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Abstract

Photovoltaic (PV) modules are susceptible to reliability concerns under reverse
bias conditions, particularly when subjected to partial shading. When a solar
cell is shaded, it generates less current than its unshaded counterparts, causing
excess current to flow in reverse through the affected cell. This can result in a
substantial reverse voltage, potentially leading to junction breakdown. Under
sustained reverse bias stress, localized regions of the cell can become highly
conductive, drawing in more current and dissipating it as heat. This heat ac-
cumulation can lead to the formation of localized "hotspots," a phenomenon
observed across all PV technologies. However, the severity of reverse bias dam-
age varies depending on the material system and device architecture.

A key reliability concern associated with reverse bias damage is the pres-
ence of positive feedback effects, which can trigger thermal runaway. A positive
feedback loop where the hotspot becomes more conductive at higher tempera-
tures, leads to an unstable system where the temperature rises quickly [1]. If
the temperature surpasses a critical threshold, the cell undergoes irreversible
damage.

Thin-film solar technologies are particularly susceptible to reverse bias-
induced thermal runaway due to their structural and thermal properties. The
encapsulation materials commonly used in PV modules have poor thermal con-
ductivity, limiting their ability to dissipate heat efficiently. Additionally, the
inherently thin absorber layers of thin-film modules provide little thermal mass,
making them more prone to rapid temperature increases compared to conven-
tional wafer-based PV technologies.

Among thin-film solar cells, copper indium gallium selenide (Cu(In,Ga)Se,
or CIGS) is a particularly promising candidate due to its high absorption coeffi-
cient of approximately 10° cm™ in the visible spectrum (400-700nm) [2]. This
property enables ultra-thin absorber layers (1 — 2 um), facilitating lightweight
and flexible applications such as vehicle- and building-integrated photovoltaics
(VIPV and BIPV) and unmanned aerial vehicles (UAVs) [3, 4]. However, like
other thin-film technologies, CIGS is prone to reverse bias damage due to its
low thermal mass and the limited heat dissipation capabilities of standard en-
capsulation materials. A well-documented reverse bias degradation mechanism
in CIGS solar cells is the formation of so-called "wormlike defects' [5, 6].

In this thesis, I propose a three-phase model describing the progression of re-
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verse bias damage in CIGS solar cells: (i) the nucleation phase, (ii) the growth
phase, and (iii) the wandering phase. During the nucleation phase, thermal
activation of the junction breakdown current leads to an initial instability, ini-
tiating a thermal runaway. This phase concludes when thermal decomposition
occurs, segregating the CIGS material and forming a conductive shunt-like de-
fect, marking the transition to irreversible damage. In the growth phase, the
defect expands from the nanometer to the micrometer scale. Finally, in the
wandering phase, the defect propagates through the cell, forming elongated
wormlike structures.

To investigate the nucleation phase, 1 developed a novel characterization
method called Laser-Induced Hot-Spot Lock-In Thermography (HS-LIT) to visu-
alize and quantify the interplay between thermal heat and electrical power. Ini-
tial measurements revealed that laser-induced hotspots caused localized power
redistribution, leading to temperature increases. To enhance measurement pre-
cision, I introduced laser modulation, enabling the direct quantification of the
loop gain driving the thermal runaway. A thermal runaway occurs when the
loop gain exceeds 1. Typically, a loop gain above 1 is unmeasurable because it
signifies an unstable system. However, in a modulated experiment, the system
can temporarily exhibit loop gains above 1 while remaining stable over an en-
tire modulation cycle. This allows for the non destructive quantification of a
loop gain above 1, demonstrating that the system would be unstable under DC
conditions.

Experimental results confirmed that thermal runaway is more likely at higher
voltages. For instance, a commercial CIGS solar cell on a glass substrate ex-
hibited loop gains of 1.05, 1.10, and 2.03 at reverse biases of 2, 2.5, and 3V,
respectively, demonstrating a superlinear scaling trend. Additionally, HS-LIT
measurements revealed that hotspots near the P1 scribe line exhibited higher
loop gains compared to those near P3. Further experiments on flexible CIGS
modules with steel substrates revealed significantly lower loop gains compared
to cells on glass, attributed to the high thermal conductivity of the steel sub-
strate, which effectively dissipated heat from the local hotspot.

To analyze the growth phase, I implemented a coupled electro-thermal finite
element model (FEM) with high spatial and temporal resolution to simulate
defect expansion. The model assumes that after the initial thermal runaway, a
small ohmic defect is formed. This defect subsequently exhibits its own positive
feedback loop, as power dissipation within the defect heats the surrounding ma-
terial. If the temperature surpasses a critical threshold, the material undergoes
decomposition, forming a conductive phase and thereby enlarging the shunt-
like defect. The model successfully replicated experimentally observed defect
growth, predicting that an initial defect with a radius of 10 nm could expand to
a b pum defect within just 1 ms. For this result we assume a defect with a resistiv-
ity of Raef = 3.14 x 1077 Qem?. Simulations demonstrated that lower-resistivity
defects grow more rapidly, whereas higher-resistivity defects tend to stabilize or
cease expanding. Furthermore, the study examined how different device stack
layers influence defect evolution, confirming that compared to glass, steel foil
substrates suppress thermal runaway due to enhanced heat dissipation.
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Finally, the wandering phase was explored using the same simulation model
employed for the growth phase. These simulations examined how defect loca-
tion influences propagation dynamics. Results showed that defects originating
near P1 interconnections exhibited little wandering, tending to expand along
the P1 line. In contrast, defects forming near the P3 scribe line propagated
rapidly toward the P1 line. A 10nm defect near P3 expanded over a length of
13.5 us within 18.5 us, driven by applied power. These results align well with
observations in the literature.

This work provides a comprehensive framework for understanding reverse
bias damage in CIGS solar cells, integrating experimental and modeling ap-
proaches to characterize and mitigate thermal runaway. The findings highlight
the crucial influence of defect location and substrate selection on the reliability
of CIGS thin-film photovoltaics.






Kurzfassung

Photovoltaik (PV)-Module sind unter Riickwdrtsspannung (Reverse Bias) be-
sonders anfillig fiir Zuverldssigkeitsprobleme, insbesondere bei Teilverschat-
tung. Wenn eine Solarzelle verschattet wird, erzeugt sie weniger Strom als die
unverschatteten Zellen, wodurch iiberschiissiger Strom in umgekehrter Richtung
durch die betroffene Zelle fliefit. Dies kann zu einer erheblichen Riickwértsspan-
nung fithren, die moglicherweise den Durchbruch der pn-Ubergangsstruktur ver-
ursacht. Unter anhaltender Riickwértsvorspannung kénnen lokal hochleitféhige
Bereiche entstehen, die mehr Strom anziehen und als Warme dissipieren. Diese
Wirmeansammlung kann zur Bildung lokaler ,Hotspots® fithren, ein Phéno-
men, das bei allen PV-Technologien auftritt. Allerdings variiert der Schweregrad
des Riickwartsvorspannungsschadens je nach Materialsystem und Gerétearchi-
tektur.

Ein zentrales Zuverldssigkeitsproblem im Zusammenhang mit Riickwéartsvor-
spannungsschiden ist die positive Riickkopplung, die thermisches Durchgehen
(Thermal Runaway) auslsen kann. Eine solche Riickkopplung bewirkt, dass sich
im Hotspot bei hoheren Temperaturen die elektronischen Leitfidhigkeit erhoht.
Dieser Zusammenhang bildet ein instabiles System in dem rasche Temperatur-
erhéhungen moglich sind und eine kritische Schwelle iiberschritten werden kann,
ab welcher die Zelle irreversible Schiden erleidet [1].

Diinnschicht-Solartechnologien sind aufgrund ihrer strukturellen und ther-
mischen Eigenschaften besonders anfillig fir riickwartige Vorspannungssché-
den. Die in PV-Modulen héufig verwendeten Verkapselungsmaterialien besitzen
eine geringe Warmeleitfihigkeit, was ihre Féhigkeit zur effizienten Warmeablei-
tung begrenzt. Zudem haben Diinnschichtmodule aufgrund ihrer extrem dinnen
Absorberschichten eine geringe thermische Masse, wodurch sie im Vergleich zu
konventionellen, waferbasierten PV-Technologien anfélliger fiir schnelle Tempe-
raturanstiege sind.

Unter den Diinnschicht-Solarzellen ist Kupfer-Indium-Gallium-Selenid
(CIGS) aufgrund seines hohen Absorptionskoeffizienten von etwa 10°%cm™!
im sichtbaren Spektrum (400 — 700 nm) [2] besonders vielversprechend. Die-
se Eigenschaft ermoglicht extrem diinne Absorberschichten (1 — 2pum) und
damit leichte, flexible Anwendungen wie fahrzeug- und gebdudeintegrierte
Photovoltaik (VIPV und BIPV) sowie unbemannte Luftfahrzeuge (UAVs)
[3, 4]. Wie andere Diinnschichttechnologien ist jedoch auch CIGS anfillig
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fiir Riickwértsvorspannungsschaden, da die geringe thermische Masse und
die begrenzte Warmeableitung durch Standard-Verkapselungsmaterialien eine
effektive Warmeablei-tung erschweren. Ein gut dokumentierter Degradations-
mechanismus unter Riickwéartsspannung in CIGS-Solarzellen ist die Bildung
sogenannter ,wurmformiger Defekte® [5, 6].

In dieser Dissertation stelle ich ein dreiphasiges Modell zur Beschreibung
der Entwicklung von Riickwéartsvorspannungsschiden in CIGS-Solarzellen vor:
die (i) Keimbildungsphase, (ii) die Wachstumsphase und (iii) die Wanderphase.
Wéhrend der Keimbildungsphase fihrt die thermische Aktivierung des Durch-
bruchstroms zu einer anfénglichen Instabilitét, die ein thermisches Durchgehen
auslost. Diese Phase endet mit einer thermischen Zersetzung, die zur Material-
segregation und Bildung eines leitfdhigen, shuntartigen Defekts fithrt, was den
Ubergang zu irreversiblen Schiaden markiert. In der Wachstumsphase dehnt sich
der Defekt von der Nano- in die Mikrometer-Skala aus. Schliellich propagiert
der Defekt in der Wanderphase durch die Zelle und bildet langliche, wurmartige
Strukturen.

Zur Untersuchung der Keimbildungsphase habe ich eine neuartige Charak-
terisierungsmethode namens Laserinduzierte Hot-Spot Lock-In-Thermographie
(HS-LIT) entwickelt, um das Zusammenspiel von Warmeentwicklung und elek-
trischer Leistung zu visualisieren und zu quantifizieren. Erste Messungen zeig-
ten, dass laserinduzierte Hotspots eine lokale Leistungsumverteilung verursa-
chen, die zu Temperaturanstiegen fithrt. Um die Messgenauigkeit zu verbes-
sern, wurde eine Lasermodulation eingefiihrt, die eine direkte Quantifizierung
der Verstarkungsfaktor erméglicht, der das thermische Durchgehen antreibt.
Ein thermisches Durchgehen tritt auf, wenn der Verstarkungssfaktor den Wert
1 tiberschreitet. In einem modulierten Experiment kann das System jedoch
zeitweise Verstiarkungen iiber 1 aufweisen, ohne instabil zu werden, was eine
zerstorungsfreie Quantifizierung ermoéglicht. Dies zeigt, dass das System unter
Gleichstrombedingungen instabil wére.

Experimentelle Ergebnisse bestétigten, dass ein thermisches Durchgehen bei
héheren Spannungen wahrscheinlicher ist. Eine kommerzielle CIGS-Solarzelle
auf einem Glassubstrat zeigte beispielsweise Schleifenverstirkungen von 1,05,
1, 10 und 2,03 bei Riickwartsspannungen von 2, 2,5 und 3V, was einen superli-
nearen Skalierungstrend demonstriert. Zudem ergaben HS-LIT-Messungen, dass
Hotspots in der Néhe der P1-Ritzlinie hohere Verstarkungswerte aufwiesen als
jene in der Néhe von P3. Weitere Experimente mit flexiblen CIGS-Modulen auf
Stahlsubstraten zeigten deutlich niedrigere Schleifenverstédrkungen als Zellen auf
Glas, was auf die hohe Wéarmeleitfahigkeit des Stahlsubstrats zuriickzufithren
ist, die eine effektivere Warmeableitung ermoglichte.

Zur Analyse der Wachstumsphase implementierte ich ein gekoppeltes elektro-
thermisches Finite-Elemente-Modell (FEM) mit hoher raumlicher und zeitlicher
Auflésung zur Simulation der Defektausbreitung. Das Modell geht davon aus,
dass nach dem initialen thermischen Durchgehen ein kleiner ohmscher Defekt
entsteht, der durch eine eigene positive Riickkopplung weiterwéchst. Simulierte
Ergebnisse zeigten, dass ein anfinglicher Defekt mit einem Radius von 10 nm
innerhalb von nur 1ms auf 5 gm anwachsen kann, basierend auf einer Defekt-
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widerstandigkeit von Rges = 3,14 x 1077 Qcm?.

Schlieflich wurde die Wandersphase mit demselben Simulationsmodell un-
tersucht. Ergebnisse zeigten, dass Defekte nahe der P1-Verbindungslinie kaum
wanderten, sondern entlang der P1-Linie expandierten, wihrend Defekte in der
Néahe der P3-Ritzlinie schnell in Richtung P1 propagierten. Ein 10 nm Defekt
nahe P3 dehnte sich iiber eine Lange von 13,5 um innerhalb von 18,5 us aus,
getrieben durch die angelegte Leistung. Diese Ergebnisse stimmen gut mit Li-
teraturbeobachtungen iiberein.

Diese Arbeit bietet ein umfassendes Rahmenwerk zur Charakterisierung und
Minderung von Riickwértsvorspannungsschéden in CIGS-Solarzellen durch ex-
perimentelle und modellbasierte Ansétze. Die Ergebnisse unterstreichen den
entscheidenden Einfluss von Defektposition und Substratauswahl auf die Zu-
verlassigkeit von CIGS-Diinnschichtphotovoltaik.
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Chapter

Introduction

Global energy demand is projected to rise significantly, with a nearly 50 % in-
crease from 2020 levels anticipated by 2050 [7]. This growing demand, heavily
reliant on fossil fuels, poses significant environmental concerns, as fossil fuel
combustion releases substantial amounts of carbon dioxide (CO,) and other
greenhouse gases, contributing to global warming. In 2020, fossil fuels accounted
for approximately 93 % of carbon emissions. International climate agreements,
such as the Paris Agreement, aim to limit global warming to below 2°C, un-
derscoring the critical need to transition from fossil fuel to renewable energy
sources.

Among these renewable sources, photovoltaics (PV), which directly convert
sunlight into electricity, has rapidly become one of the fastest-growing energy
solutions globally. The declining cost of solar panels, driven by increased sup-
plier competition, has made solar power increasingly competitive with tradi-
tional energy sources. By 2050, solar electricity is expected to provide up to
25 % of global electricity production [7]. While traditional silicon-based solar
cells dominate the market, alternative technologies such as thin-film solar cells
present new opportunities for cost reductions and new PV applications where
PV is integrated in infrastructure or vehicles. A particular thin film technology
is Copper Indium Gallium Selenide (CIGS) solar cells.

In 2024, CIGS thin-film solar cells achieved a world record efficiency of
23.64% [8]. A key advantage of CIGS technology is its high absorption coef-
ficient, of approximately 10° cm™! in the visible spectrum (400-700 nm wave-
length range), which allows for the use of very thin absorber layers (1 — 2 um)
[9-11]. This feature enables deposition on lightweight and flexible substrates,
such as polymers and steel. As a result, CIGS modules can achieve high spe-
cific power densities, making them particularly attractive for applications in
unmanned aerial vehicles (UAVs) as well as vehicle- and building-integrated pho-
tovoltaics (VIPV and BIPV, respectively) [3, 4]. Moreover, flexible CIGS has
demonstrated its potential in tandem cell applications. In 2020, CIGS achieved
a tandem cell efficiency record of 23 %, which was accomplished through a tan-
dem cell design that pairs a top flexible semi-transparent Perovskite solar cell
with a bottom flexible CIGS cell [12].

The long-term reliability of photovoltaic (PV) technologies is a critical con-
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sideration, as PV modules are generally designed to operate effectively for at
least two decades. A key challenge that can threaten this longevity is the oc-
currence of partial shading. When shading affects a solar cell, it generates
less current than the surrounding unshaded cells, leading to an imbalance that
forces excess current to flow in reverse through the shaded cell. This reverse
current can cause a significant build-up of reverse voltage, which may push the
cell into junction breakdown. Prolonged exposure to this reverse bias condition
can result in the formation of "hotspots," a common issue in PV systems. The
extent and impact of reverse bias-induced damage, however, depend heavily on
the specific material composition and design of the solar module.

Thin-film solar cells are especially vulnerable to reverse bias-related damage
due to their structural and thermal characteristics [13-15]. The encapsulation
layers used in most PV modules tend to have low thermal conductivity, which
limits the dissipation of excess heat. Moreover, the thin absorber layers in thin-
film modules provide minimal thermal mass, making them more susceptible to a
rapid temperature increase compared to traditional silicon-based PV technolo-
gies. This combination of factors increases the likelihood of thermal runaway
in thin-film devices under reverse bias stress.

In CIGS solar cells, reverse bias often induces so-called "wormlike" defects
[5]. These defects pose a significant reliability concern, as they act as shunts
and degrade the performance of CIGS solar modules [5, 16-18]. Moreover, once
these defects appear, they continue to grow and propagate, meandering through
the solar cell and potentially causing extensive damage [5].

It is widely believed that positive feedback mechanisms play a crucial role
in the formation and evolution of these defects [1]. Specifically, the cou-
pling between Joule heating and thermally activated conductivity creates a
self-reinforcing feedback loop. In this process, a localized temperature in-
crease—caused by a highly concentrated current—enhances local conductivity,
which in turn further amplifies the current density. This mechanism is inher-
ently unstable, leading to a rapid, localized temperature rise, a phenomenon
known as thermal runaway.

Building upon the work of Karpov [1], Nardone et al. developed an elec-
trothermal simulation to investigate reverse bias stress in thin-film photovoltaic
modules, with a particular focus on shading-induced failures in monolithically
integrated CIGS solar modules [19]. In his case study, Nardone et al. simulated
a CIGS solar minimodule with randomly distributed weak spots to account
for the inherent nonuniformity of CIGS material, which is expected to cause
thermal inhomogeneity under partial shading. A comparison of his simulation
results—with and without electrothermal coupling—identified Joule heating as
the primary driver of thermal runaway [19].

However, a fundamental challenge in studying systems with positive feed-
back is their inherent tendency toward chaos. Small variations in initial condi-
tions are amplified by the positive feedback mechanisms. Consequently, minor
inhomogeneities in the material or even random temperature fluctuations can
significantly influence the outcome. As a result, the location and exact condi-
tions under which thermal runaway occurs tend to be chaotic, complicating the



study of this phenomenon.

To mitigate the chaos introduced by positive feedback, Vaas et al. delib-
erately induced a hotspot in CIGS solar cells using a continuous wave (CW)
laser on the backside of the cell [20]. By precisely defining the hotspot’s lo-
cation, size, and intensity, the controlled laser-induced heating dominates the
initial conditions, rendering the system response more predictable. Through
this approach, Vaas et al. experimentally demonstrated the redistribution of
local power dissipation in the presence of a hotspot, thereby visualizing and,
to some extent, quantifying the positive feedback effect [20]. However, Vaas
et al.’s experiments were still destructive, leading to thermal runaway events
that caused irreversible damage to the cells, thus limiting further investigation
[20].

In this thesis, I aim to study the formation of reverse bias-induced damage.
To this end, I distinguish between two key processes: the mechanisms preceding
permanent damage and the subsequent evolution of reverse bias damage after
an initial defect has formed.

To investigate the pre-damage phase, I build upon the work of Vaas et al.,
utilizing a laser-induced hotspot to develop reproducible and non-destructive
methods for measuring and quantifying the positive feedback effect before per-
manent damage occurs. This part of the study focuses on the initial stages of
hotspot formation.

The second part of this work examines how, once a hotspot has evolved into
permanent damage, this damage further develops into wormlike defects. To this
end, I develop a coupled electro-thermal Finite Element Method (FEM) sim-
ulation model to analyze power dissipation and temperature evolution around
a defect. By incorporating a critical temperature threshold for defect forma-
tion, the model enables defect growth and propagation through the material.
Using this approach, I investigate the mechanisms driving the expansion and
meandering of these defects.

Together, these two parts form a comprehensive study of reverse bias defect
formation in CIGS solar cells, covering the entire progression from an initially
defect-free solar cell to one exhibiting wandering wormlike defects.

To support these objectives, the work presented in this thesis is structured
into several chapters. First, Chapter 2 establishes the fundamental background
necessary for understanding the thesis. It begins with an introduction to the
principles of solar cells and photovoltaic devices, followed by an overview of the
current state of research on reverse bias damage in CIGS solar cells. Addition-
ally, this chapter outlines the characterization methods employed in this study,
which will be discussed in detail in subsequent chapters.

In Chapters 3 and 4, I focus on the early non-destructive stages of hotspot
formation driven by the positive feedback effect. Specifically, Chapter 3 is dedi-
cated to developing a non-destructive characterization technique for quantifying
the positive feedback and, consequently, assessing the susceptibility of devices
to reverse bias damage. This chapter introduces a novel Lock-In Thermogra-
phy (LIT)-based method to visualize and quantitatively measure the positive
feedback, or loop gain.
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Furthermore, Chapter 4 delves deeper into the factors influencing loop-gain
within the CIGS device stack. It examines how various thermal and electrical
properties impact loop-gain, including the hotspot location, the presence of
shunts within the cell, and the substrate type (i.e., thickness and material).

This investigation provides deeper insights into hotspot formation in thin-
film solar modules under reverse bias stress while employing a non-destructive
approach.

In contrast, Chapters 5 and 6 focus on the destructive phases of hotspot
formation, specifically addressing defect growth and the time scale over which it
develops. Although defect growth is also an unstable process driven by positive
feedback, the underlying mechanism differs from the initial hotspot formation.

Chapter 5 introduces an electro-thermal Finite Element Method (FEM)
model that I developed to investigate the growth mechanism of a pre-existing
defect induced by reverse bias stress in CIGS thin-film solar cells. This chapter
primarily details the electrical and thermal models, as well as their coupling,
while examining the influence of electrical conductivity and initial defect size
on the growth process.

In Chapter 6, I extend the investigation of defect growth by further devel-
oping the coupled FEM model to explore the impact of various thermal and
electrical properties within the device stack. This analysis includes examining
the effects of encapsulation and substrate layers, as well as the influence of
defect location within the cell on its evolution.

Finally, Chapter 7 summarizes the key findings of this work.



Chapter

Fundamentals

This chapter provides the essential foundation for understanding the thesis.
It begins with an introduction to solar cell physics, followed by a focused ex-
amination of CIGS thin-film solar cell and module structure and design. The
chapter then explores the critical issue of reverse bias damage caused by partial
shading in solar cells. Finally, it presents a comprehensive overview of lock-in
thermography (LIT) imaging, highlighting its applications in solar cell charac-
terization. This foundational knowledge sets the stage for the in-depth research
and analysis presented in subsequent chapters.

2.1 Physics of Solar Cells

A solar cell is a semiconductor device that converts light energy into electri-
cal energy through the photovoltaic effect. Essentially, a solar cell comprises
an absorber, which absorbs light to excite electrons to higher energy levels,
and energy-selective contacts. These selective contacts enable the extraction of
charge carriers with excess energy, allowing this energy to be harnessed, and
then re-inject electrons at a lower energy state [21-25].

The most common method for fabricating an absorber with energy-selective
contacts (i.e. a solar cell) is through the creation of a semiconductor p-n junc-
tion. In this configuration, the semiconductor serves as the absorber, while the
doped n and p regions form selective contacts to the conduction and valence
bands, respectively. This setup facilitates the extraction of electrons with excess
energy from the conduction band and their re-injection into the valence band
at a lower energy state. In this section I give an introduction in the physics of
a pn-junction solar cell.

As illustrated in Fig. 2.1.1(a), an n-type semiconductor is formed by dop-
ing the material with elements that have more valence electrons than the host
semiconductor, resulting in an excess of quasi-free electrons, or negative charge
carriers. Conversely, a p-type semiconductor is created by doping the material
with elements that have fewer valence electrons than the semiconductor itself,
leading to the formation of “holes,” or positive charge carriers [23-25].

Furthermore, as depicted in Fig. 2.1.1(b), when these two materials are
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Figure 2.1.1: A schematic illustration of a) p-type and n-type semiconductors
and b) their band structure bending to form a p-n junction at equilibrium.

brought into contact, electrons from the n-type region diffuse into the p-type
region, while holes from the p-type region diffuse into the n-type region. This
diffusion of charge carriers leads to the alignment of the Fermi levels in the n-
and p-type regions. The Fermi level represents the energy of the collective elec-
tron distribution, so its alignment indicates the averaging of electron energies
across the entire device. This alignment of the Fermi levels is also responsible
for the creation of the built-in electric field and the formation of the depletion
region [23-25].

Since the n-type layer contains a large number of quasi-free electrons in the
conduction band, a contact formed with this layer facilitates the exchange of
charge carriers between the contact electrode and the electrons in the conduction
band. Simultaneously, the low concentration of holes in the valence band limits
the exchange of charge carriers with the valence band. Therefore, a contact
with the n-type layer effectively establishes a connection with the conduction
band. Similarly, a contact with the p-type layer effectively forms a connection
with the valence band.

As illustrated in Fig. 2.1.2(a), when the cell is subjected to an external bias,
the Fermi level splits into two quasi-Fermi levels, representing the potentials
in the conduction band (Ep,) and the valence band (Ep,). Under a forward
bias, the shift in these quasi-Fermi levels reduces the barrier potential and
narrows the depletion region, thereby allowing charge carriers to flow across
the junction more easily. On the other hand, as illustrated in Fig. 2.1.2(b),
when the p-n junction is subjected to a reverse bias, the width of the depletion
region increases, and the potential barrier becomes higher. This results in a
stronger electric field within the depletion region, which opposes the movement
of charge carriers across the junction. A p-n junction thus essentially functions
like a valve, allowing current to flow easily in one direction (forward bias) while
effectively blocking it in the opposite direction (reverse bias).

Under illumination, the selective contacts ensure that photo-generated elec-
trons in the conduction band are extracted through the n-contact, while elec-
trons are re-injected into the valence band via the p-contact. This process
creates a photocurrent. The built-in electric field facilitates the rapid spatial
separation of photo-generated charge carriers, reducing the likelihood of recom-
bination between electrons and holes before the electrons can be extracted.
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Figure 2.1.2: Schematic illustrations of a p-n junction in a) forward bias.
b)reverse bias. When the cell is subjected to an external bias, the Fermi level
splits into two quasi-Fermi levels. Forward bias leads to a narrow depletion
region allowing current to flow easily, while reverse bias results in a wider de-
pletion region blocking the current in the opposite direction.

However, to extract power, a photocurrent alone is insufficient; a forward volt-
age is also required. This forward voltage enables power extraction but also
reduces the energy barrier and increases charge carrier concentrations, which
inevitably leads to higher recombination rates. As a result, there is an optimal
operating voltage at which maximum power can be extracted [21, 23, 25].

2.2 CIGS Solar Cells

Copper Indium Gallium Selenide (CIGS) solar cells represent a promising thin-
film photovoltaic technology that offers several advantages over traditional
silicon-based solar cells. CIGS is a direct bandgap semiconductor material with
a high absorption coefficient, allowing it to absorb sunlight more efficiently than
silicon [21, 26, 27].

Unlike traditional silicon-based solar cells, CIGS cells are lightweight, flexi-
ble, and can be produced with much thinner layers of semiconductor materials.
The CIGS layer can be as thin as 1 — 3 um, compared to 160 — 190 ym for
crystalline silicon cells. This reduction in material usage not only lowers manu-
facturing costs but also allows for a variety of applications, including integration
into building materials as Building-Integrated Photovoltaics (BIPV) [26, 28].

One of the key advantages of CIGS technology is its tunable bandgap [21,
26]. By adjusting the ratio of indium to gallium, researchers can optimize
the cell’s performance for different lighting conditions and applications. This
flexibility, combined with its high efficiency potential (with record efficiency
reaching 17.6 % for a full-sized module of 120 x 60 cm? [29] in 2019, while cells
have reached an efficiency of 23.64 % [8] in 2024), makes CIGS an attractive
option for various solar energy applications.

CIGS technology, while currently occupying a niche in the solar market,
offers unique properties that make it a promising candidate for expanding the
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reach of solar energy. It is particularly advantageous for integrated PV ap-
plications, which include BIPV such as solar roofing and facades, as well as
Vehicle-Integrated Photovoltaics (VIPV) and solar pavements. The potential
benefits of CIGS for these applications are notable. These include its excellent
performance under low-light conditions [30], which is crucial since integrated
PV systems are often not optimally oriented towards sunlight. Additionally,
CIGS cells exhibit strong mechanical stability; their thin-film nature makes
them less prone to cracking, an important factor for durability in integrated
systems. Furthermore, CIGS can be manufactured on flexible substrates, en-
abling seamless integration into curved and irregular surfaces, broadening the
scope of where and how solar technology can be applied.

2.2.1 Structure

CIGS is a I-ITI-VI; semiconductor compound consisting of copper, indium, gal-
lium, and selenium (Cu(In,Ga)Se, ) and belonging to the chalcogenide family
[21, 24, 26]. Figure 2.2.1a presents a schematic illustration of a typical CIGS
thin-film solar cell structure. The cell is composed of several layers: starting
with a soda-lime glass substrate, followed by a molybdenum (Mo) back contact,
a Cu(In,Ga)Se, absorber layer, a cadmium sulfide (CdS) buffer layer, intrinsic
zinc oxide (i-ZnO), and an aluminum-doped zinc oxide (AZO) front contact.
To protect the cells, typical solar modules additionally have an encapsulation
consisting of a polymer, like Ethylene-vinyl acetate (EVA) and a front glass.

Figure 2.2.1b depicts the band diagram of this structure, highlighting the
heterostructure formed due to the differences in bandgap energy among the
materials used in the various layers. Also indicated is the MoSe, alloy, which is
naturally formed during the depositing the CIGS on the Mo contact.

Starting from the bottom, the soda lime glass substrate, with a thickness
of 3mm, offers mechanical stability, allowing the module to endure outdoor
conditions such as snow [26, 31]. Next, the 1 pm Mo back contact is not only
highly conductive but also reflective, reducing voltage loss and enhancing light
absorption by reflecting a good percentage of the incident light [32].

Following the deposition of the Mo back contact, a thin p-type
Cu(Iny_Gay)Ses (CIGS) absorber layer is deposited, typically with a thickness
of around 3 um. In this compound semiconductor, the parameter x controls
the stoichiometry, varying from 0 (indicating no gallium) to 1 (indicating no
indium). The value of = directly influences the electronic properties of the
material, allowing for tunable control over characteristics such as the bandgap
energy. By adjusting x, the bandgap of the CIGS layer can varied between
1.04 and 1.67€V [21, 33]. Typically, a bandgap of around 1.15eV is used for
optimal efficiency [34].

The naturally formed MoSes; layer has the fortunate side effect it creates
a quasi-ohmic contact with the Mo contact layer [35-37], and acts as a back
surface field [37], reducing surface recombination.

The n-type layer is formed by a 50 nm CdS layer with a bandgap of 2.42eV
[22, 38], creating the heterojunction with the CIGS absorber. The i-ZnO layer,
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Figure 2.2.1: A schematic illustration of a) CIGS solar cell structure. b) the
band diagram of the layer stack. The cell includes a soda lime glass substrate/
molybdenum (Mo) back contact/ Cu(In,Ga)Se, absorber layer/ cadmium sulfide
(CdS) buffer layer/ intrinsic zinc oxide (i-ZnO)/ aluminum-doped zinc oxide
(AZO) front contact/ encapsulation foil (EVA). The hetreostructure formed
due to the different bandgap energies of the material used.

50nm thick with a resistivity of 2.5 x 10 Qcm [24], improves cell performance
[39].

The front contact consists of a 1 um thick aluminum-doped zinc oxide (AZO)
layer, which is both electrically conductive and highly transparent [21, 40].
Finally, Encapsulation is achieved using EVA and a front glass cover, which adds
mechanical stability, acts as an electrical insulator, protects against corrosion,
and prevents contamination [26, 41]. In this work the used cells do not have
a front glass cover. Instead I typically use an encapsulation consisting of EVA
and a polyethylene terephtha- late (PET) lamination foil.

2.2.2 CIGS Cells to Module

Solar modules always consist of multiple, series connected cells. The primary
reason for this series connection is that the voltage provided by a single cell is
rather low (well below 1V for most solar cell technologies). Thus, to deliver
a significant amount of power from a single cell would require a high current,
which leads to series resistance losses in the connection toward the cell. It is
thus favorable to series connect many small cells, as this increases the voltage
of the solar module and decreases the current, allowing the same amount of
power transfer at a much lower current, decreasing series resistance losses. In
CIGS solar modules, the series connection is typically achieved using a so called
monolithic series connection. In this process there are three scribing lines cre-
ated at different stages between various solar cell deposition processes [42, 43].
The three lines are called P1, P2, and P3, and define the boundaries between
cells, as shown in Fig. 2.2.2.

The P1 scribe is the first step, where a laser is used to remove the Mo back
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Figure 2.2.2: Schematic image of a CIGS solar module illustrating the three
scribing lines (P1, P2, and P3) used to produce a monolithic interconnection
between the cells. From left to right, the active area of a solar cell lies between
the P1 and P3 lines, while a dead area is produced between the P3 and P1 lines.

contact layer from the glass substrate. This process separates (electrically iso-
lates) the back contacts of the individual cells. Following the deposition of the
CIGS absorber and buffer layers, the P2 scribe is performed. This scribe pen-
etrates through these layers to expose the Mo back contact. The subsequent
deposition of the AZO front contact fills this gap formed by the P2 line, con-
necting the front AZO contact with the back Mo contact. The final P3 line
is scribed after the deposition of the front AZO and penetrates through the
AZO and CIGS layers. This last scribing step separates the front contacts from
neighboring cells.

Typically the P2 and P3 steps are performed mechanically, as laser processes
tend to damage the CIGS absorver (heat affected zone) [44]. The interconnec-
tion area inbetween the P1 and P3 lines is shunted by the P2 line, and is thus
not active as a solar cell. For this reason this area is usually referred to as
dead-area. Optimized scribing processes try to minimize the width of the dead
area.

The scribing processes are somewhat critical. The P1 and P3 lines are most
critical as a defect in one of these lines leads to shunting [44]. Defects in the P2
line are typically more benign but may lead to increased series resistance losses
[44].

2.2.3 Equivalent Circuit

The one diode model offers a simple yet effective representation for analyzing the
behavior of CIGS solar cells. The model is schematically shown in Fig. 2.2.3. Tt
conceptualizes the solar cell as a single diode in parallel with a current source,
a shunt resistance, and a series resistance. The current source represents the
charge carrier generation, the diode the recombination, and the series resistance
the transport losses in both the electrodes as well as in the absorber itself. The
shunt resistance can account for localized shunts like scribing defects [21, 22, 24].
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Mathematically, the model can be written down as:

1 I
W EIRY ) VIR, o)

1=t = o (57 7,

where [ represents the total current flowing through the solar cell, V' denotes
the voltage across its terminals, I, stands for the photogeneration current, and
Iy signifies the dark saturation current, and g is the absolute value of electron
charge. The ideality factor n (i.e. ideally between 1 and 2), Boltzmann constant
(kg), and the temperature (T') further influence the diode current. Finally,
the model also incorporates series resistance (Rs) and parallel resistance (R,)
[21, 22, 24, 45, 46]. Note that the equation is implicit and solving it requires
numerical methods.

ml VY

Figure 2.2.3: Simplified illustration of the equivalent one diode model repre-
senting the behavior of a CIGS solar cell. The solar cell is represented as a
single diode in parallel with a current source and a series resistor, along with a
parallel resistance.

The I/Vecurve of a CIGS solar cell typically exhibits the characteristic shape
of a diode curve shifted downward due to photocurrent generation, as shown
in Fig. 2.2.4. The curve’s shape is influenced by series and shunt resistances,
which affect the "squareness" of the curve. This curve passes through three
important points:

o Open-circuit voltage (Vi.): The voltage at zero current.
o Short-circuit current (Iy): The current at zero voltage.

o Maximum power point (MPP): The point on the curve where the product
of voltage and current is maximized (i.e Vypp and Iyvpp, respectively).

Finally, the fill factor (FF) can be visualized as the ratio of the area of the
largest rectangle that fits under the I/Vcurve (Iypp X Vapp) to the product of
Iy and V..

The power plot, which is overlaid on the same plot as the I/Vcurve in Fig.
2.2.4 (the curve in dark-red color), shows the power output (P =1 x V) as a
function of voltage. This curve starts at zero for V = 0, rises to a maximum at
the MPP, and then falls back to zero at V.. The power curve peaks at the same
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Figure 2.2.4: I/V(in gold) and power (in dark red) curves of a CIGS solar
cell under illmination. The I/V curve swipes between open circuit voltage (Vo)
and short circuit current (/i) under illumination, while the power at maximum
power point illustrates product of current and voltage at its highest.

MPP, which occurs at a voltage less than V,. and a current less than I (i.e
the Virpp and Iypp, respectively). Both I/Vcharacteristics and power output
are affected by environmental conditions such as temperature and irradiance,
where higher temperatures typically decrease V,. and slightly increase I, while
higher irradiance increases both I, and V. [21, 22, 24].

2.2.4 Influence of parallel and Series Resistance on //V curve

Parallel and series resistance may significantly influence the performance of a
solar cell and the shape of previously discussed I/Vcurve. Figure 2.2.5 depicts
illuminated I/V curves of a CIGS solar cell in linear scale to describe the impact
of parallel (Fig. 2.2.5(a)) and series (Fig. 2.2.5(b)) resistances.

Parallel resistance, represents resistance paths within the solar cell, typically
due to material defects or imperfections. Series resistance, on the other hand,
represents the internal resistance encountered by the current as it moves through
the various components of the solar cell, including the semiconductor material,
contacts, and interconnections.

As depicted in Fig. 2.2.5(a), the decrease in parallel resistance will lead to a
decrease in open-circuit voltage, with a pronounced sharp drop near zero voltage
caused by leakage currents. This will result in a decrease in fill factor and the
output power. Interestingly, the open-circuit voltage is not affected by the series
resistance since no current flows through the cell at that point. However, the
increase in series resistance, as illustrated in Fig. 2.2.5(b), causes the I/Vcurve
to bend downward more sharply. This bending results in a reduced fill factor
and a shift in the maximum power point due to the increased voltage drop,
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Figure 2.2.5: Schematic illustration of illuminated I/Vcurves in a linear scale.
The curves shows the impact of both a) series and b) parallel resistances on
the overall shape of a I/Vcurve, deviating it from the ideal shape (bold dark
gold). The decrease in parallel resistance (R),) cause a decrease in open-circuit
voltage (Vi) with a sharp drop in current near zero voltage. The increase in
series resistance (R;) results in slope reduction leading to less fill factor and less
output power, but no change in the open-circuit voltage.

ultimately decreasing the overall efficiency of the solar cell [45, 47].

2.2.5 Influence of Reverse Bias Conditions on //V curve

Figure 2.2.6 depicts an extended version of the linear I/V curve in dark condi-
tions to include the region of reverse bias voltage and current. As depicted in
the figure, in forward bias, the I/Vcurve exhibits a diode behavior similar to
what is discussed in Fig. 2.2.4. Under reverse bias the diode effectively blocks
the reverse current, making the reverse current dominated by the parallel re-
sistance. However, if the negative voltage reaches a certain critical value, the
breakdown voltage V4, the diode starts to become conductive again. This effect
is called junction breakdown. There are two primary mechanisms for junction
breakdown, as shown in Fig. 2.2.6:

e Zener breakdown: occurs when a strong electric field is applied across a
heavily doped p-n junction. This causes electrons to tunnel directly from
the valence band to the conduction band through the narrow depletion
region, as illustrated in Fig. 2.2.7(a). It typically happens at low volt-
ages (below 5V) and is characterized by a sharp, well-defined breakdown
voltage [21, 24, 25, 48].

¢ Avalanche breakdown: occurs at higher reverse voltages and involves the
acceleration of free carriers in the electric field. These accelerated carriers
collide with atoms in the crystal lattice, creating additional electron-hole
pairs through impact ionization, as illustrated in Fig. 2.2.7(b). This
process multiplies, leading to a rapid increase in current flow [21, 24, 25,
48].
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Figure 2.2.6: I/V curve of a CIGS solar cell in dark in linear scale. The I/V curve
swipes between forward and reverse bias in dark conditions. In forward, the
curve shows a diode behavior similar to Fig. 2.2.4. In reverse, the I/Vcurve
typically shows a very small, relatively constant negative current until a critical
voltage (Vi,) is reached, where the reverse current begins to increase dramati-
cally, indicating the onset of junction breakdown.

Junction breakdown in CIGS solar cells does not match very well with the
above described mechanisms. The most striking features of junction breakdown
in CIGS are a relatively low breakdown voltage, a strongly temperature depen-
dent breakdown voltage, with a negative temperature coefficient (decreasing
breakdown voltage with increasing temperature), and a strong impact of irradi-
ation, where under light the breakdown voltage decreases [49]. At first glance,
this best matches with Zener breakdown, which also exhibits low breakdown
voltages and a negative temperature coefficient. However, CIGS solar cells are
not heavily doped. Moreover, while temperature effects in Zener diodes are rel-
atively small, breakdown in CIGS solar cells is strongly temperature-dependent
[49, 50]. Avalanche breakdown, on the other hand, takes place at higher volt-
ages and normally exhibits a positive temperature coefficient, inconsistent with
CIGS solar cells. Szaniawski et al. [49] suggested trap-assisted tunneling trans-
port through the buffer (Poole-Frenkel tunneling) [49]. This could indeed ex-
plain the strong temperature dependency. However, Poole-Frenkel transport
alone cannot explain the observed light enhanced breakdown [49]. Thus several
open questions remain as to the exact breakdown mechanism.

It is important to note that junction breakdown is inherently non-destructive
[21, 50]. However, a prolonged exposure to reverse bias conditions can cause
damage to solar cells, in particular due to the local heating induced by the high
current densities, which will be further discussed in Section 2.3.
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Figure 2.2.7: Schematic illustrations of a p-n junction during a) Zener break-
down. b) Avalanche brakdown, due to reverse bias. (a) A strong electric field
enables electrons to tunnel directly from the valence band to the conduction
band through the narrow depletion region, resulting in a sharp and well-defined
breakdown voltage. (b) Free electrons are accelerated by the electric field and
collide with lattice atoms, generating additional electron-hole pairs via impact
ionization. This carrier multiplication leads to a rapid increase in current flow.

2.3 Partial shading in CIGS solar cells

Partial shading is a significant issue in commercial photovoltaic (PV) applica-
tions. This phenomenon occurs when objects such as buildings, trees, dust,
or snow obstruct sunlight from reaching some or all of the solar cells within a
module. Although regular maintenance can help mitigate shading, it cannot be
completely eliminated [13-15, 21].

A cell which receives less light will produce a lower short circuit current.
However, as many cells are series connected, all cells must carry the same cur-
rent. Thus, the cell producing the least current will limit the current. A solar
module typically produces voltages exceeding the breakdown voltage of a singly
cell by far. Thus, it may happen that the overall maximum power point current
of a module is such that a shaded cell within the module is driven into junc-
tion breakdown. This decreases the maximum power point voltage, but largely
maintains nearly the same maximum power point current. In this situation the
shaded cell do not contribute power but dissipate part of the power generated
by the module, leading to the heating of the shaded cells. As the solar cell itself
is a thin layer embedded in thermally not very conductive materials (such as
EVA and glass), the temperature may rise quickly and lead to thermal damage
to the solar cell. Under some conditions such heating effects can be very fast
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and lead to permanent damage to solar cells. This reverse bias damage is the
topic of the next Section.

2.4 Reverse Bias Damage in CIGS solar cells

In the previous two sections, junction breakdown and partial shading were dis-
cussed. These are two important factors in reverse bias damage in CIGS solar
cells. In this section the focus is on the state of research on reverse bias damage,
highlighting existing gaps and limitations that my PhD work aims to address.

‘Wormlike Defects in CIGs solar cells

One of the first reports on the effects of reverse bias stress on CIGS solar cell
was by Westin et al. [5]. Westin et al. subjected CIGS thin film PV modules
with a size of 10 x 12 cm? to reverse stress for an extended amount of time (15
minutes) and under a bias light of 500 W/m®. During this time the current
was kept constant and the voltage was monitored. After the stress damage
was observed, for which Westin et al. coined the term "wormlike" damages.
Observation with a thermal camera revealed the damage was caused by small
hotspots wandering through the solar cell. Westin et al. [5] observed that most
damages originate from somewhere in the bulk of the cell but migrated toward
the P1 interconnection line. The wormlike damage was reported to reduce the
performance by 5 to 10 % (relative). The samples were studied using Scanning
Electron Microscopy (SEM) and Energy-Dispersive X-ray Spectroscopy (EDX),
revealing the material became porous, there was intermixing of ZnO and the
absorber. Westin et al. further found that there was phase segregation of an
undetermined, copper-rich compound near the back contact [5].

To investigate the origin of these wormlike defects, Johnston et al. [51] and
Palmiotti et al. [52] induced reverse bias stress on CIGS minimodules with cells
of 5x 100 mm? size while using dark lock-in thermography (DLIT). During DLIT
imaging, a negative voltage was pulsed while the camera was triggered at the
same frequency. However the exact time of the experiments is not mentioned
in their work. Although a high voltage of -20V was applied to the sample,
the current was limited to 1.5mA to prevent uncontrolled thermal runaway
events. In the DLIT image, localized heating, or hotspots were identified along
the scribe lines. Afterwards, unrestricted current was allowed to prove the
possibility of these spots to lead to wormlike defects. Cross sectional images
using SEM method detected wormlike defects propagate near the top CIGS
interface. Moreover, focused ion beam (FIB) showed voids near the absorber
layer and at TCO interface [51-53], aligning with the work from Westin et al.
[5]. These observations suggest that hotspots formed by reverse bias stress act
as the seed for the resulting wormlike defects [51-53]. Nevertheless, there was
no clear understanding of the propagation mechanism behind wormlike defects,
and the underlying cause of this propagation remains undetermined.

To understand the propagation mechanism, Bakker et al. [6, 17] applied re-
verse bias stress on small CIGS solar cells, measuring 5 x 7mm?, with various
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thicknesses of the TCO layer. Half of the cells feature a TCO layer measuring
1 pm, while the other half have a thicker TCO layer of 2 um. All cells were
subjected to a controlled voltage sweep in dark, applied in reverse direction,
while limiting the current to 100 mA. The voltage sweep began at +0.7V and
extended to -10V, with a step voltage of 50 mV and a scan speed of 100 mV /s,
which led to from defects in the tested cells. Microscopic images afterwards
showed stationary defects in cells with thick TCO layer, but moving defects
in cells with thinner TCO. Furthermore, Bakker et al. [17] have proposed a
propagation model in which he suggests that wormlike defects originate at local
weak spots such as mechanically defined edges (i.e. P3 scribe line) and propa-
gate along P1 line [6, 17]. These findings are consistent with earlier discussed
results by Westin et al. [5] and Johnston et al. [51]. Bakker et al. [6] have also ob-
served voids at the CIGS/CdS/TCO interface region. SEM-EDX measurements
demonstrated a rearrangement of elements in the affected area, with indium,
gallium, and copper replaced by cadmium from the buffer layer, and selenium
replaced by sulfur. Additionally, SEM images revealed changes in composition
inside the defects, including Cu-rich areas and porous compositions, aligning
the investigations from Westin et al. [5]. [6, 17]

However, the question that remains unanswered is why wormlike defects
propagate from the P3 line to the P1 line. To understand the contribution
of these interconnections (i.e., P1 and P3 scribe lines) to defects formation,
and investigate the differences between the two cell edges, I determine the risk
of damage near the edges experimentally in Section 4.1, and I estimate the
likelihood of existing defects to propagate as wormlike defects at these edges
using electro-thermal simulations in Section 6.3.

In-Field Shadowing Tests

While the mentioned studies so far focused on inducing reverse bias stress on
lab-sized cells and minimodules, multiple Literature, on the other hand, has
focused on in-field shadowing tests conducted on commercial full size CIGS
modules to replicate real-world shadowing conditions that may happen in the
field. For instance, Silverman et al. [54] have demonstrated a shade test pro-
cedure to study the impact of partial shading stress on CIGS modules, which
consist of 100 series-connected cells. Their method aims to replicate realistic
shading scenarios with 90% shade using an opaque mask to measure the resulted
performance loss. Silverman et al.[54] regarded the 90% shading scenario as the
worst case of shading, since no obstacle can completely obstruct incident light;
in reality, some light can always reach the shaded cells. The total light exposure
time during the masked flash testing was under 2s, consisting of multiple light
pulses of 1000 VV/H127 each lasting 100 ms. During the shading tests, all mod-
ules experienced permanent damage. Each module lost between 4% and 11% in
maximum power due to the formation of localized shunts in shaded areas [54].

However, the study by Silverman et al. [54] focused solely on the performance
of CIGS modules under a single shading scenario. Alternatively, the research
conducted by Lee et al. [16] examined the performance of CIGS modules under
various partial shading conditions to investigate the effect of bypass diodes
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in protecting the cells from partial shading. In their experiments, Lee et al.
[16] tested modules with 100 series-connected cells that feature different buffer
layers, specifically CdS and ZnS, all of which are equipped with bypass diodes.
The modules were oriented vertically and subjected to various shading degrees
(0% to 100%) using Al foil. Lee et al. [16] observed wormlike defects causing
permanent damage in shaded PV modules even when bypass diodes were in
operation. Transmission Electron Microscopy (TEM) and SEM images revealed
porosity between CIGS and ZnO layers, and an amorphous layer above the
ZnO layer resulting from molten EVA. Furthermore, these wormlike defects
were reported to originate near the P3 scribe line [16], aligning with findings
from previously discussed laboratory work from Westin et al. [5] and Bakker
et al. [17]. Additionally, comparisons between modules with CdS and ZnS buffer
layers revealed that only modules with a CdS buffer layer exhibited wormlike
defects. This correlation is attributed to the thickness of the buffer layers, as
CdS buffer layer was thicker compared to ZnS [16].

Several additional studies on shading tests conducted on monolithically in-
terconnected CIGS modules are provided in details by Bakker et al. [18], consid-
ering wormlike defects as a primary reliability concern. Overall, monolithically
interconnected modules do not provide enough protection against partial shad-
ing effects. Although external bypass diodes were reported to not provide any
significant protection to individual cells from shadow stress, they do help in
limiting the output power loss. Therefore, while bypass diodes may not fully
mitigate the reliability concerns associated with shading in CIGS modules, they
play a crucial role in managing power output during shading events [55]. Ad-
ditionally, regular cleaning and proper orientation and installation techniques
might reduce the likelihood of shading and improving overall efficiency. How-
ever, these strategies cannot entirely eliminate the issue.

Time Scale of Defect Formation

An interesting aspect of the defect formation is how fast reverse bias damage
develops. Wendlandt and Podlowski [56] conducted short-term shadowing tests
on commercial CIGS modules. Each time, 10% of the module was shaded
while a 10ms flash light of 1000 W/ m?® is applied. After each measurement,
the shadowing element was moved along the module to a different position and
it got flashed again. This process was repeated until every cell in the module
had been covered once. This test has resulted in efficiency drop and irreversible
degradation in CIGS solar modules within this short period of time. Infrared
(IR) images showed many visible defects after shading the modules for a short
time [56].

Vaas et al.[57] also investigated the impact of short-term reverse-bias stress
to study the initial stages of hotspot formation. The experimental work was
conducted on CIGS small samples, each consisting of two-series connected cells,
with dimensions of 0.4 x 8.4cm?. The procedure involved incrementally in-
creasing voltage pulses until breakdown occurred. Specifically, a single pulse
with a duration of 10ms is applied to the cell, starting at a voltage of =5V
and increasing step-wise amplitude (0.1 V per step) until a defect formed within
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the sample. During the experiments, thermographic videos recorded the ther-
mal response, linking it to electrical response. The electrical response indicated
that a defect was created in less than 1 ms when a pulse of —13.4V was applied,
while there was no sign of a defect before the reverse bias pulse. In addition,
microscopic images have shown that some defects had an elongated trail after
the breakdown, suggesting early-stage wormlike defects with the potential to
propagate through the absorber layer [57].

Thus various experimental studies indicate that hotspots may develop very
rapidly. Through finite element method (FEM) model developed by Nardone
et al.[19], Guthrey et al. [58] have demonstrated that a pre-existing defect (a
point-like shunt), of 102 resistance with a radius of 2 um in a single cell sized
5 x 100 mm?, can cause the thermal runaway within a few seconds at reverse
voltages larger than —3V [58]. These results, however, are several orders of
magnitude away from the 1ms observed by Vaas et al. [57]. To resolve this
discrepancy between model and experiment, I will investigate the time scale
for defect formation due to reverse bias damage through electro-thermal FEM
simulations in Chapters 5 and 6.

Thermal Runaway and Positive Feedback Loop

Thermal runaway can be understood using the heat balance curve shown in
Fig. 2.4.1, which depicts the heat generation and cooling as functions of tem-
perature in systems such as semiconductor devices or batteries. The heat gen-
eration curve (plotted in red) typically increases nonlinearly with temperature,
reflecting how these systems produce more heat at elevated temperatures due
to enhanced current flow or accelerated chemical reactions. In contrast, the
cooling curve (in blue) generally rises linearly. The intersections of these two
curves represent points of thermal equilibrium. At lower temperatures, the sys-
tem operates at a stable equilibrium, where any small increase in temperature
leads to more cooling than heating, restoring the system to balance. However,
beyond a certain critical temperature, this balance reverses: heat generation
begins to exceed cooling. This unstable operating point marks the onset of
thermal runaway. In this regime, even minor increases in temperature result in
disproportionately more heat generation, driving a positive feedback loop.

Thermal runaway, driven by positive feedback loop, is a critical failure mech-
anism known in various technologies including lithium-ion batteries, semicon-
ductor devices such as bipolar junction transistors (BJTs) and metal-oxide-
semiconductor field-effect transistor (MOSFETSs), and thin-film semiconductors.
Despite the differences in mechanisms and severity, they are all governed by
the same principle: thermal coupling to another temperature-sensitive process,
whether chemical or electrical, that leads to instability [1, 59-63].

In lithium-ion batteries, thermal runaway is primarily caused by exothermic
chemical and electrochemical reactions. Under conditions—such as overcharg-
ing, mechanical damage, or elevated ambient temperature—the solid electrolyte
interphase (SEI) layer on the anode begins to decompose, releasing heat [59].
This initiates further reactions, including electrolyte oxidation and cathode de-
composition, which generate additional heat and gas. As temperature and
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Figure 2.4.1: A schematic illustration of the heat balance curve leading to ther-
mal runaway. The heat generation (red) and cooling (blue) as functions of
temperature. The heat generation curve increases nonlinearly, reflecting sys-
tems like transistors and batteries, which produce more heat at higher tem-
peratures. The cooling curve rises linearly. The intersection points represent
thermal equilibrium, with the system stable at lower temperatures. Beyond a
critical temperature, heat generation surpasses cooling, triggering thermal run-
away and a positive feedback loop.

pressure rise, a positive feedback loop of heat generation is established, poten-
tially leading to venting, fire, or explosion!. The positive feedback in this case
is chemically driven, where elevated temperatures accelerate reaction kinetics,
which further increase heat output [59, 60].

Unlike batteries, thermal runaway in transistors is driven by internal elec-
trical conditions rather than chemical reactions. When a BJT or MOSFET
operates at high current densities or under poor thermal dissipation, the junc-
tion temperature rises, which in turn increases minority carrier concentrations
and increases leakage current. The resulting rise in power dissipation feeds
back into the temperature, forming a positive feedback loop that can rapidly
lead to device failure if not properly managed [62]. In trench power MOSFETS,
for example, localized heating causes a reduction in threshold voltage in hot-
ter regions, increasing local current and exacerbating thermal runaway through
current crowding effects [63].

Similarly, a form of thermal runaway can occur in CIGS thin-film solar
cells. Unlike the internal electrical or chemical triggers seen in transistors or
batteries, thermal runaway in CIGS cells is primarily caused by external factors-
specifically, the reverse bias conditions induced by partial shading, as discussed
in Section 2.3. When shaded cells are forced into reverse bias to maintain current
continuity in series-connected modules, localized power dissipation arises at

IThe explosive potential naturally relates to the amount of stored energy in the system,
which can be particularly high for batteries (often hundreds of watt-hours per kilogram [61]).
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defects or shunt paths. This localized heating increases current density and
reduces local resistance, forming a positive feedback loop that rapidly escalates
temperature and leads to thermal runaway.

Theoretical studies have been conducted to develop theories that can explain
the mechanisms of reverse bias damage in CIGS solar cells. These theories aim
to provide a deeper understanding of the underlying physics involved in the
thermal runaway processin thin-film applications. Karpov[1] in their theory de-
scribes the interaction of electron transport and heat transfer in thin-film semi-
conductor structures, providing a comprehensive framework for understanding
instabilities such as thermal runaway, hotspots, and reversible thermal break-
down. The model consists of an active conducting layer sandwiched between
two thermally insulating layers. The active layer generates Joule heat, and the
heat transfer is influenced by the insulating layers. The potential difference
across the electrodes is maintained by an external power source, with temper-
ature fixed at the boundaries. This research demonstrates that the interaction
between Joule heating and thermally activated conductivity creates a positive
feedback loop, leading to instability, commonly referred to as thermal runaway.
These instabilities can result in hotspots, characterized by increased tempera-
ture and conductivity in localized regions [1].

Building on the theory proposed by Karpov [1], Nardone et al. [19] intro-
duced an electro-thermal simulation to analyze reverse bias stress in thin-film
photovoltaic modules [19]. Utilizing FEM electro-thermal modeling with COM-
SOL, they investigated shading-induced failures in monolithically integrated
CIGS solar modules. In their case study, Nardone et al.[19] examined a CIGS
solar minimodule consisting of 20 cells. A shading scenario where 4 out of the
20 cells were fully shaded (replicating a scenario of 20 % shading reported by
Lee et al. [16]) was simulated, with 20 randomly placed weak spots within the
module. The model revealed a rapid temperature increase in the weak spots
located in the shaded area. Subsequent qualitative comparisons between the
simulation with and without the electrothermal coupling indicated that joule
heating was the primary contributor at the runaway point. This way Nardone
et al.[19] demonstrated that weak spots, with a lower breakdown voltage, can
rapidly develop into hotspots due to the positive feedback between temperature
and breakdown current [19].

A fundamental challenge in systems with positive feedback is their inherent
tendency toward chaos. Small initial inhomogeneities are amplified by positive
feedback, making such systems highly sensitive to initial conditions. In the
case of reverse bias damage, this sensitivity renders the location of thermal
runaway events and the threshold for reverse stress unpredictable, complicating
efforts to investigate the conditions leading to breakdown. To address the chaos
introduced by positive feedback, Vaas et al. [20] deliberately created a hotspot in
CIGS solar cells using a continuous wave (CW) laser on the backside of the cell
[20]. The controlled laser-induced hotspot, with precisely defined location, size,
and intensity, dominates the initial conditions, enabling reproducible system
responses.

Vaas et al. [20] conducted experiments on unencapsulated CIGS samples. In
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the initial experiment, only the laser was applied, raising the hotspot tempera-
ture to approximately 140 °C. In a subsequent experiment, the laser was initially
blocked by a shutter, while reverse stress was applied using a reverse current of
15mA. During the first 10 seconds of reverse bias alone, the cell heated nearly
uniformly, with an observed increase of approximately 0.40 °C. After this initial
period, the laser shutter was opened, combining reverse bias and hotspot stress
for the remaining 20 seconds. During this phase, the laser-induced hotspot tem-
perature rose rapidly, with thermal images revealing a dramatic increase from
approximately 26 °C to over 260°C in just 3 seconds [20].

These experimental results underscore the role of positive feedback in redis-
tributing electrical dissipation, leading to further heating of the hotspot. The
hotspot temperature exceeded 140 °C, the maximum temperature observed un-
der laser stress alone, demonstrating the amplifying effect of positive feedback
[20]. Moreover, these findings demonstrate that the conditions under which
positive feedback occurs can be systematically controlled. Such control enables
targeted experimental investigations into the mechanisms and conditions that
trigger thermal runaway, advancing our understanding of system breakdown
under reverse bias stress.

The concept of using a laser-induced hotspot makes reverse bias breakdown
results more predictable, both in terms of whether a thermal runaway occurs and
where it occurs. However, for investigating the conditions leading to breakdown,
the experiments developed by Vaas et al. [20] remain destructive. In Chapters
3 and 4, I build upon Vaas et al.’s results with the goal of developing a non-
destructive method. This approach combines pulsed lock-in thermography (see
Section 2.5) with a laser-induced hotspot.

2.5 Lock-In Thermography (LIT)

Lock-In Thermography (LIT) is a widely used non-destructive technique for
characterizing and analyzing solar cells, enabling efficient failure analysis by
identifying defects, hotspots, and performance variations through lock-in cor-
relation and thermal imaging [64-69]. Breitenstein and Langenkamp [64] in-
troduced LIT analysis for detecting defects in solar cells and significantly con-
tributed to establishing it as a versatile tool for solar cell failure analysis and
characterization. Today, LIT is an industry standard technique in the field of
photovoltaics. In this thesis, LIT analysis forms the foundation of Chapters
3 and 4, hence this section provides a thorough introduction to the technique
while its applications in solar cell analysis is described in the subsequent section.

2.5.1 Black Body Radiation

A black body is an idealized physical object that absorbs all frequencies of
electromagnetic radiation, including visible light. It exhibits perfect absorption
across the entire electromagnetic spectrum, with an absorptivity of 1 at all
wavelengths. This characteristic defines it as an ideal absorber.
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A black body does not only absorb but also emits radiation across the entire
electromagnetic spectrum. According to Kirchhoff’s law of thermal radiation
there is a reciprocity between absorption and emission. As a result, a perfect
absorber is also a perfect emitter, with an emissivity of 1 [21, 64, 70].

Fig 2.5.1 summarizes the fundamental principles governing black body ra-
diation. As illustrated in the figure, the intensity and distribution of radiation
emitted by the black body are primarily determined by its temperature. As the
temperature increases, the intensity of emitted radiation increases for all wave-
lengths. Furthermore, the peak of the spectrum shifts to shorter wavelengths,
corresponding to higher energy levels. This intensity of radiation emitted by a
black body at different wavelengths in thermal equilibrium at a given temper-
ature T', is described by Planck’s radiation law

I0T) = 2hc? 1
X exp(/\,:L;T) -1’

where I(\,T) is the spectral radiance, A is the wavelength, h is Planck’s
constant (6.626 x 10734 Js ), ¢ is the speed of light in a vacuum (3 x 108 m/s),
kg is Boltzmann’s constant (1.381 x 10723 J/K ), T is the absolute temperature
in Kelvin [21, 64, 70].

Furthermore, Wien’s Displacement law correlates the temperature of a black
body with the wavelength of the peak in spectral emittance. It states that the
wavelength at which the intensity is the highest (\,,.) is inversely proportional
to the absolute temperature, expressed as:

)\mazT = b7

where b is Wien’s displacement constant [21, 64, 70].

The Stefan-Boltzmann law quantifies the total energy radiated per unit sur-
face area of a black body as proportional to the fourth power of its absolute
temperature. It is described by the equation:

E =o0T",

where (FE) is the total energy emitted per unit area, and (o) is the Stefan-
Boltzmann constant [21, 64].

However, real objects deviate from ideal black body behavior, emitting ra-
diation with reduced intensity, quantified by emissivity (¢ < 1). Consequently,
the emissivity serves as a measure of a real body’s proximity to black body
behavior, adjusting radiation emitted by a real body relative to that of a black
body:

Frea = coT™.

As a result, the transmittance 7 together with the reflectance p and the ab-
sortance « of radiation are defined by:

T+p+a=1
Therefore, for a black body, emissivity is equivalent to absorbance as:

e=a=1.
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Figure 2.5.1: Black-body radiation emmittance as a function of wavelength
for various temperatures. Each temperature curve peaks at a distinct wave-
length. The intensity and distribution of radiation emitted by the black body
are primarily determined by its temperature described by Planck’s radiation
law. The wavelength at which the radiation is strongest is given by Wien’s
displacement law, and the overall power emitted per unit area is given by the
Stefan—Boltzmann law. The Golden curves refers to sun temperature at 5777 K,
while red curve corresponds to the earth temperature at 300 K

In this thesis, the real body of interest is a solar cell. A solar cell is designed
to absorb light within a specific wavelength range, based on its semiconductor
material, and convert it into electrical energy with minimal thermal emission.
However, solar cells do emit thermal radiation across a range of wavelengths,
with the intensity and spectral distribution of this radiation depending on the
cell’s temperature and material properties [21, 64, 65].

The emissivity of a solar cell varies with wavelength. In the visible and
near-infrared (NIR) regions, the emissivity is low, allowing the cell to efficiently
absorb solar radiation for energy conversion. Conversely, in the mid-infrared
(MIR) and far-infrared (FIR) regions, the emissivity is relatively high, enabling
the cell to radiate thermal energy more effectively. Notably, defective areas or
material inhomogeneities within the solar cell exhibit distinct thermal behavior
compared to non-defective regions. This manifests as localized variations in the
amplitude and phase of the emitted thermal radiation. The exact emissivity of
CIGS solar cells used for the purpose of this thesis will be further discussed and
computed in Chapter 3. To detect and map these variations, a thermal camera
operating in the IR region is used. The thermal camera captures the IR radia-
tion emitted by the solar cell, enabling detection of defects and inhomogeneities
based on the observed temperature variations across the cell’s surface.
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2.5.2 Principles of Lock-In Thermography

LIT is an advanced thermographic method which applies Lock-In to enhance
the sensitivity and allows a more precise localization of defects in solar cells
[64, 65, 71, 72]. LIT analysis is primarily used to extract a small signal embed-
ded in a noisy background by leveraging an active stimulus and synchronous
detection. It relies on modulating the heat source (or bias electrical excita-
tion) applied to the solar cell at a specific frequency, typically referred to as the
lock-in frequency. By synchronizing the detection system (i.e. an IR camera)
with this modulation frequency, signals from other frequencies, including back-
ground noise, can be effectively filtered out, enhancing the signal-to-noise ratio
and enabling more precise detection of the desired thermal signals associated
with the phenomenon under investigation. The high sensitivity of lock-in detec-
tion allows LIT to resolve extremely small temperature variations, enabling the
detection and localization of defects, hotspots, and material inhomogeneities in
solar cells [64, 65, 71, 72].

Figure 2.5.2 illustrates the basic principle of lock-in analysis. The stimulus
signal F(t) with the lock-in frequency ( fioek.in) causes a thermal response of the
solar cell, which is detected by the thermal camera as the measured response
signal F'(t). However, F'(t) is a noisy signal. To extract the lock-in response
signal of the system (.5) without reduced noise, the following equation is used:

tint

S=— [T FOK® (2.2)
tint 0

where t;, is the integration time which represent the time of the measurement,

and K (t) is the correlation function. The correlation function is a periodic

function. Common choices are the square “wide-band” correlation function

K(t) = +2 for (;S t < % wijchi.n one peri.od T (2.3)
=2 for 5 <t < T within one period T,
and the harmonic correlation function
K(t) = 2sin (27 ft) . (2.4)

The choice of correlation function affects the bandwidth of the lock-in procedure.

The integration process in a lock-in amplifier acts as a narrow bandpass filter,
selectively preserving signals at the lock-in reference frequency while suppress-
ing noise and other frequency components. This filtering effect arises because
the correlation factor, K(¢), is a periodic function matching the frequency of
the lock-in excitation [64]. When the measured signal—potentially containing
both the desired signal and noise components—is multiplied by K (t), only the
in-phase components at the reference frequency constructively accumulate over
the integration period, T. Meanwhile, noise and signals at other frequencies
tend to average out to zero due to their oscillatory nature over the integration
window. Consequently, the remaining signal predominantly consists of the de-
sired response and noise components close to the lock-in frequency, while all
other noise is effectively rejected.
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Figure 2.5.2: Lock-in amplifier basic principle. The stimulus signal E(¢) rep-
resented as the modulated laser is applied to the DUT (with or without a DC
voltage) with a specific lock-in frequency (fioekin 0f 0.50 Hz). The stimulus
E will cause a thermal response of the DUT that would be detected by the
thermal camera. This measured response signal F'(t) is a noisy signal. Hence, a
lock-in amplifier is used to detect the lock-in response signal of the system (.9)
with reduced noise.

Often the measured signals are discrete in time (sampled). In this case we
can adapt Eq. 2.2 to become a summation expression over the discrete samples
within the lock-in period and across multiple lock-in periods. This summation
yields the following equation:

iiKJF,J (2.5)

i=1

where N is the number of lock-in periods, and n is the number of frames within
one period. This would mean that each measurement has n x N number of
samples that are averaged.

Often, the response of a system to a periodic excitation may be phase shifted.
For this reason it is useful to evaluate the lock-sin signal at different phases.
This may be achieved using two correlation functions K ]Qo and KJQOO

K0° W (26)

90° _ Cos(27r(j 1))
K; —_ (2.7)
where 0° and 90° are the primary phase shifts of a LIT measurement. The phase
shift at 0° represents the in-phase signal, and the 90° signal the 90° phase-shifted
signal [64].

With these correlation functions two lock-in signals are obtained

n

. Sy 28)

i=1j=1
lN

S = Z K Fij. (2.9)

i=1j=1
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With these signals we can now compute the overall amplitude as

A= /(57)2 + (597)2, (2.10)
and the phase as
SQO
p= arctan(@). (2.11)

Breitenstein and Langenkamp [64] played a pivotal role in developing the
LIT technique for defect detection in solar cells [64]. In 1988, he introduced LIT
to detect weak heat sources caused by current flow inhomogeneities in electronic
devices. He applied pulsed voltage while maintaining a constant heat source,
enabling the detection of heat dissipation due to cracks or mechanical damage.

When performing LIT on solar cells using the thermal camera, the samples
of the signal are referred to as camera frames, and the lock-in procedure is per-
formed for every pixel. This way amplitude and phase images may be obtained.
The lock in procedure for thermography is illustrated in Fig. 2.5.3.
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Figure 2.5.3: The lock-in process involves synchronizing the temperature re-
sponse with the applied excitation source’s lock-in frequency. Next, the noisy
thermal signal captured by the IR camera is digitized into discrete frames, Fj,
and the correlation factor K (¢) into discrete values, K;. Two components of
the signal S are computed: the in-phase component S°° with no phase shift,
and the out-of-phase component S°° with a 90° phase shift. This results in the
generation of two sets of images: an in-phase image and an out-of-phase image.
Ultimately, Lock-in Thermography (LIT) produces an amplitude image and a
phase image. The lock-in amplitude A of the beneficial response S for each
measurement is calculated as the vector sum of the in-phase and out-of-phase
components.



Chapter

Electro-Thermal loop gain and the
Hot-Spot Lock-In (HS-LIT) Method

In this chapter, I aim to develop a non-destructive characterization technique for
measuring the susceptibility of devices to reverse bias damage. To achieve this,
I have established a method that quantitatively measure the positive feedback
loop, or loop-gain. This loop-gain results from the interaction between joule
heating, which locally heats the device, and the temperature dependency of the
local reverse bias current. This technique builds upon Lock-In Thermography
(LIT), introduced in Chapter 2, and is further refined into what I term Hot-Spot
Lock-In Thermography (HS-LIT). HS-LIT employs a back-side laser to induce
a hotspot in the device. During experiments, either the laser or the reverse bias
is modulated, to visualize and quantify the hotspot loop-gain effectively. These
results were previously published in references [73, 74].

I first introduce the general principle of HS-LIT in Section 3.1, followed by
the first variant of HS-LIT developed in Section 3.2. This initial variant uses
electrical modulation, which clearly demonstrates a positive feedback loop but
presents challenges in quantitatively interpreting the results. Therefore, the
HS-LIT setup was updated to enable the second variant, where the back-side
laser is modulated. This latter method has the advantage of directly measuring
the loop-gain. This enhanced HS-LIT method is presented in Section 3.3.

29
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3.1 Hot-Spot Lock-In Thermography

Vaas et al. [20] have demonstrated that a positive feedback loop exists in
Cu(In,Ga)Se, thin-film solar cells, where local heating leads to local power dissi-
pation, which in turn leads to reverse breakdown and causes permanent damage
[20]. This feedback loop was initiated and triggered during experiments by in-
troducing local heat with simultaneous "hotspot stress" in samples that had no
pre-existing local defects [20]. Additionally, it was shown that the size of the
local hotspot plays a significant role in the breakdown process, with smaller
hotspots being more likely to cause permanent damage than larger ones [20].

The proposed mechanism for this feedback loop is illustrated in Fig. 3.1.1. A
small hotspot is present at one location in the solar cell. If the current through
the cell is thermally activated (or generally increases with temperature), the
local current through the device is enhanced at the hotspot. This, in turn,
leads to more Joule heating at the hotspot, further increasing the temperature.
Consequently, a positive feedback (i.e., with a loop-gain larger than one) results,
which is an inherently unstable condition. In the experiments by Vaas et al.,
this condition led to thermal runaway, where the local temperature escalates
until the device is permanently damaged [20].

Hot spot,
Solar cell, T.> Ty
To

Front contact

Solar cell A

Back contact Thermal Electrical
—
/-_ heat (T) power (P)
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Figure 3.1.1: Schematic illustration of the interaction between local heat and
local power dissipation (i.e. positive feedback loop) in thin-film solar cells,
where local heating leads to local power dissipation which in turn would lead
to a hotter spot.

In this work, similar to the work of Vaas et al. [20], a local hot-spot is
induced in the solar cell using a laser source while simultaneously applying a
reverse-biased excitation. However, my aim is to establish a non-destructive
characterization method to study and quantify the positive feedback loop with-
out causing permanent damage to the tested cells. The method by Vaas et al.
induces conditions where a positive feedback loop is created, making the device
inherently unstable and leading to thermal runaway and permanent damage to
the cell.

To develop a non-destructive method to measure susceptibility to reverse
bias damage, I need to create such unstable conditions while preventing thermal
runaway. One way to achieve this is by modulating the experiment. Since ther-
mal runaway requires time to develop, I can create unstable conditions briefly
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and then remove them before the system runs out of control. For this reason,
I chose to develop a LIT-based characterization method, which is inherently
modulated and thus may stabilize otherwise unstable conditions.

3.2 HS-LIT with CW Laser Source

3.2.1 Sample preparation

For my initial HS-LIT experiments, I used solar modules cut from industrially
produced semi-fabricated modules (i.e. taken out from a production line before
the final contacting and encapsulation). As shown in Fig. 3.2.1, each mod-
ule has a length of 10cm and a width of 10 cm, divided into 20 cells that are
monolithically series connected, as discussed previously in Chapter 2.2. The
structure of a module consists of a 1.1 mm glass substrate with a 1 gm molyb-
denum (Mo) back contact layer. The CIGS layer stack comprises 3 um CIGS
(produced through a co-evaporation process [75]) and a 50 nm cadmium sul-
fide (CdS) buffer layer (produced using chemical bath deposition [76]), followed
by a 1 um zinc oxide (ZnO) based transparent conductive electrode layer. All
samples were stored in a dark environment before use.

For the experiments I want to contact individual cells. To this end, in every
second cell in the module, the CIGS was scratched away and then covered with
silver paste, and fitted with silver contact stripes. The silver contact stripes
can be seen in Fig. 3.2.1. This process short-circuits the treated cells and
contacts the Mo contact. As a result, the untreated cells between the scratched
and contacted cells, can be individually contacted. Finally, the modules were
encapsulated using ethylene vinyl-acetate (EVA) and a polyester (PET) sheet
as a front cover, with a thickness of around 0.3 mm after the encapsulation and
lamination processes.

All produced samples underwent testing in the dark and under illumination
using a solar simulator. The IV sweeps were compared before and after the
contacting process to verify that their electrical characteristics were not affected.
With this step it is ensured that the new contact does not suffer from a high
series resistance.

3.2.2 Experimental
LIT Setup

A schematic representation of the initial setup utilized for HS-LIT experiments
is shown in Fig. 3.2.2. The Device Under Test (DUT) is placed on a microscope
table in a dark cabinet at room temperature (i.e., 20 °C) to keep out ambient
thermal radiation. The laser is directed and focused towards the backside of
the DUT via the glass substrate. Since molybdenum is opaque, particularly for
lasers in the visible and infrared spectra, no photocurrent was observed from
the laser; it only heats the molybdenum layer, which subsequently diffuses into
the CIGS layer.
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Contact stripe

Figure 3.2.1: A CIGS full module with a size of 10 x 10cm?. The series inter-
connection between cells is cut using silver contact stripes to produce individual
cells, each of 8cm length and 0.40 cm width. Each cell is considered a Device
Under Test (DUT) as illustrated in Fig. 3.2.2.

The reverse-bias is applied to the DUT simultaneously with the laser. Mean-
while, a thermal camera is fixed above the microscope table to detect the ther-
mal response of the DUT, identifying hot-spots.

Device Under
Test (DUT) Excitation

Source

supply

source flock-m

Figure 3.2.2: Schematic illustration of the initial laser-induced Hot-Spot Lock-
In Thermography (HS-LIT) setup. A CW laser is pointed to the backside of the
device under test (DUT), while a modulated reverse biased current is injected
into the DUT simultaneously. A thermal camera is fixed on top to detect the
thermal response of the DUT. LIT analysis is made during the experiments
using a software from InfraTec GmbH.

The setup is divided into two cabinets. The bottom cabinet contains a red
diode continuous-wave (CW) laser with a wavelength of 671 nm and a power of
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200 mW. To control the spot size, a 50x objective lens can be moved vertically
along the z-axis. The laser beam, with an initial diameter of 1 mm, is focused
through the objective lens to achieve a smaller spot size in the micrometer range.
A shutter is placed between the laser and the microscopic stage to block the
path of the laser beam when not needed. Additionally, the laser is equipped
with a safety key mechanism that prevents operation unless the key is switched
on.

The top cabinet hosts the thermal camera, an InfraTec ImagelR 9300, which
uses an Indium antimonide (InSb) based detector. This camera is sensitive to
IR light in the range of 1.5 to 5.5 um. It has a high resolution of 1280 x 1024
pixels, combining thermal resolution down to 0.025 K with a high frame rate of
up to 106 Hz and short integration times of only a few microseconds. Optionally,
a close-up lens can be used. The thermal camera is fixed to a motorized vertical
stage that is software controlled.

Below the camera in the top cabinet is the microscope table and stage where
the DUT is located. This stage moves horizontally along the z- and y-axes
and can be manually adjusted. It is equipped with various sample holders for
accommodating different types of DUTs. Under the DUT, the table has an
opening to the bottom cabinet, through which the laser is applied to the back
of the DUT. Each cabinet has its own separate door with safety measures to
ensure the laser is off when a door is opened.

To inject a reverse-biased current signal into the DUT, a Keithley 2425 100W
Source Measure Unit (SMU) is connected to the DUT in four-terminal sensing
mode and synchronized with the lock-in frequency from the thermal camera.
Additionally, an oscilloscope is connected to the setup to read the signals (i.e.,
voltage and current) to and from the DUT. The keithley is also used to measure
an IV sweep of the DUT inbetween LIT measurements to directly detect any
changes in device properties, such as damage caused by the experiments.

IRBIS Active OnlineSoftware

A software from InfraTec GmbH, celled "TRBIS Active Online', is used to per-
form the Lock-In Thermography (LIT) measurements. This software controls
the camera and the hardware to trigger the external equipment (excitation
source). Furthermore, the software performs the Lock-In analysis to determine
the phase and amplitude, as detailed in Section 2.5.

As depicted in Fig. 3.2.3, the uppermost bar contains the primary settings
related to the thermal camera. Below this bar, four windows display a real-
time view from the thermal camera (live image), along with the complex image,
amplitude image, and phase image generated post-LIT analysis.

From the menu bar on the left, the lock-in frequency, duty cycle, number of
periods, and frame rate can be set before the measurement. For the subsequent
experimental work, I employed a lock-in frequency of 0.50 Hz, a duty cycle of
50%, and a frame rate of 40frames per second. Furthermore, measurements
were taken over 100 periods to ensure accurate results.

The IRBIS Active Online software can apply corrections for the used ob-
jective if a corresponding calibration file is provided. These corrections include
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Figure 3.2.3: A screenshot shows the interface of "IRBIS Active Online" software
from InfraTec. The software is used during my measurement to conduct LIT
analysis. The top bar shows the setting to control the connection to the thermal
camera. The left bar is used to control the main LIT parameter such as lock-in
frequency, duty cycle, number of periods and the framerate. The remaining
widows show the live image from the thermal camera in addition the images
produced post-LIT analysis.

a flatfield correction and calibrations with reference black-bodies at various
temperatures. Such calibration is required to ensure an accurate temperature
response. These calibrations are typically performed by the camera and ob-
jective manufacturer. For a single camera and objective combination, various
calibration files may be provided for different temperature ranges.

Additionally for this work, I used an SXGA MWIR 300mm close-up lens
to focus on the specific area of interest around the laser-induced hot-spot. The
objective lens calibration was selected for the temperature range of 20 — 200 °C.
I did not use the emissivity correction provided by the software. Instead, the
impact of the sample emissivity is discussed in Appendix A.

3.2.3 Results and Discussion

In Fig. 3.2.4, I show the resultrs for a HS-LIT experiment. The three steady-
state thermography measurements are shown in panels (a), (c), and (e) of Fig.
3.2.4. A consistent color scale is used for all steady-state thermographic images.
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The lock-in amplitude images, displayed in panels (b), (d), and (f) of Fig. 3.2.4,
are presented with the indicated grayscale.

In the first experiment, a modulated, reverse current excitation was applied.
Figure 3.2.4(a) shows that the steady-state thermographic image reveals a more
or less constant device temperature.The lock-in image shown in Fig. 3.2.4(b)
clearly illustrates a thermal response of the cell, where power is dissipated un-
evenly across the cell area. It is observed that most of the power is dissipated
locally along the edge of the cell.
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Figure 3.2.4: Results of lock-in measurements using the initial HS-LIT setup. a)
steady state thermographic image b) lock-in image of a device when a modulated
current excitation is applied in reverse, where most of the power is dissipated
along the edge. ¢) steady state thermographic image d) lock-in image of the
device when a CW laser is applied, where a very weak signal appears at the
laser location. e) steady state thermographic image f) lock-in image of the
device when a CW laser with a modulated current excitation in reverse are
applied simultaneously, where a clear signal appears at the laser location due
to the interaction between the dissipated power and the hotspot.

In the next experiment, a focused, continuous wave (CW) laser beam was
applied to the DUT. No electrical excitation was applied. The steady-state
thermographic image in Fig. 3.2.4(c) clearly shows a local hotspot due to the
laser excitation. The lock-in image in Fig. 3.2.4(d) shows only a very weak
signal at the laser spot. Since no modulated excitation was applied, the absence
of a lock-in signal is expected. The weak response is attributed to instabilities
of the laser source.

In the final experiment, a CW laser beam and a modulated current excitation
were applied simultaneously. In Fig. 3.2.4(e), the steady-state thermographic
image shows a local hotspot due to the continuous laser beam excitation. The
steady-state temperature distribution is nearly identical to that in Fig. 3.2.4(c),
where no electrical excitation was applied. The corresponding lock-in image in
Fig. 3.2.4(f) clearly shows a thermal response at the location of the laser-
induced hotspot. This response is notably absent in Fig. 3.2.4(d), where the
laser was applied without electrical excitation of the device.
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The experiment clearly demonstrates the interaction between the tempera-
ture profile and local power dissipation in the device. The appearance of the
laser hotspot in the lock-in image in Fig. 3.2.4(f), without the laser being mod-
ulated, indicates the presence of a positive feedback loop. In this loop, the
local hotspot leads to a redistribution of electrical power dissipation, causing
the hotspot to become hotter when an electric bias is applied. The magnitude
of the lock-in thermal response is thus a direct measure of the hotspot loop
gain.

It is important to note that under DC conditions, a positive loop-gain cannot
be measured because any small excitation would lead to an infinite response,
causing the temperature to increase until the device fails. However, in this
experiment, I demonstrate the existence of a positive loop-gain without the
temperature increasing uncontrollably. This is because the periodic excitation
interrupts the temperature rise. In other words, the slow response of the thermal
system allows us to demonstrate the existence of a positive loop gain without
damaging the device.

The aim is to quantify the loop-gain. Under DC conditions, this is not
possible, as any small signal leads to an infinite response. However, with a
modulated excitation, the loop-gain can be quantified. To achieve this, I need a
lock-in response for the laser excitation, meaning the laser must be modulated.
This experiment is the focus of the next section.
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3.3 HS-LIT with Modulated Laser Source

In this section, a modified HS-LIT setup is introduced, which is capable of
modulating the laser-induced hotspot, thereby enabling the quantification of
the positive loop-gain. The quantification of the loop-gain (i.e., values higher
than 1.0) provides a direct measure of the thermal system’s instability. The key
alterations made to the previous HS-LIT setup are outlined, and their impact
on the measurements is detailed.

3.3.1 Sample Preparation

Similar to the samples discussed in the previous section (Section 3.2.1), the
samples in this section are cut from industrially produced Cu(In,Ga)Se, semi-
modules, which consist of a ZnO/CdS/CIGS/Mo/Glass layer stack. The layout
and size of the samples is slightly different from those in Section 3.2.1. As
shown in Fig. 3.3.1, each sample consists of fmy individual minimodules on a
10 x 10 cm? glass substrate. The mini-modules, in turn, consist of ten series-
connected solar cells, each with dimensions of 0.4 x 4cm?. The cells are mono-
lithically interconnected. As in Section 3.2.1, every second cell was scratched,
and contact strips were applied to obtain individually contacted cells for the
experiments. All samples are encapsulated using an EVA layer and a polyester
(PET) layer as a front cover with a thickness of 0.20 mm after lamination ( i.e.
the encapsulation layer for this set of samples is thinner compared to those of
Section 3.2 due to changing the pressure in the lamination process). Finally, the
mini-modules were tested using I'V sweeps before and after making the contacts
using the Keithley 2425 SMU.

Individual cell, »

Contact stripe

,,,,,,,

Figure 3.3.1: CIGS minimodules that are used for the HS-LIT experiments with
modulated laser and DC reverse biased voltage. Each sample has 4 minimod-
ules. The interconnection between cells in each minimodule is cut to produce
individual cells. Each cell in each minimodule is 4 cm length and 0.40 cm width
and considered as a Device Under Test (DUT).
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3.3.2 Experimental
LIT Setup

The primary update in the HS-LIT setup has been focused on the bottom
cabinet containing the laser source and optics. For reference on the setup before
the update, see Section 3.2.2. The laser source was replaced with a higher power
model, necessitating stricter safety measures. As shown in Fig. 3.3.2; the laser
source is now modulated, while the electrical excitation of the DUT is now in
DC condition.

Figure 3.3.3 shows an image of the updated HS-LIT setup. The new laser
integrated into the setup is a Cobolt CW diode laser from HEUBNER Photonics
Group GmbH. This laser is known for its stability and high power, with a maxi-
mum output of 2W and a wavelength of 1064 nm. A half-wave plate is attached
to a polarized beam splitter directly after the laser source. By adjusting the
polarization of the beam splitter through the half-wave plate, the laser power
can be conveniently controlled and reduced. A beam damper is fixed to the
beam splitter to reject the reflected polarized light. For automatic rotation, the
half-wave plate is mounted on a rotation mount connected to an interface board.
The rotation is powered by two elliptic piezoelectric resonant motors. The sys-
tem is operated using the ELLO software provided by THORLABS GmbH. This
setup allows for precise control over the laser power, ensuring safe and efficient
operation while also providing a convenient software control interface.

For the modulation of the laser, an optical chopper is integrated in the
system. The chopper is sued for modulating the laser in the frequency range of
1 — 100 Hz. I found the synchronization of the chopper with a trigger becomes
unstable for frequencies below 1 Hz. For this reason, the optical shutter is used

Device Under

DC Test (DUT)
excitation
source
Power —_ I Shutter
supply I Laser
f lock—inﬂ_rl_ source

Figure 3.3.2: Schematic illustration of updated HS-LIT setup. A laser is mod-
ulated and pointed to the backside of the Device Under Test (DUT), while a
DC reverse biased voltage is applied to the sample. A thermal camera is fixed
on top to detect the thermal response of the DUT. LIT analysis is conducted
during the experiments via the software from InfraTec.
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Figure 3.3.3: An actual photo of the updated HS-LIT setup. The setup consists
of two cabinets. The top cabinet hosts the thermal camera and a microscopic
stage where the Device Under Test (DUT) is placed. The bottom cabinet
includes the new laser source with all its required optical components. The
new laser is a Cobolt CW diode laser with a maximum output of 2W and a
wavelength of 1064 nm.

to modulate the laser for fioaein < 1.0 Hz. Both the shutter and the chopper
are synchronized to the lock-in setup. The shutter also serves to block the laser
on the DUT when the laser is not needed.

The laser beam, with a 1 mm diameter, is focused down to a 5pum diam-
eter on the DUT (i.e., the size of the laser-induced hotspot) using a 20x ob-
jective lens. This objective lens is mounted on an zyz-translator, where the
zry-translator is used for laser alignment, while the z-translator is connected to
an actuator for adjusting the vertical distance between the objective lens and
the sample to control the laser beam’s focus. The actuator is automated using
a K-cube brushed DC servo controller (KDC101). The z-translator allows for
easy automatic movement, with a range of 12.0 mm, while the objective lens has
a working distance of 6 mm. All optical components mentioned in this section
are from THORLABS. Finally, a control panel was developed using LABVIEW
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to control all optical components through a single interface, as shown in Fig.
3.3.4.
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Figure 3.3.4: A screenshot of the interface of the LABVIEW-based control panel
that controls most of the optical components in the HS-LIT setup.

Similarly to Section 3.2.2, lock-in amplitude and phase images are produced
using the InfraTec GmbH "IRBIS Active Online" software. For this work, a
laser power of 50 mW is used and modulated according to the desired lock-in
frequency from the thermal camera. The lock-in frequency for these experiments
was set to 0.50 Hz, and thus the shutter was used to modulate the laser. The
duty cycle is set to 50%. Measurements are acquired over 30 periods, with
the first two periods dropped to reject initial transients. The framerate of the
camera is set to 40 frames/period. The electrical response is recorded using the
SMU 2425, while a DC electrical excitation is applied in reverse. In addition,
the electrical characteristics of the DUTs are characterized by means of a dark
IV sweep that covers a voltage range between —0.20 V and +1.20 V before and
after each experiment, using the same SMU 2425.

3.3.3 Results and Discussion
Quantification of the Loop-Gain

In Fig. 3.3.5, both the steady-state temperature and lock-in amplitudes are
illustrated. It is essential to note that in HS-LIT experiments, I employed a
modulated laser to examine the thermal behavior of CIGS solar cells. However,
due to challenges in capturing live thermal images of the modulated laser, the
steady-state temperature image shown in Fig. 3.3.5(a) was obtained using a
continuous wave (CW) laser operating at the same power as the modulated
laser without electrical excitation, and this was done solely for visual reasons.
The lock-in amplitude without electrical excitation is presented in Fig. 3.3.5(b),
whereas Fig. 3.3.5(c) displays the lock-in amplitude with electrical excitation.
As previously mentioned, a color scale represents the steady-state images, while
the intensity of the lock-in images is shown in grayscale.
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Figure 3.3.5: Results of lock-in measurements using the updated HS-LIT setup.
a) steady state thermographic image b) lock-in image of a sample when only
the modulated laser is applied, where a clear signal appears at the laser location
¢) lock-in image of the sample when the modulated laser with a DC reversed
voltage are applied simultaneously, where a brighter/wider signal appears at
the laser location due to the interplay between the hotspot and the dissipated
power.

The steady-state image in Fig. 3.3.5(a) shows the laser hotspot and the
heating of the region around the hot-spot due to lateral heat diffusion. Figure
3.3.5(b) shows the corresponding lock-in image, where the lock-in intensity is
high only at the very center of the hotspot while it is almost zero anywhere
else within the cell. This highly localized response is anticipated, as it indicates
that only the heat generated directly by the laser during the lock-in period is
captured in the lock-in signal. The lateral heat diffusion that occurs during
the lock-in period does not contribute to this measurement, resulting in a very
localized detection of the laser hotspot [64, 66]. The spot has a maximum lock-
in amplitude of 38.295K (i.e. the amplitude in this case is order of magnitudes
higher than amplitudes in the previous section, which was only in millikelvin
range).

In Fig. 3.3.5(c), the lock-in signal is shown for a simultaneous bias of —3 V.
A maximum lock-in amplitude of 63.873 K is observed, and the hotspot is no-
tably larger. Since the applied voltage is DC, this increase in the thermal
response is due to the interaction between the modulated laser hot spot and
the applied biased voltage. As the lock-in frequency remains the same, and
hence the spatial resolution is unchanged, the increased size implies that the
electrical power is modulated in a wider region around the hotspot. This is
attributed to the effects of current crowding.

The local hotspot loop-gain (gy,) is defined as the ratio between the lock-in
amplitude with and without electrical excitation.

_Ale
gL = Al’

(3.1)

where, A}, is the amplitude with modulated laser and DC electrical excitation,
and A; with modulated laser only.
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As the size and shape of the hot-spot are different, I define the overall loop-
gain as
o Ale dQ

[l Ard0)

where, 2 denotes the cell area within the lock-in amplitude images. In my
experiment shown in Figure 3.3.5, the overall loop-gain of the hotspot reaches
2.03 and the maximum local loop-gain equals 1.67.

To gain better understanding of the thermal response due to the applied
electrical excitation, in Fig. 3.3.6 I zoomed-in on an area of 0.4 x 0.6 cm around
the hot-spot, where the amplitude and phase shift for both scenarios from Fig.
3.3.5 are depicted. The lock-in measurements without electrical excitation are
shown in Fig. 3.3.6(a) and (b), depicting amplitude and phase shift, respec-
tively. Figures Fig. 3.3.6(a) and (b) present the corresponding measurements
with electrical excitation. All shown in grayscale.

In both scenarios - with and without electrical excitation - the lock-in am-
plitude signals peak at the center of the hotspot, corresponding to an in-focus
phase shift (i.e., phase shift = 0) at that location. Moving away from the cen-

GL (3.2)
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Figure 3.3.6: Results of lock-in measurements using the updated HS-LIT setup.
a) lock-in image and b) phase shift of a sample when only the modulated laser
is applied. c¢) lock-in image and d) phase shift of the sample when the mod-
ulated laser with a DC reversed voltage are applied simultaneously. Without
the electrical input, the lock-in amplitude signal is lower and narrower, and the
area showing phase delay (phase shift > 0) is large. Meanwhile, for a higher
and wider lock-in amplitude signal, due to the applied electrical excitation, the
central point has a wider in-focus phase shift, while the surround area exhibit-
ing phase delay decreases.
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ter, positive phase shifts indicate the extent of lateral heat diffusion within the
measurement timeframe. As shown in Figure Fig. 3.3.6(a) and (b), without the
electrical input, when the lock-in amplitude signal is lower and narrower, the
area showing phase delay (phase shift > 0) is large. Meanwhile, for a higher
and wider lock-in amplitude signal, due to the applied electrical excitation, the
central point has a wider in-focus phase shift, while the surround area exhibiting
phase delay decreases, as depicted in Figure Fig. 3.3.6(a) and (b).

This contrast suggests that electrical excitation leads to a more intense and
spatially extended thermal response, as evidenced by the amplified lock-in sig-
nal. Interestingly, this stronger thermal event results in a smaller region of
detectable phase shifts, indicating a more rapid and localized heat diffusion
process.

I repeated the HS-LIT experiments on the same cell, where I varied the DC
reverse voltage, whilst all other experimental parameters are kept the same.
The overall loop-gain for these experiments are presented in Figure 3.3.7. The
results show a highly super linear loop-gain with the reverse bias voltage. The
line in 3.3.7 is an exponential fit, which I add as a guide to the eye. Attempts to
measure the response to higher reverse bias voltages resulted in the destruction
of the sample.
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Figure 3.3.7: The loop-gain Gy, as a function of reverse voltage V. During the
HS-LIT experiments the laser source is modulated with constant power while
the applied voltage is increasing gradually. Loop-gain is increasing exponentially
w.r.t the applied reverse biased voltage. The maximum recorded over-all loop-
gain is 2.03 at voltage of —3 V.

Electro-Thermal Loop-Gain and dissipated Power

As in my experiment I measure a lock-in response of the system to the laser
and electrical power, I should be able to relate the measured electrical power to
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the absorbed laser power. In the following I verify the consistency of my mea-
surement by comparing the measured electrical response and the laser power,
i.e. I check whether I can account for all the modulated heat in the system.
From the measured electrical power I can compute the lock-in amplitude. The
0° and 90° lock-in signals (F° and F°, respectively) equal

FY =2P(t)sin(27 ft) (3.3)
F%° =2P(t) cos(27 ft),

where ¢ is the time, and P(t) is the measured injected electrical power. The
electrical power amplitude (Ap,) then equals

Ape = \J(FO)2 + (Fo0°)2, (3.5)

Likewise, I may define the laser power amplitude (Ap) as the lock in am-
plitude of the absorbed laser power. The laser power is modulated as a square
wave with a duty cycle of 50 %. For the absorbed laser power I can write

P, = Py asgn(sin(27 ft)), (3.6)

where, o is the absorbance of the laser in the molybdenum, Fp; the incident
laser power and sgn is the sign function (i.e. sgn(sin(27ft))) is a square wave.
Applying Egs. (3.3), (3.4), and (3.5) to Eq. (3.6), I obtain

APl ~ 12719P0,1 a, (37)

where I computed the amplitude of the unit square wave with the parameters
for the experiment, namely 40 samples per period (the same as the number of
frames per period). The value of 1.2719 is close to the theoretical 4/7 ~ 1.2732,
which is the amplitude of the ground frequency of a square wave.

The definition of the loop-gain in Eq. (??) implies the loop-gain may also

be written as
_ Ap1 + Ape

AP]

as the integrated lock-in signal should be proportional to the total dissipated
lock-in power.

For the electrical power amplitude during the experiment I find Ap, =
16.4mW, and for the gain I had G, = 2.03. Thus, using Eq. (3.8) I
find Ap; = 15.92mW. The laser power was set to 50mW. However, I
have optical losses in the half-wave plate, which reduces the incidnet laser
power to Pp; = 43mW. I thus can compute the absorbance of the laser
as a = Ap/(1.2719F,) = 0.29. For comparison I can compute how much
absorbance I would expect for a laser with wavelength 1064 nm incident on
a Air/Glass/Mo optical system. To this end I assume a refractive index of
glass of 1.5 [77]. For the molybdenum I assume a complex refractive index of
i, = 2.3016+4.4153¢ [78]. From this I obtain an absorbance of o = 0.25. The
deviation between the computed and the theoretical absorbance is likely due to

G (3.8)
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different optical properties of the Glass/Mo interface. This calculation shows
that the various measured quantities are consistent and demonstrate that the
measured thermographic loopgain indeed implies the same loop-gain in terms
of overall laser and electrical power dissipation.

Discussion

If T consider the measured loop-gain of 2.03 in the hotspot, it implies an amount
of dissipated heat in the hotspot is amplified 2.03 times within the 1 second "on-
period" of one lock-in period (the laser is modulated at 0.5 Hz with a 50 % duty
cycle). Thus the implied temperature rise under DC conditions is exponential
with a doubling of the temperature every second. It must be stressed that this
loop-gain is obtained at the specific conditions of the measurement, i.e. under
DC conditions it is to be expected the loop-gain will change over time as the
hotspot gets hotter and bigger. However, the measured loop-gain of 2.03 does
constitute a massive instability, which is likely to cause a thermal runaway and
irreversible damage to the sample in a short period of time.

Impact of Hot-Spot Temperature on Electrical Response

In the previous subsection, I studied the voltage dependency in the local hotspot
temperature consequently positive feedback loop-gain, where it has been demon-
strated that the loop-gain exhibits an approximately exponential behavior with
the reverse bias voltage. In this subsection, my focus shifts to the hotspot
temperature dependency of electrical response. For this purpose, I conducted
the HS-LIT experiments on a different DUT with maintaining the same en-
vironment (i.e. lock-in frequency of 0.50 Hz, duty cycle of 50 %, framerate of
40 frames per periods, and 30 periods with dropping the first two to reject any
initial transients). The laser power is gradually increased to raise the hot-spot
temperature. For every investigated laser power, two measurements are per-
formed, one with a 0 bias voltage (only laser power), and one with a DC bias of
—2V. Subsequently the electrical current response is determined as a function
of the absorbed laser power and hotspot temperature.

Figure 3.3.8 illustrates the electrical current amplitude as a function of the
absorbed laser energy in the Mo layer and the resulting steady-state temperature
of the laser-induced hot spot. The measurements started at a low temperature
of T = 38°C and gradually increased to T' = 79°C. Notably, a pronounced
superlinear behavior, resembling an exponential trend, is observed, as indicated
by the exponential fit. By applying the exponential diode equation, I estimate
the activation energy E}, to be approximately 1.2 eV. It is important to note that
the fitted activation energy may be overestimated as the hotspot temperature is
likely underestimated due to the uncorrected emissivity of EVA, as previously
discussed in Appendix A).
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Figure 3.3.8: The electrical power amplitude (Ap.) and the overall loop-gain
(GL) as functions of the local temperature of the laser-induced hotspot. The
guide to the eye fitting indicates that the electrical signal exhibits an exponential
increase with respect to the absorbed laser power in Mo layer and the resulting
local temperature of the laser-induced hotspot. By fitting the temperature-
dependent diode equation, an activation energy of 1.2eV was obtained.

3.4 Summary

This chapter presents a non-destructive thermography-based characterization
method that I developed to investigate the positive feedback loop associated
with hotspot formation in CIGS thin film solar cells.

The system, which I refer to as Laser-Induced Hot-Spot Lock-In Thermog-
raphy (HS-LIT) setup, has been optimized to effectively visualize and quantify
the loop-gain, demonstrating the interaction between thermal heat and electri-
cal power in a localized hotspot induced by a laser source. The initial HS-LIT
configuration clearly proves the interplay between the thermal and electrical
properties of the solar cells, where the laser-induced hotspot led to a redistribu-
tion of electrical dissipated power, resulting in a hotter region. However, directly
measuring the increase in the hotspot temperature was not feasible since the
laser was not modulated. To address this, the setup was modified to incorporate
laser modulation, allowing to measure the positive feedback loop-gain through
the temperature signal increase of the laser-induced hotspot.

Loop-gain quantifies the rate at which thermal runaway develops under spe-
cific conditions. I demonstrated that, using lock-in techniques, I can quantify a
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loop-gain exceeding 1.0 without causing permanent damage to the sample. This
is achieved by measuring the loop-gain at the lock-in frequency under condi-
tions where the system would be unstable under direct current (DC) conditions.
I have recorded experimental loop-gain values for industrially produced CIGS
cells of up to 2.03 at a reverse bias of 3V. Additionally, I have found that the
loop-gain exhibits a highly superlinear behavior, making the solar cells more
susceptible to thermal runaway processes at elevated reverse bias voltages and
higher local hotspot temperatures.

The method described in this chapter can be applied to study various sce-
narios of hotspot mechanisms in CIGS solar cells. The following chapter will
detail how the final HS-LIT method can be utilized to observe the impact of the
position of the laser-induced hotspot, a factor that can significantly influence
the loop-gain. Furthermore, I will investigate and discuss the effect of substrate
type and its thickness on the susceptibility of CIGS solar cells to reverse bias
stress.






Chapter

Analyzing Loop-Gain: The impact of
Resistive Effects and the Substrate
Thermal Conductivity

This chapter aims to expand on the exploration of loop-gain under various con-
ditions using the HS-LIT setup. The previous chapter (Chapter 3) introduced
this newly developed HS-LIT setup, detailing its construction and its capability
to visualize and quantify the positive feedback effect as loop-gain in thin film so-
lar cells under reverse bias stress. In this chapter, my objective is to investigate
how different thermal and electrical properties within the device stack influence
the loop-gain. Through a more in-depth examination, I aim to enhance our
understanding of hot-spot formation in thin film solar modules resulting from

reverse bias stress, utilizing a non-destructive approach.
This chapter is structured into two main sections:

e Section 4.1 focuses on the impact of electrical resistance effects on the

loop-gain. Through a combination of experimental approaches and sim-
ulations, this study delves into the loop-gain variation over the solar cell
area. | present several experiments on the location dependent loop-gain.
Furthermore, a simplified electrical model was specifically designed to pre-
dict variations in loop-gain across the cell area. This model does not only
align with experimental findings but also extends its utility to hypothet-
ical scenarios not covered by experiments, such as the effect of a local
shunt near identified hotspots.

Section 4.2 investigates thermal effects of the substrate layer. In this
part I make use of flexible solar cells on steel foil. These solar cells have
the interesting property that, unlike glass as a substrate, the steel foil is
thermally highly conductive. It is expected that such a highly conductive
substrate helps transporting the heat away from a hotspot. In this part
I thus investigate whether and how such a difference in the substrate
material can have an impact on the measured loop-gain.

49
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4.1 The Spatial Distribution of the Loop-Gain: The
Impact of Electrode Resistance on the Loop-
Gain

Beginning with early research on reverse-bias damage, there has been specula-
tion that the patterning processes could play a significant role in the formation
of hotspots, as suggested by Westin et al. [5]. This hypothesis is supported by
experimental observations, which indicate that scribing lines pose an enhanced
risk for reverse bias damage to occur, according to findings by Vaas et al. [57].
Various aspects of the patterning processes could potentially increase the like-
lihood of defect formation. For instance, the P3 scribing could inadvertently
damage the semiconductor layers adjacent to the scribed line, while the P1
process might influence the growth quality of the CIGS absorber layer situated
above it. In this chapter, however, I explore an independent factor that may
contribute to the observed enhanced risk for reverse bias damage at or near
the scribing lines. Specifically, the distributed series resistance of the solar cell
electrodes is likely to cause an inherent variation of the loop-gain depending on
the location within the cell. Thus, independent of possible damage caused by
scribing lines, an enhanced likelihood of defect formation may exist at a scribing
line. With the newly developed HS lock-in method I have an unprecedented
opportunity to examine the extent to which loop-gain is influenced by spatial
factors.

This section delves into how defect locations affect loop-gain, particularly
focusing on laser-induced hotspots at the edges of the CIGS device, in proximity
to the scribing lines, utilizing the refined HS-LIT setup. Assessing loop-gain
in these specific areas is vital for a thorough understanding of the dynamics
contributing to shunt formation and, by extension, the overall performance of
thin-film solar cell modules.

4.1.1 Location-Dependent Measured Loop-Gain

The experimental framework for this investigation aligns with the methodology
detailed in Section 3.3, employing identical sample types and following the
established HS-LIT procedure. However, rather than having a fixed central
position for the laser spot, the location is now varied within the sample to
study the effects of the position of a hotspot.

Fach edge of the sample corresponds to distinct scribing lines, with one
side featuring the P1 scribing line, and the other side the P3 line. To ensure
a comprehensive examination, the study compares findings from these edge-
specific scenarios against those obtained when the laser spot is centralized.
In each instance, the laser is targeted at the specified site, and the HS-LIT
procedure is conducted across varying reverse voltage conditions, as previously
outlined in Section 3.3.

After conducting LIT measurements, amplitude images akin to those de-
tailed in Section 3.2.3 are generated and then integrated to determine the over-



4.1. THE SPATIAL DISTRIBUTION OF THE LOOP-GAIN 51

all loop-gain using Eq.??. Figure 4.1.1 shows the overall loop-gain for all three
scenarios plotted against voltage for two different samples. As depicted in Fig.
4.1.1(a), when the laser spot is located at the center of the cell, the loop-gain
(represented by purple colored pointed-line) exhibits a significant increase, in a
consistent manner with the results previously reported in Section 3.3. Shifting
the laser spot towards the left edge (near P1 scribing line) significantly en-
hances the loop-gain, leading to larger loop-gains at relatively lower voltages.
Conversely, when the spot is near the opposite edge of the cell (close to P3 scrib-
ing line), the loop-gain experiences a substantial decrease, where it maintains a
value closer to 1.0, even at relatively high voltages.

These results are consistent of an enhanced risk for damage near the P1
line, however, not for an enhanced risk near the P3 line (as is observed in
[57]). Drawing from previous research, studies by Westin et al. [5] and Lee
et al. [16] have identified a correlation between wormlike defects and scribing
lines in CIGS solar cells, where these defects often propagate towards and along
the P1 analogue [5, 16]. Similarly, Bakker’s work showed that certain wormlike
defects originate at mechanically defined edges, comparable to the P3 scribe line,
and subsequently wander towards P1 line [79]. These observations collectively
indicate that defects tend to move towards regions of highest loop-gain within
the cell (specifically P1 line).

Electronically, the influence of a hotspot’s location on loop-gain can be elu-
cidated in terms of current flow restraint by the most resistive electrode, namely
the TCO. The TCO acts as a bottleneck for the current flowing towards the
hot-spot. Therefore, when a hotspot is situated at a considerable distance from
the P1 scribe line (the point at which the TCO is connected), its series resis-
tance due to TCO resistivity hampers the current flow significantly. Conversely,
a hotspot in proximity to the P1 scribe line encounters notably less series re-
sistance. This leads to an increased loop-gain due to the reduced impedance in
the electrical pathway.

It is important to highlight that our experimental results, as illustrated in
Fig. 4.1.1(a), consistently demonstrate a loop-gain reduction pattern from the
cell’s left side (P1 scribe line) to its right side (P3 scribe line), with very low
loop-gain values (close to 1.0 even at relatively higher voltages) observed at
the right side. In the other experiment depicted in Fig. 4.1.1(b), a similar
trend was observed. However, the decrease along the width of the cell was less
pronounced. While the loop-gain on the cell’s left side remains higher, reaching
a maximum of 1.5 at an early voltage of 1.5V, the loop-gain on the cell’s right
side exhibits values larger than 1.0, reaching a maximum of 1.4 at a later voltage
of 2.2V. T hypothesize that this variation in loop-gain behavior is attribute to
an occasional shunt at the P3 line in the first case (Fig. 4.1.1(a)).

To validate my hypothesis and gain deeper insights into this phenomenon, I
executed a semi-analytical simulation in the subsequent subsection. This model
determine the loop-gain within the cell while it specifically incorporated a shunt
at the center of the right side of a CIGS solar cell.
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Figure 4.1.1: The overall loop-gain (G) as a function of reverse bias voltage
(V), while varying the laser-spot location. For each location, I modulate the
laser and vary the voltage in reverse while using the same LIT procedure as in
Section 3.3. a) A significant increase in loop-gain is observed when the laser
spot is positioned at the cell’s center and left edge (P1 scribe line), with the
loop-gain at the P1 line appearing earlier. In contrast, the loop-gain remains
minimal (approximately 1.0) at the opposite edge of the cell (P3 scribe line).
b) A loop-gain greater than 1 is evident across all cell locations, including both
edges. The overall trend persists, with the P1 scribe line consistently exhibiting
larger and earlier loop-gain values compared to other areas.
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4.1.2 Modeling Loop-Gain. The Impact of Resistive Effects

To attain a deeper understanding of the influence of the hotspot locations on
loop-gain, this study employs a 2D electrical model founded on a semi-analytical
approach, as developed by Pieters and Rau [80]. This semi-analytical method
applies several simplifications and assumptions:

o The solar cell’s current-voltage (I/V') characteristics are linearized around
its operating point for simplicity. Although this approximation may de-
tract from the model’s precision, the resultant deviation in accuracy is
minimal for practical solar cells, where voltage variation within the cell
is typically restricted (since substantial voltage variation would indicate
considerable series resistance losses) [80].

e The model simplifies the solar cell’s structure by considering only one
resistive electrode, treating the back contact as an ideal conductor. This
assumption is valid as long as the resistivity of one electrode is much higher
than the other, like typically the case in a thin-film module with one metal
electrode which is much more conductive than the TCO electrode.

o It assumes a strictly rectangular cell configuration, with the resistive elec-
trode connected at one edge. All other edges are deemed to be perfectly
isolated.

o Although the solar cell is initially considered homogeneous within the
model, it accommodates the introduction of small (circular) regions ex-
hibiting different electrical properties. These regions, acting as point
sources, enable the modeling of irregularities such as hot-spots and shunts.
Such regions may also have non-linear I /V characteristics.

For an in-depth discussion regarding the model’s underlying assumptions and
its implementation, I direct readers to reference [80].

This semi-analytical model has the advantage of being relatively fast and
accurately modeling the electrical effects I associate with the spatial variation
of the loop-gain. However, it lacks a thermal component. Despite this, a first-
order approximation of the loop-gain is derived by initially assuming a specific
temperature coefficient, a, for the current through the cell under reverse bias.
This coefficient increases cell conductivity, described by:

I(V,T) = I(V)[1 + (T — Ty)), (4.1)

where (V') represents the I/V characteristics at a base temperature (7p). Uti-
lizing Eq. 4.1, the semi-analytical model can calculate electrical dissipation for
specified hotspot temperatures and locations.

My HS lock-in experiments yield a steady-state hotspot temperature, indi-
cating the absence of thermal runaway. Nonetheless, the dissipated laser and
electrical power do contribute to hotspot heating. A steady state temperature
is achieved when the heating and cooling rates are equal. Consequently, the
cooling power is expressed as:

P, =P+ Pg, (4.2)
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where P, denotes the cooling rate, P, the absorbed laser power, and Pg the
electrical dissipation power. The cooling rate is further assumed to be directly
proportional to the hotspot temperature:

F. = pTys, (4.3)

leading to a deduced steady-state hotspot temperature given by:
Thy = ———, (4.4)

If steady state conditions are reached, the loop-gain is computed from the power

ratio:
B B, + P

53

Determining the steady-state operating point iteratively begins by setting

Pr = 0, then substituting Eq. 4.4 in Eq. 4.1. Continual computation and

substitution of new Pg values are performed until the temperature stabilizes.

Although more efficient methods may exist to find the steady-state temperature,

this fixed-point iteration method offers simplicity in application. By defining
Ty as 0, the iteration process is simplified, transforming Eq. 4.1 to:

G (4.5)

IV, T)=L(V)[1+d(PL+ Pg)l, (4.6)

where o/ = a/f is an effective coefficient with the unit W', which directly
translates the locally dissipated power to the local conductivity.

In this section, the model is applied to illustrate the influence of spatial
variations in the loop-gain across the solar cell and the impact of a localized
shunt. The parameters for the simulations, detailed in Table 4.1, are selected
to approximate the conditions of the experiments shown in Fig.4.1.1(a). It’s
important to note that the inclusion of a local shunt in the model is hypothetical,
aimed at demonstrating its potential effects on the results, as mentioned earlier.
This shunt is specifically positioned at the middle of P3 line.

Table 4.1: Simulation parameters for the spatial variation of the loop gain.

Description Symbol Value

Solar cell resistivity at Tj rc 107 Qcm?
Effective conductivity coefficient o/ 23215 W1
Absorbed Laser Power Iz 15.4 mW
Applied Voltage Vv 27V
TCO sheet resistance R 24 Q
Cell length l 4 cm
Cell width w 0.4 cm
Shunt x coordinate Tsh 0.364 cm
Shunt y coordinate Ysh 2.0 cm
Shunt radius Tsh 0.03 cm

Shunt resistance Ry, 10712 Q
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Figure 4.1.2 showcases a loop-gain map generated from the 2D semi-
analytical model, simulating various hotspot locations across the cell’s surface
within a grid pattern. The depicted area corresponds to the cell stripe, where
notable variation in loop-gain is observed. The highest loop-gain values align
with the P1 scribing line. Towards the P3 line within defect-free regions, a
modest decline in loop-gain is noticeable, attributed to the limitations imposed
by the TCO sheet resistance on current flow through the hotspot. Near the
shunt, a significant drop in loop-gain is evident, bottoming out at a minimum
value of G, = 1 directly at the shunt site. This phenomenon results from a
diversion of current between the hotspot and the shunt, leading to diminished
loop-gain. A minor decrease in loop-gain is also perceptible at both the top and
bottom edges of the cell. This is a consequence of enhanced current crowding at
the edges, where the current pathways are more restricted due to the geometry.
With fewer direct current pathways leading to the hotspot, and less surrounding
area available to contribute to heat dissipation, the power deposition in these
regions is less effective.

This loop-gain distribution in Fig. 4.1.2 closely aligns with experimental
observations at a reverse voltage of 2.7V, the maximum applied voltage shown
in Fig. 4.1.1(a). On the left side of the cell, at the P1 line, the maximum loop-
gain in simulations reaches approximately 1.96, compared to 1.8 in experimental
measurements, as shown in Fig. 4.1.1(a). On the right edge, specifically at the
P3 line where the shunt is located, both simulations and experiments yield a
loop-gain of 1.02, confirming that the presence of the shunt significantly reduces
loop-gain in this region.

Beyond the shunt, loop-gain remains above 1.0 across the right side of the
cell stripe. Closer to the shunt, the simulated values reach approximately 1.6,
which is consistent with experimental trends. Further from the shunt, loop-
gain increases to about 1.8, in agreement with the experimental results in Fig.
4.1.1(b), where all measured locations maintain a loop-gain above 1.0. Although
experimental data at 2.7V is unavailable in Fig. 4.1.1(b), lower-voltage trends
confirm that the loop-gain remains above 1.0 at the right edge, supporting the
model’s predictions in shunt-free areas.

The shunt at the P3 line also influences the middle of the cell stripe, where
simulations predict a loop-gain drop to values between 1.2 and 1.4, depending
on the proximity to the shunt. Experimental measurements confirm this trend,
showing a decrease to 1.1, as seen in Fig. 4.1.1(a).

While the model includes some simplifications, the strong agreement be-
tween simulations and experiments reinforces the conclusion that shunts play a
critical role in shaping loop-gain behavior.

Interestingly, if I make the hotspot larger (with a radius of 0.3 mm instead
of 0.1 mm), an unexpected surge in the loop-gain appears as depicted in Fig.
4.1.3, where the overall loop-gain increased everywhere in the cell peaking at 120
along the left edge, while decreasing along the width of the cell. Near the shunt
defect the loop-gain diminishes, reaching a minimum of 1.0 at its center, similar
to Fig. 4.1.2. From an electrical perspective, this outcome is understandable as
the resistive limitation on current flow is diminished. However, it contradicts
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the expectations in a real-world scenario. It is important to note that this
simulation doesn’t incorporate the thermal dynamics, which play a vital role in
actual hot-spots behavior. In reality, the cooling rate of a hotspot is heavily
influenced by its size.

The cooling process is governed by the surface area of the hotspot, while the
current crowding limitation is determined by its circumference. As the hotspot
size increases, its surface area expands more rapidly than its circumference,
resulting in more efficient cooling. Consequently, the thermal aspect becomes
more critical when studying the behavior of hotspots. This observation high-
lights the importance of considering thermal aspects alongside electrical ones
to achieve a more accurate description of hotspots behavior in solar cells. This
electro-thermal coupling is discussed in Chapters 5 and 6, while the impact of
hotspot size on loop-gain is discussed in the subsequent section.
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Figure 4.1.2: Loop-gain (Gy,) map for a CIGS solar cell, with dimensions of
0.40 cm X 4 cm. The map illustrates a peak loop-gain at the P1 line (left edge),
tapering off slightly towards width. Near the shunt defect the loop-gain dimin-
ishes, reaching a minimum of 1.0 at its center.
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Figure 4.1.3: Loop-gain (Gr,) map for a CIGS solar cell, with dimensions of
0.40 cm by 4cm. The map illustrates a peak loop-gain at the P1 line (the left
side of the cell), tapering off slightly towards width. Near the shunt defect the
loop-gain diminishes, reaching a minimum of 1.0 at its center. A larger hotspot
led to higher loop-gain reaching a peak of 120.
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4.2 Flexible CIGS solar cells: the Impact of a Steel
Substrate on the Loop-Gain

Beyond the electrical influences on loop-gain covered earlier, this second part
delves into how the thermal attributes of the solar cell layer stack affect loop-
gain. I introduce industrial CIGS samples, distinct from those previously ana-
lyzed, featuring flexibility and deposition on thermally conductive steel foil—a
stark contrast to glass substrate samples. This significant change is anticipated
to influence loop-gain. I first detail these new samples before presenting and
discussing results from HS-LIT experiments.

4.2.1 Flexible CIGS solar cells

Thin-film solar cells offer significant advantages over traditional crystalline
silicon cells, including flexibility, which facilitates integration due to their
lightweight nature and adaptability to various shapes. Moreover, their non-
brittle structure enhances robustness, reducing breakage risks. Consequently,
flexible solar cells are particularly relevant for building and vehicle-integrated
photovoltaics (BIPV and VIPV, respectively) [3, 28, 81, 82].

Several potential substrates are used in flexible CIGS solar cells technologies.
Stainless steel foils, for instance, have advantages regarding their robustness and
heat resistance, with recent innovations like SiOs diffusion barriers improving
their efficiency by blocking impurity migration into the CIGS layer [3, 4, 83, 84].
Alternative metal foils such as titanium, aluminum, and molybdenum are also
utilized for their specific attributes: titanium for its strength and resistance to
corrosion, aluminum for its light weight and thermal conductivity, and molyb-
denum for its electrical characteristics [3, 85-87]. Moreover, polymer substrates,
notably polyimide and PET, are widely used due to their exceptional flexibility
and lightweight nature, although they face constraints in terms of tempera-
ture tolerance during manufacturing, necessitating low-temperature deposition
methods [3, 82, 88].

In this work I use industrially flexible produced CIGS cells deposited on steel
foil. With the help of TNO (Netherlands Organization for Applied Scientific
Research) I prepared these samples for the HS-LIT experiments, which will be
detailed in the next section. The investigation explores the effects of replacing
the traditional glass substrate with a more conductive and thinner steel foil on
the loop-gain. Notably, the higher conductivity of steel leads to an increase in
the size of the laser-induced hotspot. This larger hotspot size is expected to
mitigate the loop-gain in the solar cell, thereby limiting potential damage.

Flexible Sample Preparation

Figure 4.2.1 shows the front and back side of the end encapsulated flexible CIGS
cells on steel foil that I received from TNO. The cell features a 12 x 8cm?
substrate, with an active area of 10 x 4.4cm?. These commercially available
cells are routinely encapsulated and connected in series to create flexible solar
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modules. For these experiments, I needed a single contacted cell, which I can
irradiate with a laser form the back side. The normal encapsulation procedure
would have polymer encapsulation material on the back of the cell, prohibiting
a HS-LIT experiment, as the polymers would not be able to withstand the
heat from the laser. To prevent that, the back-side encapsulation material was
perforated such that the back encapsulation has a hole through which the steel
substrate of the CIGS solar cell is exposed. This way I obtain a sample I may
irradiate from the back, directly on the steel substrate.

Front side Back side

Active area

Figure 4.2.1: CIGS cell fabricated on thin stainless steel substrate. The purple
area is the active area of the cell. The substrate is 12 x 8 cm?, while the active
area (i.e. without interconnect) is 10 x 4.4 cm?. The backside is encapsulated
with PVC polymer. The hole in the polymer is to enable laser application to the
backside of the sample in the steel foil directly without risking of melting the
polymer and any potential damage to the laser source or its optical components.

HS-LIT on Flexible CIGS Cells

I used the HS-LIT setup as detailed in Section 3.3, with some modifications
to accommodate larger samples. Unlike previous experiments, I removed the
close-up lens, which has a pixel size of 35 um, in favor of the standard lens, with
a pixel size of 70 um. This change allowed to expand the overall imaged area.
By using only the standard lens, I was able to capture the entire active area of
the sample within the thermal images frame.

Despite the removal of the close-up lens from the thermal camera, the laser-
induced hotspot is much larger in size than earlier while its temperature is lower.
I started with parameters and procedure akin to those outlined in Chapter 3
for CIGS on glass, encompassing a lock-in frequency of 0.50 Hz, a camera fre-
quency of 20 Hz, a duty cycle of 50 %, and 30 periods with 40 frames per period.
However, unlike the previous experiments I did not observe a loop-gain larger
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than 1 with these settings. Also electrically, I did not observe any modulation
in current due to the modulated hot-spot. Next, the laser power was adjusted
to reach a temperature of 80°C (used as the baseline temperature) at the laser
spot. It’s worth noting that this temperature represents the surface steady-state
temperature detected by the thermal camera when only the laser is applied and
modulated. Despite this adjustment, the results remained consistent with the
initial observations.

Combined with the larger appearance of the laser hotspot, it is apparent
that the steel foil mitigates the loop-gain. The larger appearance of the hotspot
is due to the higher thermal conductivity. At the same time this large hotspot
is less capable to concentrate the power dissipation in a small area, and, thus,
the loop-gain is reduced.

As the standard HS-LIT parameters used in other experiments did not allow
to measure any noticeable loop-gain larger than 1, I explore various HS-LIT
settings in order to quantify a loop-gain for these samples.

In a first attempt I increased the applied reverse voltage, up to —7 V. This
did not lead to any notable loop-gain, nor did I observe a significant modulation
of the current. However, after applying —7V the cell was permanently changed.
Figure 4.2.2 depicts EL images at open circuit voltage for a sample, both before
and after the LIT measurements. As shown, the sample had a homogeneous EL
intensity across the entire cell before the LIT measurement. However, following
the measurements, the sample exhibits several dark areas. Thus is appears that
although the laser-induced hotspot does not show any enhanced loop-gain, the
sample is not immune to reverse bias damage. Furthermore, a small bright spot
is noticed there where the laser was applied during HS-LIT measurements.

There are various settings, other than the reverse bias voltage, which may
enhance the loop-gain, thereby allowing a non-destructive characterization of
the loop-gain. I experimented with a range of parameters such as the duty cycle,
which was changed from 50 % to 25%. The lock-in frequency was also varied.
Finally, I increased the laser power, thereby increasing the CIGS temperature.

Figure 4.2.3 shows the electrical response when using a lock-in frequency of
5Hz, represented as current, as a function of time during LIT measurements
while raising the spot temperature and applying a reverse voltage of —2V, si-
multaneously. Raising the temperature to 115°C proved sufficient to observe a
minimal modulation. Further increasing the temperature to 140 °C resulted in
a more pronounced modulation, making it possible to proceed with the mea-
surements. It should be noted here that only surface temperatures is reported,
the actual cell temperatures are expected to be higher and are unknown.

After a lock-in measurement, steady state and lock-in amplitude images have
been taken from IRBIS Active Online, similar to Section 3.3.3. In figure 4.2.4,
subfigure 4.2.4(a) shows the steady state thermographic image from the thermal
camera. For the steady state image the absolute temperature color scale is used.
Meanwhile, subfigures (4.2.4(b),4.2.4(c)) present the lock-in amplitude images,
which use the shown differential temperature amplitude gray scale.

In the first experiment, only the modulated laser is applied to the sample.
The steady state image in subfigure 4.2.4(a) shows the laser-induced hotspot in
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Figure 4.2.2: Electroluminescence (EL) images of a sample a) before and b) after
conducting LIT measurements on it. Before the measurements, the sample had
a homogeneous power distribution everywhere in the cell. Following the LIT
measurements, the sample is shunted while a bright spot appears at the location
where the laser was applied.

the device. In this subfigure, the full cell with 10 cm length is apparent in the
image. It is also clear that the spot is wider, with a maximum of 140°C. The
corresponding lock-in image in subfigure 4.2.4(b) shows a clear signal in the
location of the hotspot since the laser is modulated. The spot has a maximum
lock-in amplitude of 20 K.

I have repeated the same experiment on the same sample but with an ad-
ditional DC reversed voltage of 4 V. As observed in subfigure 4.2.4(c), the cor-
responding lock-in image shows a higher thermal response. The spot now has
a maximum lock-in amplitude of 40 K. Furthermore, the size of the hotspot
is notably larger, due to the interaction between the modulated laser-induced
hotspot and the applied biased voltage.

To gain a deeper understanding of the impact of rising the spot temperature
and its influence on the loop-gain, I conducted the full HS-LIT experiments
on the same cell, employing two distinct laser-induced hotspot temperatures:
115°C and 140°C. In each case, the laser was modulated at a frequency of 5 Hz
while varying the DC reverse voltage, holding all other experimental parameters
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Figure 4.2.3: The electrical response, in terms of current, to the applied DC
voltage of —2V is depicted as a function of time. The current exhibits modula-
tion in response to the modulated laser at a lock-in frequency of 5 Hz, indicating
an interaction between the laser-induced hot-spot and the applied voltage. No-
tably, both LIT measurements are conducted on the same sample, affirming
that a higher spot temperature correlates with increased interaction with the
current and higher modulation.

constant. From the resulting amplitude images, similar to images depicted in
subfig. 3.3.5(b) and (c), the overall loop-gain can be determined using Eq.??.

The resulting overall loop-gain is determined and presented in Figure 4.2.5.
As depicted, with the lower temperature case (115°C), the loop-gain is weaker
with the maximum of 1.07 at a voltage of —4 V. While with the higher temper-
ature case (140°C), the loop-gain increases to a maximum of 1.8 at the same
voltage.

After the HS-LIT experiments it is important to characterize the sample
with I/Vsweeps and EL imaging to monitor whether the sample was damaged
by the HS-LIT experiments. The results of the I/Vsweep before and after
conducting the experiments on the sample are depicted in Fig. 4.2.6. The
first observation when comparing the differences in IV sweeps before and after
the LIT measurement suggests a formation of a moderate shunt during the
experiment. The shunt is relatively small, compared to the overall cell area, to
not expect a significant performance degradation.

To have a better idea of the changes that happened to the sample, figure
4.2.7 showcases EL images captured at open circuit voltage for the tested sam-
ple, both before and after the LIT measurements. Initially, the sample has
a homogeneous EL intensity across the entire cell area. However, after the
HS-LIT experiments, a dark spot is present situated where the laser-induced
hotspot was. Note, however, a thermal runaway was not observed and the
resulting shunt is only minor.
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Figure 4.2.4: Results of lock-in measurements using the HS-LIT setup for CIGS
on steel. a) steady state thermographic image b) lock-in image of a sample
when only the modulated laser is applied ¢) lock-in image of the sample when
the modulated laser with a DC reversed voltage are applied simultaneously.
Higher signal appear when applying both the modulated laser and the DC
voltage due to their interaction at the laser spot.
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Figure 4.2.5: The overall loop-gain as a function of reverse bias voltage for two
different LIT measurements. A maximum loop-gain of 1.8 was achieved with a
lock-in frequency of 5 Hz and laser temperature of 140°C.

Due to the limited availability of samples, and thus the number of experi-
ments I could perform, I could not continue searching for a window of HS-LIT
settings to reliably, and non-desctructively measure a loop-gain larger than 1
for these samples. However, it is concluded that a positive feedback is observed
through HS-LIT. This is achieved by significantly increases the laser hotspot
temperature, which in turn damaged the cell. In comparison to the investigated
samples on glass, this sample exhibits a significantly reduced loop-gain.
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Figure 4.2.6: I/Vsweep for the tested sample before and after the LIT mea-
surements. A slight change between the two I/Vsweeps indicates that a minor
shunt was created, but the sample remains functional.
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Figure 4.2.7: Electroluminescence (EL) images for the tested CIGS sample on
steel a) before and b) after conducting LIT measurements. Before the measure-
ments, the sample has a homogeneous power distribution over the whole cell
area. Meanwhile, after conducting the measurements, a dark spot appears at
the laser the location suggesting a thermal damage.
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4.3 Summary

This chapter continues the experimental investigation to study the formation
of hotspots in CIGS solar cells under reverse bias stress. By employing the
developed HS-LIT method, outlined in the previous chapter, to further study
loop-gain under various conditions, I have found significant location-dependent
variations of loop-gain across the solar cell area. Notably, larger loop-gains
observed along P1 scribing line indicate an increased risk of damage in these
regions. The combination of experimental approaches and simulations, includ-
ing a simplified electrical model, not only validated these variations but also
enabled predictions for defect-presence scenarios. For instance, a local shunt
near the P3 scribing line would result in lower loop-gains at that area.

Furthermore, I investigated the thermal effects of substrate layers in the
device stack. By using flexible CIGS solar cells on steel foil, I conducted a com-
parative analysis between glass and steel foil substrates. The results showed
that steel foil substrates are less susceptible to reverse bias stress, as the higher
thermal conductivity of steel allows for more effective heat dissipation from
hotspots. Consequently, hotspots on steel foil became wider and cooler, exhibit-
ing lower loop-gains (i.e. a loop-gain close to 1.0) compared to glass substrates.
Further investigation with changing in lock-in thermography parameters like
lock-in frequency led to loop-gains larger than one. These findings not only
enhance our understanding of hot-spot dynamics in CIGS solar cells but also
provide a guidance for future research aimed at optimizing substrate materials
and designs.



Chapter

An Electro-Thermal model for Defect
Growth

The work in this chapter focuses on the destructive phase of the defect formation
due positive feedback effect caused by reverse bias damage in Cu(In,Ga)Se, thin
film solar cells, specifically the growth of the defect and the time-scale under
which it develops. The growth of the defect is an unstable process, where a
positive feedback of local current and local temperature also exists. To this
end, I developed a Finite Element Method (FEM) model where the electrical
and thermal response of CIGS solar cells to reverse bias stress are jointly de-
scribed. This chapter is dedicated to present the simulation work including
the description of the electrical model, the thermal model and their coupling.
Additionally, the experimental work that is used for the calibration is briefly
discussed. In the end, I study the impact of various device properties on the
development of a thermal runaway.

The chapter is structured as follows: Section 5.1 introduces the theory be-
hind the positive feedback loop in CIGS solar cells. Section 5.2 provides an
overview of the reverse bias-based experimental work including the main pa-
rameters used to build and verify the model. Section 5.3 details the electrical
and thermal models and their coupling. Section 5.4 presents key results, in-
cluding an estimate of the electrical properties of the defective area in CIGS
layer and the initial defect size. The full theory of the thermal runaway effect
is discussed in Section 5.5, while the summary is given in Section 5.6.

The work presented in this chapter is published in Ref. [89].

67
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5.1 Introduction

Most literature on reverse bias damage uses extended stress conditions (lasting
over seconds or more) to investigate reverse bias damage and worm-like defects.
However, recent studies focused on shorter time scales of applied reverse stress.
Wendlandt and Podlowski [56] have shown that shunt-like defects were formed
within a 10 ms light flash while the modules are partially shaded [56]. Further-
more, Vaas et al. [57] have shown that with a 10 ms reverse voltage pulse, defects
can be created [57]. In the latter experiments, it was shown that a defect with a
size of 10 um was created in less than 1ms, where there was no sign of a defect
before the reverse bias pulse [57]. As the defects reported in the studies by
Vaas et al. are very small, I do not refer to these defects as worm-like. However,
Vaas et al. noted that many defects are elongated, which may be an indication
that these small defects can propagate to form worm-like defects [57]. Similarly,
Johnston et al. demonstrated that such small local hot-spots may act as seeds
for worm-like defects [51].

One major contribution to theoretically describing these phenomenological
findings was published by Karpov [1]. Karpov presented a theory for thermal
runaway effects in semiconductor devices, based on the coupling of transverse
electron transport and heat transfer in semiconductor thin films. It is shown
that the combination of Joule heating with a thermally activated conductivity,
leads to a positive feedback and results in instability (thermal runaway) [1].
Experimentally, I have observed such a positive feedback in CIGS solar cells
under reverse bias, which I discussed in the previous chapters (Chapter 3 and
4).

Based on Karpov’s theory [1], Nardone et al. [19] used coupled electro-
thermal finite element model (FEM) to demonstrate that, in CIGS solar cells, a
small shunt-like defect can lead to such a positive feedback loop, causing ther-
mal runaway [19]. In a related paper, with the same coupled FEM model, it was
reported that for a CIGS representative device structure, a pre-existing defect
with a radius of 2 um, resulted in a thermal runaway to T > 1000 K occurring
within a few seconds [58]. However, as discussed before, recent experiments
show thermal runaway effects emerging within 1ms [57]. Thus, there is a dis-
crepancy of 3 orders of magnitude in the modeled and observed rate at which
a hotspot develops.

In this chapter, I introduce an electro-thermal FEM model, similar to the
model presented in Ref. [19, 58], to investigate the development of thermal run-
away effects in CIGS solar cells. I theorize that a small pre-existing defect will
develop into a hotspot faster than a large defect, as the volume within which
the power is dissipated is reduced, thus, leading to a faster heating. For this
reason I use a highly resolved model (both spatially and temporally) and in-
clude an initial defect with a 10nm radius (i.e. a factor 200 smaller than in
Ref. [58]). The results are compared with experimental data form the experi-
ments presented in Ref. [57]. In addition, I study the impact of various material
properties on the development of a thermal runaway.
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5.2 Experiments

The experimental results I use to compare my model to are presented in Ref
[57]. These pulsed reverse breakdown experiments were conducted to investigate
the time scale of defect creation under reverse bias in CIGS. The used samples
consist of two monolithically series connected cells, with a (Glass/Mo/CIGS
/CdS/AZO/EVA) layer stack cut from industrial semi-fabricated CIGS modules
produced using co-evaporation [75]. The exact thicknesses of all deposited layers
can be found in Table 5.1.

The samples are stressed with short (i.e t = 10 ms) reverse voltage pulses.
Both the electrical and thermal responses are measured using an oscilloscope
and thermal camera, respectively. An in depth discussion of the experiments
and the results are beyond the scope of this chapter. Here I suffice with some
of the key findings.

In this work, I will focus on a single measurement from the experiments in
Ref. [57]. The electrical response (both voltage and current as a function of time)
for this particular measurement is depicted in Fig. 5.2.1. In this measurement, a
10 ms pulse of —13.40 V (reverse voltage) was applied to the two series-connected
cells. Initially, there was no prior-defect visible in thermography for either cell.
During the last 1 ms of the pulse, there was a sudden current surge, after which
a hotspot became visible in thermography in one of the cells. It’s important
to note that such a current surge is only, and consistently, observed when a
hotspot develops in one cell while the other cell in the series connection remains
unaffected and operates normally. In Fig. 5.2.2 the defect was found in the
affected cell after the pulse and removal of the encapsulation. The center defect
has a radius of about 5pum. The observed change in the material indicates
the materiel was locally molten, indicating temperatures around the melting
temperature of CIGS (i.e. ranging from 990 to 1070°C [90]). I infer from
this experiment that a thermal runaway developed during only the last 1ms.
During this time, the defect developed from something microscopic (invisible in
thermography) to a defect of 5 um radius.

5.3 Simulation

In the following, I detail the simulation model for reverse bias hotspots in CIGS
solar cells. I start with a short discussion on the seed-defect assumption in
Section 5.3.1, which plays a central role in the model. After that, the coupled
electro-thermal model will be discussed. I start by introducing the FEM tool
freefem++ in Section 5.3.2, which is used to implement the model. Then, I
discuss the thermal model in Section 5.3.3, the electrical model in Section 5.3.4,
and the coupling between the electrical and thermal models in Section 5.3.5.

5.3.1 The "seed-defect" assumption

Before diving into the technical details of the simulation model, it is essential
to underscore the role of pre-existing defects, i.e. seed defects, in the model for
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Figure 5.2.1: The electrical response of the sample under investigation, includ-
ing both the applied voltage (in purple) and the resulting current (in green).
The sample, consisting of two-series connected cells, was stressed using a volt-
age pulse of —13.4V for 10ms. A current increase from 210mA to 250 mA
occurred at t = 8.25ms after the pulse was applied and lasted for almost 1 ms.
This current surge indicates a breakdown in one of the cells (while the other
cell in the series connection remains unaffected and operates normally), leading
to permanent damage in the affected cell as shown in Fig. 5.2.2 [57].

the formation of worm-like defects in CIGS solar cells. T am not alone in the
assumption a pre-existing defect may grow and evolve into a worm-like defect,
for example, Johnston et al. [51] and Nardone et al. [19], both assume a pre-
existing defect. The works of Westin et al. [5] and Bakker et al. [17] indicate
that once temperatures reach a threshold that permits thermal decomposition,
the CIGS material tends to segregate, forming at least one conductive phase.
This formation of a conductive phase can escalate localized power dissipation,
creating a positive feedback loop that may not only foster the growth but po-
tentially also the propagation of a defect. It should be noted, however, that
there is no proof such a pre-existing defect is always present. In fact, I previ-
ously demonstrated a positive feedback in CIGS solar cells under reverse bias
with no indications for pre-existsing defects are present, using Hot-Spot Lock-In
Thermography (HS-LIT), in Chapters 3 and 4. Using HS-LIT, it is possible to
observe and quantify a positive loop-gain without causing permanent damage.
However, even if no pre-existing defect is present, the observed positive feedback
may locally heat the cell to the threshold of thermal decomposition, and lat-
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Figure 5.2.2: Microscopic image of a defect with a radius of 5um in a CIGS
thin film solar cell, after it was subjected to reverse bias stress. The image was
acquired using an optical microscope after the removal of the encapsulation [57].

est at this point a shunt-like defect is present, which, from that point onward,
may be considered the seed-defect. Another critical point to address is that
experiments on reverse bias in CIGS, both in this thesis and in other studies,
consistently report the presence of shunt-like defects that form hotspots and
may propagate through the device. These defects, visible in the thermographic
image as hotspots, clearly indicate significantly higher conductivity compared
to the surrounding reverse-biased diode. Consequently, such conductive shunts
reduce the local voltage across the diode near the defect, further diminishing
the current through the diode in the vicinity of the hotspot. As a result, the
temperature of the device remains unchanged far from the defect, while near the
defect, the current bypasses the diode. Since the temperature dependency of
the diode current, therefore, appears to play a subordinate role in the process,
I disregard the thermally activated nature of the diode current in the analy-
sis. This approach also evade the issue of not being able to provide reliable
temperature-dependent diode characteristics up to the critical temperatures of
990 — 1070 °C observed in the experiments.

5.3.2 freefem-++

The coupled electro-thermal model is implemented using freefem++ [91]. The
freefem++ open-source simulation tool applies the finite element method to
solve high-level partial differential equations (PDEs) numerically in 2 dimen-
sional (2D) or 3 dimensional (3D) domains [91, 92]. Furthermore, freefem-++
provides its own flexible scripting based on C++ to build meshes and solve
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PDE’s.

Mesh Generation

An interesting aspect of freefem++ is the advanced automated mesh genera-
tor that can dynamically vary and adapt the mesh as needed, with the ability
to generate high-resolved meshes. This feature holds particular significance in
the simulations, as I am modeling a very small defect, where precise meshing
is crucial for accurate results. To achieve that, "adaptmesh" and "splitmesh'
commands in freefem++ are used to refine and adapt the mesh in the vicinity
of the defect. It is important to note that since the initial defect is very small
(a radius of 10nm), the center of the domain is discretized into FEM triangles
with sizes that are even smaller than 10 nm, resulting in a substantial number of
FEM elements. As a result, a logarithmic scale is used during the mesh refine-
ment, allowing it to coarsen gradually further away from the area of interest,
as depicted in Fig. 5.3.1, to save computation time.
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Figure 5.3.1: An illustrative comparison of a generated mesh before and after
refining the area in and around a small defect using "adaptmesh' command in
freefem++ simulation tool. A logarithmic scale is used to adapt a high resolved
area in the center of the domain (area of interest), while the rest of the domain
remains coarse to save computation time.

5.3.3 Thermal model

The thermal model entails the complete layer stack consisting of Glass/ Mo/
CIGS/ AZO/ EVA. The initial electrical defect is small both in lateral and
vertical dimensions. Thus I require a full 3D model for the thermal system.
Furthermore, as I am interested in the dynamics of a thermal runaway pro-
cess, the thermal model needs to be a transient model. The 3D transient heat
equation is formulated as

or
kEV?T + P(t) = P g (5.1)

where:
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o kV2T is the heat conduction within the material, where & is the thermal
conductivity and T is temperature.

o P(t) is the locally dissipated electrical power as function of time ¢.

. pcp%—f is the time dependent change in temperature, where p the density
of the medium and ¢, the specific heat capacity.

I consider solutions of Eq. (5.1) in a 3D cylindrical domain representing
the solar cell layer stack, as illustrated in Fig. 5.3.2. The defect is located
laterally in the center of the cylindrical domain. Vertically the defect is located
in the electrically relevant part, i.e. the CIGS and AZO layers. I use a variable
mesh to create a highly resolved mesh around the defect, achieving maximal
triangulation of the nodes.

Electrical model
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Figure 5.3.2: Schematic illustration of the mesh for both electrical and thermal
models. The electrical model is rectangular with dimensions of 0.4 cm X 2 cm,
while the thermal model is cylindrical with a diameter equals the width of the
cell (i.e. 0.40cm), and a depth equals the thickness of all layers in the stack as
in Table 5.1.

The heat loss at the front and back surface of the stack is taken into account
with a Neumann boundary condition according to

or
S = (T = Tus), (5.2)
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Table 5.1: The used CIGS device properties. The EVA properties are taken
from Ref [94]. All remaining properties are from Ref [95]

layer  thickness  thermal conductivity specific heat capacity  density

name d [m] kE [Wm K] cp [Jkg K1 p [kgm™?]
EVA  0.30 x 1073 0.34 1400 950
AZO  1.05x10°° 23.0 494 5670
CIGS 2.05 x 1076 3.7 300 5770
Mo 1.00 x 107° 138.0 250.7 10280
Glass 3.00 x 1073 1.42 1154 2380

where n is the exterior normal of the boundary, b is a heat loss term to the
ambient air, and T, is the ambient temperature.

For the vertical cylindrical boundary I apply a Dirichlet boundary condition
with T" = T, However, I choose the diameter of the cylindrical domain such
that that g% ~ 0 for all simulations in this work (i.e. the lateral simulation
domain is chosen large enough to represent a semi-infinite zy-plane). For the
simulations in this work I found a radius of 0.2 cm to be sufficient to meet this
requirement.

I exclude radiative heat transfer, characterized by its T* dependence, from
the model due to the highly localized nature of high-temperature regions within
the layer stack, particularly around shunt-like defects. These localized hotspots
are effectively insulated from direct radiative cooling to the ambient environ-
ment by the surrounding device layers and encapsulating materials. More-
over, convective cooling, which is included in the model, primarily occurs at
the encapsulation surface, at a significant distance from these internal high-
temperature zones. Given the relatively short timescales of the simulations, the
increase in surface temperature of the device is minimal, further reducing the
potential impact of radiative heat transfer.

For the thermal properties of the various materials I used the parameters
listed in Table 5.1, which are found in literature as indicated. The convection
coefficient b is set to b = 12Wm 2K~ [93]. The ambient temperature is set to
Torp = 22°C.

5.3.4 Electrical model

I expect the electrical response to be much faster than the thermal response.
Thus, I consider a steady state solution for the electrical model. The electrically
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relevant part of the system consists of several thin-films (Mo/CIGS/AZO). As
the Mo electrode is much more conductive than the AZO electrode (R, >>
Ry), 1 consider the Mo as a perfect conductor while the resistance in the AZO
electrode is represented as the sum of both components, Rgeet = Rf + Rp.
Consequently, I may limit the electrical model to describe the potential in the
AZO. As the resulting electrical model consists only of a single thin-film, I can
solve this problem in a 2D domain. Within a 2D electrode, the steady-state
potential may be described with Poisson’s equation [80]

VQV(.CL’./ y) = Rsheetj(x> y), (53)

where V is the local voltage, Rgpeet is the electrode sheet resistance (per square),
and J is the current density through the solar cell (i.e. out of the electrode).

If T linearize the current density through the solar cell, I can rewrite Eq.5.3
as

V2V (2,9) = Risheet 71—~ (5.4)
where R is the electrical resistivity of the solar cell. For R(z,y) I assume two
phases in the electrical system. A defected phase with R = Rger and a non-
defective phase R = Ryon-def-

As illustrated in Fig. 5.3.2, the CIGS solar cell consists of a rectangular cell
stripe. The boundary value problem is defined on a rectangular domain. One
edge is assigned a Dirichlet boundary (V' = Vi) where the voltage is fixed at
a constant value Vj, which is the voltage applied to the cell. The remaining
3 edges are assigned a Neumann boundary (9V =0), indicating no change in
voltage along those boundaries [80].

In this work I consider a rectangular cell with a width of 0.40cm, and a
length of only 2.0 cm. Note that the lateral dimensions for the electrical model
exceed those of the domain I consider for the thermal simulations. However, the
electrical dissipation is generally dominated by the defect, and thus the electrical
power dissipation is still mostly confined within the domain considered in the
thermal simulations. The initial defect radius is varied in this work. However,
the smallest initial defect size I consider is 10 nm.

I parameterize the model according to the experiment discussed in Sec-
tion 5.2 as shown in Table 5.2. The voltage over the two series connected
cells is —13.4V, while the current is around —210mA before the breakdown
and dropped to a higher negative current of —250mA after the hotspot cre-
ation. With a cell area of 8.4 x 0.40cm?, I can estimate the current den-
sity over the cell area before the breakdown as 62.5 x 1073 mAcm 2. The
non-defected, active part of CIGS would then have an average resistance of
Ruon-det = (13.4/2)/(62.5) = 1.07 x 10? Qcm?.

As the experimental procedure involves a sample with two series-connected
cells, the voltage is being divided between them. Before breakdown, it is an-
ticipated that the voltage is evenly distributed, with each cell receiving ap-
proximately half of the applied voltage, as previously described. However, only
one cell broke down, hence during breakdown, the exact voltage distribution
becomes uncertain. Consequently, I opt for a current-driven approach in the
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Table 5.2: The electrical properties of CIGS devices used for this work.

Parameter Value
Voltage over 2 cells (V) —13.4V
Current before breakdown (I,) —210mA
Current after breakdown (I.p) —250mA

Current density (Jyp) 62.5 x 107> mAcm >
CIGS resistance (Rupon-def) 107 Qcm?
Sheet resistance (Rgheet) 24 Q)

simulation to ensure that the current matches the breakdown current, as I
know that the two adjacent cells will have the same current value. I assume
the defected area to be very conductive. The shunt resistance of the defected
phase Rger is one of the parameters under investigation. I vary the value of
Ryer over a wide range. The minimum value is based on the electrical resis-
tivity of a pure copper crystal (i.e. 1.678 x 1078 Qcm at 20°C) [96], and the
maximum value is the non-defected resistivity Ryon-def- For the AZO electrode
sheet resistance I rely on data provided by the CIGS module manufacturer,
Rheet = (Rf + Rb) =240Q.

Validation of the electrical model

To ensure the accurate implementation and reliability of the electrical
freefem++ model, T validate the FEM model by comparing it to a semi-
analytical model developed by Pieters and Rau [80]. In the context of a 2D
rectangular device with no current injection along the z-direction, the problem
can be simplified to a one dimensional case. Specifically, I employ a 1D solution
based on the shunt-free device model from [80]. It is a semi-analytical approach
to solve the 1D system for the potential distribution, which can be described as
follows:

cosh(A(w — x))

V=Vy——"——" 5.5
O cosh(hw) (5:5)
with
IRy
Vo = IXtanh(Aw) (56)
and
Rel
A= .
Ry (5.7)

where Vj and [ are the applied voltage and injected current across the
Dirichlet boundary, respectively. A is the inverse characteristic length, and R~
is resistance of the domain. While [ and w are the length and width of the
domain, respectively. Further details regarding the equation’s derivation can
be found in [80].
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For the comparison, I consider a single cell of identical dimensions for both
freefem+-+ simulation and the semi-analytical model. This cell has a length
of 4cm and width of 0.40cm. A voltage of V' = 6V is applied along the
upper long edge in both models. Additionally, a domain resistance of 107 Qcm?
(i.e non-defective CIGS resistance derived in section 5.3.4) is adopted in both
approaches.

Figure 5.3.3 depicts the resulting potential distribution across the width of
the cell in for both freefem++ and semi-analytical methods. The plot clearly
shows that the FEM approach produces results that align consistently with the
solution from the semi-analytical approach. This alignment confirms the precise
implementation of Poisson equation within the developed electrical freefem++
model.
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5.5 semi—analytical solution
freefem++ solution
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Figure 5.3.3: A comparison in potential distribution between the freefem++
electrical model and the semi-analytical solution solved as demonstrated by
Pieters and Rau [80]. In both approaches, a device with a length of 4 cm and
width of 0.40 cm is utilized, with a voltage of V' = 6V being applied along
the upper long edge. Additionally, a domain resistance of 107 Qcm? (as derived
from section 5.3.4) is adopted. The potential distribution resulted from two
models, along the width side of the device, align well with each other.

5.3.5 Coupling

To study Joule heating in an electrical system, I need to couple the electrical
and thermal models. This coupling is done iteratively, with the output of each
model serving as the input for the other. Specifically, I need to extract the
electrical power dissipation from the electrical model and map it to the corre-
sponding volumes in the thermal model. To complete the cycle, the temperature
distribution from the thermal model influences the electrical properties in the
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electrical model, specifically through the defect size. The coupling process is
illustrated in Fig. 5.3.4.
From the electrical model in Eq. (5.4), T compute the power density in the

AZO electrode as
[VV|?

)
Rsheet

where |VV| is the electric field (F') within the electrode. Likewise, the power
dissipation in the CIGS solar cell is computed as

PAzo(I‘,y) = (58)

Peias(z,y) = V?G(z,y), (5.9)

where G(z,y) is the electrical conductivity.

The power dissipation from Eq. (5.8) is mapped to the AZO layer. Note
that the power density from Eq. (5.8) is in Wm™2. By distributing the power
uniformly over the AZO layer thickness, I compute a power density in Wm ™ to
inject in the electrical system. In a similar way I map the electrical power density
from Eq. (5.9) to the CIGS layer. However, most of the power dissipation in
the solar cell is limited to the depletion width in the solar cell. For simplicity I
map the dissipated power density from Eq. (5.9) uniformly to the top third of
the total CIGS layer thickness.

As illustrated in Fig. 5.3.4, there is also a coupling back from the ther-
mal model to the electrical model. This coupling is via the defective and non-
defective phases in the electrical model. I assume that beyond a critical temper-
ature (Twiy) the CIGS undergoes permanent structural changes (i.e., the CIGS
becomes porous with copper, indium, and gallium migrating towards the back
contact [6]).

The melting point of CIGS is between 990°C and 1070°C [90]. Given this
relatively narrow range, I choose T, = 1000°C as the threshold value for the
model. Considering the narrow melting point range, I expect any variations
due to threshold adjustments to be minimal.

If the temperature within the CIGS exceeds this temperature, I change
the phase from non-defected to defected. In other words, the temperature of
each triangular element within the finite element mesh of the CIGS layer is
evaluated in the thermal model. If it exceeds the 1000 °C, the resistance of that
corresponding region is switched from non-defected to defected resistance in the
electrical mesh. Note, however, that this change is permanent, i.e. the defected
phase never changes back to non-defected even if the FEM triangle cools down
in the following iterations. This phase change allows the defect to grow.

The solution of the coupled electro-thermal model starts by solving the
electrical model in Eq. (5.4) and mapping the dissipated power densities in
both AZO and CIGS layers from Eqgs. (5.8) and (5.9), respectively, to the
thermal system as shown in Fig. 5.3.4. Subsequently, I simulate the transient
thermal model until I find the temperature within the CIGS exceeds the critical
temperature. If this is the case, the electrical model of Eq. (5.4) is updated
and the new power dissipation from Eqs. (5.8) and (5.9) are mapped again to
the appropriate volumes in the simulation domain.
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Figure 5.3.4: Schematic illustration of the coupled electro-thermal model. The
two models are linked via electrical power from the electrical model and temper-
ature distribution from the thermal model at each time iteration. The electrical
power is calculated and mapped in both AZO and CIGS layers. The tempera-
ture of each FEM triangle in the middle of CIGS layer is evaluated, if it exceeds
the melting temperature of CIGS, the resistance of corresponding area in the
electrical mesh is shifted from non-defected to defected value.

For the time discretization I apply a semi-adaptive time step where the time
step is linked to the defect area. As in general the maximum dissipated power
density decreases with increasing defect radius, the time step can increase for
larger defects without much loss of accuracy.

5.3.6 Discussion

As a final note I would like to shortly discuss the difference between current-
and voltage-driven experiments. In this work I have opted to simulate a current
driven experiment, i.e. the current is kept constant. In current-driven experi-
ments, the creation of defects will reduce the voltage over the device and subse-
quently quench the power dissipation at hotspots. In contrast, in voltage-driven
experiments, the current will increase, potentially accelerating the growth and
evolution of hot-spots due to increased power dissipation.

I would like to argue here that voltage-driven experiments do not accurately
reflect real-world field conditions for reverse bias damage. In practical scenar-
ios, reverse bias damage is predominantly current-driven. Commercial CIGS
modules typically operate with maximum power point voltages ranging from
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60 —85V. This relatively high voltage allows the maximum power point current
(Impp) to pass through shaded cells, largely independent of their specific break-
down voltages, which are typically an order of magnitude lower. Consequently,
in real-world applications, reverse bias damage occurs under near-constant cur-
rent conditions, rather than constant voltage.

5.4 Results

Baseline

A baseline for the simulation results is first presented. For this baseline I set
the defect resistance to Rger = 3.14 x 10~7 Qcm? for the initial defect of 10 nm
radius. In Fig. 5.4.1 I show the results for the baseline simulation after 0.126 ps.
In Fig. 5.4.1(a) the temperature is depicted. In the center of this graph the
temperature exceeds the critical temperature of 1000°C. Accordingly in Fig.
5.4.1(b) the phase map exhibits a circular defect with an approximate radius
of 0.90 um (compared to an initial radius of 10nm). The corresponding power
densities in the AZO and CIGS layers are shown in Fig. 5.4.1(c) and Fig.
5.4.1(d), respectively. From Fig. 5.4.1(c) I observe that the dissipated power
density in the AZO increases towards the defect where it peaks at the defect
circumference, then drops to 0 Wm™* within the defect. In Fig. 5.4.1(d), the
power dissipation is within the whole area of the defect as the power is generated
in the CIGS layer itself. Additionally, it is noted that the power in CIGS is much
higher than the power in the AZO layer.

Moreover, in Fig. 5.4.2 the results for the baseline after 5 us is shown.
In Fig. 5.4.2(a), the area of temperature exceeding the 1000 °C is expanding.
Accordingly in Fig. 5.4.2(b) the phase map exhibits a larger defect with an
approximate radius of 2.5 ym. From Fig. 5.4.2(c) I observe that the dissipated
power density in the AZO increases towards the defect, and suddenly drops to
0 Wm ™ within the defect. This is expected as current crowding at the edge of
the defect leads to higher dissipation toward the defect. In Fig. 5.4.2(d), the
power dissipation is within the whole area of the defect reaching its maximum
at the circumference of the defect.

Figure 5.4.3 shows the results when the defect has reached a radius of 6.2 ym
after 0.55ms. In Fig. 5.4.3(a) the temperature of a larger area exceeds the criti-
cal temperature of 1000 °C. Consequently, the phase map in Fig. 5.4.3(b) shows
a larger defect. The defect is not exactly circular anymore, but the effective
radius is 6.2 pm, where I determined the effective radius from the defect area
(i.e. Ager = 7). Figure 5.4.3(c) and 5.4.3(d) depict power densities in the
AZO and CIGS layers, respectively. Comparing the results to Figs. 5.4.2(c) and
5.4.2(d), respectively, I observe the electrical power density decreased consider-
ably for the larger defect radius. This is a direct consequence of the increased
size as with a larger defect, less current crowding at the edge of the defect
is expected. Furthermore, in Fig. 5.4.3(c), higher power density is observed
along the contour of the defected area. These areas with a higher power density
correspond to the areas with higher power density at the circumference of the
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Figure 5.4.1: a) Temperature distribution profile in the middle of CIGS layer, b)
phase plot, ¢) AZO power profile, and d) CIGS power distribution for the base-
line simulation (defect resistance is 3.14 x 1077 Qcm?, initial radius of 10nm),
when the defect has reached a radius of around 0.90 um after 0.126 us. The
current is injected from the top long edge of the cell. Cyan circle indicates a
radius of 5 ym.

defect in Fig. 5.4.3(d). Comparing the locations of areas with higher power
density in Figs. 5.4.3(c) and 5.4.3(d) with the phase plot in Fig. 5.4.3(b), I can
see that the non-smooth circumference is caused by the ragged contour of the
defect. However, this ragged nature of the contour is related to the simulation
mesh, i.e. at this point in the simulation the resolution of the mesh is too low
to produce a sufficiently smooth contour of the defect.

Time Evolution and Parameter Variation

In Fig. 5.4.4, the effective radius of the defect size is shown as a function of time
for three defect resistance values: 3.14 x 107° Qcm? (in blue), 3.14 x 1077 Qcm?
(in green, baseline) and 3.14 x 107° Qem? (in purple). As the defect in the
simulation is not always perfectly circular, the effective radius is defined as the
radius for which a circle has the same area as the defect area in the simulations.

Starting with the baseline simulation in Fig. 5.4.4, which has a defect re-
sistivity of 3.14 x 1077 Qcm? (in green), the defect initially remains stable with
no growth. This is followed by a rapid growth phase where the defect radius
increases by more than an order of magnitude. Subsequently, a more steady and
gradual growth is observed, with the defect reaching a radius of 6.2 um after
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Figure 5.4.2: a) Temperature distribution profile in the middle of CIGS layer, b)
phase plot, ¢) AZO power profile, and d) CIGS power distribution for the base-
line simulation (defect resistance is 3.14 x 10~" Qcm?, initial radius of 10nm),
when the defect has reached a radius of around 2.5 um after 5 us. The current
is injected from the top long edge of the cell. Cyan circle indicates a radius of
5 pm.

0.55ms. Following this point, the defect did not grow more up until the end
of the simulated time frame of 1ms. I would like to stress that this does not
imply stability; the defect’s growth clearly slows down as more time is required
to heat a larger volume. However, hotspots and worm-like defects evolve over
the time frame of many seconds, which is beyond the scope of this chapter.

In comparison, the defect growth with a lower resistivity (defect resistivity
of 3.14 x 1079 Qcm? (in purple)) exhibits a much faster growth from a very early
stage in time followed by a steep increase in the growth where the defect has
reached a radius >> 15 um in less than the simulation period of 1 ms. On the
other hand, a higher defect resistivity of 3.14 x 107° Qcm? (in blue) results in
no defect growth by the end of the 1 ms.

In the next step, as depicted in in Fig. 5.4.5, I further investigate the impact
of the resistivity of the defected area in term of the amount of electrical power
dissipated in the defect, using the same defect resistivity values as in Fig. 5.4.4:
3.14 x 1075, 3.14 x 1077 (baseline), and 3.14 x 1072 Qcm?. I only consider
the electrical model in order to evaluate the electrical power dissipation. Figure
5.4.5 shows the power dissipation integrated over an area around the defect with
a 20 pm radius. This specific area was selected in order to compare various cases
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Figure 5.4.3: a) Temperature distribution profile in the middle of CIGS layer,
b) phase change plot, ¢) AZO power profile, and d) CIGS power distribution.
for the baseline simulation (defect resistance is 3.14 x 1077 Qcm?, initial radius
of 10nm), when the defect has reached a radius of around 6.2 ym after 0.55 ms.
The current is injected from the top long edge of the cell. Cyan circle indicates
a radius of 5um.

more effectively while varying other parameters including the defect size and its
resistivity. Thus this figure describes how much power is deposited at the defect
area, i.e. it evaluates the power coupling of the defect to the electrical power
source. In Fig. 5.4.5 I distinguish between the integrated power in the AZO (in
dark blue) and CIGS layers (in red), and the total (sum) of both contributions
(in black).

As depicted in Fig. 5.4.5(a), for a defect resistivity of 3.14 x 1075 Qcm?, the
power dissipation in the CIGS layer shows a distinct peak at larger defect radii
(10 um), while the maximum power dissipation in the AZO layer forms a much
smaller peak. In Fig. 5.4.5(b), with the defect resistivity decreased to 3.14 x
107" Qcm?, the height and position of the peak power dissipation in the CIGS
shift as a function of defect radius. Lower defect resistivity results in a reduced
peak power magnitude and a shift towards smaller defect sizes. Conversely,
power dissipation in the AZO layer increases, forming a broad peak over a wide
range of defect radii. Notably, when the defect size reaches approximately 1 ym,
there is a significant drop in power dissipation in the AZO layer, leading to slow
or no further growth in defect size, as shown earlier in green Fig. 5.4.4. Likewise,
in Fig. 5.4.5(c), for the lowest defect resistivity of 3.14 x 107 Qcm?, power
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Figure 5.4.4: Growth of a defect illustrated by the change of the effective radius r
as a function of time ¢ for three defect resistance values: 3.14x107° Qcm?, 3.14x
1077 Qcem? and 3.14 x 1072 Qem?. For the defect resistivity of 3.14 x 10~7 Qcm?
(green, baseline), a short delay show a phase of rapid growth towards a radius
of approximately 1pum is observed, followed by a phase of relatively slower
growth towards several micrometers. A lower resistivity (i.e. 3.14 x 107° Qcm?
(purple)) results in a faster growth behavior at the initial stages and exhibits
a phase of rapid growth later in time. Notably the timing when the explosive
growth takes place is dependent on the Rger and the dissipated power in both
AZO and CIGS layers. A higher resistivity (3.14 x 107° Qem? (in blue)), on the
other hand, leads to no growth in the defect. The baseline in green corresponds
to the defect shown in Fig. 5.4.2 and Fig. 5.4.3.

dissipation in the CIGS shifts to smaller radii with a decreased magnitude,
while the maximum power dissipation in the AZO layer is higher, forming a
broader plateau across a wider range of defect radii. It is important to note
that in all scenarios, a significant proportion of power is dissipated in the CIGS
layer at relatively smaller defect sizes, while at larger defect radii, more power
tends to dissipate in the AZO layer.

The observed maxima in the power dissipation in the defect, as seen in
Fig. 5.4.5, is the result of the power being limited by a low voltage over the
defect when the resistance is low. As the resistance increases the power may
increase. However, if the resistance increases further, the power may drop as
the current through the defect decreases. The dissipated power in the AZO
behaves differently as it only depends on the current through the defect, and
hence it is high when the defect resistance is low and drops when the resistance
increases.

The results in Fig. 5.4.5 are expected to influence the dynamics of hotspot
development, as I expect that especially for small and conductive defects the
power dissipation is high. As the defect increases in size, the total power dissi-
pation in the defect decreases, and hence the rate at which the hotspot develops
will decrease. For a higher defect resistance value there may be a certain defect
size for which the power dissipation exhibits a maximum, which may lead to a
fast hotspot development for a certain range of defect sizes. Thus, the results
in Fig. 5.4.5 partly explain the very non-uniform growth rate observed in Fig.
5.4.4. Note that the results in Fig. 5.4.5 only consider the absolute electrical
power deposited, i.e. not the power density.

For the baseline simulation as shown in Fig. 5.4.5(b) with a 3.14x 1077 Qcm?,
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Figure 5.4.5: The dissipated electrical power obtained from the electrical model
and integrated separately over the Al:ZnO (AZO) layer (dark blue) and the
CIGS layer (red) as a function of the defect radius, over an area around the
defect with a 20 um radius. I vary the defect resistance to a) 3.14x 1075 Qcm?, b)
3.14x1077 Qcem? (baseline) and ¢) 3.14x 1072 Qem?. For all defect resitances, the
power is predominantly disspated in the CIGS layer for smaller radii, while the
power dissipation shifts towards the AZO layer with increasing defect size. The
total power (sum of power in CIGS and AZO (in black)) displays a maximum
at a distinct defect radius that depends on the defect resistance Rget.

the total power dissipation exhibits its maximum in the region around 1 pm.
Nevertheless, I believe that the smaller the defect is the faster it tends to grow.
To further investigate this matter I change the size of the initial defect in the
simulations while keeping the defect resistance fixed at the baseline value. I
specifically vary the initial defect to radii of 0.1 ym, 1 pm, and 5pum while I
limit the simulation time to the 1 ms as the baseline. In Fig. 5.4.6, I depict the
growth process for all simulations and focus on the early stages. I notice that
with 0.1 and 1 pm T obtain the same final radius as the baseline results (about
6 pm after 1 ms). However, with 5 um I observe no change in defect size till the
end of the 1ms simulation time as the power is not sufficient to heat up the
defected area to the threshold temperature of 1000 C.
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Figure 5.4.6: Growth of a defect as a function of time ¢ due to the change in
its initial radius rq. For all simulations, defect resistance is set to the baseline
value of Rgey = 3.14x 107" Qcm? . The initial defect is varied to radii of 10 nm
(green, baseline), 0.1 gm (purple), 1 gm (blue), and 5 pm (red). No remarkable
difference is observed between a radius of 10nm, 0.1 um and 1 pm, where in
all three cases, after the small defect reaches a radius around 1 pm, a slower
growth is observed similar to the behavior of the baseline (in green) in Fig.
5.4.4, resulting in a defect size of 6 um at the end of the 1 ms. No change in size
is observed for the large defect with radius of 5 pm.

5.5 Discussion

As discussed in Section 5.3.1, T assume a seed defect which gives rise to a positive
feedback effect and a thermal runaway. Also in the absence of a shunt-like defect
such a positive feedback effect is observed in CIGS solar cells under reverse bias,
as previously discussed in Chapters 3 and 4. Thus I argue, the initial defect
leading to a hotspot and permanent damage, does not need to be a shunt-like
defect. Possibly, early junction breakdown caused by microscopic defects, such
as observed in microcrystalline silicon [97], triggers this positive feedback effect
leading to a thermal rundaway and the creation of the small initial shunt-like
defect.

In light of these considerations, I propose a 3 phase process leading to worms
in CIGS: the "nucleation" phase, the "growth" phase, and the "wandering" phase.
In the first nucleation phase, the thermal activation of the junction breakdown
current in CIGS, as experimentally demonstrated in Ref. [50], leads to insta-
bility and a thermal runaway starts to develop. The first phase ends when the
temperature is high enough for thermal decomposition to take place, and the
CIGS segregates, producing at least one conductive phase [5, 17]. At this point,
the process becomes irreversible and a shunt-like defect emerges. In the second
growth phase, the shunt-like defect grows from a small initial defect to a defect
with a diameter in the order of micrometers. This phase is covered by this
chapter. In the third and final wandering phase, the defect starts to propagate
through the solar cell. This last phase will be further discussed upon in Chapter
6.
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5.6 Summary

In this chapter I explain the, experimentally shown, short timescales in which
a hotspot may form in CIGS solar cells under reverse bias. To this end I devel-
oped an electro-thermal FEM model with a high spatial and temporal resolu-
tion. This way I demonstrated that the experimentally observed time scales for
hotspot development are reproduced when assuming a small initial defect size
of 10nm. With such a small initial defect, the experimentally observed final size
of the defect (i.e. 5um), develops within 1ms. To achieve these results, with
the coupled electro-thermal FEM model, I investigated the unknown material
properties including defect resistivity, as well as the initial defect size, while all
other parameters in the solar cell are taken from literature.

Notably, T observed a significant interplay between the defect size, defect
resistivity, and the amount of power deposited at the defect. I demonstrate
that there is a maximum in the deposited power which depends on the defect
resistivity and radius, where a more conductive defect has its maximum in de-
posited power at a smaller radius. It is expected that this coupling between
defect resistivity and defect size affects the dynamics of the defect evolution,
and partly explains the non-uniform growth rate I observe in simulations. How-
ever, due to the the experimental nature of the study, my understanding of the
growth process at ¢ << 1lms is restricted. Nevertheless, I can still antici-
pate potential coupling scenarios that result in the experimental defect size at
t = 1ms. Finally, I propose a 3-phase mechanism for the creation of worms
consisting of "nucleation", "growth", and "wandering'. In the nucleation phase,
junction breakdown (possibly an early breakdown at microscopic electronic de-
fects) trigger a positive feedback loop leading to thermal runaway and material
decomposition, creating a small initial shunt-like defect. In the growth phase,
this defect grows larger (by the mechanisms described in this work). In the final
phase, the defect starts to wander through the solar cell, leading to a worm-like
defect.






Chapter

Impact of Encapsulation, Substrate, and

Defect Location on Reverse Bias
Damage in CIGS Solar Cells

In Chapter 5, I presented a finite element method (FEM) model to describe
the dynamics of reverse bias damage development in CIGS solar cells. Building
upon this foundation, the current chapter investigates how various properties
of different layers within the solar cell stack, as well as the spatial location of
defects, influence defect growth using the established model.

The analysis begins by exploring the influence of material characteristics
in specific layers of the solar cell stack, including the glass substrate and the
encapsulation layer. In addition, I examine the role of defect location within the
cell, with a focus on edge-based defects. These investigations are motivated by
earlier experimental findings (Section 4.2 and Section 4.1), which highlighted the
significant impact of thermal properties and hotspot positioning on the positive
feedback mechanisms preceding defect formation. By extending this analysis, I
aim to provide deeper insights into the interplay between material properties,
defect positioning, and reverse bias damage progression in CIGS solar cells.

This chapter is organized as follows:

e Section 6.1 focuses on the impact of encapsulation. Specifically, it exam-
ines the case of an unencapsulated solar cell and compares the results to
those obtained for an encapsulated cell, as presented in Chapter 5.

e Section 6.2 investigates the influence of the substrate material by com-
paring a glass substrate with a steel foil substrate.

o Section 6.3 explores the effect of defect location on growth dynamics. In
this section, defect locations are systematically varied, including positions
near the P1 line and the P3 line. The results are then compared to those
for a defect located near the center of the cell, which serves as the baseline
scenario analyzed in Chapter 5.

89
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6.1 Impact of Encapsulation

The encapsulation of a CIGS solar cell involves adding a layer of encapsulation
material. These materials are typically polymers, which exhibit poor thermal
conductivity [3, 98]. Since the encapsulation material is in direct contact with
the thin-film device, it is expected to significantly impact the development of
hotspots.

Mansfield et al.[99] investigated the reverse bias damage reliability concerns
in CIGS photovoltaics at the cell level, focusing on shading-induced damage.
Their findings highlighted the impact of encapsulation on defect formation and
thermal runaway. They observed that encapsulated cells showed higher sus-
ceptibility to reverse bias stress and were damaged at lower reverse voltages
compared to non-encapsulated cells [99]. Furthermore, their study referenced a
simulation by Nardone et al. [19], which indicated that an encapsulated module
reached thermal runaway temperature five times faster than an unencapsulated
one [99]. However, comparing these findings with Nardone et al.’s model results
is challenging due to differences in substrate composition: the experimental
samples used by Mansfield et al. [99] incorporated a glass substrate, while Nar-
done et al.’s [19] thermal model did not include this layer in its stack 2.

On the other hand, Vaas et al’s work [57] demonstrated that non-
encapsulated CIGS solar cells are more susceptible to reverse bias stress induced
by partial shading compared to encapsulated cells [57]. This finding directly
contradicts Mansfield et al.’s conclusions. Vaas et al. used industrially produced
samples, with some encapsulated and others not. He observed more distinct dif-
ferences in breakdown behavior: non-encapsulated samples were more likely to
form defects at cell interconnections, while encapsulated cells more often devel-
oped defects further away from the interconnection lines [57].

Given these contradictory findings in the literature, the role of encapsulation
in hotspot formation and reverse bias stress in CIGS solar cells remains unclear.
The discrepancies in experimental results and modeling approaches have led to
conflicting conclusions. It should also be noted that, experimentally, it is often
difficult to isolate the effects of encapsulation from other cell properties, as
the encapsulation process itself may alter the properties of the CIGS solar cell.
Furthermore, especially for non-encapsulated cells, the results may be influenced
by the experimental conditions, such as forced convection.

Using the FEM model, I can clearly separate such effects and establish the
impact of encapsulation without altering any other properties. In this work,
the EVA layer is removed from the FEM model presented in Chapter 5 (which
includes the glass substrate in the layer stack). For the cell-air interface, I
assume properties corresponding to a convection-free case.

2As discussed earlier in Section 4.2, I demonstrated the significant impact of the substrate
(i.e. glass vs. steel substrates) on the loop gain and, consequently, the dynamics of reverse
bias damage creation.
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Results and discussion

The model for the purpose of this section replicates the parameters of the base-
line model described in Section 5.4. The simulation duration remains 1ms,
initiated with a defect of 10 nm radius. Both thermal and electrical properties
of the layers stack are listed in Table 5.1 and 5.2, respectively. While the defect
resistance is set to 3.14 x 1077 Qcm?.

The sole modification is the removal of the encapsulation layer on top of the
layer stack. Without the EVA, the solar cell can dissipate heat directly to the
surrounding air through convection. In this scenario, the thermal properties of
air become crucial. As discussed in Section 5.3.3, heat loss to air in a convection
free environment is approximated using b = 12 Wm *K ™' [93].

Figure 6.1.1 depicts the results when the defect has reached its final size.
Figure 6.1.1(a) shows the temperature profile at the middle of the CIGS layer
from the thermal model. Figure 6.1.1(b) depicts the defect shape from the
electrical model. While Fig. 6.1.1(c) and Fig. 6.1.1(d) show the electrical
power dissipated in the AZO layer and in the CIGS layer, respectively. Figs
6.1.1(a) and 6.1.1(b) show that an area with a radius of 8.5 um has reached a
temperature of 1000 °C after 0.84 ms. This size is larger and more irregular than
the encapsulated case (i.e. as detailed in Chapter 5, the encapsulated scenario
reached a smaller radius of 6.2 ym). Additionally, Figs 6.1.1(c) and 6.1.1(d)
show weak electrical power, insufficient to cause further defect growth. After
this time (0.84ms) until the final time of 1ms, there is no more expansion of
the defect beyond the 8.5 ym radius.

To better visualize and compare the defect growth dynamics, Fig. 6.1.2
presents a time-based comparison of defect growth in both encapsulated (in
green) and non-encapsulated (in purple) scenarios. This plot reveals that the
defect growth patterns are similar in both cases for most of the simulation
period. However, a significant divergence occurs near the end of the 1ms time
frame, where the non-encapsulated case exhibits faster growth.

The initially similar dynamics in the encapsulated and non-encapsulated
scenarios are expected, as the hotspot initially develops below the AZO layer.
During this phase, there is no heat conduction across the AZO/EVA or AZO/Air
interfaces. The deviation only occurs toward the end of the 1ms time frame,
where, in the absence of encapsulation, the defect grows larger compared to the
encapsulated case. Specifically, the defect expands by approximately 2 ym more
at the end of the 1 ms period in the non-encapsulated scenario. It is expected
that beyond 1ms the results will deviate more as the front of the AZO heats
up and thus the heat conduction across the AZO/EVA or AZO/Air interfaces
affects the outcome more and more.

The difference in outcomes can be attributed to the thermal properties of air
and EVA. The convection coefficient for air is such that less heat is extracted
from the AZO compared to the encapsulated case, leading to more localized
heating in the non-encapsulated scenario. This conclusion aligns well with Vaas
et al.’s experimental findings, which showed that non-encapsulated CIGS solar
cells were more prone to reverse bias damage than encapsulated cells [57].

While these results suggest a clear difference in defect size between the
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Figure 6.1.1: a) Temperature distribution profile at the middle of CIGS layer, b)
phase plot, ¢) AZO power profile, and d) CIGS power distribution. The current
is injected from the top edge of the cell. The defect has reached a radius of
around 8.5 um after 0.84ms as depicted in a) and b), while the cyan circle
indicates a radius of 5 um. The power in ¢) d) shows low dissipated electrical
power in both AZO and CIGS, respectively, leading to no further growth of the
defect till the end of the 1 ms simulation time. The larger defect size is to the
absence of the encapsulation layer as EVA has higher thermal resistance than
air leading to more localized heating.

encapsulated and non-encapsulated scenarios, it is important to consider the
potential influence of the simulation methodology on these findings, particularly
the assumed convection coefficient. For example, in a scenario where there is
forced convection during the experiments the outcome may be different. This
may offer an explanation for the contradicting results found in literature.
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Figure 6.1.2: Growth of a defect illustrated by the change of the effective radius
r as a function of time tfor various scenarios; baseline (encapsulated, glass sub-
strate, green), (non encapsulated, glass substrate, purple), and (encapsulated,
steel substrate, blue). All different scenarios have the same thermal and electri-
cal properties, including a resistance of defected CIGS (Rget) of 3.14-1077 Qcm?,
and an initial defect of 10 nm. All simulations after a short delay show a phase of
rapid ("explosive') growth towards a radius of approximately 1 um followed by
a phase of relatively slower growth towards several micrometers. The baseline
case in green (i.e. encapsulated CIGS cell with a glass substrate) has reached a
radius of 6.2 um at 1 ms. Removing the encapsulation layer (in purple) makes
the growth a bit faster and to a larger size, of 8.2 um radius at 1 ms. Mean-
while, replacing the glass substrate with thin steel foil (in blue) makes the
growth slower, where the defect does not grow much, reaching only a radius of
3.64 pm at 1ms.
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6.2 Impact of Substrate

The substitution of the glass substrate with thin steel foil is of particular interest
due to the potential benefits of steel foils, such as increased flexibility and
durability, which could significantly advance CIGS solar cell technology. While
extensive research has been conducted on flexible CIGS cells [4, 83, 84], the
impact of replacing glass with thin steel foils on hotspot formation and growth
mechanisms in CIGS solar cells remains an open question.

Replacing the traditional glass substrate with thin steel foil may have signif-
icant implications for the hotspot growth mechanism. The difference in thermal
properties, particularly thermal conductivity, between glass and steel may influ-
ence the solar cell’s overall thermal behavior and reshape the growth of hotspots.
In Section 4.2.1, it was found that the measured electro-thermal loop gain for a
hot spot is significantly lower for CIGS on steel foil than for samples on glass.
This observation could be explained by the higher thermal conductivity of steel.
However, as the cells were prepared differently, it is difficult to make definitive
statements about the specific impact of the steel foil alone.

In this section, I aim to analyze how thin steel foil impacts the growth of
pre-existing defects in the CIGS absorber layer. Similar to the removal of the
EVA layer in the simulations of the previous section, the FEM simulation model
allows us to isolate the impact of the steel foil.

Results and discussion

Glass and stainless steel foil exhibit distinct thermal properties with notable
differences, which can significantly affect heat dissipation and defect growth in
solar cells. Glass (properties are listed in Table 5.1) is characterized by low
thermal conductivity, a relatively low coefficient of thermal expansion, and a
higher specific heat capacity. It is less efficient in heat transfer compared to
metals like stainless steel. Additionally, the melting point of glass is generally
higher than that of stainless steel [94].

From literature, stainless steel has a density of 8000 kgm 3, a thermal con-
ductivity of 16.2 Wm ™K', and a heat capacity of 50 Jkg 'K [94]. Hence, steel
foil possesses higher thermal conductivity and a higher coefficient of thermal ex-
pansion, conducting and transferring heat more effectively, albeit with a lower
specific heat capacity [94].

These differences in thermal properties between the two materials have im-
plications for their use as substrates in CIGS solar cells, where considerations
such as heat dissipation is a crucial factor on defects growth. To investigate
this substitution, I used the FEM model detailed in Chapter 5 with the same
parameters for the layer stack as the baseline model described in the previous
chapter (i.e. with a shunt resistance of 3.14 x 10~7 Qcm?), but with replacing
the glass substrate with steel foil that is a factor 30 thinner (i.e. steel foil is
set to 0.1mm thick). The simulation duration remains 1ms, initiated with a
pre-existing defect of 10 nm radius.

Similar to Fig. 6.1.1, Fig. 6.2.1 depicts the results when the defect has
reached its final size. Figure 6.2.1(a) shows the temperature profile at the
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middle of the CIGS layer from the thermal model. Figure 6.2.1(b) depicts the
defect shape from the electrical model. Fig. 6.2.1(c) and Fig. 6.2.1(d) show the
electrical power dissipated in the AZO layer and in the CIGS layer, respectively.
Figure 6.2.1(a) and (b) show that the defect has reached a radius of only 3.26 pm
at 0.49ms. From that point on till the end of the 1ms period, there was no
more growth of the defect despite the relatively high dissipated electrical power
in AZO and CIGS as depicted in Fig. 6.2.1(c) and (d), respectively. This means
that the generated heat got dissipated significantly through the steel foil due
to its high thermal conductivity and low thermal resistance. Moreover, the
comparison to glass shows a reduction in defect size by almost half (i.e. the
defect in the glass substrate case reached a radius of 6.2 ym).
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Figure 6.2.1: a) Temperature distribution profile at the middle of CIGS layer,
b) phase plot, ¢) AZO power profile, and d) CIGS power distribution. The
defect had an initial radius of 10nm and resistivity of 3.14 x 1077 Qcm?, while
the glass substrate was replaced with a thin steel foil. The defect has reached
a radius of around 3.26 um at the end of 1 ms. The current is injected from the
top edge of the cell. Cyan circle indicates a radius of 5 pym.

Furthermore, Fig. 6.1.2 illustrates the defect growth over time for the case
where steel foil (in blue) is used as the substrate, in comparison to the simulation
with a glass substrate (in green). The graph shows that initially, the defect
experiences similar explosive growth, reaching a radius of 1 ym. However, with
the steel foil substrate, the growth rate subsequently slows down and stops at
a radius of 3.26 um, remaining unchanged for the duration of the simulation.

The initially similar dynamics of defect evolution for both cells on glass and
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steel foil can be explained by the fact that the initial hotspot is some distance
away from the substrate. Only after the heat reaches the cell/substrate interface
does the substrate begin to influence the dynamics. The results suggest that the
higher thermal conductivity of steel can indeed mitigate the effects of reverse
bias damage, as the damage growth is inhibited. However, it should be noted
that the initially identical dynamics indicate that a steel foil substrate cannot
prevent the damage as such.

This argument also affects the interpretation of HS-LIT measurements, as
introduced in Chapter 3. In HS-LIT, the laser-induced hotspot is created at the
location where the laser power is absorbed, meaning that the measured loop-
gain may not always reflect the loop-gain governing reverse bias damage. In
this context, the lower measured loop-gain on a steel substrate compared to a
glass substrate in Section 4.2.1 is likely more indicative of the inhibited defect
growth, rather than the initial defect creation.
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6.3 Impact of defect location

In Section 4.1.1, it was found that the position of the hotspot within the cell
can significantly affect the observed loop-gain. Various effects could explain
this observation; however, in Section 4.1.1, I have already shown that electrical
effects, particularly the AZO sheet resistance and the resulting current limita-
tion toward the hotspot, greatly influence the loop-gain. Thus, it is expected
that the same effect will also impact the defect growth dynamics.

In addition to these electrical effects, the scribing lines also introduce changes
in thermal properties, as the P1 line interrupts the back contact layer and
the P3 line interrupts the AZO and CIGS layers. All these effects can be
incorporated into the FEM model to investigate the location-dependent defect
growth dynamics.

Defect at P1 scribe line

To shift the defect to the P1 scribe line, some modifications were made to the
electro-thermal model, as sketched in Fig. 6.3.1, as follows:

e Thermal Model: The defect itself remains at the center of the thermal
model. However, the material structure is redefined in terms of layer stack
properties to replicate the edge of an active cell. A 50 yum wide stripe of
CIGS is introduced along the depth at the P1 scribing line, replacing Mo
in that specific area. All other layers remain unchanged.

¢ Electrical Model: The initial defect’s location is shifted from the center
of the rectangular cell to the top edge (i.e., the Dirichlet boundary of the
electrical model, where a voltage is applied). The coordinate axes were
repositioned as well, to maintain their origin at the center of the defect,
and ensure the coordinates of the two models match.

¢ Mesh Resolution: Both electrical and thermal models employ higher-
resolution meshing than the baseline model in and around the defect.

The remaining details of the coupled model stays the same as described in
Chapter 5 with the same parameters for the layer stack as the baseline model
described in the previous chapter. The simulation duration remains 1 ms, initi-
ated with a pre-existing defect of 10 nm radius.

To better understand the growth behavior of a defect at the P1 line, Fig.
6.3.2 depicts a cross-sectional temperature profile along the depth of the layer
stack at t = 1.02 x 107%s. Notably, the defect exhibits asymmetrical growth,
with a larger size on the active cell side (y < 0) compared to the opposite side,
despite the defect having the same material properties on both sides at the
absorber layer level (i.e., CIGS).

In this scenario, the defect is located at the cell’s edge, where power is
applied within the electrical model. Consequently, one side of the thermal model
experiences growth driven directly by this power input, while the opposite side
relies solely on heat diffusion from the powered side. This results in irregular
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Figure 6.3.1: A schematic illustration of the modified generated mesh for both
electrical and thermal models, when the defect is shifted to P1 scribe line. The
electrical model has a rectangular domain with dimensions of 0.4cm X 2cm,
while the thermal model is cylindrical with a diameter equals the width of the
cell (i.e. 0.40cm), and a depth equals the thickness of all layers in the stack
as in Table 5.1. The initial defect with a radius of 10 nm is located along the
top long edge of the cell in the electrical model, where the electrical power is
deposited. In the thermal model, the defect stays at the center of the cylindrical
domain. However, Mo is replaced by CIGS for a width of 50 um replicating a
P1 scribe line.

growth patterns, with one side growing more rapidly than the other due to the
uneven distribution of electrical power.

For simplicity, the Dirichlet boundary of the electrical model is placed at
y = 0. As a result, there is no power dissipation at all in the CIGS layer stack,
nor in the AZO layer for y > 0. While this setup simplifies the model, it is
not entirely realistic, as current would flow within the AZO layer. Thus, the
asymmetry in these simulations is somewhat exaggerated. Additionally, some
of the asymmetry may also be attributed to the absence of the molybdenum
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Figure 6.3.2: A cross section in the simulated cell showing the thermal profile
and temperature distribution for the layer stack near P1 scribe line. The defect
exhibits asymmetrical growth, with larger size on the active cell side compared
to the other side (P1 scribe line). At P1 scribe line, one side of the thermal
model experiences growth driven by this direct power input, while the opposite
side relies solely on heat diffusion from the first side. This results in irregular
growth patterns, with one side growing more rapidly than the other due to the
uneven distribution of electrical power.

For more details, Fig. 6.3.3 depicts the results at the end of the 1 ms simu-
lation. Figure 6.3.3(a) shows the top view of the defect from the thermal model
at the middle of CIGS layer, this view includes both the active cell as well as
the P1 scribe line area. The phase plot in Fig. 6.3.3(b), however, depicts the
defect in the active solar cell side only as the electrical model is limited to this
region. Additionally, Fig. 6.3.3(c) and Fig. 6.3.3(d), shows the Power in both
AZO and CIGS from the active cell side, respectively.

The top view in Fig. 6.3.3(b) reveals that the defect expands more than
twice as far in the z-direction as in the y-direction, despite both sides being
composed of CIGS material. This asymmetrical growth results in an oval shape
for the defect, with a horizontal (x-direction) radius of nearly 3.9 um. In the
y-direction, I can distinguish between the direction into the cell (y < 0) and
into the P1 scribe (y > 0). The maximum extent of the defect in the active cell
reaches —2.5 um, while into the P1 scribe line it extends to 1.5 pm.

In addition, Fig. 6.3.3(c) shows that all power within the AZO layer con-
centrates at the edge of the defect that is in contact with the edge of the cell,
creating a steep gradient that diminishes to zero as one moves away from this
edge. This concentration of power at the edge restricts the defect’s growth in
the y-direction due to the limited power pathways. However, some power accu-
mulation occurs at the corners, allowing for further expansion in the z-direction
and contributing to the oval shape. Similarly, Fig. 6.3.3(d) illustrates a concen-
tration of power at the edge of the defect in the CIGS layer as power transfers



100 CHAPTER 6. DEFECT GROWTH

b)
1000_ 11 .
. o
P1 line o %m
8 [ QO
v —
900 S / S0 I
I~ —
o O - &
e L 2
800 % ¢ &
[ Twn
. active E— active o 8
£
= solar cell 700 ,i’ 11 solar cell §
g 5 a1 5
3 2 G
s 4 — ot P1 line 4 _ Qg_j
I o
3'e & \ 3. %
=3 o / £ 2
248 = 25 o
53 $3
active 1 = § active 1 X *3
solar cell 0 o PP solar cel 0 u_:-‘
-1 0 11 -1 0 1"

Position x [14m]

Figure 6.3.3: a) Temperature distribution profile at the middle of CIGS layer,
b) phase plot, ¢) AZO power profile, and d) CIGS power distribution, when the
defect is located at P1 scribe line. One side of the defect expands to an area
(extent of —2.5 ym) more than twice that of the other half (extent of 1.5 um),
despite both sides being composed of CIGS material. Cyan circle indicates a
radius of 5 uym. The power is deposited at P1 scribe line into the active cell,
and is concentrated at the edge of the active cell creating a steep decrease away
from the edge of the defect in both AZO and CIGS layers.

vertically, but with a less pronounced gradient. These results indicate that if a
defect is located at the P1 edge of the cell, it is unlikely to grow significantly
into the cell but will instead expand along the P1 line. This phenomenon, where
defects wander along the P1 scribe, has been observed in literature [6].

Defect at P3 scribe line

To relocate the defect to the other side of the cell (i.e. at P3 scribe line), the
following modifications in both electrical and thermal models are applied, as
sketched in Fig. 6.3.4:

o Thermal Model: The defect remains at the center of the circular ther-
mal mesh. Instead, the material structure is reconfigured based on the
properties of the layer stack to simulate the edge of an active cell near
the P3 scribe line. Specifically, a 50 um wide stripe of EVA is substituted
for both AZO and CIGS along the depth at the P3 scribing line, while all
other layers stay the same.
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¢ Electrical Model: The initial defect’s location is shifted from the center
of the rectangular cell to the bottom edge, away from where the power
is deposited. The axes were also shifted to maintain their origin at the
center of the defect and ensure the coordinates of the two models match.

¢ Mesh Resolution: For this simulation, I find that the defect grows partic-
ularly asymmetrically and over a large distance, necessitating continuous
remeshing of the electrical model. Figure 6.3.5 illustrates the electrical
model mesh at various simulation points, using the freefem-+-+command
remesh. As shown in Fig. 6.3.5(a), the simulation begins with an electri-
cal mesh refined using a logarithmic spatial distribution, providing high
resolution in and around the defect. However, as the defect grows larger,
it extends into coarser regions of the mesh. Consequently, the electri-
cal model must be continuously remeshed based on the potential solution
to maintain high resolution in the vicinity of the defect throughout the
simulation, as depicted in Fig. 6.3.5(b) and (c). Meanwhile, the ther-
mal model uses a single mesh but employs a higher resolution than the
baseline model in and around the defect.

Figure 6.3.6 presents a cross-section of the layer stack from the thermal
model at ¢t = 1.78 us. The temperature distribution indicates that the defect is
growing laterally into the solar cell and away from the P3 scribe. Since EVA is
a poor heat conductor, the heat gradient is steep toward the P3 line.

To have an overview regarding the growth dynamics, Fig. 6.3.7 shows the
defect’s growth into active part of the solar cell over time. In this figure, (a),
(e), (i), (m) and (q) present the top views of the defect from the thermal model
at the middle of the CIGS layer, while the phase plots in (b), (), (j), (n) and
(r) depict the corresponded shape of the defect, respectively. Furthermore, (a),
(e), (i), (m) and (q) show the electrical power in CIGS layer, while (b), (f), (j),
(n) and (r) depict the power in AZO layer, respectively.

As shown in Fig. 6.3.7(a), the defect initially has a circular uniform heat
distribution leading to a small half circle-shape in the phase plot depicted Fig.
6.3.7(b) at t = 0.28 us. In Fig. 6.3.7(c), high electrical power densities are
observed within the defect in the CIGS layer, as the power is generated in the
CIGS layer itself. Meanwhile, the power in AZO layer, as depicted in 6.3.7(d),
increases toward the defect then drops gradually to zero within it. As time
progresses to t = 0.88 us, as shown Fig. 6.3.7(e), the defect does not maintain
a uniform circular heat distribution, leading to a larger, non-uniform region
with a semi-circular shape in the phase plot shown in Fig. 6.3.7(f). In the
electrical model, however, it is observed that most of the current flows into
the defect from the side opposite to the P3 line. This results in asymmetric
power dissipation, with higher concentrations on one side of the defect in both
the CIGS and AZO layers, as seen in Fig. 6.3.7(g) and (h). Consequently,
the highest temperatures develop along this half-ring of the defect. In Fig.
6.3.7(i), I observe this effect more clearly as the defect is significantly cooler
at the P3 facing side, resulting in a defect growth primarily in the y-direction
toward the P1 line. In the z-direction, the defect does not expand. This uneven
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Figure 6.3.4: A schematic illustration of the modified generated mesh for both
electrical and thermal models, when the defect is shifted to P3 scribe line. The
electrical model has a rectangular domain with dimensions of 0.4cm X 2cm,
while the thermal model is cylindrical with a diameter of 0.40 cm, and a depth
equals the thickness of all layers in the stack as in Table 5.1. The initial defect
with a radius of 10nm is located along the bottom long edge of the cell in the
electrical model, away from the power. In the thermal model, the defect remains
in the center of the domain. However, both AZO and CIGS are replaced by
EVA for an area of 50 pm wide to mirror a P3 scribe line.

temperature distribution results in a slightly elongated shape for the defect, as
depicted in Fig. 6.3.7(j). Additionally, lower but unevenly distributed power
densities are observed in both CIGS (Fig. 6.3.7(k)) and AZO (Fig. 6.3.7(1)),
with maximum power concentration occurring at the defect’s tip. Later on, as
plotted in Fig. 6.3.7(m), (n), (q) and (r), the defect develops a propagating tip
away from the P3 line toward the source of the current (P1 line).This directional
growth is also reflected in the power distribution, where the maximum power
remains concentrated at the tip of the defect, as depicted in in Fig. 6.3.7(0), (p),
(s), and (t). In Fig. 6.3.7(r), it is observed that the defect reaches approximately
13.5 um into the cell after 18.5us. Thus the defect propagates at a rate of
approximately 0.73m/s.
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Figure 6.3.5: A schematic illustration for various regenerated meshes of the elec-
trical model throughout the simulation. The electrical model has a rectangular
domain with dimensions of 0.4cm x 2cm. The initial mesh in (a) is resolved
using logarithmic spatial distribution. Afterwards in (b) and (c), the potential
solution-from the electrical model-is used to remesh the electrical model, ensur-
ing a high resolution in the vicinity of the defect area as the defect grows with
time.
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Figure 6.3.6: A cross sections in a CIGS solar cell showing the thermal profile for
the layer stack, when the defect, with an initial radius of 10 nm and resistivity
of 3.14 x 1077 Qcm?, has reached a length of around 5 um at ¢t = 1.78 us. The
defect shows asymmetrical growth between the two side of the P3 scribe line. No
growth is observed in P3 line where the encapsulation foil is present. However,
the defect exhibits high temperature distribution (7" > 1000°C) in the active
cell, indicating that the defect is growing in a single direction reaching a length
of bum at t = 1.78 us.
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Figure 6.3.7: Evolution of the defect over time in terms of temperature, phase,
and power distribution. a) e) i) m) q) Temperature distribution profile at the
middle of CIGS layer, and b) f) j) n) r) phase plot ¢) g) k) o) s) CIGS power
profile, and d) h) i) p) t) AZO power distribution, after 0.28 us, 0.88 us, 1.78 s,
8.5 us, and 18.5 us, respectively. Initially, the defect appears as a regular half-
circular shape with uniform temperature and power distribution (a), (e), (b), (f),
(¢), (d). Over time, the front side heats up while the rest cools down, leading to
an irregular shape (i), (j) where power has its maximum along the defect ring in
both CIGS (g) and AZO (h). Afterwards, the defect has a unidirectional growth
as shown in(m), (n), (q), and (r), with power peaking at its tip as depicted in
(0), (p), (s), and (t). The defect has reached a length of 13.5 um as depicted in
the phase plot (r). The defect is clearly propagating away from P3 scribe line
towards P1 line, where power is deposited, replicating a behavior of a wormlike
defect.
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Comparing the results with the baseline simulations, it should be noted
that even in the baseline simulations, higher power dissipation is observed on
the side facing the P1 line. However, in the centered defect case, the power
dissipation is much less asymmetric, resulting in a more or less static defect
location throughout the entire simulation interval of 1ms. The simulations
presented here, however, demonstrate that the asymmetric power dissipation of
a defect can drive its propagation through the material. These simulation results
align well with existing literature on the origin and propagation dynamics of
wormlike defects, which suggests that wormlike defects often originate from the
P3 scribe line and migrate toward the P1 interconnection line [5, 6].

For further comparison, in Fig. 6.3.8, I compute and depict the power
density rather than the direct growth to analyze defect behavior at three main
locations: (a) the P3 scribe line, (b) the center, and (c¢) the P1 scribe line, in
addition to the electrical potential for these locations. The figure is arranged
in two columns and three rows. The left column shows power density plots for
each defect location combining four time instances, with time steps presented
on a logarithmic scale: 2 x 1078, 2 x 1077, 2 x 107, and 2 x 10~° seconds.
The plots visualize the defect contours for each time point. The contour color
represents the integrated power in logarithmic scale (i.e. the sum of power in
both CIGS and AZO layers) in Wm™" along the normal line over a distance of
—0.1 pm to 0.1um across the contour, while the shading depicts the defected
area. At the final time point, surface normal vectors are included, scaled to
the integrated power across the contour. I hypothesize that this power drives
the expansion of the defect by heating the surrounding area, and thus the plot
illustrates the defect’s expansion dynamics. In this analysis, I use the term
"implied growth rate" to refer to this inferred relationship. The right column in
Fig. 6.3.8, on the other hand, depicts 2D electrical potential maps corresponding
to the final time point, (i.e. 2x 107°s), for each defect location in a linear scale.
These potential maps shows the voltage distribution driving the localized power
dissipation around the defect.

As shown in Fig. 6.3.8(1), during the initial phase (up to 20ns), the implied
growth rates of defects at P3 and the center are similar, while the defect at P1
scribe line grows more slowly. In the subsequent phase, the defect at the P3
scribe line expands more rapidly at first but then experiences a sharp decline in
its implied growth rate as it enlarges. While the center defect’s growth nearly
matches that of the P3 defect, P1 defect exhibits a higher implied growth rate,
particularly after 20 us. These trends are also reflected in the potential maps in
Fig. 6.3.8(2). For the P3 defect, the potential is generally low and asymmetrical,
particularly along the sides, but is slightly higher at the tip, which allows further
growth toward P1 line. The center defect shows a similar but more symmetrical
potential distribution, which tends to keep the defect stationary. In contrast,
the P1 defect displays a steep potential drop at the tip and higher potential at
the corners, while the rest of the cell’s potential is largely unchanged.

The differences in defect behavior observed in Fig. 6.3.8 can be attributed
to their respective locations. The defect at the P1 scribe line expands more
consistently because it is directly connected to a voltage source, ensuring that
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potentials and power remain largely unaffected. The defect at the center grows
symmetrically, with its implied growth rate slightly decreasing due to increased
conductivity. However, some power is lost through series resistance, which
reduces current crowding and slows its implied growth.

The defect at the P3 scribe line follows a growth mechanism similar to the
center defect. Initially, its growth rate is slower due to higher series resistance,
but it compensates through additional current crowding from one side. As
the defect expands, current crowding decreases due to its larger border and
improved geometric accessibility, allowing current to flow more effectively from
multiple directions. This shows that the growth rate is strongest when the
defect is small, with current crowding driving expansion in all directions before
the defect gradually forms a worm-like structure, focusing growth at the tip.

It should also be noted that wormlike defects typically propagate in a Brow-
nian motion-like pattern, albeit with a preferential direction toward the P1 line.
This Brownian motion-like behavior is not reproduced by the model, which as-
sumes homogeneous cell properties. We argue that this behavior stems from
the polycrystalline nature of the CIGS films. Additionally, the duration of the
simulated reverse stress was limited by the computational intensity of the pro-
cess. Therefore, we attribute the apparent lack of propagation for the center
and P1 defects to the short time scales of the simulations.
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Figure 6.3.8: 1) The implied growth rate in term of power and 2) The electrical
potential for a defect at three locations: a) P3 scribe line, b) the center, and ¢)
P1 scribe line. The power shows 4 time points in a logarithmic scale (2 x 1078,
2x1077,2x 1075 and 2x 1077 s), for each defect location. The plots visualize the
defect contours for each time point. The contour color represents the integrated
power (sum of both in CIGS and AZO layers) along the normal line over a
distance of —0.1 um to 0.1pum. At the final time point, surface normal vectors
are included to better illustrate the expansion dynamics, with vector length is
scaled by power, while the shading as an illustration of the defect area. The
potential is depicted for the defect at the three locations, at the final time point
in linear scale. Initially, defects at P3 and center grow similarly, while P1 grows
slower. After 20, us, P3 growth accelerates then declines, P1 growth increases,
and center growth follows P3. The P3 defect shows low, asymmetrical potential
with a higher tip potential promoting growth toward P1. The center defect’s
potential is more symmetrical. The P1 defect has a steep potential drop at the
tip and higher potential at corners, with the rest of the cell largely unaffected.
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6.4 Summary

In this chapter, I examined the impact of thermal properties of various layers
within the solar cell stack, as well as the location of defects within the cell,
on defect growth using the established coupled finite element method (FEM)
model described in Chapter 5. Modifications were made to tailor the model for
each specific case under investigation.

I began by analyzing defect growth in non-encapsulated solar cells, in which
I needed to remove the encapsulation layer from the thermal model. The re-
sults indicated that in the absence of an encapsulation layer, the cell is more
susceptible to reverse bias damage, resulting in larger defects compared to en-
capsulated cells. This is attributed to the encapsulation’s ability to maintain
the defect at a confined size.

Next, I explored the effects of replacing the glass substrate with a thinner
and more thermally conductive material, specifically steel foil. This was done
by simply replacing the thermal properties of the substrate from glass to steel.
The simulations revealed that while a conductive substrate like steel foil cannot
prevent the creation of hotspots and initial reverse bias damage, it can effectively
inhibit defect growth by dissipating heat more efficiently through the steel foil,
thus limiting heat localization in small areas.

Finally, T investigated how the location of defects within the solar cell in-
fluences their growth dynamics and potential for causing damage. By shifting
the defect to the interconnection on both long edges of the cell, I replicated
conditions for defects at the P1 and P3 scribe lines. The results showed that
a defect located at the P1 line (i.e. where the power is also deposited) can
restrict the growth due to limited power pathways to the defect. In contrast, a
defect positioned at P3 line (i.e. away from the power) exhibited unidirectional
growth away from P3 toward P1 line, resulting in a moving "wormlike" defect.
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Conclusions

In this work, I have investigated the formation and development of reverse
bias damage in CIGS solar cells. The evolution of these reverse bias defects is
governed by strong positive-feedback mechanisms, which can often render the
process chaotic. Specifically, I propose a three-phase mechanism—nucleation,
growth, and wandering—to describe how microscopic electronic or structural
imperfections can evolve into large, worm-like defects under reverse bias stress.

1. Nucleation Phase

Positive Feedback and Thermal Runaway

In the first phase, the solar cell experiences a localized junction break-
down when subjected to reverse bias. This breakdown, which is
thermally activated, establishes a positive feedback loop: high local
currents produce heat, which raises the local temperature, increas-
ing the local conductivity, and thereby attracting even more current.
As this feedback intensifies, the cell can undergo thermal runaway
and subsequent material decomposition, forming a small, shunt-like
defect.

HS-LIT Method Development

To experimentally investigate the onset of this nucleation phase and
to quantify the positive feedback loop, I developed the Laser-Induced
Hot-Spot Lock-In Thermography (HS-LIT) setup. By incorporating
laser modulation into a thermography system, the HS-LIT method
allows direct measurement of the temperature rise at a laser-induced
hot-spot. This approach made it possible to quantify the loop-gain
i.e., the rate at which thermal runaway can escalate under specific
reverse bias conditions.

A key aspect of the method is that through the use of modulation,
we can create a non-destructive method that can quantify loop-gains
above one. This is achieved as during a modulation cycle, the con-
ditions leading to a loop gain above 1 is followed by a condition
with a much lower loop-gain. This way we can quantify a loop-gain

109
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above 1 and drive the device non-destrictively into conditions where
a non-modulated experiment would experience thermal runaway.

Through HS-LIT measurements, I observed loop-gain values exceed-
ing 1 (up to approximately 2.0 at reverse biases of 3 V), thereby con-
firming the superlinear susceptibility of CIGS solar cells to thermal
runaway at higher reverse bias and increased local temperatures.

Substrate and Location Dependence

The HS-LIT method also revealed significant variation in loop-gain
across different regions of the solar cell. Hot-spots forming near the
P1 scribe line often exhibited increased loop-gain values, suggesting
an elevated risk of localized breakdown. Comparisons between CIGS
on steel foil and CIGS on glass showed that steel’s higher thermal
conductivity reduces the likelihood of runaway by dispersing heat
more effectively. Consequently, cells on steel foil formed wider, cooler
hot-spots with lower loop-gains (around 1.0), while cells on glass had
more localized and hotter spots with correspondingly higher loop-
gains.

2. Growth Phase Once the initial, small shunt-like defect forms in the nucle-

ation phase, it expands through a second positive feedback mechanism: as
current flows through this defect, it dissipates heat locally. The surround-
ing material—now at a higher temperature—further decomposes, causing
the defect to grow in size and consequently become more conductive.

High-Resolution Electro-Thermal FEM Simulations

To understand and replicate the experimentally observed fast time
scales (on the order of milliseconds) for defect growth, I developed a
coupled electro-thermal finite element model (FEM) with high spa-
tial and temporal resolution. By assuming a small initial defect size
10 nm in radius, the simulations were able to reproduce a final defect
size on the order of a 5pum within one millisecond of reverse bias
stress.

Additionally, the model allowed exploration of various parameters—
such as defect resistivity and initial defect geometry—while using
established literature values for other parts of the solar cell stack. A
key result of these simulations is that the power deposited at the de-
fect reaches a maximum that depends on both its size and resistivity.
More conductive defects achieve their maximum power dissipation at
smaller radii, thus influencing how quickly the defect can expand.

Impact of Other Layers

Using the same FEM framework, I analyzed how device stack layers
(e.g., encapsulation with EVA versus exposure to air, or glass ver-
sus steel substrates) affect the heating and expansion of the defect.
Notably, encapsulation generally mitigates rapid defect growth by
promoting heat dissipation away from the hot-spot, whereas a non-
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encapsulated device permits more localized heating and potentially
larger final defect sizes.

3. Wandering Phase In the final wandering phase, the defect no longer grows
simply in place but migrates through the solar cell, ultimately forming the
worm-like tracks characteristic of advanced reverse bias damage. Both
experimental observations and simulations show a tendency for the defect
to move toward the P1 line, where electrical power is injected.

Interestingly, defects on the edge where current enters (near the P1 scrib-
ing line) tend to remain relatively small, whereas those originating toward
the center of the cell or near the P3 scribing line can propagate more ex-
tensively and cause permanent damage, consistent with a strong internal
drive to move toward the P1 region. Particularly near the P3 line, the
defect quickly develops into an elongated shape, moving toward the P1
line.

Through the combination of HS-LIT experiments and electro-thermal FEM
simulations, this work demonstrates that the formation of reverse bias damage in
CIGS solar cells is a multi-step process driven by strong positive feedback loops
at each stage. The susceptibility to thermal runaway is highly sensitive to local
conditions—defect location, substrate thermal properties, and encapsulation—
all of which modulate heat dissipation and current flow.

By understanding and quantifying these feedback processes, we can more
effectively predict the onset of damage, tailor materials or device stack archi-
tectures (such as using steel foil substrates with higher thermal conductivity),
and develop processing or design strategies to mitigate or delay catastrophic
defect formation.






Appendix

Emissivity using F'TIR spectrometer

An important parameter for thermography experiments is the emissivity. For
a black body, the thermal radiation from an object is directly linked to the
object’s temperature. For objects with an emissivity below 1, several effects
alter the thermal radiation. First of all, the intensity of the emitted radiation
is less, by the factor of the emissivity. Thus, for the same actual thermal ampli-
tude, an object with a lower emissivity will appear to have a lower amplitude.
Another complication stems from reflections and transmissions of thermal ra-
diation. As an object with an emissivity less than 1, by definition, does not
absorb all incoming radiation, part of the thermal radiation coming from the
object’s location may actually be reflected or transmitted radiations from the
surroundings [100-102].

In this work, I am interested in Lock-In experiments. As in Lock-In ex-
periments temperature differences are detected, the absolute temperature is
irrelevant. This means that reflection and transmission of thermal radiation
plays no role as long as these contributions are not modulated with the excita-
tion frequency. Thus, in the setup of my experiment, it is not to be expected
that reflections affect the measurement. Neither are transmissions from below
the sample likely, as the sample is opaque. However, the device consists of a
layer stack and each layer in the device has its own spectral emissivity. If the
emissivity of the last layer (the layer facing the camera i.e. the encapsulation
layer) is not 1, thermal radiation of layers below will mix with the emission of
the last layer, i.e., the total thermal radiation emitted by the sample is then a
mix of emissions from various depths within the sample. As the signal comes
from within the sample, a portion of this radiation will be modulated with the
excitation signal and thus will affect the lock-in experiment.

In this study, I aim to determine the emissivity of the encapsulation layer. To
do so, a large CIGS sample (i.e. a sample of one cell with an area of 10 cm?) was
encapsulated with an Ethylene Vinyl Acetate (EVA) and Polyethylene Tereph-
thalate (PET) sheet. Subsequently, the encapsulation foil was peeled off and a
rectangular piece was cut out of 2 x 2cm?. The thickness was determined to be
0.30mm. For the measurement of the absorption, Fourier-Transform Infrared
Spectroscopy (FTIR) measurements were performed.

FTIR is an analytical technique used to obtain a high-resolution IR spec-
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trum of absorption of a material [103, 104]. The "Fourier-Transform' in its
name refers to the fact that in FTIR the actual measurement is a so-called "in-
terferogram," which is a complex representation of the optical response of the
sample. This measured response is then transformed into an absorption (trans-
mission) spectrum using a Fourier Transform. In FTIR, the complete spectrum
is measured at once, contrary to a setup with a monochromator, where one
wavelength is measured at a time.

Prior to characterizing the EVA sample, a crystalline silicon (c-Si) film was
used for calibration. Subsequently, an open window was employed as the back-
ground reference. The EVA encapsulation sample was then analyzed using the
transmission mode of the FTIR spectrometer, where the transmitted light inten-
sity was measured. The FTIR instrument internally converted the transmission
spectrum to absorbance mode using the following formula:

100
A=tog (7).

where A represents the absorbance and %7 denotes the percentage of light
transmitted through the sample. During this conversion, the reflected light
from the sample surface was neglected.

The obtained absorbance from the FTIR measurement is shown in Figure
A.0.1. For the used camera, the relevant wavelength range is 1.5 — 5.5 um,
which corresponds to 6667 — 1818 cm™!. above 4000 cm™! the absorbance was
not measured. From 4000 — 1818 cm™!, I observe one band of high absorbance
between 3100 — 2700 cm ™", with an absorbance of about 4.5. In the remainder,
the absorbance is around 0.5.

The transmission (7') can be then obtained again from the absourbance (A)
spectrum using the following equation:

T =100 x 1074, (A1)

which indicates a transmittance of about 31.6% when the absorbance is 0.5.
Regarding reflection, the refractive index (n) of EVA is comparable to that of
glass, which is 1.5, while the refractive index of air is 1.0 [105, 106]. Thus, the
reflection is given by:

R= ("1_"2>2:4%, (A.2)

ny + no

where n; is refractive index of air, while ny is refractive index of EVA.
Therefore, the effective transmission of EVA is around 27%.

With a transmittance of approximately 27%, obtaining an accurate mea-
surement of the surface temperature is challenging. One should consider that
deep inside the layer stack the highest temperatures are expected, and thus the
highest emission rates, meaning that more than 27% of the thermal radiation
will originate from deeper layers. To achieve a well-calibrated measurement,
applying black paint to the front of the cell would be necessary. However, this
would prevent the measurement of luminescence or illuminated characteristics
of the cell. For this reason, in this work, I opt to use inaccurate temperature
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Figure A.0.1: FTIR measurement of EVA layer with an area of 2 x 2cm? and a
thickness of 0.30 mm. The plot shows the absorbance A is depicted as a function

of wavenumbers cm~!. EVA has an average absorbanse of approximately 5 for
the MID-IR range.

estimates. Nonetheless, for a well-calibrated experiment in the future, it is cru-
cial to ensure that the final layer has high emissivity through careful sample
design.
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