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Summary

Perovskite solar cells are expected to enter industrial production on a large scale in
the near future. This might happen either as single-junction perovskite photovoltaic
(PV) modules, or as top cells in tandem devices in combination with silicon-based
bottom cells. However, before any perovskite-based PV technology can be reliably
deployed outdoor, one major hurdle must be overcome: their notorious lack of stabil-
ity. Under realistic operating conditions, this instability will lead to degradation of
the photovoltaic performance over time.

Among the various stress factors that have been shown to degrade perovskite
solar cells, reverse bias stress has emerged as a particularly critical issue. A reverse
bias can occur in a module when one cell in a string of series-connected cells
generates significantly less current than the other cells in that string. This typically
occurs during partial shading events, where, to give an idealized example, one cell is
shaded while the remaining cells are illuminated. Due to the series-connection of the
cells, the shaded cell is impacted by the current that is generated by the illuminated
solar cells. Two different scenarios can result from this situation:

Firstly, the reverse bias that the illuminated cells apply to the shaded cell is large
enough to force it into breakdown. Then, a large reverse bias current flows through
the shaded cell, which can cause rapid degradation. Nevertheless, the remaining,
illuminated part of the string continues to generate a current and, as long as the
shaded cells keeps conducting it, power can be extracted from the module.

In the second scenario, the maximum reverse bias that the illuminated cells can
impose on the shaded cell is not large enough to cause the breakdown. The max-
imum bias is the sum of the open-circuit voltages of the illuminated cells. It can be
insufficient for effecting breakdown when the number of cells making up the string
is small or when more than one cell in a string is shaded. Then, the shaded cells act
as a blocking diode and almost no current flows through the shaded cells, which
also prevents current from flowing through the rest of the string, resulting in zero
power output. At the same time, less degradation can be expected to occur due to
the lack of current flowing through the shaded cells.

Which of these scenarios occurs depends on the reverse bias behavior of the
shaded cells, as well as the overall module design. Therefore, understanding the
behavior of perovskite solar cells under reverse bias is instrumental for increasing
the stability of modules under partial shading conditions. For this reason, the reverse
bias behavior of perovskite solar cells is as the central focus of this thesis.

A more thorough introduction to the topic and its background is given in Chapter 1.

Chapter 2 provides an overview of the current state of research. The chapter
begins with a brief introduction to the operating principles of a perovskite solar
cell and the functionality of the individual layers that constitute the device. This is
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followed by a detailed discussion of the widely accepted mechanisms underlying
the reverse bias breakdown in perovskite solar cells, along with a summary of the
experimental evidence supporting this model. The chapter concludes with a review
of the proposed degradation mechanisms and the observations on which they are
based.

Chapter 3 gives an overview of the fabrication of the samples and introduces the
key characterization techniques used throughout this experimental work.

Chapter 4 examines the "breakdown voltage" metric, which is commonly used in
literature to describe the reverse bias behavior of perovskite solar cells. A closer
inspection reveals a lack of standardization in regard to this metric, both in the meas-
urement parameters and conditions, and in the definition and method of determina-
tion of the breakdown voltage. This lack of consistency limits the comparability of
the results from different studies.

To address this issue, the impact of measurement parameters and conditions on
the resulting metric on the basis of data from literature is discussed. This enables
the proposal of a set of measurement parameters as a first step towards standardiz-
ation. Furthermore, the available definitions of the breakdown voltage are compared
with regard to to comparability, generality, and usefulness. The point of maximum
curvature is proposed as a new definition of the metric that combines comparability
with the ability to be analytically expressed. That means that it could eventually be
connected to a theoretical model of the breakdown mechanism.

In Chapter 5, the breakdown voltage proves its usefulness as a link between the
voltage, the reverse bias current and cell degradation. When varying the applied
reverse bias and the duration of the degradation experiments, a significant inhomo-
geneity in the current flowing through the reverse biased cells was observed. By
normalizing the applied biases with the cell-specific breakdown voltages, cell-to-cell
differences in reverse bias behavior can be minimized. This normalization proced-
ure results in a clearer relationship between current and voltage and also between
the degradation rate and voltage. It reveals that both relationships are exponential,
suggesting that the degradation rate is closely related to the reverse bias current.
This finding is interpreted as evidence that degradation is primarily current-driven.

In Chapter 6, the breakdown mechanism itself is brought into the focus of re-
search. Realistic partial shading events might include incomplete shading, where the
affected cell still receives low-intensity illumination. This may occur through diffuse
illumination when the shading object is located at some distance from the module, or
due to reflected back-side illumination in case of a bifacial module. Voltage sweeps
into the reverse bias regime under low-intensity illumination reveal a pronounced
dependence on the voltage scan rate. At small scan rates, illumination has little
effect, while the reverse bias behavior is strongly influenced at large scan rates.

Based on the role of mobile ions during breakdown and to explain the effect of
illumination on the breakdown, a hypothesis is developed: lllumination has been
shown to increase the conductivity of mobile ions. Since the presence of mobile
ions at the interfaces of the perovskite layer is instrumental to allowing tunneling,
increased conductivity leads to a reduction of the absolute value of the breakdown
voltage ("less negative"). At the same time, the reverse bias current drives an elec-
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trochemical reaction that increases the breakdown voltage, possibly by neutralizing
the mobile ions. The electrochemical reaction depends on the total charge that has
passed through the solar cell, which, in turn, is strongly influenced by the scan rate.
This dependence explains the pronounced impact of the scan rate on the apparent
breakdown voltage that has been observed experimentally.

The central role of the current (and charge) is further supported by additional
quasi-steady state experiments. In these experiments, a constant reverse bias cur-
rent is injected for enough time to allow the solar cells to reach a quasi-steady
state before illumination is added. Under these conditions, illumination significantly
affects the reverse bias behavior only at low current injection levels. Furthermore,
pre-conditioning a solar cell by injecting a large reverse bias current prior to a voltage
sweep under illumination also suppresses the influence of light on the measured
breakdown voltage. Therefore, these experiments support the hypothesis. From
these observations, the conclusion is drawn that the effect of low-intensity illumina-
tion under realistic partial shading conditions is unlikely to have a significant impact
on the reverse bias behavior. However, these findings also emphasize the importance
of a deeper understanding of the reverse bias breakdown mechanism to ultimately
address reverse bias degradation.

Chapter 7 extends the investigation of the breakdown mechanism from a differ-
ent perspective. Up to this point, a solar cell has been implicitly treated as one-
dimensional or spatially uniform. In this chapter, reverse bias electroluminescence
(ReBEL) is introduced as a powerful mapping technique for investigating the local
reverse bias behavior of perovskite solar cells.

To that end, the technique is validated: The ReBEL spectrum closely resembles the
electroluminescence (EL) spectrum, confirming that the ReBEL emission originates
from the perovskite layer. Comparison between ReBEL images and those obtained
from steady state infrared thermography and reverse bias lock-in thermography
reveals consistent spatial features. This serves as proof that the ReBEL signal can
be used to image the local reverse bias current.

Subsequently, ReBEL mapping is performed at various current injection levels. At
small reverse bias currents, emission is localized primarily at the cell edges and at
small spots, while the rest of the device area remains dark. On the other hand, at
large currents, the entire cell area emits light, while the cell edges are not present as
separate features anymore. The cell area shows a significant spatial inhomogeneity
of the emission rate.

Semi-quantitative analysis reveals an additional difference between the cell edges,
the bright spots and the general cell area: The emission rate at the cell edges and
at some of the bright spots grows strongly at small current levels, but stagnates
at larger current levels. In contrast, the emission rate in the cell area continues
increasing exponentially at large current levels. Therefore, the behavior of the cell
area dominates the behavior of the complete cell at large current levels. From these
differences, the conclusion is drawn that different breakdown mechanisms are
present.

Additional experiments trace the activity at the cell edges back to the sharp
geometry of the bottom electrodes. Cells with more rounded bottom electrodes show
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less increased emission rates at the edges at small current levels. For the spatially
inhomogeneity of the emission rate in the cell area, on the other hand, no satisfactory
explanation is found. Comparison with forward electroluminescence imaging hints at
a possible connection to the series resistances of the top and bottom electrode. That
connection, however, is inverted, with an assumed high series resistance seemingly
leading to large emission rates. Possibly, the reverse bias breakdown mechanism,
governing current flow, plays an as of yet unknown role here.

In Chapter 8, the thesis is brought to a close by summarizing conclusions and
outlining several recommended research directions. These include the development
of integrated bypass diodes, a more rigorous investigation of the breakdown mech-
anism including a formalism, and an extension of the research to perovskite-based
tandem solar cells.



Samenvatting

Samenvatting in het Nederlands gerealiseerd met hulp van Google Translate.

Perovskiet-zonnecellen zullen naar verwachting op korte termijn grootschalig in
productie worden genomen. Dit kan gebeuren als enkelvoudige perovskiet-fotovol-
taische (PV voor fotovoltaisch) modules, of als topcellen in tandemstructuren in
combinatie met silicium-gebaseerde bodemcellen. Voordat perovskiet-gebaseerde
PV-technologie echter betrouwbaar in praktijk kan worden ingezet, moet eerst een
grote horde worden genomen: hun beruchte gebrek aan stabiliteit. Onder realistische
omstandig-heden zal deze instabiliteit in de loop van de tijd leiden tot degradatie
van de fotovoltaische prestaties.

Onder de verschillende stressfactoren waarvan is aangetoond dat ze perovskiet-
zonnecellen aantasten, is reverse bias (negatieve spanning) stress naar voren geko-
men als een bijzonder kritisch aspect. Een negatieve spanning kan in een module
optreden wanneer één cel in een reeks in serie geschakelde cellen aanzienlijk minder
stroom levert dan de andere cellen in die reeks. Dit gebeurt typisch tijdens gedeel-
telijke beschaduwing, waar, om een geidealiseerd voorbeeld te geven, één cel volledig
beschaduwd is, terwijl de overige cellen worden belicht. Door de serieschakeling
van de cellen heeft de stroom die door de belichte cellen wordt opgewekt, effect
op de beschaduwde cel. Door deze beschaduwing kunnen twee mogelijke situaties
ontstaan:

Ten eerste is de negatieve spanning die de belichte cellen over de beschaduwde cel
aanbrengen groot genoeg om deze in doorslag ("breakdown") te dwingen. Vervolgens
vloeit er een grote stroom door de beschaduwde cel, wat snelle degradatie kan
veroorzaken. Toch blijft het overige, belichte deel van de string stroom genereren
en, zolang de beschaduwde cel deze blijft geleiden, kan er vermogen uit de module
worden gehaald.

In de tweede situtatie is de maximale negatieve spanning die de belichte cellen op
de beschaduwde cel kunnen uitoefenen niet groot genoeg om doorslag te veroorza-
ken. De maximale spanning is de som van de open-circuitspanningen van de belichte
cellen. Deze kan onvoldoende zijn om doorslag te veroorzaken wanneer het aantal
cellen in de string klein is of wanneer meer dan één cel in een string beschaduwd is.
De beschaduwde cellen fungeren dan als een blokkerende diode en er loopt vrijwel
geen stroom door de beschaduwde cellen, wat ook voorkomt dat er stroom door de
rest van de string loopt, met als gevolg een vermogensafgifte van nul. Tegelijkertijd
kan er minder degradatie worden verwacht door het gebrek aan stroom door de
beschaduwde cellen.

Welk van deze situaties zich voordoet, hangt af van het reverse bias gedrag van de
beschaduwde cellen, evenals van het algehele moduleontwerp. Daarom is inzicht in
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het gedrag van perovskiet-zonnecellen onder negatieve spanningen essentieel voor
het verhogen van de stabiliteit van modules onder gedeeltelijke beschaduwing. Om
deze reden vormt het reverse bias gedrag van perovskiet-zonnecellen het centrale
thema van dit proefschrift.

Een uitgebreidere inleiding op het onderwerp en de achtergrond ervan is te vinden
in hoofdstuk 1.

Hoofdstuk 2 geeft een overzicht van de huidige stand van het onderzoek. Het hoof-
dstuk begint met een korte introductie van de werkingsprincipes van een perovskiet-
zonnecel en de functionaliteit van de afzonderlijke lagen waaruit de cel is opgebouwd.
Hierna volgt een gedetailleerde beschrijving van de algemeen aanvaarde mechan-
ismen die ten grondslag liggen aan de doorslag in perovskiet-zonnecellen onder
reverse bias, samen met een samenvatting van het experimentele bewijs dat dit
model ondersteunt. Het hoofdstuk sluit af met een overzicht van de voorgestelde
degradatiemechanismen en de waarnemingen waarop deze gebaseerd zijn.

Hoofdstuk 3 geeft een overzicht van de fabricage van de cellen en tussenproducten
en introduceert de belangrijkste karakteriseringstechnieken die in dit experimentele
werk zijn gebruikt.

Hoofdstuk 4 onderzoekt de "doorslagspanning"-parameter ("breakdown voltage"),
die in de literatuur vaak wordt gebruikt om het gedrag van perovskiet-zonnecellen
bij negatieve spanningen te beschrijven. Bij nadere inspectie blijkt er een gebrek
aan standaardisatie te bestaan met betrekking tot deze meetwaarde, zowel wat
betreft de meetparameters en -omstandigheden als de definitie en de methode
voor het bepalen van de doorslagspanning. Dit gebrek aan consistentie beperkt de
mogelijkheid tot het vergelijken van de resultaten uit verschillende onderzoeken.

Om dit probleem aan te pakken, wordt de impact van meetparameters en -omstan-
digheden op de resulterende metriek besproken aan de hand van gegevens uit de lit-
eratuur. Dit maakt het mogelijk om een set meetparameters voor te stellen als eerste
stap naar standaardisatie. Verder worden de beschikbare definities van de doorslag-
spanning vergeleken met betrekking tot mogelijkheid tot vergelijken, algemeenheid
en bruikbaarheid. Het punt van maximale kromming wordt voorgesteld als een
nieuwe definitie van de metriek die mogelijkheid tot vergelijken combineert met de
mogelijkheid om analytisch te worden uitgedrukt. Dat betekent dat het uiteindelijk
gekoppeld zou kunnen worden aan een theoretisch model van het doorslagmechan-
isme.

In hoofdstuk 5 bewijst de doorslagspanning zijn nut als een schakel tussen de
spanning, de reverse bias stroom en celdegradatie. Bij variatie van de toegepaste
spanning en de duur van de degradatie-experimenten werd een significante inhomo-
geniteit in de stroom door de cellen met negatieve spanningen waargenomen. Door
de toegepaste spanningen te normaliseren met de celspecifieke doorslagspannin-
gen, kunnen cel-tot-cel verschillen in reverse bias gedrag worden geminimaliseerd.
Deze normalisatieprocedure resulteert in een duidelijker verband tussen stroom en
spanning, en ook tussen de degradatiesnelheid en de spanning. Het laat zien dat
beide verbanden exponentieel zijn, wat suggereert dat de degradatiesnelheid nauw
samenhangt met de stroom onder negatieve spanningen. Deze bevinding wordt
geinterpreteerd als bewijs dat degradatie voornamelijk stroomgedreven is.
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In hoofdstuk 6 wordt het doorslagmechanisme zelf centraal gesteld in het on-
derzoek. Realistische gedeeltelijke beschaduwing kunnen onvolledige schaduw
omvatten, waarbij de betreffende cel nog steeds een lage lichtintensiteit ontvangt.
Dit kan optreden door diffuse belichting wanneer het schaduwobject zich op enige
afstand van de module bevindt, of door gereflecteerde belichting aan de achterz-
ijde in het geval van een bifaciale module. Spanningsmetingen in het negatieve
spanningsgebied onder lage lichtintensiteit laten een uitgesproken afhankelijkheid
van de snelheid van de spanningsscan zien. Bij lage snelheden heeft de belichting
weinig effect, terwijl het gedrag in negatieve spanning sterk wordt beinvloed bij hoge
snelheden. Op basis van de rol van mobiele ionen tijdens de doorslag en om het
effect van belichting op de doorslag te verklaren, wordt een hypothese ontwikkeld:
Het is aangetoond dat belichting de geleiding van mobiele ionen verhoogt. Omdat de
aanwezigheid van mobiele ionen aan de grensvlakken van de perovskietlaag essen-
tieel is voor tunnelen, leidt een verhoogde geleiding tot een verlaging van de absolute
waarde van de doorslagspanning ("minder negatief"). Tegelijkertijd drijft de stroom
een elektrochemische reactie aan die de doorslagspanning verhoogt, mogelijk door
de mobiele ionen te neutraliseren. De elektrochemische reactie is afhankelijk van de
totale lading die door de zonnecel is gegaan, die op zijn beurt sterk wordt beinvloed
door de scansnelheid. Deze afhankelijkheid verklaart de uitgesproken invloed van de
scansnelheid op de schijnbare doorslagspanning die experimenteel is waargenomen.
De centrale rol van de stroom (en lading) wordt verder ondersteund door aanvul-
lende zogenaamde quasi-stationaire experimenten. In deze experimenten wordt een
constante reverse bias stroom geinjecteerd gedurende een voldoende lange tijd om
de zonnecellen een quasi-stationaire toestand te laten bereiken voordat de zonnecel
wordt belicht. Onder deze omstandigheden heeft belichting alleen bij lage stroomin-
jectieniveaus een significant effect op het gedrag bij negatieve spanning. Bovendien
onderdrukt het voorconditioneren van een zonnecel door het injecteren van een
grote stroom bij negatieve spanning voor een spanningsscan onder belichting ook
de invloed van de belichting op de gemeten doorslagspanning. Deze experimenten
ondersteunen daarom de hypothese. Uit deze waarnemingen wordt geconcludeerd
dat het effect van belichting met lage intensiteit onder realistische gedeeltelijke
beschaduwing waarschijnlijk geen significante invloed heeft op het gedrag onder
negatieve spanning. Deze bevindingen benadrukken echter ook het belang van een
dieper begrip van het doorslagmechanisme om uiteindelijk degradatie bij negatieve
spanning te voorkomen.

Hoofdstuk 7 breidt het onderzoek vanuit een ander perspectief uit naar het doorslag-
mechanisme. Tot nu toe werd een zonnecel impliciet beschouwd als eendimension-
aal of lateraal uniform. In dit hoofdstuk wordt elektroluminescentie bij negatieve
spanning (in het Engels Reverse Bias ElectroLuminescence ReBEL) geintroduceerd
als een krachtige karteringstechniek voor het onderzoeken van het lokale gedrag
van perovskiet-zonnecellen onder negatieve spanning. Daartoe wordt de techniek
gevalideerd: Het ReBEL-spectrum vertoont een sterke gelijkenis met het elektrolu-
minescentiespectrum (EL), wat bevestigt dat de ReBEL-emissie afkomstig is van
de perovskietlaag. Vergelijking tussen ReBEL-beelden en beelden verkregen met
steady-state infraroodthermografie en reverse bias lock-in thermografie onthult con-
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sistente laterale kenmerken. Dit dient als bewijs dat het ReBEL-signaal gebruikt kan
worden om de lokale reverse bias stroom in beeld te brengen.

Vervolgens werd ReBEL-karakterisering uitgevoerd bij verschillende injectiestroom-
niveaus. Bij kleine reverse bias stromen is de genormaliseerde emissieintensiteit
voornamelijk gelokaliseerd aan de celranden en op kleine plekken / spots, terwijl de
rest van het zonnecel donker blijft. Bij grote stromen daarentegen zendt het gehele
celoppervlak licht uit, terwijl de celranden niet langer als afzonderlijke kenmerken
aanwezig zijn. Het celgebied vertoont een significante laterale inhomogeniteit van
de genormaliseerde emissieintensiteit.

Semi-kwantitatieve analyse onthult een aanvullend verschil tussen de celranden,
de heldere plekken en het algemene celoppervlak: De genormaliseerde emissiein-
tensiteit aan de celranden en bij sommige van de heldere plekken neemt sterk toe bij
lage stroomsterktes, maar stagneert bij hogere stroomsterktes. Daarentegen blijft
de genormaliseerde emissieintensiteit over het celoppervlak exponentieel toenemen
bij hoge stroomsterktes. Het gedrag over het celoppervlak domineert dus het gedrag
van de gehele cel bij hoge stroomsterktes. Uit deze verschillen werd geconcludeerd
dat er verschillende doorslagmechanismen aanwezig zijn.

Aanvullende experimenten bringen de activiteit aan de celranden in verband met
de scherpe geometrie van de onderste elektroden. Cellen met meer afgeronde on-
derste elektroden vertoonen geen hogere genormaliseerde emissieintensiteit aan
de randen bij lage stroomsterktes. Voor de laterale inhomogeniteit van de genorm-
aliseerde emissieintensiteit over het celoppervlak word daarentegen geen bevredi-
gende verklaring gevonden. Vergelijking met voorwaartse elektroluminescentie-
beeldvorming suggereert een mogelijk verband met de serieweerstanden van de
bovenste en onderste elektrode. Die verbinding is echter omgekeerd, waarbij een
veronderstelde hoge serieweerstand kennelijk leidt tot hoge genormaliseerde emis-
sieintensiteit. Mogelijk speelt het doorslagmechanisme, dat de stroom regelt, hier
een tot nu toe onbekende rol.

In hoofdstuk 8 wordt het proefschrift afgesloten met een samenvatting van de
conclusies en een overzicht van enkele aanbevolen onderzoeksrichtingen. Deze
omvatten de ontwikkeling van in de module geintegreerde bypassdiodes, een grondi-
ger onderzoek naar het doorslagmechanisme inclusief een formalisme, en een
uitbreiding van het onderzoek naar op perovskiet gebaseerde tandemzonnecellen.



1. Abbreviations

AM1.5G

CCD

CIGS

DJV measurement
DLIT

DMF

DR

EDX

EL

EQE

ETL/ETM

o

FF

FW

HTL/HTM

h+

IEC

IR

ISO

ISOS

ITO

IV measurement
JV measurement
LCOE

LED

light RB-JV measurement

MPP
MPPT
Me
NMP
OoPV
PCE
PL
PSC
PTAA

Nomenclature

Air Mass 1.5G

Charge-Coupled-Device
Copper-Indium-Gallium-Diselenide

Dark Current Density-Voltage measurement
Dark Lock-In Thermography
N,N-dimethylformamide

Degradation Rate

Energy-Dispersive X-Ray Spectroscopy
Electroluminescence

External Quantum Efficiency

Electron Transport Layer/Material

electron

Fill Factor

Forward (Sweep)

Hole Transport Layer/Material

hole

International Electrotechnical Commission
Infrared

International Organization for Standardization
International Summit on Organic and Hybrid Photovoltaics
Indium-Tin-Oxide

Current-Voltage measurement

Current Density-Voltage measurement
Levelized-Cost-Of-Electricity
Light-Emitting-Diode

Reverse Bias Current Density-Voltage measurement with illumination
Maximum-Power-Point
Maximum-Power-Point-Tracking

Metal

N-methyl-2-pyrrolidone

Organic Photovoltaics

Power Conversion Efficiency
Photoluminescence

Perovskite Solar Cell

poly(triaryl amine)

XiX



XX Samenvatting
PV Perovskite
PV Photovoltaics
PoMC Point-of-Maximum-Curvature
RB Reverse Bias

RB-JV measurement
RT

RV
ReBEL
sALD
ssIR
SD
STC

Si
TCO
TL
XPS
2T, 4T

Reverse Bias Current Density-Voltage measurement
Room Temperature

Reverse (Sweep)

Reverse Bias Electroluminescence
spatial Atomic-Layer-Deposition
steady state infrared (thermography)
Standard Deviation

Standard Test Conditions

Silicon

Transparent Conductive Oxide
Transport Layer

X-Ray Photoelectron Spectroscopy
2-terminal, 4-terminal (tandem)

2. Symbols and Units

symbol description units
E Energy J

Ec Conduction Band Energy eV

Eq Band Gap Energy eV

E, Valence Band Energy eV
ER Emission Rate s—1

I Current A

I Saturation Current or Dark Current A
Impp Maximum-Power-Point Current A

Irev Reverse Bias Current A

Isc Short-Circuit Current A

J Current Density Am—2
JsD Breakdown Current Density Am—2
Jinj Injected Current Density Am—2
Jmpp Maximum-Power-Point Current Density A m~=2
Jrev,avg  Average Reverse Bias Current Density Am—2
Jrev Reverse Bias Current Density Am—2
Jsc Short-Circuit Current Density Am~—2
kg Boltzmann-Constant JK-1
Nneutr Density of Neutralized Mobile lons m—2
Piight lllumination Intensity relative to 1 sun —
Pmpp Maximum-Power-Point Power w

q (Elementary) Charge C

Q Charge C
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description

Shunt Resistance

Series Resistance
Temperature

time

Degradation Time

Voltage

Applied Voltage

Breakdown Voltage

Local Diode Voltage in point i
Maximum-Power-Point Voltage
Open-Circuit Voltage
Thermal Voltage

Breakdown Voltage Shift
Normalized Voltage
curvature

units
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Introduction

11. PV and perovskite PV

Worldwide, more and more electricity is generated via photovoltaics (PV). In 2024,
PV systems satisfied already more than 10 % of the electricity demand of the world.
[1] This electricity generation was accomplished by an installed cumulative capacity
of over 2.2 TW. [1] Nearly all of this installed PV capacity consisted of systems
with wafer-based silicon solar cells. [2] However, there are other PV technologies in
development. Among them, perovskite solar cells are "...the emerging PV technology
with the most potential for industrialization”. [3]

The perovskite solar cells that will be addressed in this work use hybrid
organic-inorganic, lead-halide perovskites as absorber. They are part of a group of
PV technologies that are often called 'thin-film’ PV technologies. That name is a
hint towards the direct band gap of the eponymous materials which allows for far
thinner absorber layers than in crystalline silicon.

The first implementation of these perovskites (PVKs) in photovoltaics occurred in
2009, when they were employed as dye for dye-sensitized-solar cells. [4] In the
following years, constant improvements led to the emergence of a distinct solar
cell technology: The perovskite solar cell (PSC) was born. Since then, the power
conversion efficiencies (PCE) of lab-scale cells has gone through an unprecedented
development: Since 2014, it rose from about 14 % to about 27 % in 2025. [5,
6] While further progress on up-scaling is still required, the initial phases of
industrialization have already begun. First productions plants are in construction or
have begun operation. [3]

At least equally promising is the progress in the development of tandem solar
cells. They make use of (at least) two different absorber materials with different
band gap to enhance the attainable efficiency. While several combinations of PV
technologies are in development, the combination of a well-established and stable
crystalline silicon bottom cell with a high-efficiency and possibly cheap perovskite
top cell raises high expectations. Lab-scale perovskite/silicon tandem solar cells
have already reached PCEs of around 35 %. [5] For the future, it is expected
for silicon-based tandems (with perovskites) to gain a market share of 10 % by
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2035.[7]

Nonetheless, some hurdles still need to be overcome before perovskite solar
cells enter the market on a large scale: One remaining challenge is the limited
stability. [3] The stability of PV panels is an important factor in the calculation of
the levelized-cost-of-electricity (LCOE). [8] This figure-of-merit is used to judge
technologies by their techno-economical competitiveness. [9] To stand on equal
ground with established technologies, similar warranties on finished products will
likely be required. To compete with silicon PV, guaranteeing outdoor operation of 25
to 30 years with a total degradation of less than 20 % of the initial performance
would be necessary. [10]

1.2. Stability of perovskite PV

While there are many stressors that can cause degradation of perovskite solar
cells, years of research have yielded solutions to some of them: The degradation
due to atmospheric species (oxygen, humidity, etc.) can be relatively easily
prevented by encapsulating/packaging the solar cells. [11, 12] In a similar manner,
the incorporation of a down-converting layer can protect the solar cell from the
detrimental influence of ultraviolet light. [13] However, there are also stressors
whose influence cannot be negated. lllumination, (forward) bias or heat are such
stressors that are intrinsically connected to operation. [14] Against these, intrinsic
stability of the materials and interfaces constituting a perovskite solar cell is
required.

Additionally, there are stressors that emerge from the way modules are
designed. Module design generally favors connecting cells electrically in series.
Series-connection means that one current flows through the cells while their
voltages are added up. This leads to reduced resistive losses and therefore higher
efficiency. However, this design also makes modules vulnerable to the danger of
partial shading.

Partial shading describes a condition where a part of the module area is shaded
while the remaining module area is illuminated. In a simple partial shading scenario,
one cell is completely shaded while all other cells of the module are illuminated.
Current is only generated by the illuminated cells, but needs to pass through all cells
equally. This current can only flow through a shaded cell if this cell is operating in
reverse bias.

This is schematically depicted in Figure 1.1. There, a string of series-connected
solar cells (A to E) is shown. In Figure 1.1a, all cells are illuminated and generate the
same current I. A simple partial shading scenario is represented in Figure 1.1b. One
cell of the string (cell C) is shaded and therefore is not illuminated. It does not
generate any current but the other cells of that string (cells A, B, D, and E) still do.
They attempt to push their current through cell C which is operating in the dark. If
cell C reaches its reverse bias breakdown, it passes the current generated by the
other cells. If the reverse bias breakdown is not triggered, no current is flowing
throughout the string.

In the established silicon PV technology, this reverse bias current flow occurs at
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Figure 1.1. A schematic depiction of a module consisting of 5 series-connected solar cells (A to E). In
normal operation without any shading, they all generate the same current I (a). However, in a partial
shading scenario, one cell (here cell C) is shaded and not illuminated (b). Then, this shaded cell either
passes the current of the illuminated cells (breakdown) or it does not (no breakdown). If it does not
reach its breakdown, no current is flowing through the string and no power can be extracted.
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very large negative voltages and with very large local current densities. The resulting
Joule heating leads to the occurrence of hot spots which is a serious danger
to PV modules. [15] Therefore, external bypass diodes are normally employed
which are connected anti-parallel to a string of cells. These bypass diodes serve
as low-resistance current pathways in case of partial shading. That way, the
current does not flow through the shaded cells and cannot cause degradation.
Unfortunately, this solution cannot be easily deployed in perovskite PV modules.
There are two reasons for that:

Firstly, differences in preferred module design make implementing external bypass
diodes not feasible in perovskite PV. [16] The preferred module design for thin-film
PV technologies in general is based on the "monolithic interconnection scheme".
Such a module is displayed in Figure 1.2. One of the advantages of this design
is that all the layers can be deposited on the full module area. In-between the
deposition steps, the local removal of material ("scribing") creates the monolithic
interconnection by connecting and disconnecting certain layers. This leads to the
thin, stripe-like cells that are connected to each other in series along their whole
length.

This design means that external bypass diodes could only be implemented at the
edges of the module. The resulting problem is described in the work by Wolf et al.:
[16] In the case of partial shading with one shaded cell, the current would bypass the
shaded cell by flowing along the length of an illuminated cell to the edge of the
module, through the bypass diode, and back along the length of another illuminated
cell to the center. For current to flow such distances without significant resistive
losses, highly-conductive, very thick (metal) electrodes would be required which is
highly undesirable.

The second problem is related to bypass diodes but appears on cell-level:

A single bypass diode can only protect a certain number of series-connected solar
cells. This number of cells is largely determined by the voltage at which a cell breaks
down and lets current pass in the dark. This voltage is often called ‘breakdown
voltage'. The breakdown voltages that are generally reported for perovskite solar
cells are significantly smaller than those of most silicon-based solar cells. [17]
Instead of about —15 V for cells based on monocrystalline silicon, values of —1 V to
—5V are often reported. [17] That means that a perovskite PV module would require
many more bypass diodes. More bypass diodes per module can be expected to lead
to a significant increase in cost. [16]

An alternative to using bypass diodes would be to ensure that reverse bias and
reverse bias current does not impact the shaded cells negatively. Unfortunately,
studies have conclusively shown that reverse biases affect the PCE of perovskite
solar cells quite dramatically. [18—20] Various degradation mechanisms have been
identified that can occur in parallel and impact the reverse biased-solar cell in
various ways. [18—20] For this reason, there have been increasingly more attempts
to increase the reverse bias stability by solar cell engineering in the last years.
[21-27] Increasing the breakdown voltage to make it easier to eventually use bypass
diodes in modules is another direction that some researchers are following. [28—32]

However, progress is hampered by a few obstacles. One important problem is the
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Figure 1.2. A module consists of many stripe-like cells (blue) on one substrate. These cells are defined
and separated by the scribes (black). In the scribe areas (also known as dead areas), parts of the layer
stack have been removed during deposition. This design with its series-connected cells is called
"monolithic interconnection”.

lack of standardization: While there are standards for efficiency measurements and
degradation testing for cell research (ISOS protocols [33]), the metric that describes
the reverse bias behavior of solar cells, the breakdown voltage, is determined in
various different ways that lack comparability. This problem is aggravated by a
lack of detailed knowledge about the breakdown mechanism itself and the factors
influencing it.

1.3. Aim and outline

These issues lead us to the conclusion that this field of research requires a more
solid basis to stand on. The overarching goal of this work is, therefore, to describe
and understand the reverse bias breakdown of PSCs more thoroughly. To that end,
the first aim is to introduce standards and definitions that improve the comparability
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of reported findings. Secondly, the research efforts are focused on the mechanisms
affecting the reverse bias behavior. By contributing to these research directions, the
efforts of the community to solve the problem of partial shading in perovskite PV is
supported.

We begin in Chapter 2 with a look at the dominant model of the reverse
bias breakdown of perovskite solar cells. Building up on that, the reverse bias
degradation and the various mechanisms ascribed to it are introduced.

Chapter 3 continues by introducing the samples used in our own research and the
employed methods of characterizing them.

In Chapter 4, the focus lies on the breakdown voltage as a metric that describes
the reverse bias behavior of solar cells. We reveal that many different ways of
measuring and determining the breakdown voltage of perovskite solar cells are
used in parallel. After a discussion of the impact of measurement conditions, sets
of measurement parameters are provided to improve comparability of results.
Additionally, the available definitions of the breakdown voltage are compared and a
new definition is proposed that combines comparability, general applicability and
the possibility of analytical expression.

Chapter 5 applies the lessons learned in the previous chapter. We connect
discrepancies in the relationship between applied reverse bias and reverse bias
current to differences in reverse bias behavior. By relating the reverse bias to
the breakdown voltage, the relationship with the current and the degradation is
clarified. These relationships point towards the degradation being dominated by
current-driven mechanisms.

In Chapter 6, the breakdown mechanism itself is the object of research. Adding
low-intensity illumination to the measurements that are used to characterize the
reverse bias behavior reveals the significant influence of slow processes within the
perovskite solar cells. We identify these processes with the migration of mobile
ions and electrochemical reactions and construct a model to explain the observed
impact of light.

In Chapter 7, the investigation of the reverse bias behavior is extended below
cell-level. By introducing reverse bias electroluminescence (ReBEL) as an imaging
technique, spatial differences in reverse bias behavior within a perovskite solar cell
can be detected. It is validated by comparing it to thermal imaging techniques.
ReBEL imaging allows to distinguish parts of the cell area that show different
behaviors, depending on the current injection level. The results imply that the reverse
bias current can flow through large areas and not through localized weak spots.
That means that reverse bias breakdown might not necessarily lead to hot spots.

1.4. Contribution to the field

Our main contributions to the field are listed in the following:

+ Sets of measurement parameters to characterize perovskite solar cells in
regards to their reverse bias behavior were provided. Additionally, a new
definition of the breakdown voltage was proposed. This standardization should
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improve comparability and provide a point of orientation for newcomers to
this field of research.

By normalizing the reverse bias with the breakdown voltage, the relationships
between reverse bias with current and degradation were revealed. This
demonstrated an application of the breakdown voltage to describe differences
in reverse bias behavior. It also allowed the conclusion that degradation is
dominated by current-driven mechanisms.

By adding illumination to the reverse bias breakdown process, the significant
impact of ion migration and electrochemical reactions in the perovskite solar
cells were shown. Based on the observed phenomena, a model of these
two antagonistic mechanisms was constructed as extension of the standard
breakdown model.

Reverse bias electroluminescence imaging was introduced as new technique
to characterize the local reverse bias behavior. It revealed that the reverse bias
current at realistic current levels flows through the whole cell area and not
through small weak points. That implies that the occurrence of hot spots
might not be a necessary consequence of reverse biases in perovskite solar
cells.







Fundamentals

This chapter aims to provide the reader with a basic understanding of the important
terms and concepts used in this thesis. At the same time, it serves a similar function
as a literature review by giving an overview over the state of research.

We will begin with the basic principle of a perovskite solar cell. This is followed by
a introducing the reverse bias breakdown of perovskite solar cells and the widely-
accepted model of its mechanism. Finally, the mechanisms that have been proposed
to explain the reverse bias degradation of perovskite solar cells are described.

2.1. Basic perovsKkite solar cell physics

Fundamentally, a perovskite solar cell (PSC) is a solar cell which uses a perovskite
as absorber layer. However, it contains several more layers even in a simple layout.
The conduction and valence band energy levels of the (isolated) materials that the
solar cells in this thesis consist of are displayed in Figure 2.1.

Perovskites (PVKs) are a large and diverse class of materials as the name de-
scribes only a crystal structure with the formula ABX3. Therefore, the term is some-
times specified for the solar cell application as ‘organic-inorganic halide perovskite'.
This term points towards the (often organic) A-site cation (e.g. methylammonium
CH3NHs*), the inorganic B-site cation (e.g. Pb?*), and the X-site halide anion (e.g.
7).

Such a material makes up the absorber layer of a perovskite solar cell which
correctly implies that there, light is absorbed. It is a direct band gap semiconductor
which results in a high absorption coefficient. [34] Thus, perovskite solar cells are
reckoned among the group of thin-film PV technologies where the absorber pos-
sesses a thickness of about 1 pm. When a photon is absorbed, a charge carrier-pair
consisting of an electron and a hole is generated. Due to the exciton-binding energy
being in the same order of magnitude as the thermal energy at room temperature,
the charge carriers are separated 'automatically’. [35] Perovskites show additionally
quite good electron and hole transport properties, so that both charge carriers can
also be transported over distances over several hundreds of nanometers. [36, 37]
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Figure 2.1. A schematic energy level diagram of the isolated materials that constitute the inverted
perovskite solar cells used in this thesis. In a solar cell, the perovskite (PVK) functions as absorber, the
PTAA as hole transport layer, the Cg as electron transport layer, SnO, as buffer and barrier layer and the
ITO as electrodes.




2.2. Reverse Bias Breakdown 11

Nevertheless, so-called ‘charge transport layers’ are required for the selective
extraction of the charge carriers from the perovskite layer. In this thesis, PTAA is
the hole transport layer (HTL). It is called HTL because it blocks the passage of
electrons from the perovskite to the ITO electrode on the right due to the energy level
of its conduction band (see Figure 2.1, red). Thus, it only allows holes to be extracted
at this side of the solar cell. Consequently, Cq is the electron transport layer (ETL)
as it blocks the passage of holes from the PVK to the ITO electrode on he left (see
Figure 2.1, blue).

Sn0, is a buffer and barrier layer. [38] It improves the quality of the interface
between the ETL and the electrode layer (ITO). It also protects the Cgo from damage
during the deposition of the ITO-layer. Finally, it prevents the penetration of humidity
into the perovskite layer.

The purpose of the electrodes (ITO in Figure 2.1) is to enable the lateral transport
of charge. To fulfill that purpose, their conductivity needs to be as high as possible.
At the same time, at least one electrode (and for semi-transparent devices, both
electrodes) should also be as transparent as possible since illumination needs to
pass them in order to reach the absorber layer. These conditions are fulfilled by
a group of materials called 'transparent conductive oxides’ (TCOs). Indium-doped
tin oxide (ITO) is the member of that group that is most commonly used due to its
excellent electrical and optical properties, as well as its stability. [39]

2.2. Reverse Bias Breakdown

In this section, a detailed overview of the state of research regarding the proposed
mechanisms of the reverse bias breakdown in perovskite solar cells is provided.
To ensure understandability, the definition of the term "reverse bias breakdown"
should be clarified first. This is required since, even in the literature on reverse bias
of perovskite solar cells, this term is filled with different meanings.

2.2.1. Nomenclature

Figure 2.2 shows IV curves with three different behaviors in reverse bias. In an ideal
pn-junction, the current flowing through the device follows the ‘ideal diode equation'”:
[40]

I(V)=] v 1 2.1
( )—o[exp(kBT) ] (2.7

It follows that the current approaches the value —Ij in the dark at infinitely large
reverse biases (black). [40] Iy is called saturation current or just dark current. This
current is very small and is generally considered negligible for reverse bias degrad-
ation when real devices are considered. Often, the current at small (positive and
negative) voltages is dominated by small ohmic shunts, instead.

Real solar cells might also develop new shunts when operating in reverse bias
(red). This can lead to an abrupt increase of the reverse bias current, and a severe
loss of PCE. This abrupt increase of current through shunts might be related to a
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Figure 2.2. An IV curve that reaches into the negative voltage-regime with three types of reverse bias

behaviors: The ideal diode approaches Iy (black), shunting appears as an abrupt increase of the current
(red), and the reverse bias breakdown as gradual increase of the current (blue).
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phenomenon called ‘thermal runaway’. [41] This involves a local current leading to
local heating which increases the local conductivity. Increased conductivity results in
more local current flow in a self-reinforcing process. This might go on until the Joule
heating accompanying the high local current density leads to the decomposition of
the surrounding material and severe degradation of the solar cell.

Finally, the blue curve shows the only behavior that will be called 'reverse bias
breakdown'’ in this work. Here, the current follows a gradual, approximately exponen-
tial increase. Most importantly, however, this breakdown in not inherently damaging
to the solar cell. Instead, as long as damage due to excessive Joule heating is
avoided, it is likely a reversible process (see Chapter 4 and 5).

2.2.2. Breakdown mechanism

Traditionally, the breakdown in diodes (and a solar cell can be seen as a simple
diode) is effected through one of two basic mechanisms: [41]

+ Avalanche Multiplication

+ Tunneling

The first mechanism, avalanche multiplication, starts with a thermally-generated
charge carrier in the depletion region. By the electric field (reverse bias), this charge
carrier is accelerated. At higher reverse bias, the electrical field will become so strong
that this charge carrier will have enough kinetic energy to create another charge
carrier by collision (impact ionization). The newly-excited charge carriers can, in turn,
also be accelerated and create more charge carrier pairs. This leads to a current
flowing in a junction in the "wrong" direction.

The second mechanism, tunneling, allows charge carriers to flow across a junction
without having sufficient energy to "cross over it". The probability for tunneling
depends on the width and height of the tunneling barrier. [41] This process only plays
a significant role when the barrier width, the ‘tunneling distance’, is very small. Such a
tunneling mechanism lies at the basis of the widely-accepted model for the reverse
bias breakdown of perovskite solar cells.

This model was proposed by Bowring et al. and is displayed in Figure 2.3: [19]
They consider a basic PSC stack with a perovskite absorber, transport layers on
both sides and metal electrodes. The perovskite contains a mobile species that they
identify as positively-charged iodide vacancies (V,*). However, the authors clarify
that their model works just as well with other dominant mobile ion species, even
if they are of a different charge. That clarification is necessary since it is often not
clear which species is the dominant mobile ions species.

AtV =0V, in the dark and at a certain temperature (Figure 2.3a), the positively
charged vacancies can diffuse through the perovskite material. Upon reaching the
hole transport layer (HTL), they will accumulate in a thin layer at the perovskite/HTL
interface because of the built-in electric field. At the same time, the comparatively
immobile counter-ions are left behind and form a vacancy depletion region at the
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Figure 2.3. The model for the reverse bias breakdown of perovskite solar cells by Bowring et al. [19] In
thermal equilibrium and at open-circuit in the dark (V = 0V) (a), mobile vacancies have migrated to
the interface, leaving behind a depletion region that bends the bands. When a reverse bias is applied,
additional mobile ions begin moving towards the interfaces to screen the external field (b). When a new
equilibrium is reached, the band bending can be strong enough to allow tunneling of charge carriers into
the perovskite absorber (c). (with permission from [19])
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electron transport layer (ETL). This accumulation of charges causes bending of the
valence and conduction band. In equilibrium, the built-in field is restricted to the
regions at the interfaces - mostly to the broad depletion region at the ETL - while
there is no electrical field in the bulk of the perovskite absorber.

When areverse bias is applied, the resulting electric field is added to the built-in field
(Figure 2.3b). It causes additional vacancies to move towards the HTL to counteract
the externally-applied field. That means that the depletion region at the ETL side
of the absorber also grows. The increased accumulation of charges enhances the
band bending further.

With increasing band bending, the distance between equal energy levels in the
conduction band of the ETL and in the valence band of the absorber shrinks. As
this distance is the width of the tunneling barrier, the probability for holes to tunnel
from the ETL into the absorber rises (Figure 2.3c). Together with this probability, the
reverse bias current grows. This current consists of injected holes which cross the
absorber layer and recombine with electrons at the perovskite/HTL-interface.

This general model is not restricted to a specific dominant mobile ion species.
Instead, it works just as well even with mobile anions instead of cations. Then, the
difference is that the depletion region forms at the HTL and electrons tunnel from
there into the absorber. In other words, the whole process proceeds in a mirrored
way.

Indeed, the notion that mobile vacancies are the dominant mobile cation species
was based on their experimental identification in methylammonium lead iodide
(MAPDI3). [42] However, Futscher et al. identified iodide (17, not the vacancy) and
the methylammonium cation (MA*) as mobile ion species in MAPblIs. [43] In the
work by Ni et al., the authors argued that the dominant mobile ion species in MAPbI3
are the positive and negative iodide interstitials (I, I, 7). [29] Finally, Jacobs et al.
investigated ion migration on double and triple cation perovskites. [44] They thought
it likely that there are several mobile ion species and that their relative concentrations
depend on details of the fabrication. That way, they could explain their findings that
the sign of the dominant mobile ion species seems to vary between (theoretically
alike) samples.

In this work, the term "mobile ions" is generally used to describe all mobile atomic
species, being vacancies, interstitials, or ions.

The model of Bowring et al. was developed with a simplified, idealized perovskite

solar cell in mind. To extend it to real materials, they added some additional consid-
erations:
In most perovskite solar cells, the absorber is a polycrystalline material. A polycrys-
talline material consists of grains that are separated by grain boundaries. It has
been shown that grain boundaries can serve as channels for ion migration. [45]
Additionally, grain boundaries have also been connected to band bending and could
therefore act as local weak spots for the breakdown mechanism. [46—48]

Finally, the reverse bias behavior has also been found to be dynamic, i.e. not a static
property. Bowring et al. already noticed that the reverse bias current is not constant
at all when a constant reverse bias voltage is applied. [19] They proposed that an
electrochemical reaction augments the tunneling barrier during reverse bias current
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flow. One possible mechanism with this result would be the neutralization of mobile
ions (i.e. reduction or oxidation). Neutralized mobile ions’ would not contribute to
the field screening anymore and weaken the band bending. This, in turn, would hinder
the tunneling of holes into the absorber and decrease the reverse bias current.

Related to these findings, Wang et al. reported that the breakdown voltage of their
devices increased with subsequent voltage sweeps into the reverse bias, naming
this phenomenon ‘dynamic reverse bias behavior'. [49] They argue that the mobile
ions moving towards the interfaces of the perovskite absorber under reverse bias
create an electric field opposite to the externally-applied reverse bias. This weakens
the field that is felt by charge carriers within the perovskite layer and decreases the
reverse bias current.

Other explanations for the dynamic reverse bias behavior include the formation
of an insulating layer and dipole formation at an interface. [19] These could act as
injection barrier for holes and thus hinder the reverse bias current flow.

2.2.3. Experimental support and alternative mechanism

What experimental findings support this mobile ion-facilitated tunneling mechanism?

Bowring et al. observed breakdown at voltages between —1V and —4 V. [19]
They argued that these voltages are too low to cause the impact ionization that is
necessary for avalanche breakdown. However, it is the electric field strength that
is truly decisive for this mechanism, not the applied voltage. Due to the screening
effect of mobile ions, the voltage could drop over only a part of the complete layer
thickness of the perovskite. Then, the electric field could be far stronger in this part
of the perovskite absorber than the voltage would let assume.

One criterion for distinguishing avalanche and tunneling mechanisms is the spatial
variation in current density. It is often assumed that the avalanche breakdown is more
localized than tunneling. [50—52] Bowring et al. presented infrared imaging results
that show that current can flow through the whole cell area, therefore providing some
more evidence for a tunneling mechanism.

The temperature-dependence of the breakdown voltage is traditionally a distin-
guishing feature, as well: [50] Avalanche breakdown shows a positive temperature
coefficient. After all, the electric field required to accelerate charge carriers suffi-
ciently for impact ionization depends on their mean free path between collisions. A
higher temperature leads to a shorter mean free path. This means that a stronger
electric field is necessary and that the breakdown voltage increases.

In contrast, tunneling has a negative temperature coefficient. [50] Increasing
temperature leads to a shrinking of the band gap. A shrinking band gap means
that the barrier height is decreased and thus the tunneling probability increased.
Additionally, more free charge carriers are available at the band edge at higher
temperatures. Therefore, a higher temperature is connected to a smaller breakdown
voltage.

Additionally, in the case of perovskite solar cells, there is the effect of temperature
on mobile ions to consider. Increased temperature would increase ion conductivity
which could have a positive effect on the band bending due to the accumulation of
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mobile ions. More band bending could also result in a smaller breakdown voltage.
Therefore, this is another reason why the tunneling breakdown in perovskite solar
cells could show a negative temperature-coefficient.

While there is no dedicated study on the temperature-effect on the reverse bias
behavior of perovskite solar cells available, some data has been published. Bowring
et al. reported that a decrease in temperature leads to a larger breakdown voltage.
[19] Tayagaki et al. reported that an increase in the temperature causes a decrease in
the breakdown voltage. [53] Therefore, both sources show a trend that supports the
previously-described breakdown model. However, preliminary experiments investig-
ating the influence of temperature more thoroughly hint towards a more complicated
relationship (see Appendix A).

More data is available that supports the crucial role of mobile ions. Ren et al.
heated up their as-cast perovskite films in inert atmosphere for up to 20 h before
proceeding with their fabrication process. The aim of this procedure was to allow
for the increased volatilization of iodide, resulting in a higher concentration of iodide
vacancies. With increasing heating duration, the breakdown voltage decreased,
thus supporting the model. However, they did not show any experimental data
supporting creation of additional mobile ions in the perovskite layer due to their
heating procedure. Therefore, other effects, like improved annealing leading to bigger
grains, could also play a role.

Another way of revealing the effect of mobile ions is varying the scan rate in
voltage sweeps. With that in mind, Bowring et al. reported that a higher scan rate
leads to a larger breakdown voltage. [19] They argued that the the mobility of the
mobile ions could be the limiting factor at large scan rate since they are required to
drift towards the interfaces in order to have an effect on the breakdown. At a larger
scan rate, less mobile ions have reached the interfaces when a certain voltage is
applied. Less mobile ions result is less band bending. Thus, the breakdown voltage
appears larger since the tunneling barrier is wider. However, in the work by Wang et
al., higher scan rates led to a smaller breakdown voltage, instead. [49]

These results show that mobile ions play an important role in the reverse bias
breakdown mechanism. At the same time, there seem to be factors or other mech-
anisms at play that are not yet sufficiently understood. Finally, it should be added
that both Wang et al. and Auf der Maur et al. consider it likely that both tunneling and
avalanche breakdown occur in perovskite solar cells and photodetectors. [49, 54]

2.2.4. Increasing the breakdown voltage

Based on this tunneling model, the authors of several publications investigated
methods to increase the breakdown voltage. These attempts were motivated by the
fact that higher breakdown voltages decrease the number of required bypass diodes
in a module (as explained in Chapter 1). This is one way of dealing with the issue of
partial shading and is supposed to increase the economical viability of perovskite
PV. [16]

In the work by Ni et al., a barrier for hole injection from the ETL into the perovskite
was introduced at the perovskite/ETL side of the solar cell. [29] With such a barrier, a
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symmetric device with HTL layers on both sides of the perovskite layer (a "hole-only’
device) showed lower currents at low voltages. Additionally, the degradation rate of
a solar cell upon application of a small reverse bias was decreased. We interpret
this stability increase as a consequence of a lower RB current at the same applied
bias. This is equivalent to a higher breakdown voltage.

Wang et al. and Liu et al. worked on quasi-2-dimensional perovskite absorbers.
The former improved both perovskite interfaces and reported an increase of the
breakdown voltage. [30] The latter achieved increased breakdown voltages by redu-
cing the concentration of iodide defects in their perovskite film. [32] Both defined
the breakdown voltage as the voltage at which the reverse bias current suddenly,
step-like increases in a voltage sweep. This might be caused by the development of
shunts.

Jiang et al. focused on the "p-side" by modifying the HTL. [28] They argued that,
even if hole injection occurs at the perovskite/ETL interface, the holes have to be
extracted or recombine at the HTL for current to flow. Bertoluzzi et al. already argued
that the process at the HTL might be the limiting factor for the reverse bias current
flow. [20] To investigate this, Jiang et al. compared several common hole transport
materials with various thicknesses and found that a thick PTAA layer provided the
highest breakdown voltages.

As explanation, two possible effects were named. Firstly, a thick, polymeric HTL
(e.g. PTAA) layer planarizes the rough electrode (ITO) beneath. A planar HTL, on
which the perovskite absorber layer is deposited, prevents the local concentration
of the electric field or reverse bias current at ‘defected’ locations like ITO pyramids.
Secondly, the thick, polymer layer serves as barrier against the injection of electrons
from the PTAA into the perovskite. They also noted that both effects could well be
responsible for the high breakdown voltages.

Additionally, they also showed that the metal electrode seems to play a role in
the reverse bias breakdown. As explanation, they propose that the metal might be
oxidized by injected charge carriers and then migrates into the perovskite. There
it could be turned back to its metallic form which plays a role in the formation of
shunts. For that reason, using a electrochemically less-reactive metal electrode
yielded further increases to the breakdown voltage.

2.3. Reverse bias degradation

In the previous section, it was shown how a reverse bias leads to the breakdown of
the diode behavior of a perovskite solar cell. As per our definition, the breakdown
(avalanche or tunneling) itself is not detrimental. Nevertheless, in literature, it is
tightly connected to a dramatic loss of the PCE in a very short time. Therefore,
the mechanisms that this degradation has been ascribed to are described in the
following sections.
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2.3.1. Nomenclature

Just as the term 'breakdown’, the terms 'stability’ and 'degradation’ are used in various
ways in this field of research. Therefore, they are shortly defined in the following. The
stability describes how stable the solar cell parameters (i.e. PCE) are over time under
certain conditions. Degradation means the loss in the solar cell parameters, observed
when the solar cell experiences certain conditions for a certain time. However, there
is reversible and irreversible degradation. A reversible loss of PCE can be (partially)
recovered by a recovery treatment. This recovery treatment could involve maximum-
power-point tracking, storage in the dark or other operating conditions. Irreversible
degradation is the loss of PCE that remains after the recovery treatment.

While there were no standardized procedures for determining the breakdown
voltage, there are protocols to draw upon for degradation experiments: The Inter-
national Electrotechnical Commission (IEC) defines test sequences for "terrestrial
flate-plate module materials”. [55] Their purpose is to show that the modules are
able to operate outdoors for a prolonged time. They, however, specifically deny that
the test results are a quantitative prediction of lifetimes.

There are good reasons not to use these protocols for the purpose of investig-
ating the reverse bias degradation of perovskite solar cells. One reason is that the
IEC protocols are qualification tests for commercial products. They are not meant
for research on solar cells. Another reason is that the reverse bias degradation of
perovskite solar cells might follow different rules than the degradation of other tech-
nologies. Accelerated testing requires a thorough understanding of the degradation
mechanisms. [56] It follows that tests designed for a completely different solar cell
technology might not provide useful results.

The I1SOS protocols were designed for research on thin-film solar cells. [33] Origin-
ally, meant for organic photovoltaic devices (OPV), they were extended to account
for the idiosyncrasies of perovskite solar cells. The ISOS-V1 to V3 protocols clarify
conditions under which a reverse bias degradation experiment is to be performed.
They propose two electrical conditions that imitate the situations in a module with
and without bypass diodes. Applying the negative open-circuit voltage (—Vo.) is
related to the former situation, while the injection of the maximum-power-point
current (Iypp) corresponds to the latter. These protocols also define temperature
and relative humidity: ambient air and room temperature (for V1). Furthermore, to
account for the meta-stability of perovskite solar cells, they recommend a recovery
process. This process includes storage in the dark at open circuit-conditions with
periodic measurements of the performance until a saturation is reached. Also, they
recommend using MPPT instead of voltage sweeps to measure in a steady state.
Finally, the reporting of in-situ currents (at a fixed voltage) or in-situ voltage (at a
fixed current) is requested.

Unfortunately, these protocols are rarely used in literature. For reverse bias degrad-
ation experiments, (seemingly) randomly-chosen fixed voltages are often applied.
As a consequence, it is difficult to distinguish a changed breakdown voltage from a
change in stability. To provide an example, picture two solar cells with breakdown
voltage of Vgp = —2V and with Vgp = —4V. When a reverse bias of V = -3V is
applied, the first cell will let a large reverse bias current pass and show significant
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degradation. The second cell will let barely any current pass and will degrade far
less. The conclusion would be that the cell with a larger breakdown voltage is more
stable. However, if the degradation experiment involves injecting Iypp to imitate the
operating conditions of a shaded cell in a module without bypass diodes, then both
cells would pass the same current. However, the first cell would operate at smaller
reverse bias than the second voltage. Therefore, it might degrade less and suddenly
the first cell appears more stable.

As additional weak spot, the degradation is often reported without detailing
whether and which recovery process has been performed prior to the post-degradation
measurement of the solar cell parameters. This might lead to the comparison of
reversible with irreversible degradation.

Experiments that do not follow the ISOS protocols (or other detailedly-described
protocols) are valuable when it comes to research into mechanisms, of course.
However, to compare and report degradation, following the ISOS standards seems
to be the best practice.

2.3.2. Mechanisms of reverse bias degradation

Various degradation mechanisms have been proposed to occur in perovskite solar
cells. They are schematically represented in Figure 2.4:

+ Shunt formation (1, 2)

+ Halide incorporation into ETL (3)
« Oxidation of halides (4)

+ Undefined interfacial process (5)
+ Phase segregation (6)

In the following, the mechanisms are described in more detail and a look at the
(experimental) results that support them is taken.

Shunt formation

The formation of shunts is the most serious of the degradation mechanisms in
perovskite solar cells. Shunting leads to irreversible and drastic decrease of the PCE.

Its frequentness and seriousness can be gathered from the fact that it is con-
sidered as a breakdown mechanism in several publications. As consequence, the
observation that shunt formation occurs at larger voltages in a voltage sweep is
sometimes understood as a sign of increased stability against reverse bias degrada-
tion. Additionally, it is a hurdle for research on reverse bias stability since shunting
hides other information about the solar cell. Accordingly, the mechanism of shunt
formation is investigated in several publications.

There are two different schools of thought. On one hand, the formation of shunts
might be related to metal filaments forming in the perovskite layer (Figure 2.4: 1).
On the other hand, shunting might also occur at pinholes in the perovskite layer.
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Figure 2.4. A schematic representation of a perovskite solar cell in reverse bias with six different de-
gradation mechanisms: 1 and 2 show ways of shunt formation: either by way of metal migrating into the
perovskite and the creation of a filament, or at pinholes in the absorber where ETL and HTL are in contact,
forming a thin pn junction. 3 shows the migration of iodide (I™) towards and into the ETL. 4 shows the
tunneling of holes (h*) into the perovskite and their oxidation of iodide (1) to iodine (1°) which acts as
recombination center. 5 shows a barrier at an interface. 6 shows halide phase segregation with the halide
anions (17, Br~) moving towards the ETL, iodide (1) being oxidized there to its cation form (I*) which
then moves towards the HTL.

There, the transport layers are (nearly) in contact with each other and form diode-like
shunts which can breakdown and turn into ohmic shunts ((Figure 2.4: 2)).

The fact that shunting occurs in perovskite solar cell when a reverse bias is applied
has already been reported by Bowring et al. [19] They did not only present the linear
JV curves of shunted solar cells but also used infrared imaging to see the localization
of current. They also found that this shunting happens more often, but not only, in
cells with metal electrodes.

Razera et al. reported similar observations using dark lock-in thermography for
imaging. [18] They proposed two different mechanisms to explain shunt formation
at metal electrodes and at ITO electrodes. Inspired by corresponding reports for
perovskite memristors and reports about metal migration at forward biases, they
proposed the formation of metal filaments in the absorber layer. However, for metal-
free devices a different explanation was required. Therefore, the authors proposed
that the loss of iodide due to outgassing or the local accumulation of ions might
lead to the destabilization of the perovskite, resulting in the formation of metallic
lead. Metallic lead in the perovskite layer could then act as shunt.

Especially the latter model was further developed by connecting it to reduc-
tion/oxidation reactions of halides:

According to Li et al., iodide (1) drifts towards the ETL and is there oxidized to its
neutral form (1°) by injected holes. [31] lodine can then react with metallic copper
(Cu®) of the electrode, resulting in the formation of the copper cation (Cu*). This
cation is driven by the electric field into the perovskite layer and is there reduced




22 2. Fundamentals

again to metallic copper (Cu®) which can create local weak spots for current flow.

Jiang et al. proposed a slightly different model with iodide reacting with metallic
silver of the electrode. [28] Silver could also be oxidized by injected holes to its cation
(Ag*). Inthe perovskite layer, the silver cation could then be reduced again to metallic
silver. Additionally, the lead cation (Pb?*) could be reduced to metallic lead (Pb°),
leading to degradation and shunting.

In contrast, the work by Johnson et al. attempts to shift the paradigm completely.
They argue that the shunts that often appear in perovskite solar cells under reverse
bias form at pre-existing defects in the absorber layer. At these pinholes, the trans-
port layers (ETL, HTL) are in direct contact with each other, locally behaving like
a pn junction. These pn junctions with thicknesses of around 20 nm could allow
avalanche breakdown at small reverse biases.

They showed that these pn junctions normally act as non-ohmic shunts with
limited impact on the PCE in operation. However, when a realistic current flows
through such a small shunt in reverse bias, it can heat up the metal electrode to its
melting point. This molten metal is then responsible for the destructive shunting by
creating a contact between the opposite electrodes.

Halide incorporation into ETL

When the solar cells do not shunt, other degradation mechanisms can be observed
instead. One of them is the halide incorporation into the organic electron transport
layer (Figure 2.4: 3).

This was observed by Razera et al. via energy-dispersive x-ray spectroscopy (EDX)
chemical mapping. [18] From a comparison of the iodine signals before and after
reverse bias degradation, it could be seen that iodine has moved into the Cg layer.
In its anion form, it might p-dope the ETL (or compensate the n-doping) and reduce
conductivity of the transport layer. The occurrence of s-shapes in the JV curves after
reverse biasing was explained with this iodide incorporation into the ETL. S-shapes
are generally signs of a barrier for charge transport or extraction. [57]

Further support for this model came from the work by Gould et al.: [58] They invest-
igated the changes in the bands using cross-sectional Kelvin probe force microscopy.
Their results showed a shift of the work function of the Cgg that increased with the
duration of the reverse biasing. They ascribed this change in band energetics to the
presence of iodide or iodine at the ETL.

Finally, Ren et al. incorporated a layer at the the perovskite/ETL interface whose
purpose was the capturing and confining of iodide. [21] They used x-ray photoelec-
tron spectroscopy (XPS) to confirm the presence of iodine on the peeled-off metal
electrode. Only the solar cells without the above-mentioned additional layer showed
significantly increased iodine signals after reverse biasing.

Oxidation of halides

Bertoluzzi et al. built up on the breakdown mechanism that was summarized above
(see section 2.2.2) to propose an additional degradation mechanism. [20] They argue
that the injection of holes at the ETL and the injection barrier for electrons at the HTL
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lead to a far higher concentration of holes than electrons in most of the absorber.
Especially in the region where the band are nearly flat, outside of the depletion region,
their model implies an accumulation of holes. This accumulation of holes can lead
to the oxidation of halide anions, notably iodide (Figure 2.4: 4).

The resulting halogens act as centers for non-radiative recombination and reduce
the open-circuit voltage (Vo) and the short-circuit current density (/sc) of a solar
cell in operation. This degradation mechanism is, however, reversible as upon illu-
mination or operation in forward bias, the concentration of electrons and holes are
approximately equal. Then, the neutral halogens would be reduced back to their
anion form. Only when neutral iodine forms gaseous |, and effuses from the device,
an irrecoverable aspect of the mechanism is present.

Their simulations were able to reproduce most of the degradation that they ob-
served in their devices. Only the significant fill factor losses due to a series resistance
(Rs) increase could not be explained. This increased Rs was explained by undefined
interface processes. Experimental support for this model might come from an ob-
servation by Tayagaki et al.: [53] They observed after partial shading degradation
that the shaded cell showed a reduced electroluminescence intensity and ascribed
this to an increase in non-radiative recombination.

Undefined interfacial process

The undefined interfacial processes (Figure 2.4: 5) that were previously mentioned
have been proposed in the work by Bowring et al.: [19] They observed the increase
of the breakdown voltage and a decrease in V. and ascribed both to one process.
Their experimental results implied a dependence on the current and therefore they
concluded that a electrochemical reaction might be responsible. One option might
be the neutralization of mobile ions near an interface. Other propositions involve the
formation of an insulating layer or dipole formation at an interface.

More experimental proof of interfacial processes are available in the work by
Aninat et al.: [59] They performed partial shading experiments on mini-modules.
After degradation, they observed a stronger photoluminescence (PL) signal in short-
circuit but a drastically weakened electroluminescence (EL) signal. They interpreted
these findings as a sign of a barrier at a perovskite/transport layer interface. This
barrier would then hinder the extraction of charge carriers in PL and the injection of
charge carriers in EL.

Phase segregation

Halide phase segregation in double-halide perovskites during reverse biasing was
first reported by Razera et al. ((Figure 2.4: 6)): [18]

They identified iodide-rich (near the HTL) and bromide-rich (near the ETL) regions
in the absorber after reverse biasing, using EDX. Additionally, photoluminescence
spectra showed a red shift from the HTL side and a blue shift from the ETL side,
corresponding to the same demixing of halides. They also found that the reverse
bias current has to play a role since the changes to the PL spectrum could only be
observed when a reverse bias current had flowed through the solar cell.
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As a consequence, they connected their findings to the model for photoinduced
halide segregation, reported by Hoke et al. [60] There, the presence of excess free
carriers are necessary for the effect to occur. Reverse bias current flow could be
responsible for these charge carriers.

A more detailed explanation was supplied by Kerner et al. [61] They argue that
halide ions (e.g. I~ and Br™) drift under the electric field towards the ETL where
hole injection occurs. Only iodide is oxidized there due to its more advantageous
oxidation potential in comparison to bromide. Thus, Br~ accumulates at the ETL
while |~ reacts to its neutral form (I°) or even its cationic form (I*). These iodine
forms consequently drift or diffuse in the opposite direction towards the HTL. This
leads to the observed halide phase segregation.

Critical requirement for this mechanism is that, in reverse bias, there are far more
holes present in the absorber than electrons. This has been shown by Bertoluzzi et
al. and underlies their model on halide oxidation. [20]

2.3.3. Increasing stability

Based on these degradation mechanisms, methods to improve the stability are
proposed. In most cases, the destructive shunting of perovskite solar cells under
reverse bias is the target of these mitigation attempts:

Several authors introduced interlayers or barrier/buffer layers between the per-
ovskite and the metal electrode. [21, 25, 26] The goal of these modifications was to
prevent the migration of halide ions or metal ions towards the metal electrodes or
into the absorber, respectively. In other publications, the material of the electrode is
exchanged for a less reactive alternative: Jiang et al. exchanged silver for gold elec-
trodes and Bogachuk et al. presented highly stable mesoporous cells with carbon
electrodes and without organic ETL. [23, 28] Bogachuk et al. also used a perovskite
with only one cation and one halide to prevent phase segregation. [23]

Following their alternative model for the formation of shunts, Johnson et al.
showed higher stability on smaller cells since the probability of macroscopic defects
is lowered. Additionally, they recommend clean deposition processes for the per-
ovskite to reduce the occurrence of pinholes as weak spots and uniform deposition
for the transport layers. That way, the transport layers do not come into contact with
each other even if pinholes are present in the absorber layer. This should decrease
the chance of the formation of shunts.

For the other proposed degradation mechanisms, no counter has yet been pro-
posed.

While these solutions demonstrate the degradation mechanisms, their direct
applicability in the commercial production of perovskite PV modules is doubtful (e.g.
gold electrodes) or will require more optimization (carbon electrodes). The use of
a perovskite with only one cation and one halide even removes one of the unique
advantages of the technology and is therefore not practical. Clearly, more research is
required to find ways to improve the stability of perovskite solar cells under reverse
biases.



Experimental

3.1. Fabrication and Sample Design

In the following section, a basic description of our samples will be provided. They dif-
fer from chapter to chapter only in small details. The detailed fabrication procedures
can be found in the appendices of each corresponding chapter.

Our samples were small, lab-scale perovskite solar cells with cell areas of 0.16 cm?
or 0.20 cm?. Their layer structure is displayed in Figure 3.1a with approximate thick-
nesses. As transparent conductive oxides (TCOs) have been used for both bottom
and top electrode (in this case indium-tin oxide (ITQ)), the cells are semi-transparent.
The main reason for using semi-transparent cells is that the metal electrodes of
opaque cells plays an important role in quick degradation by shunting when operating
under reverse bias. A more detailed discussion of the degradation mechanisms and
the role of metal can be found in Chapter 2. The hole transport layer PTAA and the
perovskite layer were deposited by spin coating. The electron transport layer Ceg was
thermally evaporated, SnO, was deposited via spatial atomic layer deposition (SALD),
and both ITO electrodes were sputtered. The gold grids were thermally evaporated.

The substrate design used in this work places four cells on each substrate. This
is displayed in Figure 3.1b. The cell area is defined by the overlap between the
orthogonal bottom and top ITO stripes.

3.2. Characterization

The characterization of these samples plays an important role in our experimental
research. For that reason, some of the standard techniques that were employed
in our work are introduced. Generally, however, the details of measurements and
unique additional experiments are provided in the chapters or the corresponding
appendices.

25
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Figure 3.1. The samples used in this work are depicted schematically as a cross-section of the perovskite
solar cells (a) and a substrate with four cells in a top-view to demonstrate how the overlap of the electrodes
defines the cell area (b).

3.2.1. JV measurements and MPPT

One of the most basic characterization techniques employed on solar cells is the
JV measurement. Its main purpose is to ascertain the power conversion efficiency
(PCE), together with several other solar cell parameters. To that end, certain standard
measurement conditions have been defined to ensure widespread comparability of
the results; the standard test conditions (STC) according to ISO 9845-1: The incident
power and approximate spectrum of the illumination are fixed as 1000 Wm~2 and
the AM1.5G spectrum, respectively. The temperature of the solar cell should be kept
at 25 °C. Since the temperature of our cells under illumination during measurements
was generally not measured, compliance with this requirement is not guaranteed.

In this work, a dual light source solar simulator (WACOM, class AAA) together
with a Keithley 2400 source meter was used. The voltage sweeps were performed
with a scan rate of about 0.1 Vs™!, starting from 1.2 V and ending at either —0.5 V
or —0.2V for the reverse (RV) sweep. Immediately afterwards, the forward sweep
was performed within the same voltage range but the opposite direction. The four
cells on one substrate were characterized sequentially from cell 1 to cell 4 under
constant illumination of all cells. Cooling was provided by blowing dry air over the
sample surface. Generally, the sets of JV measurements were repeated to serve as
pre-conditioning treatment in order to ensure the measuring of stable parameters.

In the field of perovskite solar cells, it is standard practice to use an illumination
mask. This is a plate of opaque material (e.g. metal) with a (square) hole that lies
between the light source and the substrate. Its purpose is to define the illuminated
area clearly and to reduce the impact of the edges of the cell area on the measure-
ment. This is achieved by choosing a size for the illuminated area that is smaller than
the cell area. In this case, an illuminated area of 0.09 cm? was used with cell areas
of at least 0.16 cmZ2. This results in a "JV curve" of which an example is displayed
in Figure 3.2.

The solar cell parameters that are determined that way include the open-circuit
voltage (Voc), the short-circuit current density (/s¢), the fill factor (FF), and the max-
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Figure 3.2. A JV curve with solar cell parameters.

imum extracted power (Pypp). The power conversion efficiency (PCE) is calculated
by comparing the Pypp to the power input via illumination (Pyumination):

Pupp Vmpp-Jmpp  Voc:Jsc*FF

PCE = (3.1

Pitumination Pitumination Pitumination

Not only, but especially for perovskite solar cells, this measurement and the inter-
pretation of its results are complicated by the so-called JV hysteresis phenomenon.
It has been first identified in a work by Snaith et al. in 2014. [62] Here, it describes
the impact that the sweep direction has on the JV curve. That means that a reverse
(RV) sweep from V, 10 Jsc results in different solar cell parameters than a forward
(FW) sweep from Jsc to Voc. In most cases, the RV sweep returns a higher PCE than
the FW sweep. This impact of the sweep direction is additionally modulated by the
scan rate of the voltage scan. [63, 64]

The origin of this phenomenon has been the subject of research that has been
on-going for years (e.g. [62, 65, 66]). It is generally assumed that mobile ions are the
main reason behind the occurrence of JV hysteresis. [65-70]

Following Tress et al., the impact of mobile ions can be explained by their interac-
tion with the external electric fields during RV and FW sweep: [71]

A RV sweep begins at a voltage V > V,, and proceeds towards V < 0V, while a FW
sweep returns from V < 0V to a voltage V > V,c. Therefore, the solar cells operates
with a pre-bias of a high voltage during the RV sweep and with a pre-bias of a slightly
negative or absent bias during the FW sweep. An absent or negative voltage causes
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mobile ions to accumulate at the interfaces. There, they screen the external electric
which hinders charge collection. That leads to a lower PCE during the FW sweep.
In contrast, the mobile ions move away from the interfaces towards the bulk of the
absorber layer upon high voltages. That, consequently, leads to improved charge
collection compared to the first case. It follows that the JV measurement during a
RV sweep shows a higher PCE than during a FW sweep.

The impact of the voltage scan rate then emerges from the limited ability of the
mobile ions to 'react’ to the changing external electric field: [63, 64, 72] The mobility of
the mobile ions is the limiting factor. It has been found that the hysteresis is absent
at both very large and very small scan rates. At very large scan rates, mobile ions can
be assumed to be static during a voltage scan. At very small scan rates, the mobile
ions are able to reach a new equilibrium at every measurement point. Therefore,
at these extrema, the inadvertent pre-bias treatments do not affect the solar cell
operation. No hysteresis is present. On the other hand, at scan rates between the
two extrema, hysteresis can be observed.

This phenomenon, and the resulting lack of confidence in JV measurements,
forced the community to search for solutions or work-arounds: One consists of
extended reporting of measurement results and parameters. For instance, it is wide-
spread standard practice to report the results of both RV and FW sweep.

Another solution is to measure the PCE in a steady state that corresponds closer
to outdoor operation with an absence of fast changes to the operating point. This
is called "maximum-power-point-tracking" (MPPT). As the name implies, the cell is
operating in the maximum-power-point, so at Vypp and Jupp, and changes to this
operating point are tracked actively. This is realized by incrementally changing the
voltage and measuring the change in extracted power. If the power has increased, a
new MPPT has been found; if not, the previous voltage is applied again.

The disadvantages of this technique lie in its longer duration and its more demand-
ing measurement apparatus. In return, the absence of a voltage sweep means that
hysteresis cannot occur and the resulting PCE is more realistically describing the
performance in operation. Together, JV measurements and MPPT form the most
basic characterization techniques that are performed on perovskite solar cells.

3.2.2. Reverse Bias (RB-)JV measurements

The purpose of the RB-JV measurement is to investigate the behavior of the solar cell
in reverse bias. It is a voltage sweep with a range that extends into the reverse bias
regime. As it is supposed to imitate a partial shading event, it is generally performed in
the dark. Often, a metric called "Breakdown Voltage" (Vgp) is determined from the RB-
JV curve, aiming to describe the reverse bias behavior with a single number. However,
in contrast to JV measurements, neither the measurement conditions nor the method
of determining this metric are standardized. As a result, the measurement conditions
vary among published RB-JV measurements and various different definitions of the
Vp are used in parallel. This problem will be discussed in more detail in Chapter 4.

The setup used in this study for RB-JV measurements consisted of an electro-
magnetically shielded box for sample placement and contacting, and an Autolab
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PGSTAT30, controlled by the software NOVA 2.1.4 from Metrohm as voltage/current-
source.

Generally, RB-JV measurements used a voltage range of 1.0V to —8.0V, or until a
current cut-off was reached (RV sweep) and back to 1.0V (FW sweep). This current
cut-off differs from chapter-to-chapter from around 0.3Is. to 0.5, and to Is.. The
choice of the current-cutoff significantly influences the degradation experienced
by the samples during the measurement and was therefore adjusted to expected
sample stability. This is also discussed in more detail in Chapter 4.

3.2.3. Imaging Techniques

Often, solar cells with contacts on both sides are considered to be 1-dimensional
or as one spatially homogeneous device. One example can be found in the JV
measurements: From the current flowing through the solar cell and the approximate
cell area, a current density is determined. This assumes that the current density
within the cell area is homogeneous. Another example is the usual equivalent circuit
where one diode and some resistances are used to model the behavior of a solar
cell. Once again, this is based on the underlying assumption that the diode behavior
of the solar cell is constant across the cell area.

This works well for small devices where gradients in material properties and series
resistance are negligible. However, when the resistance of the electrodes increases
or when local material properties rise in importance, a more realistic perspective is
advantageous. That is where imaging techniques gain prominence that allow the
creation of a 2-dimensional map of a solar cell property. One such imaging technique
is electroluminescence (EL) imaging.

In order to take an electroluminescence image, a current is injected into a solar
cell. The resulting charge carriers in the device can recombine via different mechan-
isms. For one of these recombination mechanism, a electron and a hole recombine
radiatively, meaning that their energy (E = E) is released in the form of a photon.
This photon can be detected by a camera. As recombination and emission of a
photon is the reciprocal process to the "normal" process of absorption of a photon
and creation of a pair of charge carriers, both are closely connected.

The EL signal ¢; detected at a position i can be described the following way: [73]

qVi
¢i(E)=Ci-exp (V—) (3.2)
th

Here, C; is a constant that depends on the geometry of the setup, properties of
the camera and recombination in the sample.V; is the local diode voltage, and V¢
is the thermal voltage. It is important to note that V; is generally not equal to the
externally applied voltage. Instead, it is modified by series resistance losses across
the electrodes.

A schematic EL measurement is depicted in Figure 3.3a where a gradient of V;
leads to a gradient in EL signal ¢;. To determine the local diode voltage and indirectly
image the local series resistance, several methods have been developed. One such
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method has been published by Haunschild et al. and is described in detail in Chapter
7.[74]

In this work, the setup used for electroluminescence imaging was a GreatEyes
system with a GE 1024 1024 BI MID camera (Si-CCD) and a Keithley 2400 as current-
voltage-source. The software controlling the system and for the basic data pro-
cessing was GreatEyes LumiSolarCell 7.0 SR in combination with a Python script.

Imaging of solar cells is not only possible by making use of electroluminescence.
Imaging techniques based on thermography are another option. Two such techniques
will be shortly introduced here. They are steady-state infrared imaging (ssIR) and its
more advanced derivative the Lock-In thermography (LIT).

Fundamentally, both make use of the property of matter of a certain temperature
to emit light. This is the black body radiation which is, for non-ideal objects, modified
by a factor called emissivity. Generally, however, the spectrum or the irradiance
at certain energies depends mostly on the temperature. That makes it possible to
image the temperature, or at least temperature distributions, on surfaces by detecting
the local emission of photons in the infrared (IR). This is displayed in Figure 3.3b
where a temperature gradient leads to a gradient in IR emission intensity. Imaging
temperature differences in solar cells is attractive since any internal current flow
heats up the surrounding area due to Joule heating. That means that imaging the
surface temperature of a solar cell enables us to investigate where the current flows.

The main difference between ssIR and LIT lies in the way the observed temperature
differences are caused. Steady-state infrared thermography is also called '‘passive’
since it involves recording the surface temperature in a steady-state. We can observe
the temperature distribution on the surface in normal operation (in-situ), or any other
desired state. The only demand is that that current flow is present to cause significant
local heating. Due to the (normally) low-power operation of a solar cell and the limited
sensitivity of thermocameras, this is a serious limitation. A second problem of ssIR is
the spatial dissipation of locally generated heat. The signal of a localized heat source
is spread into the surrounding area which limits the available spatial resolution.

Both limitations are partially overcome by adding the Lock-In principle to the
technique. That means that the sample is not passively observed anymore but
actively excited by injecting a current periodically. In other words, the current source is
rhythmically switched on and off and in that way, a wave-like temperature signal with
adefined (Lock-In) frequency is created. The camera records the surface temperature
with another frequency than the Lock-In frequency. The resulting images are averaged
over several periods and weighted with the Lock-In frequency. That results in the
removal of signal noise that does not follow the wave-function of the excitation.
Even if statistical noise approximately follows the Lock-In frequency, it averages to
zero due to the integration over several periods. Additionally, the spatial resolution
is increased since the thermal waves radiating out from local heat source are also
related to the Lock-In frequency. This improvement, however, depends on the chosen
Lock-In frequency.

That brings us to the main disadvantage of the Lock-In technique: The modulated,
square-wave excitation is not at all a natural state of operation for a solar cell.
Additionally, the slow processes in perovskite solar cells that can take many seconds
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(e.g. ion migration) cannot be resolved with faster Lock-In frequencies. That means
that the measurement is restricted to relatively large Lock-In frequencies which
reduces the advantage in spatial resolution. And even then, the state in which the
solar cell operates during the excitation is not well-defined.

All three imaging techniques are used to image the reverse bias behavior of
perovskite solar cells in Chapter 7. The strengths and weaknesses of each technique
are shown there on the basis of experimental results.

The thermocamera used for both ssIR and DLIT in this work was a InfraTec ImagelR
8300 (InSb-camera). For the ssIR imaging, an Autolab PGSTAT30 with the software
NOVA 2.1.4 served as current-voltage-source. The camera control and basic data
processing was performed by the software IRBIS 3.1 Professional. For the DLIT
imaging, a TDK-Lambda was the voltage source, instead. The software IRBIS active
online 1.1.154 controlled source and camera and did the basic data processing.



Determining the reverse bias
breakdown voltage

The degradation of perovskite solar cells due to reverse biases is one of the remaining
challenges hindering the commercialization of the technology. To overcome this
challenge, a thorough understanding of and control over the breakdown voltage is
crucial. A prerequisite for this is that the community ‘speaks the same language’, i.e.
that the breakdown voltages that are reported are comparable. A review of literature
data shows that the impact of measurement parameters is often unknown and seems
to depend strongly on sample properties. It follows that standardization is the only
way to reach comparability. Here, a set of measurement parameters to fill this gap
is proposed. As additionally various definitions of a ‘breakdown voltage’ are used in
parallel without any way of relating them to each other, this metric and its determination
need to be considered as well. After a thorough discussion of the available definitions,
using the point of maximum curvature is introduced. Its main advantage is the possible
connection to an analytical description of the breakdown mechanism. In this way, a
starting point for scientists new to the field of reverse bias stability is provided and
the ground for a broader discussion in the community is prepared.

This chapteris based on: J. Henzel et al.. 'Determining the Reverse Bias Breakdown Voltage of Perovskite
Solar Cells’. In: Solar RRL. 10.3 (2026), p. €202500875. DOI: 10.1002/s0Ir.202500875.
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4.1. Introduction

Concerns about the stability of perovskite solar cells (PSC) and modules is con-
sidered one of the remaining hurdles for the commercialization of this technology.
[14, 75] There are various stressors that have been reported to cause degradation
in perovskite solar cells, e.g. light [76, 77], temperature [78], atmosphere [79, 80],
and bias [19, 81]. The existing IEC standards were designed to test the silicon-based
field panels and have been shown to reflect the stability of thin-film photovoltaic
technologies insufficiently. [82] Therefore, the ISOS (International Summit on Organic
Photovoltaic Stability) protocols were designed which define experimental condi-
tions that can be used to investigate the impact of these stressors and combination
of stressors on perovskite solar cells in a comparable way. [33]

The ISOS-V-1to ISOS-V-3 protocols deal with electrical bias stability which includes
the degradation caused by reverse biases. [33] In a module, reverse biases can occur
when the series-connected cells in a string do not generate the same current. This
can be caused by partial shading, when a part of the module area is shaded while
the remaining part of the module is illuminated.

A simplified, standardized partial shading event has been described in the work by
Dongaonkar: [83] One cell of a module is completely shaded and does not generate
any current while the remaining cells are illuminated. Due to the series-connection,
this one shaded cell has to pass the current of the current-generating cells. That is
only possible when this cell operates at a negative voltage, i.e. at a reverse bias.

It has been shown that reverse bias (on cells) and partial shading (on modules)
can lead to significant and fast degradation of the power conversion efficiency (PCE)
in PSCs. [18, 19, 59] An overview over the mechanisms involved in breakdown and
degradation can be found in the work by Wang et al. [17] Interestingly, it seems that
the degradation rate scales with the reverse bias current and not the reverse bias
itself. [84, 85] It follows that - in order to avoid degradation in modules - the reverse
bias current needs to be limited as much as possible during partial shading events.

Silicon photovoltaics (PV) manufacturers employ bypass diodes for this purpose.
They are added anti-parallel to strings of cells in order to offer a low-resistance
current path in case of a reverse bias. However, this solution does not work for
modules based on PSCs and other thin-film PV technologies.

One reason is the monolithic interconnection strategy with its long, narrow cells
that is preferably employed in thin-film PV technologies. That leads to problems
with the use of external bypass diodes (for more information, see [16]). Another
problem lies in the difference in breakdown voltage between silicon solar cells and
PSCs. The breakdown voltage (Vgp) is a metric that describes the voltage at which
a reverse bias current flows. A higher Vgp means that one bypass diode can protect
a’longer’ string, so more series-connected cells. [16, 18] A smaller number of bypass
diodes per module leads to lower manufacturing costs. Typical breakdown voltages
in crystalline-silicon solar cells are reported to be —15 V. [86] In contrast, often-
mentioned values for perovskite solar cells are —1 V to —5 V. [87] Recently, there
have been, however, also reports of higher breakdown voltages. [21, 28, 30, 31]

As the breakdown voltage is a decisive parameter for the reverse bias stability,
significant effort has been put into investigating the breakdown voltage mechanism
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of perovskite solar cells or into manipulating it towards larger ("more negative")
voltages. [21, 28, 30, 31, 53, 84] However, a well-defined measurement procedure
and analysis method - as for the certified PCEs of perovskite solar cells - is missing
for the breakdown voltage. Hence, how the breakdown voltage is measured differs
from publication to publication and information about procedures and parameters
is often lacking. Additionally, various definitions of the breakdown voltage and thus
methods to analyze the measured data are in use.

As the influence of measurement parameters is generally unknown and the re-
lationships between the different metrics that are called breakdown voltages are
unclear, the published breakdown voltages cannot be directly compared with each
other. That hampers the efforts to find more generally applicable methods of con-
trolling the breakdown voltage. It also means that we cannot compare different
designs and layer stacks.

In this publication, we discuss how to characterize the reverse bias behavior of
perovskite solar cells. To that end, we take a look at the measurement parameters
and conditions playing a role in reverse bias voltage sweeps and their impact on
the measurement result. Furthermore, we consider the pros and cons of various
breakdown voltage definitions and demonstrate the superiority of using the point of
maximum curvature for that purpose.

4.2. How is the breakdown voltage measured? -

Definitions and implications

In the following, we will use the term ‘reverse bias (RB) breakdown’ for the reversible
increase of the current that occurs when a voltage sweep into the RB regime is
performed. Here, the current follows an approximately exponential dependence
on the voltage and originates from a tunneling/Zener or, possibly, an avalanche
breakdown mechanism. The breakdown itself is not damaging to the solar cell, but
the reverse bias and reverse bias current lead to a gradual degradation of the solar
cell parameters.

This breakdown is depicted in Figure 4.1a as reverse bias current density-voltage
(RB-JV) curve with reverse (RV) and forward (FW) sweep (for details of the meas-
urement procedure, see appendix B, Table B.1). The RV sweep starts in the positive
voltage regime and ends in the negative. The FW sweep returns from a negative
voltage to the positive voltage regime. To judge the impact on the efficiency, the
(standard) JV curves from measurements before and after this RB-JV sweep are
shown as inset (find measurement details in appendix B, Table B.2). It should be
noted that the word 'breakdown’ points at the breakdown of the diode which is not
intrinsically damaging to the solar cell. The solar cell does not necessarily 'break
down’ in the sense of losing its functionality.

This reversible behavior stands in sharp contrast to the 'thermal breakdown’ that
is depicted in Figure 4.1b (for measurement details, see appendix B, Table B.1). Here,
a sudden, very steep increase of the current to ~ 1400 mAcm—2 is observed. Its
effect on the sample is destructive as it is likely accompanied by the formation
of shunts. There might also be a component of thermal runaway where localized
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Figure 4.1. Comparing the reversible ‘reverse bias breakdown'’ (a) and the irreversible 'thermal breakdown’
(b). The insets show standard JV curves from measurements before (black) and after (red) the RB-JV
measurements. A detailed description of the measurement parameters used for the RB-JV measurements
can be found in the appendix B, Table B.1. The parameters of the JV measurements in the insets can be
found in appendix B, Table B.2.
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heating due to localized current flow leads to a locally-increased conductivity with the
two effects escalating towards the destruction of the sample. The inset shows the
(standard) JV curves before and after this RB-JV measurement and clearly illustrates
the destructive effect of this thermal breakdown: Shunts dominate the cell behavior
and the PCE is reduced to nearly 0 % (find measurement details in appendix B, Table
B.2).

Furthermore, we will generally talk about absolute breakdown (BD) voltage values.
Therefore, a ‘larger breakdown voltage’ is one that is more negative. Additionally, we
will use the abbreviation 'JV measurement’ for the standard voltage sweep whose
purpose it is to measure the PCE of solar cells. When the voltage range is extended
to more negative voltages in order to investigate the reverse bias behavior, we will
refer to it as 'RB-JV measurement’.

4.2.1. Procedures and parameters in literature

With these initial definitions out of the way, we can start discussing how the break-
down voltage is measured. Normally, researchers perform a voltage sweep while
measuring the current, similar to the JV measurement that is performed in order to
determine the efficiency and other standard solar cell parameters. When it comes to
performing a RB-JV sweep, there are several measurement parameters to decide on:

- Upper Limit (often the starting voltage of the RV sweep)

+ Lower Limit (either the end voltage of the RV sweep or a current cutoff)
+ Scan Rate

+ Sweep Direction (Hysteresis measurement)

+ External Factors: lllumination, Temperature, Atmosphere

What can we find in literature on PSCs in regards to these parameters? We have
summarized the ranges that can be found in literature in Table 4.1. A table showing
the detailed parameters can be found among the data underlying this article (see
the Data Availability statement of the publication that this chapter is based on). It
should be noted that the values mentioned there are partially assumptions based
on the parameters used for standard JV measurements in the same publication
or the limits of data that are displayed in graphs. Additionally, they are partially
from measurements of the Vgp and partially from experiments on the reverse bias
behavior.

The extremely wide range used for these parameters is clearly visible and demon-
strates why we consider it important to discuss their impact on the measurement
result.

4.2.2. Literature survey: Impact of measurement parameters

Could these measurement parameters have an impact on the measurement results?
Furthermore, are there practical considerations to take into account when deciding on
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H Parameter ‘ Range H
Upper Limit OVto2V
Lower Limit: Voltage —0.2Vto—-20V
Lower Limit: Current Density —1mAcm—2t0—1000mAcm2
Scan Rate 0.02VsTto10VsI

Sweep Direction mostly only RV; sometimes RV + FW
Illumination often unreported; darkness, 0.02 suns to 0.25 suns
Temperature mostly unreported; —19°C to 45 °C
Atmosphere mostly unreported; ambient, at controlled relative humidity 35 %, in N2

Table 4.1. Main measurement parameters of RB-JV measurements and the range of values
that can be found in PSC literature.

a set of parameters to use? We endeavor to answer these questions in the following
sections.

As comparing the reverse bias behavior of PSCs from different publications is
difficult, we rely on articles in which the comparison of measurement parameters
is attempted. The motivation for these experiments is often increasing realism of
measurements or investigating the breakdown mechanism.

However, a fundamental problem, when it comes to determining the impact of
measurement parameters on results, lies in the limited stability of the PSCs: Any
voltage sweep into the reverse bias regime changes the sample, if only temporarily.
In a recent publication by Wang et al., the dynamic reverse bias behavior, i.e. changes
of the reverse bias behavior due to RB-JV measurements, is discussed in detail. [49]
It is likely that the movement of mobile ions is the origin of this phenomenon. Often,
the changes are completely reversible and the solar cell returns to its original state
after some hours of storage in darkness. This still makes the simple comparison of
two different measurement settings (e.g. two different voltage scan rates) tedious.
Ways around this problem, e.g. repeating measurements to estimate the effect of
successive voltage sweeps, bring their own problems with them. This might be one
of the reasons why information on the impact of some measurement parameters is
sparse. Therefore, the quantitative results should be considered with the appropriate
care.

Voltage scan rate

The voltage scan rate has been shown to have an impact on the results of standard
JV measurements on PSCs. Both the PCE (and thus the other solar cell parameters)
and the hysteresis are dependent on the scan rate. The presence of mobile ions is
named as one of the origins of this effect. [63, 64, 70]

According to the widely-accepted mechanism of the reverse bias breakdown in
PSCs, mobile ions also play an important role there. [19, 20] Under the influence
of a reverse bias, they accumulate at an interface and cause band bending. This
facilitates the tunneling of charge carriers into the perovskite and thus the flow of a
reverse bias current. Therefore, it stands to reason that the scan rate has an impact
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on the reverse bias behavior.

The influence of the voltage scan rate has been investigated in several publications:
Bowring et al. compared the RB-JV measurements with scan rates of 10 Vs~! and
0.1Vs~1 [19] They reported that a higher scan rate leads to a higher breakdown
voltage. Their explanation was based on the idea that the mobile ions do not reach
steady states faster than the voltage is changed. In their case, the RB-JV curve
shifted by approximately 0.1 V.

In contrast, Wang et al. reported a lower breakdown voltage at higher scan rates,
comparing 1Vs~1,0.5Vs™!, and 0.1 Vs~1. [49] This contrasting result might be
explained by the difference in solar cell layer stack: Wang et al. investigated the
behavior of ETL-free PSCs while Bowring et al. used a more traditional p-i-n layout.

In Henzel et al., scan rates of 5Vs=!,2Vs™1,1Vs™t 0.5Vs™!,and 0.1Vs™?!
were compared. [88] However, it was concluded that the effect of performing several
(15) successive measurements (shifting the RB-JV curves by about 0.5 V) was
interfering with any conclusions regarding the impact of only the scan rate.

A more significant impact of the scan rate was reported for the combination
of reverse bias and low-intensity illumination by Henzel et al. [88]. There, choosing
different scan rates lead to qualitatively different RB-JV curves with strongly diverging
behavior in the large- and small-RB-current regime. They explained their observations
with an activation of mobile ions by the illumination.

Beyond the effect on the measurement result, there is also the effect on the sample
itself to consider. PSCs with limited stability might degrade already during RB-JV

measurements. After all, they are operating in reverse bias during the measurement.

As degradation was shown to be a function of RB current and time, a lower scan rate
can be expected to lead to more degradation. [84]

Some of the available data suggests that the impact of the scan rate on the RB
behavior (and therefore a Vp) is small. However, it is doubtful whether any general
validity regarding the magnitude of the impact of the scan rate can be claimed. It is

likely that this magnitude depends on the properties of the mobile ions (e.g. mobility).

These properties, in turn, depend on the perovskite formulation and the macroscopic
structure (e.g. grain boundaries as channels for ion migration). [22, 45, 89] Therefore,
the choice of the voltage scan rate should be carefully considered when measuring
the Vp via a RB-JV measurement.

Sweep direction and hysteresis

The influence of the sweep direction is connected to the issue of reverse bias
hysteresis as this term describes a difference between a reverse (RV) and the forward
(FW) sweep. As per the definition, the reverse sweep starts at a positive voltage and
proceeds towards a negative voltage while the forward sweep starts at a negative
voltage and proceeds towards a positive voltage.

The "normal” hysteresis phenomenon in standard JV measurements has attracted
great interest and research effort since its initial description in 2014. [62] The general
consensus is that the occurrence of hysteresis in JV measurements is caused by
mobile ions and interface defects. [70]
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In contrast, the hysteresis phenomenon in RB-JV measurements is rarely reported
and barely investigated. Specifically, it remains unclear what the "true" breakdown
voltage is and, indeed, whether there is one. Regarding the origin of the reverse bias
hysteresis, there is no clarity yet: Assuming that there exist similarities to "normal”
hysteresis, it is likely that the same solar cell properties (i.e. mobile ion conductivity
and interface defects) play a decisive role. However, to the best of our knowledge, no
publication has mentioned any correlation between (standard) hysteresis and reverse
bias hysteresis. Another origin of reverse bias hysteresis could involve the storing
and discharge of charges (discussed in the work by Henzel et al. [88]). Furthermore,
mechanisms that change the breakdown voltage while the cell is operating in reverse
bias on a similar time scale as the voltage sweep could have an impact appearing
as hysteresis. However, it should be noted that no detailed research on the origin of
reverse bias hysteresis is published.

Wang et al. showed RB-JV curves where the difference between RV and FW sweeps
amounted to about 0.4 V. [49] Henzel et al. also reported both RV and FW sweeps
that were showing hysteresis. [84] The difference between the sweeps was most
significant in the low-current regime (at RB currents below —5 mA cm~2). The dif-
ference between RV and FW sweeps was between 0.2 V and 0.7 V. [84] In the work
by Aninat et al., RB-JV measurements with hysteresis were shown as well. [59]
However, they continued their voltage sweep until reaching a current density of
—20 mAcm~—2 and used the voltage there as the breakdown voltage. Therefore, the
issue of hysteresis does not appear in their breakdown voltages. Finally, Tayagaki
et al. measured RB-JV hysteresis at low current densities (< 1 mAcm~2) and at
various temperatures. [53] Henzel et al. additionally reported hysteresis in another
publication. [88] Again, differences between RV and FW sweeps between 0.2 V and
0.7 V were visible.

It seems that the effect of the sweep direction on the Vgp varies in the few ex-
amples where both sweep directions have been reported. The work by Henzel et
al. proposes a way of dealing with small differences between RV and FW sweep.
[84] They use the mean of the two breakdown voltages. The results of both sweep
directions should be reported in any case. When hysteresis becomes more signific-
ant, however, using a mean might not be good practice anymore. Then, steady state
measurements, as equivalent to MPPT, could be utilized to determine a breakdown
voltage. Alternatively, a different voltage scan rate might yield a smaller hysteresis.

Lower limit of the voltage sweep

In literature, a large variety of lower voltages or current limits are employed (see Table
4.1). This variety is caused by the different metrics that are supposed to be measured.
If Vgp = V(/ = —1 mAcm™2), then it is more than sufficient to use a current density
limit of =5 mA cm™2. On the other hand, if Vgp = V(J = Jsc) = V(=20 mAcm™2),
then the before-mentioned limit would not be sufficient. Finally, if the desired metric
is the voltage where the thermal breakdown occurs, then even higher current limits
and voltages are required.

Can the choice of the lower limit have an impact on the measurement result?
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Logically speaking, there can be no impact on the initial RV sweep. After all, for
the current density at V = —1V in a RV sweep, it does not matter whether the
sweep ends at V =—4V or V = —5V. However, the FW sweep and any successive
measurements might well be influenced by the choice of the lower limit.

Any effect of the lower limit would be connected to degradation or at least changes
to Vgp due to operation in RB during the measurement. The idea that operation in RB
might affect the reverse bias behavior itself has already been formulated by Bowring
et al. [19] They proposed an electrochemical reaction at an interface that is driven
by the reverse bias current. Additional evidence of the effect can be found in the
publication of Wang et al. where the effect of successive RB-JV measurements is
shown in great detail. [49] They argue, however, that the mobile ions accumulating
an the interfaces can also lead to an increasing breakdown voltage. More support
can be found in the publication by Henzel et al. on the impact of illumination on the
reverse bias behavior. [88]

Therefore, we expect that the RV sweep has an impact on the subsequent FW
sweep. The magnitude of this impact is likely dependent on the lower limit since it
affects both the RB current and the time spent in RB during the RV sweep. Therefore,
the choice of a lower limit should take the stability of the sample into account and
which changes to the sample are acceptable.

INlumination

There are at least two reasons for wanting to add illumination to an experiment on
the reverse bias behavior: One is the desire to increase the realism in RB-JV measure-
ments and imitate actual operating conditions more closely. Measurements in the
dark imitate the simple partial shading event where a cell of a module is completely
shaded. Adding illumination tries to extend this scenario to partial shading events
where only a part of a cell is shaded or where still a low illumination intensity reaches
the cell. A more detailed motivation can be found in Henzel et al. [88] Another reason
could lie in an investigation of the reverse bias breakdown mechanism itself by
disturbing the breakdown mechanism in a controlled way.

The effect of illumination on the reverse bias behavior has been judged as signi-
ficant by Wang et al. who found that the breakdown voltage is strongly reduced by
the addition of illumination intensities of about 25 mW cm~2. [49] As explanation,
they proposed that light promotes the generation of mobile ions.

In contrast, Jiang et al. reported that the reverse bias behavior and Vgp of their
PSCs was barely influenced by the addition of 10 mW cm—2. [28] A more thorough
investigation of the impact of illumination has been published by Henzel et al. [88]
They tested the effect of different colors of illumination and the effect of illumination
in combination with various voltage scan rates. The range of the illumination intensity
used in their experiments was between 2 mW cm=2 to 30 mW cm~2. They found
that the light of different wavelengths leads to qualitatively similar results and that
the impact of illumination strongly depends on the scan rate. At large scan rates,
illumination had a dramatic effect on the Vgp values of their cells, while it was insig-
nificant at small scan rates. [88] Finally, they also reported the effect of illumination
on quasi-steady state experiments where a fixed current was being injected before




42 4. Determining the reverse bias breakdown voltage

illumination was switched on. They proposed an explanation involving the effect of
illumination on mobile ions but also an electrochemical reaction that counteracts
the effect of the light at small scan rates. [88]

This effect of illumination was assumed to be related to intrinsic properties of the
perovskite layer and therefore generally valid for all perovskite solar cells. However,
the strength of the effect and its dependence on the scan rate might depend on
the properties and materials of the perovskite solar cells. It is clear, however, that
the illumination intensity during RB-JV measurements should be controlled and
reported.

Temperature

The temperature of the sample can be of interest for two reasons: Firstly, in order to
take a further step towards realism and imitate the outdoor situation at increased
temperatures. [28] Secondly, as a way to show the dependence on temperature as
evidence for the influence of mobile ions that is suggested by the widely-accepted
breakdown mechanism. [19]

At a scan rate of 0.1 V s—1, the temperature difference between room temperature
(RT) and —19 °C seemed to cause a difference of approximately 0.4 V in the small-
RB-current regime. [19] Jiang et al. did not find a significant difference between the
Vgp values at RT and 45 °C. [28] Tayagaki et al. reported that the RB current increased
at lower reverse biases when the RB-JV measurements were performed at higher
temperatures. [53] That means that the Vgp decreased with increasing temperature
which corroborates the above-mentioned results of Bowring et al. Both explained
this temperature-dependence with the effect of temperature on the conductivity of
mobile ions. Their conductivity, i.e. mobility and/or concentration, influences how
they react to external electric fields.

It seems that the temperature can have an influence on Vpp via its effect on mobile
ions. Thus, the temperature should also be taken into account as a measurement
parameter.

Other parameters

There are two measurement parameters left over that were mentioned in the list at
the beginning of this section: One is the upper (voltage) limit of the voltage sweep.

To the best of our knowledge, there is no data available on this parameter having
an impact on the reverse bias behavior. Xu et al. explained, however, that they pre-
treated their cells at 0V for 1 min and then started the RB-JV measurements at
0V with the intention of avoiding "capacitative charging effects". [90] That implies
that starting the voltage sweep at a positive voltage is an inadvertent pre-biasing.
Unfortunately, we have not seen any data on the effect of positive voltage pre-biasing
on the reverse bias behavior. Pre-biasing with a negative voltage, on the other hand,
has been shown to have an effect in the work by Henzel et al. [88] There, it helped
bringing the RB behavior of fast voltage sweeps under illumination closer to the
behavior of slow voltage sweeps.
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The second missing parameter is the atmosphere in which the RB-JV measurement
is performed. This atmosphere is nearly exclusively 'ambient’ in the available literat-
ure. This could be a problem for two reasons: Firstly, degradation due to ambient
atmosphere might occur on a timescale that is similar to the process of performing
the RB-JV measurements. Secondly, direct interactions between the reverse bias
behavior and components of the atmosphere, e.g. water, might influence the reverse
bias behavior. We are not aware of any publications discussing any of these issues.
Therefore, we cannot make a statement about the possible impact they might have.
However, it is clear that the parameter ‘atmosphere’ includes information about
eventual encapsulation/packaging.

We have seen that a lot is unclear about the impact of measurement parameters
and conditions on the resulting Vgp. For several parameters, there is some informa-
tion available. However, even in these cases, the properties of the PSCs are likely
to affect the impact of the measurement parameters. That means that there is
no ‘general Vgp’, there are only breakdown voltages according to the methods of
determining them. That makes it difficult to compare Vgp values from different
sources.

One solution to that issue is for everyone to use the same measurement paramet-
ers. To that end, we will propose two sets of parameters and conditions; one for
stable cells and one for less stable cells.

4.2.3. Recommendations towards standardized measurements

We have discussed the relevant measurement parameters thatimpact a RB-JV meas-
urement and its results. To that end, we showed the wide range of parameters that
has been employed in measurements and experiments regarding the reverse bias
behavior of perovskite solar cells. Subsequently, we presented data from literature
on the impact of these parameters on the measurement results. It seems that the
impact often depends on the perovskite solar cell properties. This makes it difficult
to define a general 'best practice’. Nevertheless, we will propose a set of paramet-
ers that can be used as a starting point. Generally, however, reporting the detailed
measurement parameters and conditions helps the most.

Two sets of recommended measurement parameters are presented in Table 4.2.
Since literature showed that there is a wide spread in reverse bias stability, we
decided to provide recommendations for ‘stable’ and 'less stable’ samples. Here,
‘stable’ cells are those that do not degrade significantly during one RV-JV sweep.
Providing a set for less stable cells should enable similar experiments on a wider
range of PSCs and thus increase inclusivity. A measurement without significant
impact on the solar cell performance could also gain entrance into the group of
'standard measurements’, like IV or EQE measurements. This would greatly help this
field of research.

Our argumentation for this choice of measurement parameters is the following:
By using an upper limit of 1.0 V, we incorporate a dark JV measurement and therefore
information about the state of the solar cell. That way, changes to the cell due to
the RB-JV measurement are tracked ‘automatically’. Additionally, a certain recovery
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‘ Parameter H Recommendation (stable cells) ‘ Recommendation (less stable cells) H
Upper Limit 1.0V 1.0V
Lower Limit Jsc 0.5/sc
Scan Rate 0.1Vs1t00.2VsT 1.0Vs!
Hysteresis RV and FW sweep RV and FW sweep
External Conditions || darkness, RT, ambient atmosphere | darkness, RT, ambient atmosphere

Table 4.2. Recommended measurement parameters for the characterization of the reverse
bias behavior of PSCs.

occurs during the operation in the positive voltage regime at the end of the RB-JV
measurement.

Using a lower limit of /s provides information about the whole ‘realistic’ range of
operating conditions of a cell in a module. If less impact on the cell is desired, the
Lower Limit can also be limited to 0.5/sc. That way, the measurement still provides
information about the large RB current density regime.

When it comes to the Scan Rate, a compromise between two opposed consider-
ations has to be found. On the one hand, a smaller scan rate means that the cell
spends more time operating in RB and therefore experiences more degradation. On
the other hand, it has been shown that slow processes occur in PSCs in reverse bias
and that it can take a long time to reach an equilibrium upon applying a new bias.
Therefore, a small scan rate is necessary to allow the cell to reach a steady state
for each measurement point. A scan rate of 0.2 Vs~! for stable cells was chosen
because it is a typical scan rate for JV measurements on PSCs. For less stable cells,
using 1.0 Vs~ reduces the total charge flowing through the cell and the time spent
in RB drastically, and therefore limits degradation.

Hysteresis is a well-known phenomenon in JV measurements on PSCs. As the
sweep direction can have an impact on the measurement results, it is standard
procedure to perform and report both RV and FW sweep and their respective results.
As a hysteresis phenomenon has been shown to occur in RB-JV measurements, RV
and FW sweeps should also be performed and reported here. The fact that barely
anything is known about the RB hysteresis and its connection to ‘'normal’ hysteresis
increases the importance further.

Finally, when it comes to the External Conditions, we decided to keep things simple:
RB-JV measurements should be performed in complete darkness. This standardized
measurement should model the simple and idealized partial shading event of one
cell of a module being completely shaded. They can be performed without special
temperature control at room temperature (RT). Regarding the atmosphere, we have
not seen any data on an impact of oxygen, humidity, etc. on RB-JV measurements.
Therefore, as long as the PSCs are stable enough to be characterized in ambient
atmosphere via JV measurements, we assume that they are not being significantly
changed within the time frame of a RB-JV measurement

Despite pre-conditioning being a relatively common procedure in the perovskite
community and in other solar cell technologies, we have decided not to include any
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such treatment in this list beyond our choice of positive voltage upper limit. The
main reason is that it does not seem to be a common procedure to do so in the
publications on RB on PSCs. If the impact of an RB-JV measurement on the reverse
bias behavior causes concern, we recommend performing two RB-JV measurements
in order to gain an estimation of their effect.

4.2.4. Steady state measurements

At the end of this section, we would like to comment on a completely different way of
determining a breakdown voltage: Measuring the reverse bias behavior in a (quasi-)
steady state by applying a constant voltage or injecting a constant current. This
procedure could be called the functional equivalent of the maximum-power-point
tracking (MPPT). This experiment has been reported in few publications. [18, 19, 84,
88] There, the experiment was not performed to determine a breakdown voltage and
compare it with the breakdown voltage from a voltage sweep. Instead, the impact of
time operating in RB was the target of these experiments.

One reason for this might be that these cases showed that either there does not
seem to be a steady state, i.e. the voltage or current continues to change in time
without stabilizing. In any case, it seems to take some time (several 10 s) to even
approximately stabilize when large current densities are injected. This is shown in
the data from the work of Henzel et al. (see appendix D, Figure D.12). [88] That means
that even if a steady state is reached, significant degradation is to be expected due
to the long time spent operating in reverse bias. For these reasons, we do not follow
up on this method here.

4.3. Defining a breakdown voltage

After having discussed how to perform RB-JV measurements, we will turn our atten-
tion to the following step: How do we get from the raw data of a current (density)-
voltage curve to a meaningful metric that describes the reverse bias behavior? In
literature, there are various breakdown voltage definitions available. The problem
with that is illustrated in Figure 4.2a. Different voltages, often describing different
parts of the RB-JV curve, are all called Vgp. One of the reasons for this large variety
lies in the different purposes these breakdown voltages are supposed to fulfill. Three
possible purposes are listed in the following:

+ Comparability:

The Vgp should allow the comparison of PSCs of different batches, with different
perovskite formulations, layer stacks, and cell layouts in regards to their reverse bias
behavior.

+ Describing real operating conditions:

The Vp should make a statement about the solar cell behavior as part of a module
during a realistic partial shading event. Hence, this breakdown voltage provides
information for the design of modules.
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+ Compatibility with theoretical descriptions:

The Vp should be defined in a way that can be described analytically/mathematically.
In that way, a theoretical description of the breakdown mechanism could be connec-
ted to empirical values of Vpp.

Additionally, we require that definitions of the breakdown voltage fulfill some basic
requirements: Firstly, the Vgp should be clearly, unambiguously defined, so that
it describes one voltage (and not a range of voltages) for each sweep direction.
Secondly, the Vgp should describe the reverse bias behavior and should not be
unduly influenced by other factors. We will later see that RB-JV curves exist where
small or short-lived shunts ("irregularities") affect (only) the low-RB-current density
regime. Since they do not seem to have a significant impact on the high-RB-current
density regime, they should also not dominate the metric describing it.

In the following, we will present the breakdown voltage definitions that have been
used in publications on the RB behavior of perovskite solar cells. More definitions
can be found when looking at publications about other solar cell technologies, e.g.
for CIGS in Puttnins et al. and Szaniawski et al. [51, 91] Here, we will, however, confine
ourself to those used in the perovskite PV technology and, in the process, propose
one additional definition. Furthermore, we will discuss the definitions in regards to
the above-mentioned purposes and requirements.

4.3.1. Definitions in Literature

When categorizing the breakdown voltage definitions that we will discuss, three
groups appear:

+ Graphical Definitions
- Graphical Onset (see Figure 4.2b: blue)
- Thermal Breakdown/Shunting (see Figure 4.2c)

+ Fixed Current Density (see Figure 4.2b: red)
- V(J=—1.0mAcm™?)
- V(J=-10.0mAcm™?)
- V( =Jsc *—20mAcm™2)

+ Advanced Analysis Techniques
- Linear Fit (see Figure 4.2b: magenta)

— Point of Maximum Curvature

In the following, we will describe them in more detail and discuss their strength
and weaknesses.
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Figure 4.2. Defining a breakdown voltage: The topic of this section is illustrated (a): What is the breakdown
voltage (Vgp)? Various definitions of Vp that have been used in publications on PSCs (b): The onset of
the RB current density (blue), three versions of a definitions based on fixed current densities (red), and a
definition based on a linear fit of the high-RB-current density regime (magenta). An additional definition
based on the sudden current density increase caused by the solar cell shunting (c).
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Graphical Definitions

Both graphical definitions have in common that the breakdown voltage is marked by
a change in the current density that is visible in a graph.

The definition using the onset of the current density (J) was employed in only one
publication. [23] It involves plotting the RB-JV curve and then proclaiming the voltage
where the current (density) visually increases as Vgp. While it is easy to (manually)
determine from graphical depictions of RB-JV measurement results, it suffers from
a serious problem: It is not well defined.

As is shown in Figure 4.3, the voltage that seems to correspond to the onset of J,
depends on the graphical depiction. In Figure 4.3a - ¢, the same curve is depicted
but progressively more ‘zoomed in’. Even though we used axis ranges that ensure
that the depicted parts of the curve use most of the graph area (thus, a 'realistic’ way
of presenting the data), Vgp seems to shift towards lower voltages. We expect the
same to happen when different lower limits (end voltage or current density cutoff)
are used for the RB-JV measurements. Even when the same axis ranges are used,
this ‘onset’ describes rather a voltage range than a specific point on the curve. This
vagueness not only causes problems for comparing exact values but also makes it
difficult to determine it automatically from RB-JV measurement data.

Due to these fundamental issues, it does not seem to be fit for any of the above-
mentioned purposes.

The second definition using a graphical depiction was employed by several authors.
[21, 26, 30-32] This breakdown voltage is characterized by a sudden, drastic increase
of the current density (see Figure 4.2c). Based on the assumed mechanism behind
this current density increase, it was called ‘thermal breakdown (voltage)’ in one
publication and described as ‘voltage at which the current spikes suddenly and
permanent damage occurs’. [26] We assume this description points at the thermal
runaway effect, a feedback loop between localized current flow leading to local Joule
heating which increases the local conductivity and therefore leads to increased
current flow. It is connected to shunt formation and not to the (Zener or avalanche)
diode breakdown, i.e. the reversible reverse bias breakdown.

As before, a thusly-defined breakdown voltage is easy to determine, not only
manually/graphically but also in an automated way. The characteristic current spike
can easily be detected by an algorithm. At the same time, its nature as current
spike means that it describes a single point on the RB-JV curve and is therefore
well-defined. Therefore, it does allow the comparison of different solar cells.

It is, however, important to note that current spikes can occur in the small-RB-
current regime (i.e. / < —5 mA cm~2) without significant effect on the reverse bias
behavior at larger current densities (see for example Figure 4.4, red curve with peak).
Therefore, a RB-JV measurement with a very large lower limit should be used for
determining the thermal breakdown voltage to ensure that the characteristic current
spike does lead to the destruction of the solar cell. Since it causes catastrophic
damage in the sample, it is a measurement that cannot be reproduced on the same
sample and is therefore also not useful as one characterization method among
others. Additionally, it also does not allow any statement about the hysteresis as a
damaging RV sweep cannot be followed by a FW sweep.
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Figure 4.3. Using the graphical onset of the current density as definition of Vgp. The axis ranges is
changed between the three graphs to show that they influence the breakdown voltage (a-c).
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Furthermore, it is questionable whether the thermal breakdown voltage is a mean-
ingful metric to describe reverse bias stability: Does it indicate a reverse bias
threshold with smaller reverse biases being safe for the PSCs? Data from one of the
publication using this definition answers that question: Even only successive RB-JV
measurements to —5 V performed on samples with thermal Vgp values of —7.6 V
showed complete degradation after a few cycles. [26]

Does it describe a realistic degradation mode? In a module without bypass di-
odes, the largest RB current density that flows through a shaded cell is J iy if the
cell operates beyond its breakdown. Any voltage with a current density above Js¢
would therefore be unrealistic. The voltage, at which the thermal breakdown occurs,
depends, of course, on the solar cell, but in the case depicted in Figure 4.2c, this
spike occurs beyond —500 mA cm—2, so at about 25 x Js.

Finally, as long as the mechanism of the thermal breakdown is not clear, any
connection to the generally-accepted RB breakdown mechanism (tunneling [19]) is
not possible. Additionally, if local shunting is the main process leading to thermal
breakdown, the Vpp is likely determined by weak spots, e.g. particles and other
inhomogeneities and not material or interface properties.

To summarize, while the thermal breakdown voltage allows for the easy compar-
ison of PSCs, it is not clear whether the underlying cell property that is compared is
decisive for the reverse bias stability. Combined with the practical limitations caused
by being a destructive measurement, it does not seem to be a good fit for any of the
above-mentioned purposes.

Fixed Current Density

Breakdown voltage definitions based on a fixed current density are present in vari-
ous publications. Here, the breakdown voltage is the voltage where the fixed cur-
rent density Jgp is reached: Vgp = V(J = Jgp). The most commonly used version
(/Jsp =—1.0mAcm~2) was proposed by Bowring et al. and subsequently adopted
by several other authors. [18, 19, 49, 58, 84] Bowring et al. described their choice of
Jep themselves as "arbitrary".

Another publication preferred Jgp = —20.0 mA cm—2 for being close to Jsc and
therefore the maximum current that their devices were capable of generating. [59]
This current density is the theoretical maximum that a shaded cell would need to
pass in a partial shading event on a module without bypass diodes.

Finally, Henzel et al. chose a compromise, using Jsp = —10.0mAcm~2 ~ 0.5/.
[88] As their experiments included up to 75 RB-JV measurements per cell, they
desired to limit degradation and therefore endeavored to decrease the lower limit of
their measurements. At the same time, they wanted to prevent their Vgp from being
influenced too much by the low-RB-current density regime.

These three versions of this definition are shown in Figure 4.2b as red, dashed
lines and red arrows.

All of them have in common that their corresponding Vgp values are very easy
to determine, also in an automated way. In principle, these Vpp values are also
unambiguously-defined; at least when the RB-JV curve does not show any of the
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irregularities that are shown in Figure 4.4: There, three RB-JV curves are presented.
One is close to ideal (black), one shows a peak before the actual breakdown, i.e. a
short-lived, sudden increase of the current density (red). That might be caused by
a newly-formed or newly-activated shunt which heals immediately again. This is a
rarely-occurring phenomenon with an unclear origin though we expect a connection
to small imperfections in the solar cell area. The last curve shows a pre-breakdown,
i.e. an irregular early breakdown that leads to a significant RB current even before the
actual, exponential breakdown occurs (blue curve in Figure 4.4). This phenomenon
was caused by the addition of blue, low-intensity illumination on RB-JV measure-
ments with small scan rates (e.g. 0.1V s~1). The data shown here stems from
the publication by Henzel et al. (see Chapter 6) [88] We use these RB-JV curves to
demonstrate how breakdown voltage definitions based on fixed current densities
deal with ideal and non-ideal RB-JV results.

In Figure 4.44, the three RB-JV curves are shown with the addition of a horizontal
line that marks Jgp = —1.0 mAcm™—2. Filled circles and empty circles mark the
breakdown voltages of RV sweep and FW sweep, respectively. For the ideal RB-JV
curve, the two Vpp values also convey information about the RB hysteresis. For the
RB-JV curve with the peak, one red circle marks the peak since it crosses Jgp while
the empty circle is placed at the actual Vgp values of the RV and FW sweeps. The
blue circles mark very different Vgp values; one dominated by the pre-breakdown,
the other by the 'real’ breakdown.

Thus, we have seen that using Jsp = —1.0 mAcm~2 does work well for ideal
RB-JV curves. However, whenever there are irregularities present that affect the low-
RB-current regime, they can significantly influence the determined Vp values. As
can be seen in the same graph, the same irregularities do not significantly impact the
high-RB-current regime. Additionally, the irregularities are not present at all in the FW
sweep. That calls into question whether the Vgp values that use Jgp = —1 mAcm—2
represent the reverse bias behavior accurately.

When we take a look at Figure 4.4b and c, we see how the definitions using
Jep =—10.0mAcm~—2 andJgp = —20.0 mA cm—2 fare with the same RB-JV curves.
Their advantage of not being unduly influenced by the RB behavior in the low-RB-
current behavior is clearly visible.

In return, while determining these Vgp values at 0.5/sc and s, (irreversible) degrad-
ation is likelier to occur. Jiang et al. found that their PSCs experienced irreversible
degradation when passing Jmpp (Which is still smaller than Jsc). Cells that had to
pass smaller current densities (< —1 mA cm™2) showed irreversible or reversible
degradation. [28] That fits with the conclusion of Henzel et al. that degradation is
current-driven. [84] In the light of these observations, using Jgp = —10.0 mAcm—2
seems to be a compromise that enables measuring Vgp without degrading the
samples while still conserving the meaning of the metric as representing the large-
RB-current regime. This approach suffices for comparing cells, at least.

To summarize, all the definitions using a fixed current density possess the advant-
age of easy determination. However, Jgp = —1.0 mAcm~2 and/gp = —10.0 mAcm—2
are completely arbitrary values. Therefore, the Vp values determined using them
as fixed current densities do not have any meaning in the sense of describing the
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Figure 4.4. Three breakdown voltage definitions based on fixed current densities are compared with
the aid of three representative RB-JV curves (black, red, blue): Jgp = —1.0mAcm~2 (a), Jgp =
—10.0mAcm™2 (b),/sp =—20.0 mAcm~2 (c). The Vpp values are marked with circles and arrows.
Detailed measurement parameters can be found in the appendix B, Table B.3.
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state of operation or physics. Only Vgp = V(J = Js¢) stands out as it can be connec-
ted to the worst case scenario in a module without bypass diodes. Finally, using a
high /Jgp as fixed current density negates the impact of irregularities in the low-RB-
current regime on the metric. On the other hand, the deleterious effects of RB-JV
measurements (degradation to destruction) increase with a larger lower limit.

A Linear Fit

Another publication proposed a breakdown voltage definition that requires a sightly
more advanced analysis procedure. [28] They performed a linear fitting in the current
density range of =5 mAcm~—2 to —15 mAcm~2. The Vpp is then the voltage where
the linear fit function crosses the x-axis. The intention behind that procedure was
generating Vgp-values for the two types of RB-JV curves they observed: Most showed
a gradual increase of the RB current with increasing reverse bias, but some showed
a sudden increase.

We imitated that analysis procedure, using a script that performs a linear fit on
the RB-JV curve in the above-mentioned current density-range. We executed this
procedure on the same three representative RB-JV curves that we introduced in
Figure 4.4. The results of this analysis are shown in Figure 4.5. The measurement
results are always split into reverse sweep (black) and forward sweep (red). The
linear fit functions corresponding to RV and FW sweep are plotted in the same
graph as black and red dashed lines, respectively, with the corresponding Vgp values
marked by black and red dots.

In Figure 4.5a and b, we can see that the described approach of the linear fit
works well with ideal curves and curves with a peak in the low-RB-current density
regime since this method only uses the data beyond —5 mA cm—2. It is, therefore,
not influenced by irregularities in the low-RB-current regime.

Only when the irregularities have an impact on the curve within the fitting region,
the resulting quality of the fit decreases and does not mirror the high-RB-current
regime as well. This is visible in Figure 4.5c where the pre-breakdown behavior has
a significant impact on the RV sweep at current densities up to —10 mAcm~=2. To
improve this, the fitting region would have to be restricted to a regime of larger
current densities. Therefore, this definition is generally able to deliver a Vgp that can
be used to compare solar cells.

However, while ignoring differences in breakdown mechanisms with possibly very
different consequences for the cells might be helpful for a quantitative investiga-
tion, it might be disadvantageous as long as the breakdown mechanisms are not
understood in detail. Additionally, the Vzp resulting from this definition is an arbitrary
number that does not have a technical or physical meaning and lacks an analytical
description. So, it might be useful for comparison but does not allow any further
conclusions. Finally, in order to use the whole current density range (—5 mA cm—2
to —15 mA cm~2, as proposed by the authors, and include information about hys-
teresis, a voltage sweep to at least —20 mA cm~2 seems to be necessary, with all
the disadvantageous effects previously mentioned.

With that, we have discussed the various definitions of the breakdown voltage
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Figure 4.5. The linear fit method proposed in [28] is executed on three representative RB-JV curves to test
the impact of the low-RB-current density regime (a-c). The resulting Vgp values are marked with circles.
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that have been previously used to describe the reverse bias behavior of PSCs. Our
basic requirements included being well-defined and not-unduly-influenced by the
behavior in the low-RB-current regime. These needs were met by a few definitions:
Those based on a fixed current density of —10 mAcm—2 and —20 mAcm~2 and
the linear fit method.

Of these, only one is not just an arbitrary number and therefore useful for more
than only comparison: The definition of the fixed current density of —20 mA cm—2
can be connected to a partial shading scenario of a module without bypass diodes.

4.3.2. Proposing an additional definition

After having presented all the breakdown voltage definitions present in literature
on PSCs, we would like to propose an additional definition. In 1971, Mahadevan et
al. published a list with definitions that had been used to describe the reverse bias
breakdown of semiconductor p-n junctions. [50] One of the entries is annotated with
the assessment: "tedious though capable of analytical formulation and of univer-
sal applicability”. Especially the aspect of the analytical formulation has attracted
our interest since that implies the possibility of connecting the Vp to theoretical
descriptions of the breakdown mechanism. This property is notably missing among
the previously described definitions. The criterion, i.e. the definition, that is described
here, is the point of maximum curvature (PoMC) in the RB-JV curve.

While the point of maximum curvature is, in principle, well- and unambiguously-
defined, the practical execution of its determination leaves room for variance. There-
fore, we will add some additional constraints to our definition:

- Definition of the curvature k
+ Method of derivation

« Fit function

We use the following definition of the curvature: [92]
L (1)
(1+/%):

_ withJ being the current density, J its first derivative with respect to the voltage, and
J its second derivative with respect to the voltage.

Regarding the method of derivation, there are two different options. One is to
perform numerical differentiations. This option suffers from two disadvantages: The
previously shown irregularities would disturb the numerical differentiations. The
peak shown in Figure 4.4, would lead to massive, local curvatures. Additionally, even
slight non-ideal behavior of the RB-JV curve makes the use of a smoothing algorithm
necessary. This introduces additional variance to the result and complexity to the
procedure.

The second option is to perform curve fitting on the data to approach it with a
function and then calculate the derivatives and the PoMC of this fit function. This
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stands and falls with the quality of the fit, i.e. how well the analytical expression
mirrors the measured RB-JV data. We have not found an expression with physical
background (e.g. describing Fowler-Nordheim tunneling) that has been confirmed
to describe the results of our RB-JV measurements well. As developing a physical
model is beyond the scope of this publication, we choose a purely empirical approach.
For the sake of keeping this procedure simple, we will use a simplified relationship
between current density (/) and applied bias (V): We choose a single-term exponential
function with only empirical coefficients a, b, c:

J=a-e?V+c (4.2)

This function can describe most of our RB-JV curves reasonably well (see appendix
B, Figure B.1). However, our interest lies in determining a point of maximum curvature
as accurately as possible. Therefore, we use a two-step process to increase the
accuracy of the fit around the expected point of maximum curvature. This method of
restricting the data range used for fitting seems to be the most generally applicable.

1. Fit of complete RB-JV curve (V < 0V)
2. Calculation of POMC (intermediate)
3. Fit of data around PoMC (final)

4. Calculation of PoMC (final)

More details of the procedure can be found in the Supporting Information (B Note
B.3.1).

The result of this procedure is shown in Figure 4.6. There, the RV and FW sweeps
of RB-JV measurements are displayed as black and red solid lines, respectively. The
fit functions are plotted within their range as blue, respectively, magenta dashed
lines. Blue and a magenta symbols mark the resulting points of maximum curvature.
Again, we are using three RB-JV curves as examples. One is ideal (Figure 4.6a), one
shows a peak (Figure 4.6b), and the third shows the pre-breakdown behavior in the
RV sweep (Figure 4.6c). We see that, for the ideal curve (a) and the curve with a
peak (b), the fit functions follow the data very well in the assigned data ranges. The
breakdown voltage values of the RV and FW sweeps also reflect the hysteresis in
the corresponding data well. When it comes to the curve with kink (c), the FW sweep
is described very well, too. However, the RV sweep with the significant kink carries
this method in its present state to its limit. Nonetheless, it is still possible to extract
a Vgp-value.

Here, it is necessary to mention that the point of maximum curvature is not the
'knee’ of an exponential curve. In fact, what is described as 'knee’ is an illusion of
the linear plotting, depends on the choice of axes, and is not related to a special
point of the curve. [93] This statement is demonstrated in the appendix B, Figure B.2
where we plot the same exponential function with very different axes and see that
the 'knee’ appears at wildly different values of x. In contrast, the point of maximum
curvature describes a unique point of the curve that is well-defined and which is not
dependent on the axes of the graph.
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Figure 4.6. The newly proposed definition using the power of maximum curvature is tested on the three
representative RB-JV curves (a-c). The resulting Vpp values are marked by circles.
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Thus, we have successfully extracted the points of maximum curvature for use as
breakdown voltages from the three example RB-JV measurements. This Vp has
the unique advantage of being analytically-expressible, so that it can be potentially
connected to a theoretical description of the breakdown mechanism. Due to fitting
a function to it, this method is also mostly independent of possible irregularities in
the low-RB-current regime.

Also, the demand of comparability is fulfilled since this method of analyzing RB-JV
curves should result in very similar Vgp-values as long as the quality of the fit is
acceptable. Thus, even using different fit functions should not lead to very different
breakdown voltages. Nonetheless, it surely is good practice to report the detailed
procedure, if not the whole analysis script.

There are, however, also downsides to this definition of the breakdown voltage:
Firstly, this Vgp does not have a meaning that is intuitively accessible. It can be
analytically expressed but the voltage is not related to a specific operating point of
the solar cell. Secondly, the analysis is comparatively complex which could serve as
hurdle for users. Finally, there is one area where the most important improvement can
be made: Extending or modifying the fit in connection with an accompanying physical
model, could allow more detailed investigations into the parameters influencing the
reverse bias breakdown of perovskite solar cells. However, especially for the case of
illumination (shown in Figure 4.6¢), developing a well-fitting model that allows for
quantitative predictions is challenging. [88]

4.3.3. Comparing the breakdown voltages

After having discussed various ways of measuring and determining the breakdown
voltage, we will demonstrate the impact of using different breakdown voltage defini-
tions. To that end, we will first compare the Vgp values of the three representative
RB-JV curves that result from the different described definitions. These Vgp values
are listed in Table 4.3.

Vep-Definition Ideal (RV/FW) | with Peak | with lllumination

V] (RV/FW) [V] (RV/FW) [V]

FixedJ: Jgp = || -4.63/-4.98 -0.63/-3.88 -1.00/-2.93

—1mAcm—2

FixedJ: Jsp = || -5.83/-5.98 -4.51/-4.60 -4.35/-4.11

—10mAcm2

FixedJ: Jgp = || -6.37/-6.37 -4.91/-4.91 -4.56 / -4.56

—20mAcm—2

Linear Fit -5.09/-5.40 -4.03/-4.16 -3.49 /-3.73

PoMC -4.09/-4.44 324/ 341 2477257

Table 4.3. The Vp values of the three representative RB-JV measurements, as determined
by the various different definitions.

Furthermore, we compare the results of RB-JV measurements performed on a
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batch of semi-transparent, p-i-n perovskite solar cells. Details of fabrication of the
PSCs can be found in the Supporting Information (Appendix B, Note 2). The detailed
measurement parameters are shown in Table 4.4. We largely followed the recom-
mendations for less stable cells but used a lower limit of /s to make the comparison
with breakdown voltages of the fixed current densities possible. Additionally, we
performed two RB-JV measurements on each cell to estimate the effect of the
measurement itself. The data shown here is from the second measurement.

H Parameter ‘ Measurement conditions Figure 4.7 H
Upper Limit 1V
Lower Limit: Current Density Jsc
Scan Rate 1.0vs!
Hysteresis RV and FW sweep
External Conditions darkness, RT, ambient atmosphere
H Additional Note second RB-JV measurement H

Table 4.4. Measurement parameters used during the RB-JV measurements whose results are
shown Figure 4.7.

In Figure 4.7, the breakdown voltages of a batch of 60 PSCs are displayed. In Figure
4.7a, the three definitions based on fixed current densities are shown, in Figure 4.7b,
the Vgp values of the linear fit method, and in Figure 4.7c, the corresponding result
using the point of maximum curvature (PoMC).

The black diamonds mark the data points determined from RV sweeps while
the white squares come from the FW sweeps. The green box shows the standard
deviation around the mean of the values from the RV sweeps and the gray boxes the
corresponding information for the FW sweeps. The horizontal lines with attached
labels mark the medians. The distribution of the data points on the x-axis does not
have a meaning in any of the box plots of Figure 4.7.

We observe how the breakdown voltage definitions compare when the analysis
is performed on many RB-JV curves. The medians of the Vgp values of the RV
sweeps vary between —5.7 V and —3.9 V. The standard deviation (SD) differs slightly
between 0.3V for the POMC method to 0.5 V for the fixed current density method
using Jgp = —20.0 mAcm~2. In the appendix B, Figure B.3, we show example data
points and how they change between the definitions.

With that, we have shown the significant differences in the magnitude of Vgp that
can be caused by using different definitions. At the same time, it seems that the
standard deviation of the RB behavior is relatively independent of analysis method.
This serves as validation for the proposed Vgp-definition and proof that it can be
used to describe the reverse bias behavior of perovskite solar cells as long as a
reversible breakdown occurs. This should be valid for all perovskite solar cell variants,
so not only p-i-n layer stacks, but also n-i-p as long as the immediate formations of
shunts can be prevented.
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4.4. Conclusions

The information at which voltage perovskite solar cells break down and pass current
in reverse bias is of utmost importance for both the research on the breakdown
mechanism and for dealing with the underlying issue of partial shading. However,
standards for characterizing PSCs in regard to their reverse bias behavior are missing.

This study showed how measurement parameters and conditions vary among
publications on the topic. At the same time, data on the impact of measurement
parameters on the result are sparse, with sometimes contrary observations reported.
A significant dependence on sample-specific properties is presumed. Additionally,
the method of defining and determining the breakdown voltage also varies wildly in
available literature, without any information about the relationship between different
breakdown voltage definitions available.

That suggests that standardization is the only way to comparability. To that end,
we proposed detailed sets of measurement parameters and conditions that can
serve as starting point for newcomers to the field and as input for a discussion in
the community. Additionally, a new definition of the breakdown voltage is proposed:
Using the point of maximum curvature provides a comparable breakdown voltage
that can be analytically expressed. Therefore, it can prospectively be connected to
theoretical descriptions of the breakdown voltage mechanism.

That touches on one important gap in our understanding of the reverse bias beha-
vior of perovskite solar cells: A detailed formulation of the breakdown mechanism
that incorporates the unique properties of perovskites would be of great help to
refine both the measurement procedure and the method of determining a breakdown
voltage.
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The impact of the current on
reverse bias degradation

Non-equal current generation in the cells of a photovoltaic module, e.g. due to partial
shading, leads to the occurrence of a reverse bias. This quickly causes a significant
efficiency loss in perovskite solar cells. Here, a quantitative investigation of reverse
bias degradation is reported. Various small reverse biases (negative voltages) were
applied for different durations and the change of the efficiency measured. The ef-
fects of cell-to-cell differences are softened by normalizing the applied voltage with
the breakdown voltage. Possibly exponential dependencies of the current and the
degradation rate on the voltage are revealed and serve as proof that degradation is
current-driven.

This chapter is based on: J. Henzel et al.. Impact of the Current on Reverse Bias Degradation of
Perovskite Solar Cells’. In: ACS Applied Energy Materials. 6.22, p. 11429-11432 (2023). DOI: 10.1021/ac-
saem.3c02273.
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5.1. Introduction

The topic of partial shading and reverse bias stability has only recently begun to
attract specific interest in the perovskite community. [14] Progress towards commer-
cialization of the technology is one main driver behind the increased effort dedicated
to the issue of stability in general of which research into the reverse bias behavior is
a part. Reverse biases hold a special status as stressors that cannot be mitigated
by packaging but need to be researched on cell level. [14] But despite the relevance,
also for silicon-perovskite tandem solar cells, [16, 94, 95] the field of reverse bias
degradation does not receive much attention and detailed mechanisms are still
unclear or require validation.

Reverse biases occur when cells in a module generate very different currents.
Then, the series-connection of the cells forces an under-performing cell to pass the
current of the other cells. This is only possible if this cell operates at a negative
voltage, a reverse bias. Possible reason for the non-equal current generation are
partial shading, local differences in aging, and manufacturing defects. [14]

In perovskite solar cell, significant loss of the power conversion efficiency (PCE)
has been observed following instances of reverse bias. Important phenomenological
studies have been published by Bowring et al. and Razera et al. whose observations
are the basis upon which most discussed degradation mechanisms are built. [18,
19] An overview over the present state of research is given in Chapter 2.

In several publications, the role of the current in reverse bias degradation mech-
anisms has been addressed. Bowring et al. suggested an electrochemical reaction
at an interface to explain a decrease of the reverse bias current over time under a
constant reverse bias. [19] Such an electrochemical reaction would be driven by the
reverse bias current. Razera et al. investigated the effects of a voltage below and
beyond the breakdown voltage on halide phase segregation. [18] They found different
effects that seemed to depend on the amount of charge that had passed the cell.
Bertoluzzi et al. presented a degradation mechanism involving the electrochemical
reaction of halides that is directly dependent on the reverse bias current flowing
through the cell. [20] Furthermore, Ni et al. added a hole blocking layer and reported
slower degradation, possibly due to reduced reverse bias current injection. [29]

On the other hand, there are also degradation mechanisms which can be con-
sidered voltage-driven: One example is the migration of iodide into the organic
electron transport layer — as proposed by Razera et al. and further investigated by
Gould et al. [18, 58] The same could be true for the formation of local shunts due to
migration of metal ions or destabilizing accumulation of ions. [18, 96] It is unclear
which degradation mechanisms dominate the observed loss of PCE.

We contribute a quantitative investigation that considers the integrated impact of
all occurring degradation mechanisms. We found significant cell-to-cell differences
in the breakdown voltage and in the reverse bias current and degradation. Using
the breakdown voltage as cell-specific descriptor of the reverse bias behavior, we
succeed in partially compensating for these differences. In this way, we reveal
exponential relationships of reverse bias current and of the degradation rate with the
normalized voltage. This can serve as proof that degradation is mostly current-driven.
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5.2. Experimental

Our samples are planar perovskite solar cells in the p-i-n configuration with the fol-
lowing layer stack: glass/ITO/PTAA/perovskite/Ceo/Sn02/ITO. The absorber was a
triple-cation, double-halide perovskite Csg.gsMAg.15FAq gPbl, 7Bro 3 with a band gap of
about 1.6 eV. It was deposited by spin-coating with gas-quenching from a DMF:NMP-
solution.

Four cells with areas of 0.16 cm? were fabricated on each glass substrate. The
power conversion efficiencies (PCEs) of the best 20 cells chosen from 9 different
substrates used in the following experiments were determined as 15.6 %+ 0.1 % by
maximum-power-point-tracking (MPPT). Further details of the fabrication process
can be found in the appendix (B). Parts of it were based on Bracesco et al. [97] and
Glowienka et al. [98].

The experimental procedure to investigate reverse bias degradation can be separ-
ated into an initial characterization, a degradation step, and a final characterization.
The characterization steps consisted of voltage sweeps under illumination (JV meas-
urements), dark JV measurements (DJV measurements), dark JV measurements
with an extended voltage range to investigate the reverse bias response (RB-JV
measurements), and MPPT. During JV measurements and MPPT, the samples were
cooled with dry air. During the degradation step, a constant negative voltage (Vgppi)
was applied to a cell for a duration tqeg in the dark under ambient conditions at room
temperature while the reverse bias current (Ire,) was monitored. With the cell area,
we calculated a reverse bias current density Jrev. Among the samples, Vqpp Was
varied between —1.0V and —4.0V and tyeg between 15 min and 60 min; in one
case it was extended to 990 min. Further details can be found in the appendix (B).

5.3. Results and discussion

We use the breakdown voltage (Vsp) as a metric to describe the reverse bias behavior
of a cell. This metric is defined as the point of maximum curvature of the RB-JV
curve and is extracted as is described in Chapter 4. An example demonstrating this
method is displayed in Figure 5.1.

As we observe hysteretic behavior of the current density in the negative voltage
regime, the mean of the breakdown voltages from the forward and reverse sweeps
is used in the following. The cells used in this work showed breakdown voltages
between —2.9V and —4.7 V.

During degradation experiments, a reverse bias current density (/) flows through
the solar cells. In this chapter, we use the absolute of the current for the reverse
bias current. We calculate the mean of this current density and use the resulting
average current density (/rev,avg) as figure-of-merit to compare the current flows of
the different cells.

Jrev,avg in dependence of the applied voltage is displayed in Figure 5.2a. We
observe an increase of J ey, qvg With Vpp( as can be expected from the RB-JV meas-
urements. However, a significant spread at large and at small (see inset) reverse
biases is visible. We can explain the spread at small negative voltages with the
existence of local shunts that form the dominating reverse bias current pathway far
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Figure 5.1. The results of RB-JV measurements on a perovskite solar cell, consisting of the reverse (RV:
black) and forward sweep (FW: red). The breakdown voltages are marked by blue (RV) and pink (FW)
dots. As demonstration of the method of determination, the exponential fit of the selected data range is
shown (dashed-blue for RV and dashed-pink for FW). This data range is used for the calculation of the
point of maximum curvature.

below the reverse bias breakdown. Regarding the spread at large negative voltages,
we hypothesize that the cell-to-cell differences of the breakdown voltage are respons-
ible. After all, a cell with a small breakdown voltage (e.g. Vsp = —2 V) will experience
a large reverse bias current when —3 V are applied. At the same reverse bias, a cell
with a larger breakdown voltage (e.g. Vsp = —4 V) will let barely any current pass.

We attempt to correct for the differences in reverse bias behavior by putting the
applied voltage in a relation to the cell-specific breakdown voltage: We obtain the
normalized voltage (®,0rm) by dividing Vappi by Vp:

Vappl

q’norm =
Vep

If our hypothesis is correct, we should see a reduced spread when plotting Jrev,avg
against ®,orm.

This is depicted in Figure 5.2b. We find that the current values (Jrev,qvg) Of V =
—4.0V are now spread out along different values of &,,,,. The same is true for the
other applied voltages. With a larger normalized voltage generally corresponding to
a larger current, a clearer relationship between current and voltage is visible. This
relationship can be approximated by an exponential function. Such a function is
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Figure 5.2. The average reverse bias current densities Jrev,avg flowing through perovskite solar cells
during the degradation step, plotted against the applied voltage Vpp( (a) and the normalized voltage
®n0rm (b). The insets show the same on semi-logarithmic scales. Exponential functions are inserted as
guide to the eye.
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inserted into Figure 5.2b as guide to the eye.

In the inset of Figure 5.2b, the same data points are depicted on a semi-logarithmic
scale. There, it is clearly visible that the spread at small voltages is still present.
That implies that the current flow, that is dominating in this regime, is not related to
the breakdown voltage. That fits to our previous explanation of this current being
shunt-dominated.

The largest voltages that we applied correspond to normalized voltages around 1.1.
This explains the relatively small average current densities which remained smaller
than 1.6 mA cm~2. These degradation conditions were chosen to prevent excessive
Joule heating to hide other degradation mechanisms. However, in a simple partial
shading event of a perovskite module, we expect a current density that is more than
ten times larger (Jupp ~ 18 MAcm—2).

It should be added that the current density was not constant during the degrada-
tion. On the contrary, we observed time-dependent changes to the current density
that exceeded an order of magnitude. This is shown in the appendix (C). One ex-
ample is a cell that we applied —4.0 V to: The reverse bias current density began
at 0.1 mAcm~2 in the first second and peaked at 2.8 mA cm~2 after about 300s.
That shows that the breakdown voltage is a highly dynamic quantity and implies
that there are complex processes at hand that might not be displayed completed in
a voltage sweep.

Despite these small average current densities, we observed already significant
loss of the PCE. Using efficiencies from illuminated JV measurements performed
directly before and after the degradation step, we calculate a (linear) degradation
rate DR by dividing the relative PCE loss by the duration of the degradation tqeg. This
DR is plotted against Vqpp; 0N a linear scale and in the inset on a semi-logarithmic
scale in Figure 5.3a.

We observe a spread that is especially apparent at large reverse biases as was
observed in Jrev,avg- A significant spread at small voltages, however, is not visible
here. Small shunts do not seem to greatly impact the degradation rate, despite their
impact on Jrev,avg- If we apply our method of normalizing the applied voltage, we
obtain Figure 5.3b. This reduces the spread at large reverse biases. An exponential
function is inserted as a guide to the eye. This shows that the relationship between
DR and &,,rm could be approximated by an exponential function.

The relationship between degradation rate and normalized voltage allows for
conclusions regarding the dominating degradation mechanism. In case of a field-
driven mechanism, DR should be proportional to the normalized voltage. That is
clearly not the case. Instead, a superlinear behavior that is possibly exponential has
been observed for DR. Together with the likewise possibly exponential dependence
of the current and the proposed degradation mechanisms in literature, this leads us
to the conclusion that degradation is current-driven.

On the other hand, a voltage-driven process could be accompanied by a current
showing a voltage-dependence similar to our Jrey,qvg. Garcia-Batlle et al. found on
monocrystalline perovskites that the ionic current caused by positive voltages can
show a superlinear dependence on the voltage. [99] They, however, also noted that
the mobility of holes and electrons is &~ 7 - 9 orders of magnitude larger than of ions.
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Figure 5.3. The degradation rate (DR) is plotted against the applied voltage (Vqpp() (a) normalized voltage
(®norm) (b). The insets show the semi-logarithmic depiction. Exponential functions are inserted as guides
to the eye.
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Therefore, the magnitude of the electronic current far outshines the ionic current. A
similar conclusion had also been drawn for the reverse bias current. [19]

5.4. Conclusion

The goal of this work was to connect the reverse bias with the current and the
degradation rate quantitatively. To that end, we applied various reverse biases for
various durations to perovskite solar cells and monitored current and efficiency. Our
results show that differences in the reverse bias behavior within a batch can lead
to a large spread in current and degradation rate. By using the breakdown voltage,
determined from voltage sweeps, we successfully corrected for these cell-to-cell
differences. That proves that the breakdown voltage can describe the reverse bias
behavior of perovskite solar cells in steady state degradation.

The correction of the cell-to-cell differences revealed relationships between RB
current and degradation rate with the voltage. In both cases, these relationships
were superlinear and possibly exponential. That implies that the dominant degrada-
tion mechanisms are not field-, but current-driven. This condition matches several
proposed degradation mechanism that involve electrochemical reactions in the bulk
and at interfaces. Therefore, further research is required to assess which mechanism
is responsible for the bulk of the observed degradation.



The impact of low-intensity
1llumination on the reverse
bias behavior

In realistic partial shading scenarios, the impact of low-intensity illumination needs
to be considered. However, there is barely any research available and the published
results are contradictory. Here, it is shown that the reverse bias behavior of perovskite
solar cells under low-intensity illumination strongly depends on the voltage scan
rate. As explanation, a hypothesis is developed and experimentally verified that is
based on two antagonistic mechanisms: On the one hand, illumination affects the
conductivity of mobile ions, decreasing the breakdown voltage. On the other hand, an
electrochemical reaction, caused by the reverse bias current, increases the breakdown
voltage. Since the two mechanisms occur on slightly different time scales, it depends
on the voltage scan rate which mechanism dominates. These findings emphasize that
more detailed research into the mechanism occurring in reverse bias and the factors
affecting the reverse bias breakdown is still necessary. Firstly, a deeper understanding
would be helpful for investigating the effect of realistic, non-ideal partial shading
scenarios on perovskite modules. Secondly, knowing how cell properties and external
factors influence the breakdown voltage is necessary for developing an integrated
model for the breakdown mechanism.

This chapter is based on: J. Henzel et al.. 'The impact of low-intensity illumination on the reverse bias
behavior of perovskite solar cells’. Journal of Materials Chemistry A. 13.37 (2025), p. 31755-31769.
DOI: 10.1039/D5TA04100G.
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6.1. Introduction

The power conversion efficiencies (PCEs) of perovskite solar cells (PSCs) are leaping
from record to record. With small-area cells having reached around 27 % efficiency,
and even perovskite minimodules with around 24 % being revealed, [6, 100] it seems
that the commercial breakthrough is only a question of time. However, there are
still some hurdles that need to be overcome first. One important challenge is the
stability.

Just like with the efficiency, the bar is set by the dominating silicon (Si) PV techno-
logy where panels generally come with a warranty of 25 - 30 years, guaranteeing that
during this time, degradation remains below 0.4 % - 0.6 % per year. [10] Therefore,
accelerated lifetime testing is required, where unrealistically harsh conditions are
used to imitate the effects of long-term outdoor exposure. Here, challenges lie in
only accelerating those degradation pathways relevant to outdoor exposure and in
the need to translate the results of indoor tests into predictions of outdoor lifetime
of modules. While these challenges pose questions yet to be answered in full, there
exists a framework of defined testing conditions whose purpose it is to improve the
comparability of stability experiments on (among other technologies) perovskite
solar cells: [33] The authors of the ISOS protocols (International Summit on Organic
Photovoltaic Stability) name various stressors that can be expected to occur under
operating conditions and cause changes in perovskite solar cells. [33] One such
stressor is the occurrence of reverse biases (RB).

Reverse biases are an especially serious problem in monolithically interconnected
modules which is the preferred module design for thin-film PV technologies. Such a
module consists of narrow but long, stripe-like cells which are electrically-connected
in series. That means that one and the same current is flowing through all cells.
This monolithic interconnection provides advantages but leads to problems when
current is not generated homogeneously across the module area. This can occur,
for instance, due to disparate aging or partial shading. [14]

During a typically considered partial shading event, a part of a module, e.g. one cell,
is completely shaded. This scenario has been named 'asymmetric’ partial shading
by Dongaonkar et al. [83] There, all cells but one are fully illuminated while the one
shaded cell operates in darkness and does not generate any current. Since the
shaded cell is series-connected to the illuminated cells, the shaded cell has to pass
the current generated by them. That leads to the accumulation of charge carriers at
the interfaces and the build-up of an electric field. This electric field is oriented in the
opposite direction to the electric fields in the illuminated cells. Therefore, the voltage
dropping over the shaded cell is negative. This voltage is called 'reverse bias’.

This reverse bias grows, until either the shaded cell passes the current generated
by the other cells, or the maximum voltage that the illuminated cells can generate is
reached. This maximum reverse bias is the sum of the open-circuit voltages (Vo) of
the illuminated cells. In this case, no current flows through the cells of that module
and no power can be extracted. In the other, more realistic case, however, the shaded
cell breaks down, the current is passed and the module continues to generate power
at the price of the shaded cell operating in reverse bias, therefore dissipating power.

There are several publications available that investigate the effect of partial shad-
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ing on perovskite modules: A detailed discussion of the effects of partial shading
and possible methods of mitigation (bypass diodes, module design, cell geometries),
including their problems, can be found in Wolf et al. [16] Experimental results of
partial shading experiments on perovskite (mini-)modules have been presented by
Bogachuk et al., Yang et al., Tayagaki et al., and Aninat et al. [23, 53, 59, 101] Addition-
ally, inspiration can be found in the research that has already been performed on
other thin-film PV technologies: When it comes to module design or interconnection
strategies, or considerations of realistic partial shading scenarios, lessons from
research on CIGS modules can come handy. [83, 102, 103]

Nonetheless, the impact of reverse bias on a single solar cell was the focus of
most publications at present. Instead of investigating the effects of a partial shading
event on a perovskite module, a reverse bias is directly applied to a single perovskite
solar cell in the dark. This allows the investigation of the effects of reverse biases
without being hindered by the problems of fabricating modules with enough cells to
force a shaded cell into breakdown while maintaining a device quality that is relevant
for degradation experiments. This method of applying reverse biases to single cells
has been successful in demonstrating the devastating impact that this degradation
mode has on perovskite solar cells and in investigating the degradation pathways
that serve to quickly decrease the PCE. The phenomenological works of Razera et
al. [18] and of Bowring et al. [19] form the basis of all research in this field. A more
general overview can be found in Wang et al. [17]

An important point is that it seems that degradation is driven by the reverse bias
current and not by the reverse bias itself. [84, 85] It follows that the reverse bias
breakdown has to be avoided in order to limit the reverse bias current and therefore
retard degradation. In modules, that necessitates the use of bypass diodes that
provide low-resistance current paths above a certain voltage threshold. One question
is how to integrate bypass diodes into the modules: The problems related to this
question are illustrated and discussed in Bowring et al. [19] and Wolf et al. [16]
Another hurdle to overcome is the cost effectiveness which is directly related to the
number of bypass diodes required. The number of bypass diodes is, in turn, related
to the breakdown voltage of the perovskite solar cells that are to be protected. [16]
A larger (i.e. a "'more negative") breakdown voltage reduces the number of bypass
diodes needed. Accordingly, significant effort has been focused on manipulating
the breakdown voltage towards larger values by introducing additives or additional
layers to the perovskite solar cell layer stack. [22, 24, 28-31]

An important aspect that has only very recently received attention is the interaction
between reverse biases and illumination. At the first glance, adding illumination to a
phenomenon that occurs during a partial shading event (as defined above) might
seem less relevant. There are, however, two scenarios during which the impact of
illumination might be important:

1. Perfect shading, that is, complete darkness in the shaded area, is probably
quite rare in real operating conditions. Whenever the object that is casting the
shadow is located at a distance from the module, some diffuse illumination
will still reach the 'shaded’ module area. Additionally, when considering the
trend towards bifaciality, even perfect shading from one side might not prevent
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diffuse illumination from the other side.

2. Partial shading might not follow a simple pattern as posited for the simplified
asymmetric shading case where one or more cells of a module are completely
shaded. [83] A more realistic scenario expects the 'realistic’ shading case
(named by Dongaonkar et al.) where only a part of a cell area is shaded while
the remaining area is illuminated. [83] This illumination can be of low-intensity
as in the first scenario.

In CIGS solar cells, it was shown that illumination causes a significant reduction

of the breakdown voltage. [51, 104] This effect would mean for the first scenario
of incomplete but spatially-homogeneous shading that the effective Vgp would be
smaller than measurements in the dark show. This would have implications for the
number of bypass diodes required. Following the second scenario of incomplete
and inhomogeneous shading, local, low-intensity illumination would lead to a locally
smaller Vpp. If a part of a cell that operates in reverse bias has a smaller Vgp, we
expect most of the reverse bias current to flow there. This locally concentrated re-
verse bias current would lead to locally increased degradation. Aninat at al. recently
proposed this explanation for locally increased partial shading degradation observed
in a perovskite module. [59]
Nevertheless, there have been only few publications that mention the interaction
of reverse bias with illumination in PSCs: Jiang et al. observed that an illumination
intensity of 0.1 suns did only have a negligible effect on the breakdown voltage. [28]
Wang et al., on the other hand, found that the breakdown voltage changes drastic-
ally upon adding low-intensity illumination. [49] They considered an illumination
wavelength-dependent mechanism as in CIGS but also emphasized the possible
importance of mobile defects.

In all these publications, the topic of reverse bias under illumination has only
been treated peripherally. That means that a detailed investigation with a proposed
mechanism is still missing. The qualitatively different observations regarding the
impact of illumination on the breakdown voltage in the presented literature serve as
proof that there is a phenomenon worth investigating. Together with the possibly
great relevance of this topic for the partial shading stability of PSCs, this discrepancy
serves as motivation for us to take a more detailed look at the interaction of reverse
biases with illumination.

In this publication, we present an investigation of the interaction between reverse
bias and illumination in perovskite solar cells. We varied various experimental para-
meters (scan rate, illumination intensity, illumination wavelength) and built up on
our results by developing a mechanism to explain the observed phenomena. Finally,
we designed and executed experiments to test our hypothesis.
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6.2. The effects of illumination on the reverse bias
behavior in voltage sweeps

6.2.1. The voltage sweep experiment

Our samples are p-i-n structured, semi-transparent perovskite solar cells with a triple-
cation (Cs*, MA*, FA"), double-halide (Br~, I”) absorber composition. The layer
stack consists of glass/ITO/PTAA/PVK/Ceo/Sn0,/ITO. Details about fabrication
and the results of the initial characterization can be found in the appendix D. The
detailed measurement parameters used throughout this publication if not mentioned
differently are available there as well.

There are three parameters whose impact on the breakdown voltage we want to
investigate: The illumination intensity, the wavelength of the illumination, and the
voltage scan rate. While the former two parameters also play a role in the mechanism
described for CIGS, [51] varying the scan rate reveals the impact of mobile ions and
other slow processes unique to PSCs. [63]

To that end, we executed an experimental procedure that is schematically depicted
in Figure 6.1. This experiment consisted of JV measurements with a voltage range
that is extended into the reverse bias regime. We always performed both a reverse
(RV) sweep (from 1.0V to —8.0 V or to the current cutoff at —20.0 mAcm~2) and a
forward (FW) sweep (from —8.0 V or the current cutoff to 1.0 V). These RB-JV meas-
urements were executed using five different voltage scan rates (between 5.0 Vs~1!
and 0.1 Vs™1). For every voltage scan rate, we performed eight dark RB-JV meas-
urements and seven light RB-JV measurements (Figure 6.1a). We call such a set of
15 RB-JV measurements a "group".

The dark and light RB-JV measurements were alternated in order to use the latest
dark measurement as baseline for the following light measurement (see Figure 6.1b
and c). That way, we were able to correct for changes to the cell due to previous
measurements. A set of a dark and corresponding light RB-JV measurement is called
a "pair".

light

The illumination intensity (expressed as a ratio Pignt = ) was successively

’sc

1lsun
increased from light measurement to light measurement. Assc light source, we used
a blue (455 nm), green (530 nm) or far red (735 nm) LED. The purpose of using
different wavelengths were the resulting different absorption profiles which might
reveal information about the role of the interfaces between the absorber and the
transport layers.

Figure 6.1d shows how we analyzed the data: We corrected for the photo-generated
current by subtracting Jsc: Jrs =J —Jsc. The breakdown voltage Vpp is defined using
a fixed current density: Vgp = V@ — 10.0 mAcm—2. In general, we will describe the
absolute value of the breakdown voltage. Therefore, a "larger Vgp" means a more
negative breakdown voltage. The difference between the Vgp under illumination and
the Vp in the dark is defined as the breakdown voltage shift AVpgp.
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Figure 6.1. The experimental procedure and analysis: The five groups of reverse bias (RB-) JV meas-
urements that each consist of eight dark and seven light RB-JV measurements are shown (a). Within
each group of measurements, one voltage scan rate was used. The first four RB-JV measurements of
a group (b). Dark and light RB-JV measurements were alternated and the illumination intensity Pjign¢
was increased light RB-JV-to-light RB-JV. One such pair of one dark (black) and one light (red) RB-JV
measurement (c). Each pair consists of a reverse (RV) sweep and a forward (FW) sweep. The analysis of
the gathered data (d).
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6.2.2. Initial results

Figure 6.2 shows representative results from this experiment, using a blue LED as
light source. Only the RV sweeps are displayed. The FW sweeps and results from
other cells can be found in the appendix D.

Figure 6.2a displays the measurement results of a group of RB-JV measure-
ments, using the voltage scan rate 5.0V s~!. The curves are corrected for the
photo-generated current as described previously. The eight RB-JV measurements in
the dark ("dark" RB-JV) are displayed as black curves and the seven RB-JV curves
under illumination ("light" RB-JV) in various shades of red. The lightness of the color
corresponds to the illumination intensity Pjgnt, S0 that the darkest red curve belongs
to the light RB-JV measurement with the smallest Pjign¢. The horizontal, dashed line
marks the current density selected to define Vpp.

Looking at the black curves, we see that most of them are nearly lying on top
of each other. That means that also Vp is nearly constant among them. Only one
curve, corresponding to the first measurement, lies separate. Even then, however,
the spread is smaller than 0.5 V (see appendix D). Contrary to the dark RB-JV curves,
the light RB-JV curves (in red) do not lie on top of each other. Instead, we observe
that they shift towards smaller voltages with increasing Pign: (dark red to orange).
Therefore, the Vgp's under illumination move to smaller voltages. The difference
between dark and light RB-JV curves grows and therefore AVpp increases.

In Figure 6.2b, another group of RB-JV measurements from the same experiment
is displayed. Here, the scan rate was 0.1V s~!. Again, the black curves are the
results from measurements in the dark while the red curves correspond to the
measurements with increasing illumination intensity.

Looking at the dark RB-JV measurements first, we see that the black curves mostly
overlap, again. One curve (corresponding to the first measurement) lies partially
separate from the others. However, near the horizontal, dashed line, all black curves
are close to each other, so that the spread of Vgp is small. If we turn our attention to
the light RB-JV curves (in red), we observe that the (absolute) current density begins
to increase at a very small voltage (V ~ —1 V, marked by blue arrow). With increasing
reverse bias, the current density proceeds to increase only slowly, however. This is a
new phenomenon that we call ‘pre-breakdown’ (blue bracket). At a voltage V =~ —4V,
the current density suddenly increases steeply. Here, the actual breakdown occurs.
This happens for all light RB-JV curves at nearly the same voltage. This means that
Vpp is nearly the same for all light RB-JV measurements with this scan rate. As the
difference between the dark and light RB-JV curves at —10.0 mA cm~—2 is minimal,
AVpp is small.

We now proceed to comparing Figure 6.2a and b, i.e. the results from measuring

with5.0Vs~land 0.1Vs~1:
When looking at the dark RB-JV curves first, we see a rather similar behavior. In both
cases, the spread of Vgp is small, with the first measurement as outlier. Also, the
Vgp of both groups lie around V ~ —4.5 V and not much more than 0.5 V apart from
each other (see appendix D). We conclude that the scan rate (within the selected
range) has only a limited impact on Vpp in the dark.

Comparing the light RB-JV curves shows significant differences:
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Figure 6.2. Representative results of the experiment using a blue LED: The Jrg =/ — Js¢ of the reverse
(RV) sweeps with a scan rate of 5.0 Vs~1 (a). The dark JV curves are shown in black, the light JV curves
in various shades of red. The lightness of the color corresponds to the illumination intensity. A dashed,
horizontal line marks the current density used for defining Vgp. The results for a scan rate of 0.1V s~ in
the same way (b). A blue arrow marks the aborted early breakdown and a blue bracket the pre-breakdown
of the RB-JV measurements under illumination.
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At5.0Vs™1 (a), the light RB-JV curves and their Vgp's shift significantly with Pjgnt.
In contrast, at 0.1V s~! (b), the Vpp is nearly unaffected by illumination. An addi-
tional difference is visible in the low current density regime (Jjrs < —3 mAcm~—2). At
5.0 Vs~ (Figure 6.2a), the light RB-JV curves look like dark RB-JV curves that have
been shifted to smaller voltages. In contrast, the light RB-JV curves at 0.1Vs—!
(Figure 6.2b) show the pre-breakdown and therefore completely different behavior
than the corresponding dark RB-JV curves.

Finally, we take a look at the positive voltage region: In Figure 6.243, all the dark
and light RB-JV curves lie on top of each other. It seems that neither the successive
measurements nor the illumination has a lasting impact on the behavior in the
positive voltage region. That is differentat 0.1 V s~ in Figure 6.2b. There, we observe
for both the dark and the light RB-JV curves, that the current density begins to
increase at smaller positive voltages with every RB-JV measurement. As these are
the RV sweeps that start at 1.0V, it seems that the solar cells do not return to their
initial state in between the measurements.

The corresponding results obtained from the FW sweeps are attached to the
appendix D as they show qualitatively the same behavior. Only at the smallest scan
rate of 0.1V s~1, a significant difference can be observed: The 'pre-breakdown’ is
completely absent in the forward sweeps (see also Figure

The observations in regards to the Vgp values are summarized for all investigated
voltage scan rates and illumination wavelengths in Figure 6.3 by means of compar-
ing the breakdown voltages. To that end, the breakdown voltage shift (AVgp), i.e.
the difference between the Vpp in the dark and in the corresponding light RB-JV
measurement, is plotted against the illumination intensity.

Figure 6.3a shows results from the same cell as was shown in Figure 6.2 on which

blue illumination was used. We see two very different types of behavior:
AVpp is very small when using a scan rate of 0.1V s~ (black squares). In contrast,
all other scan rates lead to AVpgp's that range from 1.0V to 2.5V (orange, blue,
green, and red symbols). These are the results from using scan rates > 0.5V s™1.
Additionally, a dependence on Pyt is visible for these scan rates as well: At low
illumination intensities, AVgp increases steeply, but that increase levels off at Pjight ~
0.05. This might point to a logarithmic dependence (see semi-logarithmic plot in
the appendix D.

Figure 6.3b and c show the results from experiments with different illumination
wavelengths (green and far red) on other cells. It is clear that nearly the same
behavior is observed as in Figure 6.3a. The differences that are visible (especially
in regards to 0.5 Vs, Figure 6.3b) fall within the cell-to-cell variation and do not
seem to be connected to the illumination wavelength (see the results from more
cells in the appendix D. We consider 0.5V s~! a boundary case where it varies
from cell-to-cell whether it resembles the "fast" or the "slow" voltage sweeps. The
fact that the observed phenomenon does not depend on the wavelength of the
illumination means that it does not depend on the absorption depth. That leads us
to the conclusion that the mechanism responsible for the impact of illumination can
occur in the whole perovskite layer.
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Figure 6.3. Summary of the results of the experiments: The breakdown voltage shift (AVpp), i.e. the
difference in Vgp between the dark and the light RB-JV curves, is shown as function of the illumination
intensity Piight. The results from blue illumination (a), from green illumination (b) and far red illumination

(c).

6.2.3. Comparison with literature and open questions

Summarizing our observations, we can classify our results in two groups:

When using a small voltage scanrate (e.g. 0.1 Vs—1), we observe the 'pre-breakdown’
phenomenon but barely any change to the breakdown voltage. Indeed, Vgp even
seems to be slightly larger under illumination than in darkness. In contrast, the results
when using a larger voltage scan rate (> 1.0 Vs~!) do show a significant change
of the breakdown voltage. Here, the breakdown seems to occur at a far smaller
voltage under illumination than in darkness. The magnitude of that shift shows a
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clear dependence on the scan rate and the illumination intensity. The scan rate
0.5Vs~! seems to lie in the middle between the two cases. Generally, we did not
observe any qualitative impact of the wavelength of the illumination in either case.

These results fit in with the observations in literature described above: Jiang et
al. used a voltage scan rate of 0.35 Vs~ for reverse bias measurements with illu-
mination and did not observe a significant impact of illumination. [28] The closest
scan rate we used are 0.1Vs~! and 0.5Vs!. The former did never show a sig-
nificant impact of illumination, while for the latter, the results varied from cell to
cell. We explain this with possible variations in material parameters, like mobile ion
concentration, caused by details of the fabrication procedure. However, the lack of
'pre-breakdown’ in their results is a more significant difference. Later, we will show
that this difference could be the result of pre-conditioning of the cells before the
measurement.

Wang et al. presented a significant impact of illumination on Vgp. [49] There-
fore, our observations seem to confirm the results of Wang et al., although a direct
comparison is difficult due to differences in sample structure and experiment design.

So, while there is an overlap between our observations and results reported in
literature, there remain open questions:

+ Why does illumination greatly influence the breakdown voltage when using
high voltage scan rates?

+ How can we explain the dependence of this breakdown voltage shift on scan
rate and illumination intensity?

+ What causes the ‘pre-breakdown’ phenomenon and why is the effect of illumin-
ation absent or even inverted at small scan rates?

In the following section, we develop a hypothesis that is able to explain the ob-
served phenomena.

6.3. A detailed explanation

6.3.1. Developing a hypothesis on the effects of light and scan
rate

Before we start formulating our hypothesis, we will give a short introduction to the
generally-accepted reverse bias breakdown mechanism in perovskite solar cells that
was proposed by Bowring et al.: [19]

This model posits that the breakdown mechanism is based on tunneling facilitated
by the accumulation of mobile ions at the interfaces. Already without an external
voltage, the built-in field leads to ion migration towards the interfaces until the bulk
of the absorber is screened and most of the voltage drops near the interfaces. When
areverse bias is applied, additional mobile ions begin moving towards the interfaces
until the external field is also screened. This accumulation of charged species leads
to additional band bending which reduces the width of the tunneling barrier, thus
increasing the probability for a tunneling event. [19]
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A very simplified schematic of this breakdown mechanism is displayed in Figure
6.4a. There, a certain concentration of mobile ions (red-filled circles) is present in the
absorber of a PSC in darkness. Upon the application of a reverse bias (—V) and with
enough time (At), these mobile ions drift towards an interface with a transport layer
(TL1). When they reach it, a reverse bias current (Jrg) begins to flow (red arrow).
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Figure 6.4. A schematic representation of the reverse bias breakdown mechanism in the dark (a) and
under illumination (b). The effect of illumination is here presented as an increase of the mobility of the
mobile ions by "photo-activation”. A simplified schematic of a PSC with transport layers (TL1, TL2) and
perovskite absorber (PVK) is depicted. The red-filled circles represent the mobile ions that are present
in the dark while the orange-filled circles with red edge represent the photo-activated mobile ions with
a higher mobility. When a reverse bias is applied (—V), both species move towards an interface which
takes time (At). When they reach the interface, they contribute to the reverse bias breakdown mechanism
and allow tunneling. That increases the reverse bias current (Jgg), depending on the number of mobile
ions at the interface. Its magnitude is expressed as thickness of the red arrow.

In the publication of Bowring et al., several factors are mentioned that add to the
complexity of this mechanism: [19]
Firstly, perovskite absorbers are generally polycrystalline materials with grains sep-
arated by grain boundaries. It is well-known that grain boundaries form channels for
ion migration. [22, 45, 89] Secondly, there might be additional energy states within
the tunneling barrier, opening the door for a trap-assisted tunneling mechanism.
Additional factors could be macroscopic defects that are practically unavoidable in
large-scale layer deposition and the impact of the electrodes on the electric field.
[19, 44, 96] It should also be mentioned that there are also publications that discuss
a possible role of an avalanche breakdown mechanism in perovskite devices. [49,
54] Finally, it was reported that the breakdown voltage is not a static property but
changes during the application of a reverse bias: The breakdown voltage changes in
time due to the slow migration of mobile ions. Additionally, the reverse bias current
might itself cause an electrochemical reaction enhancing the tunneling barrier. [19]
An enhanced tunneling barrier leads to a lower probability for tunneling and thus a
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decrease of the reverse bias current.

To develop our hypothesis, we can draw inspiration from possibly related phenom-
ena in PSCs: A phenomenon where the voltage scan rate has a significant impact on
JV measurements under illumination is the JV hysteresis. There, the voltage sweep
direction influences the results, i.e. the measured power conversion efficiency. [62]
The general consensus on the origin of this hysteresis points toward the migration
of mobile ion species and non-radiative recombination at interfaces. [70] Le Corre
et al. demonstrated the impact of a wide range of voltage scan rates on the mag-
nitude of hysteresis experimentally and connected their results to ion mobility by
way of simulation. [63] They argued that a voltage scan at a very large scan rate
(e.g. 1000V s™1) negates the impact of mobile ions as they cannot react to the
changing bias. On the other hand, at very small scan rates (e.g. 0.01 V s~1), the solar
cell approaches steady-state as the mobile ions have enough time to reach a new
equilibrium in between the measurement points. [63] In between these extrema, JV
measurements show hysteresis.

The scan rate where hysteresis reaches a peak in magnitude depends mostly on
the diffusion coefficient of the mobile ions. [63] Their experiments were performed
on solar cells considered to be "hysteresis-free" as they did not show significant
hysteresis at a typical scan rates of about 0.1V s~1. [63] That matches our cells
(see appendix D). We can therefore assume that the impact of the scan rate must
be connected to the ability of the mobile ions to react to the changing electric field
during voltages sweeps. This ability depends on the mobility and concentration of
the mobile ions and on how much time they have to reach a new equilibrium (At in
Figure 6.4a).

The impact of illumination on the mobile ions could come about indirectly via the
temperature or directly. In the following, we will first investigate the possible effect
of a temperature increase due to illumination.

Temperature could play a role since it has an effect on the mobile ions and on the
reverse bias behavior. It has been reported in two publications that higher temperat-
ures lead to smaller breakdown voltages. [19, 53] This has been linked to quicker
mobile ion movement. [19] As the voltage scan rate determines how long a cell is
exposed to illumination, we could expect higher temperatures at smaller scan rates.
This should lead to smaller Vp values.

To get an idea about the temperature changes we can expect, we used an infrared
(IR) camera to track the surface temperature of a PSC. After a few seconds without
illumination, we switched on a blue LED, set to an intensity equivalent to Pjignt = 0.25.
As this illumination intensity is among the upper limit of what we used during the
voltage sweep experiments, this gives us also the upper limit of temperature increase.
The detailed results can be found in the appendix D. They show that even after 3
minutes of constant illumination (approximately the duration of a complete voltage
sweep at 0.1 Vs~1), the temperature has only increased by about 3 K.

Therefore, the temperature cannot be expected to play a significant role, especially
at smaller illumination intensities than Pjgns = 0.25. Since most of the AVpp is,
however, already visible at illumination intensities Pgn: < 0.05, another factor
seems to be responsible for affecting the mobile ions.
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The temperature could, however, be playing a role in the differences in AVpp of
the fast voltage sweeps (> 0.5V s~1). There, we observe larger AVpp values with
smaller scan rates (see Figure 6.3). That could be explained by higher temperatures
due to longer scan durations. However, there is evidence against this temperature
effect playing an important role here, as well: The difference between the AVgp of
the different scan rates stay constant for all illumination intensities. This observation
argues against an impact of the temperature increase due to illumination. There-
fore, we conclude that the illumination influences the mobile ions via a different
mechanism than the temperature.

The impact of illumination on the mobile ions has been an object of research,
based on the observation that the capacitance of solar cells at small frequencies
increases significantly upon addition of illumination. [105] As origin of this observa-
tion, a reduction of the activation energy of mobile ions and the additional creation
of defects were discussed. [106, 107] However, conclusive answers even to funda-
mental questions regarding mobile ions species or mechanisms of ion migration or
interaction with illumination are missing.

Recently, Schiller et al. showed that the capacity-increase is caused by the photo-
induced electronic currents being modulated by mobile ions and can therefore be
explained without a change to ion mobility or ion concentration. [108] However,
they still found evidence of a photo-conductive effect, meaning that illumination
does indeed impact the ion conductivity. They did not specify whether it is the
concentration or the mobility of the mobile ions that is affected by light. Developing
a mechanism of interaction between light and ions was beyond the scope of their
publication. [108] They did, however, argue that any interaction between illumination
and mobile ions has to be mediated by photo-generated charge carriers. [108]

With that, we can incorporate the effect of illumination:

Light increases the conductivity of mobile ions, i.e. the concentration and/or mobility.
These, in turn, affect the reverse bias behavior of perovskite solar cells. This is
displayed in Figure 6.4b. There, the effect of illumination is depicted as the photo-
activation of mobile ions which increases their mobility. The mobility affects how fast
the mobile ions move under a certain reverse bias (—V): Due to the higher mobility
under illumination, the photo-activated mobile ions reach the interface earlier than in
darkness. More ions at the interface leads to stronger band bending and therefore a
higher tunneling current. Thus, Jrs is larger under illumination. This is shown in Figure
6.4b as a thicker red arrow than in a. We should note that similar considerations are
valid for the case of an increased concentration of mobile ions.

These considerations are sufficient to formulate answers to the first two of our
questions:
lllumination leads to an increase of the conductivity of the mobile ions. Therefore,
it takes less time under reverse bias until the accumulation of mobile ions at the
interface is significant. This accumulation leads to a larger reverse bias current.

We can translate that explanation to a fast voltage sweep: When the voltage sweep
crosses a minimum reverse bias threshold, the mobile ions begin to move towards
the interfaces. While they are moving, the sweep continues and the reverse bias
increases and accelerates them further. At some time At, the mobile ions reach
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the interface and reverse bias current begins to flow. The voltage that is applied
at this time (At) appears as the breakdown voltage. A higher mobility (e.g. due to
illumination) means that the mobile ions are faster. As they are faster, they reach the
interface earlier, i.e. At is smaller. As At is smaller, the observed breakdown voltage
appears smaller. In the same way, an increased concentration means that, after the
same At, a larger number of mobile ions has reached the interface. This means that
a significant Jgg begins flowing earlier which again appears as a smaller Vgp.

The same argumentation also holds for the dependence of AVgp on the scan rate:
We observed that, under illumination, AVgp increases with smaller scan rate (see
Figure 6.3). This observation complies with our argumentation because the smaller
scan rates give the mobile ions more time to react to the applied bias, i.e. "reach the
interface". At is the same as before, but the voltage sweep is slower. That means
that the voltage sweep has not progressed as far when the the mobile ions reach
the interface. That appears as a smaller breakdown voltage. Since the impact of
scan rate on the dark Vpp is nearly negligible, the difference between dark and light
Vpp increases and therefore AVpp increases as well.

Finally, the illumination intensity was also observed to play arole. At low intensities,
AVpp increases steeply, but at higher intensities, the increase levels off (see Figure
6.3). That means that additional photons have less of an effect at already higher
illumination intensities (higher being here around 0.05 suns). The same observation
was made for CIGS solar cells. [51] There, they connected this illumination intensity-
dependence to the excess charge carrier density. The same might be true for PSCs,
as the interaction between mobile ions and light likely works via photo-generated
charge carriers in the absorber. [108]

Thus, we successfully formulated explanations for our observations during fast
voltage sweeps. They are based on the illumination affecting mobile ions and the
accumulation of mobile ions at the interface affecting the breakdown voltage. The
voltage scan rate affects the breakdown voltage only indirectly by determining which
voltage is applied when enough mobile ions have arrived at the interfaces and have
triggered the reverse bias breakdown. Instead, time (At) seems to be the decisive
parameter.

However, our hypothesis in its current state does not explain the fundamentally
different results at small scan rates (0.1 V s~1). We would expect even smaller break-
down voltages than when we are using higher scan rates. Instead, we observe the
pre-breakdown phenomenon, but barely any effect of illumination on the breakdown
voltage. Therefore, we need to add an additional component to our hypothesis.

Like the reverse bias breakdown mechanism, this one was originally put forward
in the publication of Bowring et al. [19] They observed an increase of the break-
down voltage over time while applying a constant reverse bias and proposed an
electrochemical reaction at an interface as explanation. [19] This electrochemical
reaction is expected to enhance the tunneling barrier and consequently increase
the breakdown voltage, or decrease the reverse bias current. We follow one of the
authors’ proposals in regards to the mechanism and will assume in the following that
this electrochemical reaction is the neutralization of mobile ions by charge carriers
that constitute the reverse bias current. For the sake of comprehensibility, we will
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call them neutralized mobile "ions", even though they are, of course, not ions anymore
after being neutralized. Neutralized mobile ions do not cause band bending which
means that the electrochemical reaction leads to the tunneling barrier increasing
in width. This reduces the probability of tunneling and decreases the reverse bias
current.

The reaction rate of an electrochemical reaction is proportional to the current (I).
[109] That means for our case, that the number of neutralized mobile ions Npeyut at a
time At is determined by the charge Q that has flowed through the device until At:

At At 0
Nneutocf Idt=J —dt (61)
t=0 t=0

This is the point where the voltage scan rate comes into play: During a measure-
ment with a smaller scan rate, it takes more time for the cell to reach Vgp and the
cell operates in the reverse bias regime for longer (At is larger). Therefore, during
this longer time, more charge is flowing through the cell and more mobile ions are
neutralized. It follows that there are less mobile ions present at the interface and
band bending is less pronounced. Thus, Vgp appears to be larger.

In contrast, when using a larger scan rate, the time that the solar cell spends in
reverse bias is shorter. Therefore, the effect of the electrochemical reaction is less
strong and the Vgp appears to be smaller. Again, it is the time (At) that is the decisive
parameter. The difference between a sweep with 1.0 Vs~! and 0.1 Vs~ regarding
the charge flowing through the cell is shown in the appendix D.

With that in mind, we have found a mechanism that has the potential to counteract
the effect of illumination on the reverse bias breakdown. One increases and one
decreases the breakdown voltage. In reality, both mechanisms are interdependent
and act in parallel. This is schematically displayed in Figure 6.5.

There, a simplified PSC is depicted with transport layers (TL1, TL2) and the per-
ovskite absorber PVK. Under illumination, photo-activated mobile ions are present
with a high mobility. Under the influence of the reverse bias (—V), they drift towards
an interface. After some time (At), the first mobile ions reach the interface and
contribute to the reverse bias breakdown mechanism. A current (Jrg) starts to flow
(red arrow).

This reverse bias current leads to the neutralization of some mobile ions. They
turn into black-filled circles with a red edge. These do not affect the reverse bias
breakdown anymore. Thus, this neutralization compensates for the additionally
arriving mobile ions. As many mobile ions are neutralized as newly arrived at the
interface. Therefore, the current does not increases (the a red arrow is as thin as
before).

In a voltage sweep, the slowly increasing reverse bias increases the number of
arriving mobile ions faster than they are neutralized. We observe a slow increase of
the current. Therefore, there must be a limiting factor to the neutralization reaction.
That also explains why we observe the normal, exponential breakdown at a high
reverse bias. At some point, it seems that the accumulation of mobile ions surpasses
the neutralization reaction. Then, the near-balance between the two antagonistic
mechanisms is broken.
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Figure 6.5. A schematic representation of the two counteracting mechanisms: A simplified PSC is depicted
with transport layers (TL1, TL2) and the absorber layer (PVK). Within the absorber, the photo-activated
mobile ions are depicted as orange-filled circles with red edge. Under the reverse bias (—V) and in time
(At), they move towards the interfaces. There, the mobile ions contribute to the breakdown mechanism
and allow reverse bias current (Jrg) to flow (red arrow). However, the reverse bias current neutralizes some
of the photo-generated mobile ions (they turn into black-filled circles with a red edge). After neutralization,
they do not affect the reverse bias breakdown anymore. Therefore, this neutralization slows the increase
of Jrg down.

6.3.2. Applying the hypothesis

This combined hypothesis, consisting now of two counteracting mechanisms, can
explain our remaining observations concerning the light RB-JV measurements with
a smaller scan rate (0.1 Vs~1). In the following, we will take a closer look at the
RB-JV curve of such a measurement and apply our hypothesis to explain the relevant
observations. This light RB-JV curve (corrected for the photo-generated current) is
displayed in Figure 6.6. There, we have defined five different regions that we will
discuss in more detail:

Region A (marked in red) contains the pre-breakdown that is only present in the RV
sweep. Until this point (V ~ —1V), only the first component of our hypothesis (the
standard reverse bias breakdown mechanism including the effect of illumination)
is playing a role. An early breakdown like in the RB-JV curves with high scan rates
begins to appear. Here, the reverse bias current starts to increase, i.e. charge carriers
are flowing. These charge carriers exert their influence via the second component of
our hypothesis (the electrochemical reaction) and partially counteract the effect of
the reverse bias: A part of the mobile ions arriving at the interface is neutralized and
therefore does not contribute to the band bending. The early exponential breakdown
is aborted.

In region B (marked in green), a near-balance between the two antagonistic mech-
anisms is established. It seems that the increase of the voltage barely has an ad-
ditional impact on the number of mobile ions at the interface. Most of the newly
arriving mobile ions are neutralized, so that the reverse bias current increases only
slightly.

In region C (marked in blue), the exponential breakdown finally occurs. It seems
that the breakdown mechanism gains supremacy over the inhibiting mechanism
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Figure 6.6. A single light RB-JV curve after correction for the photo-generated current from a voltage
sweep experiment with a scan rate of 0.1V s~1. Both RV and FW sweeps are shown. Five regions of
interest are marked in color. A shows the aborted early breakdown, B the period of near constancy of
the current density, and C the actual reverse bias breakdown. D highlights that the ‘pre-breakdown’ is not
present in the FW sweep, and E shows the drastically changed behavior in the positive voltage region of
the FW sweep.
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at a similar voltage as in the dark. A possible reason for this change could be that
illumination activates a second species of mobile ions with a higher mobility than
the (original) species that is present in the dark. Then, the onset of region C would
mark the voltage where the original ion species begins to play the dominant role in
the reverse bias breakdown again.

Region D (marked in pink) highlights the low-current density regime of the FW
sweep where the 'pre-breakdown’ behavior is not visible. In this part of the meas-
urement, the reverse bias is slowly decreasing. That means that the driving force
behind the reverse bias breakdown diminishes. However, as long as the cell is still
operating in reverse bias and there is still reverse bias current flowing, there is no
impetus for turning the neutralized mobile ions back into their original states (e.g.
reducing them). Thus, the state that leads to the pre-breakdown does not recur in
the FW sweep. Instead, it looks very similar to the sweeps in the dark. To formulate
it in a simpler way: The RV sweep looks at the cell before and during a ‘reverse
bias current treatment’ (the sweep itself). The reverse bias current during this 'treat-
ment’ increases Vgp. The FW sweep, on the other hand, looks at the cell after the
application of this 'reverse bias current treatment’, when the Vgp has already been
increased. Thus, the ‘pre-breakdown phenomenon’ is not present.

Finally, region E (marked in violet) shows the behavior of the cell in the positive
voltage region in the FW sweep. It might be interpreted as a discharge of charge that
has been stored in the cell. This might be connected to the re-ionization of previously
neutralized mobile ions.

Thus, we have demonstrated that our hypothesis can explain the observed phe-
nomena. In order to strengthen our case, however, we have performed additional
experiments designed to test the hypothesis. They will be presented in the following
section.

6.4. Testing the hypothesis

We have developed a hypothesis and applied it to explain the previously described
phenomena. It is based on two antagonistic mechanisms:

Firstly, illumination affects the conductivity of mobile ions. These mobile ions play a
decisive role in the reverse bias breakdown. Secondly, the charge flowing through
the solar cell in reverse bias leads to a increase of Vp and therefore limits the RB
current. The scan rate is involved by determining the time that mobile ions have to
react to the voltage. Additionally, the scan rate also determines how long the solar
cell remains in reverse bias and through that, how much charge flows through it. The
time (At) is a core element of our hypothesis.

6.4.1. Experiment 1: The effect of illumination in (quasi-) steady
state

In order to test our hypothesis, we have designed an experiment that allows us to
investigate the effect of illumination on the reverse bias behavior outside of voltage
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sweeps. In that way, the effect of time, independent of voltage scan rate, should be
more obvious. The experimental procedure is schematically displayed in Figure 6.7a.

We inject a fixed current density J;n; into the solar cell in the dark and measure the
voltage V(t). We wait until the voltage has stabilized and the cell has reached a quasi-
steady state. Then, we add illumination with a blue LED. According to our previous
results, the wavelength of the illumination does not have a significant impact. We
show that this is also true for the (quasi-) Steady State experiment in the appendix D.
The illumination intensity is chosen such that Pjgnt ~ 0.1/;n;. In that way, the solar
cell continues to operate in a similar reverse bias regime as in the dark. We continue
measuring the voltage with the light switched on.

We performed this experiment on various cells, using two different values for
Jinj.- A measurement with a current density of Ji;; = —10.0 mAcm~2 allows the
investigation of the breakdown voltage as this current density was used for defining
Vep in the voltage sweeps. The illumination intensity (following Pjight ~ 0.1Jin))
corresponds to Pjgnt &~ 0.05 in the RB-JV measurements. A representative voltage
curve is displayed in Figure 6.7b.

The second value is Jinj = —1.0 mA cm~2. Here the illumination intensity (follow-
ing Piight ~ 0.1/in;) is equivalent to Pjignt &~ 0.005. The idea behind this choice is that
voltage and current density are smaller which should slow the processes driven by
either of them. Additionally, it is the current density regime where the pre-breakdown
phenomenon is visible in the voltage sweeps with a small scan rate. The results of
this version of the quasi-steady state experiment are displayed in Figure 6.7c. The
same experiments using different cells showed qualitatively the same results. These
results are presented in the appendix D.

We will first look at the results in Figure 6.7b:

The first observation is that the voltage increases in the first second and then de-
creases again over an initial period of 20 s. The voltage in the first few seconds is
around —5 V, which fits the breakdown voltages observed during the voltage sweeps
in the dark quite well. After 40 s, the voltage seems to stabilize at a slightly smaller
voltage (V ~ —4.3V). Here, we switched on the LED.

After the addition of illumination, we observe that the voltage decreases but only
by AV ~ 0.05V. This decrease lasts for less than 1 ms (measurement period), then
another process leads to an increase of the voltage by AV ~ 0.15V over a period of
t ~ 2 s. Afterwards, other processes are taking over which are hard to distinguish
from the processes generally occurring within the cells during reverse bias.

Focusing on the second version of this experiment in Figure 6.7¢ with Ji;; =
—1.0mAcm™2, we observe the (quasi-)stabilization of the voltage after t ~ 60s
at a voltage of V ~ —3.5V. Upon addition of illumination, the voltage decreases
drastically to V &~ —2 V within t & 5s. Over the following 70 s, the voltage slowly
increases again until it reaches the voltage it showed before we added illumination.

The behavior of the solar cell in the first seconds in the dark is probably heavily
influenced by the history of the solar cell and possibly by the sudden injection
of a reverse bias current (capacitative effects). This undefined behavior was the
reason for waiting for the voltage to stabilize before adding illumination. Therefore,
discussing this effect in more detail is beyond the scope of this publication.
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Figure 6.7. A schematic of the procedure (a) and representative results (b, c) of the quasi-steady state
experiment with two different injected current densities Jin;.
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More interesting for us is the reaction to the addition of illumination: In Figure
6.7b at Jinj = —10.0 mA cm~—2, we observe a very fast reaction in the form of a small
voltage decrease and then a slower voltage increase. However, both voltage changes
are barely significant if compared to the voltage applied as they amount to only a few
percent. Therefore, it seems that the addition of illumination barely has an impact on
Vgp at this current density level. At Jinj = —1.0 mA cm~2, we observe the opposite:
The voltage shifts significantly and then very slowly returns to the initial value. Do
these results fit to the previous experiments?

If a voltage sweep is slow enough, the solar cells should reach a quasi-steady
state in between the measurement points. Therefore, we will compare the results
from the quasi-steady state experiment with the results from the voltage sweeps
with a smallest employed scan rate 0.1 Vs~1. There, we had observed only a very
slight change of Vgp (see Figure 6.3, black squares). That corresponds to a very
slight change of the voltage at Jrgg = —10.0 mAcm™2. In the quasi-steady state
experiment at Jrg = —10.0 mA cm~2, we also have not seen a significant voltage
shift upon addition of illumination (Figure 6.7b). Thus, the results from slow voltage
sweeps and from quasi-steady state measurement are in agreement in regards to
the impact of illumination on Vpp.

In the low current density regime (< —3 mAcm~2), we had observed the pre-
breakdown behavior in the slow voltage sweeps (see Figure 6.2c and Figure 6.6).
This phenomenon was only present in the RV sweep and not in the FW sweep. In
the quasi-steady state experiment, we should see results equivalent to the RV and
FW sweeps clearly separated in time. That is exactly what Figure 6.7c shows: The
initial decrease of the voltage upon addition of illumination corresponds to the pre-
breakdown phenomenon. There, we observed a significant difference between dark
and light RB-JV at this low current density level, too. With further flow of charge
through the solar cell, this voltage decrease slowly vanishes and a state close to the
dark is regained. That corresponds to the results of the FW sweep where we barely
saw a difference between the dark and light RB-JV curves.

With these additional experiments, we have confirmed the important role that
time is playing in the processes surrounding the interaction of illumination and
reverse bias. In the low current density-regime, we have observed significant and
slow changes to the voltage over timescales ranging from 1s to 100s. These
findings do not only confirm our hypothesis of time being the decisive factor, but
also support our explanation for the pre-breakdown phenomenon specifically: The
difference between RV and FW sweep lies in the amount of charge that has flowed
through the cell which is determined by the time the cell has spent in reverse bias.
In the high current density-regime, we observed only insignificant changes to the
voltage due to illumination, thus affirming the corresponding observations regarding
Vgp from the slow voltage sweeps.
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6.4.2. Experiment 2: Voltage sweeps after a pre-conditioning
step

While the experiments in the previous section already provided experimental support
for our hypothesis, a more direct confirmation is desirable: Thus, we performed the
experimental procedure is displayed in Figure 6.8a-c. This shows a modified version
of the previously presented voltage sweep experiment. It consists of a group of
RB-JV measurements with a scan rate of 1.0 Vs~—1. As before, eight measurements
are performed in darkness and seven in various states of illumination. Dark and light
JV measurements are alternated. However, this time, a pre-conditioning step before
the first JV measurements is added to the procedure. We pre-condition the solar cell
by injecting a current density of —10.0 mAcm~2 for 60 s in the dark. Additionally,
we start and end the RB-JV measurements at V = 0V in order to prevent recovery
while the cell is forward biased.

The idea behind this experiment is the following:

Previously, we argued that the RB-JV measurements with a small scan rate (e.g.
0.1Vs™1) do not show a significant impact of illumination on Vgp because a large
amount of charge is flowing through the cell during the measurement. This augments
the tunneling barrier and therefore Vgp (see Figure 6.5). The same is not true for
the JV measurements with a higher scan rate (e.g. 1Vs™1), because the higher
scan rate means a faster sweep and less time spent in reverse bias. Therefore, less
charge flows through the cell and so, the effect of illumination that decreases Vp
dominates (see Figure 6.4).

During this experiment, the pre-conditioning should bring the cell into a state where
Vsp has already been increased. By avoiding positive biases during the voltage
sweeps, we prevent the cell from recovering between the RB-JV measurements.
Therefore, we expect to see a very limited impact of illumination on Vgp despite
using a high voltage scan rate. Representative measurement results are presented
in Figure 6.8c,d.

In Figure 6.8d, the RB-JV curves are shown. The dark RB-JV curves are plotted
as black lines, the light RB-JV curves in shades of red. Both RV and FW sweeps are
shown.

We see that the black curves are nearly lying on top of each other as we had
observed in previous experiments. This time, however, the red curves are also nearly

inseparable and shifted slightly to larger voltages in comparison with the black curves.

These results bear a strong resemblance to the previous results from measurements
with 0.1V s~ (compare Figure 6.2b). In contrast to those, however, there is barely
any difference between RV and FW sweep visible. In other words, the ‘pre-breakdown’
phenomenon is missing.

In Figure 6.8e, the AVp values calculated from RV and from FW sweeps are plotted
against the illumination intensity. For comparison, results from a previous experiment
without pre-conditioning are added to the graph. For the case with pre-conditioning,
we see that AVgp ~ 0V for all illumination intensities. Again, a strong resemblance
to the previous results with a small scan rate of 0.1V s~1 is observed. The contrast
to the measurement results with the same scan rate but without pre-conditioning (in
light green triangles) is striking.
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Figure 6.8. A schematic of the procedure (a-c) and representative results (d, e) of the pre-conditioning
experiment.

These results show that the behavior of our PSCs during voltage sweeps is indeed
influenced by the reverse bias current before or during the measurement. That
supports our hypothesis that the main difference between small and high scan rates
lies in the amount of charge that flows through the solar cell. The absence of a pre-
breakdown after pre-conditioning fits to our explanation of this phenomenon, too: We
explained it with the electrochemical reaction occurring during the voltage sweep and
increasing Vgp. Here, that process has already occurred during the pre-conditioning
and is therefore not visible in the voltage sweep. Therefore, we speculate that a
pre-conditioning or an equivalent history of the solar cells could be a reason for
the lack of the pre-breakdown phenomenon in the RB-JV curves with illumination in
the work by Jiang et al. [28] However, this could also be explained by different ion
mobility or concentration in their solar cells.

With that, we have shown two additional experiments that corroborate our hypo-
thesis. As both the migration of mobile ions and the electrochemical reactions in the
reverse bias regime are likely general, intrinsic phenomena that are not restricted
to specific perovskite formulations or device designs, it should be also valid for
different PSCs than the ones investigated in this study. Especially the results of
JV measurements, however, depend strongly on the concentration or mobility of
the mobile ions. These properties can vary strongly with the perovskite formulation
employed and even the details of fabrication. Therefore, the scan rates necessary to
observe the phenomena described in this study and time scales on which they occur,
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might differ. Additionally, the transport layers also seem to play an important role in
the reverse bias breakdown mechanism and as a likely place for the electrochemical
reaction to occur. Therefore, variations in transport layer material and device archi-
tecture might not modify the impact of illumination directly but the Vp in the dark
and the electrochemical reaction. Finally, there are open questions regarding the
electrochemical reaction and the limiting factors to it. Investigating them in more
detail was beyond the scope of this publication and was relegated to a future study.

6.5. Conclusions

The lack of stability against partial shading-induced degradation is one of the hurdles
that the perovskite PV technology needs to overcome before commercialization.
Solving this issue will require research effort on module and on cell level. One of
the key details of the latter is the reverse bias breakdown. However, despite its
importance, the mechanism of the reverse bias breakdown and its interplay with
important perovskite solar cell properties (e.g. ion conductivity) or external factors
(e.g. illumination, temperature) has not yet been investigated in detail.

In this publication, we observed that the reverse bias behavior under low-intensity

illumination shows a strong dependence on the voltage scan rate. To explain this
new phenomenon, we developed and tested a hypothesis based on two antagonistic
mechanisms:
On one hand, illumination increases the ion conductivity (mobility and/or concentra-
tion) which leads to smaller breakdown voltages than in the dark. On the other hand,
an electrochemical reaction driven by the reverse bias current leads to an increase
of the breakdown voltage. The scan rate determines how long the solar cell spends
under reverse bias conditions and therefore how much time the mechanisms have to
take effect. While the first mechanism is dominant in fast voltage scans, the second
mechanism supersedes it at small voltage scan rates.

These results allow for a statement regarding the impact on modules in real-
istic partial shading scenarios: Assuming that changes to illumination and shading
of modules in outdoor applications are slow, we expect that the behavior in the
quasi-steady state experiments represents what might occur in modules. Then, our
results imply that low-intensity illumination does not have a significant impact on the
breakdown voltage. Therefore, if a module is protected against the simplified partial
shading scenario with one cell shaded completely, then spatially inhomogeneous
partial shading or incomplete partial shading should not pose a problem.

Our findings also emphasize that more basic research on the behavior of perovskite
solar cells in reverse bias is required: Even well-known effects (i.e. of illumination
on the conductivity of mobile ions) can lead to surprising results when combined
with the rarely-regarded conditions in the reverse bias regime. While the hysteresis
phenomenon and its dependence on the voltage scan rate has attracted much
interest in the research community, the equivalent phenomenon in reverse bias has
not yet been investigated in detail at all and is in most publications on the reverse
bias behavior not even reported. And despite the temperature coefficient of the
breakdown voltage being one of the decisive properties distinguishing avalanche
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from tunneling breakdown, a detailed investigation of the temperature-dependence
of the Vgp in perovskite solar cells is still missing.

Investigating these fundamental relationships is necessary to understand the
mechanisms underlying the reverse bias behavior of perovskite solar cells. However,
additional to research on cells, actual partial shading investigations on perovskite
modules should be intensified. We expect that the different sizes of cells in modules
and the scribes play a role in the partial shading stability as well. Only with such a
thorough understanding, we will be able to integrate highly stable cell technology with
intelligent module design to achieve the partial shading stability that is necessary
for the commercialization of the perovskite PV technology.



Luminescent imaging of the
reverse bias behavior using
ReBEL

Partial shading remains a critical challenge for perovskite photovoltaics, as shaded
cells in otherwise illuminated modules operate in reverse bias, which can accelerate
degradation. In other solar cell technologies, reverse bias electroluminescence (ReBEL)
imaging has been successfully employed to investigate the reverse bias breakdown
mechanism. Here, ReBEL imaging is proposed as technique for imaging the local
reverse bias current flow on perovskite solar cells. To that end, the ReBEL signal is
affirmed to originate from radiative recombination in the absorber layer. ReBEL imaging
is compared to established thermal current imaging techniques and reveals superior
sensitivity and spatial resolution while showing similar features in the investigated
samples. Further experiments reveal a dependence on the reverse bias current: The
spatial distribution of the ReBEL signal differs significantly between small and large
current injection levels. This could point towards two different breakdown mechanisms.
These results show that, despite some open questions, ReBEL imaging could help
understand the reverse bias behavior of perovskite solar cells better..

This chapter is based on a manuscript submitted to Small Science.
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7.1. Introduction

The degradation caused by partial shading has been described as one of the major
hurdles that are slowing down the introduction of perovskite photovoltaics (PV) into
the market. [14] Such a partial shading event occurs when a part of a module area
is shaded while the remaining module area is illuminated. Since modules typically
consist of series-connected cells, inhomogeneous photocurrent generation among
the cells is undesirable.

In a simple partial shading scenario, only one of the cells is completely shaded
and therefore, does not generate any current. However, this shaded cell still needs
to pass the current generated by the illuminated cells. This requires it to operate at a
negative voltage, i.e. the reverse bias (RB). In perovskite solar cells (PSCs), applying
a reverse bias can quickly lead to dramatic degradation of the power conversion
efficiency (PCE). [18, 19, 84]

Accordingly, significant research activity has been carried out on cell-level, both in
manipulating the breakdown voltage (a key metric for the design of modules), [28]
and in understanding the breakdown and degradation mechanisms. [17, 21, 88]

Research on (mini-)ymodules is also available: Aninat et al. performed partial
shading experiments on perovskite modules and observed pronounced degradation
restricted to parts of the shaded cell. [59] Their interpretation attributes this effect
to spatial variations in the breakdown voltage, leading to locally-increased reverse
bias current densities. These elevated current densities, in turn, induced increased
degradation. Their findings demonstrate the importance of uniform reverse bias
breakdown for partial shading stability since large local current densities can lead to
significant local degradation. Nevertheless, to the best of our knowledge, a detailed
investigation of the spatial (in)homogeneity of the reverse bias behavior of cells has
not yet been reported.

In many studies on cell-level, perovskite solar cells are assumed to be spatially ho-
mogeneous or 1-dimensional in regards to the reverse bias behavior. Thermography-
based imaging techniques are occasionally used but typically only to show the
presence of shunts. Examples are the publications by Bowring et al., Najafi et al.,
Bogachuk et al., and Li et al. who used steady-state thermography (ssIR). [19, 23,
96, 110] In the work of Razera et al., the authors employed reverse bias dark lock-in
thermography (RB-DLIT). [18]

In other solar cell technologies (i.e. silicon- and CIGS-based), reverse bias electro-
luminescence (ReBEL) imaging is a technique that has been used to great effect to
investigate the local reverse bias behavior. [51, 111]

The goal of this publication is to investigate the application of ReBEL imaging as
a tool for investigating the local reverse bias behavior of perovskite solar cells. To
that end, we show that PSCs exhibit electroluminescence when reverse biases are
applied. We compare ReBEL to RB-DLIT and ssIR imaging. Finally, the relationship
between local ReBEL emission rate and applied reverse bias is examined. In that
way, signs of two different breakdown mechanisms are and the influence of the
sample design are revealed. These results show that ReBEL imaging can be used as
a supplement or alternative to thermal imaging techniques.
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7.2. Experimental

In this work, we study semitransparent perovskite solar cells in a p-i-n configuration.
The cell area is 0.20 cm? and the perovskite is a triple cation, double halide formula-
tion (Csg.05MAg 15FAq.gPbl, 7Brg 3) with a band gap of around 1.6 eV. The complete
layer stack and the solar cell design are shown in Figure 7.1a and b. On each glass
substrate, four isolated solar cells are fabricated that are rotated by 90° to each
other. The details of the fabrication process are described in the appendix E, Note 1.
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Figure 7.1. A cross-section of the perovskite solar cells (a) and a top-view of the cell design (b). For further
information on the layers, see appendix E.

The results of the initial characterization, consisting of JV measurements and
maximum-power-point-tracking (MPPT), are presented in the appendix E, Note 2.
The median efficiency of the batch of 56 cells was 15.5 % for the forward sweep
and 15.3 % for the reverse sweep. This is caused by a low fill factor (median 70.8 %
and 69.6 % for the forward and reverse sweep respectively) due to large resistive
losses in the top electrode. We forwent metal electrodes or even metal fingers that
could have decreased these losses since they disturb the imaging techniques that
are the focus of this publication. Additionally, the presence of metal electrodes have
been convincingly related to shunting under reverse bias.

Before proceeding with describing the experiments, we clarify our nomenclature:
The current (I) measured under illumination is negative. The approximate short-
circuit current of our cells is Isc = —4 mA, the corresponding current density is Jsc =
—20 mAcm~2. Under reverse bias, the injected current flows in the same direction,
and so is negative as well (e.g. I = Isc = —4.0 mA). In contrast, the current that is
injected during (forward) electroluminescence measurements is positive, e.g. I =
—Isc = 4.0 mA.

The basic principle of EL and ReBEL measurements is displayed in Figure 7.2a. For
spectrally-resolved EL and ReBEL measurements, we use a Renishaw Raman system
to make use of its microscope and its cooled camera. The sample is excited using
a Keithley source/measure unit as current source. We measure from 630 nm to
850 nm. For the EL measurement (I = 4.0 mA), we accumulate signals for 10 s. For
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the ReBEL spectrum (I = —4.0 mA), we integrate over 100 s in total. The software
Wire 3.4 by Renishaw is used to control the system.

To acquire a ReBEL image, we inject a reverse bias current (I) for a time (t) while a
camera (greateyes LumiSolarCell system with a 16-bit Si-CCD) detects light emission
from the "n-side" of the sample. The local light emission is integrated over t and
depicted as an image. Before and after this integration time, the current source
(Keithley 2400) is switched off. The reverse bias that is applied to the sample during
the integration time is logged with a frequency of approximately 100 Hz.

The core experiment of this publication is the ReBEL sweep. Its procedure and
important parameters are shown in Figure 7.2b and in Table 7.1.

4x ReBEL
D
etector @ 0.05 Isc, 20s
Ec_.— A
A ]
. ’. VI 4x ReBEL
B——— — @ lsc, 25

Figure 7.2. The basic principle of EL and ReBEL measurements (a) and the experimental procedure of the
ReBEL sweep (b).
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JImAcm=2] || 1.0 [ 20 3.0 -5.0 | -75 [-10.0 | -12.5 | -15.0 | -17.5 | -20.0

t[s] 20 10 8 4 3 2 2 2 2 2

Table 7.1. Important measurement settings of a ReBEL sweep.

We acquire a sequence of ReBEL images, starting at small RB currents and proceed
towards larger RB currents. During this sweep, t is regularly adjusted to provide a
signal strength above the camera noise level while not overloading the CCD. In
order to account for the meta-stability of PSCs under reverse bias, we repeat the
image-taking at every I-level four times. That provides us with information about the
changes caused by the reverse bias during the measurement and allows the sample
to reach a quasi steady-state. In the following analysis, only the fourth images taken
at each current level are shown. A more detailed reasoning behind our experimental
procedure can be found in the appendix E, Note 3.

For analyzing the resulting ReBEL images, we proceed as follows: As the voltage
is not constant when a fixed reverse bias current is injected, we calculate a mean
voltage from the voltages logged during the recording of a ReBEL image. This is
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shown in appendix E, Note 4. The emission intensity is divided by the integration
time to receive an emission rate ER. To gain information about the local behavior,
small parts of the observed area are chosen and a mean local ER calculated: ERgvg.
In the ReBEL images depicted below, these areas are marked with blue rectangles.

Additionally, we imitate the ReBEL-sweep with two other imaging techniques:
Firstly, we perform ssIR thermography. We inject currents for a certain time and
record images with a frequency of 5.0 Hz, using a InSb camera of InfraTec. The
time set at a constant current is consistent with the ReBEL integration times at
the corresponding current level. The local heating is displayed after subtracting a
baseline-image that was acquired before the current injection started.

Secondly, we employ RB-DLIT. There, we apply voltages, starting at small reverse
biases and proceeding towards larger reverse biases. For every applied bias, we
take an image with a measurement duration of 30 s, a pulse-duty factor of 0.5, a
frame rate of 100 Hz, 200 frames per second and a Lock-In Frequency of 0.5 Hz.
For DLIT, being a lock-in technique, the voltage is switched on and off with the
Lock-In Frequency to create a wave-like disturbance. By filtering out the parts of
the measured signal that do not follow this wave-form and averaging over many
images, the spatial resolution can be improved. The same camera as for the ssIR
thermography is used.

7.3. Introducing ReBEL as imaging technique

7.3.1. Do perovsKkite solar cells exhibit ReBEL behavior?

The most basic requirement for ReBEL imaging is that perovskite solar cells show
electroluminescence when reverse biases are applied. To test that, we performed
spectrally-resolved measurements at —Is¢ (EL) and at Is. (ReBEL).

The EL spectrum shows a strong signal with a peak centered at A ~ 778 nm. The
ReBEL spectrum is depicted after smoothing and a baseline-correction. The original
data can be found in the appendix E, Note 5. It shows a peak centered at the same
wavelength as the EL spectrum (A &~ 778 nm). This wavelength corresponds to the
band gap of the perovskite of E4g ~ 1.6 eV.

While the wavelength-dependence of EL and ReBEL is alike, the intensity of emis-
sion shows a difference of several orders of magnitude. This is likely related to the
direction of the current. In both situations, the same (absolute) current is flowing
through the device. However, in EL, the diode is operating in the ‘right’ direction while
the diode is forced into breaking down in the ‘'wrong’ direction in ReBEL. It is not
surprising that less radiative recombination occurs in the ReBEL case.

These results confirm that perovskite solar cells emit photons when operating
in reverse bias. As the peak corresponds to the band gap, the emission seems to
occur in the perovskite layer with radiative recombination via the band gap. This
matches the observations of Puttnins et al. for CIGS solar cells. [51] They also found
that the spectra of EL and ReBEL coincide. They explained that phenomenon with a
second diode that is inversely, serially-connected to the "main diode". In contrast,
the spectrum for ReBEL in multicrystalline silicon solar cells is more complex and
the result of several mechanisms occurring in parallel. [112, 113]
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Figure 7.3. The emission spectra of EL (—Is¢) in black and ReBEL (Is¢) in red. The ReBEL spectrum has
been smoothed and baseline-corrected.

To the best of our knowledge, this is the first time that the ReBEL spectrum of
a perovskite solar cells is reported. The detailed mechanism of photon emission
underlying ReBEL (beyond it being radiative recombination in the perovskite layer)
remains material for future research. However, the similarity to the EL spectrum
could be indicative of a similar mechanism occurring in reverse bias and of similar
laws being applicable.

7.3.2. Can ReBEL imaging be used to characterize the reverse
bias behavior?

After having shown that the perovskite solar cells used in this study emit light when
reverse biased, the next step consists of testing whether we can use this photon emis-
sion to image the local reverse bias behavior. To that end, we compare images gained
from ReBEL to images gained via more established thermal imaging techniques:
steady-state infrared thermography (ssIR) and reverse bias lock-in thermography
(RB-DLIT).

These thermal imaging methods map the surface temperature distribution of the
sample. There are various mechanisms leading to heat generation in solar cells in the
dark, e.g. Joule heating and thermalization of (injected) hot carriers. [114] Generally,
the locally dissipated power is measured which depends on the local voltage and
local current density.

sslIR imaging can be performed at a constant current, however, often suffers from
the effects of effects of lateral heat transport. This leads to a 'smearing’ of the signal
and reduced resolution and sensitivity. [114] Using lock-in techniques (e.g. RB-DLIT)
is a way of improving both by applying a periodic excitation (e.g. a current). The
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lock-in principle reduces noise and increases resolution. [114] However, as perovskite
solar cells react only slowly to changing electrical conditions, RB-DLIT images with
high lock-in frequencies might not be representative of the behavior at steady-state.
Therefore, relatively large lock-in frequencies are employed in this experiment, which
limits the advantages usually resulting from a lock-in imaging technique.

We recorded several ReBEL images at various reverse bias current levels, then
several RB-DLIT images at various reverse biases, and finally several ssIR images at
various reverse bias current levels on the same sample. On each current or voltage
level, only one image was taken (contrasting the ReBEL sweep that is described in
7.2 Experimental). We started with small reverse bias currents and reverse biases
and proceeded towards larger values. Results of this experiment are presented in
Figure 7.4. Similar results from other samples can be found in the below-mentioned
data repository (see Data Availability).

The top row (Figure 7.4a - c) shows contour plots from all three imaging techniques
at a small RB current. In this state, only a small reverse bias current is passing
through the cell. The RB-DLIT image at this voltage (—5.5 V) was chosen due to
its similarity to the ReBEL image as we could not measure the current during the
RB-DLIT measurement.

The bottom row (Figure 7.4d - f) shows the corresponding images at a large RB
current. In this state, a substantial current is going through the cell and it operates
past its breakdown. In the case of ReBEL and ssIR at I, in the case of RB-DLIT at
—6.0V.

In all images, the emission intensity (for ReBEL) or the temperature increase
(AT) (for ssIR, RB-DLIT) are depicted in logarithmic color scales. The x- and y-axes
represent the spatial extent of the samples. Since the camera used for the ReBEL-
sweep is a different one than for ssIR and RB-DLIT, the resolutions are different.
Therefore, the number of pixels that measure the width and height of the cell are
different, as well. The images were scaled to approximate each other in size.

We start by describing the images at a small RB current (Figure 7.4a-c). The ReBEL
image (Figure 7.4a) shows a cell area that is largely dark. Only bright vertical stripes
at the edge of the cell area and a multitude of small bright spots are visible. The
corresponding RB-DLIT image (Figure 7.4b) shows warm vertical edges. Especially
the left edge and the bottom corner are bright and this apparent activity is extended
into the cell area. Additionally, there are a few warm spots visible in the cell area.
Finally, the ssIR image (Figure 7.4c) shows a very slight heating in the whole cell
area. Additionally, the left edge of the cell seems warmer than the middle part of the
cell area and the right edge colder.

When comparing these images, some observations stand out: The ReBEL image
and the RB-DLIT image agree relatively well with each other. Both show bright edges,
a cell area that is not very active, as well as some bright spots in that area. The
ReBEL image shows far more bright spots which can partially be assigned to bright
spots in the RB-DLIT image. Additionally, the distinction between edge and cell area
is clearer in the ReBEL image than in RB-DLIT. In contrast, the ssIR image just shows
a slight uniform heating up of the whole cell area. The warmer and colder edges are
a measurement artifact as is shown in appendix E, Note 6.
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Figure 7.4. ReBEL images at 0.05Is¢ (a) and at Is¢ (d), respectively. RB-DLIT images at —5.5 V (b) and
at—6.0V (e), and ssIR images at 0.05Is (c) and at Isc (f). ReBEL and RB-DLIT show largely the same
features while ssIR only agrees with the other techniques at a large current. However, the details are
clearest in the ReBEL images, and the least visible in ssIR.

Proceeding to the images at large RB currents (Figure 7.4d-f), we see in the ReBEL
image (d) that large parts of the cell area are lighting up, even if most of the intensity
comes from the regions near the edges and the bottom left corner. Some bright
spots in the cell area are still present. They do not seem to have an impact on the
surrounding area. The corresponding RB-DLIT image (Figure 7.4e) shows a strong
signal along the vertical edges on the left and right of the cell area. Especially the left
edge and the cell area near it are bright. Additionally, some bright spots are visible.
In the ssIR image (Figure 7.4f), we see the bottom left corner heating up strongly
which extends into the surrounding area, even outside of the cell. Furthermore, the
remaining cell area seems to heat up relatively homogeneously. Only the bottom
right corner and the top center are slightly cooler. Generally, the area outside of the
cell area appears to have heated up on all sides of the cell.

When comparing the techniques at large RB current, we make the following ob-
servations: All three techniques show that the cell area is now active as well, even
if only at a low level. They all also show that the bottom left corner is especially
active. Additionally, in ReBEL and RB-DLIT, the top center is clearly less active than
the bottom center. This is less obvious in the ssIR image. The edges are not visible
anymore in ReBEL, but are still present in RB-DLIT. In ssIR, they have not been visible
even at small RB currents and are still not present. The remaining bright spots, that
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are visible in ReBEL and RB-DLIT, correspond to each other according to their location.
However, there are more and weaker bright spots visible in ReBEL, while ssIR does
not show any bright spots.

To summarize our observations, the ReBEL and RB-DLIT images show largely
similar features. The slight differences that are present could be explained by the
current-defined state of the ReBEL images and the voltage-defined state of the RB-
DLIT image not corresponding to each other perfectly. The presence of more bright
spots in the ReBEL images might be explained, in part, by a higher sensitivity and
resolution. Also, changes to the sample due to the ReBEL measurements could have
occurred that altered the local behavior at bright spots in the RB-DLIT measurements.

On the other hand, the ssIR images show far less details that could be compared
to the images resulting from the other techniques. At least, at a large reverse bias
current, the warming in the bottom left corner corresponds to similarly increased
activity in the ReBEL and the RB-DLIT images. That could imply that the sensitivity
and resolution of the technique is simply too low to display the features that can be
observed in the other images.

Our conclusion of the results of this comparison of imaging techniques is that
ReBEL imaging in this current/voltage regime seems to reveal the same qualitative
information as thermal imaging (especially RB-DLIT) via a different mechanism. That
means, from ReBEL imaging, we can at least draw tentative and qualitative conclu-
sions about the local reverse bias current densities and reverse bias (breakdown)
behavior. At the same time, ReBEL imaging shows advantages in sensitivity and
resolution. However, for more reliable quantitative results, e.g. local JV curves, the
mechanism of ReBEL needs to be clarified in more detail.

7.4. Using ReBEL to investigate the local RB behavior

After having presented results that imply that ReBEL can be used to image the reverse
bias behavior of perovskite solar cells, the next step is to show, using our cells as
an example, what ReBEL imaging can reveal. To that end, we have performed the
ReBEL sweep experiment (described in 7.2 Experimental) on our solar cells and will
discuss the results in detail in the following.

7.4.1. Qualitative analysis

In Figure 7.5, the results of a ReBEL sweep are presented. For each current injection
level, the fourth ReBEL image is shown as it is the most stabilized. The emission
rate is displayed with a logarithmic color scale. Similar results from other cells and
the complete data (e.g. the images 1-3 for each current injection level) can be found
in the data repository that is described in Data Availability.

At the smallest injection current (I = 0.05I5.), the only visible intensity is emitted
from the two thin stripes at the side edges of the cell area and a few bright spots in
the cell area. The general area of the cell is dark.

When the reverse bias current is increased, the edges increase in brightness and
more bright spots appear at first. However, at a certain current (I = 0.15I.), the cell
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Figure 7.5. The results of a ReBEL sweep experiment. For each current injection level, the fourth image is
shown. The emission rate is displayed on a logarithmic color scale.

area itself begins lighting up as well, in parallel and apparently independent of the
bright spots. This begins in the top right corner.

Already at I = 0.375I, the whole cell area is active. At the same time, many
bright spots are still distinct from the surrounding area. In contrast, the edges of the
cell are barely distinguishable from the cell area anymore.

With larger reverse bias currents, the cell area gets brighter. A gradient of the
emission rate remains clearly visible. Clearly, the ReBEL activity is higher at the top
of the cell than at the bottom. It is possibly also slightly higher on the right side than
on the left side. Finally, the cell area near the side edges also is brighter than the
center of the cell area.

At the same time, most bright spots do not significantly increase in brightness
and are therefore "swallowed" by the surrounding area when it reaches a similar
order of magnitude of the emission rate. Some especially bright spots, however,
remain visible even at the largest injected current level. The edges are not visible at
all anymore at larger reverse bias currents. Their former position is taken up by a
liminal area between the bright cell area and the ReBEL-inactive area outside of it.

These observations agree with those shown in subsection 7.3.2 where we com-
pared the imaging techniques. It should be noted that the orientation of the cell here
is rotated by 180°.

These results reveal a significant difference between the appearance at small
currents and large currents. At small reverse bias currents, the cell edges and bright
spots are mainly responsible for the ReBEL emission. The general cell area is largely
ReBEL-inactive. On the other hand, at large currents, the cell area dominates the
ReBEL emission, even if it is spatially not homogeneous. Here, the cell edges and
most of the bright spots are not distinguishable from the cell area anymore. If we
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interpret ReBEL emission as a sign of local reverse bias current flow (as discussed
in subsection 7.3.2), this difference could indicate the presence of two different
reverse bias breakdown mechanisms.

7.4.2. Semi-quantitative analysis

The ReBEL sweep experiment allows the extraction of semi-quantitative information
by relating the local emission rate to the applied reverse bias. This is shown in Figure
7.6 by examples for the cell area, the cell edges, and a bright spot. Their average
emission rates are displayed semi-logarithmically against the reverse bias. Other
examples for the cell area, the edges and bright spots can be found in the appendix
E, Note 7. In the graph in Figure 7.6c, the emission rate of the total area is used as
comparison. To ease that, its average emission rate is multiplied by the factor 104,

It is clearly visible that different relationships between emission rate and applied
reverse bias are present. The bright spot shows the highest emission rates, yet seems
to reach saturation at large reverse biases. The average emission rate at the cell
edges increases strongly at small reverse biases but reaches a point of saturation
at V = —5.8 V. At large reverse biases, its emission rate seems to increase again.
However, that is an artifact as the edge is not distinguishable from the cell area
anymore at these reverse biases.

The part of the cell area used as example here, shows very small emission rates at
small reverse biases as was already visible in Figure 7.5. From the third data point at

=—5.8V, the behavior changes suddenly, corresponding to the cell area beginning
to light up in the third image of Figure 7.5. At larger reverse biases, a nearly linear
increase of the average emission rate is visible, corresponding to an exponential
relationship with the reverse bias. In general, the behavior of the total area is most
closely mirrored by the spot in the cell area. That proves that, while bright spots are
present even at large currents, the behavior of the cell is dominated by the cell area.

Both the spatial distribution of the ReBEL emission rate in Figure 7.5 and the semi-
quantitative analysis of the local ReBEL emission rate point to the same conclusion:
Significant differences in behavior separate the cell edges (and bright spots) from
the cell area. This points either at two different mechanisms of ReBEL emission or at
two different breakdown mechanisms. However, as the thermal imaging techniques
showed similar features, we tentatively conclude that two different breakdown mech-
anism are occurring at different current injection levels. Additionally, we can at least
provide more detailed information on the bright edges and the inhomogeneity of the
emission rate in the cell area. The bright spots are more difficult to pin down as they
do not show a single behavior. They will have to be the focus of a future publication.

7.4.3. Bright edges

The feature that we call 'bright edge’ is only clearly visible at small reverse bias
currents (I < 0.375I5.). It describes two vertical stripes at the left and right edges
of the cell area with increased ReBEL emission rates. At larger reverse bias currents,
they are not distinguishable anymore from the brighter cell area.
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Figure 7.6. The areas that were used as examples for the semi-quantitative analysis are marked as blue
squares in a small (a) and large (b) current ReBEL image. The average emission rates of these areas
and the average total emission rate are plotted semi-logarithmically (c). The ERqvg of the total area is
multiplied by 10~* to make the comparison easier.

Their location is the key information for explaining their origin. The orientation of
the cell in Figure 7.5 and Figure 7.6 corresponds to the schematic of the cell design
that is displayed in Figure 7.1. That means that the location of the bright edges
matches the location of the edges of the bottom ITO electrode.

The bottom ITO electrode has a thickness of ca. 150 nm. Its overlap with the top
electrode defines the cell area. It is fabricated by full-area ITO sputtering, followed
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by a photolithography process to pattern the layer. On this scale, photolithography
leads to a step-like edge as is shown by stylus profiling results in the appendix E,
Note 8.

This situation is displayed in Figure 7.7a in the top schematic. To test whether the
step-like step geometry of the ITO electrode is really responsible for the observed
bright edges, we fabricated solar cells with more rounded bottom ITO electrodes.
This is displayed in Figure 7.7a in the bottom schematic. The relevant profiling results
can be found in the appendix E, Note 8.

A resultant ReBEL image, taken at a small reverse bias current I = 0.05I,¢ is
shown in Figure 7.7b. There, no bright edges are visible. Instead, parts of the cell
area are already showing ReBEL emission. The black horizontal stripe is part of a
metal electrode on top of the top ITO electrode. This confirms that the geometry of
the bottom ITO is responsible for the occurrence of the bright edges.

For the mechanism of how the step-like ITO edge is connected to locally increased

ReBEL emission, several possible options are available:
The layer on top of the ITO electrode is the PTAA hole transport layer which has an
approximate thickness of only 10 nm. At these step-like edges, this could lead to
insufficient coverage or, at least, a locally very thin PTAA layer. Insufficient coverage
of the ITO electrode by a hole transport layer has been connected to small breakdown
voltages on cell level in a recent publication. [28] Here, a local breakdown voltage
that is smaller than the breakdown voltage of the general area could be present and
could explain the increased ReBEL emission rates at smaller reverse biases than the
cell area.

Other explanations could involve the formation of non-ohmic shunts at the edges
due to direct contact between electrode and perovskite. Another alternative might
be a local increase of the electric field strength due to the sharp geometry of the
ITO electrode. However, ascertaining the exact mechanism is the work of a future
publication.

a 1=0.05Isc

S 1 PVK ’
| PTAA 10?
glass

— 0.5 mm

Emission Rate [Counts 5'1]

Figure 7.7. Schematics showing the step-like edges (top) and the rounded edges (bottom) of the bottom
ITO electrode with the glass substrate, hole transport layer PTAA, and the perovskite layer (a). A ReBEL
image of a solar cell with rounded bottom ITO edges at a small reverse bias current (b).
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7.4.4. Cell area

The inhomogeneity of the ReBEL emission in the cell area is the second observation
that we would like to discuss in more detail. In Figure 7.5, the cell area begins
lighting up atI = 0.15I.. in the top right corner. With increasing reverse bias current,
additional parts of the cell area also begin emitting ReBEL, seemingly spreading
from the top to the bottom. This vertical gradient (small emission rates at the bottom
and large emission rates at the top) remains present at all larger current injection
levels. Additionally, a smaller horizontal gradient (larger emission rates to the right
than to the left) might be visible additionally. Furthermore, it seems that the cell area
near the cell edges to the sides is more active than the center of the cell area. At the
largest reverse bias current (I = Is.), a difference of several orders of magnitude of
the emission rate is visible between different parts of the cell area.

Previously, we argued that ReBEL likely follows similar laws as (forward) EL. This
was based on the observation of the same emission spectrum (Figure 7.3). The
near-linear relationship of the logarithm of the emission rate with the reverse bias at
large reverse biases (Figure 7.6c) also fits the exponential dependence described for
EL. [74] Therefore, we compare the previously presented results of ReBEL imaging
with results of EL imaging.

The results of EL imaging at a small current (I = —0.1Is.) and a large current
(I = —Isc) are displayed in Figure 7.8. The EL intensity is shown on a linear color
scale. The measurement was performed before the ReBEL sweep on the same cell
as the ReBEL sweep of Figure 7.5. Therefore, the cell is oriented (like in the ReBEL
images) as displayed in Figure 7.1b.

a Linear Scale x10* b Linear Scale x10*
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Figure 7.8. Results of EL imaging measurements at a small current I = —0.1Is. (a) and a large current

I =—Is. (b). The emission intensity is shown on a linear color scale. The orientation of the cell agrees
with the orientation of the ReBEL images in Figure 7.5 and the schematic cell design in Figure 7.1b.

According to the laws governing EL (as described in Haunschild et al. [74]), the elec-
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troluminescence intensity is highly sensitive to differences in local series resistance.
Due to the exponential dependence of the intensity on the local diode voltage, the
impact of the series resistance is especially visible at large current injection levels.
It stands to reason that the intensity gradients visible in Figure 7.8b are caused by
the series resistance of the electrodes.

Two separate intensity gradients are visible: One very steep gradient is oriented
vertically from the top to the bottom of the cell. Another, slightly less steep gradient
is oriented orthogonally from the right to the left of the cell. These gradients match
well with the orientation of the bottom and the top ITO electrodes, respectively, and
therefore correspond to the local series resistance.

A comparison with the ReBEL images in Figure 7.5 at the corresponding absolute
current injection levels reveals certain similarities and differences: The vertical
gradient of the emission rate is clearly visible in ReBEL as well. The horizontal
gradient is less clearly present at the largest current level but is more obvious at
smaller injection levels. However, the gradients in the ReBEL images are inverted in
relation to the gradients visible in EL. In EL, the intensity decreases from the bottom
to the top; in ReBEL, the emission rate increases dramatically in the same direction.
Finally, in the ReBEL images, the center of the cell area shows smaller emission
rates than the edges to the sides of the cell area. This observation does not have a
parallel in the EL images.

At this point, we do not have an explanation for the inverted vertical and horizontal
gradients of the emission rate in ReBEL. It is very likely that these gradients are
connected to the electrodes somehow as their orientation fits very well. However, as
per our understanding, the direction of the current should not influence the impact
of the series resistance of the ITO electrodes. That is a question that we have to
leave open for a future investigation.

The brighter side edges of the cell area could be connected to the same bottom
ITO geometry as the 'bright edges’ at small current injection levels. Then, this effect
would be stretched on both sides towards the center of the cell area. An argument
against this is the observation in Figure 7.6b where the blue square, marking the
position of the bright edge, can be seen to be just outside of the yellow area with
the largest emission rate. Therefore, the increased emission rate at small currents
and the increased emission rate at large currents at the edge are present at slightly
different locations. That could mean that two different mechanisms occur near the
edge: The first occurs just outside the cell area at small currents, while the second
one occurs just inside the cell area at large currents.

Alternatively, lateral ion migration at the borders of the cell area as shown in the
publication by Jacobs et al. could serve as a partial explanation. [44] Lateral ion
migration would increase the concentration of mobile ions near (all) the edges of the
cell area and therefore decrease the local breakdown voltage, leading to increased
local ReBEL emission rates. The main argument against this hypothesis is that it
does not explain why we do not see increased local emission rates near the bottom
edge of the cell area. As for the inverted gradients of the emission rate, we do not
have a satisfactory explanation for the observed phenomena and thus can only
propose this initial speculation.
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Experiments on solar cells with a different electrode design (e.g. with metal grids
to decrease series resistance) could help answering these questions. Unfortunately,
these additions were beyond the scope of this study and are relegated to future
investigations.

In this section, we have qualitatively and semi-quantitatively analyzed the results of
a ReBEL sweep. We observed that, in the investigated samples, the bright edges and
bright spots dominate the ReBEL emission at small reverse bias currents, while the
general cell area dominates at large reverse bias currents. Investigating the cell area,
the cell edges and a bright spot semi-quantitatively, we found that these features
differ in their relationship between the local emission rate and the reverse bias. That
means that we observe either two different mechanisms of ReBEL emission or of
reverse bias breakdown in our solar cells.

More detailed investigations of the bright edges revealed that they are connected
to the step-like edges of the bottom ITO electrode. When these sharp electrodes are
exchanged for more rounded electrodes, the bright edges are not present anymore
in ReBEL imaging. The exact mechanism, e.g. local non-ohmic shunts or a locally
smaller breakdown voltage, remains unclear, however.

Finally, the inhomogeneity of the emission rate in the cell area at large reverse
bias currents was discussed. A comparison with EL imaging showed that the effects
of the series resistance of the electrodes seem to be present in ReBEL, however
inverted. Additionally, an effect of the edges to the side of the cell area seems to
increase the emission rates locally. Both for explanations of the inversion of the
effects of series resistance and of the effect of the edges at large currents, we have
to refer to future research.

7.5. Conclusions

The aim of this study was to test whether ReBEL imaging could be used to investigate
the reverse bias behavior of perovskite solar cells. To that end, we showed on our
solar cells that ReBEL emission is generated in the perovskite layer when reverse
biases are applied. A comparison between ReBEL imaging and more established
thermal imaging methods revealed that ReBEL seems to show largely the same
information with increased resolution and sensitivity. That finding informed our
tentative interpretation of ReBEL intensity as a sign of local current flow. Varying
the injected reverse bias current revealed significant differences between different
current injection levels in our cells. At small currents, the cell edges and localized
spots dominated the cell behavior, while at large currents, the whole cell area was
active, however, spatially inhomogeneous. Our analysis pointed towards two different
mechanisms of the reverse bias breakdown. Further investigation ascribed the
bright edges to the geometry of the bottom ITO electrodes of our solar cells. The
inhomogeneity of the ReBEL emission in the cell area seems to have an inverted
connection to the series resistance of the electrodes and the cell edges. However, a
satisfying explanation could not be provided in this study.

Thus, our results show that the imaging of the reverse bias behavior of perovskite
via ReBEL is possible and that it promises advantages over thermal imaging tech-
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niques. However, a more detailed understanding of its correct interpretation and the
factors influencing it is required. Additionally, the influence of properties that are
specific to our cells (e.g. cell layout, perovskite composition and fabrication) is not
yet clear and needs to be investigated before the generalization of our interpretations
is safely possible.
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8.1. Conclusions

Protecting perovskite modules against degradation caused by partial shading re-
mains a key hurdle that needs to be overcome in order to facilitate large-scale
commercialization of perovskite PV. During an idealized partial shading event, one
solar cell in a string of series-connected solar cells is completely shaded (so, in
the dark), while the remaining illuminated cells force their photocurrent through the
shaded cell. To pass a current in the dark, the shaded cell operates in the reverse bias
regime. Such an operating condition has been shown to trigger rapid performance
degradation in perovskite solar cells.

Fundamentally, two possible ways to address this problem exist.

The first strategy consists of the integration of bypass diodes. Their purpose is to
provide an alternative pathway during a partial shading event, preventing reverse
bias current to flow through the shaded cell and preventing degradation. However,
the monolithic interconnection scheme, the preferred thin-film PV module design,
complicates the integration of external bypass diodes, that is commonly used in
crystalline silicon PV. Additionally, many perovskite solar cells exhibit breakdown
voltages that are smaller than usually observed in crystalline silicon solar cells.
That means that a perovskite module would require the integration of numerous
bypass diodes which would impact design and production complexity, and the overall
commercial viability of such a product.

The second possible solution is to allow the reverse bias current to flow through
the shaded cell, but to prevent it from causing degradation. For this to be feasible, the
formation of hot spots must be avoided. Hot spots are highly-localized weak spots
for reverse bias current. Local high current densities can trigger degradation of the
surrounding area due to severe Joule heating. However, some proposed degradation
mechanisms suggest that even de-localized reverse bias current flow might be
detrimental for perovskite solar cells.

To further develop these solution approaches, a deeper understanding of the
physico-chemical processes occurring under reverse bias within perovskite solar
cells is required. In that context, this thesis is focused on the reverse bias breakdown
as the mechanism that enables current to flow in the dark under the influence of a
reverse bias. The main conclusions of this research are listed in the following.

Determining a Breakdown Voltage

Firstly, as described in Chapter 4, the disparity of methods for measuring and calcu-
lating a breakdown voltage of perovskite solar cells in literature revealed a need for
standardization. After discussing the impact of the measurement parameters on the
apparent reverse bias behavior, sets of measurement parameters for solar cells were
proposed. Additionally, a methodology for determining the breakdown voltage from
the resulting experimental data was introduced. This methodology uses the point of
maximum curvature as the breakdown voltage. This turns the breakdown voltage
into a widely applicable figure-of-merit, which can be expressed analytically. The
intentions were to increase the comparability of reported results and emphasizing
the importance of detailed reporting of measurement conditions and definitions.
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However, the limitations of this methodology of determining the breakdown voltage
have also become clear: A theory-based formalism that describes the reverse bias
breakdown is missing. Therefore, our method depends on an empirical approximation
of the reverse bias behavior. When this empirical approximation fails, the resulting
breakdown voltage might not be a meaningful metric anymore. In this case, other
definitions of the breakdown voltage might be superior.

The Role of the Current on the Reverse Bias Degradation

Secondly, as described in Chapter 5, cell-to-cell differences of the breakdown voltage
have consequences for the comparability of the results of reverse bias degradation
experiments. When a fixed reverse bias is applied, the resulting current and degrada-
tion rate depend on the breakdown voltage of the cell. Consequently, degradation
experiments using a fixed reverse bias are not directly comparable unless further
information about the reverse bias behavior is reported, i.e. the breakdown voltage.
Normalizing the applied reverse bias with the breakdown voltage can compensate for
the differences of the breakdown voltage and restore comparability across samples.
Additionally, similar dependencies have been observed for current and degradation
rate. This observation suggests that the dominating degradation mechanism is
current-driven. That would imply that limiting the flow of current through the cell in
reverse bias is crucial for preventing degradation.

However, the degradation studied in this work was not exclusively irreversible
degradation. On the contrary, reversible and irreversible degradation modes were
not distinguished, even though most of the degradation turned out to be recoverable
by performing JV measurements, MPPT, and storage in the dark. Thus, while the
core statement of current-driven degradation remains correct, research on actual
(irreversible) degradation should incorporate a recovery procedure.

The Impact of Illumination on the Reverse Bias Behavior

Thirdly, as presented in Chapter 6, the widely-accepted mechanism explaining the
reverse bias behavior of perovskite solar cells was extended to incorporate the ef-
fects of low-intensity illumination. The observations were explained by a mechanism
consisting of two antagonistic processes that occur on slightly different time scales.
On the one hand, light increases the ion conductivity which consists of the concen-
tration and mobility of the mobile ions. Mobile ions drift towards the interfaces of
the perovskite layer where they contribute to band bending and facilitate tunneling.
Therefore, a higher conductivity appears as a smaller breakdown voltage. On the
other hand, this breakdown is retarded by an electrochemical reaction driven by the
reverse bias current itself. The reverse bias current consists of holes being injected
into the perovskite layer that might neutralize mobile halide anions, and thus nullify
their effect on the tunneling barrier.

This analysis identifies ion conductivity as a decisive parameter controlling the
reverse bias breakdown. The findings also imply that in realistic (i.e. slow and mostly
steady state) partial shading events, imperfect shading or indirect illumination do
not substantially alter the breakdown voltage.
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However, while the antagonistic processes and their different time scales were
confirmed by quasi-steady state experiments, a direct investigation of the mobile
ions in regard to species or a quantitative analysis was not included and requires
additional research. Furthermore, it was assumed that the interaction of light with the
mobile ions was related to intrinsic material properties, and that therefore the qualit-
ative conclusions were valid for all perovskite solar cells. However, this assumption
was not tested by comparative experiments on solar cells with other perovskite
formulations.

Imaging the Reverse Bias Behavior via ReBEL

Fourthly, in Chapter 7, a new technique for imaging the reverse bias breakdown in
perovskite solar cells was introduced. Reverse bias electroluminescence (ReBEL)
imaging can reveal the spatial distribution of the reverse bias current with a higher
resolution and better sensitivity than thermal imaging techniques. Using ReBEL, it
was shown that different breakdown mechanisms are active at different current
injection levels. At small reverse bias currents, the current flowed predominantly
through localized defects and along cell edges. At large currents, the entire cell
area underwent breakdown, albeit with a spatially-inhomogeneous current density
distribution. Here, the emission rate followed an exponential dependence on the
reverse bias, dominating the behavior of the whole cell at large current levels. While
the increased activity at the cell edges could be traced back to the geometry of
the bottom electrode, the spatial inhomogeneity of the emission over the cell area,
remained a mystery. A possible connection to the series resistance of the electrodes
was found, however, a complete understanding is still missing.

This work advances understanding of the breakdown mechanism in perovskite
solar cells, but also highlights several open challenges. A comprehensive under-
standing of the reverse bias processes is still missing. Finally, the knowledge about
mechanism must also be implemented in actual devices to mitigate partial shading-
induced degradation. Possible research directions emerging from this work are
outlined in the following section.

8.2. Outlook

In the previous section, the two fundamental approaches to mitigating partial shading
events were presented. The first is the incorporation of bypass diodes which prevent
the flow of current through the shaded cells during a partial shading event. The
second allows the current to flow through the shaded cells but ensures that it
does not cause (irreversible) degradation. Both approaches pose specific technical
problems and challenges, some of which will be discussed in the following section.

Bypass diodes

As previously described, the monolithic interconnection scheme typical for thin-film
modules complicates the use of external bypass diodes. Placing diodes only at the
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edges of the module would force the current to travel the entire length of the stripe-
like cells to reach the bypass diodes. This design would require highly conductive
electrodes, and therefore thick metal grid lines.

A more promising, alternative solution is the integration of bypass diodes directly
into the monolithic interconnection. Instead of adding external electrical components
to a module, integrated bypass diodes would be fabricated as part of the sequen-
tial deposition/scribing process of monolithically-interconnected PV modules. In
the ideal case, the process modifications needed for the integration of bypass di-
odes should remain compatible with large area deposition that is one of the major
characteristics for thin-film PV module manufacturing. Additional challenges in-
clude avoiding a substantial reduction of efficiency and preventing new degradation
pathways.

A patent filed in 2002 by Armstrong et al. describes the step-by-step manufacturing
route for monolithically-interconnected thin-film PV modules with integrated bypass
diodes. [115] Another proposed design based on alternating normal and inverted
perovskite solar cells can be found in the recent work by Boschloo et al. [116] These
solutions could, in principle, enable the inclusion of one bypass diodes for each cell,
offering the best possible protection against reverse bias currents.

Despite these promising proposals, no publications have demonstrated integrated
bypass diodes in perovskite modules to date. Therefore, optimizing fabrication
procedures for perovskite (mini-)modules with integrated bypass diodes represents
a highly relevant topic for future research.

An alternative approach is forgoing the module design with monolithic intercon-
nections and adopting instead a wafer-like design that could easily accommodate
the implementation of external bypass diodes. This solution would also be com-
patible with two-terminal perovskite/silicon tandem modules which will discussed
in more detail below. Optimizing the fabrication process for this design presents
another viable research direction.

Non-degrading breakdown

The second way of mitigating partial shading degradation in modules requires as
small breakdown voltages as possible, combined with a spatially uniform break-
down behavior. This strategy was implemented in monocrystalline silicon modules,
enabling a drastic reduction in bypass diode usage compared to conventional silicon
modules. [117] Additionally, this approach reduces power loss and reduces the risk
of catastrophic failure in case of bypass diode failure.

While perovskite solar cells naturally exhibit small breakdown voltages, and ReBEL
imaging in this work has demonstrated that non-localized reverse bias current flow
is achievable, there is another critical requirement: The reverse bias current that
flows through the cell must not cause degradation. While a small breakdown voltage
leads to a low dissipated power, there are degradation mechanisms described in
perovskite solar cells that do not depend on power but only on the reverse bias
current. This presents two research challenges to be overcome before this strategy
can be applied in perovskite modules:
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« Firstly, achieving a spatially-uniform, non-damaging reverse bias breakdown
for large scale modules.

+ Secondly, identifying and mitigating degradation mechanisms that do not
depend on power but on current.

Addressing both challenges requires further research dedicated to reverse bias
breakdown processes and degradation mechanisms in perovskite solar cells.

Breakdown mechanism

In order to pursue the solution of bypass diodes in modules, a better control over the
reverse bias breakdown of perovskite solar cells is essential. A larger breakdown
voltage would reduce the number of bypass diodes required per module. A smaller
number of bypass diodes is likely advantageous for limiting their detrimental effects
on efficiency, stability, and cost-effectiveness. Such control over the breakdown
voltage can only be achieved by improving the understanding of the underlying
mechanism.

Chapter 4, Chapter 6, and Chapter 7 highlighted the limitations of the breakdown
model: While there is a simplified qualitative model available, the effects of important
factors, i.e. temperature, illumination, remain insufficiently understood. Furthermore,
a quantitative model, i.e. a formalism, for the breakdown is missing completely.
Some publications employ the Fowler-Nordheim tunneling model to illustrate the
dependence of the current on the width and height of the tunneling barrier, but rigor-
ous testing of its applicability is missing. [19, 49] Moreover, the available models are
one-dimensional and do not capture the possible effects of spatial inhomogeneity.

One additional property of the breakdown in perovskite solar cells that has not yet
been incorporated in any breakdown model is its dependence on time. This dynamic
reverse bias behavior might consist of several components:

+ lon migration on similar time scales as a voltage sweep might modify the
tunneling barrier due to band bending and might change the internal electric
field due to screening.

+ Electrochemical reaction driven by the reverse bias current might modify the
tunneling barrier by neutralizing mobile ions or other reactions at an interface.

These phenomena are unique to perovskite solar cells and thus require systematic
investigation before they can be incorporated into an extended model of the reverse
bias breakdown mechanism.

Extension to tandem architectures

A topic that receives more and more attention in the general field of perovskite
research concerns tandem solar cells. Tandem solar cells make use of more than
one absorber material to increase the achievable efficiency. They are most commonly
fabricated either as 2-terminal (2T) and 4-terminal (4T) devices.
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In 2T tandems, the two subcells are connected in series, typically by depositing
them in a monolithic fashion with only a thin recombination layer in-between. In
this case, the subcell that generates less current limits the current output of the
other subcell. In 4T tandem solar cells, the subcells are optically but not electrically
connected. Therefore, each subcells can be treated as a separate single junction
solar cell with independent electrical contacts.

While there are various possible combinations of absorber materials possible
and under investigation, most promising is the perovskite/silicon tandem solar cell.
Accordingly, some research on their reverse bias stability has been published already.
[87, 90] These investigations generally focus on the 2T design as it is the goal to
use the superior stability of the silicon subcell to protect the perovskite subcell. In
contrast, the subcells of a 4T tandem can be considered as two single junction solar
cells in regard to reverse bias stability.

The results on the reverse bias stability of 2T silicon/perovskite tandem solar cells
are promising. It seems that - when certain conditions are met - the combination of
silicon with perovskite leads to a substantially increased reverse bias breakdown
voltage. Together with the wafer-based cell design of the silicon subcells, this means
that the standard, bypass diodes-based protection against partial shading degrad-
ation of silicon-based modules can be simply translated to 2T silicon/perovskite
tandem modules.

The previously-mentioned conditions that need to be fulfilled mostly concern
the silicon subcell: [87] A high breakdown voltage and a high shunt resistance are
crucial since the protection depends on preventing current flow. Additionally, optical
optimization is also necessary to ensure that the tandem cell remains bottom-
cell-limited even when the light spectrum shifts to high infrared contents. These
conditions will need to be brought in line with the requirements for maximizing power
output.

It should be noted that the protective effect of the silicon subcell only works
when the perovskite subcell does not develop shunts at very small reverse biases.
Therefore, the perovskite subcell also requires some optimization. Furthermore, the
tandem solar cells, that have been investigated in regard to their reverse bias stability,
are exclusively based on silicon heterojunction bottom cells. Other silicon solar cells
designs should also be considered for investigations into their compatibility with
perovskite solar cells. Furthermore, analogous investigations should be performed
for other tandem technologies, like perovskite/perovskite tandems.
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Additional data

A.l. Preliminary results on the breakdown

mechanism

As described in Chapter 2, the temperature-dependence of the breakdown voltage is a
property that is often connected to the breakdown mechanism. For ‘traditional’ semi-
conductor pn-junctions, it is considered the distinguishing criterion that separates
avalanche breakdown and tunneling breakdown.

The literature data available on the temperature-dependence of the reverse bias
breakdown of perovskite solar cells is sparse. Therefore, a simple experiment was
performed to test the relationship of the Vgp with the temperature. While RB-JV
measurements are regularly performed, the temperature is decreased and then,
when a minimum was reached, increased again. The results are depicted in Figure
A.1. They show that the effect of temperature on the breakdown mechanism is not
as simple as assumed. There seem to be at least two different effects present.

Additionally, the impact of the scan rate was investigated. For that purpose, RB-JV
measurements with various different voltage scan rates were performed, starting
at very large scan rates. The results are depicted in Figure A.2: The results can be
separated into two groups with different behavior. It is not clear where this difference
stems from as the samples are technically alike.

135



136 A. Additional data

Vap [V]

—m— AVG of V@-20 mA/cm?|[

-20 ~10 0 10 20
T[°C]

Figure A.1. Results of an experiment to investigate the temperature-dependence of the breakdown voltage
of perovskite solar cells. The temperature of a solar cell was decreased and then increased again while RB-
JV measurements were performed. From the measurement results, breakdown voltages were determined.
Here, the mean of the voltages at Jgp = —20.0 mA cm—2 of the reverse and the forward sweep is used
as Vgp.
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Figure A.2. The breakdown voltage (Vgp) is dependent on the voltage scan rate. Two different relation-
ships have been found which are depicted in (a) and (b).
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B.1. Tables

In Table B.1, the detailed measurement parameters of the RB-JV measurements of
the curves in Figure 4.1 of the main text are displayed.

H Parameter ‘ Data of Figure 1a Data of Figure 1b H
Upper Limit 1.0V 1.0V
Lower Limit —Jsc —15.0V
Scan Rate 0.1vs! 0.1vs!
Hysteresis RV and FW sweep RV sweep
Temperature room temperature (uncon- | room temperature (uncon-
trolled) trolled)
[llumination darkness darkness
Atmosphere ambient air ambient air

Table B.1. Measurement parameters used during the RB-JV measurements whose results are
shown Figure 4.1 in the main text.

In Table B.2, the detailed measurement parameters of the (standard) JV measure-
ments of the curves in Figure 4.1 of the main text are displayed.

H Parameter Data of Figure 1a (inset) ‘ Data of Figure 1b (inset) H
Upper Limit 1.2V 1.2V
Lower Limit —0.2V —0.2V
Scan Rate ~0.1Vs ! ~0.1Vs*
Hysteresis RV and FW sweep RV and FW sweep
Temperature cooling via dry air cooling via dry air
[llumination 1sun @ AM1.5G 1sun @ AM1.5G
Atmosphere ambient air ambient air

Table B.2. Measurement parameters used during the (standard) JV measurements whose
results are shown Figure 4.1 (insets) in the main text.
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In Table B.3, the detailed measurement parameters of the three representative
RB-JV measurements in Figure 4.4, 4.5, and 4.6 of the main text are displayed.

H Parameter ‘ Ideal ‘ with Peak ‘ with Kink H
Upper Limit 1.0V 1.0V 1.0V
Lower Limit —Jsc —Jsc —Jsc
Scan Rate 1.0vs! 1.0vs! 0.1vs™!
Hysteresis RV+FW RV+FW RV+FW
Temperature | RT (uncontrolled) | RT (uncontrolled) | RT (uncontrolled)
lllumination darkness darkness ~ 3.5mWcm™?

(blue LED)

Atmosphere ambient air ambient air ambient air

H Notes second RB-JV second RB-JV sixth RB-JV

|

H

Table B.3. Measurement parameters used during the RB-JV measurements whose results are
shown Figure 4.4, 4.5, and 4.6 in the main text.
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B.2. Figures

In Figure B.1, we show the imperfect result of fitting a RB-JV curve with a simple
exponential function. This is an intermediate result of the process of determining
the power-of-maximum-curvature (PoMC). The intermediate POMC values are also
marked. The fit function diverges slightly from the data in the region around the
intermediate POMC. That is the reason we chose the two-step procedure that is used
to determine the final PoMC in the main text.

5
. -3.87V y
—_ 5
.
E
£ -10
£
= —RV
15 - FW
RV
20 -~ ~Vep|
FW
-~ Vi
-25 '

7 6 5 4 3 2 a4 0 1
VIV]

Figure B.1. A RB-JV measurement and the results of fitting the data with exponential functions. The
intermediate POMC values resulting from these fit functions are marked.



B.2. Figures

143

To demonstrate that the 'knee’ of an exponential function does not describe a well-

defined x-value, we show one exponential function (f(x) = exp(100x)) in Figure

B.2a-c with different axes. It is clear that the x-value that seems to mark the 'knee’

changes greatly from Xipee & 6.5 in @ t0 Xknee = 0.07 in c.

Figure B.2. One exponential function displayed in graphs with different axes.
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In Figure B.3, we show the comparison of the breakdown voltages of 60 PSCs as
determined by several different definitions. Here, the Vgp-values of three cells are
colored to show how single data points change.

The colored data points show that a RB-JV curve that leads to a lower- or higher-
than-average Vgp generally does so with all three definitions. Only the red data
points show a different behavior. They show very small Vgp values, even outliers,
at —1.0 mAcm™2 in Figure B.3a. At the two other variants of the definitions using
a fixed current density, that is not the case. That implies that their low-RB-current
density regime is different from other solar cells of that batch, but their high-RB-
current density regime is not. When looking at the results of the Linear Fit method
and the PoMC method, the red data points do not stand out. That implies that
these analysis methods are not significantly influenced by unusual behavior in the
low-RB-current density regime.
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Figure B.3. The breakdown voltages of a batch of 60 PSCs, determined using five different definitions are
compared: Three version based on fixed current densities (a), the linear fit method (b), and the method
using the PoMC (c). The Vgp-values of three cells are colored in red, green and blue in all three sub-figures.
The detailed measurement parameters are listed in the main text in Table 4.4.
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B.3. Notes

B.3.1. Notel
Detailed description of the procedure for determining the PoMC:

* Preparation
— import data
- calculate current density
- split curves into reverse and forward sweep
- remove positive voltage-regime

+ Intermediate Step

first fitting with exponential fit function
calculate first and second derivative

calculate curvature

find intermediate point of maximum curvature

define region around intermediate PoOMC

+ Final Step

- second fitting with exponential function (only region around intermediate
PoMC)

calculate first and second derivative

calculate curvature

find point of maximum curvature

+ Output
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B.3.2. Note 2

Fabrication of the batch of perovskite solar cells whose RB-JV measurements were
used to compare different methods for determining a Vp in Figure 4.7 of the main
text.

Glass substrates with already-patterned (indium-tin oxide) ITO were cleaned by
scrubbing with soap water and sonicating in soap water, in de-ionized water, and in
2-propanol (IPA). After a 30-minutes long UV/Ozone treatment, they were brought
into a nitrogen-filled glovebox for the further deposition. There, a PTAA (poly-triaryl-
amine) layer was deposited by spin-coating a 2.0 mgmL~! PTAA solution in toluene
at 5000 rpm, 3000 rpms—1, for 35 s. Afterwards, the substrates were put onto a
hotplate at 100 °C for 10 minutes for annealing. After a period of 20 minutes of
purging the glovebox atmosphere, the perovskite layer was deposited. To that end, a
1.4 M solution of a triple cation, double halide perovskite
(Cso.05FAg.8MAq 15Pbl, 7Brg 3) in DMF:NMP (9:1) was spin-coated. FA stands for form-
amidinium, MA for methylammonium, DMF for dimethyl-formamide, and NMP for
N-methyl-2-pyrrolidone. The spin-coating settings were 2000 rpm, 200 roms—1, for
10 s and then 5000 rpm, 2000 rpms—! for 30 s. The solution was dropped 5 s after
starting the spinning. 20 s after the start, a nitrogen pistol at a height of 4 cm from
the substrate was used for gas-quenching. The perovskite layer was annealed im-
mediately after deposition by placing the substrate on a hotplate at 130 °C for 10
minutes. On the perovskite, C¢g was deposited via thermal evaporation, a SnO,-layer
(tin-oxide) was added via sALD (spatial atomic layer deposition). After removing the
material at the edges of the substrate with a tape, the top electrode was deposited
by sputtering ITO. The overlap of bottom and top ITO defined the cell area to be
0.20 cm?2. To improve current collection, gold fingers were evaporated on top.

PTAA was bought from Solaris, Pbl, from Thermo Fisher Scientific, FAl from
Greatcell Solar Materials, PbBr, from TCI, MABr from Dyenamo, and Csl from Thermo
Fisher Scientific.
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C.1. Details about fabrication and layer stack

The layer stack on the glass substrate is listed in Table C.1 with the approximate
layer thicknesses. The cell area is 0.16 cm?. The order of deposition is from the top
to the bottom of the table. ITO stands for indium-tin oxide and PTAA for poly(triaryl
amine). sALD stands for spatial atomic layer deposition.

Table C.1. The layer stack of the perovskite solar cells used as samples in this work.
| Layer material | Thickness [nm] | Deposition process |

ITO 180 sputtering
PTAA 10 spin coating
Perovskite 600 spin coating
Ceo 20 evaporation
SnO, 45 sALD
ITO 180 sputtering

Glass substrates (3 cm x 3 cm) with patterned ITO are cleaned with soap water,
de-ionized water and isopropanol, respectively, by hand and by sonication. After the
last cleaning step, they are treated in a UV/ozone oven for 30 min. After transport
into an N-filled glovebox, a PTAA solution (SigmaAldrich, 2.0 mgmL~1 in Toluene)
is deposited via spin-coating (5000 rpm, 3000 rpms™~1, 35s). The samples are
annealed for 10 min on a 100 °C hotplate.

A 1.4 M perovskite solution (Csg gsMAg 15FAg gPbl2 7Bro 3), prepared from Pbl, (Alfa
Aesar), PbBr; (SigmaAldrich), MABr (greatcell), FAI (TCI) and Csl (SigmaAldrich) in
DMF/NMP (9:1), is spin-coated dynamically (first 2000 rpm, 200 roms™! for 10's,
then 5000 rpm, 2000 rpms—1 for 30 s) with gas-quenching after 15 s. MA stands
for methylammonium and FA for formamidinium. The samples are then placed on a
hotplate (130 °C) for 10 min.

A Ceo-layer is added via evaporation, a SnO,-layer via spatial ALD and the patterned
ITO electrode on top via sputtering. Gold fingers at the edge of the cell areas are
deposited via evaporation. The bottom ITO electrode is revealed by removing all
layers with a cotton bud and a DMF:chlorobenzene solution (1:6). Lastly, silver paste
is applied to the contacting areas at the edges of the glass substrate.

Four cells are fabricated on one substrate. The cells were not packaged.

C.2. Detailed information about the experimental

procedure

Every cell passed through the same experimental procedure that consisted of a first
characterization step, the degradation step, followed by a second characterization
step. Each characterization step included (illuminated) IV measurements, dark IV
measurements, dark IV measurements with extended voltage range, and maximum-
power-point-tracking. During the degradation step, a constant reverse bias was
applied in the dark and the current measured. All measurements were performed in
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air and at room temperature. During light IV measurements and MPPT, dry air was
blown over the cells for cooling. Detailed information is collected in Table C.2.

Table C.2. Detailed information about the measurements of this work.

Measurement

Measurement tool

Additional information:

IV measurement

Dual light source simulator
(WACOM, AM1.5QG), Keithley
2400 source meter, illumination
mask 0.09 cm?

forward/reverse sweep:
[1.2 V;-0.5 V], step: 0.02 V,
scan rate: 0.1 V/s

Dark IV measurement (DIV)

Keithley 2400 source meter

forward/reverse sweep:
[1.2 V;-0.5 V], step: 0.02 V,
scan rate: 0.1 V/s

Extended dark IV measurement
(DIVex)

Autolab PGSTAT30, NOVA
2.1.4

forward/reverse sweep:

[1 V;-8 V] with current cut-off
at first at 1.75 mA then at 1 mA,
step: 0.01 V, scan rate: 0.2 V/s

Maximum-power-point-tracking
(MPPT)

Dual light source simulator
(WACOM, AM1.5G), Keithley
2400 source meter, illumination
mask 0.09 cm?

Measurement frequency: 0.32
Hz

Degradation step/ reverse bias
current measurement

Autolab PGSTAT30, NOVA
2.14

Measurement frequency: 4 Hz

C.3. Definition of metrics

We calculate the average reverse bias current density from the reverse bias current
Irev(t) that we measure during a degradation step with the duration tgeg. Aceu is the
cell area. Then, the average reverse bias current flowing through the cell is:

Jolrev(t)dt

./rev,avg =
Acell tdeg

(c.1)

We calculate a degradation rate from the PCEs before (PCE;,) and after (PCEfin)
degradation and the duration of the degradation step tgeg:

DR = (

PCEi, — PCEfip
PCEi

tdeg

(€.2)

C.4. The spread of the breakdown voltage

In Figure C.1, the results of RB-JV measurements are shown. There, a significant

spread of the Vpp is visible.
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Figure C.1. The results of RB-JV measurements: the RB-JV curves are presented (a). The mean breakdown
voltages are shown as box plot with average, median and standard deviation (SD) (b).



C.5. The relation between degradation rate and average current density 153

C.5. The relation between degradation rate and

average current densny
The observation that both degradation rate and average reverse bias current show
a similar (exponential) dependence on the normalized voltage can be visualized
by plotting DR directly against Jrev,qvg. A similar dependence would then lead to
a linear dependence of the two metrics on each other. This is visible in Figure C.2.
However, due to the nature of the experiment, the data points are largely clustered
at small values for Jrev,avg Where a significant spread is apparent.
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Figure C.2. The degradation rate (DR) is plotted against the average current density (Jrev, avg).
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D.1. Device fabrication

Soda-Lime-Glass substrates (3 cm x 3 cm) with patterned indium-tin oxide (ITO)
were cleaned by scrubbing with soap water and sonicating in soap water, de-ionized
water, and isopropanol. Then, they received a UV/Ozone treatment for 30 min and
were introduced into a nitrogen-filled glovebox.

There, the hole transport layer (~ 10 nm) was deposited by spin coatinga 2.0 mgmL™!
PTAA (SigmaAldrich) solution in toluene at 5000 rpm, 3000 rpms~1 for 35 s. PTAA
stands for ‘poly(triaryl amine)’. This layer was annealed for 10 min at 100°Con a
hotplate.

Next, a 1.4 M solution of a triple cation, double halide perovskite (~ 600 nm)
Cso.05FA0.8MAg 15Pbl, 7Brg 3 with 1 mol-percent RbCl in DMF/NMP (9:1) was depos-
ited by spin coating, at first at 2000 rpom, 200 roms~1! for 10 s, then at 5000 rpm,
2000 rpms~! for 30 s with gas-quenching after 15 s. FA stands for formamidinium
and MA for methylammonium. DMF stands for N,N-dimethylformamide and NMP
for methylpyrrolidone.

The solution was prepared from Pbl, from AlfaAesar, PbBr; from SigmaAldrich,
MABr from GreatCell, FAl from TCI, and Csl from SigmaAldrich. This layer was
annealed at 130 °C for 10 min on a hotplate.

The electron transport layer C¢o (~ 20 nm) was deposited via evaporation, a
buffer layer Sn0; (~ 50 nm) via sALD (spatial atomic layer deposition) and the top
electrode ITO (~ 180 nm) via sputtering. ITO stands for indium-tin oxide.

The overlap of the orthogonal bottom and top (ITO) electrodes defines the cell
area as 0.20 cm?. Lastly, the layers at the edge of the substrates were removed by
a tape and a DMF:chlorobenzene (1:6) solution, and gold fingers and contact pads
evaporated.

On each substrate, three functioning cells are fabricated.

D.2. Initial characterization

Before any experiments, the solar cells were characterized by JV measurements,
dark JV measurements, maximum-power-point tracking (MPPT) and (initial) RB-JV
measurements. For the JV measurements and the MPPT, a shading mask was used
that defined the active area as 0.09 cm?. The light source was a dual-light source
simulator (WACOM) and the source meter a Keithley 2400. The same source meter
was also used for the dark JV-measurements. The voltage sweeps started at 1.2V,
went to —0.2 V and back with a step size of 0.02 V and a scan rate of 0.1 Vs~!. The
MPPT was performed at a measurement frequency of 0.32 Hz. For cooling, dry air
was blown over the substrates.

For the (initial) RB-JV measurements, an Autolab PGSTAT30 and the software
NOVA 2.1.4 were used. These voltage sweeps began at 1.0V, and went to —8.0 V
or to a current cutoff at —2.0 mA, then back to 1.0 V. The step size was 0.01V and

the scan rate 0.2 Vs 1.
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D.3. Experiments

Both the RB-JV measurements and the (quasi-)steady state experiments were per-
formed using the Autolab PGSTAT30 and the software NOVA 2.1.4. As light sources,
collimated LEDs of Thorlabs were used with the wavelengths 455 nm (blue), 530 nm
(green), and 735 nm (far red).
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D.4. Figures

After finishing fabrication, the solar cells are characterized by JV measurements
under AM1.5G illumination. From the resulting JV curves (see Figure D.2b), solar cell
parameters are extracted. These are presented in Figure D.1. We observe that the
parameters from reverse (RV) and forward (FW) sweeps are nearly equal. Therefore,
our cells can be considered hysteresis-free.
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Figure D.1. Results of the initial characterization by JV measurements with a scan rate of about 0.15 Vs 1.
Black diamonds correspond to the reverse sweep, empty diamonds to the forward sweep. The green
box shows 25 percent to 75 percent of the data points of the reverse sweep, the gray box shows 25
percent to 75 percent of the data points of the forward sweep. To the right of the boxes, the median
values are displayed. The power conversion efficiency (PCE) (a), the short circuit current density Js¢ (b),

the open-circuit voltage (Voc) (c), and the fill factor (FF) (d).
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On one cell per substrate, we performed maximum-power-point tracking (MPP)
for 3 min after the JV measurements. The resulting PCEypp-curves are displayed in
Figure D.2a. We see that their performance is stable under these conditions.

In Figure D.2b, the JV curves of are displayed that were used to calculate the solar
cell parameters in Figure D.1.
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Figure D.2. Additional results of the initial characterization: Rresults of maximum-power-point tracking
(MPPT) that was performed on the best cell of each substrate (a). They are rather constant. The JV
sweeps that were used to calculate the solar cell parameters shown in Figure D.1 (b). There is no great
spread visible.
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As final step of the initial characterization, we performed reverse bias (RB-)JV
measurements in the dark with a scan rate of 0.2 Vs~!. The results are displayed in
Figure D.3 We observe a significant spread of the breakdown voltage. Otherwise, the
curves look very similar to each other.
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Figure D.3. Additional results of the initial characterization: Initial RB-JV measurements in the dark with a
scan rate of 0.2 Vs—1. The voltages sweeps started at V = 1.0V, went to a current density cutoff at
—10.0 mAcm™2 and then back up again.
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Figure D.4 shows the results of the Voltage Sweep Experiment, i.e. the RB-JV
sweeps that were performed alternatingly in the dark and under illumination with a
blue LED for various scan rates. Reverse and forward sweeps are split up and shown
in different sub-figures (e.g. a and b). As the figures need to be quite large to make
the details discernible, Figure D.4 extends over more than one page.
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Figure D.4. Results of the Voltage Sweep Experiment: The black curves correspond to the RB-JV meas-
urements in the dark, the red curves to the RB-JV measurements in various intensities of illumination
(Piight and black arrow) after the correction for the photo-generated current. The lightness of the color
corresponds to the the increasing intensity. The results for 5.0 Vs~ (a, b) and for 2.0 Vs~ (c, d).
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Figure D.4. Results of the Voltage Sweep Experiment: The black curves correspond to the RB-JV meas-
urements in the dark, the red curves to the RB-JV measurements in various intensities of illumination
(Pugnt and black arrow) after the correction for the photo-generated current. The lightness of the color
corresponds to the the increasing intensity. The results for 1.0 Vs~ (e, f) and for 0.5 Vs~ (g, h).
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Figure D.4. Results of the Voltage Sweep Experiment: The black curves correspond to the RB-JV meas-
urements in the dark, the red curves to the RB-JV measurements in various intensities of illumination
(Piight and black arrow) after the correction for the photo-generated current. The lightness of the color
corresponds to the the increasing intensity. The results for 0.1 Vs™! (e, j).



164 D. Supporting Information for the impact of low-intensity illumination

In Figure D.5, the results from Figure D.4 are summarized by showing the break-
down voltage shift AVgp as a function of the illumination intensity (expressed as
Piight). The results from the RV sweeps (left) are separated from the results from
the FW sweep (right). Both show qualitatively the same, however.
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Figure D.5. The summary of the results shown in Figure D.4. The breakdown voltage shifts (the difference
between Vpp in the dark and under illumination) are displayed as function of the illumination intensity,
expressed as Pjgn¢. The different colors correspond to different voltage scan rates. The results from the
RV sweeps (a), and the results from the FW sweeps (b).
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Figure D.6 shows the summarized results of the Voltage Sweep Experiment on
more solar cells, using a blue LED. The results of the RV sweeps (a, c) are separated
from the results of the FW sweeps (b, d). The sub-figures of Figure D.6 are spread
over more than one page.
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Figure D.6. Additional results from the Initial Experiment with a blue LED on more solar cells, summarized
in AVpp as function of the illumination intensity which is expressed as Pjight. The results from the RV
sweeps (a, ¢), the results from the FW sweeps (b, d).
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Figure D.6. Additional results from the Initial Experiment with a blue LED on more solar cells, summarized
in AVpp as function of the illumination intensity which is expressed as Pjignt. The results from the RV
sweeps (a, ¢), and the results from the FW sweeps (b, d).
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In Figure D.7, we show the breakdown voltages measured in the dark during an
Voltage Sweep Experiment on one cell. We observe a spread at every scan rate. This
spread is, however, never larger than 0.5 V. Also the impact of the scan rate on the
measured Vpgp is observed to be small.
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Figure D.7. The breakdown voltages (Vgp) as measured in the dark during successive RB-JV-
measurements for various voltage scan rates on one cell are displayed. Vpp is defined as the voltage
where —10.0 mAcm~2 flows. The black diamonds correspond to the reverse sweep, the gray diamonds
to the forward sweep. The spread is never larger than 0.5 V.
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Figure D.8 shows the summarized results from Figure D.5 as a semi-logarithmic
plot. Piignt is displayed logarithmically to make a possible logarithmic dependence
more visible. On the left, the AVpp of the RV sweeps and on the right the AVgp of
the FW sweeps are plotted.

In both cases and for all scan rates, we observe what might indeed be an apparent
linear dependence. That can serve as evidence for a logarithmic dependence of
AVpp on the illumination intensity.
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Figure D.8. The results displayed in Figure D.5 are plotted semi-logarithmically. The apparently linear
behavior of AVgp can serve as hint of a logarithmic dependence. The results from the RV sweeps (a),
and from the FW sweeps (b).
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In order to estimate the possible impact of a temperature increase due to illu-
mination, we used an infrared (IR) camera to measure the increase of the surface
temperature (AT). We used a illumination intensity of Pjjgn: = 0.25 and a blue LED.
This intensity is among the highest that we used for the voltage sweep experiments
and therefore is an extreme case. The results of that experiment are displayed
in Figure D.9. All images can be found in the form of a movie in the data archive
4TU.ResearchData (see main text).
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Figure D.9. The temperature increase due to blue illumination with Pjight = 0.25. The cell area with the
two points P1and P2 (a). The temperature increase (AT) upon adding illumination for the locations of P1
and P2 (b). The moments where the LED was switched on and switched off are marked with "ON" and
"OFF".
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Figure D.10 shows how the charge flowing through a solar cell differs depending on
the scan rate. The reverse sweeps with scan rate of 0.1 Vs~! and with 1.0 Vs~ are
plotted against time t. The red areas show the integrals over time which correspond
to the charge. The photo-generated current is subtracted by choosing a baseline for

the integration.
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Figure D.10. The current density measured during the reverse voltage sweeps with scan rates of 1.0 Vs ™1
(blue) and 0.1 Vs~ (green) are plotted against time t. The red areas show the integral over time with

the photo-generated current density subtracted.
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In previous results, it seemed that the wavelength of the illumination (blue, green,
or far red) does not have a significant impact on the reverse bias behavior. As we
use only blue illumination for the (quasi-) steady state experiments, we want to show
that the color does not make a difference here either. So, we used the far red LED as
light source for a (quasi-) steady state experiment and present the results in Figure
D.11.
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Figure D.11. Results of the (quasi-) steady state experiment using a far red LED. The results of injecting
Jinj=-—10.0 mAcm~2 (a) and for injecting Jinj =—0.5 mAcm™—2 (b) are shown. Piignt is always chosen
so that Pjight ~ 0.1)in;.
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Figure D.12 shows additional results from the (quasi-)steady state experiment with
Jinj =—10.0 mAcm™2. Pjignr Was chosen such that Pjight ~ 0.1/in;. The light source

was a blue LED. The red arrows show when the illumination was added. Generally,
we observe a very limited impact of illumination on the voltage.
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Figure D.12. Additional results of the quasi-steady state experiment on other solar cells. A current density
of —10.0 mAcm™—2 was injected. The illumination intensity that was added after stabilization (at the red

arrow) was equivalent to 0.1 Jin;. As light source, a blue LED was used.
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Figure D.13a,b show additional results from the (quasi-)steady state experiment
with Jinj = —1.0mAcm™2. Pjgn was chosen such that Pjgnt ~ 0.1/inj. The light
source was a blue LED. The red arrows show when the illumination was added.

Figure D.13c shows a result from the (quasi-)steady state experiment with J;,; =
—0.5mAcm™2. Piignt was chosen such that Pignt ~ 0.1/in;. This current density
was chosen to better align to the pre-breakdown phenomenon in that cell.

Generally, we observe stronger effects of illumination on the voltage at this low
current density level than at higher current density levels (as shown in Figure D.12).
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Figure D.13. Additional results of the quasi-steady state experiment on other solar cells. A current density

of —1.0 mAcm™2 (a, b) or —0.5 mAcm~2 (c) was injected. The illumination intensity that was added
after stabilization (at the red arrow) was equivalent to 0.1 Jinj. As light source, a blue LED was used.
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Note 1: Fabrication process

In the following, we will describe the process of fabricating the perovskite solar cell
that have been used in this study.

As substrates, we used 3 x 3 cm? soda-lime-glass substrate with a thickness of
1.1 mm. The bottom indium-tin oxide (ITO) electrodes (= 150 nm) had already been
deposited by full-area sputtering and photo-lithography. Our fabrication procedure
begins with cleaning the substrates. To that end, we scrub the substrates (the top
side, the edges, and the back side) in a soap solution. The substrates are sonicated
for 10 min in the soap solution. After rinsing with deionized water, they are sonicated
for 10 min in deionized water. Next, they are rinsed with isopropyl alcohol (IPA), and
sonicated for 10 min in IPA. Finally, a UV/Ozone-cleaning step of 30 min follows.

The substrates are introduced into a glovebox with nitrogen atmosphere where the
following spin coating steps follow. We start by depositing the hole transport layer
(HTL) (~ 10 nm) which is poly(triaryl amine) (PTAA) (Solaris Chem). To that end,
we prepare a solution of PTAA in toluene (2.0 mg/mL). This solution is spin coated
dynamically on the cleaned substrates with 5000 rpm, 3000 rpms—! for 35s. The
solutionis dropped about 5 s after the spinning started. Afterwards, all substrates are
collected and annealed on a hotplate at 100° for 10 min. After a break of 15 min to
allow for the atmosphere in the glovebox to recover, we proceed with the perovskite
layer (~ 600 nm). The 1.4 M perovskite solution had been prepared one day prior. It
is a triple-cation, double halide perovskite: Csg.g5sFAg sMAq.15Pbl,.7Brg 3, with FA being
formamidinium, MA being methylammonium. This perovskite solution was created
by solving Pbl, (Thermo Fisher), PbBr; (TCI), MABr (Dyenamo), FAI (greatcell solar),
Csl (Thermo Fisher) in DMF/NMP (9:1). DMF is N,N-dimethylformamide and NMP is
methylpyrrolidone. This solution was shortly before deposition heated up to 90° for
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20 min and allowed to cool down over 1 h. It was dynamically spin coated on the
substrates with first 2000 rpm, 200 rpms—1, 10 s, then 5000 rpm, 2000 rpms—1,
30 s by dropping the solution 5 s after starting the spinning. 20 s after starting the
spinning, a nitrogen pistol was used for gas-quenching for 15 s. The substrates were
immediately after deposition put onto a hotplate at 130° for 10 min. Afterwards, the
electron transport layer (ETL) Cgo (=~ 20 nm) was deposited via thermal evaporation.
Then, a buffer layer of SnO, (~ 50 nm) was deposited via sALD. Finally, the top
electrode of ITO (~ 180 nm) was deposited via sputtering. The overlap area of the
orthogonal bottom and top ITO electrodes is the cell area of 0.20 cm?. The bottom
electrode contacts were revealed by removing all layers except the bottom ITO, using
tape and a DMF:chlorobenzene (1:6) solution.
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Note 2: Results of the initial characterization

The initial characterization consisted of JV measurements on every cell and maximum-
power-point-tracking on one cell from each substrate. The results of the JV meas-
urements are shown in Figure E.1.
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Figure E.1. The results of JV measurements with the PCE (a), the Jsc (b), the V¢ (c), and the FF (d).
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In Figure E.2, the results of MPPT on one cell per substrate are displayed.
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Figure E.2. The results of MPPT.
For ReBEL measurements, we chose cells that showed good efficiencies and did

not show any significant spots or other irregularities in electroluminescence. These
images can be found in the Supplementary Data.
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Note 3: Stabilizing the reverse bias behavior by
repeated ReBEL imaging

In the experiment "ReBEL sweep", we repeated the ReBEL image-taking at every RB
current level four times. For the analysis, we have only used each fourth image. The
reason was that the reverse bias behavior of a perovskite solar cells needs time to
stabilize. This is shown in Figure E.3.
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Figure E.3. The impact of repeating the ReBEL image taking: The results of the quantitative analysis on a
location in the cell area. The data points are grouped (and colored) according to their affiliation to the
first, second, third, or fourth repetition (a). The same data points are grouped according to the RB current
level (b).

There, we present the ERqvg-values of a small, square location in the cell area.
They are plotted linearly against RBqvg. Instead of showing only the values from all
fourth images, the complete data set is displayed. Figure E.3a and b show the same
data points; they are, however, sorted in different groups.

In Figure E.3a, all the first, second, third, and fourth images are grouped together,
respectively. We see that all four series show largely the same behavior, but with
a voltage shift. A significant voltage difference is visible between the first and the
second series. The second and third series are already closer together, and no
difference is visible between the third and the fourth series.

Special attention should be devoted to the data points with very small emission
rates. There, the differences between the RBqv4 is largest. Especially one data point
at about 6.6 V and its following data points stand out. Despite injecting the same
current, the mean RB decreases from about 6.6 V to about 5.6 V. Only the fourth
data point of that series fits in with the data points from larger currents. That is the
reason why we compare all the fourth images and reverse biases in the main text.

In Figure E.3b, the same data points are displayed, but in different groups. This
time, they are sorted by RB current level. We see that the ER4vg-values within one
group do not change significantly from the first to the fourth image. However, the
RBqvg does change a lot. It is always significantly higher in the firstimage, and shifts
during the following images to smaller RByg-values. We also see that especially the
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differences between the first and the second image is large. Only small additional
changes occur between the second and the fourth image. Only at very small RB
currents, these changes are even after four images still significant (see red circles,
1=0.1I).

This phenomenon is likely related to the slow movements of mobile ions towards
the interfaces in the context of the breakdown mechanism. In order to correct for
this meta-stable behavior, we have chosen to use only the fourth image of every RB
current level. At the fourth repetition, the RB4vg seems to be stabilized for most RB
current levels.
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Note 4: Voltages during ReBEL measurement

During a ReBEL measurement, the voltage is not constant. For that reason, we

calculate a mean voltage and use that in the following calculations as RBqvg. This
is shown in Figure E.4.
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Figure E.4. The voltages logged during ReBEL measurements at a small current (a) and at a large current
(b) with the mean voltage that is called RBgvg in the following.
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Note 5: Spectrally-dependent EL and ReBEL
measurements

We used a Renishaw Raman system to make use of its microscopy and its cooled
camera. The sample was excited using a Keithley source/measure unit as current
source. We measured from 630 nm to 850 nm. For the EL measurement, we accu-
mulated signals for 10 s. For the ReBEL spectrum, we integrated over 100 s in total.
The software Wire 3.4 by Renishaw was used to control the system.

In Figure E.5, the raw data, the baseline correction and the resulting spectra are
displayed.
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Figure E.5. The EL (thick, black line) and ReBEL (thick, red line) spectrum. The raw data of the ReBEL

spectrum is displayed as gray, thin line, the smoothed curve as red, thin, straight line. The baseline that is
used for the baseline correction is the red, dashed line.
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Note 6: Bright edges in ssIR images

Here, we show that the bright edges, that are visible in some ssIR images, are
measurement artifacts. To that end, Figure E.6 shows a series of ssIR images that
are taken before the current injection started. The firstimage is used as baseline and
therefore is completely dark. We observe that the edges are in some images barely
visible, but in other images very bright or very dark. We conjecture that vibration of
the camera, that is caused by the cooling Stirling motor, is responsible for these
slight changes.

Figure E.6. A series of twelve ssIR images, taken before the current injection started. To make the cell
area visible at this size, the brightness of the images was increased.
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Note 7: Additional semi-quantitative analysis

In the main text, we showed the semi-quantitative analysis of one example area
each for the cell area, the bright edges, and the bright spots. Here, we give additional
examples.

Figure E.7 shows the semi-quantitative analysis of several small areas within
the cell area. ReBEL images at a small and a large current show the locations of
these small areas as blue squares. The graph in Figure E.7c shows the average
emission rates and reveals two regimes in the cell area: At the data points with
a red background, the cell area has not yet begun lighting up. At voltages with a
green background, the cell area has become active. All the points in the cell area
behave qualitatively similar. The differences seem to amount largely to a offset in
the emission rate.
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Figure E.7. Five different points in the cell area are marked for semi-quantitative analysis in ReBEL images
at a small current (a) and a large current (b). The average emission rates are plotted semi-logarithmically
against the reverse bias (c). The background colors mark different regimes.
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Figure E.8 shows the semi-quantitative analysis of several different points along
the cell edges. The positions of the investigated points are shown in ReBEL images
at a small and a large current. Additionally, one point in the cell area is used as com-
parison. The graph displays the average emission rates semi-logarithmically plotted
against the reverse bias. It clearly shows that all points at the edges behave the
same way. At small voltages (red background), the edges are bright and turn brighter
while the area is yet inactive. When the area begins to light up (green background),
the emission rate of the edges saturates. At large reverse biases, the edges are not
distinctly visible anymore in the ReBEL images. The emission rates at their former
locations are ‘pulled along’ by the surrounding cell area.
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Figure E.8. Four different points at the cell edges are marked for semi-quantitative analysis in ReBEL
images at a small current (a) and a large current (b). A point in the cell area is added as comparison. The
average emission rates are plotted semi-logarithmically against the reverse bias (c). The background
colors mark different regimes.
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Figure E.9 shows the semi-quantitative analysis of several bright spots. Their
location is shown in ReBEL images at a small and a large current. Additionally, one
location in the cell area is used as comparison. The graph shows their average
emission rates semi-logarithmically plotted against the reverse bias. It is clearly
visible that several different behaviors are present among the bright spots. One
commonality is, however, that their emission rates tend to saturate at large reverse
biases.
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Figure E.9. Five different bright spots are marked for semi-quantitative analysis in ReBEL images at a
small current (a) and a large current (b). One point in the cell area is added as comparison. The average
emission rates are plotted semi-logarithmically against the reverse bias (c).
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Note 8: Profilometry results

Two different bottom ITO electrodes were tested in regards to their effect on the
bright edges in ReBEL images. Profilometry was used to investigate the edge of the
ITO stripes. Figure E.10 shows the results. In Figure E.10a, the edge of the standard
ITO is shown, in Figure E.10b, the edge of rounded ITO. We see that the standard
ITO shows a very sharp, step-like edge while the rounded ITO displays a rounded
edge. The green and red vertical bars were are markers for the calculation of the
layer thickness.
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Figure E.10. Results of profilometry measurements on full-area ITO, patterned via photolithography ITO
electrodes (a) and ITO electrodes that have been sputtered through a mask (b).
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