the 10/1 aspect ratio design (S.2
and S.5) are tested without external load. Due to a limited availability, four sen-
sors of the Nt and two sensors of the N** profile are used. The samples are
placed in a climate chamber and the resistance R, is measured using an electrical
four point probe. The temperature is varied from -40 °C to +160 °C with a heat-
ing rate of 0.5 K/min. The relative resistance change (R(T) — Rr25°c)/Rr25°c
is then plotted over the temperature T and fitted with equation (60) to obtain
the resistance temperature coefficients.

A.1.1.2 Temperature Dependence of the Sensitivity
The resistance change of a piezoresistive sensor depends on the temperature
according to equation (17), which is shown again:
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A Solar Cell Integrated Stress Sensor

AR, = R, % Ty ref P(T,N) 0y . (61)

Therefore, the temperature dependence is expressed with the dimensionless
factor P. To quantify the actual temperature dependence of the sensitivity of the
presented stress sensors, from the chosen aspect ratio 10/1 four sensors of each
charge carrier density profile are tested. To determine the temperature depended
sensitivity, the used bending bridge is placed in a climate chamber. To prevent
damage from the bending bridge, the temperature range is limited from 25 °C
to 60 °C. Within this range, the sensitivity is determined for five temperatures
according to Section 3.2.1.4.

A.1.2 Results

A.1.2.1 Temperature Dependence of the Resistance

Figure A.6.1 shows the relative resistance change of each charge carrier density
profile for one sensor exemplarily. The solid lines depict 2" order polynomial fits
according to equation (60), the corresponding mean coefficients of all measured
sensors are shown in Table A.6.1. Variation S.2 (Nt profile) fits best a quadratic
relation, while S.5 (N** profile) shows a strict linear behavior, as can be seen by
the vanishing quadratic coefficient in Table A.6.1. However, with a linear re-
sistance coefficient ar of (-8 = 3)><10'3 %/K, S.2 has an overall lower tempera-
ture dependence than S.5 with (155.8 + 0.4)x10 %/K. Comparing these values
to the stress sensitivities S, of (61.56 + 0.09) %/GPa for S.2 and (-47.41 =
1.4) %/GPa for S.5 reveals that the temperature sensitivity of the resistance is
much higher than the stress sensitivity. Therefore, the temperature of the sensor
must be known precisely if operated at temperatures different from room tem-
perature.

Table A.6.1: Mean linear (a;) and quadratic (By) resistance temperature coefficient of the
variations S.2 and S.5.

Variation a; Br
[10° %/K]  [10° %/K]

S.2 -8+3 0.4019 + 0.0009
S.5 155.8+0.4 0.003 £ 0.004
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Figure A.6.1: Measured change of the resistance relative to the resistance at 25 °C as a
function of temperature for the sensor type S.2 (top) and S.5 (bottom). For clarity, not all
data points are shown. The lines depict a 2" order polynomial fit with the mean coefficients
of all measured sensors given in Table A.6.1.

A.1.2.2 Temperature Dependence of the Sensitivity

Figure A.6.2 shows the temperature dependent sensitivity S, of the variations
S.2 (N* profile) and S.5 (N** profile) for one sensor. The solid lines depict linear
fits to the data, the corresponding mean slopes of all measured sensors are
shown in Table A.6.2. The temperature dependence of the N* profile is stronger
compared to the N** profile. However, there have been large temperature fluc-
tuations in the measurements of the N** profiles, therefore the uncertainty is
relatively high and more measurements should be done in the future.

Table A.6.2: Mean slope of the sensitivity S, over temperature T of the sensor type S.2
and S.5.

Variation  Slope of sensitivity over

temperature
[%/GPa/K]
S.2 0.130 + 0.002
S.5 0.066 + 0.014
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Figure A.6.2: Measured sensitivity S, in dependence of temperature for sensor type S.2
(top) and S.5 (bottom). The lines depict a linear fit to the data with the mean slopes of all
measured sensors shown in Table A.6.2.

A.1.3 Discussion

Both, the resistance R, and the sensitivity S, of the piezoresistive stress sensor
show a temperature dependence. While the dependence of the sensitivity is ra-
ther weak, the temperature dependence of the resistance R, is strong, especially
compared to its stress dependence, i.e. the sensitivity S,. Therefore, the temper-
ature of the sensor must be known precisely for accurate measurements of ther-
momechanical stress. Since the sensitivity S, has only a very weak temperature
dependence for the chosen N** profile, the influence of the temperature on the
measured stress is minimal. Within this work, all measurements are performed
at room temperature. Therefore, the temperature influence is negligible. In fur-
ther works, a more extensive temperature calibration with higher statistical relev-
enace would be reasonable in order to allow for a broader use of the stress sen-
sor.

A.2 Irradiance Dependence

A.2.1 Method

To test the functionality of the guard-ring, from both charge carrier densities four
sensors with aspect ratio 10/1 (5.2 and S.5, see Table 3.1) are exposed to
1000 W/m2for 10 s by a LED sun simulator. The measurement is conducted once
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with the guard-ring set to ground and once without. The relative difference of
the resistance R, with and without illumination is evaluated and compared for
the two guard-ring operation modes.

A.2.2 Results and Discussion

For the N* charge carrier density of 1 x 10'° (design S.2) the resistance R, de-
creases by 15 % when the sensor is illuminated.

Due to the higher charge carrier density of 5 x 10'° of the N**+-profile (de-
sign S.5), more electrons are generated by the illumination and hence the re-
sistance R, decrease is with 24 % stronger.

For both charge carrier densities, there is no significant difference between
the two guard-ring operation modes measured. Apparently, the guard-ring does
not work or is not well designed. However, all measurements within this work
could be done with the sensors being shielded from any illumination or at con-
stant illumination. Therefore, the further investigation of the guard-ring is left
for further works.

B Solar Cell Integrated Temperature
Sensor

The PV modules temperature influences not only the reliability but also its per-
formance [King97]. Several methods are proposed to determine the PV module
temperature in the past. The most common method is the use of temperature
sensors such as thermocouples [Jeev12, King97, Umac16], which are either lam-
inated into or attached to the back side of the PV module. The former has the
disadvantage that the PV module setup is modified by the sensor and due to its
height, the temperature cannot be assigned to one layer. The latter does not
allow an accurate temperature measurement within the PV module [Umac16].
Another approach is infrared (IR) imaging [Jeev12], which is capable of resolving
the temperature of solar cells. However, IR imaging for permanent measure-
ments during operation and testing is rather costly and therefore applied occa-
sionally, only. Also the silicon solar cell itself is used as a temperature sensing
device by utilizing the temperature dependence of the voltage [Jeev12]. How-
ever, since the voltage depends on various factors, the operation conditions, es-
pecially the irradiation, need to be determined as well.
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Within this work, a temperature sensor, which can be integrated into the
silicon solar cell itself is developed along with the solar cell integrated stress sen-
sor (see Section 3.2). Hence, it can measure the solar cell temperature directly
without interfering with the PV module setup. Figure B.6.3 a shows a schematic
drawing of the proposed design.

Ag Sio,

w
a 1 = 3h |

c-Si(p)
b

T—»x, [010]

Figure B.6.3: Schematic drawing of the resistive temperature sensor. a: Cross-sectional
view with the metallization insulated from the substrate by silicon oxide. b: Top view with
the meander like structure of the metallization, not to scale. Modified after [Bein20al].

B.1 Method and Theory

The temperature sensitivity of the silver used for metallization is utilized to de-
velop a sensor equivalent to a Pt100 resistance thermometer. Accordingly, the
designed structure has a nominal resistance Ry at 0 °C of 100 Q. The re-
sistance Ry depends on the specific resistance p, length I, widthw and
height h:

(62)
Rro = PW .

In first order approximation, the temperature dependence expressed by equa-
tion (60) reduces to:

RT(T) = RT,O(l + ar T) ) (63)
where Ry and ar are defined for 0 °C, and T denotes temperature in °C.

Due to the relatively low specific resistance p of silver of about

1.6x10™ Qmm [Rumb17], the sensor is designed as a meander to allow a small
size while achieving a resistance of 100 Q at reference temperature, The silicon
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oxide layer is used as an electrical insulation layer from the sensor cell. The sen-
sors are manufactured on the same solar cell wafer as the stress sensors (see
Section 3.2.1.2) at Fraunhofer ISE and the same process as for the stress sensor
metallization (Figure B.6.4) is used. This technique is commonly used for contact
formation of high-efficiency solar cells.

photolithography
e-gun | TiPdAg (50/50/1000 nm)

Figure B.6.4: Process flow of temperature sensor fabrication. e-gun: electron beam phys-
ical vapor deposition, TiPdAg: titanium, palladium, silver. Modified after [Bein20al.

B.1.1 Characterization

The resistance Ry is measured using an electrical four point probe setup during
three temperature cycles in the range of -40...+160 °C for eight different sen-
sors. The actual temperature is measured with at least two type K thermocouples.
In each cycle, the temperature is increased in steps of 10 K with a slope of
2 K/min and hold constant for 10 min before measurement to have a stable tem-
perature during the measurement. The measured resistance Ry is plotted versus
the temperature (see Figure B.6.5) and finally the sensitivity Sy, which is the re-
sistance temperature coefficient ar, is determined by a linear fit:

o = ARy (64)
T 7 Ryo AT’

ST=

For each cycle, the resistance temperature coefficient a is determined for
the heating and cooling phase separately. A mean is drawn over all cycles and
phases and finally over all eight sensors.

B.1.1.1 Laminate Integration

One silicon stripe containing three temperature sensors is laminated using above
mentioned standard PV laminate setup (see Figure 3.10) with a 20x20 cm?
frontglass of 3 mm height. Next to the sensor stripe, two type K thermocouples
are placed. Then the laminated sensor stripe is exposed to 145 temperature cy-
cles between -35 °C and +85 °C with a slope of 8.3 K/min and a holding time at
the minimum and maximum temperature of 15 min. Using an electrical four
point probe, the resistance is measured each 1.5 min. The 0 °C resistance Ry
and the temperature coefficient a, are evaluated each 10% cycle.
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B.2 Results and Discussion

The variance of the eight sensors is not significant. Therefore, exemplarily results
of Sensor 1 are shown in Figure B.6.5 left. The mean resistance temperature co-
efficient ay is (3.557 = 0.008) 103K ", The mean value of Ry is(100.6 £0.3) Q.

Figure B.6.5 right shows the results of the laminated sensor stripe. The rela-
tive change of the 0 °C resistance Ry and of the temperature coefficient a,
each 10" cycle is shown. The results indicate a slight increase of less than 0.5 %
of the 0 °C resistance Ry, most likely due to a slight degradation of the solder
joint. However, the temperature coefficient @, does not show this systematic
change. A fairly high temperature gradient is chosen during the thermal cycles
to minimize the testing time. Consequently, the variability of the temperature
coefficient a; is up to 0.75 %. Since this is still a relatively low value and the
temperature gradients occurring in the field are lower, it is concluded, that the
sensors are capable to determine the temperature of silicon solar cells within a
PV laminate.
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Figure B.6.5: Left: Temperature dependent resistance Ry of one exemplary temperature
sensor. The data represent three temperature cycles shown in the insert. The line is a linear
fit. Right: Change of 0 °C resistance Ry, (bottom) and the resistance temperature coeffi-
cient ay (top) for three module integrated sensors during 145 thermal cycles. The values
are evaluated each 10 cycles, the change is relative to the first cycle.
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C Additional FEM Results

To investigate if the busbars and ribbons need to be included in the FEM model
in order to resolve just the deflection d of the PV module in the mechanical load
test correctly, a FEM simulation with the busbars and ribbons included is com-
pared to a FEM simulation without busbar and ribbon. Figure C.6.6 shows that
the difference in deflection is 0.4%, which is negligible. Therefore, for a reason-
able simulation of deflection d, busbars and ribbons can be neglected in the FEM
model.

60 58.0 58.2 k
50 8
40+ g

30 1

Deflection d [mm]

20 R

10} 1

with ribbon w/o ribbon

Figure C.6.6: Comparison of simulated deflection at 2400 Pa mechanical load with the
busbars and ribbon included in the FEM model (green) and without (yellow). The difference
of 0.4 % is negligible within the numerical uncertainty.

Figure C.6.7 shows the deflection d and x-curvature ky as a function of the
applied mechanical load on the PV module simulated within the validation ex-
periments. It shows, that the curvature has a steeper gradient than the deflec-
tion.
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Figure C.6.7: Simulated deflection (green, left axis) and curvature along the short edge
(orange, right axis) of the geometric non-linear validation FEM simulation.
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C.1 Parameter Sensitivity Study 2400 Pa for
other Temperatures
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Figure C.6.8: Results from the variation of front-/backsheet height hgs of @ symmetric
module setup at 2400 Pa push load at -40 °C for soda-lime glass (green) and polycarbonate
(orange). Top row: left: maximum value (open circles) and value between the busbars of
the center cell (closed squares) of the first principal stress gy, right: corresponding proba-
bility of cell fracture (triangles); bottom row: left: third principal stress ay;; after lamination,
right: deflection.
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Figure C.6.9: Results from the variation of front-/backsheet height hg, of @ symmetric
module setup at 2400 Pa push load at +85 °C soda-lime glass (green) and polycarbonate
(orange). Top row: left: maximum value (open circles) and value between the busbars of
the center cell (closed squares) of the first principal stress gy, right: corresponding proba-
bility of cell fracture (triangles); bottom row: left: third principal stress oy;; after lamination;
right: deflection.
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Figure C.6.10: Results from the variation of the number of cells within a PV module at
2400 push load and -40 °C for glass-foil (green) and glass-glass modules (orange). Top
row: left: maximum first principal stress gy, right: corresponding probability of cell fracture;
bottom row: left: third principal stress ay;; after lamination, right: deflection.
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Figure C.6.11: Results from the variation of the number of cells within a PV module at
2400 Pa push load and 85 °C glass-foil (green) and glass-glass modules (orange). Top row:
left: maximum first principal stress gy, right: corresponding probability of cell fracture; bot-
tom row: left: third principal stress ay; after lamination, right: deflection
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Figure C.6.12: Results from the variation of cell size at 2400 Pa push load and -40 °C glass-
foil (green) and glass-glass modules (orange). Top row: left: maximum first principal
stress gy, right: corresponding probability of cell fracture; bottom row: left: third principal
stress ay;; after lamination, right: deflection. Please note, that the bottom ordinates depict
cell size and the top ordinates the corresponding specific thermal expansion stiffness E .
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Figure C.6.13: Results from the variation of cell size at 2400 Pa push load and 85 °C glass-
foil (green) and glass-glass modules (orange). Top row: left: maximum first principal
stress gy, right: corresponding probability of cell fracture; bottom row: left: third principal
stress ay;; after lamination, right: deflection. Please note, that the bottom ordinates depict
cell size and the top ordinates the corresponding specific thermal expansion stiffness E .
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Figure C.6.14: Results from the variation of cell format at 2400 Pa push load and -40 °C
for glass-foil (green) and glass-glass modules (orange). Top row: left: maximum first prin-
cipal stress oy, right: corresponding probability of cell fracture; bottom row: left: third prin-
cipal stress oy after lamination, right. deflection. Please note, that the bottom ordinates
depict cell format and the top ordinates the corresponding specific thermal expansion stiff-
ness Eg .
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Figure C.6.15: Results from the variation of cell format at 2400 Pa push load and 85 °C
for glass-foil (green) and glass-glass modules (orange). Top row: left: maximum first prin-
cipal stress oy, right: corresponding probability of cell fracture; bottom row: left: third prin-
cipal stress oy after lamination, right: deflection. Please note, that the bottom ordinates
depict cell format and the top ordinates the corresponding specific thermal expansion stiff-
ness Eg .
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Figure C.6.16: Results from the variation of frontglass height hg at 5400 Pa push load at
-40 °C (blue), +25 °C (black) and +85 °C (red). Top row: left: maximum value (open circles)
and value between the busbars of the center cell (filled squares) of the first principal
stress gy, right: corresponding probability of cell fracture (triangles); bottom row: left: third
principal stress ay;; after lamination, right: deflection. Please note, that the bottom ordi-
nates depict height hg and the top ordinates the corresponding specific thermal expansion
stiffness E,.
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Figure C.6.17: Results from the variation of frontsheet CTE ay, at 5400 Pa push load at -
40 °C (blue), +25 °C (black) and +85 °C (red). Top row: left: maximum value (open circles)
and value between the busbars of the center cell (filled squares) of the first principal
stress gy, right: corresponding probability of cell fracture (triangles); bottom row: left: third
principal stress ay;; after lamination, right: deflection. Please note, that the bottom ordi-
nates depict CTE and the top ordinates the corresponding specific thermal expansion stiff-

ness E,.
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C.2 Parameter Sensitivity Study Mechanical Load 5400 Pa

Specific thermal expansion stiffness backsheet £, [Pa m* K]
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Figure C.6.18: Results from the variation of backsheet CTE ay,¢ at 5400 Pa push load at -
40 °C (blue), +25 °C (black) and +85 °C (red). Top row: left: maximum value (open circles)
and value between the busbars of the center cell (filled squares) of the first principal
stress gy, right: corresponding probability of cell fracture (triangles); bottom row: left: third
principal stress ay;; after lamination, right: deflection. Please note, that the bottom ordi-
nates depict CTE and the top ordinates the corresponding specific thermal expansion stiff-
ness E,.
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Figure C.6.19: Results from the variation of backsheet Young's modulus Ey¢ at 5400 Pa
push load at -40 °C (blue), +25 °C (black) and +85 °C (red). Top row: left. maximum value
(open circles) and value between the busbars of the center cell (filled squares) of the first
principal stress gy, right: corresponding probability of cell fracture (triangles); bottom row:
left: third principal stress gy after lamination, right: deflection. Please note, that the bot-
tom ordinates depict Young's modulus and the top ordinates the corresponding specific
thermal expansion stiffness £, .
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Figure C.6.20: Results from the variation of front-/backsheet height hg,s of a symmetric
module setup at 5400 Pa push load at +25 °C for soda-lime glass (green) and polycar-
bonate (orange). Top row: left: maximum value (open circles) and value between the bus-
bars of the center cell (closed squares) of the first principal stress g, right: corresponding
probability of cell fracture (triangles); bottom row: left: third principal stress oy after lami-
nation, right: deflection. Please note, that the bottom ordinates depict height hg, and the
top ordinates the corresponding specific thermal expansion stiffness £, for glass (left,
green) and polycarbonate (right, orange).
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Figure C.6.21: Results from the variation of encapsulant Young's modulus E, at 5400 Pa
push load at -40 °C (blue), +25 °C (black) and +85 °C (red). Top row: left: maximum value
(open circles) and value between the busbars of the center cell (filled squares) of the first
principal stress gy, right: corresponding probability of cell fracture (triangles); bottom row:
left: third principal stress ay;; after lamination, right: deflection.
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Figure C.6.22: Results from the variation of encapsulant height k. at 5400 Pa push load
at -40 °C (blue), +25 °C (black) and +85 °C (red). Top row: left: maximum value (open
circles) and value between the busbars of the center cell (filled squares) of the first principal
stress gy, right: corresponding probability of cell fracture (triangles); bottom row: left: third
principal stress ay;; after lamination, right: deflection. Please note, that the bottom ordi-
nates depict height h, and the top ordinates the corresponding specific thermal expansion
stiffness E,.

195



C Additional FEM Results

Specific thermal expansion stiffness solar cell @25 °C £, . [Pa m® K]

900 0.67 1 15 0.67 1 1.5
5400 Pa ' ' A A A {100

< 800 E X
o p
= T00f 1t leo G
5 600} - - 5
8 g
o 500 o. 1T 460 2
® \ =
g 400 | a1 | 1o §
5 L i S
g 300 >
s 200 .\.\. 1 L 120 %
2100 1 ]
[ j<t

or 4 |5400 Pa Jo o

‘ B centercell O maximum A module‘ ‘ -40 °C +25°C +85 °C‘
=70 —r T T T T —1-80
. lamination 5400 Pa
o L J-
S -80f . 90
& 3 {-100 £
o 90T 1 E
o I 1-110 =
E -100 E ./l/' _5
_g - {-120 *g
g -of - 3
= I 1-130 A
el
£ -120} 1 1-140
'_
130 L— 1 1 1 L L1150
80 120 180 80 120 180

Height solar cell h, [um]

Figure C.6.23: Results from the variation of solar cell height h. at 5400 Pa push load at -
40 °C (blue), +25 °C (black) and +85 °C (red). Top row: left: maximum value (open circles)
and value between the busbars of the center cell (filled squares) of the first principal
stress gy, right: corresponding probability of cell fracture (triangles); bottom row: left: third
principal stress ay;; after lamination, right: deflection. Please note, that the bottom ordi-
nates depict height h. and the top ordinates the corresponding specific thermal expansion
stiffness E,.
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Figure C.6.24: Results from the variation of frame material at 5400 Pa push load at -40 °C
(blue), +25 °C (black) and +85 °C (red). Top row: left: maximum value (open circles) and
value between the busbars of the center cell (filled squares) of the first principal stress oy,
right: corresponding probability of cell fracture (triangles); bottom row: left: third principal

stress ay;; after lamination;, right: deflection.
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Figure C.6.25: Results from the variation of the number of cells within a PV module at
5400 Pa push load for glass-foil (green) and glass-glass modules (orange). Top row: left:
maximum first principal stress gy, right: corresponding probability of cell fracture; bottom
row: left: third principal stress oy, after lamination, right: deflection.
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Figure C.6.26: Results from the variation of cell size at 5400 Pa push load glass-foil (green)
and glass-glass modules (orange). Top row: left. maximum first principal stress gy, right:
corresponding probability of cell fracture; bottom row: left: third principal stress oy, after
lamination; right: deflection. Please note, that the bottom ordinates depict cell size and the
top ordinates the corresponding specific thermal expansion stiffness £, .
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Specific thermal expansion stiffness solar cell @25 °C £, . [Pa m* K]
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Figure C.6.27: Results from the variation of cell format at 5400 Pa push load for glass-foil
(green) and glass-glass modules (orange). Top row: left: maximum first principal stress oy,
right: corresponding probability of cell fracture; bottom row: left: third principal stress oy
after lamination, right: deflection. Please note, that the bottom ordinates depict cell format
and the top ordinates the corresponding specific thermal expansion stiffness £, .
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Stress in solar cells plays a crucial role in the reliability of photovoltaic (PV) modules.
The influences on stress are as diverse as the number of different materials in a PV
module and become more and more complex with the growing variety of PV modu-
les for different applications.

Within this dissertation, a set of 15 thermomechanical design rules is derived to sup-
port and accelerate future PV module developments. Three methods are developed
and applied:

1. Thermomechanical finite element method simulations of PV module designs (FEM)
2. y-Raman spectroscopy of laminated solar cells (u-Raman)
3. Solar cell integrated stress sensors (SenSoCell®)

Furthermore, the concept of specific thermal expansion stiffness £,=F-a. ‘A -his
introduced as a measure of how much thermal strain one material can induce in
another.
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